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Abstract

This Report summarizes the results of the activities of the LHC Higgs Cross Section Working Group in
the period 2014–2016. The main goal of the working group was to present the state-of-the-art of Higgs
physics at the LHC, integrating all new results that have appeared in the last few years. The first part
compiles the most up-to-date predictions of Higgs boson production cross sections and decay branching
ratios, parton distribution functions, and off-shell Higgs boson production and interference effects. The
second part discusses the recent progress in Higgs effective field theory predictions, followed by the third
part on pseudo-observables, simplified template cross section and fiducial cross section measurements,
which give the baseline framework for Higgs boson property measurements. The fourth part deals with
the beyond the Standard Model predictions of various benchmark scenarios of Minimal Supersymmetric
Standard Model, extended scalar sector, Next-to-Minimal Supersymmetric Standard Model and exotic
Higgs boson decays. This report follows three previous working-group reports: Handbook of LHC Higgs
Cross Sections: 1. Inclusive Observables (CERN-2011-002), Handbook of LHC Higgs Cross Sections:
2. Differential Distributions (CERN-2012-002), and Handbook of LHC Higgs Cross Sections: 3. Higgs
properties (CERN-2013-004). The current report serves as the baseline reference for Higgs physics in
LHC Run 2 and beyond.
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Introduction
D. de Florian, C. Grojean, F. Maltoni, C. Mariotti, A. Nikitenko,

M. Pieri, P. Savard, M. Schumacher, R. Tanaka

The observation by the ATLAS and CMS collaborations in 2012 of a new particle with properties com-
patible with the Higgs boson predicted by the Standard Model [1,2] was a major breakthrough in particle
physics and an unprecedented advance in the understanding of the dynamics at the origin of the break-
ing of the electroweak symmetry. Following the end of data-taking in 2012, a vast programme aimed
at characterizing the new particle was undertaken: the full LHC Run 1 datasets collected by both ex-
periments were reanalysed with updated detector calibrations, and improved reconstruction and analysis
techniques. The published Run 1 results cover the main production and decay channels expected of the
SM Higgs boson, along with the spin and CP properties of the new particle [3, 4], and precision mea-
surements of its mass [5]. More recently, a combination of the ATLAS and CMS measurements was
performed [6]. The combined results feature clear observations of the Higgs boson decay to the bosonic
channels, the observation of the decay to tau leptons, and of the weak boson production mode. Overall,
the results are consistent with the predictions of the Standard Model, see Figure 1. In parallel, searches
for an extended Higgs sector were performed covering many Beyond the Standard Model (BSM) scenar-
ios. No significant evidence of a signal was observed.

In 2015, the LHC started to collide protons at the higher centre of mass energy of 13 TeV. The
cross sections for the SM production modes increase by a factor of approximately two to four, depending
on the process, and the anticipated integrated luminosity for Run 2 which is scheduled to end in 2018 is
of the order of 120 fb−1 per experiment. Such a dataset will allow ATLAS and CMS to reduce the current
experimental uncertainties significantly, motivating the need for improved theoretical predictions. For
BSM Higgs physics, the higher collision energy will increase substantially the reach of searches for BSM
Higgs bosons in the high mass regime and the larger dataset will improve the sensitivity of searches for
exotic decays of the 125 GeV Higgs boson. New benchmarks and updated calculations will facilitate the
exploration of this newly accessible BSM parameter space.

This report presents improved predictions for the production and decay of the Standard Model
Higgs boson [7–9]. These include a gluon fusion production cross section at N3LO, updated and im-
proved Parton Distribution Functions and correlation studies following the PDF4LHC prescriptions, fully
differential VBF/VH NNLO QCD and NLO electroweak calculations, NLO electroweak corrections to
the ttH processes in addition to studies of the ttV backgrounds. Differential NNLO+NNLL QCD calcu-
lations for the HH process are now available as well as the first NLO results with full top-quark mass
dependence. Also first 2-loop NLO calculations for gg → V V below top-threshold with a massive quark
have been achieved and they will be helpful for the study of the off-shell production of the Higgs boson.

For Higgs boson property measurements, the Interim framework for the analysis of Higgs cou-
plings “kappa framework" [10] was used by the ATLAS and CMS experiments to report Higgs boson
coupling related results extracted from the LHC Run 1 data [6]. The update information for Run 2 is pro-
vided elsewhere1. With the additional statistical power of the Run 2 dataset, the experiments will be able
to measure more precisely the kinematic properties of the 125 GeV Higgs and use these measurements
to probe for possible deviations induced by new phenomena. To do this, several strategies have been
devised to maximize the sensitivity to BSM physics across channels and as a function of the integrated
luminosity. These strategies will allow the experiments to extract more information from the data com-
pared to the “kappa framework". To do this, pseudo-observables are defined as a possible alternative to
more direct template, fiducial and differential cross section measurements. They will eventually be used
as inputs to interpret the data in terms of Effective Field Theories (EFTs). Several Monte Carlo tools
necessary to undertake this effort are being developed and made available, as described in this report.

1https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA
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Figure 1: Best fit results for the production (left) and decay (right) signal strengths for the combination of ATLAS
and CMS data [6]. The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. The combined results
show a remarkable agreement with the SM prediction (normalized to µ = 1).

In the search for new physics in the Higgs sector, this report proposes new benchmarks for the
exploration of a BSM Higgs sector along with improved and extended calculations in various scenar-
ios including the MSSM, the NMSSM, and more generic models featuring charged and neutral Higgs
bosons. In addition, a new chapter on rare and exotic Higgs boson decays has been added and it covers
rare mesonic decays, flavour-violating decays, prompt decays with and without missing energy, and de-
cays into long-lived particles or with displaced vertices, and it provides recommendations on searches
for exotic decays of the 125 GeV Higgs boson.

The updated and improved calculations of SM and BSM Higgs boson production and decay pro-
cesses as reported here provide a solid theoretical reference for experimental studies of the early Run 2
data that are expected to decipher the properties of the 125 GeV Higgs boson and the nature of the full
Higgs sector. In addition, they pave the way towards the theoretical developments and improvements in
precision that will be needed in the future in order to fully exploit the potential of the complete Run 2
dataset.
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Chapter I.1

Standard Model Parameters

A. Denner, S. Dittmaier, M. Grazzini, R. Harlander, R. Thorne, M. Spira, M. Steinhauser

We summarize the Standard Model input parameters for Higgs cross section calculations. The same
parameters can be used for other SM and BSM processes at the LHC.

I.1.1 Lepton masses
The lepton masses from the PDG [11] are

me = 0.510998928± 0.000000011 MeV , (I.1.1)

mµ = 105.6583715± 0.0000035 MeV , (I.1.2)

mτ = 1776.82± 0.16 MeV . (I.1.3)

I.1.2 Electroweak parameters
The gauge boson masses and widths from the PDG [11] are

mW = 80.385± 0.015 GeV , ΓW = 2.085± 0.042 GeV , (I.1.4)

mZ = 91.1876± 0.0021 GeV , ΓZ = 2.4952± 0.0023 GeV . (I.1.5)

The Fermi constant is
GF = 1.1663787(6) · 10−5 GeV−2 . (I.1.6)

These values correspond to the physical on-shell masses. If required, the complex pole masses can be
obtained from the well-known relations

m
pole
V − iΓpole

V =
mV − iΓV√
1 + Γ2

V /m
2
V

, V ∈ {W,Z} . (I.1.7)

As for the gauge boson widths, instead of Γ
pole
V from (I.1.7), values consistent with the perturbative order

can also be used if more appropriate.

I.1.3 QCD parameters and parton densities
The most important QCD parameters are the strong coupling αs and the quark masses. The default
renormalization scheme for these parameters should be the MS scheme. In this scheme, αs and the
quark masses depend on a mass scale µ.

αs(µ) and mq(µ) are typically determined through their proper renormalization group equations,

µ2 d

dµ2αs(µ) = αs(µ)β(αs) , µ2 d

dµ2mq(µ) = mq(µ)γm(αs) , (I.1.8)

combined with their numerical value at a reference mass scale, usually αs(mZ) and mq(mq). The
perturbative expansions of the coefficients β(αs) and γm(αs) are currently known through order α4

s

[12, 13] and α5
s , respectively [14].
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6 I.1.3. QCD parameters and parton densities

Also the parton density functions depend on a mass scale µF,

µ2
F
d

dµ2
F

φi(x, µF) = Pij(αs)⊗ φj(x, µF) , (I.1.9)

where Pij are the splitting functions, currently known through order α3
s [15, 16], and ⊗ denotes the

usual convolution. Note that in principle also µR enters the PDFs implicitly through αs. However, the
available PDF sets assume µF = µR.

If the typical mass scale µ0 of a process is not equal to the reference mass scale, the input quantities
αs(µ0) and mq(µ0) of a perturbative calculation have to be evaluated from their reference values by RG
evolution. While 4-loop evolution may result in the most precise currently available results for the input
parameters, consistency of the calculation often requires one to use lower order RG evolution.

I.1.3.a Strong coupling constant
The strong coupling αs enters a typical theory prediction for an LHC observable in many different ways:
explicitly as expansion parameter in the partonic calculation, or implicitly through its impact on other
input quantities. These sources may be strongly correlated, so that inconsistencies in the input value
αs(µ0) have to be avoided. Specifically, the value of αs used in the partonic process should coincide
with the one corresponding to the parton density functions. This means that αs(mZ) as well as the RG
running of αs for the evaluation of αs(µ0) have to be adjusted to the parton density functions that are
used.

Concerning the default value for αs(mZ) and the estimation of the uncertainties resulting from
αs(mZ) and the PDFs, one should follow the 2015 PDF4LHC recommendation. This amounts to choos-
ing the central value of αs(mZ) and the ensuing uncertainty as

αs(mZ) = 0.118± 0.0015 . (I.1.10)

I.1.3.b Quark masses
Quark masses (in particular charm and bottom) also enter the PDFs, albeit in a much weaker way as αs.
This releases one from a similar constraint as it was imposed for αs.

Top-quark mass. The top quark is different from all other known quarks in the sense that it decays
before it hadronizes. To a first approximation (i.e., neglecting soft QCD effects), the invariant mass of
its decay products may be identified with the on-shell top quark mass. In fact, the agreement with the
determination via the top quark pair production cross section justifies this with hindsight.

In order to be consistent with existing ATLAS and CMS analyses, we recommend to use

mOS
t = 172.5± 1 GeV (I.1.11)

as reference value for the on-shell top quark mass, corresponding to an MS value of

mMS
t (mt) = 162.7± 1 GeV , (I.1.12)

where we used the four-loop conversion of Ref. [17]. Note that the recommended uncertainty of±1 GeV
covers the current world average of mOS

t

∣∣∣
world ave

= 173.2 GeV (notice also Ref. [18]).

The calculation of radiative corrections may require to use the complex pole mass for the top
quark. Due to the lack of experimental data for the top width, one should use the theoretical value for
the top quark width in the conversion formula (the analogue of Eq. I.1.7), given by [19–25]

Γt = 0.89 · Γ(0)
t , (I.1.13)
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where

Γ
(0)
t =

GFm
3
t

8
√

2π


1− 3

(
m2
W

m2
t

)2

+ 2

(
m2
W

m2
t

)3

 . (I.1.14)

Bottom-quark mass. The situation is much different for the bottom quark mass, because its mass can
only be determined indirectly. We recommend to use the current PDG value for the MS bottom mass [11]

mb(mb) = 4.18± 0.03 GeV (I.1.15)

as reference input value.I.1 Evolution to the characteristic scale µ0 of the process should be done through
the highest available perturbative order. The inconsistency with the PDF value for the bottom quark mass
introduced by this procedure is expected to be small, in particular if no initial-state b-quarks are involved.
The uncertainty can be estimated by comparing the results when using PDFs built on different values of
the b quark mass.

If the use of the on-shell bottom-quark mass cannot be avoided, the conversion of the MS value
should be done at the 3-loop level, and the difference to the 4-loop result should be used as the uncer-
tainty. Using αs(mZ) = 0.118 and mb(mb) = 4.18 GeV, one obtains [17]

mOS
b

∣∣∣∣
4.18

= (4.18 + 0.40 + 0.20 + 0.14 + 0.13) GeV , (I.1.16)

where the numbers correspond to consecutive loop orders. Our recommendation for the bottom quark
pole mass is therefore obtained by considering the sum of the first four terms in Eq. (I.1.16), and assigning
the last term as an uncertainty

mOS
b = 4.92± 0.13 GeV . (I.1.17)

Charm-quark mass. The charm quark mass is at the edge of the validity range of perturbation theory.
Therefore, using mc(mc) as reference input value in order to derive the charm quark mass at a different
scale, or its perturbative on-shell mass, would force one to apply perturbation theory at these rather low
energies. We therefore recommend to use [26]

mc(3 GeV) = 0.986± 0.026 GeV (I.1.18)

as overall input value. To be conservative, the error quoted in Ref. [26] has been multiplied by a factor
of two here.

Concerning RG evolution and consistency with the charm quark mass in the PDFs, the situation is
analogous to the case of the bottom quark (see above).

If the use of the on-shell charm-quark mass cannot be avoided, its mass should be evaluated from
the on-shell bottom mass (calculated as described above) through the relation [27]

mOS
c = mOS

b − 3.41 GeV = 1.51± 0.13 GeV . (I.1.19)

I.1.4 Higgs boson mass
The current combination of the measurements of the Higgs boson massmH from ATLAS and CMS is [5]

mH = 125.09± 0.21(stat.)± 0.11(syst.) GeV . (I.1.20)

As a reference value for mH in theoretical calculations we recommend to use the rounded value

mH = 125 GeV . (I.1.21)

I.1The dependence of this value on αs (see Ref. [26]) can usually be neglected.
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Chapter I.2

Parton Distribution Functions

S. Forte, J. Huston, R. S. Thorne (Eds.); S. Carrazza, J. Gao, Z. Kassabov, P. Nadolsky, J. Rojo

I.2.1 The PDF4LHC recommendation

Previous Yellow Reports [7–9] have provided snapshots of the state-of-the-art for PDF determination,
along with recommendations for PDF use, and for calculations of PDF uncertainties, following the guid-
ance of the PDF4LHC group. In a previous recommendation [28], three PDF sets were used: CT10 [29],
MSTW2008 [30] and NNPDF2.3 [31]. These were global PDF fits involving data from a variety of
experiments, including collider data from the Tevatron. The uncertainty was provided by the envelope
of all three PDF error sets, and the central prediction as mid-point of this envelope. This choice is con-
servative but not ideal, in that it tends to be dominated by error PDFs at the edge of the uncertainty
band; it was adopted because it was felt that the degree of agreement of the PDF sets was not sufficient
to warrant their statistical combination. Specifically, agreement was unsatisfactory for the gluon distri-
bution, particularly in the region appropriate for Higgs boson production through gluon-gluon fusion.
This disagreement prompted an intensive year-long study by the three global PDF groups, along with
HERAPDF [32], but this did not uncover a clear explanation for the differences [33].

Prior to the writing of YR4, the major PDF groups have released updates to their PDF fits, at NLO
and NNLO, including in most cases data from the LHC [34]. The new PDF4LHC recommendation [35]
uses the updated PDFs from the three global PDF groups included in the previous recommendation:
CT14 [36], MMHT14 [37] and NNPDF3.0 [38], respectively. Details as to why this choice was made
can be found in the PDF4LHC document. The primary requirements are that the PDFs should be based
on global datasets, be carried out in a general-mass variable flavour-number scheme, and have compat-
ible values for the QCD coupling constant αs(mZ). As we shall see shortly, these new PDF sets are
in good agreement, not only in the quark sector (where the agreement was satisfactory already in the
previous generation of PDFs) but also for the gluon. The changes can be ascribed partially to the addi-
tion of new data sets used in the PDF fits, but primarily to improvements in the fitting formalisms. This
level of agreement may change in detail with future updates, but generally the good level of agreement
should stay. An alternative recommendation [39] is that all PDFs (ABM12 [40], CJ15 [41], CT14 [36],
HERAPDF2.0 [32], JR14 [42], HERAPDF2.0 [32] MMHT14 [37], NNPDF3.0 [38]) and accompanying
coupling and quark mass variation should be used for precision theory predictions and any LHAPDF6 [43]
PDF set for other predictions.

Currently, there are two different representations of PDF uncertainties: the Monte Carlo represen-
tation [44, 45] and the Hessian representation [46]. Both provide compatible descriptions of the PDF
uncertainties, and recent developments have allowed for the straight-forward conversion of one repre-
sentation to the other [47–49]. The use of the Monte Carlo representation makes possible a statistical
combination of different PDF sets. If different PDF sets can be assured to be equally likely represen-
tations of the underlying PDF probability distribution, they can be combined simply by taking their
un-weighted average. This can be arrived at by generating equal numbers of Monte Carlo replicas from
each input PDF set, and then merging the replica sets. The NNPDF3.0 PDF set is naturally in this format.
For the Hessian sets, CT14 and MMHT2014, the Monte Carlo replicas are generated by sampling along
the eigenvector directions, assuming a Gaussian distribution.

Combinations in this manner are most appropriate when the PDF sets that are combined are com-
patible with each other, as CT14, MMHT2014 and NNPDF3.0 are. Such a combination also allows for
a direct statistical interpretation of the resulting PDF uncertainties, unlike the envelope method. Monte

9



10 I.2.1. The PDF4LHC recommendation

    x   

5−10 4−10 3−10 2−10 1−10

(x
,Q

) 
(r

ef
)

 g
(x

,Q
) 

/ g

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25
MC900

NNPDF3.0

CT14

MMHT14

=0.118, Q = 100 GeVSαNNLO, 

    x   

5−10 4−10 3−10 2−10 1−10

(x
,Q

) 
(r

ef
)

 u
(x

,Q
) 

/ u

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25
MC900

NNPDF3.0

CT14

MMHT14

=0.118, Q = 100 GeVSαNNLO, 

Figure 2: Comparison of the MC900 PDFs with the sets that enter the combination: CT14, MMHT14 and
NNPDF3.0 at NNLO. We show the gluon and the up quark at Q = 100 GeV. Results are normalized to the
central value of the prior set MC900.

Carlo combinations of these three PDFs have been provided at both NLO and NNLO by the PDF4LHC
working group. In the following discussion we concentrate on NNLO; similar considerations apply to
NLO.

It was determined that Nrep = 900 Monte Carlo replicas, combining Nrep = 300 replicas from
each of the three individual PDF sets, were sufficient to represent the combined PDF probability dis-
tribution. In Figure 2 we show a comparison of the combined PDF4LHC15 NNLO set (indicated by
MC900 in the plot) with the three sets that enter the combination, CT14, MMHT14 and NNPDF3.0. We
show the gluon and the up quark at Q = 100 GeV, normalized to the central value of the PDF4LHC15
combination. In these plots, as in the rest of this chapter, we use a fixed value αs(mZ) = 0.118.

It can be seen that in the “precision physics” region, roughly from x ' 0.001 to x ' 0.1, the PDFs
from the three global sets agree reasonably well with each other, with perfect agreement for the gluon,
and less good agreement for the up quark. This is reflected in the combined PDF4LHC15 set, constructed
from the three input PDF sets. On the other hand, at low and high values of x, the uncertainty bands
from the three PDF sets differ, and the uncertainty band for the 900 Monte Carlo replicas is smaller than
the envelope of the three PDF uncertainty bands. These are regions in which PDFs are only weakly
constrained by data, as seen by the increasingly large size of the uncertainty, and the inflated uncertainty
in the combination appears to provides a reasonable estimate.

In Figure 3 we compare the NNLO PDF luminosities at the LHC 13 TeV computed using the prior
set PDF4LHC15 NNLO, both to the three sets which were used for the previous PDF4LHC recommen-
dation (CT10, MSTW08 and NNPDF2.3), and the three sets which enter the current combination CT14,
MMHT14 and NNPDF3.0 NNLO. We show the gg and qq̄ luminosities as a function of the invariant
mass of the final state MX , normalized to the central value of PDF4LHC15_nnlo_prior. The improve-
ment in compatibility of the new sets in comparison to the old ones, especially in the gluon sector, is
apparent, particularly in the precision mass region, say roughly 50 GeV to 1 TeV (more so for gg than
for qq̄). Reassuringly, even though uncertainty estimates differ somewhat between current sets, espe-
cially for quarks, central values of all sets in this region are in good agreement. Interestingly, they also
agree well with the mid-point of the envelope of the old sets. Hence, in practice, in the precision region,
the central prediction with the old prescription (the envelope of CT10, MSTW08, and NNPDF2.3) and
the new prescription (the PDF4LHC15 combined set) are actually quite close.

There is more disagreement in the low mass region and in the high mass region, and the range
of uncertainty for the 900 set Monte Carlo can be less than the envelope of the three PDF groups. This
is not surprising, as the combined uncertainty band reflects the common trend of all input PDF ensem-
bles, while the envelope unduly emphasizes extreme behaviour of a few replicas. While the combined
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Figure 3: Comparison of NNLO parton luminosities at the LHC 13 TeV. Top: the PDF4LHC15 combined set
compared to the CT10, MSTW08, and NNPDF2.3 PDF set whose envelope was used as a previous PDF4LHC
recommendation. Bottom: the PDF4LHC15 combined set compared to the three individual sets which enter the
combination: CT14, MMHT14 and NNPDF3.0. The gg (left) and the qq̄ (right) luminosities are shown as a
function of the invariant mass of the final state MX , normalized to the central value of PDF4LHC15_nnlo_prior.

uncertainty appears to be conservative enough, this should be kept in mind especially in discussions of
uncertainties of high-mass searches.

I.2.2 The PDF4LHC15 PDF sets
Although the Nrep = 900 Monte Carlo set itself could be used to determine PDF uncertainties for any
LHC process, it suffers from the drawback of having a very large number of PDFs in the set; also, for
many applications the non-Hessian framework may be a further drawback. However, the most essential
features of the PDF uncertainties can be captured using three techniques that significantly reduce the
number of error PDFs needed, especially in view of the fact that there is an uncertainty in the determina-
tion of the PDF uncertainties (witness the differences between the PDF groups at low x and high x), and
therefore very high precision is not justified in view of the limited accuracy.

Two of these techniques use the Hessian formalism, considering only symmetric PDF uncertain-
ties, while the third technique uses a compressed Monte Carlo technique, which allows for asymmetric
uncertainties. Details of the derivations are provided in the PDF4LHC document. Correspondingly, three
delivery options are available for the combined sets:

– PDF4LHC15_mc: contains 100 PDFs, including non-Gaussian features, constructed using the CMC
method [50].

– PDF4LHC15_30: contains 30 PDFs in a Hessian framework, determined using the META-PDF
technique [48].

– PDF4LHC15_100: contains 100 PDFs in a Hessian framework, determined using the MC2H ap-
proach [49].
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Figure 4: Comparison of parton luminosities at the LHC 13 TeV computed using the prior set
PDF4LHC15_nnlo_prior with its compressed Monte Carlo representation, PDF4LHC15_nnlo_mc (left plots) and
with its two Hessian sets, PDF4LHC15_nnlo_100 and PDF4LHC15_nnlo_30. We show the gg (upper plots) and
qq̄ (lower plots) luminosities as a function of the invariant mass of the final state MX , normalized to the central
value of PDF4LHC15_nnlo_prior.

We will henceforth refer to the starting 900 replica Monte Carlo set as the “prior”, from which these
reduced sets are constructed: PDF4LHC15_nnlo_prior.

A central value of αs(mZ) = 0.118 is used for each of these sets, at both NLO and NNLO, with
an uncertainty of δαs(mZ) = 0.0015 as recommended in the chapter on Standard Model parameters of
this document. Therefore, for each option, individual error sets using αs(mZ) = 0.1165 and 0.1195
are provided in order to be able to compute the uncertainty due to δαs(mZ) in LHC cross-sections,
which should be added in quadrature with the PDF uncertainty [35]. It has been verified that addition in
quadrature is a good enough approximation (in some cases exact) to the exact recipes for PDF and αs
combination provided by each group [51–53].

The gluon-gluon and quark-antiquark PDF luminosities as a function of the final-state invariant
massMX at the LHC 13 TeV are shown in Figure 4, where we compare the prior set PDF4LHC15_nnlo_prior
with its compressed Monte Carlo representation, PDF4LHC15_nnlo_mc and with the two Hessian reduced
sets, PDF4LHC15_nnlo_100 and PDF4LHC15_nnlo_30. Note that by construction the central values of
the two Hessian reduced sets coincide with the central value of the prior, while the central value of the
Monte Carlo set reproduces it within the precision of the compression (which is seen to be quite high).
All reduced sets correctly reproduce the uncertainty band for the 900 PDF Monte Carlo prior in the preci-
sion mass region and as the high mass region, while the PDF4LHC15_30 shows a certain loss in precision
when reproducing uncertainties for the very low mass region.

The three techniques for delivering the PDF4LHC PDF uncertainties are attempts to match the
uncertainty bands produced from the prior, and not the bands from the three PDF groups per se. The
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degree of success is a measure of the precision of the three techniques for this purpose. It is therefore
important not to confuse the precision of reproducing the prior with accuracy. The accuracy of the prior
is not exactly known, especially at high and low mass, and the quoted PDF uncertainty represents only
the best estimate by the PDF4LHC group.

I.2.3 Higgs boson production cross-sections
In Figure 5 we show representative inclusive Higgs boson production cross-sections in the relevant pro-
duction channels at LHC with

√
s = 13 TeV: gluon-fusion, vector-boson fusion, associated production

with a W boson, and associated production with a tt̄ pair. These calculations have been performed
with NLO matrix elements and NNLO PDFs, using MG5_aMC@NLO [54] interfaced to aMCfast [55] and
applgrid [56], with the purpose of illustrating PDF uncertainties and also the relative difference be-
tween PDF sets. Indeed, since the NNLO/NLO K-factor is to a good approximation independent of
PDFs, it should not affect the relative differences between the predictions of individual PDF sets. In this
study, the Higgs bosons are left undecayed. No generation cuts are applied to Higgs bosons, jets or top
quarks. The only selection cut that is applied is given by the fact that we assume that W and Z bosons
decay leptonically, so the corresponding branching fraction is included and we require plT ≥ 10 GeV and
|ηl| ≤ 2.5 for the charged leptons from the weak boson decays. All uncertainties shown are pure PDF
uncertainties, not including the uncertainty due to the value of αs, which is fixed at αs(mZ) = 0.118 for
all cross-sections shown in the plot.

In each case, the predictions of the combined PDF4LHC15 prior and its three reduced versions,
all normalized to the central value of the prior set, are shown along with the predictions from the sets
which enter the combination, MMHT14, CT14 and NNPDF3.0. Predictions from the older global sets,
MSTW08, CT10 and NNPDF2.3, which entered the previous prescription [28] are also shown for com-
parison. In particular, the better agreement for gluon-gluon fusion prediction using the new generation
of PDFs (CT14, MMHT2014 and NNPDF3.0) compared to the older generation (CT10, MSTW08 and
NNPDF2.3) is evident. In all cases, predictions using the reduced sets are in excellent agreement with
those obtained using the prior.

In Figure 6 we show representative differential distributions for the Higgs boson production in
gluon fusion, in particular the transverse momentum and rapidity distributions, at the LHC

√
s = 13

TeV, obtained using the three different deliveries of the combined set. The upper plots show the cross-
section per bin, in pico-barns, while the lower plots show the corresponding results normalized to the
central value of the PDF4LHC15 NNLO prior set. The three techniques agree well for these kinematic
distributions, with a small offset for the predictions of the PDF4LHC15_mc set. Note that the transverse
momentum distribution shown is a fixed-order result, and thus it is unreliable for pt ∼< 30 GeV where
transverse momentum resummation effects become important.

I.2.4 Strong coupling and heavy quark masses
In order to estimate the further uncertainty due to the choice of αs value it is useful to plot the cross-
sections as a function of the value of αs(mZ). This is done in Figure 7, where the total inclusive cross-
sections for Higgs boson production at

√
s = 13 TeV in different production channels are shown as a

function of αs for the three sets which enter the combination. In these plots we also include flavour
predictions obtained using the ABM12 [40], HERAPDF2.0 [32] and JR14 [42] PDF sets, each at its pre-
ferred value of αs(mZ). In the case of ABM12, we use the Nf = 5 set. For HERAPDF2.0, we consider
only the experimental PDF uncertainties. In the case of the JR14 set, we use the version determined in
the variable-flavour-number scheme. Note that MMHT14, CT14, NNPDF3.0 and HERAPDF2.0 all use
the same central value of the strong coupling, αs(mZ) = 0.118; in the plot the values corresponding
to these sets are slightly offset to improve readability. It is apparent from the figures which PDF sets
can produce predictions that may fall substantially outside of the uncertainties of the three PDF sets that



14 I.2.4. Strong coupling and heavy quark masses

Ratio to PDF4LHC15 prior
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

Gluon-Fusion Higgs production, LHC 13 TeV

PDF4LHC15_prior

PDF4LHC15_mc

PDF4LHC15_100

PDF4LHC15_30

MMHT14

CT14

NNPDF3.0

MSTW08

CT10

NNPDF2.3

Gluon-Fusion Higgs production, LHC 13 TeV

Ratio to PDF4LHC15 prior
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

Vector-Boson Fusion Higgs production, LHC 13 TeV

PDF4LHC15_prior

PDF4LHC15_mc

PDF4LHC15_100

PDF4LHC15_30

MMHT14

CT14

NNPDF3.0

MSTW08

CT10

NNPDF2.3

Vector-Boson Fusion Higgs production, LHC 13 TeV

Ratio to PDF4LHC15 prior
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

W+Higgs production in a, LHC 13 TeV

PDF4LHC15_prior

PDF4LHC15_mc

PDF4LHC15_100

PDF4LHC15_30

MMHT14

CT14

NNPDF3.0

MSTW08

CT10

NNPDF2.3

W+Higgs production in a, LHC 13 TeV

Ratio to PDF4LHC15 prior
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

 production, LHC 13 TeVtHiggs+t

PDF4LHC15_prior

PDF4LHC15_mc

PDF4LHC15_100

PDF4LHC15_30

MMHT14

CT14

NNPDF3.0

MSTW08

CT10

NNPDF2.3

 production, LHC 13 TeVtHiggs+t

Figure 5: Inclusive Higgs boson production cross-sections at 13 TeV in the gluon-fusion, vector-boson fusion,
associated production with W and associated production with a tt̄ pair channels. In each case predictions of the
three individual sets are shown along with those of the PDF4LHC15 prior and the three reduced sets, normalizing
to the central value of the PDF4LHC15 prior set. Predictions obtained using the three older global sets which
entered the previous PDF4LHC recommendation are also show. All cross-sections are computed at NLO with
NNLO PDFs. The value of the strong coupling is fixed at αs(mZ) = 0.118; the uncertainties shown are PDF
uncertainties (not including the uncertainty due to αs(mZ)).

enter the 2015 combination.

Unlike the case for the strong coupling αs(MZ), the different PDF groups do not use common
values of the charm and bottom masses, and also use different definitions of a general mass variable
number scheme (GM-VFN). These are two distinct issues, particularly since each group chooses the
quark masses at fixed default values, as opposed to trying to determine them from a best fit, and the
values chosen have no relation to the scheme choice.

Let us consider the issue of scheme choices first. Dependence on these has been very thoroughly
studied in numerous articles [33, 57–60]. At NLO the variation in LHC cross section predictions for
W and Z production due to quite extreme differences in choices of GM-VFN schemes can be of order
2− 3%; they may be somewhat larger but still moderate especially at high scale for processes which are
directly sensitive to charm, such as Z + c or open charm production. However, as with other scheme
choices in QCD, the ambiguity at fixed order is always an effect beyond the order of the calculation, and
hence diminishes as one goes to higher orders. At NNLO scheme choices lead to changes in LHC cross
section predictions of generally no more than 1%, and very often less. This can be appreciated from
Figs. 11.6, 11.7 and 11.8 in [33], where differences between groups for the total HERA cross sections
calculated using the same PDFs but different schemes can be at most > 5% at NLO, but never more than
1−2% at NNLO. Differences in F c̄c2 (x,Q2), an observable which is directly sensitive to charm, which is
much less precisely and widely measured at HERA, can be 30% in extreme cases at NLO but are rarely
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Figure 6: Differential distributions for Higgs boson production at gluon fusion at
√
s = 13 TeV. The Higgs boson

rapidity (left) and transverse momentum (right) distributions are shown, using the three different deliveries of the
combined PDF4LHC15 set. The upper plots show the absolute distributions, while in the lower plot results are
normalized to the central value of the PDF4LHC15_mc set. Cross-sections have been computed at NLO with NNLO
PDFs.

more than 10% at NNLO, and over most of the x,Q2 range are much less than 5%. Hence, the variation
due to the choice of GM-VFN scheme at NNLO is much less than the PDF uncertainty, and the variation
between groups due to this can be taken as indicative of part on the theoretical uncertainty at NNLO. The
variation due to adopting a FFN scheme would instead be quite large, and outside the PDF uncertainty.

The different PDFs used in the recommendation are all obtained using the heavy quarks defined in
the pole mass scheme. However, the values chosen are different, with mc ranging from 1.275–1.4 GeV
and mb from 4.18–4.75 GeV. The precise determinations of quark masses are performed in the MS
scheme, and the conversion to the pole masses is imprecise due to a renormalon ambiguity in the con-
version factor. In particular, the series for the charm quark shows essentially no convergence. Using
the better behaved expression for the beauty mass, and the fact that mpole

b − mpole
c = 3.4 GeV with

a very small uncertainty [27, 61], it was argued in [62] that a reasonable estimate for pole masses is
mpole
c = 1.5± 0.2 GeV and mpole

b = 4.9± 0.2 GeV. Hence, the charm mass values chosen are perhaps
slightly low, but not anomalous. The smallest mpole

b value among the three combined sets is somewhat
low, but the beauty data (including the contribution to total HERA cross sections) has extremely little
constraint on PDFs in the global fit. Moreover, it has been argued that at lower orders a general mass
variable flavour number scheme is not very sensitive to the scheme in which the mass is defined [63,64].
The variation in the quark masses between groups, i.e. the deviations from the mean values, is relatively
small compared to the intrinsic uncertainty for mc, but a bit larger for mb. As shown in [60, 64, 65], the
Higgs cross section via gg fusion can vary by about 1% for mc changes of about 0.2 GeV, while varia-
tions withmb are much smaller than this, even for changes of 0.5 GeV. Hence, the variation in predictions
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Figure 7: Dependence of the total inclusive cross-sections for Higgs boson production at
√
s = 13 TeV in different

production channel on the value of the strong coupling αs(mZ) for the PDF sets which enter the combination:
MMHT14, CT14, NNPDF3.0. Predictions obtained using ABM12, HERAPDF2.0, JR14VF NNLO sets are also
shown at their preferred αs(mZ) value. The points shown for MMHT14, CT14, NNPDF3.0 and HERAPDF2.0 all
refer to αs(mZ) = 0.118 and are offset for clarity.

between the groups due to the different quark masses is generally much less than the PDF uncertainty,
with the exception of cross sections directly dependent on the b quark distribution, where the mass effect
on the distribution is more significant. The uncertainty due to quark masses should ideally be taken into
account, and the current variation between groups should achieve this to some extent. However, in the
future, it is probably preferable to settle on common mass values, perhaps defined in the MS scheme as
advocated in [66], and a common uncertainty, as now done for αs(MZ).

For LHC calculations that are done in the MS scheme with up to 4 active quark flavours in the
running αs and PDFs, three combined PDF4LHC sets determined in this scheme are also provided. The
respective PDF4LHC sets are constructed from 900 MC replicas of CT14, MMHT14, and NNPDF3.0
PDFs for Nf = 4 using the same combination techniques as for Nf = 5. In this case, the initial
PDF parameterizations from the Nf = 5 fits at initial Q0 ∼ mc are evolved to higher Q including the
lightest 4 flavours only. Contributions from massive bottom and top quarks should be then included
in hard matrix elements. The input value αs(MZ , Nf = 4) in the Nf = 4 scheme is obtained from
αs(MZ , Nf = 5) = 0.118 by applying scheme transformation relations [67] at two or three loops in
QCD, and assuming the average mb = 4.56 GeV of the input PDF sets; it is thus rather smaller than the
default value 0.118.
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Table 1: Correlation coefficient between various Higgs boson production cross-sections and background cross-
sections. In each case, the PDF4LHC15 NNLO prior set is compared to the Monte Carlo and with the two Hessian
reduced sets. We also show the results from the three individual sets, CT14, MMHT14 and NNPDF3.0.

PDF Set
correlation coefficient

tt̄, Htt̄ tt̄, hW tt̄, hZ ggh, htt̄ ggh, hW ggh, hZ

PDF4LHC15_nnlo_prior 0.87 -0.23 -0.34 -0.13 -0.01 -0.17
PDF4LHC15_nnlo_mc 0.87 -0.27 -0.35 -0.10 0.07 -0.01
PDF4LHC15_nnlo_100 0.87 -0.24 -0.34 -0.13 -0.02 -0.17
PDF4LHC15_nnlo_30 0.87 -0.27 -0.43 -0.13 -0.04 -0.23

CT14 0.09 -0.32 -0.44 -0.26 -0.03 -0.18
MMHT14 0.90 -0.22 -0.52 0.08 -0.18 -0.33
NNPDF3.0 0.90 -0.17 -0.21 0.18 0.52 0.49

PDF Set
correlation coefficient

Z,W Z, tt̄ Z, ggh Z, htt̄ Z, hW Z, hZ

PDF4LHC15_nnlo_prior 0.89 -0.49 0.08 -0.46 0.56 0.74
PDF4LHC15_nnlo_mc 0.90 -0.44 0.18 -0.42 0.62 0.80
PDF4LHC15_nnlo_100 0.91 -0.48 0.09 -0.46 0.59 0.74
PDF4LHC15_nnlo_30 0.88 -0.63 0.04 -0.61 0.56 0.72

CT14 0.92 -0.69 0.12 -0.69 0.69 0.77
MMHT14 0.76 -0.70 0.12 -0.83 0.15 0.43
NNPDF3.0 0.96 -0.13 0.62 -0.30 0.84 0.85

PDF Set
correlation coefficient

W, tt̄ W, ggh W, htt̄ W, hW W,hZ tt̄, ggh

PDF4LHC15_nnlo_prior -0.40 0.20 -0.40 0.76 0.77 0.30
PDF4LHC15_nnlo_mc -0.44 0.26 -0.42 0.81 0.82 0.32
PDF4LHC15_nnlo_100 -0.40 0.20 -0.40 0.76 0.77 0.30
PDF4LHC15_nnlo_30 -0.47 0.19 -0.47 0.77 0.76 0.31

CT14 -0.56 0.22 -0.56 0.80 0.77 0.09
MMHT14 -0.47 0.24 -0.53 0.62 0.63 0.46
NNPDF3.0 -0.08 0.64 -0.26 0.88 0.86 0.51

I.2.5 PDF correlations

Also of importance for Higgs boson predictions and analyses are the PDF correlations, both among Higgs
boson production processes and between Higgs boson processes and potential background processes:
tables of correlations obtained using various PDF sets were given in the previous Yellow Report [9].
These tables can now be updated using the more recent combined set. In Table 1 we collect the correlation
coefficients between different Higgs boson production channels, as well as between representative Higgs
boson signal and background processes. We show the results for the PDF4LHC15 NNLO prior and
for the three reduced combined PDF sets, and we also include the results for the three individual PDF
sets. The cross-sections have been computed at NLO with NNLO PDFs, using the same settings as in
previous plots. All of the techniques do reasonably well reproducing the correlations of the prior, with
the PDF4LHC15_100 PDFs reproducing the prior to within a per cent.

It should be emphasized that the values of the correlation themselves, however, can be viewed as
only having a single digit (or less) accuracy in the sense that the PDF correlations for Higgs processes
and backgrounds for the 3 global PDF sets can differ by the order of 0.2 (or more). For example, the
spread in correlation coefficients for gluon-gluon fusion production and associated (Zh) production is
0.67. Note that the differences in the correlation coefficients between NNPDF3.0, CT14 and MMHT14
are large in many cases, though there is also good agreement in other cases.
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Figure 8: The value of the correlation coefficient between representative Higgs boson signal and background
processes at the LHC 13 TeV, using the PDF4LHC15NNLO prior. The colour of each entry of the correlation
matrix indicates the absolute size of the correlation coefficient. The processes shown in this figure are ggh, htt̄,
hW and hZ (for signal) and Z, W and tt̄ (for backgrounds).

In Figure 8 we show the absolute value of the correlation coefficient between representative Higgs
boson signal and background processes at the LHC 13 TeV, using the PDF4LHC15NNLO prior. The
colour of each entry of the correlation matrix indicates the absolute size of the correlation coefficient,
with a granularity of 0.2. The processes shown in this figure are ggh, htt̄, hW and hZ (for signal) and
Z, W and tt̄ (for backgrounds). Very similar results are obtained if any of the three reduced sets is used.

I.2.6 Acceptance calculations
An important application of the PDF4LHC15 combined sets is the calculation of PDF uncertainties in
acceptances. These are defined as the ratio of cross-sections with fiducial selection cuts to the corre-
sponding inclusive cross-section, A = (σ|fid)/(σ|incl). To illustrate this usage, we have computed the
acceptances, with the corresponding PDF uncertainties, for two Higgs boson production processes with
experimentally realistic selection cuts, namely:

– Higgs boson production in the gluon fusion process, decaying into diphotons, gg → h→ γγ,
– Higgs boson production in association with a W boson, with the latter decaying leptonically,
pp→ hW± → hl±νl.

As in the rest of this chapter, the calculations have been performed for the LHC 13 TeV with MG5_aMC@NLO
interfaced to aMCfast, using NNLO PDFs with NLO matrix elements.

In the calculation of the fiducial cross-sections, we use similar acceptance requirements as those in
the corresponding ATLAS and CMS analyses. For both processes, jets are reconstructed with the anti-kT
algorithm with R = 0.4, and they satisfy pT ≥ 30 GeV and |η| ≤ 4.4. The additional selection cuts in
the case of the gg → h → γγ are the following: for photons we require pT ≥ 25 GeV and η ≤ 2.4,
and the invariant mass of the diphotons should satisfy |mγγ − 125 GeV| ≤ 15 GeV. In the case of Higgs
associated production, pp → hW± → hl±νl, the selection cuts on the charged leptons are |ηl| ≤ 2.5

and plT ≥ 20 GeV.
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Using these kinematical cuts, we have generated applgrids for both fiducial and inclusive cross-
sections, and computed the resulting acceptance corrections and the corresponding PDF uncertainties.
In Table 2 we collect the value of the acceptances A in each case, together with the corresponding PDF
uncertainties computed with the PDF4LHC15 prior and with the three reduced sets. For completeness,
we also show the results for the acceptances computed with the individual PDF sets. We observe excellent
agreement between the acceptances computed with the prior and with the three reduced sets, both for the
central value and for the PDF uncertainties.

Table 2: The acceptance corrections A for Higgs boson production at the LHC 13 TeV in two different channels
with realistic selection cuts, and the corresponding PDF uncertainties. We compare the results of the PDF4LHC15
NNLO prior with the three reduced sets. For completeness, we also show the results for the acceptances computed
with the individual PDF sets. See text for more details of the specific selection cuts in each case.

A(gg → h→ γγ) A(pp→ hW → hlνl)

PDF4LHC15 prior 0.728 +- 0.006 (0.9%) 0.7536 +- 0.0014 (0.18%)

PDF4LHC15_mc 0.727 +- 0.006 (0.9%) 0.7538 +- 0.0015 (0.20%)
PDF4LHC15_100 0.728 +- 0.006 (0.9%) 0.7536 +- 0.0013 (0.17%)
PDF4LHC15_30 0.728 +- 0.006 (0.9%) 0.7536 +- 0.0012 (0.15%)

MMHT14 0.728 +- 0.004 (0.6%) 0.7532 +- 0.0012 (0.15%)
CT14 0.725 +- 0.007 (1.0%) 0.7543 +- 0.0014 (0.18%)
NNPDF3.0 0.730 +- 0.005 (0.7%) 0.7534 +- 0.0011 (0.14%)

I.2.7 Summary
To summarize, in Table 3 we collect the available PDF4LHC15 NNLO Nf = 5 combined sets. The
corresponding sets are also available at NLO, as well asNf = 4 versions. All the combined PDF4LHC14
sets are available through LHAPDF6 [43], which also includes built-in routines for the calculation of the
PDF and PDF+αs uncertainties for all relevant cases.

Recommendations for the usage of each of these techniques are given in the PDF4LHC 2015
document [35], along with explicit formulae for the calculation of PDF and PDF+αs(mZ) uncertainties
for each of the techniques. The recommendations can be simply summed up. If asymmetric uncertainties
are important, for example at high mass, and Hessian errors are not essential, then PDF4LHC15_mc should
be used. There are two options for Hessian uncertainties. The PDF4LHC15_30 set provides a good
estimate of the uncertainty of the prior with fewer members, sufficient in many cases, such as for the
determination of nuisance parameters or acceptance calculations. To reproduce the uncertainty of the
prior exactly, then the PDF4LHC_100 sets should be used.
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Table 3: Summary of the combined NNLO PDF4LHC15 sets with Nmax
f = 5 that are available from LHAPDF6.

The corresponding NLO sets are also available. Members 0 and 1 of PDF4LHC15_nnlo_asvar coincide
with members 101 and 102 (31 and 32) of PDF4LHC15_nnlo_mc_pdfas and PDF4LHC15_nnlo_100_pdfas
(PDF4LHC15_nnlo_30_pdfas). Recall that in LHAPDF6 there is always a zeroth member, so that the total number
of PDF members in a given set is always Nmem + 1. See text for more details.

LHAPDF6 grid Pert order ErrorType Nmem αs(m
2
Z)

PDF4LHC15_nnlo_mc NNLO replicas 100 0.118
PDF4LHC15_nnlo_100 NNLO symmhessian 100 0.118
PDF4LHC15_nnlo_30 NNLO symmhessian 30 0.118
PDF4LHC15_nnlo_mc_pdfas NNLO replicas+as 102 mem 0:100→ 0.118

mem 101→ 0.1165
mem 102→ 0.1195

PDF4LHC15_nnlo_100_pdfas NNLO symmhessian+as 102 mem 0:100→ 0.118
mem 101→ 0.1165
mem 102→ 0.1195

PDF4LHC15_nnlo_30_pdfas NNLO symmhessian+as 32 mem 0:30→ 0.118
mem 31→ 0.1165
mem 32→ 0.1195

PDF4LHC15_nnlo_asvar NNLO - 1 mem 0→ 0.1165
mem 1→ 0.1195
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Branching Ratios

A. Denner, S. Heinemeyer, A. Mück, I. Puljak, D. Rebuzzi (Eds.); S. Boselli, C.M. Carloni Calame,
S. Dittmaier, G. Montagna, O. Nicrosini, F. Piccinini, M. Spira, M. Mühlleitner

For the accurate study of the properties of the Higgs boson, precise predictions for the various partial
decay widths and branching ratios (BRs) along with their theoretical uncertainties are indispensable. In
Ref. [7] a first precise prediction of the BRs of the SM Higgs boson was presented. In Refs. [8, 68] the
BR predictions were supplemented with an uncertainty estimate including parametric uncertainties as
well as the effects of unknown higher-order corrections. In Ref. [9] these predictions were updated with
a fine step size around the mass of the Higgs boson discovered by ATLAS [1] and CMS [2]. Moreover,
error estimates were presented in a form that is suitable for taking error correlations into account.

In view of the updated parameter set of Chapter I.1 and the improvements in HDECAY [69–71]
that reduce theoretical uncertainties, we provide here an update of the predictions on SM Higgs BRs and
corresponding uncertainties.

I.3.1 Update of branching ratios and decay width for the Standard Model Higgs boson
In this section we update the SM BR calculations presented in Refs. [7–9, 68]. The strategy for the
calculation of BRs and uncertainties is unchanged with respect to Ref. [8] and Ref. [9], respectively.
However, the input parameter set has been updated (see Chapter I.1) and some improvements have been
made in HDECAY that lead to a reduction of theoretical uncertainties.

I.3.1.a Strategy and input for branching-ratio calculations
We briefly summarize the strategy for the BR calculations for the updates in this report. A detailed
description of the methods used can be found in Refs. [8, 9]. We employ HDECAY [69–71] and
PROPHECY4F [72–74] to calculate all the partial widths with the highest accuracy available. The higher-
order corrections included in HDECAY and PROPHECY4F have been discussed in detail in Section
2.1.3.2 of Ref. [8]. In the meantime, the following improvements have been made in HDECAY: On the
one hand, for the Higgs boson decays into fermions the complete NLO electroweak (EW) corrections
have been implemented. For small Higgs boson masses, the theoretical uncertainty from missing EW
corrections is hence reduced to below 0.5%. This estimate is supported by the recent explicit calculation
of the mixed QCD-EW corrections [75]. On the other hand, the input parameters of HDECAY have been
moved from the bottom and charm pole masses to the massesmb(mb) andmc(3 GeV) in the MS scheme
according to the recommendations of Chapter I.1. Following these recommendations, the corresponding
pole masses are calculated internally in HDECAY using the three-loop relation.

The updated estimated relative theoretical uncertainties (THUs) for the different Higgs boson par-
tials widths resulting from missing higher-order corrections (determined as explained in more detail in
Section 2.1.3.2 of Ref. [8]) are summarized in Table 4 which replaces Table 2 of Ref. [8]. The cor-
responding uncertainty for the total width is obtained by adding the uncertainties for the partial widths
linearly. In order to determine the uncertainty for a BR, first the variations of this BR are calculated when
varying each individual partial width within the corresponding relative error while keeping all other par-
tial widths fixed at their central value. Since each BR depends on all partial widths, scaling a single partial
width modifies all BRs. Hence, there is an individual THU of each BR due to the THU of each partial
width. We assume the THUs of all partial widths to be uncorrelated except for all H →WW/ZZ → 4f

21
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Table 4: Estimated theoretical uncertainties from missing higher orders.

Partial width QCD electroweak total

H→ bb/cc ∼ 0.2% ∼ 0.5% for MH < 500 GeV ∼ 0.5%

H→ τ+τ−/µ+µ− ∼ 0.5% for MH < 500 GeV ∼ 0.5%

H→ tt ∼< 5% ∼ 0.5% for MH < 500 GeV ∼ 5%

H→ gg ∼ 3% ∼ 1% ∼ 3.2%

H→ γγ < 1% < 1% ∼ 1%

H→ Zγ < 1% ∼ 5% ∼ 5%

H→WW/ZZ→ 4f < 0.5% ∼ 0.5% for MH < 500 GeV ∼ 0.5%

Table 5: Input parameters and their relative uncertainties as used for the uncertainty estimation of the branching
ratios.

Parameter Central value Uncertainty

αs(MZ) 0.118 ±0.0015

mc(3 GeV) 0.986 GeV ±0.026 GeV
mb(mb) 4.18 GeV ±0.03 GeV
mpole

t 172.5 GeV ±1 GeV

decays. The THUs of the latter are assumed to be fully correlated and, hence, we only consider the si-
multaneous scaling of all 4-fermion partial widths. The derived individual THUs for each BR are added
linearly to obtain the corresponding total THU.

Also the parametric uncertainties (PUs) have been updated in our calculation. The input-parameter
set as defined in Chapter I.1 has been used. From the given PDG values of the gauge-boson masses, we
derive the pole masses MZ = 91.15348 GeV and MW = 80.35797 GeV which are used as input. The
gauge-boson widths have been calculated at NLO from the other input parameters resulting in ΓZ =
2.49436 GeV and ΓW = 2.08718 GeV.

Concerning the PUs, we take only those of the input parameters αs, mc, mb, and mt into account.
The values and uncertainties are adopted from Chapter I.1 and are for convenience listed in Table 5 as
well. For the masses of the light quarks, we use the masses in the MS scheme mb(mb) and mc(3 GeV)

as input,I.2 while for mt the pole mass enters. The parametric uncertainties resulting from the gauge-
boson masses, the lepton masses, the electromagnetic coupling and the Fermi constant are below one per
mille, and the impact of the PUs of the light quark masses on the considered BRs is negligible.

Using these PUs, for each parameter p = αs,mc,mb,mt we have calculated the Higgs BRs for
p, p + ∆p and p −∆p keeping all the other parameters fixed at their central values. The resulting shift
on each BR is then given by

∆p
+Br = max{Br(p+ ∆p),Br(p),Br(p−∆p)} − Br(p),

∆p
−Br = Br(p)−min{Br(p+ ∆p),Br(p),Br(p−∆p)}, (I.3.1)

which may lead to asymmetric uncertainties. The total PUs have been obtained by adding the calculated
shifts due to the four parameters in quadrature. In analogy, the uncertainties of the partial and total decay

I.2Since HDECAY version 6.50 it is possible to use directly masses in the MS scheme as input for the light quarks.
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widths are given by

∆p
+Γ = max{Γ(p+ ∆p),Γ(p),Γ(p−∆p)} − Γ(p),

∆p
−Γ = Γ(p)−min{Γ(p+ ∆p),Γ(p),Γ(p−∆p)}, (I.3.2)

where Γ denotes the partial decay width for each considered decay channel or the total width, respec-
tively. The total PUs have been calculated again by adding the individual PUs in quadrature.

The total uncertainties on the BRs, i.e. combinations of PUs and THUs, are derived by adding
linearly the total parametric uncertainties and the total theoretical uncertainties, as discussed in detail
in Ref. [8]. To allow for taking into account correlations in the errors of the different BRs, we provide
also the individual uncertainties for the various partial widths in Section I.3.1.c for selected Higgs boson
masses.

For completeness, we repeat that the Higgs boson total width resulting from HDECAY has been
modified according to the prescription

ΓH = ΓHD − ΓHD
ZZ − ΓHD

WW + ΓProph.
4f , (I.3.3)

where ΓH is the total Higgs boson width, ΓHD the Higgs boson width obtained from HDECAY, ΓHD
ZZ and

ΓHD
WW stand for the partial widths to Z(∗)Z(∗) and W(∗)W(∗) calculated with HDECAY, while ΓProph.

4f

represents the partial width of H → 4f calculated with PROPHECY4F. The latter can be split into the
decays into Z(∗)Z(∗), W(∗)W(∗), and the interference,

ΓProph.
4f = Γ

H→W
(∗)

W
(∗)→4f

+ Γ
H→Z

(∗)
Z

(∗)→4f
+ ΓWW/ZZ−int. , (I.3.4)

where the individual contributions are defined in terms of partial widths with specific final states accord-
ing to

Γ
H→W

(∗)
W

(∗)→4f
= 9 · Γ

H→νee
+µ−νµ

+ 12 · Γ
H→νee

+
du

+ 4 · ΓH→udsc ,

Γ
H→Z

(∗)
Z

(∗)→4f
= 3 · ΓH→νeνeνµνµ

+ 3 · Γ
H→e

−
e
+µ−µ+ + 9 · Γ

H→νeνeµ−µ+

+ 3 · ΓH→νeνeνeνe
+ 3 · Γ

H→e
−

e
+

e
−

e
+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd + 6 · Γ
H→uue

−
e
+ + 9 · Γ

H→dde
−

e
+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu (I.3.5)

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · Γ
H→νee

+
e
−νe
− 3 · Γ

H→νeνeµ−µ+ − 3 · Γ
H→νee

+µ−νµ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

I.3.1.b Results for partial widths and branching ratios including QCD and EW corrections for
Higgs boson masses close to 125 GeV

We provide results for the BRs of the SM Higgs boson using a particularly fine grid of masses close
to MH = 125 GeV. The results are generated and presented in analogy to the predictions and error
estimates in Ref. [9], taking the improvements mentioned above into account.

Here, we briefly summarize the numerical changes with respect to the results for MH = 125 GeV
presented in Ref. [9]. All these changes are well within the error estimates given in Ref. [9]. The partial
width for H→ bb increases by approximately 1.5%, mainly due to the change in αs. The partial widths
of the other fermionic decay modes change only at the per mille level due to the inclusion of the full EW
corrections and/or the input changes. The partial width for H → gg decreases by approximately 4%.
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in αs, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H → bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H → gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H → bb BR decreases to below 2% due to the reduced errors on αs and the bottom quark mass
and the reduced THU. Since the error on H → bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H → cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H → bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(αs)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H→ 4f BRs and the same for those for H→WW/ZZ. Note that
the charge-conjugate final state is not included for H→ `+νlqq.
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I.3.1.c Correlations and uncertainties for branching ratios for Higgs boson masses close to 125 GeV

As in Ref. [9], we provide results and uncertainties resulting from different sources for the partial widths
and selected Higgs boson masses. These results can be used to include error correlations for the different
BRs. The reason for the correlations is two-fold: Varying the input parameters within their error bands
induces shifts of the different partial widths and the resulting BRs in a correlated way. Moreover, there
is a trivial correlation because all the BRs have to add up to one. Thus, a shift in a single partial width
shifts all BRs in a correlated way.

For the partial widths the THUs are assumed to be uncorrelated (except for the decay to massive
gauge bosons). Moreover, the correlated effect on each partial width from varying a parameter within
its errors is disentangled from the additional trivial correlation when calculating the BRs. In Table 1
of Ref. [9] we showed the results for the partial widths for MH = 122 GeV, 126 GeV, and 130 GeV
including for each partial width the THU and the different PUs.

Using the updated parameter set and the updated THUs we present in Table 182 results for the
partial widths and the corresponding uncertainties for MH = 124 GeV, 125 GeV, and 126 GeV. For
each partial width, we show the THU evaluated according to (I.3.2). For each input parameter we show
the induced shift on each partial width for the maximal and minimal choice of the input parameter as
upper and lower entry in the table, respectively. Hence, the table allows to read off the correlation in the
variation of the different partial widths. The associated error bands are slightly asymmetric. However,
it is a good approximation to symmetrize the error band and assume a Gaussian probability distribution
for the corresponding prediction.

The THUs on the partial widths of all the four-fermion final-states can be considered to be fully
correlated. All other THUs are considered to be uncorrelated. Hence, for the BRs listed in Tables 174–
178 only the trivial correlation is present. However, it should be stressed again that in contrast to the
PUs, theory errors cannot be assumed to be Gaussian errors. Assuming a Gaussian distribution and,
hence, effectively adding THUs to the PUs in quadrature will in general lead to underestimated errors.
According to the recommendations in Section 12 of Ref. [7], the THUs should be considered to have a
flat probability distribution within the given range. Alternatively, the envelope of extreme choices for
the theory prediction on the partial widths should be used as an error estimate. For all the total errors
presented on the BRs, we have added PUs and THUs of the resulting BRs linearly, as discussed in
Section I.3.1.a. We thereby provide the envelope for each resulting BR, however, the correlation is lost
at the level of BRs.

In total, there are four input parameters to be varied corresponding to the PUs and one has to
include eight uncorrelated THUs for the various partial widths. Analysing in detail the interesting region
around MH = 125 GeV, the different uncertainties are of different importance. Aiming for a given
accuracy, some uncertainties may be safely neglected, as can be inferred from Table 182. Even sizeable
uncertainties for a given partial width can be unimportant if the decay mode has a small BR and does not
contribute significantly to combined measurements.

Concerning the PUs, the variation of αs and the bottom quark mass impact the BR predictions at
the level of 1− 2%. The charm quark mass is only relevant for H→ cc and affects other BRs only at the
level of 1−2 per mille. The THU for H→ γγ amounts to 1% and is needed at this level of precision. The
THU for H→ bb, H→ cc, H→ µ+µ−, H→ τ+τ−, and H→WW/ZZ→ 4f is estimated at 0.5% and
thus also quite small. The THU for H → gg and H → Zγ only has sizeable effects if a measurement of
the corresponding channel is included or, in the case of H→ gg, errors of a few per mille are important.

I.3.1.d Benchmark results for partial widths and branching ratios including only QCD correc-
tions for a wide Higgs boson mass range

If the minimal SM is realized, the Higgs boson is light and the best predictions for the corresponding
BRs are listed above. However, in extended models additional Higgs bosons might show up. In order
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Figure 10: Comparison between HTO4L and PROPHECY4F. On the left, the H→ 4µ partial width is compared as
a function ofMH together with the relative effect of the NLO EW corrections. On the right, the φ-angle distribution
for H→ 2e2µ is compared and the NLO EW effect is shown, for MH = 125 GeV.

to provide a benchmark for such additional Higgs bosons, we list the partial widths calculated in the
SM for a wide range of Higgs boson masses. Since the EW corrections become very large and unphys-
ical for Higgs boson masses above ∼ 600 GeV, we omit all EW corrections and give results including
QCD corrections only. The SM partial widths in this scenario are listed in Tables 183 and 184 for the
2-fermion final states and in Tables 185 and 186 for the 2-boson final states. Without EW corrections the
results for the partial widths for H →WW and H → ZZ calculated with HDECAY and PROPHECY4F

agree within ∼ 1% for Higgs boson masses above 100 GeV. For very light Higgs bosons the differences
become bigger owing to interference effects that are included in PROPHECY4F but not in HDECAY.
Therefore, we followed our standard procedure and used PROPHECY4F to calculate the numbers pre-
sented in Tables 185 and 186.

I.3.1.e HTO4L: a generator for Higgs boson decay into four charged leptons at NLOPS elec-
troweak accuracy

The Monte Carlo event generator HTO4L has been developed for the precise simulation of the SM Higgs
boson decay into four charged leptons (H → e+e−e+e−, e+e−µ+µ−, µ+µ−µ+µ−), including complete
NLO EW corrections and multiple-photon effects in a matched-to-NLO Parton Shower (PS) framework.
A detailed description of the theoretical approach, the calculation and phenomenological results can be
found in Ref. [76] and version 1.0 of the program is publicly available [77].

For inclusive partial widths or at NLO EW accuracy without multi-photon emission, HTO4L and
PROPHECY4F (version 2.0) [78,79] should agree for the leptonic final states included in HTO4L. A com-
parison between the codes has been carried out, both at differential and integrated level. As examples, on
the left of Figure 10 we show the partial H→ 4µ decay width as a function of MH (upper panel) and the
effect of the NLO EW corrections relative to the LO width (lower panel): the predictions of HTO4L and
PROPHECY4F agree in the whole mass range, within the negligible sub-per mille numerical integration
error. On the right of Figure 10, the distribution of the angle φ (the angle between the decay planes of
the virtual Z bosons in the Higgs boson rest frame) in the decay H → 2e2µ is plotted, showing both the
absolute value (upper panel) and the relative effect induced by NLO EW corrections (lower panel): again
agreement is found.

Going beyond the NLO EW accuracy, HTO4L includes also the possibility to simulate multi-
photon emissions in a QED PS approach, consistently matched to the NLO calculation [76]. Two ex-
amples of the effects induced by multi-photon radiation are shown in Figure 11, where we consider the
decay H→ 2e2µ with MH = 125 GeV in the Higgs boson rest frame. On the left, the ratio between the
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Mµ+µ− distribution corrected at different levels of accuracy and the LO one is plotted, emphasizing that
multi-photon effects can reach the few per cent level on this distribution. On the right, the size of the
corrections is shown on the φ-angle distribution: while in this case the impact of QED exponentiation
is small, the inclusion of NLO QED and weak corrections is important for studies aiming at accuracies
at the level of some per cent. We finally remark that unweighted events are available and, through Les-
Houches-Accord (LHA) files, HTO4L can be used in conjunction with any Monte Carlo event generator
for (on-shell) Higgs boson production, such as, for instance, POWHEG [80, 81]. An interface, which
reads a Higgs boson production LHA file and writes a LHA file with the Higgs momenta replaced by
momenta of the decay products (leptons and photons), is provided with the code.

I.3.2 Update on MSSM branching ratios
In the MSSM the evaluation of cross sections and of branching ratios has several common issues as out-
lined in Sect. 14.1 in Ref. [9] (see also Sect. 12.1 in Ref. [8]). It was discussed that before any branching
ratio calculation can be performed, the Higgs boson masses, couplings and mixings have to be evalu-
ated from the underlying set of (soft SUSY-breaking) parameters. For the case of real parameters in
the MSSM, the code FEYNHIGGS [82–87] was selected for the evaluations in this report. (The case
with complex parameters has not been investigated so far.) The results for Higgs boson masses and
couplings can be provided to other codes (especially HDECAY [69–71]) via the SUSY Les Houches
Accord [88, 89].

In Sect. 2.3 of Ref. [9] it was described how the relevant codes for the calculation of partial de-
cay widths, FEYNHIGGS and HDECAY, are combined to give the most precise result for the Higgs
boson branching ratios in the MSSM. The corrections included in these two codes are summarized as
follows. The full one-loop corrections in the MSSM (see the discussion in Section IV.1.1) together with
resummed SUSY corrections up to the one-loop level and the Z factors up to the two-loop level have
been implemented in the code FEYNHIGGS [82–87]. Corrections at and beyond the one-loop level in
the MSSM are implemented in the code HDECAY [69–71], including the resummed SUSY corrections
up to leading two-loop terms and the O(αs) corrections to Higgs boson decays to scalar quarks [90]. In
Ref. [9] numerical results were shown for all MSSM Higgs bosons (including the charged Higgs) within
the updated benchmark scenarios [91]. Here we briefly describe an update of the branching ratio eval-
uation, taking into account additional final states (that so far were included in the total width, but not
evaluated as individual BRs). The updated numbers can be found in [92].

After the calculation of Higgs boson masses and mixings from the original SUSY input, the
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branching ratio calculation is performed as follows. We combine the results from HDECAY and FEYN-
HIGGS (where the decays into massive gauge bosons labelled FH/P4f are based on the SM evaluation
taken from PROPHECY4F, see Section IV.1.3) for various decay channels to obtain the most accurate
result for the branching ratios currently available. In a first step, all partial widths have been calculated
as accurately as possible. Then the branching ratios have been derived from this full set of partial widths.
Concretely, we used FEYNHIGGS for the evaluation of the Higgs boson masses and couplings from the
original input parameters, including corrections up to the two-loop level. The status of the various evalu-
ations in FEYNHIGGS and HDECAY are detailed in Ref. [8]. The total decay width of the neutral Higgs
bosons, φ = h,H,A, is calculated as,

Γφ = ΓFH
φ→τ+τ− + ΓFH

φ→µ+µ− + Γ
FH/P4f

φ→W
(∗)

W
(∗) + Γ

FH/P4f

φ→Z
(∗)

Z
(∗)

+ ΓHD
φ→bb + ΓHD

φ→tt + ΓHD
φ→cc + ΓHD

φ→gg + ΓHD
φ→γγ + ΓHD

φ→Zγ

+ ΓFH
φ→Zh + ΓFH

φ→hh + ΓFH
φ→ZA + ΓFH

φ→AA + ΓHD
φ→H

±
W
∓ + ΓFH

φ→SUSY , (I.3.6)

followed by a corresponding evaluation of the respective branching ratio. With respect to previous eval-
uations, see Ref. [9], ΓFH

φ→Zh, ΓFH
φ→hh, ΓFH

φ→ZA, ΓFH
φ→AA and ΓHD

φ→H
±

W
∓ are now explicitly included as

individual channels. The decays to SUSY particles are not included as individual branching ratios, but
of course taken into account in the total widthI.3. For completeness we also list the evaluation for the
charged Higgs boson, which has not changed wrt. Ref. [9]. The total decay width of the charged Higgs
boson is calculated as,

Γ
H
± = ΓFH

H
±→τντ

+ ΓFH
H
±→µνµ

+ ΓFH
H
±→hW

+ ΓFH
H
±→HW

+ ΓFH
H
±→AW

+ ΓHD
H
±→tb

+ ΓHD
H
±→ts

+ ΓHD
H
±→td

+ ΓHD
H
±→cb

+ ΓHD
H
±→cs

+ ΓHD
H
±→cd

+ ΓHD
H
±→ub

+ ΓHD
H
±→us

+ ΓHD
H
±→ud

+ ΓFH
H
±→SUSY

, (I.3.7)

followed by a corresponding evaluation of the respective branching ratio.

I.3This was also done previously, but not explicitly stated in Refs. [8, 9].
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We present here an update of developments since the publication of YR3. First, recent results on the
inclusive cross-section are discussed, and we provide recommendations for the computation of its value
and uncertainty. Then, jet-binned cross sections are examined: we provide benchmarks for differential
transverse-momentum distributions in the effective theory. Finally the effects of heavy-quark masses on
these distributions are examined.

I.4.1 The inclusive cross-section
The inclusive gluon fusion Higgs boson production cross-section has a slowly convergent perturbative
expansion in QCD with large corrections at NLO and NNLO. Therefore, uncertainties due to miss-
ing higher orders have always been large and comparable to PDF uncertainties. Recently, N3LO QCD
corrections have been computed in the effective theory as an expansion around threshold in Ref. [93],
along with the evaluation of threshold resummation in different schemes. In this section the results of
Ref. [93] are reviewed; then, results on threshold resummation at the N3LL matched first with the NNLO
(Sect. I.4.1.b) , and then with the N3LO (Sect. I.4.1.c) fixed-order results are presented. fixed or level
and its matching to the fixed-order result. Finally, we present the summary for the computation of the
central value including all known corrections and the associated total uncertainty.

I.4.1.a The N3LO cross section I.4

I.4.1.a.i Ingredients of the computation
This section summarizes our best prediction for the value of the inclusive gluon-fusion cross section and
its uncertainties, following Ref. [93]. The main ingredient is the recent computation of gluon-fusion
cross section through N3LO in the effective theory where the top-quark is integrated out [94–96].

The master formula that summarizes all the ingredients entering our prediction for the partonic
cross-sections is

σ̂ij ' RLO
(
σ̂ij,EFT + δtσ̂

NNLO
ij,EFT + δσ̂ij,EW

)
+ δσ̂LOij,ex;t,b,c + δσ̂NLOij,ex;t,b,c . (I.4.1)

QCD corrections to the production cross-section σ̂ij,EFT in the heavy-top limit have been included at
NLO [97–99], NNLO [100–102] and N3LO [94–96]. In addition, we also include effects from finite
quark masses and electroweak effects, to the extent that they are available. It was already observed at
LO and NLO that the validity of the effective theory can be greatly enhanced by rescaling the effective
theory by the exact LO result. We therefore rescale the cross-section σ̂ij,EFT in the effective theory by
the ratio

RLO ≡
σLOex;t

σLOEFT
, (I.4.2)

I.4Author(s): C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann, F. Herzog, A. Lazopoulos, B. Mistlberger.
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where σLOex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =
5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms δσ̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term δtσ̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term δσ̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant α [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to αα3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

√
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

αs(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

σ = 48.58 pb
+2.22 pb (+4.56%)
−3.27 pb (−6.72%) (theory)± 1.56 pb (3.20%) (PDF+αs) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
− 2.05 pb (−4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)
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where rEFT denotes the cross section in the effective field theory approximation rescaled by RLO of
(I.4.2) . We note that the N3LO central value is completely insensitive to threshold resummation effects
for µF = µR = mH/2 and the central value obtained from a fixed-order N3LO computation and a
resummed computation at N3LO + N3LL are identical for this scale choice. We therefore conclude that
threshold resummation does not provide any improvement of the central value, and it is therefore not
included in our prediction.

The PDF and αs uncertainties are computed following the recommendation of the PDF4LHC
working group. The remaining theory-uncertainty in eq. (I.4.3) is obtained by adding linearly vari-
ous sources of theoretical uncertainty, which affect the different contributions to the cross section in
eq. (I.4.1). The breakdown of the different theoretical uncertainties whose linear sum produces the theo-
retical uncertainty in eq. (I.4.3) is

δ(scale) δ(trunc) δ(PDF-TH) δ(EW) δ(t, b, c) δ(1/mt)

+0.10 pb
−1.15 pb ±0.18 pb ±0.56 pb ±0.49 pb ±0.40 pb ±0.49 pb

+0.21%
−2.37% ±0.37% ±1.16% ±1% ±0.83% ±1%

In the remainder of this note we address each of the components that enter the final theoretical uncertainty
estimate in turn.

I.4.1.a.iii Breakdown of the theoretical uncertainties
Uncertainty from missing higher orders: δ(scale)
The uncertainty δ(scale) captures the impact of missing higher order terms in the perturbative expansion
of the cross section in the rEFT. We identify this uncertainty with the scale variation when varying the
renormalization and factorization scales simultaneously in the interval µF = µR ∈ [mH/4,mH ]. The
N3LO corrections moderately increase (∼ 3%) the cross-section for renormalization and factorization
scales equal to mH/2. In addition, they notably stabilize the scale variation, reducing it almost by a
factor of five compared to NNLO. The N3LO scale-variation band is included entirely within the NNLO
scale-variation band for scales in the interval [mH/4,mH ]. We note that, while we vary the scales
simultaneously, we have checked (see Figure 6 of [93]) that the factorization scale dependence is flat,
and the scale dependence at N3LO is driven by the renormalization scale dependence.

It is important to assess how well the scale uncertainty captures the uncertainty due to missing
higher orders in the perturbative expansion, given that it failed to capture the shift in the central value
due to missing perturbative orders at lower orders. We have found good evidence that the N3LO scale
variation captures the effects of missing higher perturbative orders in the EFT. We base this conclusion
on the following observations: First, we observe that expanding in αs separately the Wilson coefficient
and matrix-element factors in the cross-section gives results consistent with expanding directly their
product through N3LO. Second, a traditional threshold resummation in Mellin space up to N3LL did
not contribute significantly to the cross-section beyond N3LO in the range of scales µ ∈ [mH/4,mH ].
Although the effects of threshold resummation are in general sensitive to ambiguities due to subleading
terms beyond the soft limit, we found that within our preferred range of scales, several variants of the
exponentiation formula gave very similar phenomenological results, which are always consistent with
fixed-order perturbation theory. Finally, a soft-gluon and π2-resummation using the SCET formalism
also gave consistent results with fixed-order perturbation theory at N3LO. While ambiguities in sublead-
ing soft terms limit the use of soft-gluon resummation as an estimator of higher-order effects, and while
it is of course possible that some variant of resummation may yield larger corrections, it is encouraging
that this does not happen for the mainstream prescriptions studied here.

We conclude this discussion by commenting on the use of resummation to estimate the uncertainty
on the cross section. Based on the considerations from the previous paragraph, we are led to conclude



32 I.4.1. The inclusive cross-section

that threshold resummation does not provide any improvement over a fixed-order calculation, and we
therefore do not include it into our prediction. We base this conclusion on the following facts. First, we
have already observed in the previous section that the central value at N3LO for µ ≡ µR = µF = mH/2
is insensitive to resummation effects, excluding any need for resummation to improve the fixed order
prediction. Second, the scale variation for N3LO + N3LL is contained inside the fixed-order N3LO
scale-variation band for µ ∈ [mH/4,mH ] for a variety of different formalisms to perform threshold re-
summation, indicating that threshold resummation is more likely to underestimate the uncertainty from
the variation. Finally, we point out that the resummation program itself is plagued by systematic uncer-
tainties coming from terms that are power suppressed in the threshold variable (s−m2

H) (or equivalently,
in 1/N in Mellin space) and are not controlled by the resummation. Although formally of higher order,
these uncontrolled terms can have a substantial impact on the cross section, which is in our opinion not
physically motivated. Any conclusion based on varying these uncontrolled power-suppressed and con-
stant terms should therefore be discarded in our opinion, and they are not considered in our prediction.

The truncation uncertainty: δ(trunc)
The truncation uncertainty captures the uncertainty introduced by the fact the N3LO corrections are
currently only known as an expansion around threshold, i.e., as an expansion in the amount of energy
available to QCD radiation, to order 37. We assign an uncertainty due to the truncation of the threshold
expansion which is as large as

δ(trunc) = 10× σ
(3)
EFT (37)− σ(3)

EFT (27)

σN3LO
EFT

= 0.37% . (I.4.5)

The factor 10 is a conservative estimator of the progression of the series beyond the first 37 terms. Note
that the complete N3LO cross-section appears in the denominator of eq. (I.4.5), i.e., the uncertainty
applies to the complete N3LO result, not just the coefficient of α5

s .

The uncertainty from missing N3LO PDFs: δ(PDF-TH)
So far, PDFs have only been extracted by comparing data to theory predictions at NNLO in QCD, and
so an inconsistency may only arise due to the extraction of the parton densities from data for which there
are no N3LO predictions. To assess this uncertainty we resort to the experience from the previous orders
and investigate the shift in the NNLO cross section when it is computed with either NLO or NNLO
PDFs. We observe that as a function of the factorization scale in the range µF ∈ [mH/4,mH ] (with the
renormalization scale held fixed) scale) the NNLO cross-section decreases by about 2.2 − 2.4% when
NNLO PDFs are used instead of NLO PDFs. Given that N3LO corrections are expected to be milder
in general than their counterparts at NNLO, we anticipate that they will induce a smaller shift than at
NNLO. Based on these considerations, we assign a conservative uncertainty estimate due to missing
higher orders in the extraction of the parton densities obtained as

δ(PDF− TH) =
1

2

∣∣∣∣∣
σ

(2),NNLO
EFT − σ(2),NLO

EFT

σ
(2),NNLO
EFT

∣∣∣∣∣ =
1

2
2.31% = 1.16% , (I.4.6)

where σ(2),(N)NLO
EFT denotes the NNLO cross-section evaluated with (N)NLO PDFs at the central scale

µF = µR = mH/2. In the above, the strong coupling was set to its world-average at the Z pole and
evolved using three-loop renormalization group running, and we assumed conservatively that the size of
the N3LO corrections is about half of the corresponding NNLO corrections. This estimate is supported by
the magnitude of the third-order corrections to the coefficient functions for deep inelastic scattering [111]
and a related gluonic scattering process [112], which are the only two coefficient functions that were
computed previously to this level of accuracy.

The uncertainty due to missing QCD-EW corrections: δ(EW)
Given the large size of the NLO QCD corrections to the Higgs cross-section, we may expect that also
the EW corrections to the NLO QCD cross-section cannot be neglected. Unfortunately, these so-called
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mixed QCD-EW corrections are at present unknown, and only the contribution from an EFT approxi-
mation where the weak bosons are heavier than the Higgs boson are taken into account. The effective
theory method for the mixed QCD-EW corrections is of course not entirely satisfactory, because the
computation of the EW Wilson coefficient assumes the validity of the mH/mV expansion, V = W,Z
while clearly mH > mV . We thus need to carefully assess the uncertainty on the mixed QCD-EW cor-
rections due to the EFT approximation. In the region mH > mV , we expect effects from virtual weak
bosons going on shell to be important and one should not expect that a naive application of the EFT can
give a reliable value for the cross-section. However, the EFT is only used to predict the relative size of
QCD radiative corrections with respect to the leading order electroweak corrections, i.e., the dominant
electroweak threshold effects from pairs of weak bosons going on shell should already be captured by
the leading-order electroweak corrections. This can only vary mildly above and below threshold. For
phenomenological purposes, we expect that the rescaling with the exact NLO EW corrections captures
the bulk of threshold effects at all perturbative orders. To quantify the remaining uncertainty in this ap-
proach, we allow the EW Wilson coefficient C1w to vary by a factor of 3 around its central value. We do
this by introducing a rescaling factor yλ by

λEW (1 + C1w as + . . .)→ λEW (1 + yλC1w as + . . .) , (I.4.7)

where as = αs/π. Varying yλ in the range [1/3, 3], we see that the cross-section varies by −0.2% to
+0.4%. Note that the result obtained by assuming complete factorization of EW and QCD corrections
lies in the middle of the variation range, slightly higher than the yλ = 1 prediction. Finally, we stress
that the choice of the range is largely arbitrary of course. It is worth noting, however, that in order to
reach uncertainties of the order of 1%, one needs to enlarge the range to yλ ∈ [−3, 6].

An alternative way to assess the uncertainty on the mixed QCD-EW corrections is to note that the
factorization of the EW corrections is exact in the soft and collinear limits of the NLO phase space. The
hard contribution, however, might be badly captured. At NLO in QCD, the hard contribution amounts
to ∼ 40% of the O(a3

s) contribution to the cross-section, where we define the hard contribution as the
NLO cross-section minus its soft-virtual contribution, i.e., the NLO contribution that does not arise from
the universal exponentiation of soft gluon radiation. The hard contribution is defined as the convolution
of the parton-level quantity

σ̂
(1),hard
ij

z
≡ π|C0|2

8V
a3
s η

(1),reg
ij (z) (I.4.8)

with the PDFs, which receive contributions from the gg, qg and qq̄ initial state channels. The mixed
QCD-EW corrections are 3.2% of the total cross-section. Even if the uncertainty of the factorization
ansatz is taken to be as large as the entire hard contribution, we will obtain an estimate of the uncertainty
equal to 0.4× 3.2% = 1.3% with respect to the total cross-section.

An alternative way to define the hard contribution is to look at the real emission cross-section
regulated by a subtraction term in the FKS scheme [113]. We could then exclude the contribution of
the integrated subtraction term, which is proportional to the Born matrix element, and hence of soft-
collinear nature. We would then estimate the hard contribution as ∼ 10% of the O(a3

s) contribution to
the cross-section, which would lead to an uncertainty equal to 0.1× 3.2% = 0.32%.

We note that the different estimates of the uncertainty range from 0.2% to 1.3%. We therefore
assign, conservatively, an uncertainty of 1% due to mixed QCD-EW corrections for LHC energies.

The missing b and c-quark mass effects: δ(t, b, c)
Unlike the case of the top quark, the contributions of the bottom and charm quarks at NNLO are entirely
unknown. We estimate the uncertainty of the missing interference between the top and light quarks
within the MS-scheme as:

δ(t, b, c)MS = ±
∣∣∣∣∣
δσNLOex;t − δσNLOex;t+b+c

δσNLOex;t

∣∣∣∣∣ (RLOδσ
NNLO
EFT + δtσ̂

NNLO
gg+qg,EFT ) ' ±0.31 pb , (I.4.9)
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where
δσNLOX ≡ σNLOX − σLOX and δσNNLOX ≡ σNNLOX − σNLOX . (I.4.10)

Our preferred scheme is the MS-scheme (with µR = mH/2) due to the bad convergence of
the perturbative series for the conversion from an MS mass to a pole mass for the bottom and charm
quarks [17, 114]. To account for the difference with the OS scheme, we enlarge the uncertainty on
σt+b+c − σt, as estimated via eq. (I.4.9) within the MS scheme, by multiplying it with a factor of 1.3,

δ(t, b, c) = 1.3 δ(t, b, c)MS . (I.4.11)

Uncertainty from top-mass effects at NNLO: δ(1/mt)
The corrections due to top-mass effects at NNLO, as an expansion in 1/mt, are included through the
term δtσ̂

NNLO
ij,EFT in eq. (I.4.1). The 1/mt expansion is in fact an expansion in s/m2

t , and consequently it
needs to be matched to the high-energy limit of the cross-section, known to leading logarithmic accuracy
from kt-factorization. The high-energy limit corresponds to the contribution from small values of z to
the convolution integral with the parton luminosities. Since this region is suppressed by the luminosity,
a lack of knowledge of the precise matching term is not disastrous and induces an uncertainty of roughly
1%, which is of the order of magnitude of the net contribution. In conclusion, following the analysis of
ref. [106], whose conclusions were confirmed by ref. [104], we assign an overall uncertainty of 1% due
to the unknown top-quark effects at NNLO.

I.4.1.b N3LL resummation I.5

The inclusive gluon-fusion cross section for Higgs boson production can be improved by performing a
threshold resummation of soft, virtual and collinear gluon effects [115]. This resummation is performed
in Mellin space according to the conventional formalism used before for Higgs boson production [116–
123]. The resummed cross section develops a factorized kernel structure in Mellin space

G̃(res)
gg

(
N ;αs(µ

2
R),

M2
H

µ2
R

;
M2
H

µ2
F

;
M2
H

m2
t

)
= α2

s(µ
2
R)Cgg

(
αs(µ

2
R),

M2
H

µ2
R

;
M2
H

µ2
F

;
M2
H

m2
t

)

× exp

{
G̃H
(
αs(µ

2
R), logN ;

M2
H

µ2
R

,
M2
H

µ2
F

)}
.(I.4.12)

We include top mass effects up to the NLL level explicitly in the coefficient function

Cgg

(
αs(µ

2
R),

M2
H

µ2
R

;
M2
H

µ2
F

;
M2
H

m2
t

)
= 1 +

∞∑

n=1

(
αs(µ

2
R)

π

)n
C(n)
gg

(
M2
H

µ2
R

,
M2
H

µ2
F

;
M2
H

m2
t

)
(I.4.13)

that contains the finite parts of the virtual corrections. The NLO contribution is given explicitly by
(τQ = 4m2

Q/M
2
H ) [121]

C(1)
gg = cH(τt) + 6ζ2 +

33− 2NF

6
log

µ2
R

µ2
F

+ 6(γ2
E + ζ2)− 6γE log

M2
H

µ2
F

, (I.4.14)

where the function cH(τt) approaches 11/2 in the limit of heavy top quarks. The resummed exponential
develops the expansion

G̃H
(
αs(µ

2
R), logN ;

M2
H

µ2
R

,
M2
H

µ2
F

)
= logN g

(1)
H (λ)

I.5Author(s): T. Schmidt, M. Spira.
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+
∞∑

n=2

αn−2
s (µ2

R)g
(n)
H

(
λ,
M2
H

µ2
R

;
M2
H

µ2
F

)∣∣∣∣∣
λ=b0αs(µ

2
R) logN

(I.4.15)

with b0 denoting the leading order term of the QCD beta function,

b0 =
33− 2NF

12π
(I.4.16)

where NF is the number of active flavours that we choose as NF = 5 in the following, i.e. the top
quark has been decoupled from the strong coupling αs and the PDFs. The individual functions g(i)

H (i =
1, . . . , 4) can be found e.g. in [116, 124–126]. The leading and subleading collinear gluon effects have
been included by the replacements [115, 116, 127, 128]

C(1)
gg → C(1)

gg + 6
L̃

N

C(2)
gg → C(2)

gg + (48−NF )
L̃2

N
(I.4.17)

with the modified logarithm

L̃ = log
NeγEµF
MH

= logN + γE −
1

2
log

M2
H

µ2
F

. (I.4.18)

These replacements reproduce the leading and subleading collinear logarithms up to N3LO.

The general expression for the inclusive cross section can be cast into the form

σ(s,M2
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+σNNLOt+b+c (s,M2
H) (I.4.19)

with σ0
tt denoting top quark contribution to the LO cross section factor

σ0 =
GF

288
√

2π

∣∣∣∣∣∣
∑

Q
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(I.4.20)
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and f̃g is the Mellin moment of the gluon density. Moreover, in order to reside to the right of all poles in
the complex Mellin plane an offset C is introduced for the integration contour. The Landau singularity at
large values ofN on the other hand is ensured to lie on the right side of the integration contour [129,130].
The index ‘(NNLO)’ in the second line indicates the fixed-order expansion of the resummed coefficient
function G̃(res)

gg in Mellin space up to NNLO while the index ‘(NLO)’ denotes the perturbative expansion

of the NLL resummed coefficient function G̃(res)
gg,NLL in Mellin space up to NLO. The first integral has

been convolved with N3LO αs and NNLO PDFs according to the discussion about the non-necessity of
N3LO PDFs of Ref. [131] and of resummed PDFs of Ref. [132] for the SM Higgs boson mass, while the
second integral has been evaluated with NLO αs and PDFs consistently. The fixed-order NNLO cross
section [100–102] of the last term has been derived as

σNNLOt+b+c (s,M2
H) = σNNLO∞ (s,M2

H) + σNLOt+b+c(s,M
2
H)− σNLO∞ (s,M2

H) (I.4.21)

with the individual parts

σNNLO∞ (s,M2
H) = σLOtt K

NNLO
∞

σNLO∞ (s,M2
H) = σLOtt K

NLO
∞

σNLOt+b+c(s,M
2
H) = σLOt+b+cK

NLO
t+b+c (I.4.22)

where σLOtt denotes the full LO cross section including only top loops, σLOt+b+c the LO cross section in-
cluding top and bottom/charm loops, K(N)NLO

∞ the (N)NLO K-factors obtained in the limit of heavy top
quarks and KNLO

t+b+c the full NLO K-factor including top and bottom/charm loops. The NNLO parts have
been derived with N3LO αs and NNLO PDFs and the NLO terms with NLO αs and PDFs consistently
as implemented in the programs HIGLU [133, 134] and SusHi [135]. This implementation guarantees
that top mass effects are treated at NLL level and bottom/charm contributions at fixed NLO respectively.

Since the virtual coefficient of the bottom contributions behaves in the limit M2
H � m2

b as [136]
(CA = 3, CF = 4/3)

cH(τb)→
CA − CF

12
log2 M

2
H

m2
b

− CF log
M2
H

m2
b

(I.4.23)

if the bottom mass is renormalized on-shell, it contains large logarithms that are not resummed. The
resummation of the Abelian part proportional to CF has been performed in Ref. [137–139] up to the
subleading logarithmic level. These logarithms are related to the Sudakov form factor at the virtual Hbb̄
vertex that generates these large logarithmic contributions for far off-shell bottom quarks inside the corre-
sponding loop contributions in the Abelian case. The resummation of the non-Abelian part proportional
to the Casimir factor CA has not been considered so far. This type of logarithmic contributions emerges
from a different origin than the soft and collinear gluon effects discussed so far and is the main source of
the very different size of QCD corrections to the bottom-loop contributions [98, 136, 140–143]. In order
to obtain a reliable result for the bottom contributions a resummation of these types of logarithms is
mandatory so that we do not include these contributions in our soft and collinear gluon resummation but
treat them at fixed NLO. Moreover, according to the discussion presented about Figure 7a in Ref. [136]
we prefer to introduce quark pole masses also for the bottom and charm quark, since the finite part of the
virtual corrections is then of moderate size due to an (accidental) cancellation of the logarithms present
in Eq. (I.4.23), while this contribution is significantly larger if using the running MS masses at the scale
MH/2 so that the latter choice is disfavoured.

Following the recommendations of the LHC Higgs Cross Section Working Group [144] our final
results for the inclusive cross section at N3LL including NLO electroweak corrections [107–109, 145–
149] in factorized form are given in Table 6 for a central renormalization and factorization scale choice
µR = µF = MH/2. Compared to our previous work [128] the PDF+αs uncertainties decreased consid-
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erably due to the new PDF4LHC15 sets [35] of recommended parton densitiesI.6. The scale dependence
has been obtained by an independent variation of the renormalization and factorization scales by factors
of two up and down avoiding a splitting between these two scales by more than a factor of two. The total
uncertainties are evaluated by adding the scale and PDF+αs uncertainties linearly (to be conservative).
They range below the 10%-level. Comparing the resummed numbers with those of the N3LO expansion
of our resummed cross section one obtains a resummation effect beyond N3LO of less than two per mille
for our central scale choices so that resummation effects are tiny. For different scale choices they can
reach a level of about 2%.

Table 6: N 3LL Higgs boson production cross sections via gluon fusion for different values of the Higgs boson
mass including the individual and total uncertainties due to the renormalization and factorization scale dependence
and PDF+αs uncertainties including electroweak corrections using PDF4LHC15 [35] PDFs for a c.m. energy√
s = 13 TeV. The renormalization and factorization scales have been chosen as MH/2.

MH [GeV] σ(pp→ H +X) [pb] scale PDF+αs total

124 47.53 pb +4.7%
−5.4% ±3.3% +8.0%

−8.7%

124.5 47.20 pb +4.6%
−5.4% ±3.3% +7.9%

−8.7%

125 46.87 pb +4.6%
−5.4% ±3.3% +7.9%

−8.7%

125.5 46.55 pb +4.6%
−5.4% ±3.3% +7.8%

−8.7%

126 46.22 pb +4.5%
−5.4% ±3.3% +7.8%

−8.7%

Our numbers deviate from the explicit N3LO results given in Ref. [93] due to the different choice
of quark mass scheme for the top, bottom and charm contributions. If these are adopted as running MS
quantities at the scale MH/2 the cross sections increase by 1.4% compared to those with pole masses
as shown in Table 7. The numbers with MS masses agree with the full N3LO results within about 2
per cent. The differences are due to the omission of NNLO mass effects and the virtual+soft+collinear
approximation of our N3LL terms in our results.

The whole framework of our resummation approach to the inclusive gluon-fusion cross sections
has also been applied to neutral Higgs boson production within the MSSM, i.e. providing resummed
predictions at N3LL for the scalar Higgs bosons and at NNLL for the pseudoscalar state [128, 150].

I.4.1.c Combined fixed order and resummed results at N3LO+N3LL I.7

In this contribution we briefly summarize the impact of threshold resummation on the inclusive Higgs
boson production cross-section, both in terms of the shift in the central value, as well as a means to faith-
fully estimate the theoretical uncertainty from missing higher orders, δ(mho), as detailed in Ref. [123].
In this context, the proposed best estimate for the Higgs cross section is given by

σN3LO+N3LL = σN3LO + ∆3σN3LL, (I.4.24)

where σN3LO is the fixed-order cross section at N3LO, as computed in Refs. [93–96]. The second con-
tribution, ∆3σN3LL, contains the all-orders resummation of those contributions that are enhanced in the

I.6If other PDF sets as ABM12 [40], HERAPDF2.0 [32] or JR14 [42] are included the PDF+αs uncertainties will increase
considerably with a major part originating from sizeable differences in the αs fits at NNLO and different data sets included in
the global fits. Moreover, the proper treatment of higher-twist effects in the global fits is an open aspect in this context.

I.7Author(s): M. Bonvini, S. Marzani.
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Table 7: N 3LL Higgs boson production cross sections via gluon fusion for different values of the Higgs boson
mass for two different choices of the scheme for the top, bottom and charm quark masses including electroweak
corrections using PDF4LHC15 [35] PDFs for a c.m. energy

√
s = 13 TeV. The last column shows the central

N3LO numbers of Ref. [93]. The renormalization and factorization scales have been chosen as MH/2.

MH [GeV] pole masses mQ(MH/2) Ref. [93]

124 47.53 pb 48.19 pb 49.27 pb

124.5 47.20 pb 47.83 pb 48.92 pb

125 46.87 pb 47.51 pb 48.58 pb

125.5 46.55 pb 47.20 pb 48.23 pb

126 46.22 pb 46.86 pb 47.89 pb

threshold limit to N3LL accuracy [122, 128, 151, 152], minus its expansion to fixed N3LO (so this con-
tribution starts at N4LO). The computation of ∆3σN3LL Eq. (I.4.24) is done through the public code
TROLL [153], formerly ResHiggs. TROLL does not compute the fixed order, but only the subtracted re-
summed contribution, ∆3σN3LL, so the fixed order has to be supplied by an external code. In this section
the code ggHiggs [154] has been used.

The resummation is performed in a conjugate (Mellin) space, where the threshold limit corre-
sponds to large N . While resummation uniquely determines the coefficients of logarithmically enhanced
terms and constants, there is a certain latitude in defining how the soft approximation is constructed,
by making choices which differ by terms which vanish as N → ∞. In Refs. [122, 155], this freedom
was exploited to construct variants of threshold resummation that have better perturbative properties. In
particular, ψ-soft resummation correctly reproduces, order by order in the strong coupling, the analytic
properties of fixed-order coefficient functions. Moreover, as pointed out in Ref. [122], ψ-soft can be
further improved by including in the calculation more contributions to the soft expansion of the Altarelli-
Parisi splitting function. Two options have been considered:

– AP2 (default): Pgg is retained to second order in 1− z;
– AP1: Pgg is retained to first order in 1− z.

Varying the order of this soft expansion (AP2 vs. AP1) can be used as an estimate of unknown contri-
butions beyond the threshold limit. Finally, in order to assess the impact of subleading contributions
beyond N3LL, one can vary the way we deal with the constant terms, which can be treated in the default
setup of Ref. [123] or in two extreme configurations:

– default: those constants coming from the Mellin transform of plus distributions [156] are in the
exponent, the others are not;

– all constants in the exponent;
– no constants in the exponent.

Up to the working logarithmic accuracy, the position of the constants does not make any difference.
However, beyond the working logarithmic accuracy, moving constants produces, by interference, dif-
ferent subleading contributions. Note that, since constants are known to play an important role for
Higgs boson production [157–159], these variations provide a robust way to estimate the perturbative
uncertainty. Combining together the different options for subleading logarithmic terms and subleading
threshold terms one gets a total of 3× 2 = 6 variants of the resummation.

For simplicity, and for disentangling effects coming from different sources, results are given in
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Table 8: Fixed-order results and their scale uncertainty together with resummed results and their uncertainty (as
given by the envelope of prescription and scale variations) for four choices of the central scale. Results are given
in the (rescaled) large-mt effective theory with pole top mass (see text).

µ0 = mH/4 µ0 = mH/2 µ0 = mH µ0 = 2mH

LO 18.6+5.8
−3.9 16.0+4.3

−3.1 13.8+3.2
−2.4 11.9+2.5

−1.9

NLO 44.2+12.0
−8.5 36.9+8.4

−6.2 31.6+6.3
−4.8 27.5+4.9

−3.9

NNLO 50.7+3.4
−4.6 46.5+4.2

−4.7 42.4+4.6
−4.4 38.6+4.4

−4.0

N3LO 48.1+0.0
−7.5 48.1+0.1

−1.8 46.5+1.6
−2.6 44.3+2.5

−2.9

LO+LL 24.0+8.9
−6.8 20.1+6.2

−5.0 16.9+4.5
−3.7 14.3+3.3

−2.8

NLO+NLL 46.9+15.1
−12.6 46.2+15.0

−13.2 46.7+20.8
−13.8 47.3+26.1

−15.8

NNLO+NNLL 50.2+5.5
−5.3 50.1+3.0

−7.1 51.9+9.6
−8.9 54.9+17.6

−11.5

N3LO+N3LL 47.7+1.0
−6.8 48.5+1.5

−1.9 50.1+5.9
−3.5 52.9+13.1

−5.3

the clean environment of the (rescaled) large-mt effective theory (rEFT), using the top mass mt =
172.5 GeV in the pole scheme, the Higgs boson mass mH = 125 GeV, and the PDF4LHC15_nnlo_100
PDF set [35–38, 49]. The strong coupling αs is run from αs(m

2
Z) = 0.118 (from the PDF set) to µR at

four loops. In order to show the stability of the resummed result, four options for the central common
factorization and renormalization scale µ0 are considered: µ0 = mH/4, µ0 = mH/2, µ0 = mH ,
µ0 = 2mH . Then, the scales µR and µF are varied about µ0 by a factor of 2 up and down, keeping the
ratio µR/µF never larger than 2 or smaller than 1/2 (canonical 7-point scale variation).

In Ref. [123], ψ-soft with AP2 and with the natural choice for the constants is considered as the
best option for threshold resummation. However, the other variants of ψ-soft have the same formal ac-
curacy and are used to estimate the uncertainty from 1/N terms and subleading logarithmic corrections.
Thus, combining these variations with the 7-point scale variation a robust estimate of the uncertainty
coming from unknown missing higher orders is proposed:

δ(mho) : envelope of the canonical 7-point scale variations and the 6 variants of ψ-soft resummation

This corresponds to a total of 7 × 6 = 42 cross section points from which one takes the highest and
the lowest cross sections as the maximum and minimum of the uncertainty band, and provides the most
conservative way of including these uncertainties.

Results for the cross section at fixed LO, NLO, NNLO and N3LO accuracy, and its resummed
counterpart at LO+LL, NLO+NLL, NNLO+NNLL and N3LO+N3LL accuracy, are reported in Table 8,
for the four central scale choices. The same results are shown as plots in Figure 12. For comparison,
results for the “standard” threshold resummation (which we call N -soft) are also shown in the plots.
For N -soft one only keeps non-vanishing contributions in the large N limit: all the logarithmically
enhanced contributions are in the resummed exponent, while the constant terms are not exponentiated.
For completeness, we also provide in Table 9 the various results at N3LO+N3LL for individual scales
and resummation prescription.

Several comments are in order:

– The uncertainty on the fixed order reduces to the canonical 7-point variation, while at resummed
level we have the 42-point variation δ(mho) detailed above. The fixed-order 7-point variation
gives an uncertainty similar to δ(scale) of Ref. [93], which is based on a 3-point variation of
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Figure 12: Higgs cross section at 13 TeV in the rescaled effective theory (rEFT), for four different choices of
the central scale µF = µR: at the top we show mH/2 and mH , while at the bottom mH/4 and 2mH . The
uncertainties on the fixed-order predictions and on N -soft come solely from scale variation; for the ψ-soft AP2
results the scale variation is shown as the thick uncertainty band. The thinner bands correspond to the 7-point scale
variation envelope on the ψ-soft AP1 instead, whose central value is not shown. The light-red rectangles are the
envelope of all ψ-soft variants, corresponding to the 42-point uncertainty described in the text.
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Table 9: Resummed cross sections at N3LO+N3LL for the different prescriptions as a function of the scales µF
and µR over a wide range, for mH = 125 GeV and

√
s = 13 TeV in the rEFT.

ψ-soft
default all constants in exp no constants in exp

µF /mH µR/mH AP2 AP1 AP2 AP1 AP2 AP1 N -soft

4 4 56.8 66.0 56.8 66.0 51.2 58.7 49.4
4 2 55.1 62.3 54.9 62.0 52.2 58.6 50.5
2 4 53.2 57.2 53.7 57.9 48.2 51.4 46.0
2 2 52.9 56.0 52.7 55.8 49.9 52.5 47.9
2 1 51.2 53.0 50.9 52.6 50.5 52.1 48.9
1 2 50.2 50.4 50.6 50.9 47.6 47.7 45.6
1 1 50.1 50.1 49.8 49.8 49.1 49.0 47.5
1 1/2 48.5 48.3 48.3 48.0 49.1 48.8 48.3

1/2 1 48.4 47.4 48.8 47.7 47.6 46.6 46.3
1/2 1/2 48.5 48.0 48.3 47.8 48.6 48.1 48.0
1/2 1/4 47.0 47.1 47.1 47.2 47.7 47.7 47.9
1/4 1/2 47.8 47.4 48.2 47.7 48.0 47.6 47.6
1/4 1/4 47.7 48.0 47.6 47.9 48.0 48.2 48.2
1/4 1/8 44.7 45.1 45.4 45.7 44.6 45.0 44.9
1/8 1/4 45.5 46.1 46.1 46.6 46.2 46.6 46.5
1/8 1/8 41.0 40.9 41.4 41.2 40.9 40.8 40.9

µ0/2 < µR = µF < 2µ0.
– Even ignoring the LO (which contains too few information for being predictive), one can consider

the convergence pattern of the fixed-order perturbative expansion when going from NLO to NNLO
and to N3LO, relative to the scale uncertainty. The pattern is worse at larger central scales and
improves at smaller scales. For instance, at the largest central scale considered (µ0 = 2mH ), the
central result at each order lies outside the band of the previous order; conversely, at the smallest
central scale considered (µ0 = mH/4), NNLO is contained in the NLO band, and central N3LO
in the NNLO band (although the scale error at N3LO is large and very asymmetric). A similar
convergence pattern is observed at µ0 = mH/2; however, we note that the N3LO band does
not overlap with the NLO band. Additionally, the N3LO results at the four central scales shown
in Table 8 are barely compatible. This analysis shows that an estimate of the uncertainty from
missing higher orders that solely relies on δ(scale), i.e. a canonical 7-point scale variation, is not
reliable at fixed order.

– As far as the resummed results and their uncertainty δ(mho) are concerned, one can note that,
for each choice of the central scale µ0, the uncertainty of the resummed results from NLO+NLL
onwards covers the central value and at least a portion of the band of the next (logarithmic) order.
In fact, with the exception of the choice µ0 = mH/4 (the pathological behaviour of which seems to
be driven by the N3LO contribution), the NNLO+NNLL band is fully contained in the NLO+NLL
band, and the N3LO+N3LL band is fully contained in the NNLO+NNLL band. This, together
with the observation of the systematic reduction of the scale uncertainty when going from one
logarithmic order to the next, shows that the proposed δ(mho) provides one with a very reliable
estimate of the uncertainty from missing higher orders. This is further supported by the observation
that resummed results at each order are all compatible among the different choices of the central
scale µ0.

– Note that the different options for the position of the constants, while giving a large spread at
NLO+NLL, is of little importance at higher orders, especially at N3LO+N3LL, suggesting a good
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convergence of the resummed series.
– In many respects, the choice µ0 = mH/2 seems optimal, in full agreement with previous analyses,

e.g. [93]. The convergence of the fixed-order is already good, and the convergence of the resummed
result is very good. The error band at N3LO+N3LL is smaller than for other central scales, but
compatible with the results computed at different values of µ0. Moreover, given that the way of
estimating the uncertainty is very conservative, and successful at previous orders, the uncertainty
on the N3LO+N3LL seems reasonably trustful.

The result advocated as best result in Ref. [123] within the rEFT setup considered there is hence

rEFT : σN3LO+N3LL = σN3LO + ∆3σN3LL = 48.5± 1.9 (4%) pb, (I.4.25)

where, to be even more conservative, the error has been symmetrized. Note that the effect of adding the
resummation to the N3LO on the central value is rather small, +0.4 pb, corresponding to +0.8%, which,
however, is not covered by the very asymmetric fixed-order scale uncertainty. The authors of Ref. [123]
firmly believe that the uncertainty estimate derived from resummation is much more reliable and trustful
than that obtained by simple (asymmetric) scale variation at fixed order.I.8

In order to go beyond the rEFT approach, we have to discuss the role of quark mass effects on
the resummed contribution. The approach of Ref. [128] consists of including finite mt effects to NLL,
while treating mb and mc at fixed-order. Because of the accuracy of the rEFT approach for the top
contribution, this leads to a resummed contribution very close to the rEFT one considered so far. In
Ref. [122] a more aggressive approach was considered and bottom and charm were included to NLL
and the top contribution to NNLL, albeit in the usual 1/mt expansion. However, the interplay between
soft logarithms and logarithms of mb is still to be fully understood (see for instance Ref. [128]). In any
case, we believe that the uncertainty δ(t, b, c) of Ref. [93] likely covers the differences between the two
approaches.

In Ref. [123], results from resummation have been compared to different methods for estimating
the uncertainty from missing higher orders. First, the Cacciari-Houdeau Bayesian approach [160] has
been considered, which employs the known perturbative orders to construct a probability distribution for
the subsequent unknown order. In its modified incarnation [131,161], the method gives an uncertainty of
±2 pb at 95% degree of belief, fully compatible with the estimate obtained from resummation. Second,
following an idea by David and Passarino [162], several algorithms to accelerate the convergence of the
perturbative series, based on non-linear sequence transformations, have been considered. By perform-
ing a survey of different algorithms, it was possible to show that both the fixed-order and resummed
series exhibit good convergence properties at mH/2 (and also at mH/4). Noticeably, the mean of each
distribution is very close to the N3LO+N3LL prediction.

In conclusion, these tests further support the claim that the N3LO+N3LL calculation, together
with its uncertainty δ(mho), provides the most reliable estimate for the Higgs cross-section in gluon
gluon fusion. In terms of relative contributions, which are likely to remain unchanged when quark-mass
and electroweak effects are included in the fixed order, the results from this section can be summarized
as

σN3LO+N3LL − σN3LO = +0.4 pb, δ(mho) = ±4%, (I.4.26)

which are the recommended shift with respect to the N3LO and recommended uncertainty from missing
higher orders by the Authors of Ref. [123] for the SM Higgs boson at LHC 13 TeV.

I.8If scale variation error at fixed-order is symmetrized the resulting uncertainty becomes more reasonable. However, given
that the small uncertainty comes from the vicinity of a stationary point in the scale dependence, it might still underestimate the
missing higher order uncertainty.
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I.4.1.d Summary for the total cross-section I.9

We now summarize the working group recommendation for the total cross-section and associated uncer-
tainty for the LHC at 13 TeV.

The recommendation for the central value is to take the pure N3LO result, evaluated at µR = µf =
mH/2. This choice of scale is motivated by the observation that the perturbative expansion is more stable
both at fixed order and at the resummed level. With this choice of scale, the effect of the resummation is
(at LHC energies) much smaller than the uncertainty related to the choice of resummation prescription,
and much smaller than the residual scale uncertainty. Furthermore, the N3LO EFT result should be
rescaled by the RLO Eq. (I.4.2); charm, bottom and top contributions should be included exactly up to
NLO, and finite top mass effects at NNLO using the expansion in 1/mt from Ref. [103,105,106]. Finally,
electroweak corrections [108,109] should be included multiplicatively using complete factorization. The
value of the MS heavy quark masses and of αs given in Chapter I.1 should be used. This leads to the result
of Ref. [93], given in Eq. (I.4.3) above. Note that changing from pole (previous recommendation [7]) to
MS masses leads to an increase of the cross-section of order 2% [93],

For the treatment of uncertainties, we distinguish parametric uncertainties and theoretical uncer-
tainties.

PDFs and αs give the parametric uncertainty for this process. For these, we recommend to
follow the PDF4LHC15 recommendation [35] summarized in Chapters I.1-I.2. This leads to an absolute
uncertainty ∆PDF+αs

= 1.56 pb, i.e. a relative uncertainty of 3.2 %. This is in agreement with Ref. [93],
see also Eq. (I.4.3) of Section I.4.1.a above. This is currently the dominant source of uncertainty. It
should be considered Gaussianly distributed, and the above interval provides the standard deviation of
the Gaussian, corresponding to a symmetric 68% confidence level.

The estimation of theoretical uncertainties inevitably involves a somewhat subjective component.
For these we provide two different procedures, based on two possible different interpretations of theoret-
ical uncertainties.

– In Procedure F the final theoretical uncertainty is interpreted as a flat 100% confidence level.
This means that if the missing information which provides all the given sources of theoretical
uncertainty was supplied, then the result is expected to lie with certainty within the given interval,
but not more likely to be in any region within this interval. The interval is constructed as the linear
sum of individual sources of theoretical uncertainty, each estimated as explained below. Each
individual source of uncertainty should not be endowed with a statistical interpretation and merely
concurs to the determination of the final overall range.

– In Procedure G each source of theoretical uncertainty is interpreted as a one-sigma range. The
final uncertainty is thus obtained by combining in quadrature individual sources of uncertainty.
Because there are many sources of uncertainty, the final distribution is expected to be approxi-
mately Gaussian, and the final combined uncertainty should thus be interpreted as a symmetric
68% confidence level.

We now provide a list of sources of uncertainty. For each source, we briefly describe and provide
the uncertainty estimate to be used in either procedure. It is important to stress that individual un-
certainties have a different interpretation in the two procedures: specifically F-uncertainties are merely
components of the final uncertainty range, while G-uncertainties are one-sigma ranges. Even when taken
to be numerically equal in the two procedures they thus have a different meaning.

The various sources of uncertainty and the corresponding F-uncertainties and G-uncertainties are:

– missing higher QCD orders In order to estimate the uncertainty related to missing higher order
QCD corrections beyond N3LO various options have been considered:

– In Ref. [93] it is suggested to perform a scale variation scan of the N3LO result including

I.9Author(s): S. Forte, D. Gillberg, C. Hays, A. Lazopoulos, G. Petrucciani, A. Massironi, G. Zanderighi.
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mass effects, in the range mH/4 ≤ µR = µF ≤ mH , (see Section I.4.1.a above).I.10 This
procedure gives ∆MHOU = [−1.2; +0.1] pb, i.e. a relative uncertainty of [−2.4; +0.2] %.
Note that a three-point scale variation, rather than a scan, would give a vanishing upper
uncertainty.

– A 7-point scale variation can be performed with mH/4 ≤ µR, µF ≤ mH keeping 1
2 ≤

µR
µF
≤ 2. This is a standard procedure used to estimate uncertainties in fixed-order calcula-

tions. It turns out to give a result which is similar to the previous one, namely ∆MHOU =
[−1.4; +0.1] pb, i.e. a relative uncertainty of [−3.0; +0.2] %. Note that the lower variation
is somewhat larger than that found in the scan, as the latter was performed with fixed ratio
µF /µR = 1.

– Since scale variation probes only the size of higher-order terms, but not their sign, and
the scale-variation uncertainties quoted above are very asymmetric, one can argue that they
should be symmetrized while keeping the central value fixed. I.11 In the case of the 7-point
scale variation this gives ∆MHOU = ±1.4 pb, i.e. a relative uncertainty of [−3.0; +3.0] %.

– While resummation has a minimal impact at central scale, it provides a more stable pertur-
bative expansion at all previous orders. In Ref. [93] a variety of resummation schemes were
examined and it was found that, within an equal scale variation scan, resummation contribu-
tions lie within the fixed order scale uncertainty interval in all cases considered. However,
one may argue that seven-point scale variation of the resummed result provides a more reli-
able estimate of the perturbative uncertainty. Taking the default N3LL+N3LO resummation
scheme of Ref. [123] (see also Section I.4.1.c above) one gets ∆MHOU = [−1.6; +1.5] pb,
i.e. a relative uncertainty of [−3.2; +3.2] %. Note that the scale variations reported in Table 6
are larger, but the results in that table are at NNLO+N3LL, rather than N3LO+N3LL. This is
very close to the symmetrized seven-point scale variation of the fixed order result.I.12

The F-uncertainty is estimated by performing a scale variation scan in the range mH/4 ≤ µR =
µF ≤ mH following the suggestion of Ref. [93], which gives ∆MHOU = [−1.2; +0.1] pb, corre-
sponding to a relative uncertainty of [−2.4; +0.2] %.
The G-uncertainty is estimated by performing a symmetrized seven-point scale uncertainty, which
leads to a conservative result that agrees with the uncertainty based on resummation arguments,
i.e. ∆MHOU = ±1.4 pb, corresponding to a relative uncertainty of [−3.0; +3.0]%.

– missing electroweak corrections In our recommendation, electroweak (EW) corrections are in-
cluded assuming complete factorization. This gives rise to a positive 5% correction to the pure
QCD result. If instead QCD and EW corrections are combined additively, one gets an enhance-
ment of 1.7%. Finally, mixed QCD-EW corrections computed using an effective field theory (EFT)
with mW , mZ � mH [110] give an enhancement of 3.2%.
The F-uncertainty is estimated as ∆ew = 0.5 pb corresponding to ±1% uncertainty, which is
deemed to be conservative enough and it corresponds to an intermediate value between various
possible estimates, as seen in Sect. I.4.1.a.iii and Ref. [93].
The G-uncertainty is conservatively estimated as the average of the difference between our chosen
complete factorization (5%) and either of the alternative possibilities (additive: 1.7%, or EFT:
3.2%). This corresponds to an uncertainty of ±2.5% or ±1.2 pb.

– bottom and charm interference with top Bottom and charm interference with top quark loops
are known exactly only up to NLO. At LO and NLO, bottom-top interference leads to a correction
which is about the same as the finite top mass correction, but with the opposite sign. At NNLO,
including rEFT and 1/mt effects leads to a correction of about 1 pb. Furthermore, the NLO top-

I.10The inclusion of mass effects reduces the whole cross section and thus also the uncertainty by a factor of about 0.7 in
comparison to what one would obtain performing a scale variation scan with mass effects not included.

I.11Yet another alternative would be to keep the scale-uncertainty band and quote as a central value the midpoint.
I.12In Ref. [123] it is instead recommended to take the envelope of the seven-point scale variations for a variety of different

resummation prescriptions; this leads to a marginally more conservative uncertainty of about ±4%.
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bottom and charm interference correction changes by 0.7 pb if MS or pole heavy quark masses are
used.
The F-uncertainty is estimated as ∆t,bc = ±0.4 pb, i.e. a relative uncertainty of ±0.8%, follow-
ing Sect. I.4.1.a.iii and Ref. [93].
The G-uncertainty is estimated taking the scheme dependence of the NLO interference as a rea-
sonably conservative estimate. This leads to ∆t,bc = ±0.7 pb, i.e. a relative uncertainty of±1.5%.

– finite top mass Both the F-uncertainty and the G-uncertainty are estimated as ∆1/mt
= ±0.49 pb,

i.e. a relative uncertainty of ±1%, following Sect. I.4.1.a.iii and Ref. [93].
– missing N3LO PDFs Both the F-uncertainty and the G-uncertainty are estimated assigning to

lack of knowledge of the N3LO PDFs an uncertainty of ∆PDF−TH = ±0.56 pb, i.e. a relative
uncertainty of ±1.2%, following Sect. I.4.1.a.iii and Ref. [93].

– truncation of the soft expansion Both the F-uncertainty and the G-uncertainty are estimated
assigning to the truncation of the soft expansion used to derive the N3LO QCD corrections ∆soft =
±0.18 pb, i.e. a relative uncertainty of ±0.4%, following Sect. I.4.1.a.iii and Ref. [93].

The total uncertainty is thus:

– F-uncertainty: [−6.7,+4.6]% corresponding to [−3.3,+2.2] pb.
– G-uncertainty: ±4.5% corresponding to ±2.2 pb

We recall that the F-uncertainty is a 100% flat confidence interval, while the G-uncertainty is a one-sigma
Gaussian uncertainty. They can be compared by noting that a symmetric flat interval has a variance equal
to its half-width divided by

√
3. The symmetrized F -uncertainty hence corresponds to a variance of

6.7/
√

3 = 3.9, which is not far from the G-uncertainty. The two estimates are thus roughly compatible.

The final recommendation for gluon fusion cross-section at the LHC is presented in Chapter I.9.

I.4.2 Differential and jet-binned cross sections
In some decay channels it is common to perform different analyses depending on the number of jets
accompanying the Higgs boson. This is because the Higgs boson signal in different jet multiplicities is
affected by different backgrounds. Most notably, when the Higgs boson decays to WW , the dominant
top background is significantly suppressed by requiring zero jets in the final state. Jet veto transverse
momentum thresholds used by ATLAS and CMS are of order 25−30 GeV, and thus substantially smaller
than the Higgs boson mass mH . In this case real radiation is suppressed and the imbalance between
virtual and real corrections produces logarithms of the form ln(pt,veto/mH) which may invalidate the
fixed order perturbative expansion. Resummed predictions for the cross section in the 0-jet bin have been
obtained both in full QCD [163] and in the framework of Soft Collinear Effective field Theory (SCET)
[159, 164]. Several methods for determining the uncertainties and their correlations across jet-bins were
proposed in the past, and used in Run 1 measurements. At the end of Run 1 further improvements were
proposed. In this section we review different approaches to the treatment of correlated uncertainties in
jet bins.

In Section I.4.2.a a general approach to theory uncertainties in kinematic bins is presented. It
reduces to the commonly used ST [165] or JVE [163] methods in particular cases and is applicable also
to treat simplified template cross sections. In Section I.4.2.b the ST and JVE methods are compared up
to NNLO and results for 13 TeV are presented. In Section I.4.2.c an updated calculation of the cross
section in the 0-jet, 1-jet and≥ 2-jet bins is presented. This calculation, based on the work of Ref. [159],
includes the direct resummation of the logarithmically enhanced terms in the 0-jet bin, and the indirect
resummation of the corresponding terms in the 1-jet bin. Heavy quark mass effects are accounted for
through an overall rescaling factor.

Recently, the N3LO result for the inclusive cross section (see Section I.4.1.a), and the H+jet cross
section at NNLO (see Section I.4.2.f), became available. Both these calculation refer to perturbative cor-
rections atO(α5

S) and can be used to improve the computation of the 0-jet cross section. In Section I.4.2.d
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an updated calculation of the jet vetoed cross section is presented, which consistently includes the above
information. The calculation includes the resummation of the ln(pt,veto/mH) terms at NNLL and a re-
summation of the logarithmically enhanced contribution of the jet radius R. Heavy-quark mass effects
are included according to the approach of Ref. [166].

When the recoiling QCD radiation is integrated over, the NNLO calculation of H+jet provides an
NNLO prediction for the pT spectrum. In Section I.4.2.e an NNLO calculation of the pT spectrum is
combined with an NNLL resummed computation in momentum space [167] and NNLL+NNLO predic-
tions for the cumulative distribution are presented, together with a comparison of NNLL+NLO results
with available reference predictions for this observable.

I.4.2.a General treatment of theory uncertainties in kinematic bins I.13

Whenever the experimental measurements are separately performed in different kinematic regions (or
bins), the theoretical predictions and their uncertainties must also be evaluated separately for each kine-
matic region. This is necessary also when the information from all measured bins is eventually combined
in the interpretation, since different bins can in general have different sensitivities and therefore con-
tribute with different relative weights to the final result. In this context, the correlations of the theoretical
uncertainties for different bins must be taken into account. This is particularly important whenever a
binning cut induces an important additional source of perturbative uncertainties that affects each bin but
should cancel in their sum. This is precisely what happens in the context of jet binning, and it requires
one to treat the uncertainties induced by the binning as anti-correlated between the bins [158, 165]. In
general, to properly treat the theoretical uncertainties one should thus try to identify and distinguish
different sources of uncertainties and take into account the correlation implied by each source.

I.4.2.a.i Single bin boundary
We first review the case where the cross section is split into two bins by a single perturbatively nontrivial
binning cut. To be concrete, we use the 0-jet cross section as an important example.

In this case, the total inclusive cross section, σtot ≡ σ≥0, is divided into an exclusive 0-jet bin,
σ0(pcut

T ), where the pT of the leading jet is restricted to pjet
T < pcut

T and the remaining inclusive 1-jet bin,
where the leading jet is required to have pjet

T ≥ p
cut
T ,

σ≥0 = σ0(pcut
T ) + σ≥1(pcut

T ) . (I.4.27)

Typically, the experimentally used pcut
T values are smaller than the hard-interaction scale ∼ mH . In this

case, the pcut
T restriction induces Sudakov double logarithms [168] ln(pcut

T /mH) at each order in αs,
which grow as pcut

T is lowered. When pcut
T is small enough for σ≥1(pcut

T ) to contain a nonnegligible
fraction of the total cross section, this implies that the cut-induced perturbative corrections have a non-
trivial influence on the perturbative series of σ0, corresponding to an additional and a priori nonnegligible
source of uncertainty that is not present in σ≥0. (Note that this is irrespective of whether the cut effects
are computable in fixed-order or resummed perturbation theory.)

The uncertainties involved in the jet binning can be described in general in terms of fully corre-
lated and fully anticorrelated components, which amounts to parameterizing the uncertainty matrix for
{σ0, σ≥1} as

C({σ0, σ≥1}) =

(
(∆y

0)2 ∆y
0 ∆y
≥1

∆y
0 ∆y
≥1 (∆y

≥1)2

)
+

(
∆2

cut −∆2
cut

−∆2
cut ∆2

cut

)
. (I.4.28)

While this form was originally utilized in the context of the ST method [165, 169], it is simply a general
parameterization of a 2 × 2 symmetric matrix, and not specific to a particular calculation or framework

I.13Author(s): F.J. Tackmann, K. Tackmann.
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for determining theory uncertainties. That is, the uncertainties obtained with any prescription can always
be written in this form, provided sufficient information or assumptions on the correlations are available.

The parameterization in (I.4.28) proves convenient for two reasons: First, the separation into inde-
pendent components that are 100% correlated or anticorrelated between the different observables allows
for a straightforward implementation in terms of independent nuisance parameters for each component.
That is, one has two nuisance parameters κy and κcut whose uncertainty amplitudes for {σ≥0, σ0, σ≥1}
are

κy : {∆y
≥0, ∆y

0, ∆y
≥1} κcut : {0, ∆cut,−∆cut} , (I.4.29)

where ∆y
≥0 = ∆y

0 + ∆y
≥1. Hence, this provides a baseline for the experimental implementation, inde-

pendent of a particular theoretical prediction. Second, this parameterization admits a simple physical
interpretation, which is very useful to identify and estimate each component for a given theory calcu-
lation: The first correlated component, denoted with a superscript “y”, can be interpreted as an overall
yield uncertainty of a common source for all bins. The second anticorrelated component can be inter-
preted as a migration uncertainty between the two bins, which is introduced by the binning and drops out
in their sum.

The existing prescriptions for estimating perturbative uncertainties in jet binning and their jus-
tifications have been documented extensively before [8, 9, 165, 169, 170]. Here, we only give a brief
summary in order to illustrate the above for the case of the 0/1-jet boundary. In fixed-order predictions,
there is no way to unambiguously identify different sources for ∆y and ∆cut, so one has to make some
assumptions. Using a naive correlated scale variation for all jet bins amounts to setting ∆y

i ≡ ∆FO
i ,

where ∆FO
i are the default perturbative uncertainties estimated by the usual scale variations in the fixed-

order predictions, while ∆cut ≡ 0 is neglected. As mentioned above, once the binning effects become
important, the associated migration uncertainty should not be neglected, otherwise this can easily lead to
an underestimate. In the ST method [165], this is avoided by taking

ST : ∆y
0 = ∆y

≥0 = ∆FO
≥0 , ∆y

≥1 = 0 , ∆cut = ∆FO
≥1 . (I.4.30)

That is, the migration uncertainty is approximated by the perturbative uncertainty of σ≥1(pcut
T ), which is

motivated by the structure of the perturbative series at small pcut
T . Maintaining as the total uncertainty for

σ≥1 its usual fixed-order uncertainty then requires setting ∆y
≥1 = 0. As a result, one effectively treats

the usual fixed-order perturbative uncertainties in σ≥0 and σ≥1 as independent sources. This can also be
generalized [169], by using an additional parameter ρ to separate ∆FO

≥1 into yield and migration parts,
which then effectively determines the correlation between ∆FO

≥0 and ∆FO
≥1 ,

ST(ρ) : ∆y
0 = ∆FO

≥0 , ∆y
≥1 = ρ∆FO

≥1 , ∆cut =

√
1− ρ2 ∆FO

≥1 . (I.4.31)

Another prescription is the JVE method [170], which typically yields similar uncertainties for the
same perturbative inputs. It relies on the assumption that the perturbative uncertainty in the 0-jet fraction
ε0 = σ0(pcut

T )/σ≥0 is uncorrelated with that of the inclusive cross section σ≥0, i.e., the perturbative
uncertainties in ε0 and σ≥0 are treated as the independent sources. This amounts to taking

JVE : ∆y
≥0 = ∆FO

≥0 , ∆y
0 = ε0 ∆FO

≥0 , ∆y
≥1 = (1−ε0) ∆FO

≥0 , ∆cut = σ≥0 ∆(ε0) . (I.4.32)

This means that the relative yield uncertainties for all bins are equal to the relative uncertainty of the total
cross section, ∆y

i /σi = ∆FO
≥0/σ≥0. In the migration uncertainty, ∆(ε0) is the perturbative uncertainty of

ε0, which is obtained by considering its scale variation together with several variations of how to write
its perturbative series that differ by higher-order terms. This also means that the total uncertainty for σ≥1

is not just given by the usual ∆FO
≥1 . When used together with a resummed calculation, the fixed-order

estimate of ∆(ε0) is replaced by its resummed counterpart, see Section I.4.2.c.
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I.4.2.a.ii Multiple bin boundaries
We now move on to discuss the more general case where the total cross section is split into multiple
mutually exclusive bins, as is the case in most experimental analyses. Specifically, this applies to the case
of the simplified template cross section framework discussed in Section III.2. A full implementation of
the theory-independent parameterization discussed here in the simplified template cross sections would
allow utilizing theoretical predictions in a very flexible manner. In particular, it would enable easily
switching between different theory predictions in the interpretation of the experimental measurements.

With multiple bins, each bin can have more than one boundary and vice versa any given bound-
ary can be shared by different bins. To make this tractable in a systematic fashion, we first note that
Eq. (I.4.28) applies in an obvious way to any single bin boundary and binning cut when all additional
subdivisions are removed. That is, a given binning cut, labelled “a/b”, separates the cross section as
σab = σa + σb with an associated migration uncertainty ∆

a/b
cut , which is anticorrelated between σa and

σb. (Note that σab is not necessarily the total cross section but can itself correspond to a bin; what is rel-
evant is that the a/b cut does not act outside of σab.) Including additional cuts that further subdivide σa
and σb, we have σa =

∑
i σ

i
a and σb =

∑
j σ

j
b , where we have labelled the individual sub-bins according

to whether they are part of σa or σb. Since we interpret the a/b boundary as a common uncertainty
source, we can consider it as fully correlated among each set of sub-bins and implement it via a single
nuisance parameter κa/bcut . The corresponding uncertainty amplitudes for all the bins are given as

κ
a/b
cut : ∆

a/b
cut ×

{
{xia},−{xjb}

}
with

∑

i

xia =
∑

j

xjb = 1 , (I.4.33)

where the parameters xia and xjb specify how ∆
a/b
cut gets distributed among the sub-bins. (With this

information it is also straightforward to construct a corresponding uncertainty matrix, but this is not
actually necessary.)

In this way, we can consider each binning cut (or bin boundary) as a potential source of an uncer-
tainty with an associated nuisance parameter. (Of course, in practice with sufficiently complicated bin
boundaries, one has to apply some theoretical judgement in how one chooses the relevant independent
binning cuts.) In addition, we can have an overall yield uncertainty correlated among all bins.

To illustrate this for a simple example, consider the case of 3 mutually exclusive jet bins {σ0, σ1, σ≥2}.
In this case, we can easily identify two bin boundaries as the two relevant sources of migration uncertain-
ties, namely the cut on the leading jet separating σ≥0 = σ0 + σ≥1 and the cut on the 2nd jet separating
σ≥1 = σ1 + σ≥2. In addition, we have an overall yield uncertainty. Considering the five (interdepen-
dent) observables {σ≥0, σ0, σ≥1, σ1, σ≥2}, the three nuisance parameters and their respective uncertainty
amplitudes are

κy : {∆y
≥0, ∆y

0, ∆y
≥1, ∆y

1, ∆y
≥2} with ∆y

≥0 = ∆y
0 + ∆y

≥1 , ∆y
≥1 = ∆y

1 + ∆y
≥2 ,

κ
0/1
cut : ∆

0/1
cut × {0, 1, −1, −(1− x1), −x1} ,

κ
1/2
cut : ∆

1/2
cut × {0, x2, −x2, 1− x2, −1} , (I.4.34)

Here, x1 determines how ∆
0/1
cut is split between σ1 and σ≥2, and x2 determines how ∆

1/2
cut is split between

σ0 and σ1. For x1 6= 0, the 0/1 migration into σ≥1 can affect both σ1 and σ≥2. For x1 = 0, the 0/1
migration happens entirely between σ0 and σ1, so the binning is effectively treated as σ0+1 = σ0 + σ1.
Similarly, for x2 = 0 the 1/2 migration is contained within σ≥1 = σ1+σ≥2. On the other hand, allowing
for x2 6= 0 corresponds to the more general case σ≥0 = σ<2 + σ≥2.

In terms of the uncertainty matrices for the 3 quantities {σ0, σ1, σ≥2}, Eq. (I.4.34) corresponds to

C({σ0, σ1, σ≥2}) = Cy({σ0, σ1, σ≥2}) + C
0/1
cut ({σ0, σ1, σ≥2}) + C

1/2
cut ({σ0, σ1, σ≥2}) , (I.4.35)
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Cy({σ0, σ1, σ≥2}) =




(∆y
0)2 ∆y

0∆y
1 ∆y

0∆y
≥2

∆y
0∆y

1 (∆y
1)2 ∆y

1∆y
≥2

∆y
0∆y
≥2 ∆y

1∆y
≥2 (∆y

≥2)2


 , (I.4.36)

C
0/1
cut ({σ0, σ1, σ≥2}) =

(
∆

0/1
cut

)2



1 −(1− x1) −x1

−(1− x1) (1− x1)2 x1(1− x1)

−x1 x1(1− x1) x2
1


 , (I.4.37)

C
1/2
cut ({σ0, σ1, σ≥2}) =

(
∆

1/2
cut

)2



x2
2 x2(1− x2) −x2

x2(1− x2) (1− x2)2 −(1− x2)
−x2 −(1− x2) 1


 . (I.4.38)

Note that for the most generic case with 3 bins, one could in principle add an analogous third migration
component 0/2 for σ 6=1 = σ0 + σ≥2. In this jet-binning example, this is clearly artificial, since σ0

and σ≥2 do not actually share a boundary and the migration between them is only indirect and already
captured by the other two migration components.

The ST method applied to the case of 3 jet bins is equivalent to using ∆y
0 = ∆FO

≥0 , ∆y
1 = ∆y

≥2 = 0,

∆
0/1
cut = ∆FO

≥1 , ∆
1/2
cut = ∆FO

≥2 , and taking x1 = x2 = 0. This effectively considers σ≥0, σ≥1, and
σ≥2 as the independent sources, and in particular one can directly identify the corresponding nuisance

parameters κ≥i in existing implementations of the ST method as κy ≡ κ≥0, κ0/1
cut ≡ κ≥1, and κ1/2

cut ≡
κ≥2. Section I.4.2.c discusses how estimates for the above parameters can be obtained when both jet
boundaries are treated in resummed perturbation theory.

Mathematically speaking, the above generic parameterization has some redundancy, as it has more
than the minimal number of six parameters that would be required to describe a general 3x3 symmetric
matrix. This is desired and makes it flexible enough to accommodate different scenarios while main-
taining the simple physical interpretation in terms of the underlying sources. In contrast, using a mathe-
matically minimal parameterization one would inevitably be forced to reexpress the contributions from
several physically independent sources in terms of a minimal number of mathematically independent
components and thus lose their physical meaning. In general, there can be several (independent) sources
of theory uncertainties that give rise to each type of component. As for any other systematic uncertainty,
these should then be implemented via separate nuisance parameters, which preserves their physical ori-
gin and in particular allows for the possibility to correlate them with other observables if necessary. For
example, when electroweak and QCD corrections are treated as factorized, one could consider separately
estimating the perturbative uncertainties of each, with each having their own set of nuisance parameters.
(In practice, when the electroweak corrections are applied as an overall correction factor, they give rise
to a yield uncertainty and a single nuisance parameter.)

I.4.2.b Exclusive fixed-order cross sections and jet-veto efficiencies at NNLO I.14

During Run-1 of LHC data taking at 7 and 8 TeV the two methods reviewed in Sect. I.4.2.a were used
to compute uncertainties on the jet bin acceptance for the Higgs boson signal: the so called Stewart-
Tackmann method (ST) [165] and the Jet Veto Efficiency method (JVE) [163]. The first method has
been used from the Higgs boson discovery paper [1], [2] while the second method has been used in the
Run-1 ATLAS paper on the h → WW ∗ channel [171]. In the present section we will present results
obtained using both methods at 13 TeV, providing all details on the inputs used for the computation of
the uncertainties.

I.14Author(s): B. Di Micco.
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Table 10: Inclusive cross sections (σ≥0) in pb for the process pp → H for several renormalization and factor-
ization scale values, the cross section is evaluated with HNNLO at

√
s = 13 TeV, the central value scale is set to

mH/2. The Higgs boson mass is set at mH = 125.09 GeV. PDF4LHC15 NNLO MC PDFs are used. The error
quoted is the statistical error of the computation. The computation is performed in the infinite top quark mass
approximation. The cross section is reported at LO, NLO and NNLO.

Inclusive cross section (HNNLO)

µF /mH µR/mH LO NLO NNLO

1 1 12.697±0.003 30.30±0.15 41.50±0.15
1 1/2 15.519±0.003 36.51±0.26 46.14±0.26

1/4 1/4 16.691±0.003 42.82±0.34 50.16±0.34
1/4 1/2 13.354±0.003 34.38±0.20 45.33±0.20
1/2 1 11.958±0.003 29.43±0.16 40.99±0.16
1/2 1/4 18.267±0.004 43.99±0.35 49.65±0.35
1/2 1/2 14.615±0.003 35.61±0.25 45.64±0.25

I.4.2.b.i The Stewart-Tackmann method
The ST method can be applied to all jet bins and assumes that inclusive jet bin cross sections, that is the
cross section to have at least N jets, (σ≥N ) are uncorrelated for all values of N . In this case the N−jet
cross section can be written as:

σN = σ≥N − σ≥N+1

and the uncertainty on σN is computed using the relation:

∆2σN = ∆2σ≥N + ∆2σ≥N+1

The values of ∆2σ≥N,≥N+1 are evaluated as the envelope of all cross sections obtained by changing the
renormalization (µr) and factorization (µf ) scales by a factor two around the central scale of µ = mH/2,
excluding the values µf/µr = 4 and µf/µr = 1/4. The values of σ≥0 are computed at NNLO using the
HNNLO program [172], and the process pp → h → WW ∗ → e+νe−ν̄ is used for the computation of
the cross section. The branching fraction to W pairs used in HNNLO is Br(h → W+W−) = 0.2054,
and it is used, together with the PDG [11] value of Br(W → eν) = 0.1070, to correct the HNNLO cross
section by the total branching fraction, in order to extract the h production cross section. The value used
is:

Br(h→W+W−)Br2(W → eν) = 0.002356

The obtained values are tabulated in Table 10.

The H + 1 jet and H + 2 jet cross sections have been computed at LO and NLO for the pp →
h → WW ∗ → e+νe−ν̄ process using the MCFM program [173], the branching fraction to W pairs
used in MCFM is Br(h → W+W−) = 0.214, and it is used to correct the MCFM cross section by the
total branching fraction:

Br(h→W+W−)Br2(W → eν) = 0.00245

In Table 11 and Table 12 we show the Higgs boson production cross section after having corrected the
MCFM results for the branching fraction above. The jet pT thresholds of 25 GeV and 30 GeV are used.

From Table 10 and Table 11 we can compute ∆σ≥0, ∆σ≥1, ∆σ≥2 and σ0, σ1 using the defini-
tions:I.15

σ0 = σ≥0 − σ≥1, σ1 = σ≥1 − σLO
≥2 .

I.15Note that σ≥2 and its uncertainty are computed here at leading order in order to match the power of αs with the NLO
computation of σ≥1. Alternatively, one could choose to evaluate σ≥2 at the highest known order, namely, NLO.
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Table 11: H+1 jet inclusive cross sections (σ≥1) in pb for the process pp → H for several renormalization and
factorization scale values, the cross section is evaluated with MCFM at

√
s = 13 TeV, the central value scale is set

to mH/2. The Higgs boson mass is set at mH = 125.09 GeV. PDF4LHC15 NNLO MC PDFs are used.

H+1jet inclusive cross section (MCFM)

pT > 25 GeV pT > 30 GeV
µF /mH µR/mH LO NLO LO NLO

1 1 9.303±0.002 16.48±0.05 7.947±0.002 14.11±0.02
1 1/2 12.764±0.002 19.80±0.05 10.900±0.002 16.87±0.03

1/4 1/4 18.373±0.004 22.04±0.08 15.836±0.003 18.96±0.06
1/4 1/2 12.874±0.002 19.18±0.05 11.097±0.002 16.47±0.05
1/2 1 9.398±0.002 16.42±0.02 8.060±0.0016 14.04±0.03
1/2 1/4 18.396±0.003 22.36±0.10 15.777±0.003 19.29±0.06
1/2 1/2 12.893±0.002 19.42±0.10 11.056±0.002 16.77±0.05

Table 12: H+2 jet cross-section (σ≥2) in pb for the process pp→ H for several renormalization and factorization
scale values. The values are computed with MCFM at

√
s = 13 TeV, R=0.4 for jet thresholds of pT > 25 and

pT > 30 GeV. The central value scale is chosen to be mH/2. PDF4LHC15 NNLO MC pdfs are used.

gg→H+2jets cross section (MCFM)

µF /mH µR/mH LO NLO
pT > 25 GeV

1 1 5.250± 0.002 6.96± 0.03
1 1/2 8.003 ±0.003 6.90± 0.06

1/4 1/4 14.565± 0.005 2.26± 0.14
1/4 1/2 9.068± 0.003 4.73± 0.09
1/2 1 5.586 ±0.002 5.67 ±0.05
1/2 1/4 13.679± 0.005 4.10 ±0.11
1/2 1/2 8.514 ±0.003 5.55 ±0.07

pT > 30 GeV

1 1 3.980 ±0.001 5.20 ±0.03
1 1/2 6.064 ±0.002 5.27 ±0.04

1/4 1/4 11.192 ±0.004 -1.6 ±0.5
1/4 1/2 6.966 ±0.002 3.52 ±0.05
1/2 1 4.262 ±0.002 4.28 ±0.04
1/2 1/4 10.434 ±0.004 2.81 ±0.10
1/2 1/2 6.496 ±0.002 4.12 ±0.05

where the cross section corresponding to the scale choice µF = µR = mH/2 is used as central value
and the LO value of σ≥2 is used in order to preserve the αs power counting in σ1, being σ≥1 computed
up to NLO. The central values of the exclusive cross sections and their uncertainties are summarized in
Table 13 together with the fractional error on σ0 and σ1. The upward and downward fractional errors are
obtained using the following formulae:

∆+σ0

σ0
=

√
∆+2σ≥0 + ∆−2σ≥1

σ0

∆−σ0

σ0
=

√
∆−2σ≥0 + ∆+2σ≥1

σ0
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Table 13: Summary of jet-bin uncertainties on the 0 and 1 jet exclusive cross sections obtained using the ST
method. The last two lines show symmetrized uncertainty intervals from the 7th and 8th row.

∆σ≥0 [−4.6,+4.6] pb

pT > 25 GeV pT > 30 GeV

∆σ≥1 [−3,+2.9] pb [−2.7,+2.5 pb
∆σLO
≥2 [−3.3,+6.0] pb [−2.5,+4.7] pb
σ0 26.2 pb 28.9 pb
σ1 10.9 pb 10.3 pb

∆σ0/σ0 S.T [-0.22, +0.22] [-0.18,+0.18]
∆σ1/σ1 S.T [-0.62, +0.40] [-0.53,+0.34]

∆σ0/σ0 S.T [-0.22, +0.22] [-0.18,+0.18]
∆σ1/σ1 S.T [-0.62, +0.62] [-0.53,+0.53]

∆+σ1

σ1
=

√
∆+2σ≥1 + ∆−2σ≥2

σ1

∆−σ1

σ1
=

√
∆−2σ≥1 + ∆+2σ≥2

σ1

where the + sign indicates the upward uncertainty and the − sign the downward uncertainty. In the same
table, the symmetrized number are reported, using the maximum of the upward and downward errors.
We recommend to use the symmetrized values as final uncertainties.

I.4.2.b.ii The Jet Veto Efficiency method.
The first version of Jet Veto Efficiency method, presented in Ref. [163], computes the jet veto acceptance
uncertainties using three different definitions of the jet veto efficiency. Such definitions differ among
each other for terms beyond α2

s and the related efficiencies show different behaviour as a function of
the vetoed jet pT . The uncertainty is computed, in this case, by doing the envelope of the naive scale
uncertainty of the reference method and the central values obtained with the three jet veto efficiency
definitions. The definitions are commonly referred as “schemes” a, b, c and are reported below:

εaN = 1− σNLO
≥N+1

σNNLO
≥N

εbN = 1− σNLO
≥N+1

σNLO
≥N

εcN = 1− σNLO
≥N+1

σNLO
≥N

+

(
σNLO
≥N
σLO
≥N
− 1

)
σLO
≥N+1

σLO
≥N

(I.4.39)

The N value represents the number of jets of the exclusive selection.

I.4.2.b.ii.1 The JVE method for zero jet

In the 0-jet case the large logs that are produced by the introduction of the jet pT threshold can be
resummed using the JetVHeto program. Inputs to the JetVHeto computation are the LO, NLO and NNLO
inclusive cross sections, that are shown in Table 10 and the σ≥1 cross section shown in Table 11. The
resummed computation can be matched to the fixed order result using three different schemes that can be
considered equivalent to the three different Jet Veto Efficiency schemes listed above. In the resummed
case, all scales, including the resummation scale, are varied by a factor two, and the envelope built using
such uncertainty band together with the central value obtained with the three different matching schemes
is quoted as final uncertainty. We report results using both the fixed-order computation and the resummed
one.

In Table 14 we show the 0-jet JetVHeto efficiencies obtained for the factorization, renormalization
and resummation scale considered in the envelope, and the central value of each scheme. The envelope
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Table 14: H + 0 jet efficiencies of the process pp→ H → e+νe−ν̄ for several renormalization and factorization
scale values, matching schemes and resummation scales. The values are computed with JetVHeto at

√
s = 13

TeV, R=0.4 and pT > 25, 30 GeV. The central value scale is chosen to be mH/2. The Higgs boson mass is set at
mH = 125.09 GeV. PDF4LHC15 NNLO MC are used.

0-jet JetVHeto efficiencies for different pT thresholds

pT > 25 GeV pT > 30 GeV

µF /mH µR/mH Qres/mH Scheme NNLO+NNLL NNLL NNLO NNLO+NNLL NNLL NNLO

1 1 1/2 a 0.5841 0.5727 0.6028 0.6509 0.6289 0.6600
1 1/2 1/2 a 0.5810 0.5513 0.5708 0.6472 0.6025 0.6344

1/4 1/4 1/2 a 0.5792 0.5176 0.5606 0.6431 0.5642 0.6221
1/4 1/2 1/2 a 0.5549 0.5290 0.5768 0.6248 0.5845 0.6366
1/2 1 1/2 a 0.56790 0.5586 0.5995 0.6379 0.6169 0.6575
1/2 1/4 1/2 a 0.5866 0.5207 0.5495 0.6462 0.5656 0.6114
1/2 1/2 1/2 a 0.5726 0.5413 0.5744 0.6367 0.5940 0.6325
1/2 1/2 1/4 a 0.5650 0.5295 0.5744 0.6273 0.5686 0.6325
1/2 1/2 1 a 0.6336 0.6387 0.5744 0.6987 0.6938 0.6325
1/2 1/2 1/2 b 0.5147 0.5413 0.4544 0.5760 0.5940 0.5289
1/2 1/2 1/2 c 0.7557 0.5413 0.9379 0.8207 0.5940 0.9389

is built using the scale variations of the “scheme a” only, therefore only for this scheme are detailed
values for each scale choice shown. The efficiencies are reported for the 25 and 30 GeV pT threshold
using fixed order, resummed only and resummed results matched with the fixed order computation at
NNLO+NNLL.

I.4.2.b.ii.2 The JVE method for one jet

The JV E method in his fixed order form can be easily extended to the 1-jet bin. Such approach has been
used by the ATLAS collaboration for the publication of the Run-1 paper on the h→WW channel [171].
This channels is, at the moment, the decay channel that provides the most accurate measurements of the
Higgs boson production cross section and its couplings. Equations (I.4.39) can be used also for the 1-jet
bin where ε1 represents the ratio of events with exactly one jet over the number of events with at least one
jet. In scheme a the NNLOH+1 jet cross section is used. Such value has been nowadays evaluated [174]
but software tools are still not publicly available, therefore the same approach of [171] will be followed
in the following, assuming that scheme a lies between scheme b and scheme c. Such assumption has
been tested up to NLO, and at NNLO for the gg induced process at the

√
s of 8 TeV. Therefore, the

average of schemes b and c is used instead of the scheme a. Using the cross sections reported in Table
10, Table 11 and Table 12 , the ε1 values are computed for schemes b, c and their average and tabulated
in Table 15. The uncertainty is evaluated as the envelope of the average of schemes b and c, computed
for all renormalization and factorization scales, and the central values of the schemes b and c.

I.4.2.b.ii.3 The JVE method final results

In Table 16 we summarize the jet veto efficiencies and their uncertainties for the 0-jet and 1-jet bin
indicating, in the 0-jet case, both the resummed and the fixed order results. We recommend to use the
resummed result as reference values.

In order to compare the JVE results with the ST ones, in the same table we report the 0 (σ0) and 1 (σ1)
jet cross sections with the Jet Veto method. They are computed from the Higgs total cross section and
the jet veto efficiencies ε0 and ε1 according to the following formulae:

σ0 = σtot · ε0 σ1 = σtot · (1− ε0) · ε1
In this expression, the best available computation of the Higgs total cross section can be used because full
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Table 15: H+1 jet efficiency of the process pp → H → e+νe−ν̄ for several renormalization and factorization
scale values. The values are computed with MCFM at

√
s = 13 TeV, R=0.4 and and pT > 25, 30 GeV. The central

value scale is chosen to be mH/2. The Higgs boson mass is set at mH = 125.09 GeV. PDF4LHC15 NNLO MC
are used.

ε1 NLO

pT > 25 GeV pT > 30 GeV

µF /mH µR/mH εb1 εc1 (εb1 + εc1)/2 εb1 εc1 (εb1 + εc1)/2

1 1 0.5777 0.6874 0.6326 0.6311 0.7335 0.6823
1 1/2 0.6517 0.8054 0.7285 0.6878 0.8215 0.7546

1/4 1/4 0.8976 1.035 0.9665 1.086 1.242 1.164
1/4 1/2 0.7533 0.9776 0.8654 0.7860 0.9865 0.8862
1/2 1 0.6549 0.8411 0.7480 0.6952 0.8615 0.778337
1/2 1/4 0.8167 0.9375 0.8771 0.8543 0.9692 0.9117
1/2 1/2 0.7142 0.9040 0.8091 0.7541 0.9308 0.8424

Table 16: Jet veto efficiency, exclusive jet bin cross sections and their uncertainties for the 0 and 1 jet bin using
the JVE method. The labels F.O. and RES. refer to the usage of fixed order and resummed inputs, respectively.
The last four lines of the table show symmetrized uncertainty intervals.

Summary of JVE related uncertainties.

pT > 25 GeV pT > 30 GeV

ε0 RES. 0.57 0.64
ε0 FO. 0.57 0.63

∆ε0 RES. [- 0.06,+0.18] [-0.06, +0.18 ]
∆ε0 F.O. [-0.12, +0.36] [-0.10, +0.31]

∆ε0/ε0 RES. [-0.11 , +0.32] [-0.09, +0.28]
∆ε0/ε0 F.O. [-0.21 , +0.63] [-0.16, +0.49]

ε1 F.O. 0.81 0.84
∆ε1 F.O. [ -0.18, +0.16] [-0.16, +0.32]

∆ε1/ε1 F.O. [-0.22, +0.20] [-0.19, +0.38]

∆σ0/σ0 F.O. [-0.18, +0.37] [-0.12, +0.33]
∆σ1/σ1 F.O. [-0.87, +0.36] [-0.86, +0.48]
∆σ0/σ0 RES. [-0.13, +0.32] [-0.12, +0.29]
∆σ1/σ1 RES. [-0.48, +0.25] [-0.54, +0.42]

∆σ0/σ0 F.O. [-0.37, +0.37] [-0.33, +0.33]
∆σ1/σ1 F.O. [-0.87, +0.87] [-0.86, +0.86]
∆σ0/σ0 RES. [-0.32, +0.32] [-0.29, +0.29]
∆σ1/σ1 RES. [-0.48, +0.48] [-0.54, +0.54]
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factorization between total cross section and acceptance is assumed in this approach. The cross section
value computed using the De Florian-Grazzini method for resummation and including the complex pole
scheme is:

σtot = 43.92 pb+7.4%
−7.9%(scale)+7.1%

−6.0%(PDF)

the PDF error is usually accounted independently in experimental analyses, therefore only the scale
variation related error is accounted for. Using simple error propagation, the central values and their
uncertainties have been computed and summarized in Table 16.

I.4.2.c Combined resummed predictions for the 0-jet, 1-jet, and≥ 2-jet bins I.16

Experimental analyses require a consistent treatment of cross sections and their uncertainties for several
jet bins. In the following we discuss predictions for the 0-jet, 1-jet, and ≥ 2-jet bins with a resummation
of jet-veto logarithms, and provide updated results for 13 TeV. We utilize a theoretical approach that
provides flexible control over uncertainties allowing for the identification of different sources of yield
and migration uncertainties. It is thus well-suited to provide a theoretical description of jet binning,
including multiple jet-bin boundaries.

I.4.2.c.i Jet pT resummation at NNLL′+NNLO I.17

We discuss the resummed predictions for theH+0-jet cross section from gluon fusion with a pT veto on
jets and with the resummation of jet-veto logarithms at NNLL′+NNLO order [159]. We place a particular
emphasis on a careful estimate of the perturbative uncertainties and include a detailed discussion of
how yield and migration uncertainties are determined. The different contributions to the uncertainty are
estimated by appropriate variations of the different scales in virtuality and rapidity space appearing in
a factorization theorem. This allows us to distinguish between and account for the uncertainties due to
higher fixed-order corrections as well as higher-order towers of jet-pT logarithms.

We utilize the framework of soft-collinear effective theory (SCET) [175–178] for jet-veto resum-
mation at hadron colliders [158, 159, 164, 168,179]. The factorized pp→ H + 0-jet cross section with a
cut on pjet

T < pcut
T is given by

σ0(pcut
T ) =

√
2GF m

2
H

576πE2
cm

Hgg(m
2
H , µH)

∫
dY Bg

(
mH , p

cut
T , R,

mH

Ecm
eY , µB, νB

)

Bg

(
mH , p

cut
T , R,

mH

Ecm
e−Y , µB, νB

)
Sgg(p

cut
T , R, µS , νS)U0(pcut

T , R;µH , µB, µS , νB, νS)

+ σRsub
0 (pcut

T , R) + σnons
0 (pcut

T , R, µns) . (I.4.40)

The first term is the leading contribution containing all the singular logarithmic terms αis lnj(pcut
T /mH).

The resummation of the logarithms is performed by renormalization group evolution (RGE) in both
virtuality (µ) and rapidity (ν) space, illustrated on the left of Figure 13. The factorized hard (Hgg),
beam (Bg), and soft (Sg) functions are evaluated at their own natural virtuality scales µi and rapidity
scales νi, where they contain no large logarithms and are calculable at fixed order in αs. From there
they are evolved to a common (arbitrary) scale, yielding the combined evolution factor U0 which resums
the logarithms of the virtuality ratios µi/µj and rapidity ratios νi/νj . The resummation is performed

to NNLL′ order, which in addition to the NNLL resummation includes the full O
(
α2
S

)
corrections to

Hgg, Bg, and Sgg (which includes the O
(
α2
S

)
effects from jet clustering). These are formally part of

the N3LL resummation for which they provide the correct RGE boundary conditions, and incorporate all
dominant (singular) NNLO corrections into the resummed result.

I.16Author(s): R. Boughezal, X. Liu, F. Petriello, I.W. Stewart, F.J. Tackmann.
I.17Author(s): I. W. Stewart, F. J. Tackmann.
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Figure 13: Left panel: Illustration of the RGE in virtuality and rapidity space to resum jet-pT logarithms. Middle
panel: Profile scale variations contributing to the overall fixed-order (yield) uncertainty. Right panel: Profile scale
variations whose combinations are used to assess the resummation (migration) uncertainty.

The second term in Eq. (I.4.40), σRsub
0 (pcut

T , R), containsO
(
R2
)

contributions. ForR = 0.4 they
are numerically very small and are treated as subleading power corrections. The last term in Eq. (I.4.40),
σnons

0 (pcut
T , R, µns), contains O

(
pcut
T /mH

)
“nonsingular” corrections, which vanish for pcut

T → 0 but

become important at large pcut
T . These terms are added to achieve the full NNLL′+NNLO accuracy,

which incorporates the complete NNLO cross section for all values of pcut
T , including the inclusive NNLO

cross section.

The RGE scales µH , µB, µS , νB , and νS are chosen as functions of pcut
T , which are referred to

as profile scales [180, 181]. They have to satisfy several constraints and their construction is discussed
in detail in Ref. [159]. Essentially, in the resummation region at small pcut

T they have to parametrically
follow the canonical scaling dictated by the RGE, while at large pcut

T & mH/2 they must approach a
common fixed-order scale µFO in order to turn off the resummation and avoid unphysical behaviour. The
remaining freedom in the choice of the profile scales provides a flexible and powerful way to assess the
perturbative uncertainties in the resummed predictions. For this reason, profile scales have been applied
by now in a large variety of different contexts and have become an established and reliable method for
assessing perturbative uncertainty in resummed predictions. As detailed in Ref. [159], in the context of
jet binning the profile scale variations allow us to identify the different uncertainty sources contributing
to the yield and migration uncertainties discussed in Section I.4.2.a.

Before discussing the variations, we stress that the scales are unphysical parameters, and their vari-
ations simply provide a convenient way to probe the “typical” size of the associated missing higher-order
terms. The observed variations in the results must be interpreted as such. In particular, we do not assign
any meaning to accidentally small one-sided scale variations that yield asymmetric uncertainties, which
are just the result of nonlinear scale dependence, which is frequently encountered at higher orders and
including resummation. Hence, we always consider the maximum absolute deviation from the chosen
central scale as the (symmetric) uncertainty. To be explicit, an observed variation of +|x| and −|y| in
the cross section is interpreted as uncertainty of ±max{|x|, |y|}.

The first type of variation is a collective variation of all scales by a factor of 1/2 and 2. This keeps
all scale ratios and thus all logarithms fixed, and at large pcut

T reproduces the uncertainty in the fixed-
order cross section. Hence, this corresponds to an overall fixed-order uncertainty (within the resummed
prediction), and is naturally identified as a common source for all σi, giving rise to a yield uncertainty
∆µi. A second type of variation included in ∆µi is to the profile shape controlling the transition points
where the resummation is turned off. The total of 14 profile variations Vµ contributing to ∆µ0 are
displayed in the middle panel of Figure 13. For each profile vi in Vµ we obtain ∆µi as the maximum
absolute deviation from the central value,

∆µ0(pcut
T ) = max

vi∈Vµ

∣∣σvi0 (pcut
T )− σcentral

0 (pcut
T )
∣∣ , ∆µ≥0 = max

vi∈Vµ

∣∣σvi≥0 − σ
central
≥0

∣∣ . (I.4.41)
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For ∆µ≥0, only the variation of µFO by a factor 2 contributes, and ∆µ≥1(pcut
T ) = ∆µ≥0 −∆µ0(pcut

T ).

The profile scale variations Vresum contributing to the resummation uncertainty, ∆0/1
resum, are shown

in the right panel of Figure 13. They separately vary each of the beam and soft scales up and down but
keep µFO fixed. They thus directly probe the intrinsic uncertainty in the resummed logarithmic series.
The variation is chosen to approach the conventional factor of 2 for pcut

T → 0. Out of the 80 possible
combinations of all variations, all combinations leading to arguments of logarithms which are more than
a factor of 2 different from their central values are not considered. This leaves a total of 35 profile scale
variations in Vresum that are used to estimate

∆0/1
resum(pcut

T ) = max
vi∈Vresum

∣∣σvi0 (pcut
T )− σcentral

0 (pcut
T )
∣∣ . (I.4.42)

The pcut
T logarithms are the primary source of uncertainty caused by the jet binning at small pcut

T and we
can therefore identify ∆resum as the corresponding migration uncertainty. Furthermore, ∆0/1

resum smoothly
turns off at large pcut

T where the logarithms become unimportant and the resummation is turned off. This
is consistent with the fact that in this limit migration effects become irrelevant since σ≥1(pcut

T ) becomes
numerically much smaller than σ0(pcut

T ).

Our predictions use a complex hard scale µH = −iµFO with µFO = mH . This is the canonical
scale at which the hard function contains no large logarithms and shows a significantly improved per-
turbative stability compared to µH = µFO (for any value of µFO). In the transition from small to large
pcut
T we keep the hard scale at its complex value. In principle, one could contemplate rotating it to the

real axis as a function of pcut
T to turn off the resulting resummation of logarithms of ln(µH/ |µH |). How-

ever, this would inevitably lead to an unphysical behaviour of a decreasing cross section with increasing
pcut
T . Instead, the improved convergence observed in the small pT region, where the factorization of the

hard virtual corrections into the overall factor Hgg is manifest, also translates into the fixed-order cross
section at large pcut

T , because the majority of the total cross section comes from the small pT region.
Consequently, as one can see from Table 17, the inclusive cross section for µH = −imH shows a much
better perturbative convergence and as a result is already at NNLO in close agreement with the N3LO
result at the default scale µH = mH/2. The uncertainty related to this resummation is estimated by
varying the phase of µH = µFO exp(−iϕ) as ϕ = π/2±π/4. This phase variation is roughly equivalent
to the usual factor of 2 since π/4 ' ln 2. We have

∆ϕi = max
ϕ∈{π/4,π/2,3π/4}

∣∣σϕi − σ
central
i

∣∣ . (I.4.43)

We consider this as an additional independent uncertainty source, and since it affects all cross sections
via an overall multiplicative factor, it is treated as a yield uncertainty.

In summary, we have the following three uncertainty amplitudes for {σ≥0, σ0, σ≥1},

κy
µ : {∆µ≥0, ∆µ0, ∆µ≥1} , κy

ϕ : {∆ϕ≥0, ∆ϕ0, ∆ϕ≥1} ,
κ

0/1
cut : ∆0/1

resum × {0, 1,−1} . (I.4.44)

The numerical results we present are obtained in the top EFT limit rescaled with the exact LO mt

dependence. Bottom quark and EW effects are not yet included. Their numerical effects go in opposite
directions and largely cancel each other, so they should be included together. Jets are defined with a
jet radius of R = 0.4 and without any cut on the jet rapidity. We use the PDF4LHC15 PDFs with
αs(mZ) = 0.118. In Table 17 we compare the corresponding results for the inclusive cross section
at different hard scales. We also give the corresponding N3LO results, obtained utilizing the results of
Ref. [96].

In Figure 14 we show our results for the resummed and matched 0-jet cross section, comparing
the different consistently matched resummation orders on the left. On the right, we compare our best
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Figure 14: The 0-jet cross section σ0(pcut
T ), comparing different resummation orders (left) and resummed and

fixed-order predictions (right). The N3LO result on the right utilizes the results of Refs. [96, 174].
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Figure 15: The≥ 1-jet cross section σ≥1(pcut
T ), comparing different resummation orders (left) and resummed and

fixed-order predictions (right). The NNLO1 result on the right utilizes the results of Ref. [174].

prediction at NNLL′+NNLO with the pure fixed-order results at the corresponding scale with ST uncer-
tainties at NNLO and N3LO (obtained from the results of Refs. [96, 174]). The NNLL′+NNLO agrees
well with the fixed N3LO with ST uncertainties. (The same is also observed for NLL′+NLO compared
to NNLO.) Since the typical values of pcut

T ' 30 GeV lie in the transition region, it is not unexpected
that the resummed result is roughly predicting the next-higher fixed order. This also confirms that the
ST method produces reasonably sized uncertainties here. Our resummed predictions still have the ad-
vantage of allowing one to separately estimate all types of yield and migration uncertainties, in contrast
to the fixed-order predictions where some explicit assumptions on the correlations between cross sec-
tions are needed. The corresponding results for the ≥ 1-jet cross section are shown in Figure 15. Here
the lowest NLL result is not very meaningful as it does not even contain the correct LO1 result. In
the right panel we see that the highest order resummed result agrees well with the corresponding fixed
NNLO1 [174, 182, 183] result albeit with larger uncertainties toward larger pcut

T .

At this point we should note that matching to the N3LO0 and NNLO1 results without also going
to the corresponding N3LL(′) resummation order amounts to including unresummed singular logarithms
in the nonsingular matching corrections. Doing so would reduce the overall scale dependence but not
necessarily improve the accuracy of the final prediction, because in the resummation region there is no
guarantee that this would move the result in the right direction. (Thrust in e+e− is a known example
where it would not.) It would also come at the cost of reentangling the uncertainties sources, since on
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Table 17: The inclusive cross section σ≥0, comparing different orders and the conventional scale choices (columns
2 and 3) and with complex hard scale (columns 4 and 5). The uncertainties are the perturbative uncertainties. The
last column corresponds to the default scale choice for µH used for the resummed predictions discussed here.

σ≥0/pb µH = mH/2 µH = mH µH = −imH/2 µH = −imH

LO 16.04±15.8% 13.80±16.3% 26.70±12.8%µ±22.9%ϕ 23.29±14.6%µ±14.7%ϕ

NLO 36.94±19.7% 31.61±16.9% 47.40±14.1%µ±10.5%ϕ 42.18±12.4%µ±6.8%ϕ

NNLO 46.55±9.1% 42.42±9.7% 48.76±2.8%µ±1.5%ϕ 47.41±4.6%µ±2.0%ϕ

N3LO 48.03±3.2% 46.51±4.9% 47.85±0.6%µ±0.8%ϕ 47.96±1.5%µ±0.5%ϕ

Table 18: Predictions for the 0-jet cross section at pcut
T = 25 GeV (top) and pcut

T = 30 GeV (bottom) corresponding
to Figure 14 with a breakdown of the perturbative uncertainties.

σ0(25 GeV)/pb ∆µ0 ∆ϕ0 ∆0/1
resum total pert. unc.

NLL 17.04±7.21 18.7% 12.8% 35.7% 42.3%

NLL′+NLO0 22.29±3.43 7.7% 5.1% 12.3% 15.4%

NNLL′+NNLO0 26.25±1.97 4.7% 0.6% 5.8% 7.5%

σ0(30 GeV)/pb ∆µ0 ∆ϕ0 ∆0/1
resum total pert. unc.

NLL 19.10±7.52 17.4% 12.8% 32.9% 39.4%

NLL′+NLO0 25.59±3.72 7.9% 5.3% 11.0% 14.5%

NNLL′+NNLO0 29.51±1.65 3.8% 0.1% 4.1% 5.6%

Table 19: Predictions for the ≥ 1-jet cross section at pcut
T = 25 GeV (top) and pcut

T = 30 GeV (bottom) corre-
sponding to Figure 15 with a breakdown of the perturbative uncertainties.

σ≥1(25 GeV)/pb ∆µ≥1 ∆ϕ≥1 ∆0/1
resum total pert. unc.

NLL′+NLO0 20.69±4.88 17.4% 8.7% 13.3% 23.6%

NNLL′+NNLO0 21.16±1.96 4.5% 3.8% 7.1% 9.3%

σ≥1(30 GeV)/pb ∆µ≥1 ∆ϕ≥1 ∆0/1
resum total pert. unc.

NLL′+NLO0 17.39±4.63 19.1% 9.1% 16.2% 26.6%

NNLL′+NNLO0 17.90±1.88 6.0% 5.2% 6.8% 10.5%

the one hand it should not reduce the resummation uncertainties while on the other hand it would impact
the dominant pcut

T dependence. Given these potential subtleties and given that our results with a complex
hard scale already agree very well with the N3LO0 and NNLO1 results, we do not see sufficient reason
to add these terms until the corresponding resummation order is available as well.

The numerical results for σ0(pcut
T ) and σ≥1(pcut

T ) for pcut
T = 25 GeV and pcut

T = 30 GeV with a
full breakdown of the uncertainties are given in Tables 18 and 19. For pcut

T = 30 GeV, ∆µ and ∆0/1
resum

contribute roughly equally at each order, while ∆ϕ is subdominant, except at the highest order in σ≥1

where it contributes almost equally. For pcut
T = 25 GeV, the picture is roughly similar, except that as

expected the uncertainties in σ0 are somewhat increased compared to pcut
T = 30 GeV. Note that for σ≥1

the total uncertainty actually slightly decreases from pcut
T = 30 GeV to pcut

T = 25 GeV. The reason is
that the cross section increases and the logarithms are resummed which results in the relative size of the
remaining overall yield uncertainties to decrease.
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Figure 16: Illustration of the pjet1
T -pjet2

T plane relevant for the 0/1/2-jet binning. The orange jet boundaries are
treated in resummed perturbation theory, while the blue boundary is treated at fixed order. The dependence of the
final results on the arbitrary poff

T parameter is negligible compared to the perturbative uncertainties.

I.4.2.c.ii Combining resummed predictions for 0/1/2-jet bins I.18

Here, we discuss resummation-improved predictions for 0/1/2-jet bins. We provide updated numerical
results for 13 TeV and PDF4LHC15 PDFs and include the full breakdown of the uncertainties in terms
of the parameterization of Eq. (I.4.34). We follow Ref. [184] for combining the 0-jet resummation of
Ref. [159], discussed above, with the 1-jet resummation of Refs. [185, 186], which was documented in
Ref. [9], and for the estimation of yield and migration uncertainties.

We denote the pT of the leading and 2nd leading jet by pjet1
T and pjet2

T and by definition pjet2
T <

pjet1
T . The different jet bins are illustrated in Figure 16. We define

σ≥0 : the inclusive cross section , (I.4.45)

σ0(pcut
T ) : the 0-jet cross section, with pjet1

T < pcut
T ,

σ≥1(pcut
T ) : the inclusive 1-jet cross section, with pjet1

T ≥ pcut
T ,

σ1([pTa, pTb]; p
cut
T ) : the exclusive 1-jet cross section, with pTa ≤ pjet1

T < pTb , pjet2
T < pcut

T ,

σ≥2([pTa, pTb]; p
cut
T ) : the inclusive 2-jet cross section, with pTa ≤ pjet1

T < pTb , pjet2
T ≥ pcut

T .

The exclusive 1-jet bin is theoretically quite nontrivial as it is affected by both the 0/1-jet and
1/2-jet boundaries. To construct a resummation-improved expression for it, we introduce a parameter
poff
T > pcut

T to separate the low and high pjet1
T regions, shown by the dotted line in Figure 16,

σ1(pcut
T ) ≡ σ1([pcut

T ,∞]; pcut
T ) = σ1([pcut

T , poff
T ]; pcut

T ) + σ1([poff
T ,∞]; pcut

T ) . (I.4.46)

In practice, poff
T is taken to be around mH/2. The second term above contains logarithms of pcut

T /Q with
Q ∼ poff

T ∼ mH . These can be resummed to NLL′+NLO using the direct resummation of Refs. [185,
186], which is valid for pjet1

T ∼ mH much larger than the pcut
T on the 2nd jet. The first term above

contains the 0/1 jet boundary. To improve it by the corresponding resummation, we can write it as

σ1([pcut
T , poff

T ]; pcut
T ) =

[
σ0(poff

T )− σ0(pcut
T )
]
− σ≥2([pcut

T , poff
T ], pcut

T ) , (I.4.47)

where the first term in brackets is equivalent to σ0(poff
T )−σ0(pcut

T ) = σ≥1(pcut
T )−σ≥1(poff

T ). We can then
use the NNLL′+NNLO resummation of Ref. [159] for resumming the logarithms of pcut

T /mH associated
I.18Author(s): R. Boughezal, X. Liu, F. Petriello, F. J. Tackmann.
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with the 0/1-jet boundary. The additional 2-jet terms in Eq. (I.4.47) are calculated at fixed NLO2. The
validity of this indirect resummation approach is discussed and studied in Ref. [184]. It essentially relies
on the fact that in the region of interest, the 0-jet terms dominate while the 2-jet terms are numerically
small.

The combination of the indirect resummation for pjet1
T < poff

T and the direct resummation for
pjet1
T ≥ poff

T thus allows for a resummation-improved description of the complete 1-jet bin, i.e.,

σ1([pcut
T ,∞]; pcut

T ) = σindirect
1 ([pcut

T , poff
T ]; pcut

T ) + σdirect
1 ([poff

T ,∞]; pcut
T ) . (I.4.48)

An important consistency check of this method is that the final result should be largely independent of
the precise choice of poff

T . More precisely, the residual dependence on poff
T should be much smaller than

the estimated perturbative uncertainties. As shown in Ref. [184], by using a complex scale hard scale
in the 0-jet resummation as well as including the H + 1 jet NNLO1 virtual corrections in the direct
resummation, the results become practically independent of poff

T .

To estimate the perturbative uncertainties, we use profile scale variations in both the 0-jet and 1-jet
resummations, using the same physical interpretations to identify the different uncertainties sources. The
first is the overall fixed-order uncertainty, ∆µi, as discussed above Eq. (I.4.41), which is treated as a yield
uncertainty. It is estimated by collectively varying all scales that appear in the resummed predictions and
reduces to the usual fixed-order scale variations in the respective limits of large pcut

T . The uncertainties
for {σ≥0, σ0, σ≥1, σ1, σ≥2} are

κy
µ : {∆µ≥0, ∆µ0, ∆µ≥1, ∆µ1, ∆µ≥2} , (I.4.49)

where the first three are as in Eqs. (I.4.41) and (I.4.44) and

∆µ1 ≡ ∆µ1([pcut
T ,∞]; pcut

T ) = ∆µ0(poff
T )−∆µ0(pcut

T ) + ∆µ1([poff
T ,∞]; pcut

T ) ,

∆µ≥2 ≡ ∆µ≥0 −∆µ0(pcut
T )−∆µ1([pcut

T ,∞]; pcut
T ) . (I.4.50)

Since the yield uncertainties are fully correlated, the yield uncertainty in the 1-jet bin is the linear sum
from the two regions. For the region below poff

T we use ∆µ0(poff
T )−∆0µ(pcut

T ) from the 0-jet resummation
in Eq. (I.4.41). For the region above poff

T , ∆µ1([poff
T ,∞]; pcut

T ) is determined by the overall profile scale
variations in the 1-jet resummation [186]. The result for ∆µ≥2 then follows from consistency and e.g.
ensures that ∆µ≥1 = ∆µ1 + ∆µ≥2.

Next, the resummation uncertainties induced by the 0/1-jet and 1/2-jet boundaries are used to
estimate the respective migration uncertainties. Parameterizing the migration uncertainties by two inde-
pendent nuisance parameters as in Eq. (I.4.34), the uncertainties for {σ≥0, σ0, σ≥1, σ1, σ≥2} are

κ
0/1
cut : ∆

0/1
cut × {0, 1, −1, −(1− x1), −x1} ,

κ
1/2
cut : ∆

1/2
cut × {0, 0, 0, 1, −1} , (I.4.51)

where we set x2 = 0 and

∆
0/1
cut = ∆0/1

resum(pcut
T ) , x1 = ∆0/1

resum(poff
T )/∆0/1

resum(pcut
T ) ,

∆
1/2
cut =

{[
∆FO
≥2 ([pcut

T , poff
T ], pcut

T )
]2

+
[
∆1/2

resum([poff
T ,∞]; pcut

T )
]2}1/2

. (I.4.52)

Here, ∆0/1
resum is the 0-jet resummation uncertainty from Eq. (I.4.42) which accounts for the 0/1-jet

boundary (vertical orange line in Figure 16). The nonzero value for x1 arises from the region below poff
T ,

which is computed from the difference of the 0-jet cross sections at pcut
T and poff

T as shown in Eq. (I.4.47).
Hence, the contribution of the 0-jet resummation uncertainty to σ1 is ∆0/1

resum(poff
T )−∆0/1

resum(pcut
T ) (where
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Table 20: Predictions for the 0/1/2-jet bins for pcut
T = 25 GeV (top) and pcut

T = 30 GeV (bottom).

pcut
T = 25 GeV σ/pb ∆µ ∆ϕ ∆

0/1
cut ∆

1/2
cut total pert. unc.

σ≥0 47.41±2.40 4.6% 2.0% - - 5.1%
σ0 26.25±1.97 4.7% 0.6% 5.8% - 7.5%
σ≥1 21.16±1.96 4.5% 3.8% 7.1% - 9.3%
σ1 13.28±1.76 4.2% 3.3% 9.8% 7.2% 13.3%
σ≥2 7.88±1.12 5.1% 4.6% 2.7% 12.2% 14.3%

pcut
T = 30 GeV σ/pb ∆µ ∆ϕ ∆

0/1
cut ∆

1/2
cut total pert. unc.

σ≥0 47.41±2.40 4.6% 2.0% - - 5.1%
σ0 29.51±1.65 3.8% 0.1% 4.1% - 5.6%
σ≥1 17.90±1.88 6.0% 5.2% 6.8% - 10.5%
σ1 11.94±1.58 5.5% 4.8% 8.4% 7.2% 13.2%
σ≥2 5.96±1.05 7.1% 6.1% 3.6% 14.5% 17.6%

the two are treated as correlated). Comparing this to the parameterization above, this should be equal to
−∆

0/1
cut (1− x1), which determines x1.

The 1/2-jet boundary above poff
T (the horizontal orange line in Figure 16) is accounted for by

the 1-jet resummation uncertainty ∆1/2
resum([poff

T ,∞]; pcut
T ), which is determined by resummation profile

scale variations in Ref. [186]. For the 1/2-jet boundary below poff
T (blue line in Figure 16), we follow

the original ST method and use the inclusive 2-jet uncertainty ∆FO
≥2 , given by the usual scale variation

of the 2-jet fixed-order contributions in Eq. (I.4.47). The two are considered independent and added in
quadrature.

For our numerical results we use the same input parameters as for the 0-jet resummation in the
previous subsubsection. The results are presented in Table 20 for pcut

T = 25 GeV and pcut
T = 30 GeV

with a complete breakdown of all uncertainty contributions. The results present a very consistent picture.
The underlying parameters entering the migration uncertainties are given by ∆

0/1
cut (25 GeV) = 1.51 pb,

x1(25 GeV) = 0.141, ∆
1/2
cut (25 GeV) = 0.96 pb, and ∆

0/1
cut (30 GeV) = 1.21 pb, x1(30 GeV) = 0.175,

∆
1/2
cut (30 GeV) = 0.86 pb. As one might expect, x1 is small and most of the 0/1-migration uncertainty

enters in σ1. We also see that σ1 is dominated by the migration uncertainties with similar contributions
from each boundary, while the uncertainty in σ≥2 is dominated by the 1/2 boundary. However, due to
the resummation improvement the total uncertainties in all bins are substantially smaller than in the pure
fixed-order predictions.

I.4.2.d Jet-vetoed Higgs cross section in gluon fusion at N3LO+NNLL with small-R resumma-
tion I.19

In some Higgs boson decay modes (most notably WW ∗ and ττ ), it is standard to perform different
analyses depending on the number of accompanying jets. This is because different jet multiplicities
have different dominant backgrounds. Of particular importance for the WW decay is the zero-jet case,
where the dominant top-antitop background is dramatically reduced. For precision studies it is important
to predict accurately the fraction of signal events that survive the zero-jet constraint, and to assess the
associated theory uncertainty. Jet-veto transverse momentum thresholds used by ATLAS and CMS are
relatively soft (pt,veto ∼ 25 − 30 GeV), hence QCD real radiation is constrained by the cut and the
imbalance between virtual and real corrections results in logarithms of the form ln(pt,veto/mH) that
should be resummed to all orders in the coupling constant. This resummation has been carried out to

I.19Author(s): A. Banfi, F. Caola, F.A. Dreyer, P.F. Monni, G.P. Salam, G. Zanderighi, F. Dulat.
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next-to-next-to-leading logarithmic accuracy (NNLL, i.e. including all terms αnS lnk(pt,veto/mH) with
k ≥ n − 1 in the logarithm of the cross section) and matched to next-to-next-to-leading order (NNLO)
in refs. [159,163,187] (some of the calculations also included partial N3LL contributions). At this order
one finds that the effect of the resummation is to shift central predictions only moderately, and to reduce
somewhat the theoretical uncertainties. Yet, the residual theoretical uncertainty remains sizeable, roughly
10% [163], and the impact of higher-order effects could therefore be significant.

Since the first NNLO+NNLL predictions for the jet-veto, three important theoretical advances
happened: firstly, the N3LO calculation of the total gluon-fusion cross section [96]; secondly the calcu-
lation of the NNLO corrections to the Higgs plus one-jet cross-section [174,182,183]; and finally the LL
resummation of logarithms of the jet-radius R [188].

All these recent results were merged together in ref. [189] by extending the matching of the jet-veto
cross-section to N3LO+NNLL+LLR. The effect of heavy-quark masses has been considered following
the approach of ref. [166]. The code used to produce the following results can be downloaded from [190].

I.4.2.d.i N3LO+NNLL+LLR cross section and 0-jet efficiency at 13 TeV

In this section we report predictions for the jet-veto efficiency and cross section in Higgs boson produc-
tion in gluon fusion at the LHC. The results are based on the calculation obtained in ref. [189]. The
reader should refer to the latter work for additional information. The various ingredients that we use are
summarized below:

– The total N3LO cross section for Higgs boson production in gluon fusion [96], obtained in the
heavy-top limit. The Wilson coefficient is expanded out consistently both in the computation of
the total and the inclusive one-jet cross section.

– The inclusive one-jet cross section at NNLO taken from the code of ref. [174], in the heavy-top
limit. In this computation the qq channel is included only up to NLO, and missing NNLO effects
are estimated to be well below scale variation uncertainties [183].

– Exact top- and bottom-mass effects up to NLO in the jet-veto efficiency and cross section [136].
Beyond NLO, we use the heavy-top result, without any modifications.

– Large logarithms ln(mH/pt,veto) resummed to NNLL accuracy following the procedure of [163],
with the treatment of quark-mass effects as described in ref. [166].

– Logarithms of the jet radius resummed to LL accuracy, following the approach of ref. [188].

We consider 13 TeV LHC collisions with a Higgs boson mass of mH = 125 GeV. For the top and
bottom pole quark masses, we use mt = 172.5 GeV and mb = 4.75 GeV. Jets are defined using the
anti-kt algorithm [191], as implemented in FastJet v3.1.2 [192], with radius parameter R = 0.4, and
perform the momentum recombination in the standard E scheme (i.e. summing the four-momenta of the
pseudo-particles). We use PDF4LHC15 parton distribution functions at NNLO with αs(mZ) = 0.118
(PDF4LHC15_nnlo_mc) [35]. The impact of higher-order logarithmic corrections is probed by introduc-
ing a resummation scale Q as shown in ref. [163]. The central prediction for the jet-veto efficiency is
obtained by using the matching scheme (a) [189], setting the renormalization and factorization scales
to µR = µF = mH/2, and the resummation scale relative to both top and bottom contributions to
Q = Q0 = mH/2. To determine the perturbative uncertainties for the jet-veto efficiency we follow
the Jet-Veto efficiency (JVE) method as outlined in ref. [189]. This differs from the original method of
refs. [163, 170] which has been modified to take into account the excellent convergence observed at the
perturbative order considered here [189]. The uncertainty band is determined as described below.

We vary µR, µF by a factor of 2 in either direction, requiring 1/2 ≤ µR/µF ≤ 2. Maintaining
central µR,F values, we also vary Q in the range 2

3 ≤ Q/Q0 ≤ 3
2 . As far as the small-R effects are

concerned, subleading logarithmic effects are estimated by means of a second resummation scale R0,
which acts as the initial radius for the evolution of the gluon-jet fragmentation which gives rise to the
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Figure 17: N3LO+NNLL+LLR best prediction for the jet-veto efficiency (blue/hatched) compared to
NNLO+NNLL (left) and fixed-order at N3LO (right).

lnR terms. We choose the default value R0 = 1.0,I.20 and vary it conservatively by a factor of two
in either direction. Finally, keeping all scales at their respective central values, we replace the default
matching scheme (a) with scheme (b), as defined in ref. [189]. The final uncertainty band is obtained as
the envelope of all the above variations. We do not consider here the uncertainties associated with the
parton distributions (which mostly affect the cross section, but not the jet-veto efficiency), the value of
the strong coupling or the impact of finite quark masses on terms beyond NLO. Moreover, our results do
not include electro-weak effects.

In the left plot of Figure 17 we show the comparison between our best prediction for the jet-veto
efficiency (N3LO+NNLL+LLR) and the previous NNLO+NNLL accurate prediction, both including
mass effects. We see that the impact of the N3LO correction on the central value is in the range 1-2%
at relevant jet-veto scales. The uncertainty band is significantly reduced when the N3LO corrections are
included, going from about 10% at NNLO down to a few per cent at N3LO. Figure 17 (right) shows the
comparison between the N3LO+NNLL+LLR prediction and the pure N3LO result. We observe a shift of
the central value of the order of 2% for pt,veto > 25 GeV when the resummation is turned on. In that same
pt,veto region, the uncertainty associated with the N3LO prediction is at the 3% level, comparable with
that of the N3LO+NNLL+LLR prediction. The fact that resummation effects are nearly of the same order
as the uncertainties of the fixed order calculation suggests that the latter might be accidentally small. This
situation is peculiar to our central renormalization and factorization scale choice, µR = µF = mH/2,
and does not occur at, for instance, µR = µF = mH (see ref. [189] for details).

The zero-jet cross section is obtained as Σ0-jet(pt,veto) = σtot ε(pt,veto), and the inclusive one-
jet cross section is obtained as Σ≥1-jet(pt,min) = σtot

(
1− ε(pt,min)

)
. The associated uncertainties

are obtained by combining in quadrature the uncertainty on the efficiency obtained as explained above
and that on the total cross section, for which we use plain scale variations. The corresponding results are
shown in Figure 18. For this scale choice, we observe that the effect of including higher-order corrections
in the zero-jet cross section is quite moderate at relevant pt,veto scales. This is because the smallK factor
in the total cross section compensates for the suppression in the jet-veto efficiency. The corresponding
theoretical uncertainty is reduced by more than a factor of two.

I.20The initial radius for the small-R evolution differs from the jet radius used in the definition of jets, which is R = 0.4.
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Figure 18: N3LO+NNLL+LLR best prediction for the jet-veto cross section (blue/hatched) compared to
NNLO+NNLL (left) and fixed-order at N3LO (right).

Table 21: Predictions for the jet-veto efficiency and cross section at N3LO+NNLL+LLR, compared to the N3LO
and NNLO+NNLL cross sections. The uncertainty in the fixed-order prediction is obtained using the JVE method.
All numbers include the effect of top and bottom quark masses, treated as described in the text, and are for a central
scale µ0 = mH/2.

LHC 13 TeV εN
3
LO+NNLL+LLR Σ

N
3
LO+NNLL+LLR

0-jet [pb] ΣN
3
LO

0-jet ΣNNLO+NNLL
0-jet

pt,veto = 25 GeV 0.534+0.017
−0.008 24.0+0.8

−1.0 23.6+0.5
−1.2 23.6+2.5

−3.6

pt,veto = 30 GeV 0.607+0.016
−0.008 27.2+0.7

−1.1 26.9+0.4
−1.2 26.6+2.8

−3.9

The predictions for jet-veto efficiency and the zero-jet cross section are summarized in Table 21,
for two experimentally relevant pt,veto choices. Results are reported both at fixed-order, and including
the various resummation effects.

Figure 19 shows the inclusive one-jet cross section Σ≥1-jet, for which the state-of-the-art fixed-
order prediction is NNLO [174, 182, 183]. The left-hand plot shows the comparison between the best
prediction at NNLO+NNLL+LLR, and the fixed-order at NNLO. Both uncertainty bands are obtained
with the JVE method outlined in ref. [189]. We observe that the effect of the resummation on the
central value at moderately small values of pt,veto is at the per cent level. Moreover, the inclusion of
the resummation leads to a slight increase of the theory uncertainty in the small transverse momentum
region.

The right-hand plot of Figure 19 shows our best prediction for the one-jet cross section with
uncertainty obtained with the JVE method, compared to the case of just scale (i.e. µR, µF , Q) variations.
We observe a comparable uncertainty both at small and at large transverse momentum, which indicates
that the JVE method is not overly conservative in the tail of the distribution. We have observed that the
same features persist for the corresponding differential distribution. Table 22 contains the predictions for
the inclusive one-jet cross section for two characteristic pt,min choices.
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Figure 19: Matched NNLO+NNLL+LLR prediction for the inclusive one-jet cross section (blue/hatched) com-
pared to fixed-order at NNLO (left) and to the matched result with direct scale variation for the uncertainty (right),
as explained in the text.

Table 22: Predictions for the inclusive one-jet cross section at NNLO+NNLL+LLR and NNLO. The uncertainty
in the fixed-order prediction is obtained using the JVE method. All numbers include the effect of top and bottom
quark masses, treated as described in the text, and are for a central scale µ0 = mH/2.

LHC 13 TeV Σ
NNLO+NNLL+LLR
≥1-jet [pb] ΣNNLO

≥ 1-jet [pb]

pt,min = 25 GeV 20.9+0.4
−1.1 21.2+0.7

−1.0

pt,min = 30 GeV 17.6+0.4
−1.0 17.9+0.6

−0.8

I.4.2.e Higgs-pT resummation in momentum space at NNLL+NNLO in gluon fusion I.21

In the gluon-fusion production mode, the Higgs boson transverse momentum pH
t is defined as the inclu-

sive vectorial sum of the transverse momenta of the recoiling QCD partons radiated off the incoming
gluons. The fixed-order perturbative description of its differential spectrum features large logarithms
in the form αnS lnm(MH/p

H
t )/p

H
t , with m ≤ 2n − 1, which spoil the convergence of the series at

small pH
t . In order to obtain meaningful predictions in that phase-space region, such terms must be

resummed to all orders in αS, so that the perturbative series can be recast in terms of dominant all-order
towers of logarithms. The logarithmic accuracy is commonly defined at the level of the logarithm of
the cumulative cross section, henceforth referred to as Σ(pH

t ), where one refers to the dominant terms
αns lnn+1(MH/p

H
t ) as leading logarithms (LL), to terms αns lnn(MH/p

H
t ) as next-to-leading logarithms

(NLL), to αns lnn−1(MH/p
H
t ) as next-to-next-to-leading logarithms (NNLL), and so on.

The all-order computation of the logarithms of the ratio MH/p
H
t has been performed up to NNLL

order in refs. [193,194] using the formalism developed in [195,196], and in ref. [197] using an effective-
field-theory approach. These resummed results are usually matched to fixed-order predictions in order
to obtain a description of pH

t which gives a reliable coverage of the whole phase space. The recent

I.21Author(s): P.F. Monni, E. Re, P. Torrielli.
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computations of the differential pH
t distribution at next-to-next-to-leading order (NNLO) [174, 182, 183,

198], and of the inclusive gluon-fusion cross section at next-to-next-to-next-to-leading order (N3LO)
in [93, 96], once combined with state-of-the-art resummation, allow to obtain a formal NNLL+NNLO
accuracy for dσ/dpH

t .

All of the resummation approaches mentioned so far rely on an impact-parameter-space formula-
tion [199, 200], which is motivated by the fact that the observable naturally factorizes in this space as a
product of the contributions of each individual emission. Conversely, in pH

t space one is unable to find,
at a given order beyond LL, a closed analytic expression for the resummed distribution which is simulta-
neously free of logarithmically subleading corrections and of singularities at finite pH

t values [201]. This
fact has a simple physical origin: the region of small pH

t receives contributions both from configurations
in which each of the transverse momenta of the radiated partons is equally small (Sudakov limit), and
from configurations where pH

t tends to zero owing to cancellations among non-zero transverse momenta
of the emissions. The latter mechanism is in fact the dominant one at small pH

t and, as a result, the cumu-
lative cross section in that region vanishes as O(pH

t
2
) rather than being exponentially suppressed [200].

If these effects are neglected in a resummation performed in transverse-momentum space, the latter
would feature a geometric singularity at some finite value of pH

t . The same issue is present in an impact-
parameter-space formulation whenever one tries to obtain a result in pH

t space free of any contamination
from subleading logarithmic terms.

However, it has recently been shown [167] that the problem can be solved also in transverse-
momentum space, upon extending the formalism developed in [202,203] to treat observables that feature
such kinematic cancellations.

The method of [167] organizes the computation of the cumulative cross section Σ(pH
t ) as an en-

semble of emissions off the incoming gluons; the amplitude for each emission, characterized by a certain
transverse momentum kt,i, is then expanded around the largest transverse momentum in the ensemble
(denoted as kt,1), and one just retains the terms in this expansion that contribute to a given logarithmic
accuracy, discarding subleading contributions. The latter expansion is always justified since, by construc-
tion, all emissions are softer than kt,1 and, owing to the recursive infrared and collinear (rIRC) safety of
the observable, emissions with kt,i � kt,1 that would invalidate the expansion do not contribute to the
logarithmic structure of the resummed cross section [202]. The hardest emission is integrated over all of
its natural phase space, including the region kt,1 � pH

t , which is regularized by means of the Sudakov
exponential.

This formulation ensures that all kinematic effects that contribute to the pH
t → 0 limit are properly

taken into account, and not only is Σ(pH
t ) free of singularities at finite pH

t , but it also features the correct
pH
t

2 scaling [200] at low pH
t . This procedure can be effectively interpreted as a resummation of the large

logarithms ln(MH/kt,1), and the logarithmic order is defined in terms of the latter; the corresponding
formal accuracy in terms of the logarithms ln(MH/p

H
t ) is the same as in terms of ln(MH/kt,1), and the

difference amounts to logarithmically-subleading corrections.

In [167] the cumulative cross section is efficiently computed with a fast Monte Carlo method
where, for each event, the kinematics of the ensemble of emissions is stochastically generated with
weights that take into account all of the physical effects that occur at a given logarithmic accuracy.
In particular, at NLL accuracy, all emissions after the hardest can be generated with equal weights
obtained in the soft-collinear approximation; at NNLL, one emission weight per event is modified to
take into account the corrections which arise when a single parton in the ensemble is either emitted
collinearly to the beam with a significant fraction of the emitter’s momentum (hard-collinear), or close
in rapidity to another parton, and therefore it is sensitive to its correct rapidity bounds. The Sudakov-
exponential weight associated with the hardest emission is correspondingly evaluated including terms
up to O(αnS lnn(MH/kt,1)) at NLL, and up to O(αnS lnn−1(MH/kt,1)) at NNLL, and the overall parton
luminosity incorporates coefficient functions at the relevant order in the strong coupling – i.e. O(α3

S)



68 I.4.2. Differential and jet-binned cross sections

pp, 13 TeV, mH = 125 GeV

µR = µF = mH, Q = mH/2

PDF4LHC15 (NNLO)

uncertainties with µR, µF, Q variations

d
σ

/d
 p

tH
 [

p
b

/G
e

V
]

NNLL+NLO

HqT

FxFx

MiNLO

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

n
o

rm
a

lis
e

d
 r

a
ti
o

 t
o

 N
N

L
L

+
N

L
O

pt
H

 [GeV]

 0.7
 0.8
 0.9

 1
 1.1
 1.2
 1.3

 5  20  40  60  80  100  120  140

Figure 20: Comparison of the Higgs pH
t NNLL+NLO pre-

diction as obtained in [167] (red) to HqT (green). For refer-

ence, the predictions obtained with MiNLO at NLO (orange),

and FxFx (blue) are shown. Lower panel: ratio of the various

distributions, normalized to their respective central-scale inclu-

sive cross sections, to the central NNLL+NLO prediction [167].

Uncertainty bands are shown only for the resummed results.
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Figure 21: Higgs pH
t at NNLL+NNLO (red), NNLL+NLO

(green), and NNLO (blue). Lower panel: ratio of the three pre-

dictions to the NNLL+NNLO one.

and O(α4
S) for a NLL and NNLL matching, respectively – and is evaluated at a factorization scale of the

order of kt,1.

The expansion of the cumulative rate, necessary for the matching with fixed-order predictions,
is performed in a semi-analytic way, where the contributions to the different orders in αS are reduced
analytically to linear combinations of pH

t -dependent master-integral grids that are evaluated numerically
with high accuracy once and for all, and interpolated dynamically at runtime, ensuring optimal speed
performances.

The computation is entirely carried out in momentum space, without the need to transform the
observable and the parton luminosities into impact-parameter space, with benefits in terms of speed.
Moreover, in transverse-momentum space a clear physical picture emerges of the effects that determine
the low-pH

t region, where all contributions to a given logarithmic accuracy can be systematically tracked
down and accounted for.

The approach used to perform the resummation is fully general and it can be straightforwardly
extended to the entire class of rIRC-safe [202] observables that feature kinematic cancellations in the
infrared.

In the following we report predictions for the Higgs boson transverse momentum distribution in
the heavy-top effective theory at the 13 TeV LHC, with MH = 125 GeV, and PDF4LHC15 [35] parton
densities at NNLO. The central prediction uses µR = µF = MH, and Q = MH/2, where Q represents
the resummation scale, introduced as usual to estimate the impact on physical results of the neglected
higher-order logarithmic contributions. The perturbative uncertainty for all predictions is estimated by
varying both µR and µF by a factor of two in either direction while keeping 1/2 ≤ µR/µF ≤ 2. Moreover,
for central µR and µF scales, the resummation scale Q is varied by a factor of two in either direction.

The matching to the fixed-order prediction is obtained with an additive scheme, according to the
formula

ΣNNLL+(N)NLO(pH
t ) = Σ(N)NLO(pH

t ) + ΣNNLL(pH
t )− ΣEXP(pH

t ), (I.4.53)
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where ΣEXP(pH
t ) represents the expansion of the resummed formula toO(α4

S) for a matching to the NLO-
accurate differential distribution, or toO(α5

S) for a matching to the NNLO-accurate differential distribu-
tion. The introduction of modified logarithms of the form ln(Q/kt,1) → ln

[
(Q/kt,1)p + 1

]
/p ensures

that the matched cumulative cross section on the left-hand side of (I.4.53) reduces to the fixed-order one
at large transverse momentum.

In the main panel of Figure 20 a comparison is shown of the prediction of ref. [167] at NNLL+NLO
to that obtained with HqT [194, 204]. As expected, very good agreement over the entire pH

t range is
observed between these two results, which have the same perturbative accuracy. The HqT prediction
is moderately lower in the peak of the distribution, and higher at intermediate pH

t values, although this
pattern may slightly change with different central-scale choices. These small differences have to do with
the different treatment of subleading effects in the two resummation methods. The agreement of the two
results, both for the central scale and for the uncertainty band, is even more evident in the lower inset
of Figure 20, which displays the ratio of the various distributions, each normalized to its central-scale
inclusive rate, to the normalized central NNLL+NLO curve of [167].

Figure 20 also reports the pH
t distribution obtained with the NLO version of POWHEG+MiNLO

[81, 205], and with the MG5_aMC@NLO+FxFx [54, 206] event generators, using default renormalization
and factorization scales for the two methods (in FxFx a merging scale µQ = MH/2 has been employed).
Both generators are interfaced to Pythia 8.2 [207], without including hadronization, underlying event,
and primordial k⊥ (whose impact has been checked to be fully negligible for this observable), and use
PDF4LHC15 parton densities at NLO. By inspecting the normalized ratios shown in the lower panel,
one observes that the shape of the Monte-Carlo predictions deviates significantly from the NNLL+NLO
results at pH

t . 60 GeV. In order to avoid possible misunderstandings between the POWHEG+MiNLO result
shown in Figure 20 and the so called “NNLOPS” approach, we recall that the POWHEG+MiNLO generator
was further improved to achieve NNLO accuracy for fully inclusive observables in ref. [208]. Although
the logarithmic accuracy of the two “POWHEG-based” results is the same, the pH

t spectrum obtained with
the NNLOPS approach was found to be, numerically, in very good agreement with the HqT NNLL+NLO
result, certainly more than what the POWHEG+MiNLO result does. More details can be found in [208].

Figure 21 shows the comparison of the matched NNLL+NNLO result to the NNLL+NLO and the
fixed-order NNLO predictions. The inclusion of the NNLO corrections leads to a 10− 15% increase in
the matched spectrum for pH

t > 15 GeV, and to a consistent reduction in the perturbative uncertainty. The
impact of the NNLL resummation on the fixed order becomes increasingly important for pH

t . 40 GeV,
leading to a suppression of the differential spectrum in this phase-space region which reaches about 25%
at pH

t = 15 GeV. For pH
t & 40 GeV, the matched prediction reduces to the NNLO one. The final theory

uncertainty is at the ±10%-level in the phenomenologically relevant pH
t range.

I.4.2.f NNLOJET:: H + j at NNLO using Antenna subtraction I.22

The NNLO corrections to H + j receive contributions from processes which, with respect to the leading
order, feature two additional external legs (double real emission, [209–211]), one external leg and one in-
ternal loop (real virtual, [212–214]) or two additional internal loops (double virtual, [215]). Each of these
is separately infrared (IR) divergent, with the divergences cancelling upon integration over the phase
space. Since this integration is performed numerically, a procedure is needed to extract the singularities
from the various contributions and to achieve their cancellation prior to the phase space integration.

In the integration of the real radiation contributions over their phase space, IR divergences ap-
pear in configurations where the momentum of a parton becomes unresolved. In such configurations,
a QCD matrix element factorizes into products of universal unresolved factors, which contain the IR
singularities, and reduced matrix elements, which depend only on the resolved kinematics. The antenna
subtraction formalism [216–218] makes use of this factorization in describing the divergent behaviour

I.22Author(s): X. Chen, E.W.N. Glover, T. Gehrmann, M. Jaquier.
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of matrix elements in terms of simpler normalized matrix elements involving an adequate set of partons.
Using these antenna functions, one can construct subtraction terms which, when added to the correspond-
ing matrix elements, make them well-defined and integrable over the whole phase space, thus allowing
for numerical integration.

With the reduced matrix element Mn (possibly with loops) and the jet function Jn, a typical
subtraction term has the form:

X l
m(pa, p2, . . . , pm−1, pb)|Mn(. . . , p̃a, p̃b, . . .)|2Jn(. . . , p̃a, p̃b, . . .), (I.4.54)

where X l
m(pa, p2, . . . , pm−1, pb) is the m-parton l-loop antenna function, which features the full IR di-

vergent behaviour of the partons p2, . . . , pm−1 in the colour ordering {pa, p2, . . . , pm−1, pb}. At NNLO,
one is required to consider values of (m, l) up to (4, 0) and (3, 1). The momenta p̃a and p̃b are given
through mappings {pa, p2, . . . , pm−1, pb} → {p̃a, p̃b} which interpolate between all unresolved configu-
rations of the partons p2, . . . , pm−1 with the hard radiators pa and pb. The subtraction terms can then be
integrated analytically over the phase spaces of the unresolved partons to obtain the integrated antenna
functions X lm(pA, pB), which feature explicit poles up to order 2(m − 2 + l) in D − 4. Together with
the mass factorization counterterms, which originate from the renormalization of the PDFs, they can be
shown to fully cancel the pole structure of the virtual loop matrix elements.

We have implemented all subprocesses for H + j at NNLO into the parton-level event generator
NNLOJET [198, 219], relying on the antenna subtraction method to cancel the implicit and explicit IR
divergences appearing in the matrix elements of the various contributions. This program allows for the
computation of all IR-safe observables related to H + j final states to NNLO accuracy. Renormalization
and factorization scale can be chosen on an event-by-event basis. In order to stabilize the numerical
integration, and to arrive at reliable error estimates on it, we divide the sample of Monte Carlo integration
points into sub-samples, on which a weighted average is performed (see [220–222] for details on this
procedure). The decay of the Higgs boson to two photons is included, and other decay modes will be
added in the future. The program allows us to make predictions for fiducial cross sections taking into
account appropriate event selection criteria and Higgs boson decay matrix elements.

The NNLOJET code is used for the fixed order predictions of the observables discussed in Sec-
tion I.4.3. Besides this, it also provides an independent validation of the fixed-order results described
in Section I.4.2.c (JVE method), which use the code of Ref. [174]. For example, the NNLOJET result
for the inclusive cross section with scale choice µF = µR = 1/2 ∗ mH and under infinite top mass
assumption is 17.7 pb for pT,min = 30 GeV. By removing the NNLO contribution from the quark-quark
initiated channels and including the finite top quark mass effect at LO (which is the exact setup used for
the fixed order results), the NNLOJET result fully agrees with the corresponding NNLO inclusive cross
sections quoted in Table 18.

I.4.3 Benchmarks for cross sections and differential distributions I.23

An accurate modelling of the differential distributions in gluon fusion production is important since
the experimental analyses typically combine measurements in different phase space regions, either to
improve the sensitivity to a signal or to target other Higgs boson production modes to which gluon fusion
is a background. In this section, comparisons are performed between the predictions of different parton-
level computations and hadron-level event generators, to assess their compatibilities and the accuracy of
the modelling.

Unless otherwise specified, all the predictions correspond to a Higgs boson mass of 125 GeV,√
s = 13 TeV, and the choice of SM input parameters and PDFs in Sects. I.1– I.2. We will first list

the various codes and calculations used in the benchmarking, and then discuss predictions for several
observables in turn.

I.23Author(s): S. Forte, D. Gillberg, C. Hays, A. Lazopoulos, G. Petrucciani, A. Massironi, G. Zanderighi.
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Figure 22: Comparison of cross section in different regions of pT,H .

I.4.3.a Calculations and codes
We list here the calculations and codes used in the following benchmarking, and provide information
about settings whenever they differ from our default.

I.4.3.a.i Parton level codes
HRes: A parton-level code [223, 224] to compute differential distributions in gluon fusion production
at NNLO QCD accuracy, with NNLL QCD resummation for small pT(H) and matching to NLO QCD
H+1jet at large pT(H). Finite top, bottom, and charm quark masses are included at NLO QCD accuracy.

In this comparison, predictions were computed with a dynamical scale µR = µF = (

√
m2
H + p2

t )/2 and
with resummation scales Q1 = mH/2, Q2 = 2mb. The overall uncertainties are estimated by taking the
envelope of a seven-point scale variation of µR and µF for central Q1 and Q2 and a variation of Q1 and
Q2 one at a time by a factor two about their central value, with central µR and µF .
CuTe: A parton-level code [225], for the pT(H) differential distribution, with NNLL QCD resumma-
tion at small pT(H) and matching to NLO QCD H + 1jet at large pT(H). The resummation is based
on Soft Collinear Effective Theory (SCET) and NNLL accuracy is accordingly defined. The finite top
quark mass is included at LO QCD accuracy. The scale is chosen as µ = pT + q∗ exp(pt/q

∗) with
q∗ = 7.83 GeV. Uncertainties are estimated by varying µ by a factor two about its central value and by
varying the unknown coefficient F g(3,0) of the anomaly exponent F g in the range ±2(4π)F g(2,0), and also
by including one-sigma PDF uncertainties and varying αs in the range [0.1165, 0.1195].
NRV: A parton-level computation to NNLL resummed accuracy matched to the fixed-order O(α4

s) com-
putation [226]. Resummation is performed using a SCET approach and the logarithmic order is de-
fined accordingly. All quarks but top are assumed massless. Uncertainties are estimated as described in
Ref. [226]. The individual NNLO PDF sets MMHT and NNPDF3.0 entering the PDF4LHC recommen-
dations have been used, and uncertainties within and between the sets are included in the error estimation.
MRT: This code was described in Sect. I.4.2.e. It is based on a parton-level computation at NNLL for
the Higgs boson pT distribution matched to the NNLO (O(α5

s)) fixed-order prediction for Higgs+jet.
The central prediction uses µR = µF = mH , and Q = mH/2. The perturbative uncertainty for all
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predictions is estimated by seven-point scale variation of R and F with fixed resummation scale, and
varying the resummation scale by a factor two for fixed µR and µF .
BFGLP: A parton-level prediction for H + 1jet at NNLO QCD using jettiness subtraction [183]. The
prediction is not matched to inclusive gluon fusion production, and thus the resulting pT(H) distribution
can be directly compared to the other predictions only well above the jet pT threshold used in the com-
putation (30 GeV), but has a higher accuracy because of the extra order in QCD. Predictions shown use
the settings of Ref. [9] but with NNPDF2.3 parton distributions.
NNLOJET: This code [198] was described in Sect. I.4.2.f. It has the same perturbative accuracy as
BFGLP. A threshold of pT = 30 GeV is adopted for jet counting. Uncertainties are estimated by three-
point scale variation about µr = µF = mH . The NNLOJET code was validated extensively against the
H+j NNLO calculation of [174] (discussed in Section I.4.2.d), yielding excellent agreement at below one
per cent for all distributions.
STWZ-BLPTW This code was described in Sect. I.4.2.c. It is a SCET-based resummation for the
jet veto at NNLL′+NNLO. The prescription used for uncertainty estimation was described in detail in
Sect. I.4.2.c.
JVE This code was described in Sect. I.4.2.d. It performs a N3LO+NNLL+LLR accurate resummation
for the jet veto, including heavy quark mass effects up to NLO. Beyond NLO, the heavy top result is
used as explained in Ref. [189]. The prescription used for uncertainty estimation was described in detail
in Sect. I.4.2.d.
Gosam + Sherpa: The predictions used in this comparison include up to three additional jets at NLO
QCD accuracy [227–229] in the approximation of an infinitely heavy top quark. The predictions pre-
sented in this report were computed using sets of Ntuples with generation cuts set to pT > 25 GeV , |η| <
4.5. The cut on the pseudorapidity can not be removed, but an explicit computation at LO shows that
the effect of these cuts is at the per cent level. The renormalization and factorization scales were set to
Ĥ
′
T

2 = 1
2

(√
m2

H + p2
T,H +

∑
i |pT,i|

)
, where the sum runs over all partons accompanying the Higgs

boson in the event. The theoretical uncertainties were estimated by varying both of them by factors of
0.5 and 2 around this central value. Further details are provided in Ref. [230].

I.4.3.a.ii Hadron-level event generators

MG5_ aMC@NLO: The predictions used in this comparison include up to two additional jets at NLO
QCD accuracy with the FXFX merging scheme, in the Effective Field Theory approach (mt → ∞).
The top quark mass is included via reweighting of the events. The full mass effects are included in all
multiplicities in all contributions apart from the two-loop matrix element in the virtual for H + 1jet and
H + 2jets NLO matrix elements, for which the correction is approximated using that of the Born contri-
bution. The bottom quark mass and the top-bottom interference are included in H + 0jet at NLO using
the resummation scales suggested in [231]. The central value of merging scale is set to 30 GeV, and the
deviations from using merging scales of 20 GeV and 50 GeV is taken as an uncertainty. Further details
are provided in Ref. [232].
Powheg NNLOPS: Predictions have NNLO QCD accuracy for inclusive events, and NLO+PS for
Higgs+one jet. Top and bottom quark mass effects are included up to NLO according to Ref. [233].
The central scale choice is µF = µR = mH/2. Uncertainties are obtained by preforming a three-point
scale variation of µR = µF by a factor two about the central value for the NNLO part, and using a
9-point variation for the Powheg scale. These two uncertainties are taken as uncorrelated and are added
in quadrature to obtain the total QCD scale variation. Uncertainties are also provided for switching off
bottom and top mass effects.
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Figure 23: Various predictions for the inclusive and exclusive jet cross section for gluon fusion Higgs boson
production.

I.4.3.b Observables

We will first discuss results for integrated cross-sections, then consider various differential distributions.

I.4.3.b.i Cross-sections

In Figure 22 we compare predictions for cross-sections in different ranges of the Higgs boson pT . Cross-
sections are obtained integrating differential pT,H distributions separately for each uncertainty variation
provided. The uncertainties about the central value are obtained using the prescription associated with
each prediction, most commonly quadratic addition of the difference from the nominal for each effect
considered.

The QCD scale uncertainty is obtained by integrating the spectrum for each scale choice and
taking the envelope around the nominal integral. The exception is NNLOPS, for which two QCD scale
uncertainties are considered: one uncertainty from the three-point envelope of the NNLO part, and a
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Figure 24: Predictions of the Higgs boson rapidity distribution for gluon fusion production, including both parton-
level calculations and hadron-level MC predictions. The spectra are shown at the inclusive level (left) and with a
jet cut (right).

Table 23: Fraction of gg → H events in different kinematic regions from various predictions (central values only).
The numbers in italic font have been obtained by using the N3LO cross section with the EW component subtracted
48.58− 2.4 = 46.18 pb. GOSAM+SHERPA use separate predictions for each jet bin: ggF + 1, 2 and 3 jets at NLO,
respectively. In all other cases numbers are normalized to their respective predictions.

pT,H/ GeV Njets, pT,j > 30 GeV
Prediction < 20 > 60 > 120 = 0 = 1 ≥ 2 ≥ 3

HRes 34.9% 20.9% 5.60% − − − −
CUTE 38.8% 18.2% 4.76% − − − −
MRT 38.3% 20.7% 6.00% − − − −
NRV 47.3% 18.0% 5.74% − − − −
BLPTW − − − 62.2% 25.2% 12.6% −
JVE − − − 60.7% − − −
NNLOJET − 19.4% 5.83% 63.8% 24.9% 11.3% 3.63%
GOSAM+SHERPA − − − − 22.6% 10.0% 3.22%
POWHEG NNLOPS 36.5% 21.0% 5.20% 62.3% 26.6% 11.1% 2.63%
aMCNLO MG5 34.9% 23.9% 6.84% 60.2% 27.5% 12.4% 3.52%
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separate uncertainty from the nine-point envelope of the Powheg scale. These uncertainties are treated as
independent sources and are hence added in quadrature. The former affects the normalization ("yield")
while the latter affects the migration between low and high Higgs boson (and jet) pT .

It should be pointed out that not all predictions include the same set of uncertainties. All include
QCD scale variations, which is always the dominant uncertainty. Some also include other uncertainties,
for example from choices of PDF set and resummation scale.

For the following discussion we find it useful to take the MRT prediction as a reference, since it
has the nominally highest accuracy both at low and high pT,H . At low pT,H < 20 GeV we see that
MRT is in good agreement with all codes which include N2LL resummation (HRes, CuTe and NRV). At
high pT,H MRT agrees well with NNLOJET both in central value and (small) uncertainty. We note that
POWHEG NNLOPS agrees well with MRT both at low pT,H (even though it does not have formally
NNLL accuracy) and at high pT,H (even if it does not have NNLO corrections to Higgs+1 jet). On the
other hand, we observe that MG5_aMC@NLO is lower and with rather larger uncertainty at low pT since
it does not include the NNLO correction to Higgs boson production. The GoSam+Sherpa prediction at
high pT is lower. Finally we remark that the NRV prediction tends to be lower at medium and large
pT,H , which also reflect on their total cross section. This might be related to the shape function used in
the intermediate region by this group in order to switch to the fixed order result at high pT,H .

Next, in Figure 23 we compare predictions for inclusive (top) and exclusive (bottom) jet-binned
cross sections. The 0-jet inclusive cross-sections obtained integrating the N3LO+JVE+N3LL construc-
tion is by definition the recent N3LO result. Furthermore, for the 0-jet inclusive cross-section Powheg
NNLOPS is accurate at NNLO; STWZ is formally also NNLO accurate, but it is higher (and with smaller
uncertainty) as it includes π2 resummation; MG5_aMC@NLO is on the other hand lower and with
larger uncertainties as it is only accurate to NLO. In the inclusive one-jet bit all predictions which are
NNLO accurate (for Higgs+1 jet) are in good agreement with each other, while GoSam+Sherpa and
MG5_aMC@NLO are lower. Note that even though Powheg NNLOPS does not include NNLO correc-
tions, it is in good agreement with the NNLO-accurate predictions. In the higher inclusive jet bins all
results are in reasonable agreement, with differences most likely due to choices of scale and the treatment
of heavy quarks. We note that for the 3-jet cross-section the NNLOJET prediction has a very large un-
certainty due to its LO nature. For Powheg NNLOPS the third jet is only provided by parton showering;
it is however known that the uncertainty is underestimated in this case.

Exclusive cross sections follow a similar pattern. Note that in this case the uncertainties shown for
MG5_aMC@NLO and Powheg NNLOPS are unreliable as jet veto effects are not properly accounted
for.

The fractions of events in the various inclusive and exclusive bins are tabulated in Table 23.

I.4.3.b.ii Differential distributions

In Figure 24 we compare Higgs boson rapidity distributions, both at the inclusive level (left) and with
a jet cut (right) defined as above. At the inclusive level, as before, the NLO MG5_aMC@NLO result
undershoots the predictions from HNNLO and Powheg NNLOPS which by construction agree with each
other. Note that the K-factor is not flat: NNLO corrections are more important for large rapidity. Also in
the presence of a jet the NLO result from GoSam+Sherpa is somewhat low. The BFGLP and NNLOJET
results substantially differ in shape, especially at high rapidity, and the BFGLP result seems to have very
small scale uncertainties. However, it should be noted that the BFGLP setup is different to the default
(see Section I.4.3.a.i), and in particular different PDFs are used.

Next, in Figure 25 we show the Higgs boson transverse momentum distribution at low pT . Note
that all predictions but CuTe have bins with width of 10 GeV. The CuTe, MRT and HRes results are in
good agreement throughout the pT range, with some differences appearing for pT ∼< 10 GeV. Again the
NLO prediction from MG5_aMC@NLO is lower and with a somewhat different shape; similar consid-
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Figure 25: Same as Figure 24, but for the Higgs boson transverse momentum distribution at low pT .
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Figure 26: Same as Figure 25 for pT,H > 60 GeV.
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Figure 27: Leading (left) and subleading (right jet pT distributions.

erations apply to NRV at high pT which has the same fixed-order accuracy. At low pT NRV does not
appear to have a Sudakov peak at the same pT value as other results. NNLOPS follows closely the HRes
result, with only minor differences in the smallest pT bin.

The high pT region for the same distributions is shown in Figure 26. Note that predictions should
be taken with care for pT >∼ mT , as they are all obtained in the infinite top mass approximation. As
above, HRes and Powheg NNLOPS agree well within uncertainties for all pT values. At high pT MRT
and NNLOJET display a somewhat harder spectrum because they include NNLO corrections to the one-
jet configuration. The CuTe prediction agrees well with HRes for all pT values. The NRV prediction
appears to have a somewhat different shape, and it overshoots the HRes prediction at the largest pT
despite not including NNLO corrections. Uncertainties are all comparable, with the MRT uncertainty
smallest as expected since it includes the N3LO correction to the inclusive result.

We now turn to the leading and subleading jet pT distributions, shown in Figure 27. For the lead-
ing jet (left plot) the NNLOJET result, which is NNLO, is higher and with smaller uncertainty than
GoSam+Sherpa and MG5_aMC@NLO, which agree well with each other. The Powheg prediction is af-
fected by large statistical fluctuations, but the shape can be understood by noting that at low pT it agrees
with NNLOJET as it includes the NNLO correction to Higgs boson production, while at high pT it re-
produces the behaviour of the other NLO Monte Carlos. For the subleading jet (right plot) all predictions
but Powheg NNLOPS have the same NLO accuracy and agree within uncertainties. Powheg NNLOPS
on the other hand is leading-order only and its uncertainty is known to be somewhat underestimated, yet
it is in reasonable agreement with the other results.

In Figure 28 we show the transverse momentum of the third jet (left) and of the Hjj system (right).
These two distributions start at O(α5

s) and thus they coincide in the NNLOJET computation, which
provides a purely leading-order description of these quantities and is thus affected by a large uncertainty.
On the other hand, the pT of the third jet (left plot) is described by GoSam+Sherpa at NLO, and in this
case the uncertainty is reduced. The Powheg NNLOPS result for this distribution agrees well with these
computations despite the fact that the third jet is only given by the parton shower. As far as the Hjj pT
is concerned now GoSam+Sherpa HJJ@NLO and NNLOJET both provide a leading-order description
while GoSam+Sherpa HJJJ@NLO provides a NLO description at high pT . The leading order predictions
agree well within their large uncertainties. The NLO correction is positive at large pT but the uncertainty
is not significantly reduced [230]. At lower pT the HJJJ@NLO becomes unreliable as it misses part of
the NLO correction since the transverse momentum of all jets, including the third one, is by construction
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Figure 28: The transverse momentum of the third jet (left) and of the Hjj system (right).
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Figure 29: Two-jet variables typically used in VBF studies: from left to right, mass of the dijet system, distance
in rapidity, and azimuthal angle between the two jets.

pT > 30 GeV. The Powheg NNLOPS follows, and in fact exceeds HJJJ@NLO at high pT but it lies
below the LO result at lower pT .

Finally in Figure 29 we show variables relevant for VBF studies. Cross-sections are also tabulated
in Table 24. All results agree reasonably well within the large uncertainties.

I.4.4 Effects of heavy-quark masses I.24

The Higgs Effective Field Theory (HEFT) framework for perturbative calculations of the gluon fusion
Higgs boson production process is a well established tool that allows a significant reduction of com-
plexity in higher-order QCD calculations. In this approach, the heavy-quark-loop induced Higgs-gluon
coupling of the Standard Model (SM) is approximated by taking into account only the top quark con-
tribution and by calculating production amplitudes in the limit of an infinite top quark mass. This is
typically achieved by deriving the relevant amplitudes from the effective Lagrangian

LHEFT = −C1

4v
HGµνG

µν , (I.4.55)

I.24Author(s): F. Krauss, S. Kuttimalai, P. Maierhöfer, M. Schönherr.
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Table 24: Predicted cross sections for gg → H with VBF topology. The QCD uncertainties shown for POWHEG

NNLOPS are not valid (the third jet is from the showering). Fixed order NLO predictions with two and three jets
are provided by GOSAM+SHERPA. The last two rows show results from normalizing the inclusive cross section to
46.18 pb.

mjj > 400 GeV, ∆yjj > 2.8 mjj > 600 GeV, ∆yjj > 4.0

pT,j3 / GeV pT,j3 / GeV
Prediction no jet veto < 30 > 30 no jet veto < 30 > 30

POWHEG NNLOPS 653+86
−86 fb 435+54

−54 fb 218+32
−32 fb 283+36

−36 fb 198+24
−24 fb 85+12

−12 fb
MG5_ aMC@NLO 512+152

−133 fb 329+92
−84 fb 183+67

−54 fb 214+62
−57 fb 142+39

−37 fb 72+29
−21 fb

HJJ@NLO 610+74
−120 fb 435+0

−70 fb − 268+32
−55 fb 195+0

−31 fb −
HJJJ@NLO − − 240+17

−54 fb − − 97+5
−22 fb

NNLOPS, k = 1.05 683+90
−90 fb 455+57

−57 fb 228+33
−33 fb 296+38

−38 fb 207+25
−25 fb 89+13

−13 fb
MG5, k = 1.41 721+214

−188 fb 463+129
−118 fb 258+94

−76 fb 302+87
−80 fb 200+55

−52 fb 101+41
−29 fb

with the gluon field strength tensor Gµν , the Higgs field H , and a perturbatively calculable Wilson coef-
ficient C1. This Lagrangian gives rise to tree-level couplings that replace the loop-induced SM couplings
between gluons and the Higgs boson, effectively reducing the number of loops in any calculation by one.

When considering the total inclusive Higgs boson production cross section, finite top quark mass
effects remain very moderate even at higher orders in QCD [103–106, 234, 235]. In the tail of the
transverse momentum spectrum of the Higgs boson or for heavy Higgs boson (virtual) masses, how-
ever, the corrections can become very large, indicating a complete breakdown of the HEFT approxima-
tion [236, 237]. It has also been known for a long time that the bottom quark loops, which are entirely
neglected in the HEFT, affect the spectrum in the small-pH⊥ region [237,238]. In this region, an all-order
resummation of QCD corrections is required. Standard techniques need to be adapted in order to achieve
this due to the bottom quark mass that introduces an additional scale into the calculation [224].

Several fully differential Monte Carlo codes have therefore been developed that take into account
the full heavy quark mass dependence at NLO [141, 224, 239, 240]. NLO results for Higgs boson pro-
duction in association with a jet are not available for finite heavy quark masses due to missing two-loop
amplitudes for this process.

In this note, we present an approximate treatment of finite top mass effects at NLO based on one-
loop amplitudes only. This allows us to calculate Higgs plus n-jet processes at NLO, while retaining
finite top mass effects in an approximate way. Using this approximation, we employ multijet merg-
ing techniques [241] to merge higher-multiplicity NLO processes matched to a parton shower into one
exclusive event sample, extending similar approaches [242–245] in terms of jet multiplicity and αs ac-
curacy. Based on leading order merging, we also suggest a method to address the issues raised in [224]
concerning the inclusion of bottom quark contributions in the low-pH⊥ region.

I.4.4.a Implementation of quark mass corrections

In order to take into account the full heavy quark mass effects in the hard scattering at leading order, we
replace the approximate HEFT tree-level matrix elements provided by Sherpa’s matrix element generator
Amegic++ [246] with the exact one-loop matrix elements provided by OpenLoops [247] in combination
with Collier [248]. This allows the calculation of processes with up to three additional jets in the final
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state at leading order, with the full top and bottom quark mass dependency taken into account.

At NLO, the cross section for the production of a Higgs boson accompanied by a certain number
m− 1 of jets receives contributions from two integrals of different phase space dimensionality.

σ =

∫
(B + V + I)dφm +

∫
(R− S)dφm+1 (I.4.56)

The born term B and the real emission term R are present already at leading order for processes of the
respective jet multiplicity and can be corrected as in the leading order calculation. I(φm) and S(φm+1)
denote the integrated and differential Catani-Seymour subtraction terms, respectively [249]. They render
both integrals separately finite and are built up from leading-order m-particle matrix elements dressed
with appropriate splitting kernels and can henceforth be corrected by using the full one-loop matrix
elements instead of the tree-level HEFT approximation. Note that because we correct R and S with
matrix elements of different final state multiplicity, the mere convergence of the corresponding integral
already provides a crucial test for our implementation.

The IR-subtracted virtual correction V receives contributions from two-loop diagrams when taking
into account the full heavy quark mass dependencies. Since these amplitudes are available only for the
Higgs boson plus zero-jet final state, we employ an ad-hoc approximation that only involves one-loop
matrix elements (even for the Higgs boson plus zero-jet final state). We assume a factorization of the
αs-corrections from the quark mass corrections and set

V = VHEFT
B

BHEFT
. (I.4.57)

In this approximation, we can straightforwardly apply finite top mass corrections in simulations employ-
ing CKKW multi jet merging at NLO in the MEPS@NLO scheme [241].

We expect the approximation (I.4.57) to give reasonable results only if the HEFT-approximation
is valid. For any contribution involving the bottom Yukawa coupling yb , it cannot be used due to
the small bottom quark mass. This applies to the interference terms proportional to ytyb as well as
the squared bottom contributions proportional to y2

b . We therefore calculate terms that involve yb as
separate processes at leading order. The NLO corrections to the total inclusive cross sections for the ytyb
contributions and the y2

b contributions are only O1% and O20%, respectively [250]. Furthermore, the
y2
b contributions featuring the slightly larger NLO K-factor are significantly suppressed compared to the
ytyb terms [250]. We therefore consider a treatment at leading order sufficiently accurate. Any terms
proportional to y2

t will however be calculated at NLO in the approximation described above.

I.4.4.b Finite top mass effects
As mentioned in the introduction, the total inclusive cross section is only mildly affected by finite top
mass effects. The low-pH⊥ region, where the bulk of the cross section is located, can therefore be expected
to exhibit only a moderate dependence on the top quark mass. In kinematic regimes where any invariant
significantly exceeds mt, however, we expect the HEFT approximation to break down. The pH⊥ distribu-
tions in Figure 30 (left) exemplify this picture. We show Higgs boson transverse momentum distributions
for final states with one, two, and three jets calculated at fixed leading order. Jets are reconstructed using
the anti-kT algorithm with a radius parameter of R = 0.4 and a minimum jet p⊥ of ∼ 30 GeV except in
the 1-jet case, where we apply only a small minimum p⊥-cut of ∼ 1 GeV. The distributions for all three
jet multiplicities exhibit a very similar pattern when comparing the full SM result to the HEFT approxi-
mation. Below pH⊥ ≈ mH , we observe a flat excess of around ∼ 6% that recovers the correction factor
to the total inclusive Higgs boson production cross section at leading order. The deviations become very
large when pH⊥ significantly exceeds mt, as expected. The similarity of the top mass dependency of the
pH⊥ spectrum for all jet final multiplicities confirms similar findings for one- and two-jet configurations
in [251].
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Figure 30: The Higgs boson transverse momentum spectrum in gluon fusion. We show individual curves for
the HEFT approximation (dashed) and the full SM result taking into account the mass dependence in the top
quark loops. The lower panel shows the ratio of the SM results to the HEFT approximation. Left: LO fixed
order calculation for up to three jets. The error bands indicate the uncertainties obtained from variations of the
factorization and renormalization scales. Right: Multijet merged calculation. We include the zero and one jet
final states at NLO as well as the two jet final state at leading order. The individual curves show inclusive N -jet
contributions.

In Figure 30 (right), we show analogous results obtained from the MEPS@NLO simulation. We
included NLO matrix elements for the zero- and one-jet final states as well as leading order matrix
elements for the two-jet final state in the merged setup and set Qcut to ∼ 30 GeV. From the ratio plot
in Figure 30 it is evident that in our approximation we recover the same suppression patterns as in the
respective fixed leading order calculations for all jet multiplicities. This is a nontrivial observation as an
m-jet configuration receives corrections from m-jet matrix elements as well as from m + 1-jet matrix
elements through the real emission corrections R in (I.4.57).

I.4.4.c Nonzero bottom mass effects

As pointed out already in [237, 238], the inclusion of the bottom quark in the loops affects the pH⊥
distribution only at small values of pH⊥ around mb. In Figure 31 we reproduce these findings for the
process pp → H + j at fixed order. In the p⊥ range around mb where the bottom effects are large,
a fixed order prediction is of course unreliable due to the large hierarchy of scales between mH and
the transverse momentum. This large separation of scales induces Sudakov logarithms ln(mH/p⊥) that
spoil any fixed order expansion and require resummation.

It was argued in [224] that the resummation of these logarithms is complicated by the presence
of the bottom quark in loops that couple to the Higgs boson. The bottom quark introduces mb as an
additional scale above which the matrix elements for additional QCD emissions do not factorize. Since
a factorization is essential for the applicability of resummation techniques, it was proposed to use a
separate resummation scale of the order of mb for the contributions involving yb, thereby restricting
the range of transverse momenta where resummation is applied to the phase space where factorization
is guaranteed. Two quantitative prescriptions have been proposed for the determination of a specific
numerical value for the resummation scale of the bottom contributions [231, 252]. These two methods
yield numerical values of∼ 9 GeV and∼ 31 GeV [250] for the dominant top-bottom interference terms.
In addition to mb, we will therefore consider these values for our numerical studies. The pure top quark
contributions proportional to y2

t will be treated as usual, with the resummation scale set to mH .
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Figure 31: Bottom quark mass effects at fixed leading order. The minimum jet p⊥ is set to ∼ 1 GeV in order to
display map out the low pH⊥ region as well.

While reference [224] was concerned with analytical resummation techniques, similar approaches
were studied in the context of NLO-matched parton shower Monte Carlos [231,250,252]. Our discussion
will be restricted to the leading order as the approximation used for the NLO calculation of the top
quark contributions (I.4.57) is invalid for the bottom quark terms. The equivalent of the resummation
scale in analytic calculations is the parton shower starting scale µPS because it restricts parton shower
emissions to the phase space below this scale and because this scale enters as the argument in the Sudakov
form factors. Using separate parton shower starting scales for the top and the bottom contributions,
respectively, requires to generate and shower them separately as well. A corresponding separation of
terms in the one-loop matrix elements can be achieved with OpenLoops. By means of this separation
into terms proportional to y2

t and the remainder, we can generate an MC@NLO sample for the top quark
contributions while calculating the terms involving yb at leading order. Figure 32 (left) shows the pH⊥
spectrum obtained this way. We show results with µbPS set to mb, ∼ 9 GeV, and ∼ 30 GeV as motivated
above. The parton shower starting scale for the top quark contributions will be µtPS = mH throughout.
For small µbPS, the suppression in the low p⊥ region below mb is much more pronounced than in the
fixed order result in Figure 31. This is because, pictorially speaking, without changing the cross section
of the individual contributions, the parton shower simulation spreads the y2

t part over a much wider range,
up to O(mH), than for the negative ytyb, up to O(mb) only. The spectrum in this region is therefore
extremely sensitive to variations of µbPS. When varying µbPS to sufficiently low values, the differential
cross section may even become negative, clearly an unphysical result. We stress, again, that this is not
a physical effect but an artefact of the unitary nature of the parton shower. Setting the value of µbPS to
a small value, the entire leading order bottom cross section contributions will be distributed in a phase
space with Higgs boson transverse momenta not significantly exceeding µbPS. Since this cross section is
negative, the spectrum must become negative at some point when lowering µbPS.

We therefore suggest another approach at taking into account the bottom quark contributions in
a parton shower Monte Carlo simulation. We account for the non-factorization of the real emission
matrix elements above some scale Qbcut by correcting parton shower emissions harder than this scale
with the appropriate fixed order matrix elements. This can be done consistently in the CKKW merg-
ing scheme [242, 253]. Setting the merging scale for the bottom contributions Qbcut to mb allows the
correction of the parton shower in the regime where the matrix elements involving mb do not factorize
(without restricting all emissions to the phase space below). Above Qcut, the fixed-order accuracy of
the real emission matrix elements is thereby retained. Since any NLO prediction of the inclusive process
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Figure 32: Left: Bottom quark mass effects at LO+PS accuracy with small parton shower starting scales µbPS. The
specific values chosen for µbPS are motivated in the text. Right: Bottom quark mass effects taken into account by
means of CKKW merging with a small merging scale Qbcut = O(mb). The red error band shows variations of this
scale as indicated.

describes the p⊥ spectrum only at leading order, our approach retains the same parametric fixed order
accuracy when considering the pH⊥ distribution. Beyond fixed order, the differences should be small since
the NLO corrections to the inclusive cross section are at the per cent level for the ytyb interference terms.

In Figure 32 (right) we show the bottom quark effects on the pH⊥ spectrum in this approach. We
include matrix elements with up to one jet in the merging such that a leading order accuracy in αs is
guaranteed for both the top and the bottom contributions to the pH⊥ spectrum. This allows a comparison
to Figure 31. The effects of the bottom quarks lead to a very similar suppression pattern over the entire
displayed range of pH⊥ . The large NLO K-factor that appears in the MC@NLO calculations of the top
contributions however affects the overall relative normalization of the bottom quark effects. They are
correspondingly smaller by roughly ∼ 50% in Figure 32 when compared to Figure 31. The sensitivity
to variations of the scale in the calculation that effectively accounts for the presence of the bottom mass
in the problem is drastically reduced. Figure 32 includes an error band corresponding to variations of
Qbcut in the large interval between mb and ∼ 31 GeV. On the displayed scale, these variations are hardly
visible.

I.4.4.d Conclusions

We presented in this section an implementation of heavy quark mass effects in gluon fusion Higgs boson
production that allows to systematically include finite top mass effects in an approximate way at NLO
for in principle arbitrary jet multiplicities in the final state. Based on this approximation, we presented
results for the Higgs boson transverse momentum distributions obtained from NLO matched and merged
samples. When comparing the top quark mass dependence in one-, two-, and three-jet final states, we
observed a universal suppression pattern that agrees very well with the corresponding leading order
results.

Our treatment of contributions involving the bottom Yukawa coupling is based on mb- and mt-
exact leading order matrix elements in combination with tree-level multijet merging techniques. We
argued that this approximation is appropriate since it allows to retain leading order accuracy for the
corresponding contributions in the pH⊥ -spectrum and it also allows to account for the non-factorization
of real emission amplitudes at scales above mb. In this approach, the uncertainty associated with the
appearance of mb as an additional scale in the calculation is drastically reduced.
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The production of a Standard Model Higgs boson in association with two hard jets in the forward and
backward regions of the detector, frequently quoted as the “vector-boson fusion” (VBF) channel, and the
production of a Higgs boson in association with a W or Z boson, known as “VH production” or “Higgs-
strahlung”, represent cornerstones in a comprehensive study of Higgs boson couplings at the LHC. These
production channels do not only provide valuable information on the couplings of Higgs bosons to the
massive gauge bosons by themselves, but also allow for the isolation of the Higgs boson decays into
τ -lepton or bottom-quark pairs, whose investigation is essential in the Higgs boson couplings analysis.

In the previous reports [7–9], state-of-the-art predictions and error estimates for the total and dif-
ferential cross sections for pp → H + 2 jets and pp → HV → H + 2 leptons were compiled (with
V = W,Z), but the process of improving and refining predictions is still ongoing, even within the Stan-
dard Model. In this contribution we update the cross-section predictions for VBF and VH production,
covering integrated total and fiducial cross sections as well as differential distributions. In detail, the pre-
sented state-of-the-art predictions include QCD corrections up to next-to-next-to-leading order (NNLO),
electroweak (EW) corrections up to next-to-leading order (NLO), and contributions from specific par-
tonic channels that open at higher perturbative orders, such as photon-induced collisions or gluon-fusion
contributions. Apart from collecting numerical results, we give recommendations as to how to combine
the individual components and to assess conservative estimates of remaining theoretical uncertainties.
Moreover, issues connected to the matching and the impact of parton showers (PS) are discussed.

I.5.1 VBF cross-section predictions

I.5.1.a Programs and tools for VBF

I.5.1.a.i HAWK

HAWK [254,255] is a parton-level event generator for Higgs boson production in vector-boson fusion [256,
257], pp→ H + 2 jets, and Higgs-strahlung [258], pp→ HV → H + 2 leptons (with V = W,Z). Here
we summarize its most important features for the VBF channel.

HAWK includes the complete NLO QCD and EW corrections and all weak-boson fusion and quark–
antiquark annihilation diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson ex-
change and s-channel Higgs-strahlung diagrams with hadronic weak-boson decay, as well as all inter-
ferences. HAWK allows for an on-shell Higgs boson or for an off-shell Higgs boson (with optional decay
into a pair of gauge singlets). The EW corrections include also the contributions from photon-induced
channels, but contributions from effective Higgs–gluon couplings, which are part of the QCD correc-
tions to Higgs boson production via gluon fusion, are not taken into account. External fermion masses
are neglected and the renormalization and factorization scales are set to MW by default. Since version
2.0, HAWK includes anomalous Higgs-boson–vector-boson couplings.
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I.5.1.a.ii MG5_aMC@NLO
Higgs boson production through VBF, possibly in association with extra jets, can be generated auto-
matically in MG5_aMC@NLO, and is thus exactly on the same footing as any other generic process. A
phenomenology study of H+2jet VBF production has been presented in Ref. [259], where NLO QCD
results matched to different parton showers (HERWIG6, HERWIG++ and virtuality-ordered PYTHIA6) have
been compared to fixed-order NLO predictions and the corresponding POWHEG-matched ones. Pre-
dictions for VBF matched to PYTHIA8 have been successively presented in Ref. [54]. The code for
simulating VBF Higgs boson production at the NLO(+PS) accuracy can be generated and run via the
commands

generate p p > h j j $$ w+ w- z [QCD]
output VBF-MG5_aMC
launch

where the $$ syntax forbids s-channel W and Z bosons. Virtual corrections featuring electroweak bosons
in the loop (pentagons) are not included when using the above command lines. Note that diagrams of
this class are either zero, or negligible for all practical purposes.I.25 As the default Standard Model in
MG5_aMC@NLO assumes a non-vanishing bottom mass, no b quark is included in the definition of the p
and j multiparticles. In order to include b quarks, it is sufficient to load the ‘loop_sm-no_b_mass‘ model
before generating the code, with the command

import model loop_sm-no_b_mass

In both cases, a VCKM = 1 is assumed and the Higgs boson is kept on its mass shell.
For what concerns Higgs plus three jets production in VBF, predictions for the third and the veto jet at
NLO+PS accuracy have been presented in Ref. [54], considering t-channel modes only. The relevant
code can be generated and executed with the commands

generate p p > h j j j $$ w+ w- z [QCD]
output VBF-MG5_aMC
launch

I.5.1.a.iii POWHEG
The POWHEG BOX is a program package that allows for the matching of NLO QCD calculations
with parton shower generators using the POWHEG method. VBF-induced Higgs boson production has
been implemented in the POWHEG BOX in the factorized approximation, where cross-talk between
the fermion lines is neglected, in Ref. [260]. More recently, also an implementation of Higgs boson
production in association with three jets via VBF, based on the NLO QCD calculation of Ref. [261], has
become available [262].

Both implementations are based on the respective NLO QCD calculations for genuine weak-boson
fusion topologies, i.e. the VBF approximation. Quark–antiquark annihilation and interference contribu-
tions between t- and u-channel contributions are disregarded. The CKM matrix elements can be assigned
by the user. External fermion masses are neglected throughout. For the choice of renormalization and
factorization scales, various options are available. For this report, fixed scales, µF = µR = MW , are
used, and contributions from external bottom and top quarks are entirely disregarded.

I.5.1.a.iv VBF@NNLO
VBF@NNLO [263, 264] computes VBF total Higgs cross sections at LO, NLO, and NNLO in QCD via the
structure-function approach. This approach [265] consists in considering VBF process as a double deep-

I.25For this reason, the internal check of pole cancellation fails. In order to disable these checks, the parameters
IRPoleCheckThreshold and PrecisionVirtualAtRunTime inside Cards/FKS_params.dat must be set to -1.
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inelastic scattering (DIS) attached to the colourless pure electroweak vector-boson fusion into a Higgs
boson. According to this approach one can include NLO QCD corrections to the VBF process employing
the standard DIS structure functions Fi(x,Q

2); i = 1, 2, 3 at NLO [266] or similarly the corresponding
structure functions at NNLO [267–270].

The effective factorization underlying the structure-function approach does not include all types
of contributions. At LO an additional contribution arises from the interferences between identical final-
state quarks (e.g., uu → Huu) or between processes where either a W or a Z can be exchanged (e.g.,
ud → Hud). These LO contributions have been added to the NNLO results presented here, even if they
are very small. Apart from such contributions, the structure-function approach is exact also at NLO.
At NNLO, however, several types of diagrams violate the underlying factorization. Their impact on the
total rate has been computed or estimated in Ref. [264] and found to be negligible. Some of them are
colour suppressed and kinematically suppressed [261,271,272], others have been shown in Ref. [273] to
be small enough not to produce a significant deterioration of the VBF signal.

At NNLO QCD, the theoretical QCD uncertainty is reduced to less than 2%. Electroweak cor-
rections, which are at the level of 5%, are not included in VBF@NNLO. The Higgs boson can either be
produced on its mass-shell, or off-shell effects can be included in the complex-pole scheme.

I.5.1.a.v proVBFH
proVBFH is a parton-level Monte Carlo program for the calculation of differential distributions for VBF
Higgs boson production to NNLO QCD accuracy. It is based on POWHEG’s fully differential NLO
QCD calculation for Higgs boson production in association with three jets via VBF [261, 262], and an
inclusive NNLO QCD calculation [263], the latter being taken in the structure-function approximation,
which are combined using the projection-to-Born method described in Ref. [274].

proVBFH uses a diagonal CKM matrix, Breit–Wigner distributions for the W and Z bosons, and
neglects fermion masses. It assumes that there is no cross-talk between the upper and lower hadronic
sectors. For this report, the factorization and renormalization scales are set to the W-boson mass, µR =
µF = MW .

I.5.1.a.vi VBFNLO
VBFNLO [275] is a parton-level Monte Carlo generator for the simulation of various processes with weak
bosons at NLO QCD accuracy. In particular, Higgs boson production in association with two [276] or
three jets [261] via VBF is implemented with different options for the decays of the Higgs boson. For
VBF Higgs boson production in association with two jets, in addition to the default SM implementation,
options are available for the inclusion of anomalous coupling effects [277] and VBF Higgs boson pro-
duction in the context of the MSSM [278]. NLO EW corrections to VBF can also be computed [278].
Quark–antiquark annihilation and interference contributions between t- and u-channel contributions are
not taken into account. In the following we will refer to this setup as “VBF approximation”.

I.5.1.b VBF parameters and cuts
The numerical results presented in the next section have been computed using the values of the EW
parameters given in Chapter I.1. The electromagnetic coupling is fixed in the GF scheme,

αGF =
√

2GFM
2
W(1−M2

W/M2
Z)/π, (I.5.1)

and the weak mixing angle, θw, is defined in the on-shell scheme,

s2
w ≡ sin2 θw = 1−M2

W/M2
Z. (I.5.2)

The renormalization and factorization scales are set equal to the W-boson mass,

µ = µR = µF = MW, (I.5.3)
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and both scales are varied in the range MW/2 < µ < 2MW keeping µF = µR, which catches the full
scale uncertainty of integrated cross sections (and of differential distributions in the essential regions).

In the calculation of the QCD-based cross sections, we have used the PDF4LHC15_nnlo_100
PDFs [35], for the calculation of the EW corrections we have employed the NNPDF2.3QED PDF
set [279], which includes a photon PDF. Note, however, that the relative EW correction factor, which
is used in the following, hardly depends on the PDF set, so that the uncertainty due to the mismatch in
the PDF selection is easily covered by the other remaining theoretical uncertainties.

For the fiducial cross section and for differential distributions the following reconstruction scheme
and cuts have been applied. Jets are constructed according to the anti-kT algorithm [191] with D = 0.4,
using the default recombination scheme (E scheme). Jets are constructed from partons j with

|ηj | < 5 , (I.5.4)

where ηj denotes the pseudo-rapidity. Real photons, which appear as part of the EW corrections, are an
input to the jet clustering in the same way as partons. Thus, in real photon radiation events, final states
may consist of jets only or jets plus a real identifiable photon, depending on whether the photon was
merged into a jet or not, respectively. Both events with and without isolated photons are kept.

Jets are ordered according to their pT in decreasing progression. The jet with highest pT is called
leading jet (j1), the one with next highest pT subleading jet (j2), and both are the tagging jets. Only
events with at least two jets are kept. They must satisfy the additional constraints

pTj > 20 GeV, |yj | < 5, |yj1 − yj2 | > 3 , Mjj > 130 GeV, (I.5.5)

where yj1,2 are the rapidities of the two leading jets. The cut on the 2-jet invariant mass Mjj is sufficient
to suppress the contribution of s-channel diagrams to the VBF cross section to the level of 1−2%, so
that the DIS approximation of taking into account only t- and u-channel contributions is justified. In the
cross sections given below, the s-channel contributions will be given for reference, although they are not
included in the final VBF cross sections by default.

While the VBF cross sections in the DIS approximation are independent of the CKM matrix,
quark mixing has some effect on s-channel contributions. For the calculation of the latter we employed
a Cabbibo-like CKM matrix (i.e. without mixing to the third quark generation) with Cabbibo angle, θC,
fixed by sin θC = 0.225. Moreover, we note that we employ complex W- and Z-boson masses in the
calculation of s-channel and EW corrections in the standard HAWK approach, as described in Refs. [256,
257].

The Higgs boson is treated as on-shell particle in the following consistently, since its finite-width
and off-shell effects in the signal region are suppressed in the SM.

I.5.1.c Integrated VBF cross sections
The final VBF cross section σVBF is calculated according to:

σVBF = σDIS
NNLOQCD(1 + δEW) + σγ , (I.5.6)

where σDIS
NNLOQCD is the NNLO QCD prediction for the VBF cross section in DIS approximation, based

on the calculation of Ref. [274] with PDF4LHC15_nnlo_100 PDFs. The relative NLO EW correction
δEW is calculated with HAWK, but taking into account only t- and u-channel diagrams corresponding to the
DIS approximation. The contributions from photon-induced channels, σγ , and from s-channel diagrams,
σs-channel are obtained from HAWK as well, where the latter includes NLO QCD and EW corrections. To
obtain σVBF, the photon-induced contribution is added linearly, but σs-channel is left out and only shown
for reference, since it is not of true VBF origin (like other contributions such as H+2jet production via
gluon fusion).
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Table 25: Total VBF cross sections including QCD and EW corrections and their uncertainties for different proton–
proton collision energies

√
s for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σDIS
NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

7 1241.4(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1281.1(1) −4.4 17.1 584.5(3)

8 1601.2(1) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1655.8(1) −4.6 22.1 710.4(3)

13 3781.7(1) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3939.2(1) −5.3 51.9 1378.1(6)

14 4277.7(2) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4460.9(2) −5.4 58.5 1515.9(6)

Table 26: Fiducial VBF cross sections including QCD and EW corrections and their uncertainties for different
proton–proton collision energies

√
s for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σDIS
NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

7 602.4(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 630.8(5) −6.1 9.9 8.2

8 795.9(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 834.8(7) −6.2 13.1 11.1

13 1975.4(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2084.2(10) −6.8 32.3 29.0

14 2236.6(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2362.2(28) −6.9 36.7 33.1

Tables 25 and 26 summarize the total and fiducial Standard Model VBF cross sections and the
corresponding uncertainties for the different proton–proton collision energies for a Higgs boson mass
MH = 125 GeV.

The scale uncertainty, ∆scale, results from a variation of the factorization and renormalization
scales (I.5.3) by a factor of 2 keeping µF = µR, as indicated above, and the combined PDF⊕αs uncer-
tainty ∆PDF⊕αs

is obtained following the PDF4LHC recipe [35]. Both ∆scale and ∆PDF⊕αs
are actually

obtained from σDIS
NNLOQCD, but this QCD-driven uncertainties can be taken over as uncertainty estimates

for σVBF as well. The theoretical uncertainties of integrated cross sections originating from unknown
higher-order EW effects can be estimated by

∆EW = max{0.5%, δ2
EW, σγ/σ

VBF}. (I.5.7)

The first entry represents the generic size of NNLO EW corrections, while the second accounts for po-
tential enhancement effects. Note that the whole photon-induced cross-section contribution σγ is treated
as uncertainty here, because the PDF uncertainty of σγ is estimated to be 100% with the NNPDF2.3QED
PDF set. At present, this source, which is about 1.5%, dominates the EW uncertainty of the integrated
VBF cross section

Results for the VBF cross sections from a scan over the SM Higgs boson mass MH can be found
in Appendix C. In detail the total cross sections are collected in Tables 193–196 and the fiducial cross
sections in Tables 197–200. Inclusive cross sections at NNLO QCD computed with the VBF@NNLO
code are shown in Tables 201–204 for the SM MHscan, and in Tables 205–206 for the energy scan. No
interpolation of results has been performed.
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Figure 33: Transverse-momentum and rapidity distributions of the Higgs boson in VBF at LO and including
NNLO QCD and NLO EW corrections (upper plots) and various relative contributions (lower plots) for

√
s =

13 TeV and MH = 125 GeV.

I.5.1.d Differential VBF cross sections

Figures 33–37 show the most important differential cross sections for Higgs boson production via VBF
in the SM. The upper panels show the LO cross section as well as the best fixed-order prediction,
based on the analogue of Eq. (I.5.6) for differential cross sections. The lower panels illustrate relative
contributions and the ratios (NLO/LO)qcd and (NNLO/NLO)qcd of QCD predictions when going from
LO to NLO QCD to NNLO QCD. Moreover, the relative EW correction to the (anti)quark–(anti)quark
channels (δEW = σEW/σLO) and the relative correction induced by initial-state photons (δγ = σγ/σLO)
are shown. Finally, the relative size of the s-channel contribution for Higgs+2jet production (δs-channel =
σs-channel/σLO) is depicted as well, although it is not included in the definition of the VBF cross section.
Integrating the differential cross sections shown in the following, and all its individual contributions,
results in the fiducial cross sections discussed in the previous section.

The ratio (NLO/LO)qcd shows a quite large impact of NLO QCD corrections, an effect that can be
traced back to the scale choice µ = MW , which is on the low side if mass scales such as pT and Mjj get
large in some distributions. The moderate ratio (NNLO/NLO)qcd, however, indicates nice convergence
of perturbation theory at NNLO QCD. The band around the ratio (NNLO/NLO)qcd illustrates the scale
uncertainty of the NNLO QCD cross section, which also applies to σVBF.

The EW corrections δEW to (pseudo)rapidity and angular distributions are rather flat, resembling
the correction to the integrated (fiducial) cross section. In the high-energy tails of the pT and Mjj

distributions, δEW increases in size to 10–20%, showing the onset of the well-known large negative EW
corrections that are enhanced by logarithms of the form (α/s2

w) ln2(pT/MW). The impact of the photon-
induced channels uniformly stays at the generic level of 1–2%, i.e. they cannot be further suppressed by
cuts acting on the variables shown in the distributions.

The contribution of s-channel (i.e. VH-like) production uniformly shows the relative size of about
1.5% observed in the fiducial cross section, with the exception of the Mjj and ∆yjj distributions, where
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Figure 34: Transverse-momentum and rapidity distributions of the leading jet in VBF at LO and including NNLO
QCD and NLO EW corrections (upper plots) and various relative contributions (lower plots) for

√
s = 13 TeV and

MH = 125 GeV.
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Figure 35: Transverse-momentum and rapidity distributions of the subleading jet in VBF at LO and including
NNLO QCD and NLO EW corrections (upper plots) and various relative contributions (lower plots) for

√
s =

13 TeV and MH = 125 GeV.
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Figure 36: Distributions in the invariant mass and in the rapidity difference of the first two leading jets in VBF at
LO and including NNLO QCD and NLO EW corrections (upper plots) and various relative contributions (lower
plots) for

√
s = 13 TeV and MH = 125 GeV.
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Figure 37: Distribution in the azimuthal-angle difference of the first two leading jets in VBF at LO and including
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this contribution is enhanced at the lower ends of the spectra. Tightening the VBF cuts at theses ends,
would further suppress the impact of σs−channel, but reduce the signal at the same time. As an alternative
to decreasing σs−channel, a veto on subleading jet pairs with invariant masses around MW or MZ may
be promising. Such a veto, most likely, would reduce the photon-induced contribution δγ , and thus the
corresponding uncertainty, as well.

The theoretical uncertainties of differential cross sections originating from unknown higher-order
EW effects can be estimated by

∆EW = max{1%, δ2
EW, σγ/σ

VBF}, (I.5.8)

i.e. ∆EW is taken somewhat more conservative than for integrated cross sections, accounting for possible
enhancements of higher-order effects due to a kinematical migration of events in distributions. Note that
δ2

EW, in particular, covers the known effect of enhanced EW corrections at high momentum transfer (EW
Sudakov logarithms, etc.). As discussed for integrated cross sections in the previous section, the large un-
certainty of the current photon PDF forces us to include the full contribution σγ in the EW uncertainties.
While the photon-initiated contribution obtained with NNPDF2.3QED or MRST2004QED is currently
affected by large PDF uncertainties, it should be noted that those uncertainties are considerably reduced
when the more recent LUXqed_plus_PDF4LHC15_nnlo_100 PDF set is instead employed [280].

I.5.2 VH cross-section predictions
I.5.2.a Programs and tools for VH
I.5.2.a.i HAWK
HAWK [254,255] is a parton-level event generator for Higgs boson production in vector-boson fusion [256,
257], pp → Hjj, and Higgs-strahlung [258], pp → HV → H + 2 leptons (with V = W,Z). Here we
summarize its most important features for the VH channel.

HAWK calculates the complete NLO QCD and EW corrections to the processes pp→WH→ νl lH
and pp → ZH → l−l+H/νlνlH, i.e. the leptonic decays and all off-shell effects of the W/Z bosons are
included. The Higgs boson can be taken as on-shell or off-shell (with optional decay into a pair of gauge
singlets). The EW corrections include also the contributions from photon-induced channels, but gluon-
fusion contributions (gg → ZH) are not taken into account. External fermion masses are neglected, and
the renormalization and factorization scales are set to MV +MH (V = W,Z) by default. Since version
2.0, HAWK includes anomalous Higgs-boson–vector-boson couplings.

I.5.2.a.ii MG5_aMC@NLO
Similar to the generation of any generic process, also Higgs boson production in association with a vector
boson can be generated automatically with MG5_aMC@NLO. At the NLO QCD accuracy, multiple jets can
also be included using the FxFx merging technique [206]. In Ref. [54] the example of H e+νe + 0, 1 jets
has been presented, and adding a further jet at the NLO is feasible with a small-scale cluster. The
situation is entirely similar for the case of ZH (possibly plus jet) production. The commands to generate
the corresponding codes are

import model loop_sm-no_b_mass
define l+ = e+ mu+ ta+
define l- = e- mu- ta-
define vl~ = ve~ vm~ vt~
define vl = ve vm vt
generate p p > h l+ l- [QCD] @0
add process p p > h l+ vl [QCD] @0
add process p p > h l- vl [QCD] @0
add process p p > h l+ l- j [QCD] @1
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Figure 38: Drell–Yan-like production modes for the associated production of a Higgs boson. Shown are represen-
tative Feynman diagrams needed to compute the O(α2

s ) corrections to the process. Examples are shown for each
of the 0-, 1-, and 2-parton phase-space configurations.

add process p p > h l+ vl j [QCD] @1
add process p p > h l- vl~ j [QCD] @1
add process p p > h l+ l- j j [QCD] @2
add process p p > h l+ vl j j [QCD] @2
add process p p > h l- vl~ j j [QCD] @2
output VH-MG5_aMC

The first command loads a five-flavour scheme model (the MG5_aMC default uses a four-flavour scheme
model), which sets the b-quark mass to zero and includes it in the definition of the p and j multi-particle
labels. The next four commands define the multi-particle labels for the leptons and neutrinos used in the
generate and add process commands. After writing the code to disk (with the output command)
the event generation can be started by executing the command launch. The FxFx merging algorithm is
available when matching to HERWIG6, PYTHIA8, or HERWIG++ partons showers [206, 281], and can be
turned on by setting the ickkw parameter to 3 in the file run_card.dat.

I.5.2.a.iii MCFM

The calculation is performed at NNLO QCD and includes the decays of the unstable Higgs and vector
bosons. We also include all O(α2

s) contributions that occur in production for these processes: those
mediated by the exchange of a single off-shell vector boson in the s-channel, and those which arise from
the coupling of the Higgs boson to a closed loop of fermions.

Examples of diagrams that contribute at NNLO QCD are shown in Figs. 38 and 39. The first type
of contributions has the same structure as single vector-boson production, c.f. Figure 38. Diagrams of
the second type, shown in Figure 39, all contain a closed loop of fermions and, in general, represent
the Higgs boson coupling directly to a heavy quark (predominantly a top-quark). Note that some of the
contributions shown in Figure 39 only occur for the case of ZH production and, for the gg → ZH contri-
butions, not all diagrams are proportional to the top-quark Yukawa coupling. Each of these contributions
results in NNLO QCD corrections at the few per cent level for typical cuts, so that inclusion of them
all is necessary in order to obtain sufficient theoretical control of this process. A further complication
is the inclusion of decays of the Higgs boson into bottom quarks, which we consider. Our calculation
also includes the significant impact of NLO QCD corrections in this decay, using the factorized approach
described in Refs. [282, 283]. This method takes advantage of improved descriptions of the total decay
rate that are available in the HDECAY code [69]. The assembly of a complete calculation at NNLO
QCD requires the regularization of infrared singularities, which we handle using the recently-developed
“jettiness subtraction” procedure [183,284–286] that has been implemented in the Monte Carlo program
MCFM [287–289]. A detailed description of our calculation can be found in Ref. [290].
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Figure 39: Diagrams representing associated production of a Higgs boson that are sensitive to the top Yukawa
coupling yt. The topologies indicated in the top line occur for either WH or ZH production and interfere with the
LO amplitude. The remaining topologies only occur for ZH production. The gg → ZH contribution represented
in the bottom line is not proportional to yt, as can be seen from the examples on the left (yt-dependent) and right
(no yt).

I.5.2.a.iv VHNNLO
VHNNLO [282, 283, 291] is a parton level program for the calculation of fully differential cross sections
for pp→WH and pp→ ZH including up to second order QCD corrections and the decays of the weak
bosons to leptons and of the Higgs boson to bottom quarks.

I.5.2.a.v VH@NNLO
VH@NNLO [292, 293] calculates the total inclusive cross section for pp → WH and pp → ZH produc-
tion, including all available QCD corrections through O(α2

s ), i.e. NNLO.I.26 Specifically, these are the
Drell–Yan-like terms (see Figure 38), given by the process qq̄ → HV (with V = W,Z) plus radiative
corrections due to virtual and real gluon and/or quark radiation [294, 295], as well as terms involving
closed top or bottom loops (see Figure 39). For the latter, we distinguish those that interfere with the
lowest-order qq̄ → HV (g) (with V = W,Z) amplitude (plus crossings) and which we simply denote
as “top-loop” terms σt-loop [296], and the gg → HZ process [295, 297–299]. VH@NNLO also includes the
NLO corrections for this latter process, which are of order α3

s [300]. The NLO+NLL corrections for that
process quoted below are not yet included in VH@NNLO [301].

I.5.2.b VH parameters and cuts
The numerical results presented in the next section have been computed using the values of the EW
parameters given in Chapter I.1. The electromagnetic coupling is fixed in the GF scheme,

αGF =
√

2GFM
2
W(1−M2

W/M2
Z)/π, (I.5.9)

and the weak mixing angle is defined in the on-shell scheme,

sin2 θw = 1−M2
W/M2

Z. (I.5.10)

I.26Large parts of VH@NNLO are taken over from ZWPROD by W. van Neerven [294].
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In the calculation of the QCD-based cross sections, the renormalization and factorization scales
are set equal to the invariant mass of the VH system,

µ = µR = µF = MVH, M2
VH ≡ (pV + pH)2, (I.5.11)

and both scales are varied independently in the range MVH/3 < µ < 3MVH. The PDFs are taken from
the set PDF4LHC15_nnlo_mc PDFs.

For the calculation of the EW corrections we employed the NNPDF2.3QED PDF set [279], which
includes EW corrections and a photon PDF. For the calculation of photon-induced contributions to the
cross sections with a realistic error estimate we took into account the photon PDF of the MRST2004QED
PDF set [302] as well. A considerable reduction in the photon PDF uncertainty can be achieved by using
the more recent LUXqed_plus_PDF4LHC15_nnlo_100 PDF set [280].

Note, however, that the relative EW correction factor, which is used in the following, hardly de-
pends on the PDF set, so that the uncertainty due to the mismatch in the PDF selection is easily covered
by the other remaining theoretical uncertainties. Moreover, the EW corrections show a very small de-
pendence on the factorization scale, so that the use of µF = MV + MH is acceptable,I.27 although full
consistency would require to use equal QCD and QED factorization scales.

For the fiducial cross section and for differential distributions the following reconstruction scheme
and cuts have been applied. Jets are constructed according to the anti-kT algorithm [191] with D = 0.4,
using the default recombination scheme (E scheme). Jets are constructed from partons j with

|ηj | < 5 , (I.5.12)

where yj denotes the rapidity of the (massive) jet. In the presence of phase-space cuts and in the gen-
eration of differential distributions, the treatment of real photons, which appear as part of the NLO EW
corrections, has to be specified. In the following we assume perfect isolation of photons from leptons.I.28

The charged leptons l have to pass the following acceptance cuts,

pTl > 15 GeV, |yl| < 2.5 . (I.5.13)

For ZH production with Z → `+`− the invariant mass of the two leptons should further concentrate
around the Z pole,

75 GeV < Mll < 105 GeV. (I.5.14)

While the ZH cross sections are independent from the CKM matrix, quark mixing has some effect
on WH production. For the calculation of the latter we employed a Cabbibo-like CKM matrix (i.e.
without mixing to the third quark generation) with Cabbibo angle θC fixed by sin θC = 0.225. Moreover,
we note that we employ complex W- and Z-boson masses in the calculation of the EW corrections in the
standard HAWK approach, as described in Ref. [258].

The Higgs boson is treated as on-shell particle in the following consistently, since its finite-width
and off-shell effects in the signal region are suppressed in the Standard Model.

I.5.2.c Total VH cross sections
Tables 27 and 28 summarize the total Standard Model W±H cross sections with W+→l+νl and W−→l−ν̄l
as well as the corresponding uncertainties for different proton–proton collision energies for a Higgs bo-
son mass MH = 125 GeV. Tables 29 and 30 likewise show the respective results on the total Standard
Model ZH cross sections with Z→ `+`− and Z→ νν̄ (summed over three neutrino generations).

I.27In its present version, HAWK does not support dynamical scales.
I.28Perfect isolation to some extent applies to muons going out into the muon chamber. A simulation of radiation off electrons

requires some recombination of collinear electron–photon pairs, mimicking the inclusive treatment of electrons within electro-
magnetic showers in the detector. The two different treatments were compared in Ref. [258], revealing differences at the 1%
level for the relevant physical observables.
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Table 27: Total W+(→l+νl)H cross sections including QCD and EW corrections and their uncertainties for
different proton–proton collision energies

√
s for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σDY
NNLOQCD[fb] σt-loop[fb] δEW[%] σγ[fb]

7 40.99 +0.7
−0.9 ±1.9/± 0.7/± 2.0 42.78 0.42 −7.2 0.88+1.10

−0.10

8 49.52 +0.6
−0.9 ±1.8/± 0.8/± 2.0 51.56 0.53 −7.3 1.18+1.38

−0.14

13 94.26 +0.5
−0.7 ±1.6/± 0.9/± 1.8 97.18 1.20 −7.4 3.09+3.33

−0.37

14 103.63 +0.3
−0.8 ±1.5/± 0.9/± 1.8 106.65 1.36 −7.4 3.55+3.72

−0.43

Table 28: Total W−(→l−ν̄l)H cross sections including QCD and EW corrections and their uncertainties for
different proton–proton collision energies

√
s for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σDY
NNLOQCD[fb] σt-loop[fb] δEW[%] σγ[fb]

7 23.04 +0.6
−0.8 ±2.2/± 0.6/± 2.3 23.98 0.24 −7.0 0.51+0.69

−0.05

8 28.62 +0.6
−0.8 ±2.1/± 0.6/± 2.1 29.71 0.31 −7.1 0.70+0.94

−0.07

13 59.83 +0.4
−0.7 ±1.8/± 0.8/± 2.0 61.51 0.78 −7.3 2.00+2.34

−0.22

14 66.49 +0.5
−0.6 ±1.7/± 0.9/± 1.9 68.24 0.89 −7.3 2.32+2.65

−0.26

Table 29: Total ZH cross sections with Z → `+`− including QCD and EW corrections and their uncertainties for
different proton–proton collision energies

√
s for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σ
DY
NNLOQCD[fb] σ

ggZH
NLO+NLL[fb] σt-loop[fb] δEW[%] σγ[fb]

7 11.43
+2.6
−2.4 ±1.6/± 0.7/± 1.7 10.91 0.94 0.11 −5.2 0.03

+0.04
−0.00

8 14.18
+2.9
−2.4 ±1.5/± 0.8/± 1.7 13.36 1.33 0.14 −5.2 0.04

+0.05
−0.00

13 29.82
+3.8
−3.1 ±1.3/± 0.9/± 1.6 26.66 4.14 0.31 −5.3 0.11

+0.12
−0.01

14 33.27
+3.8
−3.3 ±1.3/± 1.0/± 1.6 29.47 4.87 0.36 −5.3 0.12

+0.13
−0.01

Table 30: Total ZH cross sections with Z → νν̄ (summed over three neutrino generations) including QCD and
EW corrections and their uncertainties for different proton–proton collision energies

√
s for a Higgs boson mass

MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs

[%] σ
DY
NNLOQCD[fb] σ

ggZH
NLO+NLL[fb] σt-loop[fb] δEW[%] σγ[fb]

7 68.18
+2.6
−2.4 ±1.6/± 0.7/± 1.7 64.70 5.59 0.64 −4.3 −0.00

8 84.56
+2.9
−2.4 ±1.5/± 0.8/± 1.7 79.25 7.89 0.81 −4.3 −0.00

13 177.62
+3.8
−3.1 ±1.3/± 0.9/± 1.6 158.10 24.57 1.85 −4.4 −0.00

14 198.12
+3.8
−3.3 ±1.3/± 1.0/± 1.6 174.77 28.88 2.11 −4.4 −0.00
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The total VH cross sections σVH are calculated according to

σWH = σ
WH,DY
NNLOQCD(1 + δEW) + σt-loop + σγ , (I.5.15)

σZH = σ
ZH,DY
NNLOQCD(1 + δEW) + σt-loop + σγ + σggZH, (I.5.16)

where σVH,DY
NNLOQCD is the Drell–Yan-like part of the NNLO QCD prediction for the VH cross section,

based on the calculation of Ref. [295] with NNLO PDFs. Since we include the leptonic decays of the
W/Z bosons, we multiply the cross sections from VH@NNLO with the branching ratios

BRLO(W → `ν`) = 0.108894, BRLO(Z→ `+`−) = 0.0335950, BRLO(Z→ νν̄) = 0.199218,
(I.5.17)

which are the ratios of the LO partial widths and the total widths as defined in Chapter I.1. With these
branching ratios our combination of QCD and EW corrections results in NNLO QCD + NLO EW ac-
curacy. The relative NLO EW correction δEW is calculated with HAWK. Note that there is no issue with
photon isolation in the calculation of the total cross section, where all mass singularities from collinear
photon emission off leptons vanish owing to the KLN theorem. The contributions from photon-induced
channels, σγ are obtained from HAWK as well and added linearly to the cross section. It is important
to notice that σγ is based on the average of the median of the cross sections obtained with PDF repli-
cas of NNPDF2.3QED PDFs and the cross section obtained with MRST2004QED PDFs “set 1”. The
lower error corresponds to the lower limit of all NNPDF2.3QED PDFs, the upper error to the maximum
of the 68% smallest cross sections from the NNPDF2.3QED set and the cross section obtained with
MRST2004QED “set 0”. Since the photon PDF is constrained by data rather loosely, the error on σγ is
large and non-Gaussian. In fact the mean value of σγ calculated with NNPDF2.3QED PDF replicas is
larger than the shown median by factors ∼ 2−2.5.

The contribution σggZH of the gluon-fusion channel is calculated through NLO using VH@NNLO
[292, 293, 300]; the NLL effects are added on top of that, following Ref. [301]. The scale uncertainty
∆scale results from a variation of the factorization and renormalization scales (I.5.11) by a factor of 3, as
indicated above. The errors ∆PDF and ∆αs

induced by uncertainties in the PDFs and αs, respectively,
are given separately together with the combined version ∆PDF⊕αs

, which is calculated from the 68% CL
interval using the PDF4LHC15_nnlo_mc PDF set. The ∆scale and ∆PDF⊕αs

are evaluated without taking
into account EW effects.

The theoretical uncertainties of integrated cross sections originating from unknown higher-order
EW effects can be estimated by

∆EW = max{0.5%, δ2
EW,∆γ}. (I.5.18)

This estimate is based on the maximum of the generic size ∼ 0.5% of the neglected NNLO EW effects,
taking into account a possible systematic enhancement ∼ δ2

EW, and the potentially large relative uncer-
tainty ∆γ = ∆σγ/σ of the photon-induced contribution σγ , whose absolute uncertainty ∆σγ can be read
from the tables.

In order to extract the total VH production cross sections without leptonic W/Z decays in NNLO
QCD + NLO EW accuracy (neglecting off-shell effects), one should divide the results on total cross
sections by the respective leptonic W/Z branching ratios in NLO EW accuracy. These are given by

BRNLO(W → `ν`) = 0.108535, BRNLO(Z→ `+`−) = 0.0335962, BRNLO(Z→ νν̄) = 0.201030,
(I.5.19)

calculated from the ratios of the NLO partial widths (calculated in the HAWK setup) and the total widths as
defined in Chapter I.1. In this extraction, one should subtract the photon-induced contributions σγ from
the cross sections before dividing through the branching ratio, since σγ receives a significant contribution
from incoming photons coupling to the charged leptons of the W or Z decays. Thus, σγ/BR is an
uncertainty of the resulting VH cross section, which is quite significant in the WH case.
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Table 31: Fiducial W+(→l+νl)H cross sections including QCD and EW corrections and their uncertainties for
proton–proton collisions at

√
s = 13TeV for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF[%] σDY

NNLOQCD[fb] δEW[%] σγ[fb]

13 73.90 +0.3
−0.3 ±1.4 78.61 −8.3 1.81+1.10

−0.23

Table 32: Fiducial W−(→l−ν̄l)H cross sections including QCD and EW corrections and their uncertainties for
proton–proton collisions at

√
s = 13TeV for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF[%] σDY

NNLOQCD[fb] δEW[%] σγ[fb]

13 42.77 +0.2
−0.3 ±1.8 45.29 −8.0 1.11+0.65

−0.12

Table 33: Fiducial ZH cross sections with Z → `+`− including QCD and EW corrections and their uncertainties
for proton–proton collisions at

√
s = 13TeV for a Higgs boson mass MH = 125 GeV.

√
s[GeV] σ[fb] ∆scale[%] ∆PDF[%] σDY

NNLOQCD[fb] σggZH[fb] δEW[%] σγ[fb]

13 16.08 +2.2
−1.4 ±1.2 16.21 1.36 −9.2 0.00

Results for the total VH cross sections from a scan over the SM Higgs boson mass MH can be
found in Appendix D. In detail the total cross sections for the production of W+(→`+ν`)H, W−(→`−ν̄`)H,
Z(→`+`−)H, and Z(→νν̄)H final states are summarized in Tables 207–222. The energy scan is pre-
sented in Tables 223–226.

I.5.2.d Fiducial and differential VH cross sections
Tables 31 and 32 summarize the fiducial Standard Model W±H cross sections with W+→l+νl and
W−→l−ν̄l as well as the corresponding uncertainties for the proton–proton collision at

√
s = 13 TeV for

a Higgs boson massMH = 125 GeV. Table 33 likewise shows the respective results on the total Standard
Model ZH cross sections with Z→ `+`−. The fiducial cross sections are calculated as follows: For QCD
corrections we have used VHNNLO with the NNPDF3.0_nnlo_as_0118 PDF set. Renormalization and
factorization scales are varied independently by factors of 2 and 1/2 including 7 combinations, avoiding
the cases (2, 1/2) and (1/2, 2). The envelope is taken as a scale uncertainty to parameterize missing
higher-order QCD corrections. A representation of the PDF error for the QCD part in VH production has
been obtained with SM-PDF [303] starting from a prior of NNPDF3.0 at NNLO. The SM-PDF derived
in [303] for VH processes adopted an analysis very close to the one used here and contains in total
five symmetric eigenvectors. The EW corrections are again calculated with HAWK in the same way as
described for the total cross section. Moreover, the recipe (I.5.18) for estimating the EW uncertainty
∆EW applies for the fiducial cross section as well.

The combination of QCD and EW corrections has been done following the same procedure as
described in Eqs. (I.5.15) and (I.5.16), as far as the corresponding contributions are available (see tables).
The ∆scale and ∆PDF are evaluated without taking into account EW effects; the uncertainties of the latter
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Figure 40: Left: transverse-momentum distributions of the Higgs boson in W+H production at LO and including
NNLO QCD and NLO EW corrections (upper plots) and relative higher-order contributions (lower plots) for√
s = 13 TeV and MH = 125 GeV. Right: the same for W−H production. Note that δγ is based on the central

value of the photon PDF of NNPDF2.3QED, while σγ in Tables 27–33 is based on combined results using the
median and the photon PDF of MRST2004QED (and smaller by a factor 0.7), see text.

can be estimated again following Eq. (I.5.18).

Differential cross section results in NNLO QCD + NLO EW accuracy have been computed follow-
ing the same procedure as outlined above for the fiducial cross section. QCD corrections are calculated
with VHNNLO using the settings reported above for the computation of the fiducial cross sections. The
EW corrections are again calculated with HAWK as in the previous section, with the only difference in
the calculation of the photon-induced contribution. Instead of working with many PDF replicas we have
calculated σγ with the central PDF of NNPDF2.3QED. In order to obtain σγ in the same setup as for
the integrated cross sections of the previous section (for

√
s = 13 TeV), the shown results on σγ in WH

production should be rescaled by a factor of 0.7. This rescaling is based on the corresponding integrated
results for σγ . Taking over the relative uncertainty from the integrated cross section as well, we get the
estimate ∆γ ∼ 1.5%. For ZH production σγ and ∆γ have a phenomenologically negligible impact.

The theoretical uncertainties of differential cross sections originating from unknown higher-order
EW effects can be estimated by

∆EW = max{1%, δ2
EW,∆γ}, (I.5.20)

i.e. ∆EW is taken somewhat more conservative than for integrated cross sections, accounting for possible
enhancements of higher-order effects due to a kinematical migration of events in distributions. Note that
δ2

EW, in particular, covers the known effect of enhanced EW corrections at high momentum transfer (EW
Sudakov logarithms, etc.).

Figures 40–44 show the impact of radiative corrections of the most important differential distribu-
tions for Higgs boson production via WH mode in the SM, while in Figures 45–47 the same effects are
shown for the Higgs boson production in association with a Z boson. The figures generically show the
known size of the NLO QCD corrections at the level of ∼ 20−30% in the most important phase-space
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Figure 41: Left: rapidity of the Higgs boson in W+H production at LO and including NNLO QCD and NLO
EW corrections (upper plots) and relative higher-order contributions (lower plots) for

√
s = 13 TeV and MH =

125 GeV. Right: the same for W−H production. Note that δγ is based on the central value of the photon PDF of
NNPDF2.3QED, while σγ in Tables 27–33 is based on combined results using the median and the photon PDF of
MRST2004QED (and smaller by a factor 0.7), see text.

regions. At NNLO, the QCD corrections amount to some per cent in the dominating regions, but can
grow to 10−20% in the tails of distributions. In those regions the QCD scale uncertainty accordingly
grows to∼ 5% or more. The EW corrections are generically flat in (pseudo)rapidity distributions, where
they resemble the EW corrections to the fiducial cross sections. In transverse-momentum distributions
the EW correction grow further negative to −(10−20)% for pT of some 100 GeV. The photon-induced
corrections turn out to be only significant for WH production. They have a tendency to grow in the tails
of distributions as well, but do hardly exceed the 5% level there.

Finally, we emphasize that the contributions σt-loop are not included in the discussion of fiducial
cross sections and differential distributions presented here, while the contribution σggZH are included at
leading order (α2

s ).

I.5.2.e Cross-section predictions including the decayH → bb̄

We use the Standard Model parameters as recommended by the LHCHXSWG, supplemented by CKM
matrix elements Vud = 0.975 and Vcs = 0.222. For the parton distribution functions we use the NNLO
CT14 set and associated strong coupling, αs(MZ) = 0.118 with 3-loop running. Central predictions
correspond to the scale choice µR = µF = µ0 where µ0 = MV + MH and we consider an envelope of
variations around this choice to define the scale uncertainty. For W±H production the extreme choices
correspond to µR = 2µ0, µF = µ0/2 and µR = µ0/2, µF = 2µ0. For ZH production the extrema are
instead represented by µF = µR = 2µ0 and µF = µR = µ0/2. Our results are obtained for the LHC
operating at

√
s = 13 TeV.

We cluster all jets according to the anti-kT jet algorithm with distance parameter R = 0.4. We
subsequently require that two of the jets contain the b and b̄ quarks from the Higgs boson decay and that
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Figure 42: Left: transverse-momentum distribution of the charged lepton in W+H production at LO and including
NNLO QCD and NLO EW corrections (upper plots) and relative higher-order contributions (lower plots) for√
s = 13 TeV and MH = 125 GeV. Right: the same for W−H production. Note that δγ is based on the central

value of the photon PDF of NNPDF2.3QED, while σγ in Tables 27–33 is based on combined results using the
median and the photon PDF of MRST2004QED (and smaller by a factor 0.7), see text.

these jets satisfy,
pT(b-jet) > 25 GeV, |η(b-jet)| < 2.5 . (I.5.21)

Note that the calculation of the H→ bb̄ decay is performed at NLO QCD.

We begin by considering the W±H process, with the W boson decaying to a lepton and a neutrino.
The acceptance cuts for the decay products are,

pT(lepton) > 15 GeV, |η(lepton)| < 2.5, pT(neutrino) > 15 GeV . (I.5.22)

The cross sections under these cuts, using NNLO PDFs, are found to be

σNLOQCD(W+H) = 23.56 fb , σNNLOQCD(W+H) = 24.18+0.36
−0.64 fb ,

σNLOQCD(W−H) = 15.49 fb , σNNLOQCD(W−H) = 15.87+0.26
−0.46 fb . (I.5.23)

The NNLO QCD corrections under these cuts are small and positive, increasing the NLO QCD cross
sections by less than 1%. The scale uncertainty at NNLO QCD is at the 3% level.

For the ZH process we consider the decay of the Z boson into a single family of leptons and apply
the cuts,

pT(lepton) > 15 GeV, |η(lepton)| < 2.5,

75 GeV < Mll < 105 GeV . (I.5.24)

These result in the following cross sections,

σNLOQCD(ZH) = 6.041 fb , σNNLOQCD(ZH) = 6.891+0.101
−0.162 fb . (I.5.25)
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Figure 43: Left: pseudorapidity distribution of the charged lepton in W+H production at LO and including NNLO
QCD and NLO EW corrections (upper plots) and relative higher-order contributions (lower plots) for

√
s = 13 TeV

and MH = 125 GeV. Right: the same for W−H production. Note that δγ is based on the central value of the
photon PDF of NNPDF2.3QED, while σγ in Tables 27–33 is based on combined results using the median and the
photon PDF of MRST2004QED (and smaller by a factor 0.7), see text.

In this case the NNLO corrections increase the NLO cross section by about 15% and the scale uncertainty
at NNLO QCD is around 2%.

Differential predictions for the final state V (→ l1l2)H(→ bb̄) are presented in Figs. 48-52. For
W±H production we present the differential observables side-by-side on the same scale, so that the
relative suppression of W− compared to W+ is readily apparent. Figure 48 presents the pT of the
Higgs boson candidate, whose four-momentum is defined as the sum of those of the identified b-jets.
We present predictions for a variety of selection cuts. The red curve corresponds to an “inclusive” pVT
selection while the remaining curves slice the phase space into various pVT bins:

red: pVT inclusive ,

blue: 0 < pVT < 150 GeV ,

green: 150 < pVT < 250 GeV ,

magenta: pVT > 250 GeV . (I.5.26)

The inclusive curve is thus recovered by summing over all of the remaining curves. At leading order
pVT ≡ p

H
T , with departures from this equality the result of additional radiation that is inherent in the

higher-order corrections. The discontinuities that are apparent in the regions of phase space around
pVT = p

H
T , namely at pH

T = 150, 250 GeV, are indicators of the fact that perturbation theory is unreliable
at such boundaries. The situation is exacerbated by the inclusion of higher-order corrections in the Higgs
boson decay, since boundary logarithms also appear due to radiation in the decay [282, 283, 290]. The
differences between the W+H and W−H predictions are most clear in the yH observable (Figure 49).
This observable is sensitive to the valence/sea quark distribution inside the proton. The valence u distri-
bution is more favored for W+H, and stiffens the yH distribution by favoring more forward regions of



104 I.5.2. VH cross-section predictions

�������������

��������

��
��
�
��
�
��
��
��
�
��
��
�

��
���������������

����

����

����

����

���

�������������

�������
������

�������������
�����������

����

����

����

����

����

��

����

����

����

����

�� ���� ���� ���� ���� ����

�������������

��������

��
��
�
��
�
��
��
��
�
��
��
�

��
���������������

����

����

����

����

���

�������������

�������
������

�������������
�����������

����

����

����

����

����

��

����

����

����

����

�� ���� ���� ���� ���� ����

Figure 44: Left: missing transverse momentum in W+H production at LO and including NNLO QCD and NLO
EW corrections (upper plots) and relative higher-order contributions (lower plots) for

√
s = 13 TeV and MH =

125 GeV. Right: the same for W−H production. Note that δγ is based on the central value of the photon PDF of
NNPDF2.3QED, while σγ in Tables 27–33 is based on combined results using the median and the photon PDF of
MRST2004QED (and smaller by a factor 0.7), see text.
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Figure 45: Left: transverse-momentum distributions of the Higgs boson in Z(→ `+`−)H production at LO and
including NNLO QCD and NLO EW corrections (upper plots) and relative higher-order contributions (lower plots)
for
√
s = 13 TeV and MH = 125 GeV. Right: the same for Z(→ νν̄)H production.



Chapter I.5. VBF and VH 105

�������������

�����������

��
��
�
�

�
��
��

��
���������������

�������

������

�����

����

��

���

��

�������
������

�������������
�������������

�����������
����

����

����

����

����

��

����

����

����

����

�� �� �� �� ��

�������������

�����������

��
��
�
�

�
��
��

��
���������������

������

�����

����

��

���

����

��

�������
������

�������������
�������������

�����������
����

����

����

����

����

��

����

����

����

����

�� �� �� �� ��

Figure 46: Left: rapidity distributions of the Higgs boson in Z(→ l+l−)H production at LO and including NNLO
QCD and NLO EW corrections (upper plots) and relative higher-order contributions (lower plots) for

√
s = 13 TeV

and MH = 125 GeV. Right: the same for Z(→ νν̄)H production.
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Figure 47: Left: transverse-momentum distributions of the positive charged lepton in Z(→ `+`−)H production
at LO and including NNLO QCD and NLO EW corrections (upper plots) and relative higher-order contributions
(lower plots) for

√
s = 13 TeV and MH = 125 GeV. Right: the same for the missing-transverse-momentum

distribution in Z(→ νν̄)H production.
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Figure 48: The transverse momentum p
bb̄
T for W+H (left) and W−H (right) at the 13 TeV LHC, phase space cuts

are described in the text.
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Figure 49: The rapidity of the bb̄ pair for W+H (left) and W−H (right) at the 13 TeV LHC, phase space cuts are
described in the text.

phase space. On the other hand W−H production is associated with the production of more central Higgs
bosons. We present the leptonic observables in Figure 50. As the pVT cut is increased the plT distribution
flattens out. Finally in Figures 51-52 we present the differential predictions for ZH. The conclusions are
broadly similar, although the phase-space boundary effects are somewhat damped for this process. This
is due to the presence of gg → ZH contributions that provide a sizeable correction to the cross section
at NNLO. Since this switches-on in the LO phase space, the large negative bin is partially compensated
by the inclusion of these pieces. There is a noticeable inflection in the pH

T spectrum at around pH
T ∼ mt,

which is where these pieces begin to become important.
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Figure 50: The transverse momentum plT for W+H (left, upper) and W−H (right, upper) and lepton rapidity
W+H (left, lower) and W−H (right, lower) at the 13 TeV LHC, phase space cuts are described in the text.

I.5.3 Electroweak production of H+3jets at NLO+PS

Electroweak production of a Higgs boson in association with three jets has first been considered at NLO-
QCD accuracy in Ref. [261] in the VBF approximation. A matching of this calculation to parton shower
programs in the framework of the POWHEG BOX has been presented in [262]. In Ref. [304], NLO-
QCD corrections have been provided without resorting to the VBF approximation. This latter calculation
is based on spinor helicity techniques in combination with the methods developed in the context of [305].
For its implementation, a module has been developed: HJets++is a plugin to HERWIG7’s Matchbox [306,
307] module, providing amplitudes for calculating the production of a Higgs boson in association with
njet = 2, 3 jets at next-to-leading order in QCD, i.e. at O(α3α

njet−1
s )I.29. The plugin nature of this

module enables the amplitudes to be directly used in an NLO-plus-parton shower matched simulation,
with both subtractive (MC@NLO-type) and multiplicative (POWHEG-type) matchings being available.
Either of the two parton showers available in HERWIG7 can be used in the matching.

I.29In this approach, Yukawa couplings are counted as a separate expansion parameter; thus finite heavy quark loop contribu-
tions are to be considered separately.
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Figure 51: The transverse momentum and rapidity of the bb̄ pair for ZH at the 13 TeV LHC, phase space cuts are
described in the text.
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Figure 52: The lepton transverse momentum and rapidity for ZH at the 13 TeV LHC, phase space cuts are
described in the text.

Here, results obtained with the HJets++ module matched through the subtractive matching algo-
rithm with the default HERWIG7 angular ordered shower are presented and compared to those obtained
with the POWHEG BOX implementation. Multiple partonic interactions and hadronization are disre-
garded throughout. Contributions from external top- and bottom quarks are neglected and, consistently,
the CT10 four-flavour PDF set is used [29]. In addition to the selection cuts of Eqs. (I.5.4)–(I.5.5) a third
jet is required with

pTj > 20 GeV, |yj | < 5 . (I.5.27)

Results for the transverse-momentum and rapidity distributions of the Higgs boson and the hardest tag-
ging jet are shown in Figures 53 and 54, respectively. In addition, the respective distributions of the
third-hardest jet are illustrated in Figure 55. For the given setup results obtained with the POWHEG
BOX code that resorts to the VBF approximation are in good agreement with the full calculation of the
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Figure 53: Transverse-momentum and rapidity distributions of the Higgs boson in EW H+3 jet production at NLO
QCD (red line) as obtained from using the Matchbox framework of HERWIG7 with the HJets++ plugin, and at
NLO QCD matched with the HERWIG7 angular ordered parton shower in the same framework (blue line), and with
the POWHEG BOX (green line), respectively. The lower panels show the respective ratios of the NLO+PS to the
fixed-order NLO QCD result for

√
s = 13 TeV and MH = 125 GeV. The yellow bands indicate the statistical

uncertainty of the NLO result.

HJets++ implementation. A comparison of the HJets++ at NLO QCD and at NLO QCD matched with
parton shower reveals that tune effects are moderate for the considered observables.

I.5.4 VH production at NLO+PS
Calculations for the VH process matched to parton shower programs are available at NLO accuracy with
the POWHEG BOX [308] and MG5_aMC [54] with FxFx merging [206,281], for ZH and WH, and at LO
for ggZH. Although not used in this report, the gluon gluon fusion contribution can be generated with
additional jets that can be merged with MLM merging [309].

Within the POWHEG BOX the computation is carried out using the improved MiNLO prescrip-
tion [205] applied to HZJ (HWJ-MiNLO) and HWJ (HWJ-MiNLO). The event generation was performed in a
similar way as described in ref. [308], but using the NNPDF30_nlo_as_118 [38] PDF set.

A systematic comparison of these calculation for 13 TeV LHC collisions has been carried out in
several regions of the phase space making use of several Rivet [310] analyses, differing for the vector bo-
son and Higgs boson candidate selection. The Z(ll)H(bb) process is studied in the Z pT bins: inclusive,
[0-100] GeV, (100-200] GeV, >200 GeV. The Z leptons are selected with the cuts |η| < 2.5, pT > 15
GeV. The dilepton invariant mass mll in required to be in the range [75-105] GeV. The Z(νν)H(bb)
process is studied in the Z pT bins: inclusive, [0-150] GeV, (150-250] GeV, >250 GeV. The Z pT is eval-
uated through the missing transverse energy of the event. The W (lν)H(bb) process is studied in the W
pT bins: inclusive, [0-150] GeV, (150-250] GeV, >250 GeV. The W lepton is required to have |η| < 2.5,
pT > 15 GeV. The neutrino pT , evaluated through the missing transverse energy of the event, is required
to be above 15 GeV.

The processes are studied as a function of the number of additional jets, reconstructed with fast-
jet [192] with the anti-kT algorithm and a cone of 0.5, and selected to have pT > 20 GeV and |η| < 4.5.
The jet counting is used to define the exclusive VH+0-jet and VH+1-jet regions and the VH+≥1-jet one,
used in the experimental analyses [311, 312].

For each process, the Higgs boson pT and rapidity, the lepton pT and rapidity, and the neutrino
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Figure 54: Transverse-momentum and rapidity distributions of the hardest tagging jet in EW H+3 jet production at
NLO QCD (red line) as obtained from using the Matchbox framework of HERWIG7 with the HJets++ plugin, and
at NLO QCD matched with the HERWIG7 angular ordered parton shower in the same framework (blue line), and
with the POWHEG BOX (green line), respectively. The lower panels show the respective ratios of the NLO+PS to
the fixed-order NLO QCD result for

√
s = 13 TeV and MH = 125 GeV. The yellow bands indicate the statistical

uncertainty of the NLO result.
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Figure 55: Transverse-momentum and rapidity distributions of the third jet in EW H+3 jet production at NLO
QCD (red line) as obtained from using the Matchbox framework of HERWIG7 with the HJets++ plugin, and at
NLO QCD matched with the HERWIG7 angular ordered parton shower in the same framework (blue line), and with
the POWHEG BOX (green line), respectively. The lower panels show the respective ratios of the NLO+PS to the
fixed-order NLO QCD result for

√
s = 13 TeV and MH = 125 GeV. The yellow bands indicate the statistical

uncertainty of the NLO result.
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pT are compared in each of the boson pT bins, for different bins of additional jets after normalizing the
inclusive cross section to unity.

The results obtained with POWHEG BOX matched with the default PYTHIA6 (POWHEG+PY6)
shower are presented and compared to those obtained with the MG5_aMC implementation matched with
both default PYTHIA8 (MG5_aMC+PY8) and default HERWIG7 [306, 313] (MG5_aMC+HW7) tune. Com-
parisons are made keeping the Higgs boson stable. The plots are shown for the ZH case but similar
conclusions apply as well to the WH process.

The boson pT and additional jet multiplicity distributions in the inclusive case are shown in
Figure 56. A very small trend is visible in the boson pT for MG5_aMC+HW7 when compared with
POWHEG+PY6 and MG5_aMC+PY8, while the distribution of additional jets for MG5_aMC+PY8 devi-
ates at high multiplicity when compared with the other two cases. The discrepancies highlighted in
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Figure 56: Comparison of the boson pT (left) and number of additional jets (right) in the inclusive case forZ(ll)H .

the comparison of MG5_aMC+PY8 and MG5_aMC+HW7 clearly indicate the need for a careful choice of
the parton shower and underlying event tune when performing analyses which require categories with
exclusive number of jets and boson pT binning.

In the same phase space, characterized by inclusive boson pT and additional jet selection, the
Higgs boson � for MG5_aMC+HW7 exhibits the same trend visible for the boson pT , while the rapidity
shapes are well compatible as shown in Figure 57.

In the phase space characterized by an inclusive boson pT and the explicit request for 0 additional
jets, the Higgs boson pT and rapidity, the lepton pT and rapidity, and the neutrino pT distribution shapes
remain well compatible, but a different normalization can be observed as a reflection of the different
distribution in the additional jet multiplicity. While requiring exactly 1 additional jet, the lepton and
Higgs boson �shapes modeled by HW7 tend to deviate slightly, further increasing their discrepancy when
requiring the inclusive boson pT and at least 1 additional jet, as well as the overall normalization due
to the aforementioned differences in the additional jet multiplicity. The the boson pT and rapidity in
Z(νν)H events, and leading lepton pT and η in Z(ll)H events for the latter case are shown in Figure 58.

Extending the comparison to the low, medium and high boson pT regions defined above, consistent
results are observed. In particular, well compatible shapes are observed for the inclusive jet selection,
apart from some minor trend in the low Higgs boson � region, especially for HW7. The same level of
agreement is also observed for the 0- and 1-jet phase spaces, as well as when requiring at least 1 jet, with
the normalization offset discussed previously. The the boson pT and rapidity in Z(νν)H events, and
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Figure 57: Comparison of the boson pT and rapidity in Z(νν)H events, and leading lepton pT and η in Z(ll)H

events in the inclusive jet region.

leading lepton pT and η in Z(ll)H events for high boson pT case when requiring exactly 0 additional
jets are shown in Figure 59.

Finally, a comparison of the quark-quark (ZH) and gluon-gluon (ggZH) initiated processes is
performed using MG5_aMC interfaced with a common parton shower, namely PYTHIA8. The plots are
shown for the leptonic decay of the Z boson but apply as well to the decay into neutrinos.

The relative cross section of the gluon initiated process is ∼ 15%, but a common normalization
to unitary cross section is used, to better underline the shape differences. The boson pT and additional
jet multiplicity distributions in the inclusive case are shown in Figure 60 Two correlated features can
be observed: both the boson pT and the multiplicity of additional jets are much harder for the gluon
initiated contribution. Therefore in the high boson pT region, usually regarded as the most sensitive, and
in presence of at least 1 jet, the relative contribution of ggZ(ll)H is much higher. The the boson pT and
rapidity, and leading lepton pT and η in ggZ(ll)H events for high boson pT case when requiring exactly
0 additional jets are shown in Figure 61 compared to Z(ll)H .
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Figure 58: Comparison of the boson pT and rapidity in Z(νν)H events, and leading lepton pT and η in Z(ll)H

events in the inclusive the inclusive boson pT region requiring at least 1 additional jet.

I.5.5 NNLOPS for VH
We report about a study of the Higgs boson production in association with a W+ boson at next-to-next-
to-leading order accuracy including parton shower effects (NNLOPS) [314]

pp→ HW+ → Hl+νl , (I.5.28)

where l = {e, µ}. To achieve NNLOPS accuracy we have implemented a reweighting method similar
to the one introduced in HNNLOPS [208] and DYNNLOPS [315]. We reweight events obtained with the
POWHEG NLO+PS accurate calculation of HW in association with a jet, and upgraded with the MiNLO
procedure (HWJ-MiNLO) [308], by a factor:

W (ΦHW , pT) = h (pT )
∫ dσNNLO δ (ΦHW − ΦHW (Φ))− ∫ dσMINLO

B δ (ΦHW − ΦHW (Φ))

∫ dσMINLO

A δ (ΦHW − ΦHW (Φ))

+ (1− h (pT )) , (I.5.29)

where dσNNLO and dσMINLO
A/B are multi-differential distributions obtained at pure NNLO level and by

analysing produced HWJ-MiNLO events, respectively. The function h(pT) is defined as

h(pT) =
(MH +MW )2

(MH +MW )2 + p2
T

, (I.5.30)
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Figure 59: Comparison of the boson pT and rapidity in Z(νν)H events, and leading lepton pT and η in Z(ll)H

events in the inclusive the inclusive boson pT region requiring 0 additional jet.
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Figure 60: Comparison of the boson pT (left) and number of additional jets (right) in the inclusive case forZ(ll)H .



Chapter I.5. VBF and VH 115

ZllH MG5 aMC+PY8
ggZllH MG5 aMC+PY8

10−5

10−4

10−3

Inclusive Z pT, inclusive number of additional jets region

1/
σ
d

σ
/
p
T

0 100 200 300 400 500
0

0.5
1

1.5
2

2.5
3

Higgs pT [GeV]

g
g
Z
ll
H
/
Z
ll
H

ZllH MG5 aMC+PY8
ggZllH MG5 aMC+PY8

10−5

10−4

10−3

10−2

10−1

Inclusive Z pT, inclusive number of additional jets region

1/
σ
d

σ
/
y

-4 -2 0 2 4

0.6

0.8

1

1.2

1.4

Higgs rapidity y

g
g
Z
ll
H
/
Z
ll
H

ZllH MG5 aMC+PY8
ggZllH MG5 aMC+PY8

10−5

10−4

10−3

10−2

Inclusive Z pT, inclusive number of additional jets region

1/
σ
d

σ
/
p
T

0 100 200 300 400 500
0

0.5
1

1.5
2

2.5
3

Leading lepton pT [GeV]

g
g
Z
ll
H
/
Z
ll
H

ZllH MG5 aMC+PY8
ggZllH MG5 aMC+PY8

10−2

10−1

Inclusive Z pT, inclusive number of additional jets region

1/
σ
d

σ
/

η

-2 -1 0 1 2

0.6

0.8

1

1.2

1.4

Leading lepton η

g
g
Z
ll
H
/
Z
ll
H

Figure 61: Comparison of the boson pT and rapidity, and leading lepton pT and η in ggZ(ll)H Z(ll)H events in
the inclusive jet region.

where pT is the transverse momentum of the leading jet, and it is used to split the MiNLO cross section
into

dσMINLO

A = dσMINLO h(pT) , dσMINLO

B = dσMINLO (1− h(pT) . (I.5.31)

Therefore the function h(pT) ensures that the reweighting is smoothly turned off when the leading jet is
hard since in that region the HWJ-MiNLO generator is already NLO accurate, as is the NNLO calculation
of HW.

For the process in eq. (I.5.28) the Born kinematics is fully specified by 6 independent variables.
We have chosen them to be: the transverse momentum of Higgs boson (pT,H); the rapidity of HW system
(yHW ); the difference of Higgs boson rapidity and the W+ rapidity (∆yHW ); the invariant mass of e+νe
system (meν); and the two Collins-Soper angles (θ∗, φ∗) [316]:

ΦB = {pT,H, yHW ,∆yHW ,meν , θ
∗, φ∗} . (I.5.32)

In this setup the multi-differential cross-section can be written in the form:

dσ

dΦB
=

d6σ

dpt,H dyHW d∆yHW dmeν dθ
∗dφ∗
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=
3

16π

(
dσ

dΦHW
∗
(1 + cos2 θ∗) +

7∑

i=0

Ai(ΦHW
∗)fi(θ

∗, φ∗)

)
, (I.5.33)

where ΦHW
∗ = {pT,H, yHW ,∆yHW ,meν}, and the angular dependence is encoded in the coefficients

Ai(ΦHW
∗) and the functions:

f0(θ∗, φ∗) =
(

1− 3 cos2 θ∗
)
/2 , f1(θ∗, φ∗) = sin 2θ∗ cosφ∗ ,

f2(θ∗, φ∗) = (sin2 θ∗ cos 2φ∗)/2 , f3(θ∗, φ∗) = sin θ∗ cosφ∗ ,

f4(θ∗, φ∗) = cos θ∗ , f5(θ∗, φ∗) = sin θ∗ sinφ∗ ,

f6(θ∗, φ∗) = sin 2θ∗ sinφ∗ , f7(θ∗, φ∗) = sin2 θ∗ sin 2φ∗ . (I.5.34)

Since the angular dependence is fully expressed in terms of the fi(θ
∗, φ∗) functions, the coefficients

of the expansion Ai(ΦHW
∗) depend only on the remaining kinematic variables. Using orthogonality

properties of spherical harmonics we can extract these coefficients.

In our work we have simplified our procedure by noting that the meν invariant mass distribution
has a flat K-factor. This is true even when examining the dσ/dmeν distribution in different bins of
ΦHW = {pT,H , yHW ,∆yHW}. Therefore, in eq. (I.5.33) we replace the 4-dimensional ΦHW

∗ with the
3-dimensional ΦHW . This is an approximation, however we believe that it works extremely well as
discussed in ref. [314]. In our work we obtain dσ

dΦHW
and Ai(ΦHW ) (i = 0, 7) at pure NNLO level by

running the HVNNLO code [282, 291], and we obtain the results at MiNLO level by running HWJ-MiNLO
[308]. We store the results in 9 three-dimensional tables. Following this step, we use these tables along
with eq. (I.5.33) to obtain the function eq. (I.5.29) to reweight each produced event. The final ensemble
of events is NNLO accurate for all observables at Born level and a parton shower can now be applied
without affecting the NNLO accuracy.

In the following we show results for 13 TeV LHC collisions applying the lepton cuts reported in
Eq. (I.5.13). Jets have been clustered using the anti-kt algorithm with R = 0.4 [191] as implemented in
FastJet [192, 317] and count if they fulfil the following conditions:

pT(jet) > 20 GeV, |η(jet)| < 4.5 . (I.5.35)

As for the PDF, we have used the MMHT2014nnlo68cl set [37], corresponding to a value of αs(MZ) =
0.118. For HWJ-MiNLO events the scale choice is dictated by the MiNLO procedure, while for the NNLO
we have used for the central renormalization and factorization scales µ0 = MH + MW . To estimate
uncertainties we calculate both the fixed order NNLO and HWJ-MiNLO results at 7 scales, each with
renormalization and factorization scale varied independently up and down by a factor of 2. When these
results are then used in eq. (I.5.29) this gives 49 combinations for the NNLOPS results. We define our
perturbative uncertainty as the envelope of these 49 variations.

To shower partonic events, we have used PYTHIA8 [318] (version 8.185) with the “Monash 2013”
[319] tune. We consider events after parton showering and hadronization effects, unless otherwise stated.
Underlying event and multiple parton interactions were kept switched off. To define leptons from the
boson decays we use the Monte Carlo truth, i.e. we assume that if other leptons are present, the ones
coming from the W decay can be identified correctly. To obtain the results shown in the following, we
have switched on the “doublefsr” option introduced in ref. [320]. The plots shown throughout this study
have been obtained keeping the veto scale equal to the default POWHEG prescription. In some figures
we also compare our results against HVNNLO, run with µ0 = MH +MW as central scale choice, and with
the same PDF set used for HWJ-MiNLO and HVNNLOPS.

In Figure 62 we show distributions for the transverse momenta of the W boson and the WH sys-
tem, respectively. NNLO results (from HVNNLO) are compared against those obtained with HWJ-MiNLO
and HVNNLOPS. For observables that are fully inclusive over QCD radiation, as pT,W, the agreement
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Figure 62: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue), NNLO (green), and HW-NNLOPS
(Pythia8+hadr) (red) for pT,W (left) and pT,HW (right).
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Figure 63: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue), NNLO (green), and HW-NNLOPS
(Pythia8+hadr) (red) for pT,j1

(left) and yj1
(right).

among the HVNNLO and NNLOPS predictions is perfect, as expected. One also notices the sizeable reduc-
tion of the uncertainty band when HWJ-MiNLO results are upgraded to NNLOPS. As no particularly tight
cuts are imposed, the NNLO/NLO K-factor is almost exactly flat. The right panel shows instead the ef-
fects due to the Sudakov resummation. At small transverse momenta, the NNLO cross section becomes
larger and larger due to the singular behaviour of the matrix elements for HW production in associa-
tion with arbitrarily soft-collinear emissions. The MiNLO method resums the logarithms associated to
these emissions, thereby producing the typical Sudakov peak, which for this process is located at 1 GeV
. pT,HW . 4 GeV, as expected from the fact that the LO process is Drell-Yan like. It is also interesting
to notice here two other features that occur away from the collinear singularity, and which are useful to
understand plots to be shown in the following. Firstly, the pT -dependence of the NNLO reweighting can
be explicitly seen in the bottom panel, where one can also appreciate that at very large values not only the
NNLOPS and MiNLO results approach each other, but also that the uncertainty band of HVNNLOPS becomes
progressively larger (in fact, in this region, the nominal accuracy is NLO). Secondly, in the region 50
GeV . pT,HW . 300 GeV, the NNLO and NNLOPS lines show deviations of up to about 10 %: these are
due both to the compensation that needs taking place in order for the two results to integrate to the same
total cross section, as well as to the fact that the scale choices are different (fixed for the NNLO line,
dynamic and set to pT,HW in MiNLO). When pT,HW & 250 GeV the two predictions start to approach, as
this is the region of phase space where the MiNLO scale is similar to that used at NNLO (µ = MH +MW ).

In Figure 63 we show the transverse momentum and the rapidity of the hardest jet. Most of the
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Figure 64: Comparison of HW-NNLOPS with (red) and without (blue) hadronization for pT,j1
(left) and yj1

(right).

differences among these three predictions can be easily explained by the considerations made above on
the pT,HW spectrum, although here effects due to multiple radiation as well as hadronization are bound to
play some role too. In Figure 63 we notice that, for large values of |yj1 |, there are large differences among
the NNLO result and those containing Sudakov resummation: this is expected, since a large-rapidity jet
has on average a smaller transverse momentum, hence the singular nature of the NNLO result is more
evident in these kinematics configurations.

Next we find it interesting to examine the size of non-perturbative effects. As shown in Figure 64,
hadronization has a sizeable impact on the shapes of jet distributions: differences up to 7− 8 % can
be seen in the jet pT spectrum at small values, and are still visible at a few per cent level till when
relatively hard jets are required (pT,j1

> 100 GeV). Even larger effects can be seen in the rapidity
distribution (right panel) at large rapidities. The HVNNLOPS generator allows us to simulate these features
in a fully-exclusive way, retaining at the same time all the virtues of an NNLO computation for fully
inclusive observables, as well as resummation effects, thanks to the interplay among POWHEG, MiNLO
and parton showering.

In Figure 65 we show the transverse momentum and rapidity distributions of the Higgs boson and
the charged lepton, as predicted by the HVNNLOPS code and by the underlying HWJ-MiNLO simulation.
No particular feature needs be commented in these plots: since no cuts are applied on extra radiation,
the inclusion of higher order corrections just makes the HVNNLO predictions more accurate, as expected.
On the other hand it is interesting to see how these distributions are affected by requiring further cuts,
like imposing a jet veto or requiring the presence of at least one jet, whilst restricting at the same time
the phase space to different windows for pT,W. Figs. 66, 67 and 68 display the Higgs boson transverse
momentum and rapidity in the three following cases:

– no jet (“jet veto”), pT,W < 150 GeV
– at least 1 jet, pT,W < 150 GeV
– at least 1 jet, 150 GeV < pT,W < 250 GeV

The first thing to notice is that, in general, the uncertainty band of the NNLOPS-accurate prediction is not
as narrow as in Figure 65: this is expected and physically sound, because the phase space is not fully
inclusive with respect to the QCD activity, due to the requirements on jets. In the jet-veto case, however,
the results show that the inclusion of NNLO corrections within a MiNLO-based simulation is important,
since the uncertainty band of HVNNLOPS, although larger than in Figure 65, is still narrower than the
HWJ-MiNLO one.

The second thing to notice is that, when jets are required, the HVNNLOPS predictions display larger
uncertainties, a bit smaller but in general similar to those obtained with HWJ-MiNLO. This is expected,
since this is exactly the phase space region where both computations are formally NLO accurate. The
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Figure 65: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue) and HW-NNLOPS (Pythia8+hadr) (red) for pT
(left) and rapidity (right) for Higgs (upper) and lepton (lower).
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Figure 66: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue) and HW-NNLOPS (Pythia8+hadr) (red) for
pT,H (left) and yH (right) for pT,W < 150 GeV and no jet.

effect of the NNLO/NLO reweighting is still quite visible (both in the overall normalization and in the
slightly smaller bands) though, due to the fact that the cut on the jet transverse momentum is relatively
small. This also means that the HWJ-MiNLO and HVNNLOPS results are likely to be different from fixed
order computations, since the use of dynamic scales in MiNLO and its interplay with resummation has an
impact in this phase space region, as shown in Figure 63 for the associated jet distributions.

The final thing to notice, and the one exception to the general trend in the previous observations,
is the shrinking of the uncertainty band at intermediate values of pT,H in Figs. 67 and 68, which is even
more noticeable in the yH distributions, the latter being dominated by the kinematics where pT,H peaks.
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Figure 67: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue) and HW-NNLOPS (Pythia8+hadr) (red) for
pT,H (left) and yH (right) for pT,W < 150 GeV and at least 1 jet.
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Figure 68: Comparison of HWJ-MiNLO (Pythia8+hadr) (blue) and HW-NNLOPS (Pythia8+hadr) (red) for
pT,H (left) and yH (right) for 150 GeV < pT,W < 250 GeV and at least 1 jet

This feature is due to the requirement on pT,W, and can be explained as follows. For a fully inclusive
kinematics, the transverse momenta of the W and H boson are typically balanced, with a value of about
40 GeV (see e.g. the peak in Figs. 62 and 65). When jets are required, at least the hardest jet pT will
play a role in the momentum conservation in the transverse plane: its typical value, however, depends
on the requirements on the massive bosons kinematics. From this observation the band shrinking in
the pT,H spectrum can be understood. For instance, in Figure 67, when pT,H approaches values close to
the larger values available for pT,W, one enters a region where the jet has to be just above its minimum
allowed value: this is the region where the uncertainty band in the jet pT spectrum is minimal, as shown
in Figure 63. As soon as larger pT,H values are probed whilst keeping pT,W < 150 GeV, harder jets
are required by momentum conservation, hence the uncertainty band from HVNNLOPS rapidly approaches
the one from HWJ-MiNLO. This effect is even more evident in Figure 68: if pT,H is relatively small,
then momentum conservation doesn’t constrain pT,j1

very strongly, yielding a standard uncertainty band,
relatively similar to HWJ-MiNLO. In the region where cuts push pT,W and pT,H to similar values, once
more the jet must be close to its threshold region, and hence the uncertainty band is reduced.
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I.6.1 Introduction
The production of a Higgs boson in association with a top-quark pair (tt̄H) or a single top quark (tH) is
going to play a very important role in the Higgs boson physics program of Run 2 of the LHC since it can
provide a direct measurement of the top-quark Yukawa coupling.

In this context, the tt̄H/tH working group has discussed the current status and future plans of
tt̄H and tH experimental analyses and has reviewed the status of theoretical predictions, for both signals
and backgrounds. The emphasis has been on identifying and characterizing state-of-the art theoretical
predictions and tools for signals and backgrounds in all relevant tt̄H and tH searches, as well as on
identifying various theory-related sources of uncertainties and prioritizing them according to both their
impact on experimental analyses and the likelihood of theory improvements in the near future.

On top of providing tables of cross sections for both tt̄H and tH production, which include
all most up-to-date calculations of QCD and electroweak (EW) corrections, as well as the estimated
theoretical uncertainty from scale variations, αs, and parton distribution functions (PDFs), we review
in Section I.6.2 the next-to-leading-order (NLO) QCD+EW predictions for tt̄H inclusive production,
and in Section I.6.6 the NLO QCD predictions for tH production. Recent developments in improv-
ing the prediction for tt̄H production by either including off-shell effects or subsets of next-to-next-to-
leading-order (NNLO) QCD corrections are discussed in Sections I.6.4 and I.6.5, respectively. Dedicated
studies of some of the main background processes are presented in Section I.6.7 (tt̄V and tt̄V V ′ with
V, V ′ = W±, Z) and Section I.6.8 (tt̄bb̄).

One major activity of this working group has been the comparison and validation of state-of-the-
art theoretical tools available to calculate both signal and backgrounds including the proper matching of
fixed-order NLO QCD corrections and parton-shower evolution. Section I.6.3 presents such comparison
for tt̄H production, while Sections I.6.7.b and I.6.8 present analogous studies for the tt̄V (V = W±, Z)
and tt̄bb̄ backgrounds.

I.6.2 NLO QCD+EW predictions for tt̄H production
Predictions for inclusive and differential tt̄H production at NLO QCD are available since more than a
decade [321–325], while EW corrections have been calculated only recently [326–328]. Although their
effect on total rates is usually suppressed with respect to NLO QCD corrections by a factor of order α/αs,
when hard scales are probed they can be enhanced by electroweak Sudakov logarithms [329–332]. For
what concerns tt̄H production, in particular for a precise extraction of the top quark Yukawa coupling
yt, EW corrections should be accounted for because of at least two reasons. First, EW corrections,
unlike QCD corrections, spoil the trivial dependence of the total cross section on ∼ y2

t , introducing
also (small) terms where the Higgs couples to W± and Z bosons, or to itself. Second, EW corrections
show Sudakov effects: in order to suppress backgrounds, many tt̄H searches are performed in a boosted
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regime [333–335], where Sudakov logarithms can be important.

This section presents NLO QCD+EW predictions for inclusive tt̄H production. All input parame-
ters are chosen according to [144], and the hadronic cross section is obtained using the PDF4LHC15 [35]
and NNPDF2.3QED [279] parton distribution functions as explained in detail below. For the top-quark
and Higgs boson masses the on-shell scheme is used, and the top-quark Yukawa couplingI.30 is related to
the top-quark mass and the Fermi constant (Gµ) by

yt = (
√

2Gµ)1/2Mt . (I.6.1)

The central value for renormalization and factorization scales is set to

µ = Mt +MH/2 , (I.6.2)

and the scale uncertainty is estimated by independent variations of renormalization (µR) and factorization
(µF) scales in the range µ/2 ≤ µR, µF ≤ 2µ, with 1/2 ≤ µR/µF ≤ 2.

The NLO QCD+EW predictions presented in the following,

σNLO
QCD+EW = σNLO

QCD + δσEW , (I.6.3)

result from the combination of various contributions. The usual NLO QCD cross section,

σNLO
QCD = σLO

QCD + δσNLO
QCD, (I.6.4)

comprises LO terms of O(α2
sα) and NLO terms of O(α3

sα), which involve gg, qq̄, and gq partonic
channels. The remaining EW corrections, denoted as δσEW, include three types of terms:

1. LO EW terms of O(α3) that result from squared EW tree amplitudes in the qq̄ and γγ channels;
2. LO mixed terms of O(αsα

2) that result from the interference of EW and QCD tree diagrams in
the bb̄ and γg channels (other qq̄ channels do not contribute at this order due to the vanishing
interference of the related colour structures);

3. NLO EW corrections of O(α2
sα

2) in the qq̄, gg and γg channels. Subleading NLO terms of
O(αsα

3) and O(α4) are not included as they are expected to be strongly suppressed.

For
√
s = 7–14 TeV and MH = 125 GeV, the corrections resulting from LO EW, LO mixed and

NLO EW effects are all positive and amount, respectively, to 0.5%, 0.8–1.5% and 1.1–1.9% of the NLO
QCD cross section.I.31 Photon-induced partonic channels dominate the LO mixed terms, while their
contribution to LO EW and NLO EW terms is almost negligible.

A fully consistent treatment of NLO QCD+EW corrections requires corresponding precision in
the employed PDF. In particular, parton distributions should include QED evolution effects and, con-
sequently, a photon density. In order to circumvent the absence of QED effects in the PDF4LHC15
distributions the following approach is adopted:

1. NLO QCD contributions are computed using the PDF4LHC15 set: more precisely, the PDF4LHC15
set with 30+2 members is used for PDF and αs uncertainty estimates;

2. all EW correction effects resulting form partonic channels with initial-state quarks and/or gluons
are computed with the same PDF4LHC15 set;

3. for all γ-induced EW correction effects the NNPDF2.3QED set is used;
4. the missing O(α) effect due to the QED evolution of quark PDF is estimated from the difference

between NNPDF2.3QED parton densities and their NLO QCD counterpart without QED evolu-
tion, NNPDF2.3, both with αs(MZ) = 0.118. The relevant O(α) correction factor is determined
as follows by means of a LO QCD calculation,

δσEW,PDF = σNLO
QCD

(
1 + δEW,PDF

)
, where δEW,PDF =

σNNPDF QED
LO QCD

σNNPDF
LO QCD

− 1 . (I.6.5)

I.30In the adopted convention the Feynman rule of the tt̄H vertex is (−iyt).
I.31Here O(α) effects related to QED evolution of PDF (see below) are not included.



Chapter I.6. ttH and tH 123

For
√
s = 7–14 TeV and MH = 125 GeV, the effect of QED PDF evolution ranges from −0.7%

to −0.9%. Being negative it compensates in part the effect of LO and NLO EW corrections to the
partonic cross sections.

At the same order of σNLO
EW also the real emission of an extra heavy weak gauge boson can in prin-

ciple contribute to the cross section for inclusive tt̄H production. Such a contribution from heavy-boson
radiation (HBR) is generally not considered as part of EW corrections, owing to the fact that the emis-
sion of an extra heavy boson can be distinguished from the corresponding non emission. However, it can
contribute to the cross section when the decay products of the heavy boson escape from, e.g., the detector
acceptance or the experimental selection cuts. Furthermore, these contributions might compensate the
Sudakov logarithms which enhance the NLO EW corrections at large scales. We will not include HBR
contributions in the following results. Their impact has been computed for the total cross section and
differential observables in [327, 328], where it has been found to be small (less than 1%) on total rates
and, unlike NLO EW corrections, only marginally enhanced when large energy scales are probed.

Tables 227–232 present NLO QCD+EW predictions for different collider energies and Higgs bo-
son mass values. The relative impact of QCD and EW corrections is illustrated in the form of a QCD
correction factor

KQCD =
σNLO

QCD

σLO
QCD

, (I.6.6)

and a relative EW correction factor
δEW = δσEW/σ

NLO
QCD . (I.6.7)

All result in Tables 227–232 are based on MADGRAPH5_AMC@NLO [54], similarly as in [328]. A
cross check against an independent calculation based on SHERPA+OPENLOOPS [336] has confirmed the
correctness of NLO QCD+EW predictions for

√
s = 7, 8, 13, 14 TeV and MH = 125 GeV at the per

mille level. Predictions for the production of a Higgs boson in the mass range MH = 120–130 GeV
are reported in Tables 227–230 for

√
s = 7, 8, 13, 14 TeV respectively. The relative scale and PDF+αs

uncertainties are the same for NLO QCD as for NLO QCD+EW cross sections, therefore they can be
computed for the former and applied to the latter. Tables 231, 232 list numbers at different

√
s for

MH = 125.00 GeV and MH = 125.09 GeV, respectively. The integration uncertainty affecting results
is at 0.1% level for σNLO

QCD+EW. The left and right plots in Figure 69 show the tt̄H cross section as a
function of the Higgs boson mass at 13 TeV, for the SM and BSM range respectively. The scale, PDF,
and αs uncertainties are also shown, together with the QCD and EW correction factors.

I.6.3 Comparison of NLO QCD+Parton Shower simulations for tt̄H(bb̄)

In recent years fixed-order NLO QCD calculations of tt̄H have been interfaced with parton-shower (PS)
Monte-Carlo generators (HERWIG [313,337,338], PYTHIA [207,318,319,339], and SHERPA [229]) using
one of the methods proposed in the literature, namely MC@NLO [340,341], POWHEG [342–344], and S-
MC@NLO [345,346], and are nowadays implemented in a variety of tools, from MADGRAPH5_AMC@NLO
[54,347,348], to POWHEL [349,350], POWHEG BOX [81,351], SHERPA+OPENLOOPS [229,247,352], and
HERWIG7 [306, 313].

The accurate description of the tt̄H signal, from the energy scale of the hard scattering to the
hadronization energy scale, crucially relies on these tools and their use in experimental analyses is highly
recommended. Due to the prominent role that tt̄H production will play in the Higgs-physics program of
Run 2 of the LHC, it is crucial to validate different implementations against each other and verify their
compatibility. Given the multiplicity and diversity of NLO QCD parton-shower Monte-Carlo generators
available to calculate tt̄H observables (total cross section and distributions), a systematic comparison
requires to define a common set-up that takes into account the technical aspects of different matching
schemes between fixed-order NLO QCD calculation and parton shower. It is the first necessary step
towards a better control of the theoretical accuracy of tt̄H predictions, and has been the purpose of a
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Figure 69: The upper panel shows the tt̄H total cross section as a function of MH, at 13 TeV, including only
NLO QCD corrections (blue curve) and both NLO QCD+EW corrections (red curve). The intermediate panel
illustrates the estimated theoretical uncertainties from scale, PDF, and αs variation over the same MH ranges. The
lower panel shows the size of the electroweak corrections as a function of MH.

dedicated study in the context of the tt̄H working group. Previous studies [8, 33] have shown compati-
bility among different subsets of these tools, but different choices made in each existing study prevent to
derive from them a more uniform comparison.

In this section we present details and outcomes of a new comprehensive comparison of the most
up-to-date tools currently available for Run 2 studies, and compare them using a common choice of
input parameters for the fixed-order NLO QCD calculation and the PS. Some arbitrariness in the choice
of PS-specific parameters can still be present, as will be manifest in the comparison of observables that
are more sensitive to regions of phase space that are dominated by the PS. We recommend that the
comparison presented in this section serves as the main reference to anybody interested in using any of
the NLO QCD+PS tools that will be discussed in the following for the production of official samples of
tt̄H showered events.

We have compared five NLO QCD calculations of tt̄H consistently interfaced with either SHERPA,
PYTHIA8, or HERWIG7. Namely, we have compared results from:

– S-MC@NLO using OPENLOOPS 1.2.3 + SHERPA 2.2.0,
– MADGRAPH5_AMC@NLO 2.3.2 + PYTHIA8 2.1.0,
– POWHEL + PYTHIA8 2.1.0,
– POWHEG BOX + PYTHIA8 2.1.0,
– HERWIG7 using OPENLOOPS 1.2.4+ MADGRAPH5_AMC@NLO 2.3.0+ HERWIG7.
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SHERPA+OPENLOOPS uses OPENLOOPS [247] as a one-loop generator, and relies on the CUTTOOLS li-
brary [353] for the numerically stable evaluation of tensor integrals. Real-emission contributions, in-
frared subtractions based on the Catani-Seymour technique [249, 354], and phase-space integration are
handled by SHERPA. The NLO corrections are matched to the SHERPA PS generator [355] using the
SHERPA formulation [345, 356] of the MC@NLO [340, 341] method, also dubbed S-MC@NLO.

Within MADGRAPH5_AMC@NLO [54,348], fixed-order NLO QCD results are obtained by adopt-
ing the FKS method [113,357] for the subtraction of the infrared divergences of the real-emission matrix
elements (automated in the module MADFKS [358]), and the OPP integral-reduction procedure [359] for
the computation of the one-loop matrix elements (automated in the module MADLOOP [348]). Matching
with parton showers is achieved by means of the MC@NLO formalism [340, 341].

The POWHEG BOX framework [81, 342, 343] adopts the FKS subtraction scheme [113, 357] to
factor out the infrared singularities of the real-emission cross section, while the the virtual one-loop
matrix elements can be provided with different methods. In the public POWHEG BOX (V2) distribution
of tt̄H , the NLO QCD virtual corrections are implemented using the one-loop routines from the NLO
QCD calculation of Ref. [321–323]. The corresponding results are labelled as POWHEG BOX in this
section. On the other hand, the POWHEL generator [350] uses the HELAC-NLO package [349] for the
computation of all matrix elements provided as input to the POWHEG BOX. Within the POWHEG BOX the
matching with parton showers is obtained implementing the POWHEG matching scheme [342–344]. The
matched results from the NLO computations are interfaced to PYTHIA8 via Les-Houches event (LHE)
files.

HERWIG7, based on extensions of the previously developed MATCHBOX module [306,307], imple-
ments the Catani-Seymour dipole subtraction method [249, 354] for the infrared divergences of the real-
emission matrix elements, provides for the final-state phase-space integration, and can interface to a va-
riety of LO and NLO matrix elements providers, either at the level of squared matrix elements, based on
extensions of the BLHA standard [33, 360, 361], or at the level of colour–ordered subamplitudes, where
the colour bases are provided by an interface to the COLORFULL [362] and CVOLVER [363] libraries. For
this study the relevant tree-level matrix elements are provided by MADGRAPH5_AMC@NLO [54,364] (at
the level of colour-ordered subamplitudes), whereas the relevant tree-level/one-loop interference terms
are provided by OPENLOOPS [247, 365] (at the level of squared matrix elements). Fully automated
NLO matching algorithms are available, henceforth referred to as subtractive (NLO⊕) and multiplica-
tive (NLO⊗) matching – based on the MC@NLO [340] and POWHEG [342] formalism respectively –
for the systematic and consistent combination of NLO QCD calculations with both shower variants (an
angular–ordered parton shower [366] and a dipole shower [367]) in HERWIG7. For this study the subtrac-
tive matching in combination with the angular–ordered parton shower has been chosen.

For the purpose of the comparison presented in this section, the NLO QCD calculation has been
performed using NF = 5 light flavours,

√
s = 13 TeV for the centre-of-mass energy, MH = 125 GeV

for the Higgs boson mass, and Mt = 172.5 GeV for the top-quark mass. The top-quark Yukawa

coupling has been defined in terms of the Fermi constant as yt = (
√

2GF )1/2Mt. We have followed
the recommendation of the Higgs Cross-Section Working Group [144] for all other parameters that are
not explicitly given here. We have used a dynamical renormalization (µR) and factorization (µF) scale
defined as the geometric mean of the transverse energies (ET ) of the final-state particles (t, t̄, and H).

The central value of both scales is then set to µ0 = (ET(t)ET(t̄)ET(H))1/3, where ET =

√
M2 + p2

T

forM the mass of a given particle and pT its corresponding transverse momentum. Finally, following the
Higgs Cross Section Working Group recommendation, we have used the PDF4LHC15 parton distribution
functions (PDF) [35], and more specifically the central set of PDF4LHC15_nlo_30, with NLO αs(µ) and
αs(MZ) = 0.118.

The different parton-shower generators have all been set up not to include hadronization, un-
derlying events, and QED effects in the shower. The shower resummation scale has been chosen as
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consistently as possible among different generators. This corresponds to setting µQ = HT /2 in S-
MC@NLO where HT is defined as the sum of the tt̄H final-state transverse energies (HT = ET(t) +
ET(t̄) + ET(H)), while using h = HT/2 in the definition of hdamp = h2/(h2 + p2

T) in POWHEG

BOX where pT is the transverse momentum of the hardest parton in the O(αs) QCD real emission.
In the case of MADGRAPH5_AMC@NLO a different choice had to be adopted since only resumme-
tion scales of the form µQ = ξ

√
ŝ are supported, where the prefactor ξ is randomly distributed in a

freely adjustable (ξmin, ξmax) range. In particular we have adopted the default recommendation and used
(ξmin, ξmax) = (0.1, 1). In the case of HERWIG7 the hard shower scale, similarly to the renormalization
and factorization scale, has been set to be the geometric mean of the transverse energies (see above).
Internal studies have shown that a different scale choice for the hard shower scale results in only small
differences in the distributions.

The theoretical uncertainty bands have been calculated purely from the renormalization and fac-
torization scale dependence, estimated by varying these scales independently by a factor of two about
their central value (µR = ξRµ0 and µF = ξFµ0, with ξR,F = 1/2, 1, 2). For the purpose of this compari-
son we have used a common set of PDF and therefore we have not included in the theoretical error any
uncertainty from PDF variation (since it would have been the same for all results). No uncertainty from
the parton shower has been included. It has been our goal to investigate if, under physically equivalent
choices of the parton-shower setup, and having eliminated the differences that can come from different
treatment of hadronization and underlying events, all the tools considered in this comparison give re-
sults that are compatible within the scale uncertainty for all observables that are not directly affected by
parton-shower effects (see discussion of Figs. 70-75). Differences that are observed in regions of phase
space dominated by the PS should be resolved by properly including parton-shower uncertainties, and
this study should serve as solid ground to investigate these parton-shower specific effects.

Finally, we have considered two scenarios: without and with decays of the tt̄H final-state particles.
In the second case, we have let the Higgs boson decay to b quarks, H → bb̄, while the top and antitop
quarks decay leptonically to t → be+νe and t̄ → b̄µ−ν̄µ, respectively. Notice that, for the purpose
of this comparison, the results presented include only this specific decay chain, i.e. correspond to the
process tt̄H → e+µ−νeν̄µbb̄bb̄. Events are required to contain one e+ and one µ− with transverse
momentum plT > 20 GeV and pseudorapidity |ηl| < 2.5 (l=lepton), as well as missing transverse
energy ET/ > 30 GeV, and four b jets. b jets are defined using the anti-kT jet algorithm with R =

0.4, and requiring that the jet contains at least one b or b̄ quark and has transverse momentum pb
T >

25 GeV and pseudorapidity |ηb| < 2.5. Finally, spin-correlation effects have been taken into account
using the built-in implementations of each package, like MADSPIN [368] for MADGRAPH5_AMC@NLO,
DECAYER [369] for POWHEL, and analogous modules for POWHEG BOX, S-MC@NLO, and HERWIG7,
all based on the approach originally proposed in Ref. [370]. The results from the five NLO QCD+PS
simulations listed above have been processed through a common R-IVET analysis that implements the
selection cuts described above.

In Figs. 70-71 we present results for the comparison of the on-shell case (no decay of t, t̄, and H
included), while in Figs. 72 -75 we present results for the case of tt̄H → e+µ−νeν̄µbb̄bb̄. In order to
minimize the effect of treating decays at LO the corresponding branching ratios have been normalized
to Br(H → bb̄) = 57.7% (from Ref. [9], for MH = 125 GeV), and Br(t → be+νe) = Br(W+ →
e+νe) = 10.83% (from [11]), and similarly for t̄→ b̄µ−ν̄µ.

In each case we compare results for various standard differential observables. Each plot shows in
the upper window the comparison of results obtained using the five different NLO QCD+PS tools used
in our study, as well as the pure NLO QCD fixed-order results (see Table 229) which have been used for
validation. The lower windows of each plot illustrate the theoretical uncertainty from renormalization-
and factorization-scale dependence calculated as previously explained. More specifically, each lower
window shows all results normalized to a particular one, together with the uncertainty band of the latter.
For NLO distributions this uncertainty is of the order of 10-15%, but can grow to 20% or more in the
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tails of distributions. On the other hand, a much larger uncertainty affects distributions like the pT of the
hardest light jet since the underlying hard process is LO in nature.

The comparison of both total cross sections and distributions shows in general full compatibility
among all sets of results within the theoretical uncertainty considered in this study. This is in particular
true for the on-shell case, when decays of the final-state particles are not considered. This validates the
set-up chosen for the comparison, both at the level of the fixed-order NLO QCD calculation and at the
level of the matching with the PS.

In the case in which the decays of both top-quarks and Higgs boson are implemented we still see
overall very good agreement. We notice some moderate discrepancies in the distribution in the number of
b jets (dσ/dNb−jets). In the case of POWHEL+PYTHIA8 the excess in the low Nb−jets bins and the deficit
in the highNb−jets bins are mainly due to having considered the bottom quarks as massless in the decays
of the top quarks, matched to a parton shower that uses massive bottom quarks. As all other distributions
in Figs. 72-75 are obtained from events with exactly four b jets, the difference in the exclusive b-jet
multiplicity distribution at Nb−jets = 4 affects the normalization of the distributions, but leaves their
shapes intact.

On the other hand, the overall discrepancy between most implementations considered forNb−jets >
4 is mainly of parton-shower origin. Indeed, since the Nb−jets > 4 bins are mainly populated by b jets
originating in the parton shower, these effects depend on the specific set up of the parton-shower al-
gorithm used in each case and should be considered as part of the theoretical uncertainty coming from
the parton shower, which we have not explicitly quantified in this study. A dedicated study of parton-
shower effects acquires more meaning in the context of specific experimental analyses, if, for instance,
observables like dσ/dNb−jets for large numbers of b jets had to become relevant. Having provided a
sound comparison of a broad variety of main NLO QCD+PS frameworks, we have laid the foundation
for further dedicated studies that will likely happen in the context of specific experimental analyses.

I.6.4 Off-shell effects in tt̄H production
I.6.4.a tt̄H with off-shell top decays: W+W−bb̄H production at NLO QCD
In this section predictions for the hadronic production of top–antitop pairs in association with a Higgs
boson at next-to-leading-order QCD, including the decay of the top and antitop quark into bottom quarks
and leptons, are presented. The computation is based on full leading and next-to-leading-order matrix
elements for e+νeµ

−ν̄µbb̄H(j) and includes all non-resonant contributions, off-shell effects and inter-
ferences (for more details see Ref. [371]). Besides off-shell effects also NLO corrections to top-quark
decays are included, which is not the case in many NLO and NLO + parton shower (PS) tt̄H calculations
on the market.

I.6.4.a.i Method of calculation
The study is based on the tree-level amplitudes at O(αsα

5/2) for gluon-induced and quark–antiquark-
induced processes and the corresponding NLO corrections of order αs. The bottom quark is considered
massless. The corresponding real corrections receive also contributions of quark–gluon- and antiquark–
gluon-initiated processes. The Catani–Seymour subtraction formalism [249, 354] is applied for the reg-
ularization and analytical cancellation of IR singularities. For the computation of all matrix elements
as well as colour- and spin-correlated squared matrix elements needed for the evaluation of subtraction
terms, the recursive amplitude generator RECOLA [372] is employed. A consistent description of all
resonances is achieved using the complex-mass scheme [373–375]. The top-quark Yukawa coupling is
defined in the on-shell scheme.

The matrix elements for the virtual corrections are calculated with RECOLA, which uses the COLLIER

[248, 376] library for the numerical evaluation of one-loop scalar [377–380] and tensor integrals [381–
383]. The results for the virtual NLO contribution to the squared amplitude, 2 ReM∗0M1, have been
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Figure 70: NLO QCD+PS and fixed-order NLO QCD predictions for differential tt̄H observables at 13 TeV.
Each ratio plot shows all results normalized to one particular NLO QCD+PS prediction and the scale variation
band of the latter.
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Figure 71: NLO QCD+PS and fixed-order NLO QCD predictions for differential tt̄H observables at 13 TeV.
The ratio plots are defined as in Figure 70.
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Figure 72: NLO QCD+PS predictions for differential tt̄H observables with tt̄H → e+µ−νeν̄µ+bb̄bb̄ at 13 TeV.
The ratio plots are defined as in Figure 70.
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Figure 73: NLO QCD+PS predictions for differential tt̄H observables with tt̄H → e+µ−νeν̄µ+bb̄bb̄ at 13 TeV.
The ratio plots are defined as in Figure 70.
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Figure 74: NLO QCD+PS predictions for differential tt̄H observables with tt̄H → e+µ−νeν̄µ+bb̄bb̄ at 13 TeV.
The ratio plots are defined as in Figure 70.
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Figure 75: NLO QCD+PS predictions for differential tt̄H observables with tt̄H → e+µ−νeν̄µ+bb̄bb̄ at 13 TeV.
The ratio plots are defined as in Figure 70.
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successfully compared with MADGRAPH5_AMC@NLO [54]. In addition the Ward identity for the matrix
elements of the gluon-initiated process at tree and one-loop level has been checked.

I.6.4.a.ii Setup of the analysis
Cross section and differential distributions for the LHC operating at 13 TeV are investigated. LHAPDF
6.05 with CT10NLO parton distributions are employed for LO and NLO cross sections and contributions
from the suppressed bottom-quark parton density and flavour mixing are neglected. The value of the
strong coupling constant αs as provided by LHAPDF based on a two-loop accuracy with NF = 5 active
flavours is used. The electromagnetic coupling α is derived from the Fermi constant in the Gµ scheme.
The width of the top quark Γt is calculated at LO and NLO QCD including effects of off-shell W bosons
according to Ref. [384]. The top-quark width is calculated at the scale Mt, which is kept fixed when
studying scale uncertainties.

For the jet reconstruction the anti-kT algorithm [191] is used with a jet-resolution parameter R =
0.4. Only final-state quarks and gluons with rapidity |y| < 5 are clustered into infrared-safe jets. After
recombination standard selection cuts are imposed on transverse momenta and rapidities of charged
leptons and b jets, missing transverse momentum and rapidity–azimuthal-angle distance between b jets.
Two b jets and two charged leptons in the final state are required, with bottom quarks in jets leading to b
jets, and

b jets: pT,b > 25 GeV, |yb| < 2.5,

charged lepton: pT,` > 20 GeV, |y`| < 2.5,

missing transverse momentum: pT,miss > 20 GeV,

b-jet–b-jet distance: ∆Rbb > 0.4.

(I.6.8)

As default, a dynamical scale

µdyn = µR = µF =
(
MT,tMT,̄tMT,H

) 1
3 with MT =

√
M2 + p2

T (I.6.9)

is used for the renormalization µR and factorization scale µF following Ref. [347]. Alternatively, a fixed
scale according to Ref. [325] is chosen:

µfix = µR = µF =
1

2

(
2Mt +MH

)
= 236 GeV. (I.6.10)

Scale uncertainties are determined by computing integrated and differential cross sections at seven scale
pairs, (µR/µ0, µF/µ0) = (0.5, 0.5), (0.5, 1), (1, 0.5), (1, 1), (1, 2), (2, 1), (2, 2). The central value cor-
responds to (µR/µ0, µF/µ0) = (1, 1), and the error band is constructed from the envelope of these seven
calculations.

I.6.4.a.iii Results for integrated cross sections
In Table 34 the integrated cross sections for the dynamical scale (I.6.9) is presented. The cross sections
for the fixed scale (I.6.10) are lower by only about 1 %, and the K factor for the fixed scale is 1.176(1).
The contribution of the dominating gluon-fusion channel increases from about 70 % at LO to 76 % at
NLO. The contribution of the quark–antiquark annihilation drops from about 30 % at LO to 19 % at
NLO. The gluon–(anti)quark induced real-radiation subprocesses contribute about 5 % at NLO. The
inclusion of NLO QCD corrections reduces the scale dependence from 31 % to 5 %. Note that the NLO
scale uncertainty band in Table 34 is by a factor 3 smaller than for on-shell tt̄H production at 13 TeV
with the PDF4LHC15 prescription. This might be due to the acceptance cuts, the PDFs, or to the fact
that scale variations are not applied to the top width.

The dependence of the integrated LO (blue) and NLO (red) cross sections on the values of the
fixed and dynamical scale is displayed in Figure 76. Solid lines for the dynamical scale and dash-dotted
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Table 34: Composition of the integrated cross section for pp → e+νeµ
−ν̄µbb̄H(j) at the 13 TeV LHC with the

dynamical scale. In column one the partonic initial states are listed, where q = u,d, c, s and q( )

= q, q̄. The second
and third column give the integrated cross sections in fb for LO and NLO, resp., including scale uncertainties. The
last column provides the K factor with K = σNLO/σLO.

pp σLO [fb] σNLO [fb] K

gg 1.5906(1)+33.7%
−23.6% 2.024(3)+8.4%

−16.2% 1.273(2)

qq̄ 0.67498(9)+24.1%
−18.1% 0.495(1)+17.2%

−39.5% 0.733(2)

gq
( )

0.136(1)+295%
−166%

∑
2.2656(1)+30.8%

−22.0% 2.656(3)+0.9%
−4.6% 1.172(1)
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Figure 76: Scale dependence of the LO and NLO in-
tegrated cross section at the 13 TeV LHC. The renor-
malization and factorization scales are varied around the
central values of the fixed (µ0 = µfix, dash-dotted lines)
and dynamical scale (µ0 = µdyn, solid lines). For the
dynamical scale the variation with µR while keeping
µF = µdyn fixed and vice versa is shown with dashed
lines.
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Figure 77: Zero-top-width extrapolation of the LO and
NLO cross section at the LHC at

√
s = 13 TeV for fixed

scale µ0 = µfix.

lines for the fixed scale show the scale dependence for a simultaneous variation of the renormalization
and factorization scales and dashed lines the individual variation, where one of the scales is kept fix at
the central value, for the dynamical scale only. While the largest scale variation is obtained when both
scales are changed simultaneously, the smallest effect results if only the factorization scale is varied. The
cross sections for the fixed and dynamical scale choices are uniformly shifted relative to each other by
about 1 % as for the central scale µ0 both for LO and NLO except for µ < µ0/2, where the fixed scale
leads to a faster decrease of the cross section with µ as the dynamical scale. For the fixed and dynamical
scale the maximum of the NLO cross section is near µ ' µ0, justifying the use of both scale choices to
be stable against scale variations. The K factor equals one at the slightly lower scale of about µ ' 0.7µ0

The effects of the finite top-quark width have been determined via a numerical extrapolation to
the zero-top-width limit, Γt → 0 (see Figure 77). For fixed scale µfix finite-top-width effects shift the
LO and NLO cross section by −0.07 ± 0.01 % and −0.14 ± 0.22 %, respectively, which are within the
expected order of Γt/Mt.
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Figure 78: Distributions at the LHC at
√
s = 13 TeV for dynamical scale µ0 = µdyn: for the transverse mo-

mentum of the positron (upper left), for the transverse momentum of the b-jet pair (upper right), for the transverse
momentum of the Higgs boson (lower left) and the azimuthal angle between the positron and the muon in the
transverse plane (lower right), The lower panels show the K factor.

I.6.4.a.iv Results for distributions

Four differential distributions are shown in Figure 78 for the dynamical scale choice (I.6.9). The up-
per panels show the LO (blue, dashed) and NLO (red, solid) predictions with uncertainty bands from
scale variations. The lower panels display the LO (blue) and NLO (red) predictions with scale un-
certainties normalized to the LO results at the central scale, i.e. KLO = dσLO(µ)/dσLO(µ0) and
KNLO = dσNLO(µ)/dσLO(µ0). Thus, the central red curve corresponds to the usual NLO correction
factor (K factor), defined as K = σNLO(µ0)/σLO(µ0). The blue band shows the relative scale uncer-
tainty of the LO differential cross section. The scale uncertainties are determined as explained at the end
of Section I.6.4.a.ii.

The upper left plot of Figure 78 shows the transverse-momentum distribution of the positron.
Using the dynamical scale, the K factor changes only slightly (within 20 %) over the displayed range,
and the NLO band lies within the LO band. The residual scale variation is at the level of 10 % at
NLO. This behaviour is typical for most other distributions (see Ref. [371]). A notable exception is the
distribution in the transverse momentum of the b-jet pair (upper right in Figure 78), where we observe
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an increase of the K factor for high transverse momentum to a value of 1.8 at pT ' 400 GeV. This
originates from the fact that this region is suppressed for on-shell top quarks, an effect known already
from tt̄ production, where it is even more pronounced [385]. Using the fixed scale Eq.(I.6.10) instead
leads to a much larger variation of the relative corrections and the NLO prediction moves outside the LO
band in the high-pT tails.

The lower left panel in Figure 78 displays the transverse-momentum distribution of the Higgs bo-
son. The average pT of the Higgs boson is around 70 GeV. The cross section decreases more moderately
with pT in the plotted range than for other transverse-momentum distributions. In the lower right panel
of Figure 78 the distributions in the azimuthal angle in the transverse plane between the two charged
leptons are presented. It exhibits sizeable NLO effects for small angles and the K factor varies by 40 %.
NLO corrections of similar size are found for the distribution in the cosine of the angle between the two
charged leptons. Such large NLO effects in the kinematics of top-decay products can be attributed to or-
der αs radiative corrections to top decays. It would be interesting to compare them against conventional
NLO+PS simulations, where such effects are modelled by the parton shower.

To summarize, this study, which includes NLO correction effects to the top–antitop–Higgs-boson
production and the top decay processes, showed that for the inclusive investigated set-up, non-resonant
and off-shell top-quark effects are below one per cent. Including NLO corrections, the scale uncertainty
is reduced to 5 % for the integrated cross section and to the level of 10 % for distributions.

I.6.4.b Irreducible background and interference effects: `ν+jj+bb̄bb̄ production at LO QCD
A LO analysis of Higgs boson production in association with a top-quark pair at the LHC investigating
the semi-leptonic final state consisting of four b jets, two jets, one identified charged lepton and missing
energy is presented. All the various contributions of order αksα

4−k with k = 0, 1, 2, 3 to the LO matrix
elements and their interferences are taken into account. The Standard Model predictions in three scenar-
ios are considered: the resonant Higgs boson plus top-quark-pair production, the resonant production of
a top-quark pair in association with a b-jet pair and the full process including all non-resonant and inter-
ference contributions. By comparing these scenarios the irreducible background for the production rate
and several kinematical distributions is examined. More details of this study can be found in Ref. [386].

I.6.4.b.i Setup of the analysis
The full LO process pp → `+ν`jjbb̄bb̄ involves partonic channels with up to 78,000 diagrams. All
matrix elements are calculated with RECOLA [372] which provides a fast and numerically stable compu-
tation. RECOLA uses recursive methods and allows to specify intermediate particles for a given process.
The complex-mass scheme [373–375] is used for the consistent description of all resonances that are
not treated in the pole approximation. If resonant particles are required as intermediate states, these are
treated in the pole approximation [387–389], i.e. nonresonant contributions are neglected and the mo-
menta are projected such that the corresponding production and decay matrix elements are on shell and
gauge invariant.

Cross section and differential distributions are investigated for the LHC operating at 13 TeV.
LHAPDF 6.05 with CT10 parton distributions (which is an NLO PDF set) is employed and contributions
from the suppressed bottom-quark parton density and flavour mixing are neglected. The strong coupling
αs is taken from the PDF set and the electromagnetic coupling α is derived from the Fermi constant in
the Gµ scheme. The width of the top quark Γt is calculated at LO QCD including effects of off-shell W
bosons according to Ref. [384].

Three scenarios to calculate the process pp→ `+ν`jjbb̄bb̄ are considered:

– In the first scenario, the full process, all SM contributions to the process pp → `+ν`jjbb̄bb̄ are
included. Matrix elements involving external gluons receive contributions of O(αsα

3), O(α2
sα

2)
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and O(α3
sα), whereas amplitudes without external gluons receive an additional O(α4) term of

pure electroweak origin. In this scenario many different resonant subprocesses contribute, such as
ttH, ttZ/γ∗, or ttbb production, as well as single W or W+multiboson production in association
with light and/or b jets.

– In the second scenario only those diagrams are taken into account that contain an intermediate top–
antitop-quark pair. The resulting amplitude, labelled tt̄bb̄ production in the following, corresponds
to the production of a bottom–antibottom pair and an intermediate top–antitop pair followed by
its semileptonic decay, i.e. pp → tt̄bb̄ → `+ν`jjbb̄bb̄. Note that the pole approximation is used
for the top quarks only, hence all off-shell effects of the remaining unstable particles are taken
into account. As a consequence of the required top–antitop-quark pair the amplitudes receive no
contribution of O(α3

sα). In this scenario only the resonant subprocesses tt̄H, tt̄Z/γ∗, and tt̄bb̄
production contribute.

– Finally, the signal process pp → tt̄H → `+ν`jjbb̄bb̄ is considered and labelled tt̄H production.
In addition to the intermediate top–antitop-quark pair an intermediate Higgs boson decaying into a
bottom–antibottom-quark pair is required and the pole approximation is used for the top-quark pair
and the Higgs boson. The requirement of the Higgs boson eliminates contributions of O(α2

sα
2)

and all resonant subprocesses other than tt̄H from the amplitude.

The bottom quarks are taken massive, and a fixed renormalization and factorization scale is used
according to Ref. [325],

µfix = µR = µF =
1

2

(
2Mt +MH

)
= 236 GeV. (I.6.11)

While this hard scale choice is appropriate for tt̄H production, it tends to underestimate tt̄bb̄ production
and other QCD contributions by a factor 2 or more [390], leading to a low tt̄bb̄/tt̄H ratio. In the future
one should consider an improved scale choice for the QCD contributions.

The following analysis requires 4 b jets, 2 jets and one charged lepton within the following accep-
tance cuts:

non-b jets: pT,j > 25 GeV, |yj| < 2.5,

b jets: pT,b > 25 GeV, |yb| < 2.5,

charged lepton: pT,`+ > 20 GeV, |y
`
+ | < 2.5,

missing transverse momentum: pT,miss > 20 GeV,

jet–jet distance: ∆Rjj > 0.4,

b-jet–b-jet distance: ∆Rbb > 0.4,

jet–b-jet distance: ∆Rjb > 0.4.

(I.6.12)

I.6.4.b.ii Background and interference contributions in integrated cross sections
In Table 35 individual contributions to the integrated cross section for the three scenarios are presented.
While the first column specifies the scenario, the following columns contain the contributions resulting
from the square of matrix elements of specific orders in the strong and electroweak coupling. The col-
umn labelled “Sum” represents the sum of the preceding columns, whereas the column labelled “Total”
provides the integrated cross section including in addition all interference effects between different or-
ders in the couplings, and the last column labelled “Int” gives the interference contributions in per cent
of the “Total”.

For tt̄H production (2nd row of Table 35), where about 70 % of the events originate from the
gluon-fusion process, the bulk of the contributions results from matrix elements of order O(αsα

3),
quark–antiquark annihilation receives an additional tiny contribution from pure electroweak interactions.
Note that there are no interferences between diagrams of O(α4) and O(αsα

3) in this scenario.
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Table 35: Composition of the cross section in fb for tt̄H production, tt̄bb̄ production and the full process at the
LHC at 13 TeV.

scenario Cross section [fb]

O((α4)2) O((αsα
3)2) O((α2

sα
2)2) O((α3

sα)2) Sum Total Int

tt̄H 0.014887(2) 7.377(1) — — 7.3920(9) 7.3920(9) —

tt̄bb̄ 0.018134(6) 10.311(4) 17.570(9) — 27.90(1) 26.446(7) -5.2(3)%

full process 0.02120(3) 10.87(2) 18.69(6) 0.516(2) 30.10 (6) 28.60 (6) -5.50(5)%
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Figure 79: Representative Feynman diagram that gives rise to large interferences with the tt̄bb̄ production dia-
grams of order O(α2

sα
2).

For tt̄bb̄ production (3rd row of Table 35), the production rate is significantly enhanced compared
to tt̄H production, and thus the irreducible background σIrred.

tt̄bb̄ = σTotal
tt̄bb̄ − σTotal

tt̄H = 19.06 fb exceeds
the tt̄H signal by a factor of 2.6. The major contribution to the irreducible background is due to QCD
production of O((α2

sα
2)2). The additional contributions of O((αsα

3)2) in the tt̄bb̄ scenario result from
Feynman diagrams involving electroweak interactions with Z bosons, W bosons and photons, where in
particular tt̄Z production contributes 1.01 fb. The difference between the sixth (Sum) and seventh (Total)
column in Table 35 is due to interference contributions between matrix elements of different orders in
the coupling constants. These cause a reduction of the cross sections by about 5 % with respect to the
full cross section. With respect to tt̄H production or tt̄bb̄ production at order (α2

sα
2)2 this amounts to

20 % and 8 %, respectively. The dominant effect is due to interferences of diagrams of O(αsα
3) where

a W boson is exchanged in the t-channel (see Figure 79 for an example) with diagrams of O(α2
sα

2) that
yield the dominant irreducible background. These kinds of interferences are absent in the qq̄ channel.
On the other hand, the interference of the tt̄H signal process with the dominant irreducible background
of order O(α2

sα
2) is below one per cent.

The results for the full process are listed in the last row of Table 35. Here, additional partonic
channels (gq, gq̄, qq(′)) contribute about 5 %. Nevertheless, the cross section increases by merely 8 %
relative to tt̄bb̄ production. With respect to tt̄H production or tt̄bb̄ production at order (α2

sα
2)2 this,

however, amounts to 30 % and 12 %, respectively. The contributions of order O((α3
sα)2) are below 2 %

and the interference pattern is similar to the case of tt̄bb̄ production.

I.6.4.b.iii Background contributions to differential distributions
Turning to differential distributions for the three scenarios, results for the full process are compared with
tt̄bb̄ production and tt̄H production to assess the irreducible background to tt̄H production. The upper
panels in each plot of Figure 80 show the differential distribution of the full process with a black solid
line, tt̄bb̄ production with a dashed blue line and tt̄H production with a dotted red line. The lower
panels provide the ratio of tt̄bb̄ production to the full process with a dashed blue line and the ratio of
tt̄H production to the full process with a dotted red line.
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Motivated by Ref. [391] the two b jets that most likely originate from the decay of the top quark
(t→W+b→ `+ν`b) and antitop quark (̄t→W−b̄→ ūdb̄, with u = u, c, d = d, s) are determined and
the invariant mass of the remaining b-jet pair is plotted. Since in most events the top quark and antitop
quark in tt̄H production are nearly on-shell, the two b jets maximizing the corresponding propagator
contributions are most likely to originate from the top-quark and antitop-quark decay. To determine the
maximizing b-jet combination a top-momentum candidate is computed with the charged lepton, neutrino
and a b-jet momentum (pbi),

p
`
+
ν`bi

= p
`
+ + pν` + pbi

(I.6.13)

and an antitop-momentum candidate with the two momenta of the non-b jets and a different b-jet mo-
mentum (pbj

),
pj1j2bj = pj1 + pj2 + pbj . (I.6.14)

As b jets originating from the top-quark and antitop-quark decay we select those that maximize the
likelihood function L defined as a product of two Breit–Wigner distributions corresponding to the top-
quark and antitop-quark propagators:

L ∝
[(
p2
`
+
ν`bi
−M2

t

)2
+
(
MtΓt

)2
]−1 [(

p2
j1j2bj−M

2
t

)2
+
(
MtΓt

)2
]−1

. (I.6.15)

Figure 80 upper left presents the b-jet-pair invariant mass that has been identified to originate
from the Higgs boson decay by the maximum-likelihood method described above. In the off-shell region
the ratio of tt̄H production to the full process drops considerably below the corresponding ratio for
the total cross section of about a fourth. Since this method tags the b jets resulting from the top and
antitop quarks, any resonance in the invariant mass of the remaining b-jet pair is resolved, and thus
the Z resonance is clearly visible in the plot. Note, however, that this analysis uses an idealized tt̄bb̄
reconstruction. In practice, multi-jet emissions, finite jet-energy resolution, and light-jet mistagging lead
to a severe dilution of bb̄ resonances.

In the following distributions that show deviations in the shape between the full process and the
tt̄bb̄ and tt̄H sub-processes are discussed. Figure 80 upper right shows the azimuthal separation of the
b-jet pair determined by top–antitop Breit–Wigner maximum likelihood. While tt̄bb̄ production and the
full process yield a very similar shape, tt̄H production exhibits clearly a different shape. This behaviour
can be explained by the dominant production mechanisms of bottom–antibottom pairs. In the signal
process these result from the Higgs boson and owing to the finite Higgs boson mass tend to have a finite
opening angle. In the background processes the bottom–antibottom pairs result mainly from gluons and
thus tend to be collinear leading to a peak at small φbb that is cut off by the acceptance function. Thus,
this distribution can help to separate bottom–antibottom pairs resulting from Higgs bosons from those of
other origin.

Figure 80 lower left displays the transverse-momentum distribution of the third-hardest b jet. Here
all three approximations are similar in shape for pT values below 150 GeV. For higher transverse mo-
menta the distribution for tt̄H production diverges from those of the full process and tt̄bb̄ production.
This behaviour is not found in the transverse momentum distributions of the two harder b jets but to some
extent in the one of the fourth-hardest b jet. This results from the fact that in the tt̄H signal all b jets
originate from heavy-particle decays, while in the full process some are directly produced yielding more
b jets with high transverse momenta.

Finally, Figure 80 lower right presents the invariant mass of the three hardest b jets. Below
the threshold MH + pT,b,cut ≈ 150 GeV the signal process is strongly suppressed, above its ratio to
the full process rises to 36 % at Mb1b2b3

∼ 195 GeV and then drops slowly to 26 % at Mb1b2b3
∼

400 GeV. The ratio of tt̄bb̄ production and the full process on the other hand is roughly constant for
Mb1b2b3

>∼ 70 GeV.
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Figure 80: Differential distributions at the LHC at 13 TeV for the three different scenarios: invariant-mass
distribution of the b-jet pair determined by top–antitop Breit–Wigner maximum likelihood (upper left), azimuthal
separation of this b-jet pair (upper right), transverse momentum of the 3rd-hardest b jet (lower left), and invariant
mass of the three hardest b jets (lower right). The lower panels show the relative size of tt̄bb̄ and tt̄H production
normalized to the full process.

I.6.4.b.iv Interference effects in differential distributions

In the following the effects of the interference contributions between matrix elements of different orders
in αs are investigated. For most distributions a uniform shift by roughly the same amount as for the
total cross section, i.e. about 5 % for tt̄bb̄ production and the full process (interference effects are absent
in tt̄H production), is observed. For both scenarios a few kinematical distributions are found that are
sensitive to these interference effects. The upper panels of Figure 81 show the results for the full process
and the central and lower panels highlight the interference effects. Specifically, the central panels show
the relative difference (σtot − σsum)/σtot for tt̄bb̄ production with a solid blue line and the lower panels
the same relative difference for the full process with a dashed line.

Figure 81 left shows the interference effects on the distribution of the invariant mass of the b-
jet pair determined by top–antitop Breit–Wigner maximum likelihood. The suppression of interference
in the regions of the Higgs- and Z-boson resonances is clearly visible. For invariant masses above
the Higgs threshold the interference effect exceeds −10 %. As shown in Figure 81 right, the relative
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Figure 81: Interference effects versus invariant mass of the b-jet pair determined by top–antitop Breit–Wigner
maximum likelihood (left) and azimuthal separation of this b-jet pair (right). The lower panels show the relative
interference effects of tt̄bb̄ production and the full process, respectively. The upper panel shows the corresponding
differential distribution of the full process as reference.

interference effects grow with increasing azimuthal-angle separation of the b-jet pair determined by top–
antitop Breit–Wigner maximum likelihood from almost zero at small angles to −25 % for φbb,non-top =
180◦, while the cross section drops with increasing azimuthal-angle separation.

Finally it should be noted that in Ref. [386] the irreducible background and interference effects
for various other distributions have been investigated.

To summarize, the cross section for tt̄bb̄ production agrees with the one for the full process within
8 % and interferences between matrix elements of different orders in the coupling constants contribute
about 5 % of the full process. Note, however, that these effects amount to 30 % and 20 % of the Higgs-
signal process.

I.6.5 tt̄H production beyond NLO
A fixed-order computation of the NNLO QCD corrections to hadronic tt̄H production is still beyond the
technical reach of current higher-order perturbative calculations. Nevertheless, their impact on the theo-
retical predictions for both total cross sections and distributions can be larger than the first order of EW
corrections, and their inclusion could substantially reduce the systematic dependence on renormalization
and factorization scales. It is therefore important to investigate the possibility of gaining information on
the NNLO QCD corrections to tt̄H production by studying particular sets of higher-order corrections
that can be calculated analytically from first principles. Recently two studies [392, 393] have explored
the effect of soft-gluon emission beyond NLO. A brief summary of the methods used as well as the
results obtained for the LHC at both 13 and 14 TeV are presented in Section I.6.5.a for Ref. [392] and
in Section I.6.5.b for Ref. [393].

In spite of the fact that both studies target the same kind of radiative corrections, the two ap-
proaches are quite different. In Ref. [392] the soft-gluon corrections are calculated in the absolute
threshold limit i.e., in the limit when the partonic centre-of-mass energy approaches the square of the
production threshold energy (2Mt + MH), while in Ref. [393] the soft-gluon corrections are calculated
in the final-state-invariant-mass threshold limit i.e., in the limit when the partonic centre-of-mass energy
approaches the square of the invariant mass of the tt̄H state.

Moreover, while Ref. [392] relies on the classical Mellin resummation technique and performs
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an all-order resummation of Next-to-Leading-Logarithms (NLL), Ref. [393] uses techniques of Soft-
Collinear Effective Theory (SCET) to obtain approximate NNLO corrections from a truncated expansion
of a Next-to-Next-to-Leading-Logarithms (NNLL) resummed formula matched with the full NLO fixed-
order calculation.

Given these differences, a comparison of results between the two studies is not obvious. The
NLO+NLL results of Section I.6.5.a and Table 36, and the NLO+approximate NNLO results of Sec-
tion I.6.5.b and Tables 37-38 correspond to different extensions of the NLO QCD results and cannot be
directly compared, even when they are evaluated at the same renormalization and factorization scale,
because they include different orders of differently-defined soft-gluon corrections. What is however in-
teresting is that within the uncertainty from scale variation and from corrections formally subleading in
the soft limit, they both overlap with the NLO QCD fixed-order calculation within its uncertainty range.

It will be interesting to explore directions in which these studies can be used to further improve
the theoretical understanding and accuracy of both Mellin and momentum-space resummations, and
eventually use them to more systematically control the theoretical uncertainty on tt̄H production at the
LHC.

I.6.5.a tt̄H production including NLO+NLL soft-gluon resummation in the partonic centre-of-
mass theshold limit

I.6.5.a.i Introduction

In this section we discuss how to improve the NLO QCD calculation of pp→ tt̄H at the LHC by adding
the resummation of soft-gluon corrections in the partonic centre-of-mass threshold limit, performed using
the Mellin space formalism [392]. This particular type of corrections arises due to soft-gluon emission
in the threshold limit i.e., when the production is considered close to the absolute threshold ŝ ∼ M2 =
(2Mt + MH)2, where ŝ is the partonic centre-of-mass energy, Mt the top-quark mass, and MH the
Higgs boson mass. In this region, the cross section receives enhancements in the form of logarithmic

corrections in β =

√
1−M2/ŝ. The quantity β measures the distance from the absolute production

threshold and can be related to the maximal velocity of the tt̄ system.

Threshold resummation in Mellin space has been so far well developed and copiously applied only
to 2 → 2 processes. Its application to the pp → tt̄H process requires developing the formalism for the
case of a 2 → 3 process with two coloured massive particles in the final state. While the universality of
resummation concepts warrants their applications to scattering processes with many partons in the final
state [394, 395], the specifics of the colour structure and kinematics need to be taken into account in the
process-dependent terms. In particular, the non-trivial colour flow between four coloured partons at the
Born level influences the contributions from wide-angle soft-gluon emissions which have to be included
at the next-to-leading-logarithmic (NLL) accuracy. The evolution of the colour exchange at NLL is
governed by the one-loop soft anomalous dimension. Correspondingly, the application of the threshold
resummation to the pp→ tt̄H process requires the calculation of the one-loop soft anomalous dimension
for a 2→ 3 process with two coloured massive particles in the final state. An additional improvement of
the calculation at the NLL accuracy is the inclusion of the O(αs) non-logarithmic threshold corrections
originating from hard off-shell dynamics.

I.6.5.a.ii Resummation at production threshold

At the partonic level, the Mellin moments for the process ij → klB, where i and j denote massless
coloured partons, k and l two massive quarks, and B a massive colour-singlet particle, are given by

σ̂ij→klB,N (mk,ml,mB, µ
2
F , µ

2
R) =

∫ 1

0
dρ̂ ρ̂N−1σ̂ij→klB(ρ̂,mk,ml,mB, µ

2
F , µ

2
R) , (I.6.16)
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where ρ̂ = 1− β2 = M2/ŝ, and µR and µF denote the renormalization and factorization scales, respec-
tively.

At LO, the tt̄H production process receives contributions from the qq̄ and gg channels. Analysing
the colour structure of the underlying processes in the s-channel colour bases, {cqI} and {cgI}, with
cq1 = δαiαjδαkαl , cq8 = T aαiαjT

a
αkαl

, cg1 = δaiaj δαkαl , cg8S = T bαlαkd
baiaj , cg8A = iT bαlαkf

baiaj (αi,j,k,l =

1, . . . , N , and a, b, ai,j = 1, . . . , N2 − 1, with N = 3), the soft anomalous-dimension matrix becomes
diagonal in the production threshold limit [396], and the NLL resummed cross section in the N -space
has the form [396, 397]

σ̂
(res)
ij→klB,N=

∑

I

σ̂
(0)
ij→klB,I,N Cij→klB,I ∆i

N+1∆j
N+1∆

(int)
ij→klB,I,N+1 , (I.6.17)

where the explicit dependence on the scales is suppressed. The index I in Eq. (I.6.17) distinguishes
between contributions from different colour channels. The colour-channel-dependent contributions to
the LO partonic cross sections in Mellin-moment space are denoted by σ̂(0)

ij→klB,I,N . The radiative factors

∆i
N describe the effect of the soft-gluon radiation collinear to the initial-state partons and are universal,

see e.g. [397] . Large-angle soft-gluon emission is accounted for by the factors ∆
(int)
ij→klB,I,N which are

directly related to the soft-gluon anomalous dimension calculated in [392]. As indicated by the lower
indices, the wide-angle soft emission depends on the partonic process under consideration and the colour
configuration of the participating particles. In the limit of absolute threshold production, β → 0, the
factors ∆

(int)
ij→klB,I,N coincide with the corresponding factors for the 2 → 2 process ij → kl [392]. All

perturbative functions governing the radiative factors up to the terms needed to obtain NLL accuracy in
the resummed expressions are considered.

The coefficientsCij→klB,I = 1+αs
π C

(1)
ij→klB,I+. . . contain all non-logarithmic contributions to the

NLO cross section taken in the threshold limit. More specifically, these consist of Coulomb corrections,
N -independent hard contributions from virtual corrections, and N -independent non-logarithmic contri-
butions from soft emissions. Although formally the coefficients Cij→klB,I begin to contribute at NNLL
accuracy, in the numerical studies of the pp→ tt̄H process presented in the following we consider both
the case of Cij→klB,I = 1, i.e. with the first-order corrections to the coefficients neglected, as well as the
case with these corrections included. In the latter case the Coulomb corrections and the hard contribu-
tions are treated additively, i.e. C(1)

ij→klB,I = C
(1,hard)
ij→klB,I+C

(1,Coul)
ij→klB,I . For k, l denoting massive quarks, and

more specifically for kl = tt̄, the Coulomb corrections are C(1,Coul)
ij→klB,1 = CFπ

2/(2βkl) = CFπ
2/(2βtt̄)

and C
(1,Coul)
ij→klB,8 = (CF − CA/2)π2/(2βkl) = (CF − CA/2)π2/(2βtt̄), with βtt̄ =

√
1− 4M2

t /ŝtt̄,

and ŝtt̄ = (pt + pt̄)
2. As the N -independent non-logarithmic contributions from soft emission are ac-

counted for using the techniques developed for the 2 → 2 case [398, 399], the problem of calculating
the C(1)

ij→tt̄H,I coefficients reduces to the calculation of the O(αs) virtual corrections to the tt̄H process.
We extract them numerically using the publicly available POWHEG BOX implementation of the tt̄H pro-
cess [351], based on the calculations developed in [321–323]. The results are then cross-checked using
the standalone MADLOOP [348] implementation in MG5_aMC@NLO. Since the qq̄ channel receives
only colour-octet contributions, the extracted value contributing to C(1,hard)

qq̄→tt̄H,8 is exact. In the gg channel,
however, both the singlet and octet production modes contribute. We extract the value which contributes
to the coefficient C̄(1,hard)

gg→tt̄H averaged over colour channels and use the same value to further calculate
Cgg→tt̄H,1 and Cgg→tt̄H,8.

The resummation-improved NLO+NLL cross sections for the pp→ tt̄H process are then obtained
through matching the NLL resummed expressions with the full NLO cross sections

σ
(NLO+NLL)
pp→tt̄H (ρ, µ2

F, µ
2
R)=σ

(NLO)
pp→tt̄H(ρ, µ2

F, µ
2
R) + σ

(res−exp)
pp→tt̄H (ρ, µ2

F, µ
2
R)

with
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σ
(res−exp)
pp→tt̄H =

∑

i,j

∫

C

dN

2πi
ρ−Nf (N+1)

i/p (µ2
F) f

(N+1)
j/p (µ2

F)

×
[
σ̂

(res)
ij→tt̄H,N (µ2

F, µ
2
R)− σ̂(res)

ij→tt̄H,N (µ2
F, µ

2
R) |

(NLO)

]
, (I.6.18)

where σ̂(res)
ij→tt̄H,N is given in Eq. (I.6.17) and σ̂(res)

ij→tt̄H,N |(NLO)
represents its perturbative expansion trun-

cated at NLO. The moments of the parton distribution functions (PDF) fi/p(x, µ
2
F) are defined in the

standard way f (N)
i/p (µ2

F) ≡
∫ 1

0 dxx
N−1fi/p(x, µ

2
F). The inverse Mellin transform (I.6.18) is evaluated

numerically using a contour C in the complex N -space according to the “Minimal Prescription” method
developed in Ref. [130].
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Figure 82: Scale dependence of the LO, NLO, and NLO+NLL cross sections at
√
s = 13 and

√
s = 14 TeV

LHC collision energy. The results are obtained by simultaneously varying µF and µR, with µ = µF = µR. See
Section I.6.5.a.

I.6.5.a.iii Numerical predictions
The numerical results presented in this section are obtained using the parameter values listed in [144], in
particular using the PDF4LHC15_100 PDF sets [35] for the NLO and NLO+NLL predictions. The LO
results, shown here only for illustration, are obtained with the MMHT14 PDF sets [37]. The NLO cross
section is calculated using the MG5_aMC@NLO code [54].

In Figure 82 we analyse the scale dependence of the resummed total cross section for pp → tt̄H
at
√
s = 13 and 14 TeV, varying simultaneously the factorization and renormalization scales as µ =

µF = µR. As demonstrated in Figure 82, adding the soft-gluon corrections stabilizes the dependence
on µ = µF = µR of the NLO+NLL predictions with respect to NLO. The central values, calculated at
µ = µ0 = Mt + MH/2, and the scale error at

√
s = 13 TeV changes from 499+5.8%

−9.3% fb at NLO to

530+0.8%
−1.6% fb at NLO+NLL (with C(1)

ij→tt̄H,I coefficients included) and correspondingly, from 604+6.0%
−9.2% fb

to 641+0.8%
−1.3% fb at

√
s = 14 TeV. It is also clear from Figure 82 that the coefficients C(1)

ij→tt̄H strongly
impact the predictions, especially at higher scales. In fact, their effect is more important than the effect of
the logarithmic corrections alone, in correspondence to the strong suppression∼ β4 for the real emission
in the 2 → 3 process due to the massive three-particle phase space. This observation also indicates the
relevance of the contributions originating from the region away from the absolute threshold which need
to be known in order to further improve theoretical predictions.
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Table 36: NLO+NLL and NLO total cross sections for pp → tt̄H at
√
s = 13 and 14 TeV. Results have been

obtained using µ0 = 235 GeV, Mt = 172.5 GeV, MH = 125 GeV, and the PDF4LHC15 set of PDF. The error
ranges given together with the NLO and NLO+NLL results indicate the scale uncertainty. See Section I.6.5.a.

√
s [TeV] NLO [fb] NLO+NLL NLO+NLL with C

Value [fb] K-factor Value [fb] K-factor

13 499+5.8%
−9.3% 509+4.2%

−6.5% 1.02 530+7.8%
−5.5% 1.06

14 604+6.0%
−9.2% 616+4.5%

−6.5% 1.02 641+7.9%
−5.5% 1.06

The effect of including NLL corrections is summarized in Table 36 for the LHC collision energy
of 13 and 14 TeV. Here we choose to estimate the theoretical uncertainty due to scale variation by
varying µF and µR independently via the 7-point method i.e., by considering the minimum and max-
imum values obtained with (µF/µ0, µR/µ0) = (0.5, 0.5), (0.5, 1), (1, 0.5), (1, 1), (1, 2), (2, 1), (2, 2).
The NLO+NLL predictions show a significant reduction of the scale uncertainty, compared to NLO re-
sults. The reduction of the positive and negative scale errors amounts to around 25-30% of the NLO error
for
√
s = 13, 14 TeV. This general reduction trend is not sustained for the positive error after including

the C(1)
ij→tt̄H,I coefficients. More specifically, the negative error is further slightly reduced, while the pos-

itive error is increased. The origin of this increase can be traced back to the substantial dependence on
µF of the resummed predictions with non-zero C(1)

ij→tt̄H,I coefficients, manifesting itself at larger scales.
However, even after the redistribution of the error between the positive and negative parts, the overall
size of the scale error, corresponding to the size of the error bar, is reduced after resummation by around
12% with respect to the NLO uncertainties. The scale error of the predictions is still larger than the
PDF error of the NLO predictions (∼3 %) which is not expected to be significantly influenced by the
soft-gluon corrections.

I.6.5.b tt̄H production at approximate NNLO via soft-gluon resummation in the “PIM” limit
I.6.5.b.i Method

A different approach to the estimate of the approximate NNLO QCD corrections to the total and dif-
ferential tt̄H cross sections was considered in Ref. [393]. In this case, the approximate formulas were
obtained by studying soft-gluon corrections in the limit where the partonic centre-of-mass energy ap-
proaches the invariant mass of the tt̄H final state, where the latter can be arbitrarily large. The soft limit
employed is the exact analogue of the so-called pair-invariant mass (PIM) threshold limit used to study
top-quark pair production at NNLL and approximate NNLO in [400]. The approximate NNLO cor-
rections are extracted from the perturbative information contained in a soft-gluon resummation formula
valid to NNLL accuracy. The derivation of this formula is based on SCET methods (for a recent review,
see [401]). The soft-gluon resummation formula for this process contains three essential ingredients, all
of which are matrices in the colour space needed to describe four-parton scattering. These ingredients are
1) a hard function, related to virtual corrections; 2) a soft function, related to real emission corrections
in the soft limit; and 3) a soft anomalous dimension, which governs the structure of the all-order soft-
gluon corrections through the renormalization group (RG). Of these three ingredients, both the NLO soft
function [400, 402] and the NLO soft anomalous dimension [403, 404] needed for NNLL resummation
in processes involving two massless and two massive partons can be adapted directly to tt̄H production.
The NLO hard function is instead process dependent and it was evaluated in [393] by using a modi-
fied version of the one-loop providers GOSAM [227, 228], MADLOOP [348] and OPENLOOPS [247] in
combination with COLLIER [248, 380, 382, 383].
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Due to the mechanism of dynamical threshold enhancement [400,405], it is often the case that ob-
servables receive their dominant contributions from soft-gluon corrections derived in the PIM threshold
limit. Obvious examples are the cross section differential in the invariant mass of the tt̄H final state,
or the total cross section obtained by integrating this distribution. Furthermore, given that results in the
PIM threshold limit are fully differential in the Mandelstam variables characterizing the Born process, it
is possible to use them in order to estimate the NNLO corrections to any differential distribution which is
non-vanishing at Born level. In [393] an in-house parton-level Monte Carlo was written and employed to
study approximate NNLO corrections to the differential cross sections with respect to the pT of the Higgs
boson, the pT of the top quark, the invariant mass of the tt̄H pair, and the rapidities of the top quark or
Higgs boson, in addition to the total cross section and differential cross section with respect to the tt̄H
final state. The NNLO approximation was then matched to the complete NLO calculation [321–325,406]
obtained from MADGRAPH5_AMC@NLO [54]. This procedure can in principle be extended to include
the decays of the final-state particles and by retaining information on the spins of the final-state top
quarks, as it was done in [407] for the top-pair production process.

I.6.5.b.ii Approximate NNLO formulas
The fixed-order expansion of the cross section and the resummation of soft-emission effects are two
complementary approaches to the precise determination of physical observables. For this reason, one
typically wants to match resummed and fixed-order calculations in order to account for all of the known
effects when obtaining phenomenological predictions. However, there are situations in which the pertur-
bative expansion in αs is still justified, but soft-gluon emission effects provide the bulk of the corrections
at a given perturbative order. In those cases, one can re-expand the resummed hard scattering kernels in
order to obtain approximate formulas which include all of the terms proportional to plus distributions up
to a given power of αs in fixed-order perturbation theory. In PIM kinematics, the hard scattering kernels
C depend, among other arguments, on z ≡ M2/ŝ, where M indicates the invariant mass of the three
heavy particles in the final state (notice that this is different from the M used in Section I.6.5.a) and ŝ is
the partonic centre-of-mass energy. The PIM soft-emission kinematics corresponds to the limit z → 1.
Schematically, the NNLO contribution to the hard-scattering kernels has the following structure

C(2) (z, µ) =
3∑

n=0

Dn(µ)

[
lnn(1− z)

1− z

]

+

+ C0(µ)δ(1− z) +R(z, µ) , (I.6.19)

where several arguments of the functionsDn, C0, andR in (I.6.19), such as masses and scattering angles
have been dropped, and only the µ and z dependence has been kept. The approximate NNLO formulas
for the partonic cross sections derived in [393] include the complete set of functions Di, some of the
scale-dependent terms in the function C0 as well as partial information on the function R(z) which is
non singular in the z → 1 limitI.32. The information obtained from approximate NNLO formulas can be
matched to the complete NLO calculation of a given observable in order to obtain precise predictions for
a physical quantity, details can be found in [393]. As an example, for the total cross section the matching
operation is straightforward and can be schematically written as,

σNLO+approxNNLO = σNLO + σapprox.NNLO − σapprox.NLO , (I.6.20)

where the subtraction of the last term avoids double counting of NLO terms proportional to plus distri-
butions and delta functions, and all of the terms on the r.h.s. of Eq. (I.6.20) are evaluated with NNLO
PDF. To avoid lengthy superscripts, in the following the matched NLO + approximate NNLO calculation
is denoted as “nNLO”.

I.32For a detailed description of what is included in the functions C0 and R in the SCET approach, and how this information
improves the agreement between different kinematic schemes in top pair production and stop pair production, the reader can
refer to [400, 408, 409].
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Figure 83: Left panel: Comparison among the NLO and nNLO calculations of the total cross section reported in
Table 37 for the LHC at

√
s = 13 TeV. The cross section labelled LB refers to the conservative estimate of the

nNLO uncertainty reported in Table 38. Right panel: Scale dependence of the total cross section (from [393]). The
curves represent the NLO cross section evaluated with MG5 by excluding the quark-gluon channel contribution (red
line), the complete NLO cross section evaluated with MG5 (green line), the nNLO cross section (orange line), and
the approximate NLO cross section (light blue line). In the right panel, all perturbative orders are evaluated with
NNLO MSTW2008 PDF. See Section I.6.5.b.

I.6.5.b.iii Numerical analysis

This section includes results for the total cross section and the final-state invariant mass distribution
obtained from the numerical evaluation of the nNLO formulas. In order for corrections in the soft limit
to be dominant in observables which are also sensitive to regions of phase space far away from z → 1,
the mechanism of dynamical threshold enhancement [400, 405] must occur. This means that the parton
luminosities should drop off quickly enough away from the integration region where z → 1 that an
expansion under the integral of the partonic cross section in the soft limit is justified. Approximate
NLO calculations are obtained by re-expanding the NNLL resummed partonic cross section to NLO;
consequently they reproduce completely all of the terms singular in the z → 1 limit in the NLO partonic
cross section, but they miss terms which are subleading in the soft limit. In [393] it was checked that
the soft approximation works quite well for the NLO total cross section and differential distributions
analysed in that work. This fact proves that dynamical threshold enhancement at NLO does take place.
This does not immediately imply that the same holds at higher orders, but is an important sanity check
nonetheless.

The traditional choice of the factorization and renormalization scale employed in [323–325],
namely µ0 = (2Mt + MH)/2 ∼ 235 GeV is not an ideal choice for the evaluation of approximate
formulas obtained from the soft emission limit. While the approximate NLO calculations reproduce very
well the exact contribution of the NLO gluon-fusion and quark-annihilation channels also at this scale,
the NLO cross section receives a sizeable contribution from the quark gluon channel. In particular, this
channel dominates the uncertainty derived from scale variation in the range [µ0/2, 2µ0]. While the con-
tribution of the quark-gluon channel is included in nNLO predictions via NLO matching, the soft gluon
emission corrections alone do not provide any information on this channel since it is subleading in the
soft limit z → 1. Finally, a steep drop of the gluon-fusion and quark-annihilation channel cross sections
occurs for µ ∼ 100 GeV (see right panel of Figure 83; all of the curves in that panel are evaluated
using NNLO PDF). If one includes the contribution of the quark-gluon channel, the steep decrease of
the cross section occurs at smaller values of µ. Consequently, while the choice µ0 = 235 GeV works
well for complete fixed-order calculations at NLO, the same choice makes an evaluation of the theo-
retical uncertainty affecting nNLO calculations based on scale variation unreliable. For these reasons,
the main findings of [393] were obtained for a factorization and renormalization scale fixed at a value
µ0 = 620 GeV, which is close to the peak of the final state invariant mass distribution. The location of
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Table 37: Total cross section at
√
s = 13 TeV and

√
s = 14 TeV. Each order is evaluated with the MSTW2008

PDF at the corresponding perturbative order (meaning, e.g. NNLO PDF for the nNLO calculation). The uncertain-
ties reflect scale variation only. The top quark mass is Mt = 172.5 GeV, the Higgs boson mass is MH = 125 GeV.
See Section I.6.5.b.

√
s [TeV] µ0 [ GeV] LO [fb] NLO MG5 [fb] nNLO [fb]

13 620 317.2+30.7 %
−21.8 % 445.7+11.5 %

−11.5 % 479.8+2.1 %
−1.5 %

13 235 464.2+35.4 %
−24.1 % 515.2+6.0 %

−9.5 % 495.6+0.0 %
−2.5 %

14 620 383.2+30.6 %
−21.6 % 539.7+11.4 %

−11.4 % 580.7+2.1 %
−1.4 %

14 235 558.2+34.9 %
−24.0 % 623.3+6.3 %

−9.4 % 599.5+0.0 %
−2.5 %

Table 38: Total cross section with an estimate of the error associated to the scale variation and to the formally
subleading terms, as explained in the text and in [393]. Each order is evaluated with the MSTW2008 PDF at the
corresponding perturbative order. See Section I.6.5.b.

√
s [TeV] µ0 [ GeV] NLO MG5 [fb] approx. NLO [fb] nNLO [fb]

13 620 445.7+11.5 %
−11.5 % 442.4+10.0 %

−10.0 % 467.2+4.9 %
−4.9 %

14 620 539.7+11.4 %
−11.4 % 534.8+9.8 %

−9.8 % 565.2+4.9 %
−4.9 %

this peak is not very sensitive to the LHC energy.

In the calculations reported in the following and in [393], no cuts are applied on the momenta of
the final state particles and all of the calculations are carried out with MSTW 2008 PDF. The complete
list of input parameters can be found in Table 1 in [393]. The NLO results needed for the matching and
for comparison are obtained from the code MADGRAPH5_AMC@NLO [54], which for convenience is
indicated by the acronym MG5.

I.6.5.b.iii.1 Total cross section

The total cross section at LO, NLO, and nNLO calculated at µ0 = 620 GeV can be found in Table 37. If
one accounts for the approximate NNLO corrections, the central value of the cross section increases with
respect to the NLO calculation carried out at µ0 = 620 GeV, while the scale uncertainty is significantly
reduced. If one compares instead the nNLO prediction at µ0 = 620 GeV with the NLO cross section
evaluated at the standard scale choice µ0 = 235 GeV (which is also shown in Table 37), one sees that the
central value of the nNLO cross section is smaller than the NLO one. However, as shown in the left panel
of Figure 83 for the LHC at

√
s = 13 TeV, the nNLO scale uncertainty interval at µ0 = 620 GeV is

completely included in the NLO uncertainty interval evaluated with the standard choice µ0 = 235 GeV.
For completeness we report also the numbers obtained by evaluating the nNLO cross section with the
traditional scale choice µ0 = 235 GeV. In this case the NNLO soft emission corrections are positive and
small, however the use of NNLO PDF in the nNLO calculation leads to a result which is smaller than the
one found with a NLO calculation employing NLO PDF.

The uncertainty of the nNLO cross sections quoted in Table 37, based on scale variation alone,
is likely to underestimate the residual perturbative uncertainty of these results. A more conservative
estimate of the residual uncertainty affecting the approximate formulas, which accounts also for the
numerical effect of terms which are formally subleading in the soft limit and cannot be determined
starting from soft emission resummation formulas, was considered in [393].

This more conservative estimate of the uncertainty leads to the approximate NLO predictions
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found in the fourth column of Table 38. The central value of the approximate NLO cross section is
placed in the middle of the uncertainty interval. The central value and the uncertainty interval obtained
in this way are quite close to the complete NLO results evaluated at µ0 = 620 GeV, which are shown
in the third column of Table 38. While this can be somewhat accidental, it shows that, at least for
this choice of the scale µ0, the terms subleading in the soft limit are numerically of the same size of
the quark-gluon channel contributions, which is neglected in approximate NLO calculation. The last
column in Table 38 shows the nNLO total cross section calculated by estimating the residual perturbative
uncertainty according to the more conservative procedure, as it was done in the next-to-last column for
the approximate NLO case. We stress that nNLO results are obtained by matching the NNLO corrections
in the soft limit to the complete NLO results. As such, they include the same quark-gluon channel
contribution included in the NLO result. By looking at Table 38 one sees that the central value of
the nNLO total cross section evaluated at µ0 = 620 GeV is larger than the NLO one (evaluated at
the same scale) and the residual perturbative uncertainty is roughly half the one found at NLO. For
both

√
s = 13 TeV and

√
s = 14 TeV, the nNLO results reported in Table 38 are included in the

NLO uncertainty interval evaluated at µ0 = 620 GeV, and their central values are included in the NLO
uncertainty interval evaluated with the standard scale choice µ0 = 235 GeV. For the

√
s = 13 TeV case,

this situation is illustrated in the left panel of Figure 83.

I.6.5.b.iii.2 Differential distributions
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Figure 84: Differential distributions at nNLO (orange band) compared to the NLO calculation carried out with MG5
(blue band) for the LHC at

√
s = 13 TeV. NLO distributions are evaluated with NLO PDF, nNLO distributions

with NNLO PDF. The scale is set to µ0 = 620 GeV in both NLO and nNLO distributions, and it is varied in the
range [µ0/2, 2µ0]. The nNLO band in the left panel reflects exclusively the scale variation, while in the right panel
it includes also the uncertainty associated with the treatment of subleading terms.

An advantage of the approach followed in [393] is that it can be employed to calculate arbitrary
differential cross sections. This can be done by employing standard Monte-Carlo methods. In [393]
several differential distributions for the LHC operating at 13 TeV were considered. It was shown in
[393] that i) the approximate NLO distributions reproduce very well the corresponding NLO calculations
carried out by excluding the contribution of the quark-gluon channel, and ii) the distributions and their
uncertainty, evaluated with the conservative method described above, reproduce well the complete NLO
distributions and their scale-variation uncertainty bands obtained from MG5, at least for µ0 = 620 GeV.
A calculation of the differential distributions at nNLO is therefore justified.

Figure 84 shows the invariant-mass distribution at nNLO in comparison with the corresponding
complete NLO calculation. In both panels, the NLO perturbative uncertainty band is obtained by varying
the scale in the usual range. In the left panel, the nNLO band is obtained by scale variation alone. In
the right panel, the band reflecting the residual perturbative uncertainty was obtained by considering
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Figure 85: LO Feynman diagrams for t-channel tH production in the 4FS (left) and in the 5FS (right).

both the effect of subleading terms and scale variation, as described above for the total cross section
calculation. In [393] it was observed that for all of the distributions considered in that work, including
the M distributions, the nNLO predictions at µ0 = 620 GeV are slightly larger than the NLO ones when
the latter are evaluated at the same µ0 value. The nNLO bands for the differential distribution obtained
with the method which considers both the effect of subleading terms and the scale variation are roughly
half as large as the ones obtained by evaluating these quantities at NLO.

I.6.6 tH production at NLO in QCD
The production of a Higgs boson in association with a single top quark (tH) at hadron colliders shares
important analogies with the electroweak production of a single top quark. At LO one can organize the
Feynman diagrams into three independent (non-interfering) sets, based on the virtuality of the W boson
coupled to the heavy-quark b−t current: t-channel production features a virtual space-like W , s-channel
production a virtual time-like W , and W -associated production an on-shell W boson in the final state.
This classification is useful for event generation, but is valid only at LO and in the five-flavour scheme
(5FS); when adding higher-order corrections, or when employing the four-flavour scheme (4FS), the
picture becomes fuzzy because some amplitudes can interfere.

In the 5FS the separation between t-channel, s-channel and W -associated production is exact up
to NLO in QCD (channels start to interfere at NNLO), and calculations are typically simpler than in the
4FS. In the 4FS, instead, the t-channel process can interfere already at NLO in QCD both with (NNLO)
s-channel and with W -associated production (only if the W boson decays hadronically); nevertheless,
such interference is tiny at NLO and can be neglected if the aim is to compute the dominant t-channel
process. Therefore, the separate simulation of t-channel and s-channel tH processes is not a problem up
to NLO accuracy in QCD. A detailed study of these two channels at the LHC has been presented recently
in Ref. [410], including NLO QCD corrections and addressing many sources of uncertainty (notably
the flavour-scheme dependence of the t-channel process). We will review t-channel tH production in
Section I.6.6.a, and for s-channel tH production in Section I.6.6.b.

Associated tWH production, on the other hand, interferes also with the much larger tt̄H pro-
cess starting from NLO in QCD in the 5FS, and this happens already at LO in the 4FS. In general,
such interference is large and cannot be neglected, thus NLO simulations of the tWH channel are not
straightforward to carry out. For a recent NLO computation of this process in the 5FS, see Ref. [411].

I.6.6.a t-channel tH production
Being a process initiated by bottom quarks, the t-channel tH production can be computed either with
the 4FS or with the 5FS approach. In the 4FS the hard matrix element and the phase space are com-
puted taking into account all the bottom-quark (pole) mass effects, but there is no b parton distribution
function (PDF), thus b quarks are generated perturbatively in the hard matrix element via initial-state
gluon splitting into a bb̄ pair (see Figure 85, left). In the 5FS potentially large logarithms associated with
such g → bb̄ splitting are resummed to all orders into an initial-state bottom-quark PDF (see Figure 85,
right), while all other bottom-quark mass effects are neglected (Mb = 0), and a correct description of
the process transverse dynamics is included only at NLO. Both approaches feature advantages and short-
comings at the LHC. Their difference mainly consists of what kind of terms are kept in the perturbative
expansion or pushed into missing higher-order corrections, thus it becomes milder when including more
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terms in perturbative QCD. Therefore, NLO accuracy is mandatory to reduce the flavour-scheme depen-
dence of theoretical predictions. Moreover, a comparison of 4FS and 5FS results can offer some insights
on the relevance of missing higher-order corrections for processes that are more sensitive to large initial-
state logarithmic corrections, and should therefore be taken into account in estimating the theoretical
uncertainty for a given process.

The results presented in this section have been obtained in the MADGRAPH5_AMC@NLO frame-
work [54], where the NLO simulation can be generated automatically in both the 4FS and 5FS [410].
The top quarks can then be decayed with MADSPIN [368], thereby keeping spin correlations.

I.6.6.a.i Total cross section at NLO
In this section we address the inclusive cross section at NLO accuracy in QCD. The numerical results
presented here have been obtained using the input parameters listed below, which follow the prescriptions
given in Refs. [35, 144]. The pole mass of the top quark and its Yukawa couplingI.33 (renormalized on
shell) are

Mt = 172.5 GeV , yt =
Mt

v
=
(√

2Gµ
)1/2

Mt , (I.6.21)

where v ' 246 GeV is the EW vacuum expectation value. The bottom-quark pole mass in the 4FS (left)
and 5FS (right) is set to

M
(4FS)
b = 4.92 GeV , M

(5FS)
b = 0 , (I.6.22)

while the bottom-quark Yukawa coupling is always set to zero, yb = 0 , because its impact on the total
cross section amounts to less than 0.1%. Actually, to speed up the 4FS code, the corresponding diagrams
are not even generated. The EW parameters are

Gµ = 1.166379 · 10−5 GeV−2 , MZ = 91.1876 GeV , MW = 80.385 GeV , (I.6.23)

which in turn fix the electromagnetic coupling (no running) and the on-shell weak mixing angle to

α =
√

2GµM
2
W(1−M2

W/M2
Z)/π ' 1/132.233 , sin2 θW = 1−M2

W/M2
Z ' 0.2229 . (I.6.24)

We assume Vtb = 1 and, for simplicity, the whole CKM matrix to be diagonalI.34

VCKM = diag
{
Vud, Vcs, Vtb

}
= diag

{
1, 1, 1

}
. (I.6.25)

The proton content in terms of parton distribution functions (PDFs) is evaluated by using the NLO
PDF4LHC15 sets in the corresponding flavour-number scheme. The PDFs also determine the reference
value of the strong coupling used in the simulation, which then is automatically run at 2-loop accuracy.
In the 5FS this value and its uncertainty are

α(5FS)
s (MZ) = 0.1180± 0.0015 , (I.6.26)

while in the 4FS αs(MZ) is slightly smaller and consistent with a four-flavour running [35]. The com-
bined PDF+αs uncertainty is computed from the Hessian set with 30 (PDF) + 2 (αs) members, accord-
ingly to Eq. (28) in Ref. [35]. The renormalization µR and factorization µF scales are both set equal to
the reference value

µ
(t−channel)
0 = (MH +Mt)/4 , (I.6.27)

I.33In the adopted convention the Feynman rule of the qq̄H vertex is (−iyq) for a generic quark q.
I.34The only important assumption here is Vtb = 1; once the third generation is decoupled from the first two, and if one is

inclusive over the first two generations, then the result doesn’t depend on the mixing between the first two generations (i.e. the
Cabibbo angle) due to unitarity.
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while the scale dependence in each flavour scheme is estimated from the maximum and minumum vari-
ations of the cross section among six scale points with

1/2 < µR,F/µ0 < 2 , 1/2 < µR/µF < 2 . (I.6.28)

The reference scale choice in Eq. (I.6.27) is motivated by physical arguments in the 4FS description [412].
In particular, it ensures that the discrepancy between the 4FS and 5FS results is not unreasonably large,
and that the 5FS uncertainty is not underestimated, which might happen when using a very high scale
(see Figure 3 in Ref. [410]).

In Tables 233, 234, 235 and 236 we collect the results for the combined t-channel pp→ tH + t̄H
production at the LHC, at centre-of-mass energies of

√
s = 7, 8, 13, and 14 TeV, respectively, and for

various Higgs boson masses in the range 120−130 GeV. In the third column we report the reference
cross section (in fb), σtH+t̄H , computed at NLO and in the 5FS, while in the fourth column we report
the NLO KQCD factor, defined as

KQCD = σNLO QCD
tH+t̄H

/σLO
tH+t̄H , (I.6.29)

where both the LO and NLO cross sections are computed with the same inputs. In the fifth column we
report the combined scale plus flavour-scheme (FS) uncertainty, expressed as upper and lower per cent
variations with respect to the reference 5FS prediction. The combined scale+FS uncertainty band is the
largest source of theoretical uncertainty, and it is computed from the maximum and minimum variations
of the cross section among the 6+6 scale points according to Eqs. (I.6.28) in the two flavour schemes.
This translates into the following equations

σ+ = max
(µR,µF ) points

4FS, 5FS

σ
(FS)
tH+t̄H

(µR, µF) , σ− = min
(µR,µF) points

4FS, 5FS

σ
(FS)
tH+t̄H

(µR, µF ) , (I.6.30)

Scale + FS [%] = 100
(
σ+/σ

(5FS)
tH+t̄H

− 1
)

100
(
σ−/σ(5FS)

tH+t̄H
− 1
)
. (I.6.31)

In the sixth, seventh, and eighth columns we report the αs, PDF, and combined PDF+αs uncertainty in
the 5FS, which is the second-largest source of theoretical uncertainty. We recall that it is computed em-
ploying the PDF4LHC15 Hessian set with 30 (PDF) + 2 (αs) members, with the αs uncertainty given
in Eq. (I.6.26), and combining the two uncertainties in quadrature accordingly to the PDF4LHC15 pre-
scription. Finally, in the last two columns we report the separate top (tH) and anti-top (t̄H) contributions
to the 5FS cross section (in fb). In Table 237 we repeat the exercise, this time keeping the Higgs boson
mass fixed to MH = 125 GeV and varying instead the collider energy in the range

√
s = 6−15 TeV, to

show the gain in the cross section and the reduction of uncertainties. The numbers in Tables 233 to 237,
relevant for the SM Higgs boson, are summarized in the plots of Figure 88 where the blue uncertainty
band is computed summing the scale+FS and PDF+αs uncertainties.

We conclude the discussion of results relevant for the SM Higgs boson by commenting on two
minor uncertainties, namely the ones associated with the bottom-quark and top-quark masses. According
to Ref. [144], we take the uncertainty on the bottom-quark mass to beMb = 4.92±0.13 GeV. At 13 TeV,
and for a 125 GeV Higgs boson mass, this translates into a 4FS cross section of σ(4FS)

tH+t̄H
= 67.4+0.7

−0.5 fb,
which corresponds to an uncertainty of about 1%. Since no PDF4LHC15 set with heavy-quark mass
variations has been published yet, we estimate the impact on the 5FS cross section using the numbers in
Ref. [410], where previous-generation PDF sets have been used.

The ±0.25 GeV bottom-mass uncertainty quoted in Ref. [410] returned an uncertainty in the 5FS
cross section of about 2%. A crude rescaling to ±0.13 GeV results in an uncertainty of roughly 1%,
comparable to the one in the 4FS.

Similarly, we consider a top-quark mass uncertainty of Mt = 172.5 ± 1.0 GeV, which returns a

5FS cross section of σ(5FS)
tH+t̄H

= 74.3+0.4
−0.3 fb at 13 TeV. Thus, theMt uncertainty in the total cross section
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Figure 86: Differential distributions in t-channel pp → tH + t̄H production at the 13 TeV LHC, computed at
NLO matched to PYTHIA8, in the 4FS (blue) and in the 5FS (red). We show the transverse momentum of the Higgs
boson pT(H) on the left, of the hardest b-tagged jet pT(jb,1) in the centre, and the light-jet and b-jet multiplicities
on the right. Plots are taken from Ref. [410].

is below 1%, since increasing the top-quark mass causes a reduction of the available phase space which
is however partly compensated by the larger top-quark Yukawa coupling.

Associated tH production in the t-channel is known for having maximal destructive interference
in the SM between H −W interactions on the one hand, and H − t interactions on the other hand: de-
viations from the SM top-quark Yukawa coupling can result in a large enhancement of the cross section.
This has prompted the LHC experiments to perform searches for the 125 GeV Higgs boson in this pro-
cess [413, 414] assuming that the sign of the top-quark Yukawa coupling is opposite to the SM coupling
in Eq. (I.6.21),

yt = −y(SM)
t = −Mt/v , (I.6.32)

which results in maximally constructive interference between the two subsets of diagrams. Given the
interest in experimental searches, in Table 39 we provide reference cross sections and uncertainties for
this scenario at 13 and 14 TeV. For further applications of this process to constrain deviations from the
SM interactions of the 125 GeV particle, see also Section II.3.1.

Finally, we extend our investigation to Higgs boson masses in the range MH = 10−3000 GeV
keeping the Higgs boson as stable particle and neglecting Higgs boson width effects, which might provide
a useful reference for BSM Higgs searches. The results at 13 and 14 TeV are plotted in Figure 89. These
results should be taken with care, since an hypothetical BSM Higgs boson may contribute to the same
tH final state through different interactions than the ones described by SM-like diagrams.

I.6.6.a.ii Differential distributions at NLO+PS

In this section we briefly address NLO differential distributions matched to a parton shower (NLO+PS).
To generate events for distributions, we recommend to use a dynamic event-by-event scale instead of the
static one in Eq. (I.6.27). In Ref. [410] we have employed the fraction of transverse energy (restricted to
the set of H , t, and b particles) given by the formula

µ
(t−channel, dynamic)
0 =

∑

i=H,t,b

MT(i)/6 , where MT =

√
M2 + p2

T , (I.6.33)
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Figure 87: On the left: LO Feynman diagrams for s-channel tH production. At the centre: pseudorapidity distance
between the Higgs boson and the top quark ∆η(H, t) in the s-channel process (blue) compared to the t-channel
one (red). On the right: multiplicity of b-tagged jets in the s-channel process (blue) compared to the t-channel one
(red). Plots are taken from Ref. [410].

is the transverse mass of a particle of mass M . We have found that this choice of dynamic scale returns
a total cross section very close to the one computed with the static scale in Eq. (I.6.27). On top of that,
there is a remarkable agreement at NLO+PS between the 4FS and 5FS predictions for many observables,
such as those related to the Higgs boson (see left plot in Figure 86), the top quark, and the forward jet.
This is non trivial, especially in the light of the inadequacy of the 5FS predictions at LO, which can suffer
of large differential K factors after the inclusion of bottom-quark transverse dynamics, see central plot
in Figure 86. On the other hand, the 4FS gives in general more stable results (flatter K factors, smaller
scale dependence in the tails) and is able to provide accurate predictions for a wider set of observables,
including those related to the spectator b-quark and the extra jets. Finally, we find the choice of shower
starting scale, Qsh, to have a tiny impact on NLO+PS results, see right-hand-side plot in Figure 86.

I.6.6.b s-channel tH production
Unlike the t-channel process, s-channel tH production is not affected by flavour-scheme ambiguities,
since at LO it is initiated by quark-antiquark annihilation (see left-hand-side of Figure 87). Therefore,
one can simply employ the 5FS for simulating this process. Results presented in this section have been
obtained in the MADGRAPH5_AMC@NLO framework. Once again, spin correlations can be kept by
decaying the top quarks with MADSPIN. The same input parameters as for the t-channel process in the
5FS have been used, with the exception of the reference scale choice, which in this case is

µ
(s−channel)
0 = (MH +Mt)/2 . (I.6.34)

In Tables 238, 239, 240 and 241 we collect the results for the combined s-channel pp→ tH + t̄H
production at the LHC, at centre-of-mass energies of

√
s = 7, 8, 13, and 14 TeV respectively, and for

various Higgs boson masses in the range 120−130 GeV. These tables are analogous to the ones pre-
sented in the previous section for the t-channel process: in the third column we report the reference
cross section; in the fourth the QCD K factor, defined in Eq. (I.6.28); in the fifth the scale dependence,
computed from the maximum and minimum variations of the cross section among the 6 points listed in
Eq. (I.6.28); in the sixth, seventh, and eight the αs, PDF, and combined PDF+αs uncertainty, computed
employing the 30+2 PDF4LHC15 Hessian set; and finally, in the last two columns we report the sep-
arate top and anti-top contributions to the cross section. In Table 242 we show the cross-section results
obtained varying the LHC energy in the range

√
s = 6−15 TeV and keeping the Higgs boson mass fixed

to MH = 125 GeV. All these numbers are summarized in the plots of Figure 90, where the the blue
uncertainty band is produced summing the scale and PDF+αs uncertainties.

We also plot in Figure 91 the analogous cross-section results in the extended Higgs boson mass
range 10−3000 GeV, at 13 and 14 TeV. Finally, we remark that even though the s-channel cross section
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Table 39: Cross section for t-channel tH and t̄H production at the 13 and 14 TeV LHC, for yt = −y(SM)
t .

√
s[ TeV] MH[ GeV] σtH+t̄H [ fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [ fb] σt̄H [ fb]

13 125.0 848.0 1.06 +6.6 −13.3 ±1.1 ±3.1 ±3.3 546.7 301.6
14 125.0 1011 1.07 +6.5 −13.0 ±1.1 ±3.0 ±3.2 649 363

is very tiny (around 25−30 times smaller than the t-channel cross section at 13−14 TeV), this process
features kinematical distributions with shapes rather different than the t-channel ones, see central and
right plots in Figure 87.

I.6.7 tt̄Z and tt̄W± production
The production of a tt̄ pair in association with electroweak vector bosons represent an important source
of background to tt̄H production in the H → bb̄, H → WW ∗ and H → ττ channels. In this section
we present NLO QCD+EW predictions for inclusive and differential tt̄Z and tt̄W± cross sections, a
comparison of NLO QCD distributions obtained with various automated tools, as well as NLO QCD
predictions for tt̄ production in association with two vector bosons.

I.6.7.a NLO QCD+EW predictions for tt̄Z and tt̄W± production
Predictions for tt̄ production in association with a vector boson V = Z,W± at NLO QCD have been
presented in [415–417] and matched to the parton shower in [418, 419], while the first calculation of
electroweak corrections for this class of processes has been completed more recently [328]. In the fol-
lowing we present NLO QCD+EW predictions for inclusive tt̄Z and tt̄W± production at

√
s = 13 TeV

and 14 TeV. All input parameters are chosen according to the HXSWG recommendations [144], and
the hadronic cross section is obtained using the PDF4LHC15 [35] and NNPDF2.3QED [279] parton
distributions as explained below. The top-quark and the electroweak vector bosons are treated as stable
particles, and for the renormalization of the respective mass paramaters the on-shell scheme is used. The
Higgs boson mass is set to MH = 125 GeV. The electroweak couplings and mixing angle are evaluated
in theGµ-scheme using the Fermi constant and the vector-boson masses as input parameters. The central
value for renormalization and factorization scales is set to

µ0 = Mt +MV/2 . (I.6.35)

For the NLO QCD part of the calculation scale uncertainties are estimated by independent variations of
renormalization and factorization scales in the range µ/2 ≤ µR, µF ≤ 2µ, with 1/2 ≤ µR/µF ≤ 2,
while for PDF and αs uncertainties the PDF4LHC15 prescription is used. The resulting uncertainties are
applied also to NLO EW correction effects.

The NLO QCD+EW predictions presented in the following,

σNLO
QCD+EW = σNLO

QCD + δσEW , (I.6.36)

result from the combination of various contributions. The usual NLO QCD cross section,

σNLO
QCD = σLO

QCD + δσNLO
QCD, (I.6.37)

comprises LO terms of O(α2
sα) and NLO QCD corrections of O(α3

sα), which involve gg, qq̄ and gq
partonic channels. Note that the gg channel starts contributing only at NNLO QCD in the case of tt̄W±

production. The remaining EW corrections, denoted as δσEW, include three types of terms:

1. LO EW terms of O(α3) that result from squared EW tree amplitudes in the qq̄ and γγ channels.
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Figure 88: Cross sections for t-channel tH and t̄H production.
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Figure 89: Cross sections for t-channel tH and t̄H production in the extended Higgs boson mass range.

2. LO mixed terms of O(αsα
2) that result from the interference of EW and QCD tree diagrams in

the bb̄ and γg channels. Other qq̄ channels do not contribute at this order due to the vanishing
interference of the related colour structures. Thus tt̄W± production does not receive anyO(αsα

2)
contribution.

3. NLO EW corrections of O(α2
sα

2) in the qq̄, gg and γg channels. Subleading NLO terms of
O(αsα

3) and O(α4) are not included as they are expected to be strongly suppressed.

At
√
s = 13–14 TeV, LO EW contributions to tt̄Z and tt̄W± production correspond to +1.2% and

+0.6% of the respective NLO QCD cross sections, while LO mixed effects are at the sub-per mille level.
Order α2

sα
2 NLO EW corrections to the tt̄Z, tt̄W+ and tt̄W− cross sections amount to −0.9%, −3.3%

and−2.6%, respectively.I.35 Photon-induced channels have a non-negligible impact (+0.8%) only in the
tt̄Z cross section at O(αsα

2). However their effect is almost completely cancelled by the contribution
of the bb̄ channel at the same order.

Effects of O(α) related to the QED evolution of PDF and initial-state photons are included in
the same way as discussed in Sect. I.6.2 for tt̄H production: (i) all NLO QCD+EW predictions for
partonic channels with initial-state gluons and quarks are computed using the PDF4LHC15 set with
30+2 members; (ii) for γ-induced channels NNPDF2.3QED set (with αs(MZ) = 0.118) is used; (iii)
the effect of the QED evolution of quark PDF is estimated from the difference between NNPDF2.3QED
and NNPDF2.3 parton densities as indicated in (I.6.5), and for a more detailed discussion we refer to
Sect. I.6.2. Similarly as for tt̄H production, the effect of QED PDF evolution is negative and ranges
from −0.6% to −0.8%.

Corrections of order α2α2
s resulting from the emission of and extra heavy boson have been dis-

cussed in [328]. Although they enter at the same perturbative order as the NLO EW corrections to tt̄V
production, such contribution represent separate physics processes, namely tt̄ production in associated
with two vector bosons. Corresponding predictions at NLO QCD are presented in Sect. I.6.7.c.

Predictions for inclusive tt̄V cross sections at NLO QCD+EW for
√
s = 13 and 14 TeV are listed

in Tables 40–41. The impact of QCD and EW corrections is shown in the form of a QCD correction
factor

KQCD =
σNLO

QCD

σLO
QCD

, (I.6.38)

I.35Here O(α) effects related to the QED evolution of PDF (see below) are not included.
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Figure 90: Cross sections for s-channel tH and t̄H production.
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Figure 91: Cross sections for s-channel tH and t̄H production in the extended Higgs boson mass range.

Table 40: Inclusive tt̄V cross sections at NLO QCD and NLO QCD+EW accuracy for
√
s = 13 TeV. NLO

QCD+EW results represent the best predictions and should be used in experimental analyses. Scale, PDF, and αs

uncertainties are quoted in per cent. Absolute statistical uncertainties are indicated in parenthesis. We also quote
the NLO QCD+EW tt̄W− + tt̄W+ combined cross sections where correlation effects have been consistently
included in the estimate of the corresponding uncertainties. Collider energy and cross sections are in TeV and
femtobarn, respectively.

Process
√
s σ

NLO
QCD σ

NLO
QCD+EW KQCD δEW[%] Scale[%] PDF[%] αS[%]

tt̄Z 13 841.3(1.6) 839.3(1.6) 1.39 −0.2 +9.6% − 11.3% +2.8% − 2.8% +2.8% − 2.8%

tt̄W
+

13 412.0(0.32) 397.6(0.32) 1.49 −3.5 +12.7% − 11.4% +2.0% − 2.0% +2.6% − 2.6%

tt̄W
−

13 208.6(0.16) 203.2(0.16) 1.51 −2.6 +13.3% − 11.7% +2.1% − 2.1% +2.9% − 2.9%

tt̄W
−

+ tt̄W
+

13 620.6(0.36) 600.8(0.36) 1.50 −3.2 +12.9% − 11.5% +2.0% − 2.0% +2.7% − 2.7%

Table 41: Inclusive tt̄V cross sections at NLO QCD and NLO QCD+EW accuracy for
√
s = 14 TeV. NLO

QCD+EW results represent the best predictions and should be used in experimental analyses. Scale, PDF, and αs

uncertainties are quoted in per cent. Absolute statistical uncertainties are indicated in parenthesis. Collider energy
and cross sections are in TeV and femtobarn, respectively.

Process
√
s σ

NLO
QCD σ

NLO
QCD+EW KQCD δEW[%] Scale[%] PDF[%] αS[%]

tt̄Z 14 1018(2.2) 1015(2.2) 1.40 −0.3 +9.6% − 11.2% +2.7% − 2.7% +2.8% − 2.8%

tt̄W
+

14 474.9(0.36) 458.2(0.36) 1.51 −3.5 +13.2% − 11.6% +1.9% − 1.9% +2.6% − 2.6%

tt̄W
−

14 244.5(0.17) 238.0(0.17) 1.54 −2.7 +13.8% − 11.8% +2.0% − 2.0% +2.9% − 2.9%

and a relative EW correction factor
δEW = δσEW/σ

NLO
QCD . (I.6.39)

Electroweak corrections include all LO and NLO EW effects discussed above, i.e. also those arising
form the QED evolution of PDF. All quantities in (I.6.38)–(I.6.39) are obtained using NLO QCD PDF.
Results in Tables 40–41 have been obtained with MADGRAPH5_AMC@NLO [54]. A cross check against
an independent calculation based on SHERPA+OPENLOOPS [336] has confirmed the correctness of NLO
QCD+EW predictions at the level of the quoted statistical accuracy (0.1–0.2%).
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Figure 92: Transverse momentum (pT) distribution of the top quark, anti-top quark, and Z boson.

The size of the corrections as well as the scale and PDF+αs uncertainties vary very little form 13
to 14 TeV. For tt̄W± production the QCD and EW corrections as well as the NLO scale uncertainties
turn out to be slightly more pronounced as compared to tt̄Z production. Scale variations range from 10
to 13% and represent the dominant source of uncertainty. It was checked that replacing the fixed scale
µ = Mt +MV/2 by a dynamic scale µ = HT/2 shifts all tt̄V cross sections by−7%, which is consistent
with the scale uncertainties quoted in Tables 40–41. The combined PDF+αs uncertainty amounts to 2–
3%, and EW correction effects turn out to be similarly small (between −0.2% and −3.5%).

In the tails of transverse-momentum distributions NLO electroweak effects can become more size-
able due to the appearance of Sudakov logarithms. This is illustrated in Figures 92–94, which display
differential NLO QCD+EW predictions obtained with MADGRAPH5_AMC@NLO for tt̄Z , tt̄W+ and
tt̄W− production, respectively, using the same setup and fixed scale choice as described above.

I.6.7.b Comparison of NLO QCD predictions for differential distributions
In this section we provide a comparison among fixed-order NLO QCD predictions of differential distri-
butions for tt̄V (V = Z,W±) production at the LHC with

√
s = 13 TeV, obtained using the following

tools:

– SHERPA 2.2.0 + OPENLOOPS 1.2.3,
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Figure 93: Transverse momentum (pT) distribution of the top quark, anti-top quark, and W+ boson.

– MADGRAPH5_AMC@NLO 2.3.2,
– POWHEL.

The impact of EW corrections has been discussed in Section I.6.7.a. Here the main goal is only to assess
the agreement and compatibility of existing fixed-order NLO QCD calculations at the level of differential
cross sections. Future studies will test the compatibility of different implementations of these calculations
which also include parton-shower effects. In this context, all the tools listed above have been used as
fixed-order QCD Monte Carlo generators.

SHERPA+OPENLOOPS uses OPENLOOPS [247] as a one-loop generator, and relies on the CUTTOOLS

library [353] for the numerically stable evaluation of tensor integrals. Real-emission contributions,
infrared subtractions based on the Catani-Seymour technique [249,354], and phase-space integration are
handled by SHERPA [345, 355, 356].

In MADGRAPH5_AMC@NLO [54, 348], fixed-order NLO QCD results are obtained by adopting
the FKS method [113, 357] for the subtraction of the infrared divergences of the real-emission matrix
elements (automated in the module MADFKS [358]), and the OPP integral-reduction procedure [359] for
the computation of the one-loop matrix elements (automated in the module MADLOOP [348]).

Finally, the POWHEL generator [419] uses the HELAC-NLO package [349] for the computation of
all matrix elements provided as input to the POWHEG BOX. The POWHEG BOX framework [81, 342, 343]
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Figure 94: Transverse momentum (pT) distribution of the top quark, anti-top quark, and W− boson.

adopts the FKS subtraction scheme [113,357] to factor out the infrared singularities of the real-emission
cross section, while the the virtual one-loop matrix elements can be provided with different methods.

For this comparison all input parameters are chosen according to the HXSWG recommenda-
tions [144], and the hadronic cross section is obtained using the PDF4LHC15 [35] and a five-flavour
scheme (5FS). Renormalization (µR) and factorization (µF) scales have been fixed to a dynamical cen-
tral value µ0 = HT, where HT is the sum of the transverse energies of the tt̄V final state ignoring extra
jet emission. The theoretical uncertainty has been estimated by varying both µR and µF by a factor of 2
about µ0.

Results for the following distributions:

– transverse momentum (pT) of the top quark, vector boson, tt̄ system, and tt̄V system;
– pseudorapidity (η) of the top quark and vector boson,

are presented in Figs. 95-100, for the case of V = W+,W−, and Z, respectively.

I.6.7.c tt̄V V production (V = Z,W±,H) at NLO QCD

Besides the dominant contribution from tt̄Z and tt̄W±, the production of a top-quark pair (tt̄) in asso-
ciation with two heavy bosons V with V = Z,W±, H can also be a non-negligible component of the
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Figure 95: Fixed-order NLO predictions for differential tt̄W+ observables at 13 TeV. Each ratio plot shows all
results normalized to one particular NLO+PS prediction and the scale variation band of the reference prediction.
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Figure 96: Fixed-order NLO predictions for differential tt̄W+ observables at 13 TeV. Ratio plots as in Figure 95.

Table 42: NLO and LO cross sections for tt̄V V processes (V = Z,W±, H) at 13 TeV. The renormalization and
factorization scales are set equal to half of the sum of the masses of the final-state particles.

13 TeV σ [ab] tt̄W+Z tt̄W−Z tt̄ZZ

NLO QCD 2705(3)+9.9%
−10.6%

+2.7%
−2.7% 1179(2)+11.2%

−11.2%
+3.7%
−3.7% 1982(2)+5.2%

−9.0%
+2.6%
−2.6%

LO 1982(2)+28.4%
−20.6%

+3.3%
−3.3% 839.4(6)+28.2%

−20.5%
+4.2%
−4.2% 1611(1)+31.4%

−22.1%
+2.7%
−2.7%

K-factor 1.36 1.40 1.23

13 TeV σ [ab] tt̄W+H tt̄W−H tt̄ZH

NLO QCD 1089(1)+1.8%
−5.9%

+2.6%
−2.6% 493.0(5)+2.6%

−6.4%
+3.4%
−3.4% 1535(2)+1.9%

−6.8%
+3.0%
−3.0%

LO 997.0(9)+26.9%
−19.8%

+3.0%
−3.0% 440.0(4)+26.9%

−19.8%
+3.8%
−3.8% 1391(1)+32.2%

−22.6%
+2.8%
−2.8%

K-factor 1.09 1.12 1.10

13 TeV σ [ab] tt̄W+W− tt̄W+W− (4f) tt̄HH

NLO QCD – 11500(10)+8.1%
−10.9%

+3.0%
−3.0% 756.5(7)+1.1%

−4.4%
+3.3%
−3.3%

LO 8380(5)+33.2%
−23.1%

+3.0%
−3.0% 8357(5)+33.3%

−23.1%
+3.0%
−3.0% 765.4(5)+31.8%

−22.4%
+2.9%
−2.9%

K-factor – 1.38 0.99
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Figure 97: Fixed-order NLO predictions for differential tt̄W− observables at 13 TeV. Each ratio plot shows all
results normalized to one particular NLO+PS prediction and the scale variation band of the reference prediction.
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Figure 98: Fixed-order NLO predictions for differential tt̄W− observables at 13 TeV. Ratio plots as in Figure 97.

background to leptonic signatures emerging from tt̄H . In this section we provide LO and NLO QCD
results for tt̄V V I.36 total cross sections at 13 TeV. We set MH = 125 GeV and all the other input
parameters according to the prescription in Ref. [144]. In order to be consistent with the results at NLO
QCD+EW accuracy in Section I.6.2 (tt̄H) and Section I.6.7.a (tt̄Z and tt̄W±), we used as renormaliza-
tion and factorization scale µF = µR = µ := Mt + (M(V1) +M(V2)) /2, where V1 and V2 are the two
heavy bosons in the final states. A detailed study of the dependence on the definition of the scales both
for total cross sections and differential distributions for tt̄V V production can be found in Ref. [420]. All
the predictions in Ref. [420] and those reported here have been calculated and can be reproduced with
the public version of MADGRAPH5_AMC@NLO [54].

LO and NLO QCD cross sections for all the tt̄V V processes are listed in Table 42. All the results
include scale uncertainties, obtained by varying independently µF and µR in the range µ/2 < µF, µR <
2µ, and PDF errors evaluated with the LHAPDF set [35]. All the calculations are performed in the
five-flavour scheme (5FS), with the exception of tt̄W+W− production where we used the four-flavour
scheme (4FS) in order to avoid additional resonant top quarks in the matrix elements of the real b-quark
radiation. However, also in this case we used the same PDF set with the associate αs in the 5FS. As can
be seen in Table 42, the difference between LO results in the two different schemes is of the order of 20
ab, which is negligible for LHC phenomenology, especially below 300 fb−1 luminosity.

We want to stress that we did not include in Table 42 results for tt̄V γ production, which may
be also relevant. However, their LO contribution, without any cut on the photon, is already included in
the NLO EW corrections to tt̄H , tt̄Z and tt̄W± production and consequentially in the best predictions
σNLO

QCD+EW that are reported in Sections I.6.2 and I.6.7.a. Thus, LO contributions from tt̄V γ production
must not be reevaluated when σNLO

QCD+EW predictions for tt̄H , tt̄Z and tt̄W± are used. Equivalently,
for the same reason, specific cuts on additional photon emission require tt̄V γ simulation with the corre-
sponding cuts and the best predictions for tt̄H , tt̄Z and tt̄W± cannot be used.

I.36In this section the symbol V indicates also the Higgs boson.
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Figure 99: Fixed-order NLO predictions for differential tt̄Z observables at 13 TeV. Each ratio plot shows all
results normalized to one particular NLO+PS prediction and the scale variation of the reference prediction.
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Figure 100: Fixed-order NLO predictions for differential tt̄Z observables at 13 TeV. Ratio plots as in Figure 99.

We want also to point out that, similarly to the case of tt̄V γ, the LO predictions for tt̄V1V2

processes may also be classified as part of the NLO EW corrections to tt̄V1 or tt̄V2 production. Indeed,
tt̄V V LO cross sections are of O(α2

sα
2), i.e., of the same perturbative order of NLO EW corrections to

tt̄H , tt̄Z and tt̄W± production. The contribution that we denote as Heavy Boson Radiation (HBR) and
define as

σHBR(tt̄V1) =
∑

V2=H,Z,W
±
σLO(tt̄V1V2) (I.6.40)

can enter the inclusive σ(tt̄V1) atO(α2
sα

2). We stress that the HBR contribution has not been included in
the best predictions σNLO

QCD+EW for tt̄H , tt̄Z and tt̄W± production and should not be included whenever
the tt̄V1V2 processes are treated separately. It is nevertheless interesting to evaluate its size, compare
it with the corresponding σNLO

QCD+EW and verify possible cancellations, which are induced by the partial
compensations of the Sudakov logarithms in the σNLO

EW component.

Table 43: δHBR and δEW for all the tt̄V processes.

tt̄V tt̄H tt̄Z tt̄W+ tt̄W−

δHBR [%] 1.0 0.9 4.1 7.0

δEW [%] 1.7 -0.2 -3.5 -2.6

In Table 43 we list for all the tt̄V processes the value of δHBR defined as

δHBR =
σHBR

σLO
, (I.6.41)
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together with the values of δEW defined in sections I.6.2 and I.6.7.a. As can be seen in Table 43 the
HBR contributions are, as expected, of the same order of the electroweak corrections. Here we report
only results at the level of the total cross section, in Ref. [328] the impact of HBR contributions has been
studied also at differential level.

I.6.8 NLO+PS simulations of tt̄bb̄ production
The production of tt̄ pairs in association with two b-jets constitutes a large irreducible background to
tt̄H production in the H → bb̄ channel, and the rather large uncertainty of Monte Carlo simulations
of tt̄ + b-jets production is one of the main limitations of current tt̄H(bb̄) searches at the LHC. A
reliable theoretical description of tt̄ production in association with two b-jets requires hard-scattering
cross sections for the relevant partonic processes qq̄/gg → tt̄bb̄ at NLO QCD [390, 421, 422]. The
inclusion of NLO QCD effects reduces scale uncertainties from the 70–80% level at LO to about 20–30%.
To become applicable in the context of experimental analyses, NLO calculations need to be matched to
parton showers. A NLO+PS simulation of tt̄bb̄ production based on the five flavour number scheme
(5FNS), where b-quarks are treated as massless partons, was presented in [423,424], while an alternative
NLO+PS simulation that includes b-quark mass effects in the four flavour number scheme (4FNS) was
published in [425].

Finite b-quark masses permit to extend tt̄bb̄ matrix elements to the full phase space, including
regions where b-quark pairs become collinear and matrix elements with mb = 0 would be divergent.
Thus, using tt̄bb̄matrix elements withmb > 0 in the 4FNS it is possible to simulate tt̄+b-jets production
in a fully inclusive way, including also signatures where a b-quark remains unresolved and a single b-jet
is observed.I.37 In contrast, the applicability of 5FNS calculations is limited to phase-space regions where
the two b-quarks in tt̄bb̄ matrix elements have sufficient transverse momentum and angular separation in
order to avoid the breakdown of the mb = 0 approximation in the collinear regions. Such a requirement
needs to be imposed at the level of generation cuts, i.e. before matching matrix elements to the parton
shower, and one might expect that the resulting NLO+PS predictions for observables with two or more
hard b-jets should be insensitive to generation cuts. However, this is not the case, since events with
multiple hard b-jets can result from collinear g → bb̄ splittings in tt̄bb̄matrix elements combined with the
conversion of hard gluons into b-jets via g → bb̄ parton shower splittings. In fact, as pointed out in [425],
this so-called double-splitting mechanism can lead to a sizeable enhancement of the tt̄bb̄ background in
the Higgs-signal region, Mbb ∼MH .

Given the importance of (quasi) collinear g → bb̄ splittings, the choice of the flavour number
scheme and the inclusion of b-quark mass effects play a critical role. For what concerns 5FNS calcu-
lations, while it is clear that setting mb = 0 and omitting the singular phase-space regions leads to a
logarithmic sensitivity to the unphysical generation cuts for observables with a single hard b-jet, double-
splitting (or multiple-splitting) contributions imply such a sensitivity also for observables with two or
more hard b-jets. Such a logarithmic dependence can naturally be avoided in the framework of NLO
merging [206,241,426], where the singular phase space regions, defined in terms of an appropriate merg-
ing cut, are populated by the parton shower combined with matrix elements for tt̄ + 0, 1 jet production.
However, applying NLO merging to tt̄+ 0, 1, 2 jet production [427] is technically much more challeng-
ing as compared to NLO+PS simulations of tt̄bb̄ production. Moreover, in the merging approach all
b-quarks produced via double-splitting contributions would tend to arise from the parton shower, which
implies a strong dependence on parton-shower modelling. In contrast, 4FNS simulations with mb > 0
have the advantage that one of the g → bb̄ splittings is entirely described in terms of tt̄bb̄matrix elements
at NLO, while the additional hard b-jet arises from tt̄bb̄g tree amplitudes matched to the parton shower
via g → bb̄ splittings that can take place at any stage of the shower evolution. In conventional 4FNS
calculations as the ones presented in this study, the number of active quark flavours is limited to four

I.37Here and in the following we consistently exclude top-decay products from the counting of b jets.
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both in the evolution of the PDFs and αs. Thus, renormalization group logarithms associated with b- and
t-quark loops are included only at fixed-order NLO.I.38 As discussed in [425], such logarithms can be
easily resummed by using modified 4FNS PDF sets that include all relevant quark flavours in the running
of αs. At

√
s = 8 TeV it was found that higher-order contributions of this type increase the NLO 4FNS

tt̄bb̄ cross section by about 9% [425], while in the 5FNS they are naturally included.

Finally, we observe that simulations of tt̄bb̄ production in the 4FNS can be combined with fully
inclusive tt̄+jets samples based on the 5FNS in a rather straightforward way [428]. In fact, in order to
avoid the double counting of b-quark production in the tt̄bb̄ and tt̄+jets sample it is sufficient to veto
events that involve b quarks in the tt̄+jets sample. This prescription has to be applied after parton show-
ering, and the b-quark veto should be restricted to showered tt̄+jets matrix elements before top decays,
i.e. it should not be applied to b quarks that arise from (showered) top decays or from the underlying
event.

From the above discussion it is clear that the parton shower and the choice of the flavour number
scheme play a critical role in the description of tt̄bb̄ production, and the thorough understanding of the
related uncertainties is of prime importance for the success of tt̄H(bb̄) searches. As a first step in this
direction, in the following we present a systematic comparison of various NLO+PS simulations of tt̄bb̄
production based on different parton showers, matching schemes, and flavour number schemes.

I.6.8.a NLO+PS tools and simulations
Three different NLO+PS simulations of tt̄bb̄ production at

√
s = 13 TeV based on SHERPA+OPENLOOPS

[229, 247, 352], MADGRAPH5_AMC@NLO+PYTHIA8 [54, 207, 319, 348] and POWHEL+PYTHIA8 [207,
319, 349, 429] have been compared. The various NLO matching methods, parton showers and flavour
number schemes employed in the three simulations are summarized in Table 44. The SHERPA+OPENLOOPS

and MADGRAPH5_AMC@NLO simulations employ the 4FNS and the MC@NLO matching methodI.39

to combine matrix elements with the SHERPA and PYTHIA8 parton showers, respectively. Therefore
possible differences between SHERPA+OPENLOOPS and MADGRAPH5_AMC@NLO predictions can be
attributed to parton shower effects or to differences in the two implementations of the MC@NLO ap-
proach and related technical parameters. Instead, the POWHEL simulation differs from the other two
simulations in at least two aspects: it is performed in the 5FNS and it employs the POWHEG match-
ing method [342, 343]. Moreover, when comparing SHERPA+OPENLOOPS and POWHEL predictions one
should keep in mind that also the respective parton showers (SHERPA and PYTHIA8) are different.

Since the POWHEL simulation is performed with massless b quarks,I.40 in order to avoid collinear
g → bb̄ singularities, the hard matrix elements need to be restricted to phase space regions where both b
quarks remain resolved. This is achieved through the generation cuts

mbb > 2ξmmb, pT,b > ξTmb. (I.6.42)

Technically, in order to guarantee infrared safety, in the case of real emission events the cuts in Eq. (I.6.42)
are applied after a projection onto the Born phase space. The above cuts are chosen in a way that mim-
ics, at LO in αS , the log(mb) dependence that arises when one b-quark is integrated out. Thus they can
be regarded as an heuristic approach in order to obtain reasonable 5FNS predictions also for tt̄ + b-jet
observables with a single resolved b jet. However, as discussed above, NLO+PS tt̄bb̄ predictions in the

I.38In the 4FNS, b-quark contributions to the running of αs are consistently restored at NLO accuracy by including b-quark
loops in the matrix elements and renormalizing them via zero-momentum subtraction. Also top-quark loop contributions to αs
have been renormalized via zero-momentum subtraction in the 4FNS.

I.39More precisely, MADGRAPH5_AMC@NLO employs the original formulation of MC@NLO matching [340, 341], while
SHERPA+OPENLOOPS implements an alternative formulation [345, 356] denoted as S-MC@NLO, which is characterized by an
improved treatment of colour correlations but is otherwise equivalent to the method of [340, 341].

I.40To be precise, in the POWHEL simulation b-mass effects are neglected at the matrix element level but are taken into account
in the parton shower.
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Table 44: Employed tools, matching methods, parton showers, flavour number scheme (FNS) and generation cuts
in the NLO+PS simulations of tt̄bb̄ production. The POWHEL generator implements matrix elements with massless
b-quarks but includes b-mass effects through PYTHIA.

Tools Matching method Shower FNS mb [GeV] Generation cuts

SHERPA 2.2.1+OPENLOOPS 1.2.3 S-MC@NLO SHERPA 4FNS 4.75 fully inclusive
MADGRAPH5_AMC@NLO 2.3.2+PYTHIA8 2.1.0 MC@NLO PYTHIA8 4FNS 4.75 fully inclusive
POWHEL+PYTHIA8 2.1.0 POWHEG PYTHIA8 5FNS 0 mbb > 2mb, pT,b > mb

5FNS are sensitive to the generation cuts in Eq. (I.6.42). In particular they depend on the unphysical
parameters ξm and ξT , which have been set to one in the present study.I.41 Moreover, one should keep
in mind that log(mb) terms beyond LO and finite terms of order mb are not consistently included in the
5FNS.

I.6.8.b Parton showers, PDF, and αs
Full Monte Carlo simulations of tt̄bb̄ production involve hard tt̄bb̄ cross section at NLO, top-quark de-
cays, parton showering, hadronization, hadron decays, and the underlying event. The main source of
theoretical uncertainty in this involved simulation framework is given by the mechanism that governs
b-quark production in association with top-quark pairs. Thus, in order to obtain a sufficiently transpar-
ent picture of the nontrivial QCD dynamics of b-quark production, it was decided to reduce the com-
plexity that results from the presence of the additional b-quarks that arise from top-quark decays via
well-understood weak interactions. To this end, top quarks have been treated as stable particles in the
simulations. Moreover, all NLO+PS simulations have been performed at the parton level, including only
the perturbative phase of parton shower evolution, and neglecting hadronization as well as any other non-
perturbative aspect. The quantitative importance of hadronization and the possible bias that can result
from switching off hadronization in the comparison of two tt̄+b-jet simulations based on different parton
showers was assessed by comparing SHERPA 2.1 and PYTHIA 8.2 LO+PS simulations of pp → H+jets
(including b jets) at 14 TeV. Thanks to the colour neutral nature of the Higgs boson, this process al-
lows one to assess the impact of hadronization by turning it on and off. The effects of hadronization
increase with decreasing jet transverse momenta. Thus they predominantly arise in the vicinity of the
jet-pT threshold. For the production of b-jets with pT > 25 GeV and |η| < 2.5 they amount to about
−2%(−4%) per b jet in PYTHIA8 (SHERPA). This suggests that the bias that results from turning off
hadronization should be well below the typical NLO+PS uncertainties in tt̄bb̄ production.

In order to reduce uncontrolled sources of bias related to shower modelling in the comparison
of NLO+PS simulations based on SHERPA and PYTHIA8, those free parton-shower parameters related
to the strong coupling have been chosen in a uniform way. Specifically, the rescaling factors x that
are applied to the strong coupling terms αS(x k2

T ) for each shower emission have been set to x = 1
both for initial- and final-state radiation. Furthermore the option of resumming subleading logarithms of
Catani-Marchesini-Webber kind [430] was deactivated. Note that these choices neither correspond to the
SHERPA default nor to the PYTHIA8 default settings. Moreover they are not meant to provide an optimal
description of data. They are only aimed at a consistent comparison of the two showers, where simple
parametric differences are avoided, and the remaining deviations can be attributed to intrinsic shower
features, such as the different definition of the shower evolution variables.

I.41Variations of these parameters will allow to quantify up to which extent, in practice, predictions in conditions typically met
in experimental analyses depend on the choice of these technical cuts.
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Since parton-shower tunes and PDFs are intimately connected, it is not trivial to identify a common
PDF set that is optimal for all parton showers. For the present study the NNPDF3.0 NLO PDF set was
adopted, keeping in mind that this choice might bias the comparison of SHERPA against PYTHIA8. The
specific PDF set was chosen according to the employed flavour number scheme (4FNS or 5FNS), while
the value of αs(MZ) in NLO matrix elements and for the first shower emission was chosen consistently
with the PDF. The same holds for the running of αs, whose evolution is implemented at 2-loops both in
matrix elements and parton showers. For subsequent shower emissions the 4FNS (5FNS) together with
the corresponding value of αs(MZ) was used in SHERPA (PYTHIA8).

I.6.8.c Input parameters and scale choices
To simulate tt̄bb̄ production at 13 TeV the input parameters mt = 172.5 GeV, mb = 4.75 GeV and
α(5F )
s (MZ) = 0.118 have been used together with NNPDF3.0 parton distributions at NLO, as discussed

above.I.42 The central values of the renormalization and factorization scales have been chosen as

µR,0 =


 ∏

i=t,t̄,b,b̄

ET,i




1/4

, µF,0 =
HT

2
=

1

2

∑

i=t,t̄,b,b̄,j

ET,i, (I.6.43)

where ET,i =
√
M2
i + p2

T,i denotes the transverse energy of top and bottom quarks, defined at parton
level. Note that also extra parton emissions contribute to the total transverse energy HT in Eq. (I.6.43).
Theoretical uncertainties have been assessed by means of standard variations µR = ξRµR,0, µF =
ξFµF,0 with 0.5 < ξR, ξF < 2 and 0.5 < ξR/ξF < 2.

The CKKW inspired renormalization scale choice in Eq. (I.6.43) is based on [425] and takes into
account the fact that top and bottom quarks are produced at widely different scales ET,b � ET,t. This
turns out to improve the perturbative convergence as compared to a hard global scale of order mt. In
particular, in the 4FNS it was checked that using µR = HT /2 instead of µR = µR,0 increases the K-
factor by 0.25 and reduces the NLO cross section by about 40%, which is only barely consistent with the
level of uncertainty expected from factor-two scale variations. Moreover, computing LO and NLO cross
sections using PDFs and αs values at NLO throughoutI.43 yields K-factors around 2 with µR = µR,0
and about 0.25 higher with µR = HT /2. Thus both scale choices seem to be suboptimal, and in order
to improve the convergence of the perturbative expansion, a scale even softer than Eq. (I.6.43) should be
considered in the future. In any case a hard scale of type µR = HT /2 is not recommended.

In the context of the MC@NLO matching approach, where the resummation scale µQ, i.e. the
parton shower starting scale, is a free parameter, it is natural to identify this scale with the factorization
scale. Thus µQ = µF,0 = HT /2 was used in the SHERPA+OPENLOOPS simulation. In the case of
MADGRAPH5_AMC@NLO a different choice had to be adopted since only resummation scales of the
form µQ = ξ

√
ŝ are supported, where the prefactor ξ is randomly distributed in the freely adjustable

range [ξmin, ξmax] with a distribution that is strongly peaked at (ξmin + ξmax)/2 [54]. Comparing the
HT /2 and µQ = ξ

√
ŝ distributions it was observed that the respective peaks lie around 200 GeV and

400 GeV when the default MADGRAPH5_AMC@NLO settings (ξmin, ξmax) = (0.1, 1) are used, i.e. the
default µQ in MADGRAPH5_AMC@NLO is much harder.

Given that MC@NLO predictions for tt̄bb̄ production are quite sensitive to µQ, it was decided to
lower the ξ upper bound to ξmax = 0.25, which brings the µQ reasonably close to HT /2. We note that
this choice is also supported by the study of an MADGRAPH5_AMC@NLO simulation of Hbb̄ produc-

I.42Note that the employed NNPDFs and related αs(MZ) value in the 4FNS are derived from variable-flavour-number
NNPDFs with α(5F )

s (MZ) = 0.118 via appropriate backward and forward evolution with five and four active flavours, re-
spectively.

I.43With this approach K-factors are much less dependent on the employed PDF sets and reflect the convergence of the
perturbative expansion in a more realistic way as compared to using LO inputs for the LO cross section.
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tion in the 4FNS [431], where it was found that reducing ξmax from 1 to 0.25 strongly improves the
convergence of NLO+PS and NLO distributions at large transverse momenta.

In the POWHEG matching method, the resummation scale is not a freely adjustable parameter,
since the first emission on top of tt̄bb̄ events is entirely described by matrix elements, and the corre-
sponding transverse momentum scale sets the upper bound for subsequent shower emissions. Neverthe-
less, POWHEG simulations involve a parameter hdamp that separates the first-emission phase space into a
singular region, where the first emission is resummed and corrected with a local K-factor, and a remnant
region, where it is handled as at fixed-order NLO. Given the analogy with the separation of soft and
hard events in the MC@NLO approach, and given that µQ represents the upper bound for emissions off
soft events, it is natural to chose hdamp of the same order of µQ. Thus the choice hdamp = HT /2 was
adopted in the POWHEL simulation.

Variations of the resummation scale and of the hdamp parameter have not been considered in this
study.

I.6.8.d NLO+PS predictions for tt̄+ b-jets cross sections in b-jet bins
In the following we compare integrated and differential NLO+PS predictions for tt̄ + b-jets production
with a certain minimum number of b jets, nb > Nb. In particular we focus on the bins with nb ≥ 1
or nb ≥ 2, which are the most relevant ones for tt̄H(bb̄) analyses. For the jet definition the anti-kT
algorithm with R = 0.4 is adopted, and jets that involve one or more b-quark constituents are classified
as b-jets. Note that also jets that result from collinear g → bb̄ splittings are handled as b jets. Moreover
no requirement is imposed on the minimum transverse momentum of b quarks inside b jets. Events are
categorized according to the number nb of resolved b jets within the acceptance region,

pT,b > 25 GeV , |ηb| < 2.5 . (I.6.44)

Let us recall that top quarks are treated as stable particles, thus the two b quarks that arise from top
decays as well as possible extra b quarks from the showering of top-decay products are not included
in nb. Apart from the requirement nb ≥ Nb no additional cut will be applied.I.44 In order to illustrate
the importance of parton shower effects, the various NLO+PS predictions presented in the following are
also compared to fixed-order NLO predictions. The latter are based on SHERPA+OPENLOOPS and are
obviously independent of the employed parton shower and matching scheme.

All quoted theoretical uncertainties correspond to factor-two variations of the renormalization
and factorization scales. In Figures 101–109 they are shown as bands, and, to improve readability,
three different ratio plots are shown, where all results are normalized to one particular NLO QCD+PS
prediction and the corresponding scale variation band is shown.

Results for the tt̄+ b-jets cross sections with nb ≥ Nb b jets for various values of Nb are presented
in Table 45 and Figure 101. In the following we will refer to the results for Nb = 1, 2, 3, 4 as ttb, ttbb,
tt + 3b and tt + 4b cross sections, respectively. For the ttb and ttbb cross sections, which are described
at NLO accuracy, the various NLO+PS predictions turn out to be in decent mutual agreement. More
precisely, ttb predictions based on the 4FNS (SHERPA+OPENLOOPS and MADGRAPH5_AMC@NLO)
agree very well with each other and with fixed-order NLO, and the 5FNS ttb simulation (POWHEL) lies
only 20% lower, despite that it was not designed to describe final states with a single b-jet (due to the
generation cuts).

For the ttbb cross section one finds excellent agreement between fixed-order NLO,
SHERPA+OPENLOOPS and POWHEL. This seems to suggest that this observable has little sensitivity to
parton shower effects and to the choice of the flavour number scheme. However this interpretation is chal-
lenged by the fact that the MADGRAPH5_AMC@NLO ttbb result lies more than 30% above the other pre-

I.44To be more precise, the SHERPA+OPENLOOPS and MADGRAPH5_AMC@NLO samples are fully inclusive, while in the case
of POWHEL the technical cuts Eq. (I.6.42) are applied as discussed above.
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Table 45: Fixed-order NLO and NLO+PS predictions for integrated tt̄ + b-jets cross sections at 13 TeV in bins
with nb ≥ 1 and nb ≥ 2 b jets.

Selection Tool σNLO [fb] σNLO+PS [fb] σNLO+PS/σNLO

nb ≥ 1 SHERPA+OPENLOOPS 12820+35%
−28% 12939+30%

−27% 1.01

MADGRAPH5_AMC@NLO 13833+37%
−29% 1.08

POWHEL 10073+45%
−29% 0.79

nb ≥ 2 SHERPA+OPENLOOPS 2268+30%
−27% 2413+21%

−24% 1.06

MADGRAPH5_AMC@NLO 3192+38%
−29% 1.41

POWHEL 2570+35%
−28% 1.13

dictions. The only significant differences between MADGRAPH5_AMC@NLO and SHERPA+OPENLOOPS

simulations lie in the employed parton showers and details of MC@NLO matching, thus the origin of the
observed discrepancy is likely to lie in the choice of shower starting scale in MADGRAPH5_AMC@NLO
combined with the higher intensity of QCD radiation in PYTHIA8 with respect to SHERPA. This is
confirmed by the further enhancement of the MADGRAPH5_AMC@NLO cross section in the bins with
nb ≥ 3 and nb ≥ 4 b-jets (see Figure 101), where the additional b quarks arise from g → bb̄ parton-
shower splittings, which results in a much stronger sensitivity to shower effects. Note that this kind of
uncertainty for Nb = 3, 4 is not included in the quoted scale variations. In the SHERPA+OPENLOOPS

simulation, the size of scale uncertainties and the difference between NLO and NLO+PS predictions are
fairly similar to what observed at

√
s = 8 TeV in [425]. In particular, NLO+PS scale uncertainties range

between 20–30% in all b-jet bins and are smaller as compared to the case of fixed-order NLO. Scale vari-
ations in MADGRAPH5_AMC@NLO and POWHEL tend to be larger and agree well with each other for
Nb = 2, while POWHEL features a larger scale dependence in the other bins, especially for Nb = 3, 4.
These various differences can be attributed to the employed flavour-number schemes and to technical
aspects of the implementation of scale variations in the three different NLO+PS Monte Carlo tools.

I.6.8.e ttb differential analysis
Various differential observables for an inclusive ttb analysis with nb ≥ 1 b-jets are presented in Fig-
ures 102–104. For all distributions that are inclusive with respect to extra light-jet emissions one observes
a rather similar behaviour as for the ttb cross section, i.e. SHERPA+OPENLOOPS, MADGRAPH5_AMC@NLO
and fixed-order NLO predictions agree well, while POWHEL lies about 20% lower. Only POWHEL fea-
tures significant shape distortions with respect to fixed-order NLO in the region of low rapidity and/or
low pT for the leading top and bottom quarks and for the tt̄ system (Figures 102–103). Observables
that explicitly involve the first light-jet emission (Figure 104) turn out to behave differently. While for
SHERPA+OPENLOOPS, POWHEL and fixed-order NLO there is mutual agreement within scale variations,
the MADGRAPH5_AMC@NLO prediction turns out to lie up to 50% higher at pT,j ∼ 50 GeV. This
enhancement of QCD radiation in MADGRAPH5_AMC@NLO+PYTHIA8 disappears at pT,j ∼ 150 GeV.
It is most likely related to what was observed above in b-jet bin cross sections with Nb ≥ 2.

I.6.8.f ttbb differential analysis
Various differential observables for an inclusive ttbb analysis with nb ≥ 2 b-jets are presented in Fig-
ures 105–109 Observables that depend on the top-quark and b-jet kinematics but are inclusive with
respect to extra jet emission are presented in Figures 105–107. For all such distributions a fairly good
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agreement between SHERPA+OPENLOOPS, POWHEL and fixed-order NLO is observed, both at the level
of shapes and normalization. The most significant shape differences show up in the pT of the 2nd b-jet
and do not exceed 20%. In MADGRAPH5_AMC@NLO the matching to the PYTHIA8 shower increases
the ttbb rates by about 35% with respect to SHERPA+OPENLOOPS, and turns out to have an non-trivial
dependence on the top and b-jet kinematics. In particular it tends to enhance distributions in the the
regions with small top-quark and b-jet pT and at large ∆R separation between the two b-jets.

For the distribution in the invariant mass of the b-jet pairs, which corresponds to the mass of the
H → bb̄ candidate, it turns out that all NLO+PS results are in reasonably good mutual agreement. The
results also confirm the presence of an NLO+PS distortion of the invariant-mass distribution, which
was attributed to double-splitting effects in [425]. More precisely, in the vicinity of the Higgs boson
resonance the NLO+PS enhancement w.r.t. NLO is close to 20% and thus less pronounced to what was
observed in [425] at

√
s = 8 TeV,I.45 while the POWHEL and MADGRAPH5_AMC@NLO distributions

feature an additional enhancement of about 10% and 35%, respectively, w.r.t. SHERPA+OPENLOOPS in
the Higgs boson signal region.

Various observables that are directly sensitive to the emission of an additional jet are shown in
Figures 108–109. Despite the intrinsic LO nature and stronger shower dependence of such distribu-
tions, SHERPA+OPENLOOPS and POWHEL remain in good agreement: the most important deviations,
which show up in the pT tail of the first light jet, do not exceed 40%. In contrast, the excess of
MADGRAPH5_AMC@NLO w.r.t. the other predictions grows by about a factor two, reaching about 70%
in average, and gives rise to more pronounced shape distortions as compared to the case of inclusive ttbb
observables. Similarly as for the ttbb analysis, the enhancement is concentrated at light-jet momenta
between 50–150 GeV, where it reaches up to 100%. A similarly strong increase shows up also in the
region of central light-jet rapidity, as well as in angular and mass distributions that involve light and
b-jets.

I.6.8.g Summary and conclusions
In summary, we have presented a systematic study of Monte Carlo simulations of pp → tt̄ + b-jets at
13 TeV that compares various NLO+PS predictions based on different matching methods, parton showers
and matching schemes. While the inclusion of b-mass effects is the only fully consistent way of describ-
ing inclusive tt̄ + b-jets production in terms of tt̄bb̄ matrix elements, the observed agreement between
SHERPA+OPENLOOPS and POWHEL predictions indicates that also simulations with massless b-quarks
and appropriate generation cuts provide predictions in agreement well within the scale uncertainties.

The various NLO+PS simulations considered in this study confirm that the invariant mass of the
b-jet pair receives significant NLO+PS corrections that can reach 20-30% in the H → bb̄ signal re-
gion [425]. Based on standard variations of the renormalization and factorization scales, the expected
accuracy of NLO predictions should be at the 25–35% level. However in various phase-space regions
the differences between the various NLO+PS simulations tend to be larger.

In particular, some of the distributions generated with MADGRAPH5_AMC@NLO+PYTHIA8 have
significantly different shapes, resulting in larger predictions for up to 100%, compared to the other
NLO+PS simulations. These are probably related to the high intensity of the QCD radiation in PYTHIA8
and are quite sensitive to the choice of the shower starting scale in the MC@NLO matching framework.
These findings should be regarded as a first step towards a thorough investigation of NLO matching and
parton shower effects, including all relevant sources of uncertainty, in the Monte Carlo modelling of
tt̄+ b-jets production. In the future also top-quark decays should be investigated.

I.45This can be due to the different collider energy and to the different scale choices in this study and in [425].
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Figure 101: Fixed-order NLO and NLO+PS predictions for integrated tt̄+b-jets cross sections at 13 TeV in
inclusive bins with nb > Nb b jets. Each ratio plot shows all results normalized to one particular NLO QCD+PS
prediction and the corresponding scale variation band.
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Figure 102: Fixed-order NLO and NLO+PS top-quark distributions for pp → tt̄+ ≥ 1 b jets at 13 TeV. Ratio
plots like in Figure 101.
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Figure 103: Fixed-order NLO and NLO+PS top-quark and b-jet distributions for pp→ tt̄+ ≥ 1 b jets at 13 TeV.
Ratio plots like in Figure 101.



180 I.6.8. NLO+PS simulations of tt̄bb̄ production

pp → tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
20

16

Sherpa+OpenLoops

MG5aMC@NLO

PowHel+PY8
NLO

-4 -3 -2 -1 0 1 2 3 4
10−1

1

10 1

η of 1st light-jet (ttb cuts)

η

d
σ
/
d

η
[p
b
]

-4 -3 -2 -1 0 1 2 3 4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

η

σ
/

σ
S
h
er
p
a
+
O
p
en

L
o
o
p
s

-4 -3 -2 -1 0 1 2 3 4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

η

σ
/

σ
M
G
5
a
M
C
@
N
L
O

-4 -3 -2 -1 0 1 2 3 4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

η

σ
/

σ
P
o
w
H
el

+
P
Y
8

pp → tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
20

16

Sherpa+OpenLoops

MG5aMC@NLO

PowHel+PY8
NLO

0 50 100 150 200 250 300 350 400

10−3

10−2

10−1

pT of 1st light-jet (ttb cuts)

pT [GeV]

d
σ
/
d
p
T
[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

pT [GeV]

σ
/

σ
S
h
er
p
a
+
O
p
en

L
o
o
p
s

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

pT [GeV]

σ
/

σ
M
G
5
a
M
C
@
N
L
O

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

pT [GeV]

σ
/

σ
P
o
w
H
el

+
P
Y
8

pp → tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
20

16

Sherpa+OpenLoops

MG5aMC@NLO

PowHel+PY8
NLO

0 50 100 150 200 250 300 350 400

10−3

10−2

10−1

Invariant mass of the 1st light-jet and 1st b-jet system (ttb cuts)

m [GeV]

d
σ
/
d
m

[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

m [GeV]

σ
/

σ
S
h
er
p
a
+
O
p
en

L
o
o
p
s

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

m [GeV]

σ
/

σ
M
G
5
a
M
C
@
N
L
O

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

m [GeV]

σ
/

σ
P
o
w
H
el

+
P
Y
8

Figure 104: Fixed-order NLO and NLO+PS light-jet distributions for pp→ tt̄+ ≥ 1 b jets at 13 TeV. Ratio plots
like in Figure 101.
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Figure 105: Fixed-order NLO and NLO+PS top-quark distributions for pp → tt̄+ ≥ 2 b jets at 13 TeV. Ratio
plots like in Figure 101.
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Figure 106: Fixed-order NLO and NLO+PS b-jet distributions for pp → tt̄+ ≥ 2 b jets at 13 TeV. Ratio plots
like in Figure 101.
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Figure 107: (7) Fixed-order NLO and NLO+PS distributions of the bb̄ and tt̄ systems for pp→ tt̄+ ≥ 2 b jets at
13 TeV. Ratio plots like in Figure 101.
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Figure 108: Fixed-order NLO and NLO+PS light-jet mass and transverse momentum distributions for pp →
tt̄+ ≥ 2 b jets at 13 TeV. Ratio plots like in Figure 101.
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Figure 109: Fixed-order NLO and NLO+PS light-jet angular distributions for pp → tt̄+ ≥ 2 b jets at 13 TeV.
Ratio plots like in Figure 101.
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Higgs Boson Pair Production
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I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2
h

2
h2 + λ3vh

3 +
λ4

4
h4 , (I.7.1)

where λ3 = λ4 = m2
h/(2v

2). Experimentally measuring λ3 and λ4 is thus a crucial test of the mechanism
of electroweak symmetry breaking. A measurement of λ3 requires double Higgs boson production while
λ4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg → hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitute an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp → hh + X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh + X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνGa µν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνGa µνh − 1

4

αs

6πv2
Ga

µνGa µνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.

On the other hand, it is known that the effective theory
of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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addition, we provide benchmarks for resonant and non-resonant extensions of the SM phenomenology
of Higgs boson pairs in light of current single Higgs property measurements which are aligned with the
efforts of other subgroups. This note is structured as follows: In Section I.7.2 we provide an update on
the dominant Higgs boson pair production modes at the LHC; special care is devoted to the dominant
gluon fusion production mode in Section I.7.2.a. Section I.7.3 contains representative distributions at
NLO for the SM gluon fusion pair production channel. Section I.7.4 discusses benchmarks of moti-
vated BSM scenarios. The BSM phenomenology of multi-Higgs final states can be divided into resonant
and non-resonant extensions of the SM. The latter is discussed in Section I.7.4.a using the language of
Effective Field Theory. Benchmarks for resonant di-Higgs final state searches are discussed using the
singlet-extended SM and the 2 Higgs doublet model in Section I.7.4.b, which provide theoretically clean
avenues to introduce new resonant physics into Higgs boson pair production.

I.7.2 Total rates in the SM
I.7.2.a Gluon fusion
The NLO [435] and NNLO [436] fixed order corrections to gg → hh are known in the large top mass
limit. Recently, the complete NLO fixed order corrections, including all top quark mass effects, have
become available [437, 438]. The QCD corrections are large, typically doubling the cross section from
LO to NLO, with another ∼ 20% increase going from NLO to NNLO. The threshold resummation
corrections for Higgs boson pair production at NNLL [439, 440] further increase the rate. The NNLL
threshold resummed cross sections are combined consistently with the fixed order NNLO results in
Table 46, with the rate being weighted by the exact LO finite mt result normalized to the mt → ∞
LO result. This is the HEFT approximation. For all the predictions we use the PDF4LHC15_nnlo_mc
proton PDF set that is recommended by the PDF4LHC group [35].

The scale choice µ0 = Mhh/2 is shown, with the scale variation taken to be µ0/2 < µR, µF <
2µ0, with the restriction 1/2 < µR/µF < 2. The effect of choosing the central scale to be µ0 = Mhh

is shown in Table 47. The numerical importance of the threshold resummation is minimized for µ0 =
Mhh/2, and so we recommend this as our preferred choice. The scale uncertainties are ∼ 4 − 6% and
the PDF uncertainties are ∼ 2− 3% at

√
s = 13 TeV.

For convenience, we define twoK factors, computed inmt →∞ limit, for the total cross sections,
where σNNLL is the fixed order NNLO rate matched to the NNLL rate,

K ≡ σNNLL

σNLO

K ′ ≡ σNNLL

σLO
. (I.7.2)

The K factors for the scale choices µ0 = Mhh and µ0 = Mhh/2 are shown in Tabs. 48 and 49, respec-
tively.

I.7.2.a.i Top Quark Mass Uncertainties
Recently, the complete 2-loop reducible contributions have been calculated [441], followed shortly by the
full NLO calculation including all top quark mass effects [437, 438], and we can compare with various
approximations in the literature,

– An mt expansion to NNLO estimates uncertainties from top mass effects at O(5%) [442–444].
– The exact inclusion of the mt dependence in the real contributions to the NLO corrections and

reweighting the virtual corrections evaluated in themt →∞ approximation with the full LO finite
mt dependence estimates uncertainties to be O(−10%). This is the FTapprox of Refs. [445, 446].

We provide approximate NLO rates for hh production in Table 51 in the limit in which the top
mass effects are retained in the real contributions, the FTapprox of Refs. [445] and [446]. These results
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Table 46: NNLL matched to NNLO cross sections for gg → hh with a central scale µ0 = Mhh/2 with
mh = 124.5 GeV, mh = 125 GeV, mh = 125.09 GeV and mh = 125.5 GeV [440] computed in the HEFT
approximation. The uncertainties from top quark mass effects are not included in this table. Uncertainties are
evaluated using the PDF4LHC recommendation and are based on the PDF4LHC15_nnlo_mc set.

mh = 124.5 GeV σNNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.772 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 11.26 +4.1− 5.7 ±3.0 ±2.6√
s = 13 TeV 38.20 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 45.34 +4.4− 6.0 ±2.1 ±2.2√
s = 100 TeV 1760 +5.0− 6.7 ±1.7 ±2.1

mh = 125 GeV σNNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.718 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 11.18 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 37.95 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 45.05 +4.4− 6.0 ±2.1 ±2.2√
s = 100 TeV 1749 +5.1− 6.6 ±1.7 ±2.1

mh = 125.09 GeV σNNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.708 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 11.17 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 37.91 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 45.00 +4.4− 6.0 ±2.1 ±2.2√
s = 100 TeV 1748 +5.0− 6.5 ±1.7 ±2.0

mh = 125.5 GeV σNNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.663 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 11.11 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 37.71 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 44.76 +4.4− 5.9 ±2.1 ±2.2√
s = 100 TeV 1738 +5.2− 6.4 ±1.7 ±2.1

can be compared with the NLO results obtained by computing a K factor in the mt → ∞ limit and
re-weighting by the exact LO result (HEFT approximation) as shown in Table 52 [435, 436]. There is
good, but not exact, agreement between the two approximations.

The complete NLO results for mh = 125 GeV and mt = 173 GeV, with all top mass effects, are
shown in Table 50. The inclusion of the mass effects consistently decreases the NLO cross section from
the HEFT result, while the FTapprox is a better approximation to the total rate. The inclusion of the mass
effects reduces the NLO rate by an energy dependent factor which can be parameterized as

σ(gg → hh)exactNLO = σ(gg → hh)HEFTNLO (1 + δt) , (I.7.3)

where, using mt = 173 GeV,

δt(7 TeV) = −9.94% (I.7.4)

δt(8 TeV) = −10.88% (I.7.5)

δt(13 TeV) = −13.72% (I.7.6)

δt(14 TeV) = −14.11% . (I.7.7)
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Table 47: NNLL cross sections for gg → hh with a central scale µ0 = Mhh with mh = 125 GeV. The
uncertainties from top quark mass effects are not included in this table. Uncertainties are evaluated using the
PDF4LHC recommendation and are based on the PDF4LHC15_nnlo_mc set.

µ0 = Mhh σNNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc.(%)
√
s = 7 TeV 7.61 +5.6− 6.0 ±3.3 ±2.8√
s = 8 TeV 11.0 +5.5− 6.0 ±3.0 ±2.6√
s = 13 TeV 37.3 +5.1− 6.1 ±2.1 ±2.3√
s = 14 TeV 44.2 +5.2− 6.1 ±2.0 ±2.2√
s = 100 TeV 1712 +5.2− 6.2 ±1.7 ±2.0

Table 48: K factors as defined in Eq. (I.7.2) for gg → hh with a central scale µ0 = Mhh/2 and mh =

125 GeV [440].
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

K 1.203 1.200 1.193 1.192 1.195
K ′ 2.299 2.296 2.301 2.304 2.472

Table 49: K factors as defined in Eq. (I.7.2) for gg → hh with a central scale µ0 = Mhh and mh =

125 GeV [440].
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

K 1.426 1.413 1.378 1.373 1.305
K ′ 2.987 2.949 2.847 2.835 2.699

Table 50: NLO results for gg → hh. The uncertainty in per cent is from scale variations only. The central scale is
µ0 = Mhh/2. We use mt = 173 GeV and mh = 125 GeV. The PDF set is PDF4LHC15_nlo_100_pdfas. [437]

√
s NLO HEFT NLO FTapprox NLOexact

7 TeV 6.44+20.1%
−16.9% 5.95+17.3%

−15.7% 5.80+16.3%
−15.2%

8 TeV 9.37+19.8%
−16.5% 8.61+16.7%

−15.1% 8.35+15.7%
−14.6%

13 TeV 32.22+18.2%
−15.1% 28.90+15.0%

−13.4% 27.80+13.8%
−12.8%

14 TeV 38.32+18.1%
−14.9% 34.26+14.7%

−13.2% 32.91+13.6%
−12.6%

The top mass effects can be included consistently by writing our final result as

σ′NNLL = σNNLL + δtσ
HEFT
NLO , (I.7.8)

where σNNLL is given in Table 46. This prescription amounts to subtracting 5.49 fb from the 14 TeV,
4.50 fb from the 13 TeV, 1.02 fb from the 8 TeV and 0.64 fb from the 7 TeV numbers of Table 46 . (We
note that Table 46 uses mt = 172.5 GeV, so there is a slight mis-match in the mt values.) Furthermore,
we neglect any possible mh dependence of δt. Our recommended results are given in Table 53 and
correspond to the convention of Eq. I.7.8. We arbitrarily assume a top mass uncertainty of ±5% from
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Table 51: Signal cross section (in fb) for gg → hh at NLO QCD in the FTapprox approximation of Ref. [445,
446], with a central scale µ0 = Mhh/2. The first uncertainty is the scale uncertainty and the second is the PDF
uncertainty based on the PDF4LHC15_nlo_mc set. There is an additional uncertainty from top quark mass effects,
along with an αs uncertainty.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 6.08
+17.3%
−15.7% ± 4.0% 8.74

+16.8%
−15.1% ± 3.6% 29.43

+15.1%
−13.5% ± 2.7% 35.08

+14.8%
−13.2% ± 2.6% 1254

+14.5%
−14.2% ± 2.1%

125 6.01
+17.2%
−15.6% ± 4.0% 8.62

+16.8%
−15.2% ± 3.7% 29.26

+15.0%
−13.4% ± 2.7% 34.59

+14.6%
−13.1% ± 2.6% 1237

+14.3%
−14.1% ± 2.1%

125.09 6.03
+17.2%
−15.6% ± 4.0% 8.70

+16.7%
−15.1% ± 3.7% 29.27

+15.1%
−13.5% ± 2.7% 34.59

+14.7%
−13.2% ± 2.6% 1229

+14.6%
−14.2% ± 2.1%

125.5 5.99
+17.4%
−15.7% ± 4.0% 8.64

+16.9%
−15.2% ± 3.6% 29.28

+14.9%
−13.4% ± 2.7% 34.41

+14.9%
−13.2% ± 2.6% 1227

+14.3%
−14.1% ± 2.1%

Table 52: Signal cross section (in fb) for gg → hh at NLO QCD in the mt → ∞ limit, reweighted by the exact
LO result, of Ref. [435, 436], with a central scale µ0 = Mhh/2. Only the uncertainties due to scale variation are
shown. There is an additional uncertainty from top quark mass effects, along with PDF and αs uncertainties.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

125 6.415+20%
−16.8% 9.318+19.5%

−16.4% 31.81+18.2%
−15.0% 37.79+18%

−14.8% 1464+16.1%
−13.8%

unknown top quark mass effects at NNLO, and do not include a theoretical error on δt.

I.7.2.b Other production channels
There are a number of additional subdominant Higgs boson pair production modes at the LHC [445,447].
In particular, Higgs boson pairs can be produced in association with electroweak bosons (W±hh, Zhh),
top quarks (tthh and tjhh,) or jets (hhjj). The associated production of hh with vector bosons is known
at NNLO QCD [447], where the NNLO corrections to the NLO rate are of order 10%. The NNLO rates
are given in Tables 54- 56. The scale choice µ0 = MhhV (V = W,Z) is shown, with the scale variation
taken to be µ0/2 < µR, µF < 2µ0, with the restriction 1/2 < µR/µF < 2.

While the weak boson fusion configuration (WBF) is reliably known at NLO precision [445, 447]
(with NNLO corrections negligible [448]), a LO estimate of the gluon fusion contribution to the WBF
configuration [449] suggests that it is non-negligible even for tight WBF selections [450, 451].

The WBF NLO rates are given in Table 57. The WBF cross section is highly stabilized at NLO
QCD; electroweak corrections are not available. A recent study suggests that angular correlations could
be useful to separate this gluon fusion contamination from the WBF configuration [452]. The tthh and
tthj cross sections are given in Tabs. 58 and 59. The tthh rate is particularly interesting in composite
models, where it may be enhanced over the SM rate. The scale variation for tthh and tjhh is chosen as
µ0/2 < µR, µF < 2µ0 with µ0 = Mhh/2.

In Table 60 we also provide numbers for pp → hhh at NLO QCD in the FTapprox approximation
of [445, 446].
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Table 53: NNLL matched to NNLO cross sections for gg → hh including top quark mass effects to NLO [437],
as in Eq.I.7.8, with a central scale µ0 = Mhh/2 with mh = 124.5 GeV, mh = 125 GeV, mh = 125.09 GeV and
mh = 125.5 GeV [440]. Uncertainties are evaluated using the PDF4LHC recommendation and are based on the
PDF4LHC15_nnlo_mc set. These are our recommended numbers.

mh = 124.5 GeV σ′NNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.132 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 10.24 +4.1− 5.7 ±3.0 ±2.6√
s = 13 TeV 33.78 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 39.93 +4.4− 6.0 ±2.1 ±2.2

mh = 125 GeV σ′NNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.078 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 10.16 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 33.53 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 39.64 +4.4− 6.0 ±2.1 ±2.2

mh = 125.09 GeV σ′NNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.068 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 10.15 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 33.49 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 39.59 +4.4− 6.0 ±2.1 ±2.2

mh = 125.5 GeV σ′NNLL(fb) Scale Unc. (%) PDF Unc. (%) αs Unc. (%)
√
s = 7 TeV 7.023 +4.0− 5.7 ±3.4 ±2.8√
s = 8 TeV 10.09 +4.1− 5.7 ±3.1 ±2.6√
s = 13 TeV 33.29 +4.3− 6.0 ±2.1 ±2.3√
s = 14 TeV 39.35 +4.4− 5.9 ±2.1 ±2.2

Table 54: Signal cross section (in fb) for hhZ production at NNLO QCD with the central scale µ0 = µR = µF =

MhhZ [447]. The first uncertainty is the scale uncertainty and the second is the PDF + αs uncertainty based on the
PDF4LHC15_nnlo_mc set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.109
+2.8%
−2.2% ± 2.9% 0.145

+2.8%
−2.3% ± 2.6% 0.368

+3.5%
−2.6% ± 1.9% 0.420

+3.6%
−2.7% ± 1.8% 8.33

+5.9%
−4.6% ± 1.7%

125 0.108
+2.6%
−2.2% ± 2.9% 0.143

+2.8%
−2.2% ± 2.6% 0.363

+3.4%
−2.7% ± 1.9% 0.415

+3.5%
−2.7% ± 1.8% 8.23

+5.9%
−4.6% ± 1.7%

125.09 0.108
+2.6%
−2.2% ± 2.9% 0.143

+2.7%
−2.3% ± 2.6% 0.362

+3.4%
−2.6% ± 1.9% 0.414

+3.5%
−2.7% ± 1.8% 8.22

+5.9%
−4.6% ± 1.7%

125.5 0.106
+2.6%
−2.2% ± 2.9% 0.141

+2.8%
−2.2% ± 2.6% 0.359

+3.5%
−2.7% ± 1.9% 0.409

+3.5%
−2.7% ± 1.9% 8.13

+5.9%
−4.6% ± 1.7%

Table 55: Signal cross section (in fb) for hhW− production at NNLO QCD with the central scale µ0 = µR =

µF = MhhW [447]. The first uncertainty is the scale uncertainty and the second is the PDF + αs uncertainty based
on the PDF4LHC15_nnlo_mc set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.0516
+0.98%
−1.2% ± 4.0% 0.0688

+1.0%
−1.2% ± 3.7% 0.176

+1.2%
−1.3% ± 2.8% 0.200

+1.2%
−1.3% ± 2.7% 3.34

+3.6%
−4.3% ± 1.9%

125 0.0509
+0.98%
−1.2% ± 4.0% 0.0679

+1.0%
−1.2% ± 3.7% 0.173

+1.2%
−1.3% ± 2.8% 0.198

+1.2%
−1.3% ± 2.7% 3.30

+3.5%
−4.3% ± 1.9%

125.09 0.0508
+0.98%
−1.2% ± 4.0% 0.0677

+1.0%
−1.2% ± 3.7% 0.173

+1.2%
−1.3% ± 2.8% 0.197

+1.2%
−1.3% ± 2.7% 3.30

+3.5%
−4.3% ± 1.9%

125.5 0.0502
+0.98%
−1.2% ± 4.0% 0.0670

+1.0%
−1.2% ± 3.7% 0.171

+1.2%
−1.3% ± 2.8% 0.195

+1.2%
−1.3% ± 2.7% 3.27

+3.5%
−4.3% ± 1.9%
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Table 56: Signal cross section (in fb) for hhW+ production at NNLO QCD with the central scale µ0 = µR =

µF = MhhW [447]. The first uncertainty is the scale uncertainty and the second is the PDF + αs uncertainty based
on the PDF4LHC15_nnlo_mc set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.114
+0.47%
−0.59% ± 3.0% 0.147

+0.43%
−0.52% ± 2.8% 0.333

+0.32%
−0.41% ± 2.2% 0.373

+0.33%
−0.39% ± 2.1% 4.74

+0.90%
−0.96% ± 1.8%

125 0.113
+0.47%
−0.59% ± 3.0% 0.145

+0.43%
−0.52% ± 2.8% 0.329

+0.32%
−0.41% ± 2.2% 0.369

+0.33%
−0.39% ± 2.1% 4.70

+0.90%
−0.96% ± 1.8%

125.09 0.113
+0.47%
−0.59% ± 3.0% 0.145

+0.43%
−0.52% ± 2.8% 0.329

+0.32%
−0.41% ± 2.2% 0.368

+0.33%
−0.39% ± 2.1% 4.69

+0.90%
−0.96% ± 1.8%

125.5 0.111
+0.47%
−0.59% ± 3.0% 0.143

+0.43%
−0.52% ± 2.8% 0.326

+0.32%
−0.41% ± 2.2% 0.365

+0.33%
−0.39% ± 2.1% 4.65

+0.90%
−0.96% ± 1.8%

Table 57: Cross section (in fb) for weak boson fusion hhjj at NLO QCD with the central scale µ0 =

Mhh/2 [445]. The first uncertainty is the scale uncertainty and the second is the PDF uncertainty based on the
PDF4LHC15_nlo_mc set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.320
+3.2%
−3.7% ± 2.7% 0.470

+2.4%
−3.1% ± 2.6% 1.65

+2.4%
−2.7% ± 2.3% 1.97

+2.3%
−2.6% ± 2.3% 81.9

+0.2%
−0.2% ± 1.8%

125 0.316
+3.7%
−4.1% ± 2.7% 0.468

+2.8%
−3.3% ± 2.6% 1.64

+2.0%
−2.5% ± 2.3% 1.94

+2.3%
−2.6% ± 2.3% 80.3

+0.5%
−0.4% ± 1.7%

125.09 0.313
+3.2%
−3.8% ± 2.6% 0.459

+3.2%
−3.6% ± 2.6% 1.62

+2.3%
−2.7% ± 2.3% 1.95

+1.8%
−2.3% ± 2.4% 80.8

+0.8%
−0.8% ± 1.8%

125.5 0.312
+3.6%
−4.0% ± 2.7% 0.458

+2.9%
−3.4% ± 2.6% 1.63

+2.0%
−2.5% ± 2.3% 1.94

+1.3%
−1.9% ± 2.3% 80.7

+0.7%
−0.7% ± 1.8%

Table 58: Cross section (in fb) for tt̄hh production at NLO QCD with the central scale µ0 = Mhh/2 [445]. The
first uncertainty is the scale uncertainty and the second is the PDF uncertainty based on the PDF4LHC15_nlo_mc
set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.112
+3.5%
−12.5% ± 4.2% 0.176

+2.9%
−10.7% ± 3.9% 0.786

+1.3%
−4.5% ± 3.2% 0.968

+1.7%
−4.6% ± 3.1% 87.2

+7.9%
−7.3% ± 1.6%

125 0.110
+3.5%
−12.5% ± 4.2% 0.174

+2.9%
−10.6% ± 3.9% 0.775

+1.5%
−4.3% ± 3.2% 0.949

+1.7%
−4.5% ± 3.1% 82.1

+7.9%
−7.4% ± 1.6%

125.09 0.109
+3.5%
−12.8% ± 4.2% 0.174

+2.8%
−10.6% ± 3.9% 0.772

+1.7%
−4.5% ± 3.2% 0.949

+1.8%
−4.8% ± 3.2% 82.1

+8.3%
−7.6% ± 1.6%

125.5 0.107
+3.3%
−12.9% ± 4.2% 0.172

+2.9%
−10.4% ± 4.0% 0.762

+1.3%
−4.5% ± 3.2% 0.937

+1.5%
−4.5% ± 3.1% 81.9

+8.2%
−7.6% ± 1.6%

Table 59: Signal cross section (in fb) for hhtj production at NLO QCD with the central scale µ0 =

Mhh/2 [445]. The first uncertainty is the scale uncertainty and the second is the PDF uncertainty based on the
PDF4LHC15_nlo_mc set.

mh (GeV)
√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

124.5 0.00335
+3.9%
−1.7% ± 6.2% 0.00551

+5.6%
−3.2% ± 5.8% 0.0289

+5.4%
−3.4% ± 4.6% 0.0365

+4.4%
−1.6% ± 4.7% 4.44

+5.2%
−5.6% ± 2.3%

125 0.00331
+3.9%
−1.8% ± 6.1% 0.00538

+5.3%
−3.0% ± 5.6% 0.0289

+5.5%
−3.6% ± 4.7% 0.0367

+4.2%
−1.8% ± 4.6% 4.44

+2.2%
−2.8% ± 2.4%

125.09 0.00331
+4.3%
−2.1% ± 6.3% 0.00540

+5.4%
−3.1% ± 5.6% 0.0281

+5.2%
−3.2% ± 4.5% 0.0364

+3.7%
−1.3% ± 4.7% 4.43

+2.0%
−2.6% ± 2.4%

125.5 0.00326
+3.9%
−1.6% ± 6.1% 0.00521

+5.5%
−3.4% ± 5.8% 0.0279

+6.1%
−4.6% ± 6.4% 0.0359

+3.8%
−1.6% ± 4.7% 4.43

+2.1%
−2.6% ± 2.4%
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Table 60: Signal cross section (in ab) for gg → hhh at NLO QCD for mh = 125 GeV with µR = µF =

µ0 [446]. The first uncertainty is the scale uncertainty and the second is the PDF uncertainty based on the
PDF4LHC15_nlo_mc set.

µ0

√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

√
s = 14 TeV

√
s = 100 TeV

Mhhh/2 12.03
+17.8%
−16.3% ± 5.2% 17.99

+16.5%
−15.4% ± 4.8% 73.43

+14.7%
−13.7% ± 3.3% 86.84

+14.0%
−13.2% ± 3.2% 4732

+11.9%
−11.6% ± 1.8%

Mhhh 9.91
+19.3%
−16.6% ± 5.3% 15.14

+18.4%
−16.0% ± 4.7% 63.32

+16.1%
−14.1% ± 3.4% 76.15

+15.9%
−14.0% ± 3.2% 4306

+14.0%
−12.3% ± 1.8%
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I.7.3 Differential distributions

The di-Higgs differential mass distribution of the NNLO+NNLL calculation detailed in the previous sec-
tion is shown in Figure 111. This figure includes the higher order corrections in the mt →∞ limit. Due
to the intricate destructive interplay of the trilinear and box contributions depicted in Figure 110, how-
ever, the top mass threshold significantly impacts the differential distributions for the gluon fusion pro-
cess, and the invariant di-Higgs boson mass differential cross section in particular. On the one hand, the
momentum-dependent distributions of the di-Higgs system are exploited in phenomenological analyses
(either implicitly or explicitly), as they exhibit a highly sensitive response to BSM-induced modifications
of the SM coupling pattern (see below). On the other hand, experimental characteristics of a particular
set of selection cuts motivated from the desire to enhance signal over background strongly depend on
the transverse Higgs momentum (and therefore on Mhh) selection thresholds; boosted Higgs kinemat-
ics [453–456] are a particularly drastic example of this. Both the theoretical appeal and the experimental
necessity of studying non-inclusive fiducial cross sections have far-reaching consequences for di-Higgs
analyses when we extrapolate the findings of the previous section to realistic selection criteria.

In this section we present some distributions obtained using the FTapprox approximation for the
NLO results to establish to which extent approximate NLO event generators can be used, and to which
extent this calculation provides a guideline to relate fiducial cross sections to inclusively modeled quanti-
ties. We also comment on the impact of higher order corrections beyond the FTapprox approximation that
have become available [437, 438] while this report was completed. Technically, the FTapprox calculation
is performed using matched MG5_aMC@NLO + Pythia8 simulations [54, 445]. As already mentioned,
this approximation contains exact, full mt-dependent real emission contributions combined with a finite
mt Born-reweighted mt → ∞ calculation of the virtual loop corrections to obtain an approximation of
the fully differential NLO cross section.

We show in Figs. 112 - 115 the FTapprox distributions for the hh invariant mass and the lead-
ing Higgs boson pT , including PDF and scale uncertainties for centre-of-mass energies of 8 TeV and
13 TeV. These distributions also rely on the PDF4LHC15_nlo_mc sets with 30 replicas. The scale vari-
ation dominates over the PDF uncertainty leading to a rather flat +30%, − 25% uncertainty over a
broad, phenomenologically interesting energy regime, calculated from a scale variation that is again
µ0/2 < µ < 2µ0, for µ0 = Mhh/2. The scale uncertainty is similar when considering the full NLO
QCD corrections, see Figs. 116 - 118.

For some observables, for example all rapidity distributions, the differential QCD corrections
are simple rescalings of the LO distribution with the total K factor in the FTapprox scheme. For most
distributions, however, the discrepancy between the FTapprox and the full result moves out of the scale
variation uncertainty band in the tail of the distributions. This is shown for the di-Higgs boson invariant
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Figure 111:
√
s = 8 TeV and 13 TeV NNLO+NNLL cross section distribution for mt →∞ calculation detailed

in the previous section, also showing the scale uncertainty [440]. For details see text.
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Figure 112: Transverse momentum distribution of the leading Higgs boson in GeV for pp → hh using
MG5_aMC@NLO + Pythia8 at NLO with the FTapprox approximation, for mh = 125 GeV, mt = 172.5 GeV,
and
√
s = 8 TeV. The scales are chosen to be µR = µF = Mhh/2. Scale and PDF uncertainties are added linearly

in the distribution. The K−factor is defined as the ratio between NLO and LO cross sections.
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Figure 113: Invariant di-Higgs boson mass differential distribution in GeV for pp → hh using MG5_aMC@NLO +
Pythia8 at NLO with the FTapprox approximation, for mh = 125 GeV, mt = 172.5 GeV, and

√
s = 8 TeV. The

scales are chosen to be µR = µF = Mhh/2. Scale and PDF uncertainties are added linearly in the distribution.
The K−factor is defined as the ratio between NLO and LO cross sections.
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Figure 114: Transverse momentum distribution of the leading Higgs boson in GeV for pp → hh using
MG5_aMC@NLO + Pythia8 at NLO with the FTapprox approximation, for mh = 125 GeV, mt = 172.5 GeV,
and
√
s = 13 TeV. The scales are chosen to be µR = µF = Mhh/2. Scale and PDF uncertainties are added

linearly in the distribution. The K−factor is defined as the ratio between NLO and LO cross sections.
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Figure 115: Invariant di-Higgs boson mass differential distribution in GeV for pp → hh using MG5_aMC@NLO +
Pythia8 at NLO with the FTapprox approximation, for mh = 125 GeV, mt = 172.5 GeV, and

√
s = 13 TeV. The

scales are chosen to be µR = µF = Mhh/2. Scale and PDF uncertainties are added linearly in the distribution.
The K−factor is defined as the ratio between NLO and LO cross sections.
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Figure 116: Invariant di-Higgs boson mass distribution for various approximations, taken from [437]. The red
curves include the complete mt dependent NLO calculation. The uncertainty is computed by varying the scales by
a factor 2 around Mhh/2. The Higgs boson mass is chosen to be mh = 125 GeV and mt = 173 GeV, the centre
of mass energy is

√
s = 14 TeV.

mass Mhh-distribution in Figure 116 and for the leading Higgs boson transverse momentum pT,h1
in

Figures 117 and 118.

While the FTapprox scheme provides a reasonable approximation in the low energy regime within
uncertainties, the virtual corrections in the finite mt limit significantly soften the high energy events
compared to the FTapprox approximation, see Figure 116. These corrections can be as big as 30% and
a corresponding reweighting or associated uncertainty needs to be included in analyses that particularly
focus on the phase space region mhh & 400 GeV. The full NLO QCD corrections have a significant
effect on the pT distribution (both the distribution of the leading-pT Higgs boson, pT,h1

, and the one of
any Higgs boson, pT,h), as can be seen in Figs. 117 - 119. Both the HEFT and FTapproxapproximation
fail to reproduce the distribution above the top mass.

The leading jet transverse momentum and the transverse momentum of the di-Higgs system are
also not well approximated by a rescaling of the LO results. It should be noted that the leading jet
transverse momentum distribution is only known to leading order precision and should be considered
with care by including LO uncertainties. For the pT (hh) distribution, resummed results at NLL+NLO,
including the full NLO mass dependence in the pT (hh)→ 0 region, have been obtained recently [457].

Other uncertainties of equal importance become particularly apparent from investigating differ-
ent shower and matching/merging approaches that we detail in the following. The comparison we
detail in the following is based on the MC@NLO calculation that appears in [446] generated using
MG5_aMC@NLO [54, 364] and the merged calculation of [458] using OpenLoops matrix elements [247].
All the results use the HERWIG++ general-purpose Monte Carlo for the parton shower [306,313,459–461].
The Higgs bosons are taken to be stable and hadronization and the underlying event simulation is turned
off. The central factorization/renormalization scale for both calculations is chosen to be µ0 = Mhh/2.
This scale is varied between µ = µ0/2 and µ = 2µ0 in the merged calculation. Furthermore, the merg-
ing scales used for the MLM procedure were varied in the range 40-90 GeV in steps of 10 GeV and a
uniform smooth function, as described in [458], of widths ε = 10, 20, 30 GeV is used.

We present comparisons of the MC@NLO samples, labelled ‘mc@nlo’, the merged calculation,
labelled ‘mlm’ and the pure leading-order calculation, labelled ‘shower’, all showered with HERWIG++
in Figs. 120 and 121. We show, respectively, distributions for the transverse momentum and rapidity of
(any) single Higgs boson, the transverse momentum of the hardest jet, the invariant mass of the di-Higgs
boson pair, the di-Higgs boson transverse momentum and the separation between the Higgs bosons. All



Chapter I.7. Higgs Boson Pair Production 199

distributions are normalized to unity. The di-Higgs boson invariant mass and separation between the
Higgs bosons, as well as the single Higgs observables, are in good agreement within the uncertainties
of the merged calculation indicated by the band. There exists a discrepancy in the di-Higgs transverse
momentum and the transverse momentum of the hardest jet. One of the reasons that could explain this
effect is the difference in the choice of the dynamical starting scale of the showerQ. Figure 122 provides
the differential distribution of the hh production cross section as function of Q. We can clearly see that
the choice of the scale in the MC@NLO sample differs from MLM sample. This observation suggests
that further assessment of the systematics owing to the parton shower should be performed, a task left to
future studies.

I.7.4 Benchmark BSM scenarios
In this section we propose BSM models recommended for study in di-Higgs boson production, assuming
the two final state Higgs bosons are SM-like. We do not consider the production of two different Higgs
particles, such as AH , since these cross sections are highly model-dependent [462–464] and typically
suppressed compared to the production of the SM-like Higgs, making generic predictions difficult.

The benchmarks have been chosen based on the following criteria:

– They can by directly related to other (e.g. single Higgs) measurements.
– Their signatures cover resonant and non-resonant production modes and in the former case are

distinguishable from each other and from the SM.

We will adopt the Effective Field Theory framework for non-resonant production and advocate the
singlet-extended SM and 2HDM for initial studies of resonant di-Higgs final states.

I.7.4.a Effective Field Theory

If no new light particles are observed at the LHC and there are no observable resonances in di-Higgs
boson production, then an effective field theory approach is useful and well-motivated. The phenomeno-
logically relevant terms we consider for double Higgs boson production in gg fusion are (written in terms
of the physical Higgs boson field, h) [465]

L
LO
= LSM +

(
cg
h

v
+ cgg

h2

2v2

)
g2
s

4
GAµνG

A,µν − h

v
ΣfΣij

√
mfi

mfj
[δyf ]ijf ifj

− h2

2v2 ΣfΣij
√
mfi

mfj
[y

(2)
f ]ij

[
f iRfjL + hc

]
+ δλ3h

3 + LCPV

LCPV =

(
c̃g
h

v
+ c̃gg

h2

2v2

)
g2
s

4
GAµνG̃

A,µν

−h
v

ΣfΣij
√
mfi

mfj
[δyf ]ij

{(
cosφfij − 1

)
f ifj − i sinφfijf iγ5fj

}
, (I.7.9)

where i, j are generation indices, and the sum over f is over all charged fermion species. A hierar-
chy between CP-violating and CP-conserving interactions has already been established [466, 467] and
for simplicity we assume CP conservation and flavour diagonal Higgs boson couplings, leading to the
Lagrangian relevant for di-Higgs boson production,

L = LSM +

(
cg
h

v
+ cgg

h2

2v2

)
g2
s

4
GAµνG

A,µν − h

v
ΣfΣimfi

[δyf ]if ifi

− h2

2v2 ΣfΣimfi
[y

(2)
f ]if ifi + δλ3h

3 . (I.7.10)
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We do not consider enhanced b couplings, since in order to be relevant for double Higgs boson produc-
tion, the enhancement must be extremely largeI.46.

The inputs in this realization of the EFT can thus be taken in general as,

– cg, cgg, δyt, y
(2)
t , δλ3 Non-Linear EFT

which can be reduced to

– cg, δyt, δλ3, y(2)
t Linear EFT

in the linear realization of EWSB, where the Higgs boson is part of a weak doublet, leading to correlations
between the couplings.

Note that a combination of cg and δyt is fixed by the requirement that single Higgs boson produc-
tion has the experimentally observed value,

Rh ≡
σ(gg → h)

σ(gg → h)SM
∼
∣∣∣1 + 12π2cg + δyt

∣∣∣
2
. (I.7.11)

The couplings cgg, y(2)
t and δλ3 cannot be probed in single Higgs boson production, but require mea-

surement of the di-Higgs rate and distributions [469–472].

A fit to the total cross section in terms of the EFT coefficients shown here has been given in Ta-
ble 61 and is detailed in a separate note [473], (a similar procedure is performed in Ref. [470]). Those
references construct a cross section fit in terms of effective Higgs boson couplings, combining the rele-
vant terms in I.7.10 as:

Lhh =
1

2
∂µh∂

µh− m2
h

2
h2 − κλλSMvh3

− mt

v

(
v + κth+

c2

v
hh

)(
tLtR + h.c.

)
+

αs
12πv

(
c1gh−

c2g

2v
hh

)
GAµνG

A,µ,ν . (I.7.12)

The SM limit is κ2 = κλ = 1 and c2 = c1g = c2g = 0. This fit can be straightforwardly mapped onto
the EFT parameters of Eq. (I.7.9) via the identities

cg =
c1g

12π2 , cgg = − c2g

12π2 , y
(2)
t = 2c2 , δyt = (κt − 1) , δλ3 = −v(κλ − 1)λSM . (I.7.13)

Further information on the EFT coefficients can be found from hh production by noting that dif-
ferent EFT operators have different kinematic dependences. The LO box and triangle diagram exactly
cancel each other at threshold in the SM. This implies that dσ/dMhh is most sensitive to variations in κt
and κλ at threshold, while the dependence on κλ is suppressed at high partonic energies. The NLO cor-
rections to the EFT predictions for double Higgs boson production have been investigated in the largemt

limit Ref. [474], with the conclusion that the K factor of the EFT shows little kinematic dependence and
little dependence on the effective couplings, however with the same caveats as mentioned in Secs. I.7.2
and I.7.3.

We can take advantage of this property of the K-factors, approximating the ratio between the cross
sections obtained for different EFT parameters and the SM cross section with the corresponding LO
ratio:

Rhh ≡
σhh

σSMhh

LO
= A1κ

4
t +A2c

2
2 + (A3κ

2
t +A4c

2
g)κ

2
λ +A5c

2
2g + (A6c2 +A7κtκλ)κ2

t

+(A8κtκλ +A9cgκλ)c2 +A10c2c2g + (A11cgκλ +A12c2g)κ
2
t

I.46See for example, Figure 6 in Ref. [468].
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Table 61: Values of Ai parameters for Eq. (I.7.14) [473].
√
s 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.21 2.18 2.09 2.08 1.90
A2 9.82 9.88 10.15 10.20 11.57
A3 0.33 0.32 0.28 0.28 0.21
A4 0.12 0.12 0.10 0.10 0.07
A5 1.14 1.17 1.33 1.37 3.28
A6 -8.77 -8.70 -8.51 -8.49 -8.23
A7 -1.54 -1.50 -1.37 -1.36 -1.11
A8 3.09 3.02 2.83 2.80 2.43
A9 1.65 1.60 1.46 1.44 3.65
A10 -5.15 -5.09 -4.92 -4.90 -1.65
A11 -0.79 -0.76 -0.68 -0.66 -0.50
A12 2.13 2.06 1.86 1.84 1.30
A13 0.39 0.37 0.32 0.32 0.23
A14 -0.95 -0.92 -0.84 -0.83 -0.66
A15 -0.62 -0.60 -0.57 -0.56 -0.53

+(A13κλcg +A14c2g)κtκλ +A15cgc2gκλ . (I.7.14)

The Ai coefficients are extracted from a simultaneous fit, based on the maximization of a likeli-
hood, to the cross sections obtained from a LO simulation and provided in Table 61. A detailed study of
theoretical uncertainties was performed in Ref. [473]. The uncertainties related to PDF and αS variations
induces less than a 2% variation in the Ai values.

In general, Mhh is a sensitive variable for differentiating the effects of the different EFT coef-
ficients. In the vicinity of the SM limit the utility of this approach, however, is limited by the small
di-Higgs rate, although it can nevertheless provide essential additional information on the various ef-
fective couplings, in particular in the case of an enhanced cross section. There are large correlations,
typically requiring a global fit rather than a fit to a single EFT coefficient [470, 475]. To this end, the
analysis of [475] divides kinematic points into 12 clusters, scanning over a range of EFT coefficients,
where within the clusters the dependence on the kinematic parameters is similar. The clusters have clear
kinematic differences between them, particularly in the peak structure of theMhh distributions. Scanning
over a range of EFT coefficients this procedure allows us to formulate a set of benchmark choices that
exhibit a particularly interesting di-Higgs phenomenology and to exploit the kinematical particularities
of a large portion of the parameter space with a limited number of analyses. These recommendations are
given in Table 62. For the particularly interesting case for which the only non-zero EFT coefficient is κλ,
we have the results in Table 63, that give the relative modification compared to the SM at NNLL [440].
The difference between the RNNLL

hh found in Table 63 and the Rhh calculated by the LO interpolation and
the coefficients of Table 61 does not exceed 5% [473]. This variation is inside the theoretical uncertainty
of the cross section normalization (Table 46), and slightly larger that the NLO K-factor uncertainty [474].

In summary, to obtain σhh in the EFT, we recommend the use of the relation σhh = Rhh · σSMhh .
Here σSMhh is the most up to date calculation based on NNLO+NNLL, with the associated uncertainties,
and Rhh is found from Eq. I.7.14. The PDF and αs uncertainties of Ai was found to be well below
1% and can safely be neglected [473]. The missing order uncertainties on Rhh are covered by the ones
assigned to σSMhh .
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Table 62: Coefficient choices of EFT benchmarks.

Benchmark κλ κt c2 cg c2g

1 7.5 1.0 -1.0 0.0 0.0
2 1.0 1.0 0.5 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 -3.5 1.5 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1
6 2.4 1.0 0.0 0.2 -0.2
7 5.0 1.0 0.0 0.2 -0.2
8 15.0 1.0 0.0 -1 1
9 1.0 1.0 1.0 -0.6 0.6

10 10.0 1.5 -1.0 0.0 0.0
11 2.4 1.0 0.0 1 -1
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

I.7.4.b Higgs Singlet Model
The Higgs singlet model [476–478] is a simple example where double Higgs boson production can
receive large contributions from a resonance. The model contains a Higgs doublet, ΦT = (φ+, φ̃0 =
φ0+v√

2
), and Higgs singlet, S = s+〈S〉√

2
, and is described by 5 parameters in the potential:

V = −m2Φ†Φ− µ2S2 + λ1(Φ†Φ)2 + λ2S
4 + λ3Φ†ΦS2 , (I.7.15)

where a Z2 symmetry S → −S and Φ→ Φ has been imposed for simplicity. After electroweak symme-
try breaking, both φ̃0 and S get vacuum expectation values and the physical fields h,H are mixtures of
the original fields

h = cosαφ0 − sinα s

H = sinαφ0 + cosα s , (I.7.16)

and we assume MH > mh in the following. The LO trilinear Higgs boson couplings are,

λhhh = −3m2
h

v

(
cos3 α− tanβ sin3 α

)
(I.7.17)

λHhh = −m
2
h

v
sin(2α)(cosα+ sinα tanβ)

(
1 +

M2
H

2m2
h

)
. (I.7.18)

Table 63: Values for σNNLL/σNNLL,SM for non-SM values of the trilinear Higgs boson coupling, with all other
EFT couplings set to their SM values [440].

RNNLL
hh ≡ σNNLL/σNNLL,SM (κλ)

κλ −1 −0.5 0 0.5 2
√
s = 7 TeV 4.17 3.12 2.24 1.53 0.452√
s = 8 TeV 4.09 3.06 2.21 1.52 0.455√
s = 13 TeV 3.85 2.92 2.13 1.49 0.466√
s = 14 TeV 3.82 2.90 2.12 1.49 0.467√
s = 100 TeV 3.39 2.62 1.97 1.43 0.492
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Table 64: Maximal and minimal allowed branching ratios, consistent with experimental restrictions, in the singlet
model, taken at the maximal allowed value of | sinα| for H → hh. Note that the minimal values for the branching
ratio stem from sinα ≤ 0. Decay branching ratios correspond to the branching ratios of a SM Higgs of the same
mass, rescaled by 1− BR(H → hh) [482, 484].

MH(GeV) | sinα|max BR(H → hh)min BR(H → hh)max

255 0.31 0.09 0.27
260 0.34 0.11 0.33
265 0.33 0.13 0.36
280 0.32 0.17 0.40
290 0.31 0.18 0.40
305 0.30 0.20 0.40
325 0.29 0.21 0.40
345 0.28 0.22 0.39
365 0.27 0.21 0.36
395 0.26 0.20 0.32
430 0.25 0.19 0.30
470 0.24 0.19 0.28
520 0.23 0.19 0.26
590 0.22 0.19 0.25
665 0.21 0.19 0.23
770 0.20 0.19 0.23
875 0.19 0.19 0.22
920 0.18 0.19 0.22
≥ 975 0.17 0.19 0.21

The NLO relations for the trilinear couplings are in Ref. [479].

The input parameters can be taken as (see e.g. [480]),

– mh = 125 GeV, MH , cosα, v, tanβ = v/〈s〉 ,

and the Higgs boson branching ratios to SM particles, XSM , are:

Γ(h→ XSMXSM ) = cos2 αΓ(h→ XSMXSM )SM

Γ(H → XSMXSM ) = sin2 αΓ(H → XSMXSM )SM

ΓH = sin2 αΓH,SM (MH) + Γ(H → hh)

Γh = cos2 αΓh,SM (mh) , (I.7.19)

where ΓH,SM (MH) are the Standard Model Higgs boson widths evaluated at MH which are completely
fixed in terms of tanβ,MH , and cosα. ATLAS [481] considered the restrictions from Higgs boson
coupling measurements on the parameters of the singlet model and found | cosα| > 0.94, where we omit
the possibility of the H decaying to some new invisible particles. The heavier Higgs boson contributes
to the W mass, which imposes a further limit on cosα as a function of MH [482, 483]. The branching
ratio, H → hh, can be quite large,O ∼ 20−30%, leading to large effects in di-Higgs boson production.
Values of the LO branching ratios and widths for H → hh for representative values of the parameters
are shown in Figures 123 and 124. The maximum and minimum allowed branching ratios, consistent
with experimental restrictions, are shown in Table 64 as a function of MH .

TheMhh distributions in the singlet model show clear resonance peaks as illustrated in Figure 125.
The NLO QCD corrections to double Higgs boson production can be found in the large mt limit [485]
and give a K factor which is approximately the same as in the Standard Model. For MH ∼ 2mh, the
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Table 65: NLO cross sections in the singlet model for fixed sin θ = 0.28, tanβ = 0.50 and
√
s = 14 TeV, with

µ = Mhh/2 [485].

MH (GeV) Cross Section (fb) PDF (%) αs (%) scale (%)

260 278.06 2.2 2.0 + 18.9 -14.8
275 311.39 2.2 2.0 + 18.8 -14.9
300 303.35 2.2 2.0 + 18.9 -14.9
325 290.68 2.2 2.0 + 18.7 -14.9
350 307.86 2.3 1.9 + 18.7 -15.0
400 286.17 2.4 1.9 + 18.6 -15.0
450 217.24 2.5 1.9 + 18.4 -15.1
500 163.98 2.7 1.8 + 18.4 -15.1
600 103.53 2.7 1.8 + 18.3 -15.1
700 76.07 2.8 1.8 + 18.2 -15.1
750 68.32 2.8 1.8 + 18.2 -15.1
800 62.86 2.8 1.8 + 18.2 -15.1
900 56.04 2.7 1.9 + 18.3 -15.1

1000 52.28 2.6 1.9 + 18.3 -15.0
1100 50.06 2.7 1.9 + 18.3 -15.1
1200 48.71 2.7 1.9 + 18.3 -15.0
1300 47.84 2.6 1.9 + 18.3 -15.0
1400 47.22 2.6 1.9 + 18.3 -15.0
1500 46.81 2.6 1.9 + 18.3 -15.0
1600 46.48 2.6 1.9 + 18.3 -15.0
1800 46.03 2.6 1.9 + 18.3 -15.0
2000 45.71 2.6 1.9 + 18.3 -15.0
2250 45.37 2.6 1.9 + 18.3 -15.0
2500 45.03 2.6 1.9 + 18.3 -15.0
2750 44.67 2.6 1.9 + 18.3 -15.0
3000 44.25 2.6 1.9 + 18.3 -15.0

rate is dominated by the resonance contribution which is implemented in the code sHDECAY [486]. For
fixed sinα = 0.28 and tanβ = 0.5, the predictions for a range of heavy Higgs boson masses are given
in Tabs. 65-68.

The enhancements of the di-Higgs cross section in the singlet model can be as large as factors of
O(10− 20) and are typical of those which can be obtained in models with a heavy Higgs particle with a
mass near 2mh and a large branching ratio to hh, such as the 2HDM, the MSSM, or the NMSSM. It is
interesting to tabulate the largest allowed values of the di-Higgs cross section in the singlet model using
the restrictions of Table 64. These cross sections are shown in Table 69-72.

I.7.4.c 2 Higgs Doublet Model

The 2 Higgs doublet model (2HDM) is a simple extension of the SM which can exhibit large resonance
effects. The 2HDM has 5 physical Higgs bosons: 2 neutral scalars, h0, H0, a pseudo-scalar, A, and
a charged Higgs boson pair H±, In general, 2HDMs have Higgs mediated tree level flavour changing
neutral currents (FCNCs), which must be suppressed. Most 2HDMs eliminate FCNCs by imposing a
discrete Z2 symmetry in which the fermions of a given charge only couple to one of the Higgs doublets.
The two most familiar versions are the type I model, in which all of the fermions couple to the same
Higgs doublet, and the type II model, in which the Q = 2/3 quarks couple to one doublet and the
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Table 66: NLO cross sections in the singlet model for fixed sin θ = 0.28, tanβ = 0.50 and
√
s = 13 TeV, with

µ = Mhh/2 [485].

MH (GeV) Cross Section (fb) PDF (%) αs (%) scale (%)

260 240.06 2.2 2.0 + 19.2 -15.0
275 268.80 2.2 2.0 + 19.1 -15.1
300 260.78 2.3 2.0 + 19.1 -15.1
325 248.87 2.3 1.9 + 18.9 -15.1
350 262.72 2.4 1.9 + 18.9 -15.2
400 242.67 2.5 1.9 + 18.8 -15.2
450 183.37 2.7 1.9 + 18.6 -15.3
500 137.85 2.7 1.9 + 18.6 -15.3
600 86.49 2.9 1.9 + 18.4 -15.3
700 63.49 2.9 1.9 + 18.4 -15.3
750 57.05 2.9 1.8 + 18.4 -15.3
800 52.49 2.9 1.9 + 18.4 -15.3
900 46.86 2.9 1.9 + 18.5 -15.3
1000 43.81 2.8 1.9 + 18.4 -15.3
1100 42.02 2.8 1.9 + 18.5 -15.3
1200 40.91 2.7 1.9 + 18.5 -15.2
1300 40.18 2.6 1.9 + 18.5 -15.2
1400 39.70 2.6 1.9 + 18.5 -15.2
1500 39.34 2.6 1.9 + 18.5 -15.2
1600 39.08 2.6 1.9 + 18.5 -15.2
1800 38.70 2.6 1.9 + 18.5 -15.2
2000 38.44 2.7 1.9 + 18.5 -15.2
2250 38.16 2.7 1.9 + 18.6 -15.2
2500 37.88 2.7 1.9 + 18.5 -15.2
2750 37.57 2.7 1.9 + 18.5 -15.2
3000 37.22 2.7 1.9 + 18.5 -15.2

Q = −1/3 quarks and leptons couple to the other. The type II model is the Higgs sector of the MSSM.
Two additional versions interchange the lepton assignments. In the “lepton-specific" model, all of the
quarks couple to one doublet while the leptons couple to the other, and in the “flipped" model, the
Q = 2/3 quarks and leptons couple to one doublet and the Q = −1/3 quarks couple to the other. All
four of these models have been extensively studied [487].

The couplings of the Higgs bosons to fermions are described by two free parameters. The ratio
of vacuum expectation values of the two Higgs doublets is tanβ ≡ v2

v1
, and the mixing angle which

diagonalizes the neutral scalar mass matrix is α. The couplings of the light (heavy) CP even Higgs
boson, h0 (H0), to fermions and gauge bosons relative to the Standard Model couplings are given for all
four 2HDMs considered here in Table 73 (Table 74).

2HDMs are significantly limited by experimental data. Higgs boson coupling measurements re-
strict cos(α − β) to be close to the SM limit, cos(α − β) ∼ 0, while heavy Higgs searches restrict
M
H

0 as a function of cos(α− β) [481]. A set of benchmarks which respect all experimental limits was
found in Refs. [464, 488], and representative benchmarks are given in Table 75. The benchmarks were
further chosen such that the total rate for di-Higgs boson production is similar to that of the SM. These
benchmarks can exhibit significant resonance effects (B1 and B2), while B7 is almost indistinguishable
from the SM. The NLO di-Higgs boson invariant mass distributions for these benchmarks are shown in
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Table 67: NLO cross sections in the singlet model for fixed sin θ = 0.28, tanβ = 0.50 and
√
s = 8 TeV, for

µ = Mhh/2 [485].

MH (GeV) Cross Section (fb) PDF (%) αs (%) scale (%)

260 85.64 2.7 2.1 + 20.7 -16.5
275 94.39 2.8 2.1 + 20.6 -16.5
300 89.08 3.0 2.1 + 20.6 -16.5
325 82.78 3.1 2.0 + 20.5 -16.6
350 85.29 3.2 2.0 + 20.4 -16.6
400 75.37 3.3 2.0 + 20.2 -16.6
450 54.71 3.6 2.0 + 20.1 -16.7
500 39.82 3.8 2.0 + 20.0 -16.7
600 24.07 3.9 2.0 + 19.9 -16.8
700 17.54 4.0 2.0 + 19.9 -16.8
750 15.82 3.9 2.0 + 19.9 -16.7
800 14.64 3.9 2.0 + 19.9 -16.8
900 13.23 3.8 2.0 + 20.0 -16.7

1000 12.49 3.8 2.1 + 19.9 -16.7
1100 12.07 3.7 2.0 + 20.0 -16.7
1200 11.82 3.7 2.0 + 20.0 -16.7
1300 11.66 3.7 2.0 + 20.0 -16.7
1400 11.55 3.7 2.0 + 20.0 -16.6
1500 11.47 3.7 2.0 + 19.9 -16.7
1600 11.41 3.7 2.0 + 20.0 -16.7
1800 11.32 3.7 2.0 + 20.0 -16.6
2000 11.25 3.7 2.0 + 20.0 -16.7
2250 11.18 3.7 2.0 + 20.0 -16.6
2500 11.10 3.7 2.0 + 19.9 -16.6
2750 11.01 3.6 2.0 + 20.0 -16.7
3000 10.91 3.6 2.0 + 20.0 -16.7

Figure 126. Note that other benchmarks have been proposed in the literature, such as in Ref. [463], where
resonant effects can also be important already at the level of the inclusive rate as in their benchmark H-1.
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Table 68: NLO cross sections in the singlet model for fixed sin θ = 0.28, tanβ = 0.50, and
√
s = 7 TeV with

µ = Mhh/2 [485].

MH (GeV) Cross Section (fb) PDF (%) αs (%) scale (%)

260 62.89 3.0 2.1 + 21.2 -16.9
275 68.99 3.0 2.1 + 21.1 -16.9
300 64.40 3.2 2.1 + 21.0 -16.9
325 59.45 3.2 2.1 + 20.9 -17.0
350 60.78 3.3 2.1 + 20.8 -17.0
400 52.85 3.7 2.1 + 20.7 -17.1
450 37.81 4.0 2.1 + 20.5 -17.1
500 27.23 4.1 2.1 + 20.5 -17.2
600 16.28 4.2 2.1 + 20.3 -17.2
700 11.85 4.2 2.1 + 20.4 -17.2
750 10.71 4.2 2.1 + 20.4 -17.2
800 9.93 4.1 2.1 + 20.3 -17.2
900 9.01 4.1 2.1 + 20.4 -17.1
1000 8.54 4.0 2.1 + 20.3 -17.1
1100 8.27 4.0 2.1 + 20.4 -17.1
1200 8.11 4.0 2.1 + 20.5 -17.1
1300 8.01 4.0 2.1 + 20.4 -17.1
1400 7.94 4.0 2.1 + 20.5 -17.1
1500 7.89 4.0 2.1 + 20.4 -17.1
1600 7.85 4.0 2.1 + 20.4 -17.1
1800 7.79 4.0 2.1 + 20.4 -17.1
2000 7.75 4.0 2.1 + 20.4 -17.1
2250 7.70 4.0 2.1 + 20.5 -17.1
2500 7.64 4.0 2.1 + 20.4 -17.1
2750 7.58 4.0 2.1 + 20.4 -17.1
3000 7.51 4.0 2.1 + 20.4 -17.1
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Figure 117: Transverse momentum distribution of the leading Higgs boson in GeV for pp→ hh at NLO with the
full top mass dependence, taken from [438], for mh = 125 GeV, mt = 173 GeV, and

√
s = 14 TeV. The scales

are chosen to be µR = µF = Mhh/2.
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Figure 118: Transverse momentum distribution of the leading Higgs boson in GeV for pp→ hh at NLO with the
full top mass dependence, taken from [438], for mh = 125 GeV, mt = 173 GeV, and
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Table 69:
√
s = 14 TeV NLO cross sections in the singlet model with parameters chosen to maximize the cross

section, with µ = Mhh/2 [484].

MH (GeV) sin θ tanβ Cross Section (fb) PDF (%) αs (%) scale (%)

260 0.31 0.80 365.71 2.1 2.0 + 19.0 -14.8
275 0.31 0.80 407.56 2.2 2.0 + 18.9 -14.9
300 0.31 0.80 395.31 2.2 2.0 + 18.8 -14.9
325 0.27 0.58 279.16 2.2 1.9 + 18.7 -14.9
350 0.27 0.58 295.73 2.3 1.9 + 18.7 -14.9
400 0.27 0.58 275.47 2.5 1.9 + 18.5 -15.1
450 0.24 0.46 169.33 2.5 1.9 + 18.4 -15.1
500 0.24 0.46 130.40 2.7 1.8 + 18.3 -15.1
600 0.23 0.37 81.05 2.7 1.8 + 18.2 -15.1
700 0.21 0.31 58.65 2.7 1.8 + 18.2 -15.1
750 0.21 0.25 54.15 2.6 1.8 + 18.3 -15.1
800 0.21 0.25 51.23 2.6 1.9 + 18.2 -15.1
900 0.19 0.25 45.96 2.6 1.8 + 18.3 -15.0
1000 0.17 0.23 43.13 2.7 1.9 + 18.3 -15.0
1100 0.17 0.23 42.39 2.6 1.9 + 18.3 -15.0
1200 0.17 0.23 41.90 2.6 1.9 + 18.3 -15.0
1300 0.17 0.23 41.59 2.6 1.9 + 18.3 -15.0
1400 0.17 0.23 41.38 2.6 1.9 + 18.3 -15.0
1500 0.17 0.23 41.24 2.6 1.9 + 18.3 -15.0
1600 0.17 0.23 41.14 2.6 1.9 + 18.3 -15.0
1800 0.17 0.23 41.00 2.6 1.8 + 18.3 -15.0
2000 0.17 0.23 40.92 2.6 1.9 + 18.3 -15.0
2250 0.17 0.23 40.85 2.6 1.9 + 18.3 -15.0
2500 0.17 0.23 40.81 2.6 1.9 + 18.3 -15.0
2750 0.17 0.23 40.78 2.6 1.9 + 18.3 -15.0
3000 0.17 0.23 40.75 2.6 1.9 + 18.3 -15.0
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Table 70:
√
s = 13 TeV NLO cross sections in the singlet model with parameters chosen to maximize the cross

section, with µ = Mhh/2 [484].

MH (GeV) sin θ tanβ Cross Section (fb) PDF (%) αs (%) scale (%)

260 0.31 0.80 315.92 2.2 2.0 + 19.2 -15.0
275 0.31 0.80 351.78 2.2 2.0 + 19.2 -15.1
300 0.31 0.80 340.05 2.3 2.0 + 19.1 -15.1
325 0.27 0.58 239.07 2.3 1.9 + 18.9 -15.1
350 0.27 0.58 252.31 2.4 1.9 + 18.9 -15.1
400 0.27 0.58 233.65 2.5 1.9 + 18.7 -15.3
450 0.24 0.46 142.91 2.7 1.9 + 18.6 -15.3
500 0.24 0.46 109.61 2.7 1.9 + 18.5 -15.3
600 0.23 0.37 67.81 2.9 1.8 + 18.4 -15.3
700 0.21 0.31 49.05 2.9 1.9 + 18.4 -15.3
750 0.21 0.25 45.31 2.9 1.9 + 18.5 -15.3
800 0.21 0.25 42.90 2.9 1.9 + 18.4 -15.3
900 0.19 0.25 38.57 2.7 1.9 + 18.5 -15.3

1000 0.17 0.23 36.24 2.7 1.9 + 18.4 -15.2
1100 0.17 0.23 35.62 2.7 1.9 + 18.5 -15.2
1200 0.17 0.23 35.22 2.7 1.9 + 18.5 -15.2
1300 0.17 0.23 34.96 2.7 1.9 + 18.5 -15.2
1400 0.17 0.23 34.80 2.7 1.9 + 18.5 -15.2
1500 0.17 0.23 34.68 2.7 1.9 + 18.5 -15.2
1600 0.17 0.23 34.60 2.7 1.9 + 18.5 -15.2
1800 0.17 0.23 34.49 2.7 1.9 + 18.5 -15.2
2000 0.17 0.23 34.42 2.7 1.9 + 18.5 -15.2
2250 0.17 0.23 34.37 2.7 1.9 + 18.5 -15.2
2500 0.17 0.23 34.33 2.7 1.9 + 18.5 -15.2
2750 0.17 0.23 34.31 2.7 1.9 + 18.5 -15.2
3000 0.17 0.23 34.29 2.7 1.9 + 18.5 -15.2
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Table 71:
√
s = 8 TeV NLO cross sections in the singlet model with parameters chosen to maximize the cross

section, with µ = Mhh/2 [484].

MH (GeV) sin θ tanβ Cross Section (fb) PDF (%) αs (%) scale (%)

260 0.31 0.80 113.38 2.7 2.1 + 20.8 -16.5
275 0.31 0.80 124.18 2.8 2.1 + 20.7 -16.5
300 0.31 0.80 116.69 3.0 2.0 + 20.5 -16.5
325 0.27 0.58 79.42 3.1 2.0 + 20.4 -16.6
350 0.27 0.58 81.89 3.2 2.0 + 20.4 -16.6
400 0.27 0.58 72.54 3.3 2.0 + 20.2 -16.7
450 0.24 0.46 42.59 3.6 2.0 + 20.1 -16.7
500 0.24 0.46 31.68 3.8 2.0 + 20.0 -16.7
600 0.23 0.37 19.01 3.9 2.0 + 19.9 -16.7
700 0.21 0.31 13.79 3.9 2.0 + 19.9 -16.7
750 0.21 0.25 12.79 3.9 2.0 + 19.9 -16.7
800 0.21 0.25 12.16 3.8 2.0 + 19.9 -16.7
900 0.19 0.25 11.07 3.7 2.0 + 20.0 -16.7
1000 0.17 0.23 10.49 3.7 2.0 + 19.9 -16.7
1100 0.17 0.23 10.34 3.6 2.0 + 20.0 -16.6
1200 0.17 0.23 10.26 3.7 2.0 + 20.0 -16.7
1300 0.17 0.23 10.20 3.7 2.0 + 19.9 -16.7
1400 0.17 0.23 10.16 3.7 2.0 + 20.0 -16.6
1500 0.17 0.23 10.14 3.7 2.0 + 19.9 -16.7
1600 0.17 0.23 10.12 3.7 2.0 + 20.0 -16.7
1800 0.17 0.23 10.10 3.7 2.0 + 20.0 -16.7
2000 0.17 0.23 10.08 3.6 2.0 + 19.9 -16.7
2250 0.17 0.23 10.07 3.7 2.0 + 20.0 -16.6
2500 0.17 0.23 10.06 3.7 2.0 + 19.9 -16.7
2750 0.17 0.23 10.05 3.7 2.0 + 20.0 -16.6
3000 0.17 0.23 10.05 3.7 2.0 + 20.0 -16.7
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Table 72:
√
s = 7 TeV NLO cross sections in the singlet model with parameters chosen to maximize the cross

section, with µ = Mhh/2 [484].

MH (GeV) sin θ tanβ Cross Section (fb) PDF (%) αs (%) scale (%)

260 0.31 0.80 83.40 3.0 2.1 + 21.2 -16.9
275 0.31 0.80 90.93 3.0 2.1 + 21.1 -16.9
300 0.31 0.80 84.51 3.2 2.1 + 21.0 -16.9
325 0.27 0.58 57.05 3.2 2.1 + 20.9 -17.0
350 0.27 0.58 58.34 3.3 2.1 + 20.8 -17.0
400 0.27 0.58 50.84 3.7 2.1 + 20.7 -17.1
450 0.24 0.46 29.42 4.0 2.1 + 20.5 -17.1
500 0.24 0.46 21.68 4.1 2.1 + 20.4 -17.2
600 0.23 0.37 12.90 4.2 2.1 + 20.3 -17.2
700 0.21 0.31 9.37 4.1 2.1 + 20.4 -17.2
750 0.21 0.25 8.71 4.1 2.1 + 20.4 -17.1
800 0.21 0.25 8.29 4.1 2.1 + 20.4 -17.1
900 0.19 0.25 7.58 4.0 2.1 + 20.4 -17.1

1000 0.17 0.23 7.20 4.0 2.1 + 20.3 -17.1
1100 0.17 0.23 7.11 4.0 2.1 + 20.4 -17.1
1200 0.17 0.23 7.05 4.0 2.1 + 20.5 -17.1
1300 0.17 0.23 7.02 4.0 2.1 + 20.4 -17.1
1400 0.17 0.23 6.99 4.0 2.1 + 20.4 -17.1
1500 0.17 0.23 6.98 4.0 2.1 + 20.4 -17.1
1600 0.17 0.23 6.96 4.0 2.1 + 20.4 -17.1
1800 0.17 0.23 6.95 4.0 2.1 + 20.4 -17.1
2000 0.17 0.23 6.94 4.0 2.1 + 20.4 -17.1
2250 0.17 0.23 6.93 4.0 2.1 + 20.4 -17.1
2500 0.17 0.23 6.92 4.0 2.1 + 20.4 -17.1
2750 0.17 0.23 6.92 4.0 2.1 + 20.4 -17.1
3000 0.17 0.23 6.92 4.0 2.1 + 20.4 -17.1

Table 73: Light Neutral Higgs (h0) Couplings in the 2HDM.

I II Lepton Specific Flipped

ghV V sin(β − α) sin(β − α) sin(β − α) sin(β − α)

ghtt
cosα
sinβ

cosα
sinβ

cosα
sinβ

cosα
sinβ

ghbb
cosα
sinβ − sinα

cosβ
cosα
sinβ − sinα

cosβ

g
hτ

+
τ
− cosα

sinβ − sinα
cosβ − sinα

cosβ
cosα
sinβ
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Table 74: Heavy Neutral CP Even Higgs (H0) Couplings in the 2HDM.

I II Lepton Specific Flipped

gHV V cos(β − α) cos(β − α) cos(β − α) cos(β − α)

gHtt
sinα
sinβ

sinα
sinβ

sinα
sinβ

sinα
sinβ

gHbb
sinα
sinβ

cosα
cosβ

sinα
sinβ

cosα
cosβ

g
Hτ

+
τ
− sinα

sinβ
cosα
cosβ

cosα
cosβ

sinα
sinβ

Table 75: Parameter choices for the 2HDM benchmarks. All masses are given in GeV [464].

tanβ α m
H

0 m
A

0 m
H
± m2

12

B1 1.75 -0.5881 300 441 442 38300
B2 1.50 -0.6792 700 701 670 180000
B7 10.00 0.1015 500 500 500 24746
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I.7.5 Experimental results
In Run 1 ATLAS and CMS performed searches for BSM di-Higgs boson production in gluon-gluon
fusion process assuming resonant and nonresonant hypotheses. Taking into account the Higgs bosons
decays, four different final states were explored. One search requires both Higgs bosons to decay to bb̄,
that is the largest decay branching fraction within the SM. In other two the second Higgs boson decays
to γγ or ττ final states that help to reduce the SM background. The fourth channel, explored by ATLAS,
features one Higgs boson decaying to WW ∗ with a subsequent leptonic decay and the other to γγ. A
summary of the searches, obtained assuming a di-Higgs boson production through a spin-0 resonance in
s-channel with a negligible natural width, is shown in Figure 127I.47. To compare different final states the
decays branching fractions of the Higgs boson are assumed to be those of the SM. Limits are provided
from mspin-0

X = 260 GeV to mspin-0
X = 3 TeV and span over 3 orders of magnitude from typically 1-10

pb around the lowest edge and 1-10 fb around the highest edge. They are interpreted in the context of
two simplified scenarios of the Minimal Supersymmetric Standard Model, 2 Higgs Doublet Model and
Warped Extra Dimensions.
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Assumes SM Higgs BR

and narrow width for X

Figure 127: Comparison of the observed and expected 95% confidence level (CL) upper limits on the product of
cross section and the branching fraction σ(pp → Xspin-0) × B(Xspin-0 → hh). We assuming a narrow-width
approximation for Xspin-0 and SM branching fractions for Higgs boson decays. Results are provided by ATLAS
and CMS collaborations based on results from Run 1 data taking period.

The ATLAS collaboration performed searches at
√
s = 8 TeV using an integrated luminosity of

20.3 fb−1 [489,491,492] and subsequently combined them formspin-0
X < 1 TeV hypothesis in Ref. [492].

The latter result is shown on Figure 127 complemented with bb̄bb̄ results formspin-0
X > 1 TeV hypothesis.

Similar searches were performed by the CMS collaboration in γγbb̄ [493], ττbb̄ [494–496], bb̄bb̄
[490, 497] using a data sample of 17.9 to 20.3 fb−1 depending on the analysis. The results obtained by
different analyses looking at an identical final state are shown in Figure 127 with the same colour. In

I.47One may notice than for some of the analyses a spin-2 interpretation is also available as well as an interpretation assuming
a significant natural width [489, 490].
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Table 76: Comparison of the observed and expected 95% CL upper limits on the nonresonant cross section
σ(pp→ hh) assuming SM-like kinematics.

Channel Experiment Observed (pb) Expected (pb)

γγbb̄ ATLAS 2.2 1.0

γγbb̄ CMS 0.71 0.60

ττbb̄ ATLAS 1.6 1.3

ττbb̄ CMS 0.59 0.94

bb̄bb̄ ATLAS 0.62 0.62

γγWW ∗ ATLAS 11.0 6.7

Combination ATLAS 0.69 0.47

particular in the case of ττbb̄ final state, Ref. [494] was optimized to look for low-mass region mspin-0
X <

350 GeV; Ref. [495] concentrates its efforts on middle-mass region 300 < mspin-0
X < 1000 GeV using

boosted taus; Ref. [496] extends the search up to 2.5 TeV looking at boosted Higgs bosons decaying
to nearby taus and jets. Similar logic divides the low-mass [490], mspin-0

X < 1100 GeV, and high-
mass [497], mspin-0

X > 1150 GeV, searches in bb̄bb̄ final state.

The properties discussed below are valid for the results from both ATLAS and CMS collaborations.
In general, we observe that at low mass, mspin-0

X . 350 GeV, γγbb̄ channel is the most sensitive one.
It benefits from a good trigger efficiency looking online for a pair of photons, a good reconstruction
efficiency of this pair and a low SM background. In contrast, above 500 GeV the most sensitive channel is
bb̄bb̄. At high mass the trigger efficiency looking for 3 or 4 b-tagged jets with high pT improves compared
to the low mass. Therefore the branching fraction of this channel provides a decisive advantage. The
properties of the ττbb̄ channel are intermediate between these two. The sensitivity of different channels
crosses around mspin-0

X ≈ 400 − 500 GeV depending on the exact details of each analysis. Finally the
γγWW ∗ channel is the less sensitive one since it benefits from all the advantages of γγbb̄ channel,
but suffers from a significantly lower branching fraction and reconstruction efficiency of h → WW ∗

compared to h→ bb̄.

The searches for nonresonant Higgs boson pair production assuming SM like kinematics was
performed by ATLAS in all four channels followed by a subsequent combination [492] and by CMS in
γγbb̄ [493] and ττbb̄ [495] channels. The results are shown in Table 76. The observed limits exceeds
by at least a factor of 40 the total SM cross section provided in Section I.7.2. The CMS collaboration
performed also a first generic nonresonant search within the framework of EFT using the γγbb̄ final
state [493]. This search was designed to exploit the shape properties of the nonresonant mhh spectrum
already discussed in Section I.7.4. The limits were interpreted in term of parameters κλ, κt, and c2

excluding |c2| > 3 and κλ < −17.5 or κλ > 22.5.

Although the Run 1 results are still far away from being sensitive to the SM hh production we
can already drive interesting conclusions for future analyses. The sensitivity of γγbb̄, ττbb̄ and bb̄bb̄
is similar for the SM like nonresonant search and for the resonant search with mspin-0

X ≈ 400 GeV.
This is not a coincidence, indeed the SM mhh spectrum exhibits a broad peak around 400 GeV. This
means that a measurement of the SM hh production would equally benefit from a combination of those
three channels. This observation confirms the prospect from the ATLAS [498, 499] and CMS [500]
collaborations for the HL-LHC program. One shall notice that those prospects includes also WW ∗bb̄ as
a promising channel [500] .
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Off-shell Higgs Production and Higgs Interference

F. Caola, Y. Gao, N. Kauer, L. Soffi, J. Wang (Eds.); A. Ballestrero, C. Becot, F. Bernlochner, H. Brun,
A. Calandri, F. Campanario, F. Cerutti, D. de Florian, R. Di Nardo, L. Fayard, N. Fidanza, N. Greiner,

A. V. Gritsan, G. Heinrich, B. Hespel, S. Höche, F. Krauss, Y. Li, S. Liebler, E. Maina, B. Mansoulié,
C. O’Brien, S. Pozzorini, M. Rauch, J. Roskes, U. Sarica, M. Schulze, F. Siegert, P. Vanlaer,

E. Vryonidou, G. Weiglein, M. Xiao, S. Yuen

I.8.1 Introduction

The Higgs boson measurements in the resonant region (on-peak) are broadly consistent with Standard
Model expectations. The observed Higgs boson cross-sections are primarily measured via decays into
two electroweak bosons (WW , ZZ and γγ). However, the measured on-peak cross-sections are affected
by an intrinsic scaling ambiguity between the Higgs boson couplings and the total Higgs boson width:
σi→H→f ∼ g2

i g
2
f/ΓH . Disentangling this ambiguity would make it possible to constrain or even measure

the total Higgs boson width at the LHC, which would be highly desirable. The total width of the SM
Higgs boson is about 4 MeV, and hence much smaller than the experimental resolution of the Higgs
boson mass measurements in the two high-resolution channels H → 4` and H → γγ, which is of the
order of 1 GeV. For this reason, a direct measurement of the Higgs boson width is not feasible at the
LHC.

A novel method has recently been proposed to constrain the Higgs boson width using events
away from the on-peak region in the decays into ZZ and WW [501–503]. The off-shell cross-section
of gg → H∗ → V V contributes O(15%) due to two threshold effects, near 2MV from the Higgs
boson decay and 2mt from the gg → H production. The electroweak diboson continuum gg → V V
plays an important role in this off-shell region, mainly due to the large destructive interference with
the gg → H∗ → V V signal. At leading order, gg → V V proceeds through a box diagram, which
makes higher order calculations difficult. In this off-shell region, where MV V �MH , the cross-section
dependence on the total Higgs boson width is negligible, providing a unique opportunity to measure the
absolute Higgs boson couplings. The off-shell Higgs boson couplings can then be correlated with the
on-shell cross-sections to provide a novel indirect constraint on the total Higgs boson width. It has been
pointed out [504, 505] that BSM physics that alters the relation between Higgs cross-sections in the on-
peak and off-shell regions could invalidate the method as applied in [502, 503]. Using future LHC data
to constrain New Physics affecting the off-shell Higgs boson couplings is therefore important [506,507].

The method has been promptly adopted by the CMS and ATLAS collaborations. The analy-
ses [508–510] present constraints on the off-shell Higgs boson event yields normalized to the Standard
Model prediction (signal strength) in the ZZ→4`, ZZ→2`2ν and WW→ `ν`ν channels. In the AT-
LAS analysis [509], using the CLs method, the observed 95% confidence level (CL) upper limit on the
off-shell signal strength is in the range 5.1–8.6, with an expected range of 6.7–11.0. This range is de-
termined by varying the unknown I.48 gg→ ZZ and gg→WW background K-factor from higher-order
QCD corrections between half and twice the value of the evaluated signal K-factor. Under the assump-
tion that the Higgs boson couplings are independent of the energy scale of the Higgs boson production,
a combination of the off-shell constraint with the on-shell Higgs peak measurement yields an observed
(expected) 95% CL upper limit on the Higgs boson total width normalized to the one predicted by the
Standard Model, i.e. ΓH/ΓSM, in the range of 4.5–7.5 (6.5–11.2) employing the same variation of the

I.48cf. Section I.8.4
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background K-factor. Assuming that the unknown gg→ V V background K-factor is equal to the signal
K-factor, this translates into an observed (expected) 95% CL upper limit on the Higgs boson total width
of 22.7 (33.0) MeV.

In the CMS analysis of the ZZ and WW channels combined [510], an observed (expected) upper
limit on the off-shell Higgs boson event yield normalized to the Standard Model prediction of 2.4 (6.2)
is obtained at the 95% CL for the gluon fusion process and of 19.3 (34.4) for the VBF process. The
observed and expected constraints on the Higgs boson total width are 13 MeV and 26 MeV, respectively,
at the 95% CL. Concerning the gg →V V background K-factor, the central values and uncertainties are
assumed to be equal to those of the signal K-factor, with an additional 10% uncertainty.

In addition to the off-shell H∗ → V V channels, the H → γγ channel also provides a very
clean signature for probing Higgs boson properties, including its mass. However, there is also a large
continuum background gg → γγ to its detection in this channel. It is important to study how much
the coherent interference between the Higgs boson signal and the background could affect distributions
in diphoton observables, and possibly use it to constrain Higgs boson properties. An interesting study
[511, 512] showed that this interference can lead to a shift in the Higgs boson mass, which has a strong
dependence on the pT of the diphoton system and the total Higgs boson width. This provides another
way to constrain the Higgs boson width.

I.8.2 Overview
This chapter contains selected studies and benchmark results for off-shell Higgs boson production and
Higgs interference. In Section I.8.3, theoretical and experimental studies of the SM Higgs boson signal in
the off-shell/high-mass region for the gluon-fusion and VBF H → VV channels (V = W,Z) including
the interference with the background are presented. More specifically, Section I.8.3.a details the used
input parameters and gives our recommendations for the QCD scale and the order of the gluon PDF and
illustrates the corresponding cross section dependence. Benchmark cross sections and distributions are
collected in Section I.8.3.b for the Standard Model, including recommended experimental selections for
use in gg → VV calculations, and for the Higgs Singlet Model in Section I.8.3.c. Multi-jet merging
and parton shower effects are discussed in Sections I.8.3.d and I.8.3.e. Interference effects for heavy
Higgs bosons or Higgs-like resonances in SM extensions are illustrated in Sections I.8.3.f and I.8.3.g. In
Section I.8.4, the status of NLO gg → VV calculations is reviewed, and gg → 4` benchmark results
and our recommendation for the treatment of the gg(→ H) → ZZ interference K-factor are given. In
Section I.8.5, the interference in the H→ γγ channel is discussed. A theory overview is given and Monte
Carlo interference implementations and related experimental studies are described.

I.8.3 H → V V modes (V = W,Z)
I.8.3.a Input parameters and recommendations for the QCD scale and the order of the gluon

PDF
The SM input parameters for Higgs physics given in Ref. [144] are adopted with the Gµ scheme: MW =
80.35797 GeV, MZ = 91.15348 GeV, ΓW = 2.08430 GeV, ΓZ = 2.49427 GeV, mt = 172.5 GeV,
mb(mb) = 4.18 GeV and GF = 1.1663787 · 10−5 GeV−2. The CKM matrix is approximated by the
identity matrix. Finite top and bottom quark mass effects are included. Lepton and light quark masses
are neglected. Results are given for pp collisions at

√
s = 13 TeV unless otherwise noted. The PDF

set PDF4LHC15_nlo_100 [35] is used by default. All PDF sets are used with the default αs of the set.
A fixed-width Breit-Wigner propagator D(p) ∼ (p2 −M2 + iMΓ)−1 is employed for W,Z and Higgs
bosons, where M and Γ are determined by the complex pole of the amplitude due to unstable particle
propagation.I.49 The SM Higgs boson mass is set to 125 GeV. The SM Higgs boson width parameter is

I.49 In agreement with HDECAY, the W and Z masses and widths have been changed from physical on-shell masses to the
pole values, see Eq. (7) in Ref. [144]. The relative deviation is at the 3 · 10

−4 level.
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calculated using HDECAY v6.50 [69]. For MH = 125 GeV one obtains ΓH = 4.097 · 10−3 GeV.

For off-shell and high-mass H→ VV cross-section and interference calculations, we recommend
and employ the QCD scale µR = µF = MVV/2 unless otherwise noted. Next, we elucidate the choice
of the PDF order for the gg → VV continuum background and the corresponding Higgs-continuum
interference. Combining any n-order PDF fit with a m-order parton-level calculation is theoretically
consistent as long as n ≥ m. Deviations are expected to be of higher order if the same αs(MZ) is
used. But, using a LO gluon PDF with αs(MZ) obtained in the LO fit is not recommended: The gluon
PDF is mostly determined by DIS data, especially in the SM Higgs region. At LO, DIS does not have
a gluon channel. It only enters at NLO, with a large K-factor. A LO fit cannot properly account for
this O(50%) contribution, but incorrectly adjusts the gluon evolution to compensate, which results in an
overestimated value of αs(MZ) of approximately 0.13. We therefore recommend using a NLO PDF set
when computing the gg (→ H) → VV interference and the gg continuum background at LO as well as
NLO. For consistency, we also use the NLO PDF set for the corresponding signal process.I.50

The variation induced by different PDF and QCD scale choices is illustrated in Tables 77, 78, 79
and 80 using the process gg (→ H) → ```′`

′
. The Higgs boson signal (S), gg background (B) and the

signal-background interference (I) are displayed at LO for four Higgs boson invariant mass regions:

– off-shell (OFS): MVV > 140 GeV
– off-shell high-mass (interference) (HM1): 220 < MVV < 300 GeV
– off-shell high-mass (signal enriched) (HM2): MVV > 300 GeV
– resonance (RES): 110 < MVV < 140 GeV

Motivated by the Higgs boson width constraints of Refs. [508, 509], the off-shell high-mass region is
divided into the interference-sensitive (HM1) and signal-enriched (HM2) regions. Two sets of selection
cuts are considered:

– minimal cuts (MIN): M`` > 10 GeV, M
`
′
`
′ > 10 GeV

– CMS H→ 4` cuts (CMS): pT1 > 20 GeV, pT2 > 10 GeV, pT3,4 > 5 GeV, |ηe| < 2.5, |ηµ| < 2.4,
Mee > 4 GeV, Mµµ > 4 GeV

The PDF4LHC15 [35] NLO and NNLO sets (αs(MZ) = 0.118) and the CT14 [36] LO sets with
αs(MZ) = 0.130 and αs(MZ) = 0.118 (and 1- and 2-loop evolution, respectively) are compared in
Tables 77 and 78. As expected, the deviations for PDF sets with αs(MZ) = 0.118 are of order 10%
or less while the LO set with αs(MZ) = 0.130 yields results that differ by up to 30%. The deviation
between the NLO and NNLO sets is at the per cent level. Furthermore, different choices for the QCD
scale µ = µR = µF are compared in Tables 79 and 80. As central scale choices, the dynamic scale
µ0 = M2`2`/2 and the fixed scales MH/2 and MZ are considered. The LO scale variation is estimated
for µ0 using the scales µ0/2 and 2µ0. The results illustrate that using a fixed scale appropriate for reso-
nant signal or background will significantly overestimate the signal, background and interference cross
sections in the far off-shell and high-mass regions. With the recommended central scale M2`2`/2, a
factor-two scale variation yields a LO scale uncertainty of 20%−25% for the off-shell signal and signal
plus background interference. The results of these comparisons were calculated using GG2VV [501].

I.8.3.b Off-shell and interference benchmark cross sections and distributions: Standard Model

Gluon-fusion SM benchmark results were computed with gg2VV [501] (see also Refs. [513–516]) and
MG5_aMC@NLO [54, 517] (see also Ref. [516]). The gg2VV and MG5_aMC results were found to be in good
agreement. Benchmark cross sections for gg (→ H) → VV → 4 leptons processes in pp collisions at√
s = 13 TeV in the SM are given in Table 81. Results for the Higgs boson signal, the signal including

signal-background interference as well as the interfering background without Higgs contribution are
displayed for minimal cuts M`` > 10 GeV,M

`
′
`
′ > 10 GeV. The cross sections are calculated at loop-

I.50We note that the LO and NLO VBF results have also been obtained with the NLO PDF set.
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Table 77: PDF dependence of off-shell gg (→ H) → ```′`
′

cross sections at LO in fb for one lepton flavour
combination. MIN cuts are applied. R is the ratio of NNLO, LO result to NLO result. The bottom rows show the
ratio of OFS, HM1, HM2 to RES result for S and S + I . The recommended QCD scale µR = µF = M2`2`/2 is
used. The MC error is given in brackets. See main text for other details.

PDF set order

Reg. Amp. NLO NNLO R LO(0.118) R LO(0.130) R

S 0.1266(1) 0.1255(1) 0.991(2) 0.1255(1) 0.992(2) 0.1414(2) 1.116(2)

OFS S + I −0.1313(2) −0.1298(2) 0.988(2) −0.1307(2) 0.995(2) −0.149(1) 1.138(8)

B 2.988(4) 2.945(5) 0.986(2) 2.960(4) 0.991(2) 3.448(5) 1.154(3)

S 0.01933(4) 0.01906(4) 0.986(3) 0.01899(4) 0.982(3) 0.02210(5) 1.143(4)

HM1 S + I −0.04550(8) −0.04475(8) 0.984(3) −0.04486(7) 0.986(3) −0.0516(6) 1.13(2)

B 1.182(3) 1.165(3) 0.985(3) 1.166(3) 0.986(3) 1.354(3) 1.145(4)

S 0.0981(1) 0.0974(1) 0.993(2) 0.0973(1) 0.992(2) 0.1084(2) 1.105(2)

HM2 S + I −0.0465(1) −0.04622(9) 0.994(3) −0.04637(9) 0.997(3) −0.0522(6) 1.12(2)

B 0.611(2) 0.605(2) 0.990(4) 0.598(2) 0.980(4) 0.676(2) 1.107(5)

S 0.800(1) 0.780(1) 0.976(2) 0.843(1) 1.054(2) 1.021(2) 1.276(3)

RES S + I 0.803(2) 0.784(2) 0.976(4) 0.845(4) 1.052(6) 1.023(3) 1.274(5)

B 0.1092(2) 0.1063(2) 0.974(2) 0.1150(2) 1.053(3) 0.1389(2) 1.272(3)

OFS/ S 0.1583(3) 0.1609(3) 0.1490(3) 0.1385(3)

RES S + I −0.1635(4) −0.1655(5) −0.1547(7) −0.146(2)

HM1/ S 0.02418(6) 0.02443(6) 0.02253(6) 0.02165(5)

RES S + I −0.0566(2) −0.0571(2) −0.0531(3) −0.0504(6)

HM2/ S 0.1227(2) 0.1249(3) 0.1155(2) 0.1062(2)

RES S + I −0.0579(2) −0.0589(2) −0.0549(3) −0.0510(6)

induced leading order. The recommended next-to-leading order K-factor is discussed in Section I.8.4.
Similarly, in Table 82 benchmark cross sections for gg (→ H) → VV → semileptonic final states
in pp collisions at

√
s = 13 TeV in the SM are given. As above, the signal amplitude is calculated

at loop-induced leading order. But, for the semileptonic decay modes, the O(g2
s e

2) tree-level as well as
the important loop-inducedO(g2

s e
4) amplitude contributions to the interfering background are taken into

account [516]. The following minimal cuts are applied: M`` > 10 GeV,Mqq > 10 GeV, pTj > 25 GeV.
Higgs boson invariant mass distributions corresponding to the cross sections given in Tables 81 and 82
are displayed in Figures 128, 129 and 130.

The following experimental Higgs off-shell search selections are recommended for use in gg →
VV calculations:
Jets: ATLAS: pTj > 25 GeV for |ηj | < 2.4, pTj > 30 GeV for 2.4 < |ηj | < 4.5
Jets: CMS: pTj > 30 GeV for |ηj | < 4.7
H→ ZZ→ 4` channel: ATLAS:
pT`,1 > 20 GeV, pT`,2 > 15 GeV, pT`,3 > 10 GeV, pTe,4 > 7 GeV, pTµ,4 > 6 GeV, |ηe| < 2.47,
|ηµ| < 2.7, M4` > 220 GeV
H→ ZZ→ 4` channel: CMS:
pT`,1 > 20 GeV, pT`,2 > 10 GeV, pTe,3,4 > 7 GeV, pTµ,3,4 > 5 GeV, |ηe| < 2.5, |ηµ| < 2.4,
M4` > 220 GeV
H→ ZZ→ 2`2ν channel: ATLAS:
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Figure 128: Invariant mass distributions for gg (→ H) → ZZ → ```′`
′

and gg (→ H) → ZZ → ````. Other
details as in Table 81.
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Figure 129: Invariant mass distributions for gg (→ H) → ZZ → ``ν`′ν`′ and gg (→ H) → WW → `νlν`′`
′.

Other details as in Table 81.
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Figure 130: Invariant mass distributions for gg (→ H)→WW/ZZ → `νlνl` and gg (→ H)→WW → `νlud.
Other details as in Tables 81 and 82.
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Table 78: PDF dependence of off-shell gg (→ H) → e−e+µ−µ+ cross sections at LO in fb. CMS cuts are
applied. Other details as in Table 77.

PDF set order

Reg. Amp. NLO NNLO R LO(0.118) R LO(0.130) R

S 0.0952(3) 0.09396(8) 0.986(3) 0.09034(7) 0.949(3) 0.10191(8) 1.070(3)
OFS S + I −0.0893(3) −0.0883(1) 0.989(3) −0.08436(9) 0.944(3) −0.0973(1) 1.089(4)

B 1.869(3) 1.841(3) 0.985(2) 1.736(2) 0.928(2) 2.033(3) 1.088(2)

S 0.01303(9) 0.01278(3) 0.981(7) 0.01200(3) 0.921(7) 0.01402(3) 1.076(8)
HM1 S + I −0.0298(2) −0.02942(6) 0.986(6) −0.02759(5) 0.925(5) −0.03227(6) 1.082(6)

B 0.738(2) 0.727(2) 0.986(3) 0.679(2) 0.920(3) 0.795(2) 1.079(4)

S 0.0761(3) 0.07531(8) 0.990(4) 0.07271(7) 0.956(3) 0.08123(8) 1.067(4)
HM2 S + I −0.0349(2) −0.03471(7) 0.994(6) −0.03376(6) 0.967(6) −0.03757(7) 1.076(7)

B 0.382(2) 0.377(2) 0.987(5) 0.353(1) 0.925(5) 0.403(2) 1.055(5)

S 0.4392(7) 0.4284(7) 0.975(3) 0.4343(7) 0.989(3) 0.5267(8) 1.199(3)
RES S + I 0.439(2) 0.428(2) 0.975(4) 0.433(2) 0.988(4) 0.527(2) 1.200(5)

B 0.06294(8) 0.06155(8) 0.978(2) 0.06243(9) 0.992(2) 0.0755(1) 1.200(3)

OFS/ S 0.2169(7) 0.2193(4) 0.2080(4) 0.1935(4)
RES S + I −0.2036(8) −0.2065(6) −0.1946(6) −0.1847(6)
HM1/ S 0.0297(2) 0.02984(8) 0.02762(8) 0.02662(7)
RES S + I −0.0680(4) −0.0688(3) −0.0637(3) −0.0613(2)
HM2/ S 0.1733(6) 0.1758(4) 0.1674(4) 0.1542(3)
RES S + I −0.0796(5) −0.0811(3) −0.0779(3) −0.0714(3)

pT` > 20 GeV (electron, muon), |ηe| < 2.47, |ηµ| < 2.5, ET,miss > 180 GeV, ∆φ`` < 1.4, MT,ZZ >
380 GeV
ATLAS transverse mass definition (recommended for MVV > 2MZ):

MT,ZZ =

√
(MT,`` +MT,miss)

2 − (pT,`` + pT,miss)
2 , where MT,X =

√
p2

T,X +M2
Z (I.8.1)

H→ ZZ→ 2`2ν channel: CMS:
pT` > 20 GeV (electron, muon), ET,miss > 80 GeV
MT,ZZ used by CMS: Eq. (I.8.1) with MZ replaced by M``

H→WW → 2`2ν channel: ATLAS:
pT`,1 > 22 GeV, pT`,2 > 10 GeV, |ηe| < 2.47, |ηµ| < 2.5, M`` > 10 GeV, pT,miss > 20 GeV,
MT,WW > 200 GeV
ATLAS transverse mass definition (recommended):

MT,WW =

√
(MT,`` + pT,miss)

2 − (pT,`` + pT,miss)
2 , where MT,`` =

√
p2

T,`` +M2
`` (I.8.2)

Vector-boson-fusion SM benchmark results were computed with PHANTOM [518] (see also Ref. [519])
and VBFNLO [275, 520] (see also Refs. [521–525]). Good agreement was achieved for all fully-leptonic
Higgs boson decay modes. For VBF, two selection cut sets are applied which have the following selection
in common:

– pTj > 20 GeV, |ηj | < 5.0, Mjj > 60 GeV for all jets, anti-kT jet clustering with R = 0.4

– pT` > 20 GeV, |η`| < 2.5, M`` > 20 GeV (same flavour only), Emiss
T > 40 GeV

– tagging jets: j1, j2, ordered by decreasing |ηj |
Exception: for the resonance (RES) region (see Section I.8.3.a) M`` > 10 GeV is applied instead of
M`` > 20 GeV. With this common selection, we define:

– loose VBF cuts: common selection and Mj1j2
> 130 GeV
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Table 79: QCD scale µ = µR = µF dependence and symmetric scale uncertainty of off-shell gg (→ H)→ ```′`
′

cross sections at LO in fb for one lepton-flavour combination. MIN cuts are applied. R is the ratio of the result to
the cross section with the recommended scale choice µ = M2`2`/2. As recommended, the NLO PDF set is used.
Other details as in Table 77.

Dynamic scale Fixed scales

∆(M2`2`) R
Reg. Amp. M2`2`/2 ∆(M2`2`/4) R MH/2 R MZ R

symmetr. ∆ R

S −0.0258(2) −0.204(2)
S 0.1266(1) 0.0349(2) 0.276(2) 0.2038(2) 1.610(2) 0.1760(2) 1.390(2)
S ±0.0303(2) ±0.240(1)
S + I 0.0251(2) 0.182(2)

OFS S + I −0.1313(2) −0.0328(2) −0.250(2) −0.1831(2) 1.394(2) −0.1604(2) 1.221(2)
S + I ±0.0290(2) ±0.221(1)
B −0.545(5) −0.182(2)
B 2.988(4) 0.699(7) 0.234(3) 3.751(4) 1.255(3) 3.327(4) 1.114(2)
B ±0.6225(4) ±0.209(2)

S −0.00355(4) −0.184(3)
S 0.01928(3) 0.00455(6) 0.236(3) 0.02406(6) 1.248(4) 0.02150(5) 1.115(3)
S ±0.00405(4) ±0.210(2)
S + I 0.0085(1) 0.187(3)

HM1 S + I −0.04553(8) −0.0106(2) −0.233(3) −0.0561(1) 1.233(3) −0.05002(9) 1.099(3)
S + I ±0.0096(1) ±0.2095(2)
B −0.223(4) −0.188(3)
B 1.186(3) 0.273(5) 0.230(4) 1.462(3) 1.232(4) 1.302(3) 1.098(4)
B ±0.248(2) ±0.209(3)

S −0.0207(2) −0.211(2)
S 0.0982(2) 0.0284(2) 0.289(2) 0.1693(2) 1.724(3) 0.1451(2) 1.478(3)
S ±0.0246(2) ±0.250(2)
S + I 0.0099(2) 0.212(3)

HM2 S + I −0.04651(8) −0.0136(2) −0.293(3) −0.0818(2) 1.760(5) −0.0700(2) 1.505(4)
S + I ±0.0118(1) ±0.253(2)
B −0.123(2) −0.201(3)
B 0.610(1) 0.167(3) 0.275(5) 0.929(3) 1.524(5) 0.807(2) 1.323(4)
B ±0.145(2) ±0.238(3)

S −0.115(2) −0.143(2)
S 0.800(1) 0.131(2) 0.164(2) 0.801(2) 1.001(2) 0.737(1) 0.921(2)
S ±0.123(2) ±0.154(2)
S + I −0.116(3) −0.145(2)

RES S + I 0.803(2) 0.130(3) 0.162(3) 0.803(2) 1.000(3) 0.739(2) 0.920(3)
S + I ±0.123(2) ±0.153(2)
B −0.0158(3) −0.145(3)
B 0.1092(2) 0.0176(3) 0.162(3) 0.1089(2) 0.998(2) 0.1002(2) 0.917(2)
B ±0.0167(2) ±0.153(2)

OFS/ S 0.1583(3) 0.2545(5) 0.2389(4)
RES S + I −0.1635(4) −0.2279(5) −0.2172(5)
HM1/ S 0.02411(5) 0.03005(8) 0.02918(8)
RES S + I −0.0567(2) −0.0699(2) −0.0677(2)
HM2/ S 0.1228(3) 0.2114(4) 0.1970(4)
RES S + I −0.0579(2) −0.1019(3) −0.0948(3)
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Table 80: QCD scale µ = µR = µF dependence and symmetric scale uncertainty of off-shell gg (→ H)→ ```′`
′

cross sections at LO in fb for one lepton-flavour combination. CMS cuts are applied. Other details as in Table 79.

Dynamic scale Fixed scales

∆(M2`2`) R

Reg. Amp. M2`2`/2 ∆(M2`2`/4) R MH/2 R MZ R

symmetr. ∆ R

S −0.0196(3) −0.206(4)

S 0.0952(3) 0.0257(4) 0.270(4) 0.1545(4) 1.622(6) 0.1338(4) 1.405(5)

S ±0.0227(3) ±0.238(3)

S + I 0.0164(4) 0.184(4)

OFS S + I −0.0893(3) −0.0223(4) −0.250(5) −0.1282(4) 1.435(6) −0.1119(3) 1.253(5)

S + I ±0.0194(3) ±0.217(3)

B −0.331(4) −0.177(2)

B 1.869(3) 0.430(4) 0.230(2) 2.341(3) 1.252(3) 2.084(3) 1.115(2)

B ±0.381(3) ±0.204(2)

S −0.00235(3) −0.181(2)

S 0.01302(2) 0.00303(3) 0.233(3) 0.0163(2) 1.25(1) 0.0145(1) 1.115(8)

S ±0.00269(2) ±0.207(2)

S + I 0.00536(6) 0.179(2)

HM1 S + I −0.02986(5) −0.00682(7) −0.228(3) −0.0370(2) 1.241(7) −0.0326(2) 1.092(6)

S + I ±0.00609(5) ±0.204(2)

B −0.132(2) −0.178(2)

B 0.739(1) 0.168(2) 0.227(3) 0.908(2) 1.229(3) 0.811(2) 1.097(3)

B ±0.150(1) ±0.203(2)

S −0.0160(2) −0.210(2)

S 0.0761(1) 0.0218(2) 0.286(3) 0.1315(4) 1.727(6) 0.1131(4) 1.485(5)

S ±0.0189(1) ±0.248(2)

S + I 0.00740(7) 0.211(2)

HM2 S + I −0.03505(6) −0.01006(9) −0.287(3) −0.0630(3) 1.798(9) −0.0537(3) 1.533(8)

S + I ±0.0088(1) ±0.249(2)

B −0.0768(8) −0.201(2)

B 0.3822(6) 0.1019(9) 0.267(3) 0.582(2) 1.522(5) 0.506(2) 1.324(4)

B ±0.090(1) ±0.234(2)

S −0.0603(9) −0.137(2)

S 0.4392(7) 0.066(1) 0.151(3) 0.4389(7) 0.999(3) 0.4044(6) 0.921(2)

S ±0.064(2) ±0.145(2)

S + I −0.060(2) −0.136(4)

RES S + I 0.439(2) 0.067(2) 0.154(5) 0.438(2) 0.999(4) 0.406(2) 0.925(4)

S + I ±0.064(2) ±0.145(3)

B −0.0086(2) −0.136(2)

B 0.06294(8) 0.0097(2) 0.155(2) 0.06302(9) 1.001(2) 0.05816(8) 0.924(2)

B ±0.0092(1) ±0.146(2)

OFS/ S 0.2169(7) 0.352(1) 0.331(1)

RES S + I −0.2036(8) −0.292(2) −0.276(2)

HM1/ S 0.02964(6) 0.0371(3) 0.0359(3)

RES S + I −0.0681(3) −0.0845(5) −0.0804(5)

HM2/ S 0.1734(4) 0.300(1) 0.280(1)

RES S + I −0.0799(3) −0.1437(8) −0.1325(7)



Chapter I.8. Off-shell Higgs Production and Higgs Interference 229

Table 81: Cross sections (fb) for gg (→ H) → VV → 4 leptons processes in pp collisions at
√
s = 13 TeV

in the SM. Results for the Higgs boson signal (S), the signal including signal-background interference (S+I) as
well as the interfering background without Higgs contribution (gg bkg.) are given. Minimal cuts are applied:
M`` > 10 GeV,M`

′
`
′ > 10 GeV. Cross sections are given at loop-induced leading order and for a single lepton

flavour (`) or single different-flavour combination (`,`′). γ∗ contributions are included in ZZ. The integration error
is displayed in brackets.

final state S S+I gg bkg.

```′`
′

0.9284(7) 0.6707(8) 4.264(2)

```` 0.4739(8) 0.3467(8) 1.723(3)

``ν`′ν`′ 1.896(2) 1.386(2) 5.730(5)

`νlν`′`
′ 37.95(4) 33.60(4) 45.31(4)

`νlνl` 36.01(3) 31.19(3) 50.52(4)

Table 82: Cross sections (fb) for gg (→ H)→ VV → semileptonic final states in pp collisions at
√
s = 13 TeV

in the SM. Results for the Higgs boson signal (S), the signal including signal-background interference (S+I) as well
as the interfering background without Higgs contribution (gg bkg.) are given. The signal amplitude is calculated
at loop-induced leading order. For the semileptonic decay modes, the O(g2

s e
2) tree-level as well as the important

loop-inducedO(g2
s e

4) amplitude contributions to the interfering background are taken into account [516]. Minimal
cuts are applied: M`` > 10 GeV,Mqq > 10 GeV, pTj > 25 GeV. Cross sections are given for a single lepton
flavour. Other details as in Table 81.

final state S S+I gg bkg.

``dd 1.711(3) 0.96(1) 1.575(6)·103

``uu 1.334(3) 0.750(5) 2.30(5)·103

`νlud 38.66(5) 30.58(8) 1.111(3)·104

`νlud 38.68(5) 30.59(8) 1.112(3)·104

– tight VBF cuts: common selection and Mj1j2
> 600 GeV, ∆yj1j2 > 3.6, yj1yj2 < 0 (opposite

hemispheres)

Benchmark cross sections for qq′(→ qq′H)→ qq′ Z(γ∗)Z(γ∗)→ qq′ ```′`
′
and qq′(→ qq′H)→

qq′WW → qq′ `νlν`′`
′ in pp collisions at

√
s = 13 TeV in the SM with tight and loose VBF cuts are

given in Tables 83, 84, 85 and 86. Leading order and next-to-leading order results for the Higgs boson
signal, the signal including signal-background interference as well as the interfering background without
Higgs contribution are displayed. Corresponding Higgs boson invariant mass (for ZZ) and transverse
mass (for WW) distributions are shown in Figures 131 and 132, respectively, for loose and tight VBF
cuts.

The full set of SM benchmark cross sections and distributions is available at https://twiki.
cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL.

I.8.3.c Off-shell and interference benchmarks: 1-Higgs Singlet Model
The simplest extension of the SM Higgs sector is given by the addition of a singlet field which is neutral
under the SM gauge groups. We adopt the definition of the 1-Higgs Singlet Model (1HSM), a.k.a.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL
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Table 83: Cross sections for qq′(→ qq′H) → qq′ Z(γ∗)Z(γ∗) → qq′ ```′`
′

in pp collisions at
√
s = 13 TeV

in the SM. Leading order (LO) and next-to-leading order (NLO) results for the Higgs boson signal (S), the signal
including signal-background interference (S+I) as well as the interfering background without Higgs contribution
(B) are given. Tight VBF cuts are applied (see main text). Cross sections are given for a single lepton flavour
combination. The integration error is displayed in brackets.

σ[fb] 110 GeV < MZZ < 140 GeV MZZ > 140 GeV 220 GeV < MZZ < 300 GeV MZZ > 300 GeV

S LO 6.88(2)·10
−3

1.2501(9)·10
−2

1.316(3)·10
−3

1.0644(9)·10
−2

S+I LO 6.92(4)·10
−3 −1.398(6)·10

−2 −1.85(3)·10
−3 −1.126(5)·10

−2

B LO 1.0(2)·10
−4

6.554(4)·10
−2

1.672(2)·10
−2

4.126(3)·10
−2

S NLO 5.67(4)·10
−3

1.371(3)·10
−2

1.234(8)·10
−3

1.198(3)·10
−2

S+I NLO 5.2(6)·10
−3 −1.55(2)·10

−2 −1.75(6)·10
−3 −1.288(9)·10

−2

B NLO 5(2)·10
−5

6.749(9)·10
−2

1.627(5)·10
−2

4.400(7)·10
−2

Table 84: Cross sections for qq′(→ qq′H) → qq′WW → qq′ `νlν`′`
′ in pp collisions at

√
s = 13 TeV in the

SM. Tight VBF cuts are applied (see main text). Cross sections are given for a single lepton flavour combination,
but taking into account both charge assignments, e.g. (`, `′) = (e, µ) or (µ, e). Other details as in Table 83.

σ[fb] 110 GeV < MWW < 140 GeV MWW > 140 GeV 220 GeV < MWW < 300 GeV MWW > 300 GeV

S LO 1.7411(9) 2.370(6)·10
−1

3.08(2)·10
−2

1.783(5)·10
−1

S+I LO 1.740(3) −3.00(4)·10
−1 −4.9(2)·10

−2 −0.197(3)

B LO 8(2)·10
−4

3.387(2) 0.8642(6) 1.856(2)

S NLO 1.453(4) 2.51(2)·10
−1

2.96(6)·10
−2

1.95(2)·10
−1

S+I NLO 1.45(1) −3.0(2)·10
−1 −3(2)·10

−2 −0.234(9)

B NLO 6.7(7)·10
−4

3.381(6) 0.825(4) 1.933(4)

Table 85: Cross sections for qq′(→ qq′H) → qq′ Z(γ∗)Z(γ∗) → qq′ ```′`
′

in pp collisions at
√
s = 13 TeV in

the SM. Loose VBF cuts are applied (see main text). Other details as in Table 83.

σ[fb] 110 GeV < MZZ < 140 GeV MZZ > 140 GeV 220 GeV < MZZ < 300 GeV MZZ > 300 GeV

S LO 1.202(2)·10
−2

1.662(2)·10
−2

2.153(5)·10
−3

1.351(2)·10
−2

S+I LO 1.197(7)·10
−2 −1.95(2)·10

−2 −3.34(5)·10
−3 −1.441(8)·10

−2

B LO 2.2(2)·10
−4

1.3535(7)·10
−1

3.821(3)·10
−2

7.909(5)·10
−2

S NLO 1.035(4)·10
−2

1.781(3)·10
−2

1.993(9)·10
−3

1.495(3)·10
−2

S+I NLO 1.02(2)·10
−2 −2.04(2)·10

−2 −3.1(1)·10
−3 −1.58(2)·10

−2

B NLO 2.0(4)·10
−4

1.346(2)·10
−1

3.651(5)·10
−2

8.108(9)·10
−2

EW Singlet Model, which is given in Section 13.3 of Ref. [9]. Here, interference benchmark cross
sections and distributions in the 1HSM are presented. We employ basis (335) of Ref. [9] and specify
four benchmark points:

1. Mh2 = 400 GeV, sin θ = 0.2,
2. Mh2 = 600 GeV, sin θ = 0.2,
3. Mh2 = 600 GeV, sin θ = 0.4,
4. Mh2 = 900 GeV, sin θ = 0.2,



Chapter I.8. Off-shell Higgs Production and Higgs Interference 231

Table 86: Cross sections for qq′(→ qq′H) → qq′WW → qq′ `νlν`′`
′ in pp collisions at

√
s = 13 TeV in the

SM. Loose VBF cuts are applied (see main text). Other details as in Table 84.

σ[fb] 110 GeV < MWW < 140 GeV MWW > 140 GeV 220 GeV < MWW < 300 GeV MWW > 300 GeV

S LO 3.271(2) 3.325(9)·10
−1

5.10(3)·10
−2

2.301(8)·10
−1

S+I LO 3.278(6) −4.79(9)·10
−1 −9.7(3)·10

−2 −2.61(7)·10
−1

B LO 1.8(3)·10
−3

7.449(5) 2.004(2) 3.830(3)

S NLO 2.836(7) 3.46(3)·10
−1

4.75(7)·10
−2

2.50(3)·10
−1

S+I NLO 2.85(5) −4.4(2)·10
−1 −7.6(9)·10

−2 −2.7(2)·10
−1

B NLO 1.8(2)·10
−3

7.402(9) 1.928(4) 3.949(7)
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Figure 131: Invariant mass distributions for qq′(→ qq′H) → qq′ Z(γ∗)Z(γ∗) → qq′ ```′`
′

in pp collisions at√
s = 13 TeV in the SM. Loose and tight VBF cuts are applied in the left and right graphs, respectively. Leading

order (dashed) and next-to-leading order (solid) results for the Higgs boson signal (S), the signal including signal-
background interference (S+I) as well as the interfering background without Higgs contribution (B) are given.
Cross sections are given for a single lepton flavour combination.
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Figure 132: Transverse mass MT,WW (see Eq. (I.8.2)) distributions for qq′(→ qq′H) → qq′WW →
qq′ `νlν`′`

′ in pp collisions at
√
s = 13 TeV in the SM. Cross sections are given for a single lepton flavour

combination, but taking into account both charge assignments, e.g. (`, `′) = (e, µ) or (µ, e). Other details as in
Figure 131.
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Table 87: Widths of the physical Higgs bosons h1 and h2 in the 1-Higgs-Singlet Extension of the SM with mixing
angles sin θ = 0.2 and sin θ = 0.4 as well as µ1 = λ1 = λ2 = 0.

h1 h2

sin θ M [ GeV] 125 400 600 900

0.2 Γ [ GeV] 4.34901·10−3 1.52206 5.95419 19.8529
0.4 Γ [ GeV] 3.80539·10−3 22.5016
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Figure 133: Invariant mass distributions for gg (→ {h1,h2})→ Z(γ∗)Z(γ∗)→ ```′`
′
, other details as in Table 88.

where Mh1 = 125 GeV and µ1 = λ2 = λ1 = 0 for all points. The corresponding Higgs boson widths
are given in Table 87. They have been calculated using FEYNRULES [526].

Gluon-fusion 1HSM benchmark results were computed with GG2VV [501] (see also Ref. [527]).
More specifically, cross sections for gg (→ {h1, h2}) → Z(γ∗)Z(γ∗) → ```′`

′
for the 13 TeV LHC

are given in Tables 88 and 89. The corresponding distributions are shown in Figures 133 and 134,
respectively. Results for the heavy Higgs boson signal and its interference with the light Higgs and
continuum background and the combined interference are given in Table 88 and Figure 133. In Table 88,
the ratio Ri = (S + Ii)/S is used to illustrate the relative change of the heavy Higgs boson signal due
to interference with the light Higgs and continuum background amplitude contributions. Heavy-Higgs-
light-Higgs interference effects and the coherent sum of all interfering contributions is shown in Table 89
and Figure 134.

Vector-boson-fusion 1HSM benchmark results were computed with PHANTOM [518] (see also
Refs. [519,528]) and VBFNLO [275,520] (see also Refs. [521–525]). Good agreement was achieved for
all fully-leptonic Higgs boson decay modes. Cross sections for qq′(→ qq′{h1, h2})→ qq′ Z(γ∗)Z(γ∗)→
qq′ ```′`

′
and qq′(→ qq′{h1,h2}) → qq′WW → qq′ `νl`

′
ν`′ for the 13 TeV LHC are given in Ta-

bles 90 and 92 and Tables 91 and 93 for tight and loose VBF cuts (see Section I.8.3.b), respectively.
More specifically, the sum of the light and heavy Higgs contributions including light-heavy interference,
the interfering background without Higgs contributions and the sum of the Higgs boson signal and its
interference with the background are given. VBF Higgs boson invariant mass distributions in the 1HSM
are shown in Figure 135.

The full set of 1HSM benchmark cross sections and distributions is available at https://twiki.
cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGOFFSHELL
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Table 88: Cross sections (fb) for gg (→ {h1,h2}) → Z(γ∗)Z(γ∗) → ```′`
′

in pp collisions at
√
s = 13 TeV at

loop-induced leading order in the 1-Higgs-Singlet Extension of the SM (1HSM) with Mh1 = 125 GeV, Mh2 =

400, 600, 900 GeV and mixing angle sin θ = 0.2 or 0.4 as indicated. Results for the heavy Higgs (h2) signal
(S) and its interference with the light Higgs (Ih1) and the continuum background (Ibkg) and the full interference
(Ifull) are given. The ratio Ri = (S + Ii)/S illustrates the relative change of the heavy Higgs boson signal due
to interference with the light Higgs and continuum background amplitude contributions. Cross sections are given
for a single lepton flavour combination. Minimal cuts are applied: M`` > 4 GeV,M`

′
`
′ > 4 GeV, pTZ > 1 GeV.

The integration error is displayed in brackets.

interference ratio

sin θ Mh2 [ GeV] S(h2) Ih1 Ibkg Ifull Rh1 Rbkg Rfull

0.2 400 0.07412(6) 0.00682(6) -0.00171(2) 0.00511(6) 1.092(2) 0.977(1) 1.069(2)

0.2 600 0.01710(2) -0.00369(3) 0.00384(3) 0.00015(4) 0.784(2) 1.225(2) 1.009(3)

0.2 900 0.002219(2) -0.003369(9) 0.003058(8) -0.00031(2) -0.518(4) 2.378(4) 0.860(6)

0.4 600 0.07065(6) -0.01191(6) 0.01465(6) -0.00274(9) 0.831(2) 1.207(2) 1.039(2)

Table 89: Cross sections (fb) for gg (→ {h1,h2})→ Z(γ∗)Z(γ∗)→ ```′`
′

in pp collisions at
√
s = 13 TeV in

the 1HSM with Mh1 = 125 GeV, Mh2 = 400, 600, 900 GeV and mixing angle sin θ = 0.2 or 0.4 as indicated.
Results for the heavy Higgs (h2) signal (S), light Higgs background (h1) and continuum background (gg bkg.) are
given. Where more than one contribution is included, all interferences are taken into account. Other details as in
Table 88.

sin θ Mh2 [ GeV] S(h2) h1 gg bkg. S + h1 + Ih1 all

0.2 400 0.07412(6) 0.854(2) 21.18(7) 0.934(2) 21.86(7)
0.2 600 0.01710(2) 0.854(2) 21.18(7) 0.867(2) 21.80(7)
0.2 900 0.002219(2) 0.854(2) 21.18(7) 0.852(2) 21.79(7)
0.4 600 0.07065(6) 0.734(2) 21.18(7) 0.793(2) 21.77(7)
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Figure 134: Invariant mass distributions for gg (→ {h1,h2}) → Z(γ∗)Z(γ∗) → ```′`
′
, other details as in

Table 89.
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Table 90: Cross sections for qq′(→ qq′{h1,h2}) → qq′ Z(γ∗)Z(γ∗) → qq′ ```′`
′

in pp collisions at
√
s =

13 TeV in the 1-Higgs-Singlet Extension of the SM (1HSM). Tight VBF cuts (see Section I.8.3.b) are applied.
Results are given for the first, second, third and fourth 1HSM benchmark points with Mh1 = 125 GeV, µ1 =

λ2 = λ1 = 0 and (Mh2[GeV], sin θ) = (400, 0.2), (600, 0.2), (600, 0.4), (900, 0.2), respectively. The sum of
the light and heavy Higgs contributions including light-heavy interference (S), the interfering background without
Higgs contributions (B) and the sum of the Higgs boson signal and its interference with the background (S+I) are
given. Cross sections are given at leading order and for a single lepton flavour combination. The integration error
is displayed in brackets.

σ[fb] 1HSM point MZZ > 140 GeV 220 GeV < MZZ < 300 GeV MZZ > 300 GeV

S 1 1.686(2)·10−2 1.185(4)·10−3 1.514(2)·10−2

S+I 1 −9.69(3)·10−3 −1.85(2)·10−3 −6.90(2)·10−3

B 1 6.725(2)·10−2 1.750(1)·10−2 4.148(2)·10−2

S 2 1.436(1)·10−2 1.232(4)·10−3 1.259(1)·10−2

S+I 2 −1.180(3)·10−2 −1.88(2)·10−3 −9.00(2)·10−3

B 2 6.725(2)·10−2 1.750(1)·10−2 4.148(2)·10−2

S 3 2.025(2)·10−2 8.90(4)·10−4 1.895(2)·10−2

S+I 3 −4.34(3)·10−3 −1.74(2)·10−3 −1.72(3)·10−3

B 3 6.725(2)·10−2 1.750(1)·10−2 4.148(2)·10−2

S 4 1.263(1)·10−2 1.238(4)·10−3 1.085(1)·10−2

S+I 4 −1.309(3)·10−2 −1.86(2)·10−3 −1.029(2)·10−2

B 4 6.725(2)·10−2 1.750(1)·10−2 4.148(2)·10−2

I.8.3.d Multijet merging effects in gg → `ν̄`
¯̀′ν`′ using SHERPA

I.8.3.d.i Set-up

In this section, results for the loop–induced process gg → `ν̄`
¯̀′ν`′ obtained with the SHERPA event

generation framework [229] will be presented, with the goal to highlight the effect of multijet merg-
ing [242] on some critical observables. This is accomplished by directly comparing the results where
the leading order processes depicted in Figure 136 have been supplemented with the parton shower (la-
belled LOOP2+PS) with a sample where an additional jet has been produced, i.e. the quark-loop induced
processes gg → `ν̄`

¯̀′ν`′g and qg → `ν̄`
¯̀′ν`′q (labelled MEPS@LOOP2) as shown in Figure 137. In

addition, these two samples are further subdivided into those including a Higgs boson of mH = 125
GeV and those where the Higgs boson has been decoupled with mH → ∞. Here, the matrix elements
are provided from the OPENLOOPS +COLLIER package [247, 248] are being used. For parton showering,
the implementation of [355] is employed, with a starting scale

µ2
Q = p2

⊥,`ν̄` ¯
`
′
ν
`
′

+m2

`ν̄`
¯
`
′
ν
`
′
. (I.8.3)

A similar analysis, although for centre-of-mass energies of 8 TeV has already been presented in [352].
Here, in addition, the effect of including a Higgs boson with massmH = 125 GeV is investigated, which
was not the case in the previous analysis. Results without the Higgs boson are obtained by effectively
decoupling it, pushing its mass to very high values in the calculation, mH →∞.
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Table 91: Cross sections for qq′(→ qq′{h1,h2})→ qq′WW → qq′ `νl`
′
ν`′ in pp collisions at

√
s = 13 TeV in

the 1-Higgs-Singlet Extension of the SM. Tight VBF cuts are applied. Cross sections are given for a single lepton
flavour combination, but taking into account both charge assignments, e.g. (`, `′) = (e, µ) or (µ, e). Other details
as in Table 90.

σ[fb] 1HSM point MWW > 140 GeV 220 GeV < MWW < 300 GeV MWW > 300 GeV

S 1 3.283(3)·10−1 2.68(1)·10−2 2.758(3)·10−1

S+I 1 −1.98(2)·10−1 −4.9(1)·10−2 −9.8(1)·10−2

B 1 3.382(2) 8.63(1)·10−1 1.854(1)

S 2 2.727(3)·10−1 2.80(1)·10−2 2.189(2)·10−1

S+I 2 −2.48(2)·10−1 −4.9(1)·10−2 −1.48(1)·10−1

B 2 3.382(2) 0.863(1) 1.854(1)

S 3 3.937(4)·10−1 2.01(1)·10−2 3.541(4)·10−1

S+I 3 −8.4(2)·10−2 −4.6(1)·10−2 9(1)·10−3

B 3 3.382(2) 0.863(1) 1.854(1)

S 4 2.377(2)·10−1 2.81(1)·10−2 1.836(2)·10−1

S+I 4 −2.75(1)·10−1 −4.88(1)·10−2 −1.74(1)·10−1

B 4 3.382(2) 0.863(1) 1.854(1)

Table 92: Cross sections for qq′(→ qq′{h1,h2}) → qq′ Z(γ∗)Z(γ∗) → qq′ ```′`
′

in pp collisions at
√
s =

13 TeV in the 1-Higgs-Singlet Extension of the SM. Loose VBF cuts are applied. Other details as in Table 90.

σ[fb] 1HSM point MZZ > 140 GeV 220 GeV < MZZ < 300 GeV MZZ > 300 GeV

S 1 2.272(2)·10−2 1.94(1)·10−3 1.983(2)·10−2

S+I 1 −1.34(1)·10−2 −3.33(4)·10−3 −8.17(5)·10−3

B 1 1.3950(5)·10−1 4.005(3)·10−2 7.964(4)·10−2

S 2 1.889(2)·10−2 2.00(1)·10−3 1.592(2)·10−2

S+I 2 −1.68(1)·10−2 −3.40(4)·10−3 −1.154(5)·10−2

B 2 1.3950(5)·10−1 4.005(3)·10−2 7.964(4)·10−2

S 3 2.590(3)·10−2 1.45(1)·10−3 2.372(2)·10−2

S+I 3 −6.9(1)·10−3 −3.12(4)·10−3 −2.1(1)·10−3

B 3 1.3950(5)·10−1 4.005(3)·10−2 7.964(4)·10−2

S 4 1.658(2)·10−2 2.02(1)·10−3 1.359(2)·10−2

S+I 4 −1.85(1)·10−2 −3.36(4)·10−3 −1.329(5)·10−2

B 4 1.3950(5)·10−1 4.005(3)·10−2 7.964(4)·10−2
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Table 93: Cross sections for qq′(→ qq′{h1,h2}) → qq′WW → qq′ `νl`
′
ν`′ in pp collisions at

√
s = 13 TeV

in the 1-Higgs-Singlet Extension of the SM. Loose VBF cuts are applied. Other details as in Table 91.

σ[fb] 1HSM point MWW > 140 GeV 220 GeV < MWW < 300 GeV MWW > 300 GeV

S 1 4.600(5)·10−1 4.46(1)·10−2 3.692(4)·10−1

S+I 1 −3.25(4)·10−1 −9.3(2)·10−2 −1.23(3)·10−1

B 1 7.424(3) 2.001(1) 3.815(2)

S 2 3.733(3)·10−1 4.59(1)·10−2 2.805(3)·10−1

S+I 2 −4.05(4)·10−1 −9.2(2)·10−2 −2.00(3)·10−1

B 2 7.424(3) 2.001(1) 3.815(2)

S 3 5.17(1)·10−1 3.33(1)·10−2 4.482(5)·10−1

S+I 3 −1.88(4)·10−1 −8.5(2)·10−2 +1(3)·10−3

B 3 7.424(3) 2.001(1) 3.815(2)

S 4 3.274(3)·10−1 4.65(1)·10−2 2.339(3)·10−1

S+I 4 −4.43(4)·10−1 −9.6(2)·10−2 −2.38(3)·10−1

B 4 7.424(3) 2.001(1) 3.815(2)
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Figure 135: Invariant mass distributions for qq′(→ qq′{h1,h2})→ qq′ Z(γ∗)Z(γ∗)→ qq′ ```′`
′
in pp collisions

at
√
s = 13 TeV. Loose and tight VBF cuts are applied in the left and right graphs, respectively. Results for the

second 1HSM benchmark point (Mh1 = 125 GeV, Mh2 = 600 GeV, sin θ = 0.2) are shown: the sum of the light
and heavy Higgs contributions including light-heavy interference (Signal), the interfering background without
Higgs contributions (Bkg), the sum of Signal and Bkg including interference (Tot), and the negative of the sum of
Signal and its interference with Bkg (-(S+I)). Other details as in Table 90.
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Figure 137: Leading order Feynman diagrams contributing to the background production of final states
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¯̀′ν`′+jet through a quark loop.

I.8.3.d.ii Results
In this investigation the following cuts have been applied:

p⊥, ` ≥ 25 GeV , |η`| ≤ 2.5
p⊥, j ≥ 30 GeV , |ηj | ≤ 5 ,

where jets are defined by the anti-kT algorithm with R = 0.4. In addition a cut on the missing transverse
momentum has been applied,

E/T ≥ 25 GeV , (I.8.4)

which of course is practically given by the combined neutrino momenta.

In Figure 138 inclusive and exclusive jet multiplicities as obtained from the samples described above
are displayed. They clearly show that especially for jet multiplicities Njet ≥ 1 the impact of multijet
merging is sizeable and important. Furthermore, there is a visible difference in the overall rate of about a
factor of 2 between the results with and without the Higgs boson. This becomes even more visible when
considering cross sections after the application of a jet veto, cf. the right panel of Figure 139. Multijet
merging leads to jets that are visibly harder – the LOOP2+PS results fall of very quickly with respect
to the merged result, see the left panel of Figure 138. However, since the bulk of the inclusive cross
section is related to jet transverse momenta below about 30 GeV, the jet-vetoed cross section saturates
relatively quickly and is thus correspondingly independent of the hard tails in transverse momentum.
This ultimately leads to effects of the order of about 10% or so from multijet merging. At the same
time, in the linear plot of the jet-vetoed cross section the rate difference due to the inclusion of the
Higgs boson becomes visible. As expected, these differences manifest themselves in the usual kinematic
regions stemming from spin effects in the decay of the W bosons, illustrated in Figure 140. Clearly, the
presence of a Higgs boson pushes the leptons closer in phase space. Since the overall rate is dominated
by the 0-jet bin, the differences between merged and LO samples are again relatively small, of the order
of 10% or below.

To summarize: the application of multijet merging to loop–induced processes gg → V V (∗) leads to
visibly harder jet spectra and significantly larger jet multiplicities, irrespective of whether this process
is mediated by a Higgs boson or not. It is clearly the overall scale of the process and the fact that the



238 I.8.3. H → V V modes (V = W,Z)

L
H
C

H
IG

G
S
X
S
W
G

2
0
1
6

Sherpa+OpenLoops

MEPS@LOOP2 mH = 125

MEPS@LOOP2 mH → ∞
LO+PS mH = 125

LO+PS mH → ∞

10−8

10−7

10−6

10−5

10−4

10−3

Inclusive jet multiplicity

σ
(≥

N
je
t)

[p
b
]

0 1 2 3 4 5 6
0

0.5

1

1.5

2

Njet

M
C
/
D
a
ta

L
H
C

H
IG

G
S
X
S
W
G

2
0
1
6

Sherpa+OpenLoops

MEPS@LOOP2 mH = 125

MEPS@LOOP2 mH → ∞
LO+PS mH = 125

LO+PS mH → ∞

10−8

10−7

10−6

10−5

10−4

10−3

Exclusive jet multiplicity

σ
(N

je
t)
[p
b
]

0 1 2 3 4 5 6
0

0.5

1

1.5

2

Njet

M
C
/
D
a
ta

Figure 138: Inclusive (left) and exclusive (right) jet cross sections with and without multijet merging and with
(mH = 125 GeV) and without (mH →∞) including a Higgs boson, including multijet merging or merely relying
on the parton shower to simulate all QCD emissions.
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Figure 139: Differential cross section in dependence of the transverse momentum of the leading jet (left) and the
cross section after application of a jet veto in dependence of the transverse momentum cut on jets (right).

initial states are identical that is responsible here. The effect on jet-vetoed cross sections in the 0-jet bin
is small, 10% or below, since these cross sections essentially appear after integration over the jet-cross
section up to the veto scale. Clearly, though, this would be different when asking for exactly one jet and
vetoing further jets. The impact of the merging is small on the lepton correlations in the regions that are
important for the definition of signal and background regions.

I.8.3.e Study of higher-order QCD corrections in the gg→H→VV process
I.8.3.e.i Introduction

The analysis [509] employed to extract the off-shell signal strength in the high mass (m4` >220 GeV)
ZZ→4`, ZZ→2`2ν and WW→ `ν`ν final states, is based on two Monte Carlo simulations for gg-
initiated processes, namely gg2VV [515] and MCFM [503]. The dominant gg-initiated processes used
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Figure 140: Differential cross section in dependence of the transverse separation of the two leptons (left) and of
their invariant mass (right).

in the analysis [509] are listed below:

1. gg→ H → ZZ, the signal (S) comprising both the on-shell peak at mH =125.5 GeV and the
off-shell region where the Higgs boson acts as a propagator;

2. gg→ ZZ, the continuum background (B);
3. gg→ (H∗) → ZZ, the signal, continuum background and interference contribution, labelled as

SBI in what follows.

However, only Lowest-Order (LO) in QCD Monte Carlo simulations are available, namely gg2VV and
MCFM with Pythia8 [318] showering. For this reason, mass-dependent K-factors to higher order accu-
racy are needed to achieve a better precision.

– For the signal process, higher order QCD corrections are computed: LO to Next-to-Next-to-
Leading-Order (NNLO) K-factors are calculated as a function of the diboson invariant mass mZZ.

– For the background process, the full K-factor from LO to NNLO accuracy is currently not avail-
able.

Different approaches exploited in order to take into account the absence of higher order QCD
corrections in gg→ (H∗) →VV final states (it is to note that Next-to-Leading Order, NLO, gg→ZZ
QCD calculation has been recently performed [529]) and the systematic uncertainties associated to these
processes will be detailed in the following sections.

I.8.3.e.ii Parton Shower Scheme Dependence
Given that no higher order matrix element calculations are available for the gg-initiated processes, the
only way to simulate QCD radiation is through the parton shower. However, as the generation is done
at LO in QCD, there is no clear prescription to evaluate the systematic uncertainties on the QCD scale.
According to the maximum jet pT scale emission characterizing the parton showers, two different config-
urations [530] are exploited, the power shower (the emission is allowed up to the kinematical limit) and
the wimpy shower (the shower is started at the value of the factorization or the renormalization scale).
Pythia8 is tuned as default with the power shower option. The comparison is carried out involving the
following parton shower schemes at generator level:

– Pythia8 power shower including a matrix element correction on the first jet emission such that
information coming from the exact matrix element calculation is exploited for the hardest jet in
the shower [318];
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erator gg2VV + Pythia (power or wimpy shower), the LO generator gg2VV showered with Jimmy+Herwig. All
samples are restricted to the range (345< m4` <415) GeV.

– Pythia8 power shower without a matrix element correction;
– Pythia8 wimpy shower without a matrix element correction;
– Herwig6.5 [338] in combination with Jimmy.

The items above are finally compared to high-mass Powheg-Box [80] NLO gg→ H → ZZ event sam-
ple with a Higgs boson mass generated with mH=380 GeV, chosen around the most sensitive off-shell
invariant mass region for the analysis. The normalized pT(ZZ) distributions, detailed in Figure 141 as
reported in Ref. [530] for the sample above in the text are plotted in the same high ZZ mass range
(345< m4` <415) GeV in order to ensure a compatible mass of the hard interaction system. As the
default samples are generated with the LO gg→ (H∗) →ZZ matrix element with Pythia8 using the
power shower parton shower option and this sample shows the largest deviation from Powheg, the full
difference of the order of 10% is taken as a systematic uncertainty in the ATLAS analysis as in [509].

I.8.3.e.iii Higher order QCD corrections to the transverse momentum and the rapidity of the ZZ
system

Higher order QCD corrections for the gg→ ZZ processes are studied using the Sherpa+OpenLoops
[229, 247] generator that contains the LO gg→ZZ+1-jet matrix element and merges this with the LO
gg→ZZ+ 0-jet matrix element. For the gg→ H → ZZ signal contribution with mH=380 GeV (on-
shell signal), the Powheg generator reweighted (as a function of pT) to the HRes2.1 prediction [223] to
reach NNLO+NNLL accuracy is also used. Figures 142, 143 and 144 include validation distributions
of various comparisons of the variables of interest, namely the transverse momentum, pT(ZZ), and the
rapidity, Y(ZZ), of the ZZ system in both on-shell and off-shell mass regions using Powheg+Pythia8,
Sherpa+OpenLoops and gg2VV+Pythia8 generators using kinematic variables computed at truth level.
The list of cuts applied in the generation level can be found below (p`T is the transverse momentum of
each lepton in the final state, |η`| represents its rapidity I.51 while mZ1 is the Z boson mass closest to the

I.51ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector, and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam line.
Observables labelled transverse are projected into the x-y plane. The pseudorapidity is defined in terms of the polar angle θ as
η=-ln tan( θ

2
).
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Z peak, being mZ2 the mass of the second lepton pair):

– m4` >100 GeV;
– p`T >3 GeV;
– |η`| <2.8;
– mZ1,Z2 > 4 GeV.

Additional selection criteria are applied on the final state quadruplet (the leptons in the quadruplet
are ordered in transverse momentum and denoted with the superscript ` in what follows) in the Monte
Carlo samples in such a way to mimic the standard selection reported in Ref. [509], namely:

– p`1T >20 GeV, p`2T >15 GeV, p`3T >10 GeV, p`4T >5 (6) GeV for muons (electrons);
– |η`| <2.5;
– (50< mZ1 <106) GeV;
– if m4` <140 GeV→mZ2 >12 GeV, if 140< m4` <190 GeV→mZ2 >0.76·(m4`-140)+12 GeV,

if m4` >190 GeV→mZ2 >50 GeV.

The errors bars in Figures 142, 143 and 144 indicate the statistical uncertainty related to the finite
Monte Carlo statistics only. The systematic uncertainties, when applicable, are drawn as shaded boxes,
extracted from scale variations on Sherpa+OpenLoops and HRes2.1 as described in the following Section
I.8.3.e.iv. The systematic uncertainties from the HRes2.1 are applicable here as the Powheg generator is
directly reweighted to the HRes2.1 prediction. The results and the distributions reported in the following
figures refer to Monte Carlo samples generated at a collision energy

√
s=8 TeV.

As highlighted in Figure 142 (a) for what concerns the on-shell and Figure 142 (b) for the off-shell, the
lack of higher QCD calculations in gg2VV results in different pT spectra (order of 20% in the relevant
kinematic region) compared to the higher order Powheg and Sherpa+OpenLoops Monte Carlo. In the
high mass region, the off-shell (generated with mH=125.5 GeV) and on-shell (produced with mH=380
GeV) Higgs boson productions with gg2VV match fairly well as shown in Figure 142 (b).
Figure 143 (a) shows that the differences in pT between Sherpa and gg2VV in the off-shell high mass
region are not fully covered by the uncertainties assigned to Sherpa. Since the Sherpa generator has a
better treatment of the first hard jet emission, in the H →ZZ→4` analysis, gg2VV is reweighted to the
Sherpa prediction in the ATLAS analysis [509]. As for the rapidity distribution reported in Figure 143
(b), no significant difference between gg2VV and Sherpa is present in the high mass region; hence, the
reweighting procedure on Y is not necessary.
Figures 143 (c) and (d) stress the fact that the ZZ-transverse momentum and the rapidity of the signal
process gg→ (H∗) → ZZ differ from the gg→ ZZ background process and the SBI unlike the gg2VV
generator as noted in Figures 144 (a) and (b). This is caused by the presence of the additional matrix
element correction to the first jet emission included in Sherpa that generates a different treatment of
signal and background components. This statement has been explicitly validated by removing the 1-jet
matrix element computation in Sherpa: full compatibility is found between signal and background once
the 1-jet ME treatment is removed in Sherpa.

In the analysis deployed by ATLAS [509], the LO gg2VV generator, whose pT and y distributions
are displayed in Figure 144, is reweighted to Sherpa+OpenLoops in the pT of the VV system to achieve
a better description of the pT spectrum: the impact of the reweighting on the acceptance is calculated
to be below 1% for the signal and at the level of 4-6% for the background. In the ZZ→4` channel,
the reweighting procedure is only used to account for the acceptance effects, as the matrix-element dis-
criminant employed to disentangle signal and background components is insensitive to the pT of the ZZ
system. For the ZZ→2`2ν channel, the reweighting is applied in both the transverse mass shape and
acceptance as the mT holds dependence on the transverse momentum of the ZZ system.
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Figure 142: Comparison of the on-shell gg→ (H∗) → ZZ signal process in pT (a) generated with mH=125.5
GeV in the mass range mZZ ∈ [124,126] GeV for Powheg, Sherpa and gg2VV. Comparison of the gg→ (H∗)→
ZZ off-shell signal process in pT (b) with mH=125.5 GeV produced with gg2VV and Sherpa and gg→ (H∗) →
ZZ signal process with mH=380 GeV using gg2VV (on-shell) in the region mZZ ∈ [345,415] GeV.

Table 94: Scale variations considered in the evaluation of the theoretical uncertainties related to the pT(ZZ) and
Y(ZZ) for the gg → H →ZZ and qq̄ →ZZ processes. The scale variations on Sherpa signal detailed in the second
row are also applied on the Sherpa gg→ZZ continuum background as stated in the text. The merging scale for
Sherpa has not been modified for this study.

Process MC Nominal Scales Scale variations # Variations

gg → H → ZZ HRes µR = µF = mZZ
2 (1

2µR/F, 2µR/F), 1
2 ≤ µF/µR ≥ 2 6

µQ = mZZ/2, µB = mb (1
2µQ, 2µQ), (1

4µB, 4µB) 8

gg → H → ZZ Sherpa µR = µF = mZZ
2 (1

2µR/F, 2µR/F), 1
2 ≤ µF/µR ≥ 2 6

µQ = mZZ/2, µB = mb ( 1√
2
µQ,
√

2µQ) 2

qq̄ → ZZ Powheg µR = µF = mZZ (1
2µR/F, 2µR/F) 6

I.8.3.e.iv Scale variations on the gg-initiated samples

In order to evaluate the systematic effects on the uncertainties on pT and η in the ZZ frame, the procedure
is applied by varying the renormalization scale (µR), the factorization scale (µF), the resummation scale
(µQ) and the resummation scale related to the bottom quark mass (µB).

The impact of the PDF uncertainties is also evaluated: the nominal PDF set, CT10 [531], applied on the
Powheg signal sample at mH=125.5 GeV are compared with MSTW2008 [30] and with NNPDF2.3 [31]
in bins of ZZ-transverse momentum and rapidity. Its impact is found to be below 3%.

The Monte Carlo simulations employed for these studies and the full scheme of scale variations
applied to these samples are listed in Table 94. Assuming that the resummation scales (µQ and µB)
variations are independent of the normalization and factorization scales (µR and µF), we fix the vector
pair (µR, µF) while varying µQ or µB. Similarly we fix the resummation scales, µQ and µB, while
varying µR and µF. Following the usual prescriptions, the nominal scale of the process is set to mZZ/2
while the nominal value for the resummation scale related to the bottom mass is set tomb and the Powheg
nominal values for renormalization and factorization scales are set to mZZ.
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Figure 143: Comparison of the gg→ (H∗) → ZZ off-shell signal process in pT (a) and rapidity (b) generated
with mH=125.5 GeV produced with gg2VV and Sherpa and gg→ (H∗)→ ZZ signal process with mH=380 GeV
using Powheg (on-shell) in the regionmZZ ∈ [345,415] GeV. Off-shell comparison in pT (c) and rapidity (d) of the
gg→ (H∗)→ ZZ signal sample generated withmH=125.5 GeV, the gg→ ZZ background and the SBI contribution
using Sherpa in the mass range mZZ ∈ [345,415] GeV.
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Figure 144: Comparison in pT (a) and rapidity (b) of the three gg2VV contributions (signal generated with
mH=125.5 GeV, background and SBI) in the mass region mZZ ∈ [345,415] GeV.
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Figure 145: Relative change of the pT and Y spectra due to the QCD scale variations produced with HRes2.1
signal generated at mH=380 GeV: ratio of the up or down variations pT or rapidity with respect to the nominal
distribution. Q labels the resummation scale, B the resummation scale related to the bottom quark mass, R the
renormalization scale, F the factorization scale. The numbers coupled with each variation characterize the nominal
value (1), the down variation (0) and the up variation (2).

Figure 145 shows the shape-only variations on pT(ZZ) and Y(ZZ) for a high mass mH=380 GeV
gg→ H → ZZ signal process, produced by QCD scale variations evaluated with the HRes2.1 Monte
Carlo generator. The scale variations on the rapidity in Figure 145 (b) can be neglected since they are
much smaller than those of the transverse momentum, Figure 145 (a). Figure 146 shows the variation
of the signal process (a) and the background processes on pT(ZZ) created with the Sherpa+OpenLoops
Monte Carlo sample. The envelope of these independent variations on pT(ZZ) is calculated as the max-
imal up and down contribution for each pT bin for the HRes2.1 case as well as for Sherpa signal and
background. Since the contribution of the resummation scale is dominant, a first envelope encompassing
renormalization and factorization scales summed it in quadrature with the envelope extracted from the
resummation scale provides enough accuracy for this study. Note that the Sherpa variations enclose the
variations of HRes2.1 because Sherpa does not contain the full NLO calculations, hence its variations are
larger than the typical scales of HRes2.1.The systematic uncertainties reported in Ref. [509] associated
with the Sherpa-based reweighting in pT of the VV system are assessed by varying the relevant scales
in Sherpa: the larger in value between the scale variations in Sherpa and 50% of the difference between
Sherpa and gg2VV+Pythia is assigned as the systematic uncertainty. This conservative approach is cho-
sen to consider potential uncertainties not accounted for by the scale variations. The impact of the PDF
uncertainties is found to be negligible.

I.8.3.f Higgs boson off-shell simulation with the MCFM and JHU generator frameworks

The JHU Generator and MELA framework [532–534] is designed for the study of anomalous couplings
of a resonance to vector bosons and fermions in various decay and production processes on LHC, and
is applicable to either the already discovered boson H(125) or a new resonance X(mX). In addition
to stand-alone generation, the framework is also integrated with the MCFM Monte Carlo package [288,
503, 535] for modelling of the background processes and allows simulation of anomalous couplings in
off-shell H(125)∗ boson production including interference with continuum diboson production. The
simulation of an additional broad resonance X is also included, allowing for the study of a new Higgs-
like resonance with arbitrary couplings interfering with the SM processes. The MELA framework allows
various likelihood functions either for construction of kinematic discriminants or re-weighting of MC
simulation.

The formalism in the JHUGen / MELA framework follows the convention for the tensor structure
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Figure 146: Relative uncertainties on the pT spectrum for the Sherpa+OpenLoops signal (a) and background (b)
samples induced by the QCD scale variations: ratio of the up or down variations with respect to the nominal
distribution. Q labels the resummation scale, R the renormalization scale, F the factorization scale.

of HV V couplings
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(I.8.5)
where f (i)µν = εµV iq

ν
V i − ενV iqµV i is the field strength tensor of a gauge boson with momentum qV i and

polarization vector εV i, f̃
(i)
µν = 1

2εµνρσf
(i),ρσ is the dual field strength tensor. Spin-one and spin-two

resonance couplings, higher-order terms in q2 expansion, and terms asymmetric in q2
V 1 and q2

V 2 are
supported by the generator but are not shown here, see Refs. [532–534] and generator manual for details.
The above q2 expansion is equivalent to the effective Lagrangian notation with operators up to dimension
five [536, 537]
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where Vµν = ∂µVν −∂νVµ, Gaµν = ∂µA
a
ν −∂νAaµ+ gfabcAbµA

c
ν , Ṽ µν = 1/2εµναβVαβ , Z is the Z field,

W is the W field, F is the γ field, and G is the g field.

Both on-shell H production and off-shell H∗ production are considered. There are no kinematic
constraints on either q2

V i or (qV 1 + qV 2)
2, other than the relevant parton luminosities. Since the scale

of validity of the nonrenormalizable higher-dimensional operators is a priori unknown, effective cut-
off scales ΛV 1,i,ΛV 2,i,ΛH,i are introduced for each term in Eq. (I.8.5) with the form factor scaling the
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anomalous contribution gBSM
i as

gi = gSM
i × δi1 + gBSM

i × Λ2
V 1,iΛ

2
V 2,iΛ

2
H,i

(Λ2
V 1,i + |q2

V 1|)(Λ2
V 2,i + |q2

V 2|)(Λ2
H,i + |(qV 1 + qV 2)

2|)
. (I.8.7)

The gg → ZZ/Zγ∗/γ∗γ∗ → 4f process is generated at LO in QCD. In simulation shown in
Figure 147, the QCD factorization and renormalization scales are chosen to be running as m4`/2 and
NNPDF30 parton structure functions are adopted. In order to include higher-order QCD corrections,
LO, NLO, and NNLO signal cross section calculation is performed using the MCFM and HNNLO pro-
grams [172, 224, 538] for a wide range of masses using narrow width approximation. The ratio between
the NNLO and LO, or between the NLO and LO, values is used as a weight (k -factor). The NNLO
k -factors are applied to simulation as shown in Figure 147. While this calculation is directly applicable
for signal, it is approximate for background. However, the NLO calculation is available [529, 539] for
background for the mass range 2mZ < m4` < 2mt. There is a good agreement between the NLO k -
factors calculated for signal and background, and any differences set the scale of systematic uncertainties
from this procedure.

Two applications of off-shell H(125) simulation are shown in Figure 147. In one case, anomalous
HV V couplings introduce distinct kinematics in the mass range m4` > 2mZ . In the other case, a hypo-
theticalX(mX) resonance interferes with bothH(125) off-shell tail and the gg → 4` background. In all
cases, most general HV V and XV V couplings discussed above are possible. Anomalous coupling pa-
rameterization in terms effective fractions of events follows LHC convention [536,537] and is equivalent
to parameterization in Eq. (I.8.5) with fai = |ai|2σi/Σj |aj |2σj .

I.8.3.g Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
using GOSAM

I.8.3.g.i GOSAM

GOSAM [227, 228] is a package for the automated calculation of one-loop (and tree-level) amplitudes.
It can be used either in standalone mode or as a One Loop Provider (OLP) in combination with a Monte
Carlo program, where the interface is automated, based on the standards defined in Refs. [360, 361].
GOSAM is not a library of pre-computed processes, but calculates the amplitude for the process spec-
ified by the user in a run card on the fly. In the OLP version, the information for the code generation
is taken from the order file generated by the Monte Carlo program. The amplitudes are evaluated us-
ing D-dimensional reduction at integrand level [359, 540, 541], which is available through the reduction
procedures and libraries SAMURAI [542, 543] or NINJA [544, 545]. Alternatively, tensorial reconstruc-
tion [546] is also available, based on the library golem95C [547–549]. The scalar master integrals can
be taken from ONELOOP [550] or QCDLOOP [551].

The GOSAM package comes with the built-in model files sm, smdiag, smehc, sm_complex,
smdiag_complex, where the latter two should be used if complex masses and couplings are present
in the amplitude. Complex masses, stemming from the consistent inclusion of decay widths for unstable
particles at NLO [374], are particularly important for the inclusion of electroweak corrections, which
also can be calculated with GOSAM [552]. The model files smehc contain the effective Higgs-gluon
couplings. It has been used for example in the calculation of the NLO corrections to H+3 jet production
in gluon fusion [230, 553] and in the calculation of HH+2 jet production in both the gluon fusion and
the vector boson fusion channel [449].

Other models can be imported easily, using the UFO (Universal FeynRules Output) [554, 555]
format. This feature has been exploited for example in Refs. [556, 557].

Therefore, GOSAM comprises all the features which are needed to calculate interference effects,
both within and beyond the Standard Model. An example for interference effects within the 2-Higgs-
Doublet Model will be given below.
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Figure 147: Differential cross section of the process gg → ZZ/Zγ∗/γ∗γ∗ → 2`2`′ (where `, `′ = e, µ, or
τ ) as a function of invariant mass m4` generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k -factors) as a function ofm4` are
shown on the top-right plot. The top-left plot shows several scenarios ofH(125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with the a3, a2, and Λ1 terms, as coloured histograms, as
well as the a1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
In this section we discuss the loop-induced processes gg → ZZ and gg → V V (→ e+e−µ+µ−/e+e−νlν̄l)
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we name H1 and H2. The models can be classified into
type I and type II, if we demand no tree-level flavour-changing neutral currents and CP conservation.
By convention [487], the up-type quarks couple to H2. In models of type I, the down-type quarks also
couple to H2, while in type II models, they couple to H1. The coupling to the leptons can either be
through H1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd fieldA and two CP-even
Higgs fields h and H due to CP conservation, as well as two charged Higgs bosons H±. The 2HDM
can be described in different basis representations. We make use of the “physical basis”, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation values tanβ := tanβ = v2/v1
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Table 95: Relative couplings gφf (with respect to the SM coupling) for the two 2HDM types.

Model ghu ghd gHu gHd

Type I cosα/ sinβ cosα/ sinβ sinα/ sinβ sinα/ sinβ
Type II cosα/ sinβ − sinα/ cosβ sinα/ sinβ cosα/ cosβ

and the Higgs mixing angle in the CP-even sector α, or alternatively sβ−α := sin(β − α), are taken as
input parameters. We choose β − α in between −π/2 ≤ β − α ≤ π/2, such that −1 ≤ sβ−α ≤ 1 and
0 ≤ cβ−α ≤ 1. Our scenarios are thus specified by the two angles α and β, which completely determine
the relative couplings (with respect to the couplings of a SM Higgs boson) of the light and the heavy
Higgs boson to quarks and the heavy gauge bosons. They are provided in Eq.(I.8.8) and Table 95 (to-
gether with Eq.(I.8.9) for a decomposition in terms of β − α and β). Moreover, our analysis is sensitive
tomh andmH , whereas it is rather insensitive to the mass of the pseudoscalarmA and the heavy charged
Higgs boson mass m

H
± , as long as they are heavy enough not to open decay modes of the heavy Higgs

H into them and as long as the decay mode H → hh is sub-dominant. The strengths of the Higgs boson
couplings to the gauge bosons V ∈ {W,Z} are given by

ghV = sin(β − α) =: sβ−α, gHV = cos(β − α) =: cβ−α . (I.8.8)

The pseudoscalar has no lowest-order couplings to a pair of gauge bosons. It can in principle contribute
to the considered processes with four fermions in the final state. Because of the suppression of the
Yukawa couplings to leptons, however, these contributions are very small, and thus diagrams involving
the pseudoscalar are not of relevance for our discussion. In case of |sβ−α| = 1 the light Higgs boson
h couples to the gauge bosons with same strength as the SM Higgs boson. In contrast the coupling of
the heavy Higgs boson gHV vanishes according to the sum rule (ghV )2 + (gHV )2 = 1. Of large relevance
for our discussion are the relative couplings of the heavy Higgs boson to bottom-quarks and top-quarks,
which are given by

gHt =
sinα

sinβ
= −sβ−α

1

tanβ
+ cβ−α,

Type I: gHb =
sinα

sinβ
= −sβ−α

1

tanβ
+ cβ−α, Type II: gHb =

cosα

cosβ
= sβ−α tanβ + cβ−α . (I.8.9)

I.8.3.g.ii.1 Details of the calculation

We make use of GOSAM [227,228] to discuss the processes gg → e+e−µ+µ− and e+e−νlν̄l (including
all three neutrino flavours). For a study of the relevance of interference contributions we also consider
the process gg → ZZ, which we generated with the help of FeynArts [558] and FormCalc [559] and
linked to LoopTools [559] for the calculation of the employed one-loop Feynman diagrams. We added
its amplitudes to a modified version [293] of vh@nnlo [292]. It allows to be linked to 2HDMC [560] which
we need for the calculation of the Higgs boson widths Γh and ΓH . In the case of the four lepton final state
we have to sum over all possible intermediate configurations leading to the given final state. This par-
ticularly means that depending on the sub-process, also intermediate W -bosons as well as non-resonant
contributions and photon exchange have to be taken into account. For the numerical integration over
the four particle phase space we have combined the GOSAM amplitudes with the integration routines
provided by MadEvent [561, 562].
It is well-known that the calculation of processes including internal Higgs bosons, in particular if one
includes higher orders, needs a gauge invariant formulation of the Higgs boson propagator. Since we are
working at LO QCD only, a simplistic Breit-Wigner propagator is sufficient for all our purposes. We
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Table 96: 2HDM scenarios considered in our analysis.

Scenario 2HDM type tanβ sβ−α mH ΓH

S1 II 2 −0.995 200 GeV 0.0277 GeV
S2 II 1 0.990 400 GeV 3.605 GeV
S3 I 5 0.950 400 GeV 2.541 GeV
S4 II 20 0.990 400 GeV 5.120 GeV

checked our modified vh@nnlo and our GOSAM implementations against each other for gg → ZZ at
the amplitude level and reproduced parts of the results presented in Ref. [527] for the four leptonic final
state within the numerical uncertainties.
We consider four benchmark scenarios to cover different aspects of a heavy Higgs boson in the phe-
nomenology of a 2HDM, given in Table 96. All scenarios include a light Higgs boson with mass
mh = 125 GeV. We keep the couplings of the light Higgs close to the ones of the SM Higgs by a
proper choice of tanβ and sβ−α. The masses (and widths) of quarks and gauge bosons are set to mt =
172.3 GeV,mb(mb) = 4.16 GeV,mZ = 91.1876 GeV,mW = 80.398 GeV,ΓZ = 2.4952 GeV,ΓW =
2.085 GeV.

Our studies presented here are carried out for the LHC with a centre-of-mass energy of
√
s =

13 TeV. The role of interference effects is a bit less pronounced at 7/8 TeV compared to 13 TeV. We make
use of CT10nnlo [531] as PDF set for the gluon luminosities. Since our calculations are purely performed
at LO the renormalization scale dependence enters through the strong coupling αs only, which we take
from the employed PDF set. We choose the renormalization and factorization scale to be dynamical,
namely half of the invariant mass of the gauge boson system µR = µF = mV V /2, i.e. µR = µF =
m4l/2 in case of the four leptonic final states. It is known to have a small effect on the cross section [503,
563], which we numerically confirm for the processes under consideration. In case of the four lepton
or the two lepton and two neutrino final states, we additionally cut on the transverse momentum and
the pseudorapidity of each lepton l, plT > 10 GeV and |ηl| < 2.7, the R-separation between individual

leptons Rll
′
> 0.1 as well as mll > 5 GeV, where ll is an oppositely charged same-flavour dilepton

pair. For the neutrinos we ask for a total missing transverse momentum of Emiss
T > 70 GeV. The cuts are

inspired by the recent ATLAS analysis carried out in Ref. [564]. One of the most important observables is
certainly the invariant mass distribution of the four leptons as the two Higgs bosons manifest themselves
in Breit-Wigner peaks in this distribution. For the process gg → e+e−µ+µ− this observable m4l is also
experimentally easily accessible due to two electrons and two muons in the final state. In the cases with
neutrinos in the final state the situation is more involved. The invariant mass is no longer an observable
that is experimentally accessible but only a transverse component can be measured. If one is interested in
a heavy Higgs boson that will decay into the four leptons via two intermediate electroweak gauge bosons
a sensible choice is to consider the transverse mass of the underlying two boson system. In our case the
two boson system can be ZZ as well as WW . We therefore define a general transverse mass via [565]

m2
V V,T =

(
ET,ll + ET,νν

)2 −
∣∣~pT,ll + ~pT,νν

∣∣2 , (I.8.10)

with

ET,ll =

√
p2
ll + |~pT,ll|2 , and Emiss

T = ET,νν =
∣∣~pT,νν

∣∣ . (I.8.11)

I.8.3.g.ii.2 Discussion of four fermionic final states

We exemplify the results for the four fermionic final state by discussing the results of scenario S1. Fig-
ure 148 shows the invariant mass distribution of the four leptons for gg → e+e−µ+µ− and the transverse
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Figure 148: (a) Invariant mass distribution for gg → e+e−µ+µ− and (b) transverse mass distribution for gg →
e+e−νlν̄l for scenario S1 at

√
s = 13 TeV.

mass distribution using the definition in Eq.(I.8.10) for the processes involving final state neutrinos. We
distinguish four different contributions. In red, denoted with ’All’, we plot all contributions that lead to
the given final state in the considered scenario. In green, we only plot the contribution from the heavy
Higgs boson, whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the contributions
without any Higgs also contributions of the light Higgs as well as the interference contributions of the
light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg → e+e−µ+µ−, see Figure 148 (a), the two Higgs boson peaks at
m4l = 125 and 200 GeV can be clearly seen. Due to the very small width of the heavy Higgs boson there
is no distortion of the Breit-Wigner shape visible, and also the impact of the interference contribution to
the total height of the peak is rather small. The transverse mass distribution for gg → e+e−νlν̄l shows a
quite different pattern. First of all there is no peak from the light Higgs boson. The reason for this are the
different cuts compared to the process without neutrinos. The requirement of Emiss

T > 70 GeV excludes
this region of phase space. Due to the fact that the four momenta of the neutrinos are experimentally
not accessible one sets ET,νν =

∣∣~pT,νν
∣∣, which ignores the invariant mass of the neutrino system. This

removes the sharp peak of the heavy Higgs boson, which is visible in the invariant mass distribution of
the muon process. Instead of a distinguished peak one obtains a broad distribution. But also here the
contribution of the interference remains small. A second difference compared to the muon process is the
occurrence of a small dip at around mV V,T = 180 GeV in both signal and background. This specific
shape is due to the fact that the total contribution to the process with neutrino final state consists of the
sum of two different sub-processes, namely the one with the electron neutrino and the ones with muon-
and tau neutrino in the final state. Whereas the first sub-process also has contributions from intermedi-
ate W -bosons, this is not the case for the latter sub-processes. The two sub-processes therefore show a
different kinematical behaviour and the sum of the two contributions leads to the given distribution.
For a more detailed discussion of the other scenarios and different observables we refer to Ref. [566].

I.8.3.g.ii.3 Relevance of interference contributions

The interference contributions of the heavy Higgs boson with the light Higgs boson and the background
are significantly enhanced in two cases: Naturally small couplings involved in the signal process increase
the mentioned interferences. This is either of relevance in the decoupling limit of the 2HDM where
sβ−α → 1 and thus the coupling of the heavy Higgs boson to gauge bosons vanishes or through a small
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Figure 149: Partonic cross sections dσX/dmZZ for gg → ZZ in arbitrary units as a function of the invariant mass
mZZ in GeV for scenario (a) S2, (b) S3 and (c) S4 (black: X = |H|2; red, dashed: X = |H|2 + 2Re(H · h); blue,
dot-dashed: X = |H|2+2Re(H ·h)+2Re(H ·B); green, dotted: X = |H|2+2Re(H ·h)+2Re(H ·B)+2Re(h·B)).

coupling of the heavy Higgs boson to top- and/or bottom-quarks. According to Eq. (2) the top-quark
coupling vanishes for a specific value of sβ−α for fixed tanβ. In a 2HDM type I the bottom-quark
coupling vanishes for the same value, such that the cross section σ(gg → H → V V ) gets zero, whereas
in a 2HDM type II the cross section is minimal. Moreover the interferences are found to be large for
an enhanced bottom-quark Yukawa coupling, i.e. large tanβ. Again, for further details we refer to
Ref. [566]. Interferences in the mentioned two cases can help to lift the signal cross section by more than
a factor of 2 and thus enhance the sensitivity of heavy Higgs boson searches.
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I.8.3.g.ii.4 Interferences at high invariant masses

So far we focused on the interference effects between the heavy Higgs and the background as well as the
heavy Higgs and the light Higgs in the vicinity of the heavy Higgs boson resonance, since the interference
between the light Higgs boson and the background can be considered constant in this region. However,
at high invariant masses of the diboson system the interplay between all three contributions h and H and
the background B is of relevance, to a certain extent related to the unitarization of the cross section. In
Figure 149 we plot the differential cross section gg → ZZ as a function of the invariant mass of the
diboson system mZZ up to high masses beyond the heavy Higgs boson resonance. We exemplify the
discussion for the three scenarios S2, S3 and S4. The differences between the coloured curves display
the importance of the different interference terms. Since the figures are obtained for the partonic cross
section and we are interested in the relative effects of the interferences among each other, we do not
display units for dσ/dmZZ . At high invariant masses the interference between the heavy Higgs boson
and the background is negligible, in contrast to the interference of the light Higgs and the heavy Higgs
boson, which remains large and can have either sign. Moreover the smoothly falling interference of the
light Higgs boson and the background comes into the game within a certain window of invariant masses
below 1 TeV. Figure 149 depicts different cases, where the interference h · H is either negative similar
to the interference h · B or leads to a positive contribution to the differential cross section in a region
mZZ ∈ [450 GeV, 1000 GeV]. The latter case is true for scenarios S3 or S4, where a sign change of
the total depicted contribution leads to a dip and a subsequent “peak”-like structure when added to the
background. This structure also appears in the total four particle final state, where the gluon luminosities
further suppress the cross section at high invariant masses. Thus all interferences need to be taken into
account in order to correctly describe the cross section at high invariant masses.

I.8.4 gg → V V at NLO QCD
I.8.4.a The status of theoretical predictions

A good theoretical control of the off-shell region requires the knowledge of higher order QCD correction
for both the signal pp → H → 4l and the SM background pp → 4l processes. At high invariant
masses, the signal gg → H → 4l and the background gg → 4l processes individually grow with energy,
eventually leading to unitarity violations. In the SM, a strong destructive interference between signal
and background restores unitarity in the high energy regime, and its proper modelling is important for
reliable predictions in the off-shell tail. At invariant masses larger than the top threshold m4l > 2mt the
effect of virtual top quarks running in the loops is non negligible and must be taken into account.

The state of the art for theoretical predictions of signal, background and interference is very differ-
ent. For an exhaustive description of the signal cross section we refer the reader to the relevant sections
of this report. As far as perturbative QCD is concerned, the signal is known through NLO with exact
quark mass dependence [99, 136]. NNLO corrections are known as an expansion around the mt → ∞
limit [100, 102, 567], matched to the exact high-energy limit [234] to avoid a spurious growth at high
energies [104, 106]. Very recently, the N3LO corrections became available [96] in the infinite top mass
approximation. They turned out to be moderate, with a best stability of the perturbative expansion
reached for central scale µ = MH/2. So far, results are known as an expansion around threshold, which
is expected to reproduce the exact result to better than a per cent.

We now briefly discuss the status of theoretical description of the background. In the SM, four-
lepton production is dominated by quark fusion processes qq̄ → V V → 4l. Recently, NNLO QCD
corrections were computed for both the ZZ [568] and the WW [569] processes, leading to a theoretical
uncertainty coming from scale variation of a few per cent. In these prediction, the formally NNLO gluon
fusion channel gg → 4l enters for the first time, i.e. effectively as a LO process. At the LHC, it is
enhanced by the large gluon flux and corresponds to roughly 60%(35%) of the total NNLO corrections
to the ZZ(WW ) process. Despite being sub-dominant for pp→ 4l production, the gg → 4l sub-channel
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Figure 1: Representative two-loop diagrams that describe production of vector boson pairs in gluon fusion.

III. CALCULATION OF THE AMPLITUDE

We apply the set-up described in the previous Section to the calculation of gluon-fusion amplitude.

There are 93 non-vanishing two-loop diagrams that contribute to the gg → V V amplitude; some

examples are shown in Fig. 1. We generate the relevant diagrams using QGRAF [21] and process

them with Maple and Form [22]. We compute the contribution of every diagram to the G and

eventually F form factors. At this point, the result is expressed in terms of two-loop tensor integrals.

These integrals can be classified in terms of six different topologies, three of which are planar

and three are non-planar [9, 10]. The tensor integrals are expressed through the master integrals

computed in Refs. [9, 10], using integration-by-parts technology [19, 20]. We employ the program

FIRE [23–25] to achieve this. Combining contributions of different diagrams, we obtain the results

for the eighteen form factors (nine for LL gluon helicity configuration and nine for LR gluon

helicity configuration) that are required to describe all helicity amplitudes for gg → V1V2 process.

We note that, compared to the calculation of qq̄ → V1V2 amplitude, the case of gg → V1V2 requires

more complicated reduction since tensor integrals of a higher rank appear. Nevertheless, FIRE can

successfully deal with this challenge.

As we already mentioned, the helicity amplitudes are expressed in terms of master integrals com-

puted in Refs. [9, 10]. The analytic expressions for these master integrals involve various functions,

including logarithms, polylogarithms of multiple ranks as well as generalized Goncharov polyloga-

rithms. To compute the latter, we use their numerical implementation [26] in the computer algebra

program GiNaC [27]. We note that GiNaC can be called from both Mathematica and Fortran provid-

ing multiple options for the numerical evaluation of the amplitude.

The gg → V1V2 amplitude appears for the first time at one loop; for this reason this amplitude

is ultraviolet and infra-red finite. The two-loop gg → V1V2 amplitude contains at most O(1/ϵ2)

singularities, where ϵ = (4 − d)/2 is the parameter of dimensional regularization. The divergences

of the two-loop gg → V1V2 amplitude can be predicted in terms of the one-loop amplitude using

Figure 150: Representative two-loop diagrams for the gg → 4l process. Leptonic decays of the vector bosons is
assumed.

a) b)

Figure 1: Representative Feynman diagrams for the 0 ! gggZ(! e�e+)Z(! µ�µ+) amplitude.

Double resonant diagrams (a) are relevant for both the on-shell and the off-shell production. Single

resonant diagrams (b) are only relevant for the off-shell production and are not included in our

computation. See text for details.

We write the interaction vertex of the Z-boson and a fermion pair as

Zf̄�µf 2 gL,f
�µ(1 + �5)

2
+ gR,f

�µ(1� �5)

2
, f 2 (l, q). (4)

The left and right couplings for leptons and quarks are given by an identical formula

gL(R),f =
Vf ± Af

cos ✓W

, (5)

where we use i) Vl = �1/2 + 2 sin2 ✓W , Al = �1/2 for charged leptons; ii) Vu = 1/2 �
4/3 sin2 ✓W , Au = 1/2 for up-type quarks; and iii) Vd = �1/2 + 2/3 sin2 ✓W , Ad = 1/2 for

down-type quarks.

The 0! gggZZ scattering amplitude can be written as a sum of two terms

AZZ = g3
sg

4
W

�
Tr [ta1ta2ta3 ] AZZ

123 + Tr [ta1ta3ta2 ] AZZ
132

�
, (6)

with Tr(ta tb) = �ab/2. The two color-ordered amplitudes, stripped of their couplings to

leptons and quarks, are defined as

AZZ
ijk = C�e,eC�µ,µ

�
gZZ

LL ALL
ijk(�i,�j,�k;�e,�µ) + gZZ

RRARR
ijk (�i,�j,�k;�e,�µ)

�
. (7)

In Eq.(7) we introduced

C�,l = DZ(m2
ll) (gL,l��,� + gR,l��,+) , (8)

where DZ(s) is the function related to the Breit-Wigner propagator DZ(s) = s/(s�M2
Z +

iMZ�Z). The couplings gZZ
LL and gZZ

RR are expressed through Z-boson couplings to quarks

7

Figure 151: Representative double (left) and single (right) resonant one-loop diagrams for the gg → 4l + g

process.

is of great importance for off-shell studies. First of all, as we already mentioned there is a strong negative
interference between gg → 4l and gg → H → 4l. Second, the gluon fusion SM background is harder to
separate from the Higgs boson signal.

Computing NLO corrections to gg → 4l is highly non trivial as it involves the knowledge of
complicated two-loop amplitudes with both external and internal massive particles. Parton shower stud-
ies based on merged gg → 4l + 0, 1 jet have been performed for example in [352]. Very recently,
NLO QCD corrections for gg → V V → 4l process were computed in the case of massless quark
running in the loop [529, 570]. This approximation is expected to hold very well below threshold,
m4l < 2mt ∼ 300 GeV. As in the Higgs case, finite top quark effects are known as an expansion
in 1/mt [539]. Going beyond that would require computing two-loop amplitudes which are currently
beyond our technological reach, so the exact result is not expected in the near future.

I.8.4.b Brief description of the NLO computation for gg → 4l

I.8.4.b.i Massless quark contribution
In this section, we briefly report the main details of the gg → V V → 4l NLO QCD computations [529,
570]. Despite being NLO calculations, they pose significant technical challenges. First, complicated two-
loop amplitude are required, see Figure 150 for a representative sample. These amplitudes were recently
computed in [571, 572]. They include decay of the vector bosons and account for full off-shell effects.
For the results in [529,570], the public C++ implementation of Ref. [572] was used. To ensure the result
is stable, the code code compares numerical evaluations obtained with different (double, quadruple and,
if required, arbitrary) precision settings until the desired accuracy is obtained. For a typical phase space
point, the evaluation of all two-loop amplitudes requires about two seconds.

Second, one-loop real emission amplitudes are required, see Figure 151. Despite being only one-
loop amplitudes, they must be evaluated in degenerate soft/collinear kinematics, so they must be nu-
merically stable. For the computations in [529, 570], these amplitudes were computed using a mixture
of numerical [573] and analytical [574] unitarity. As a cross-check, the obtained amplitudes were com-
pared against OpenLoops [247] for several different kinematic points. Possible numerical instabilities are
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Figure 152: Top quark mass contribution to gg → ZZ → 4l at LO. Left: comparison between the exact result
(blue) and the approximation where the top quark contribution is omitted and the bottom quark is considered
massless (see [529] for details). Right: ratio between the exact and approximate results for the central scale
µ = m4l/2. See text for details.

cured by increasing the precision of the computation. The typical evaluation time for a phase space point,
summed over colour and helicities, is about 0.1 seconds. Also in this case, full decay of the vector bosons
into leptons/neutrinos and off-shell effects are understood. Note that the latter involve single-resonant
diagrams, see Figure 151(right). Arbitrary cuts on the final state leptons/neutrinos (and additional jet)
are possible. In the computations [529,570], interference between WW and ZZ mediated processes for
2l2ν final states are neglected. They are expected to be irrelevant in the experimental fiducial regions.
Full ZZ/γγ interference effects are included.

In [529, 570], contributions coming from qb → V V q mediated by closed fermion loops were not
included. This is because at O(α3

s) there are several other contributions to the qg channel other than
one-loop squared amplitudes, which in principle are not sub-dominant. Neglecting these channels is
fully justified in the large gluon approximation of [529, 570]. Residual factorization scale uncertainties
are expected to give an estimate of the impact of neglected channels.

In the ZZ computation [529], the top quark contribution is neglected and the bottom quark is
considered massless (see [529] for more details). This approximation is expected to work at the 1% level
for the total gg → ZZ cross-section, but it is not reliable in the high invariant mass regime. To quantify
this, in Figure 152 we compare at LO the full massive computation with the approximation [529]. From
the figure it is clear that below the top threshold the approximation [529] is essentially exact, while above
the top quark contribution becomes rapidly important. The relative size of the top quark contribution is
quantified in the right panel of Figure 152, where

RLO
tb (m4l) ≡

dσLO
t,b /dm4l

dσLO
no−t/dm4l

∣∣∣∣∣
µr=µf=m4l/2

. (I.8.12)

For the WW case, in the calculation [570] both the top and the bottom quark contributions are omitted.
At LO, top/bottom contributions account for O(10%) of the total gg →WW cross section.

I.8.4.b.ii Finite top quark effects
The effect of finite top quark mass in gg → ZZ at NLO was investigated in [539]. Similar to what is
done in the Higgs case, the authors performed the computation as an expansion in the mt → ∞ limit.
The first two non trivial terms in the expansion were kept, which allowed for a reliable description of the
top quark contribution up to invariant masses of order m4l ∼ 300 GeV. In this computation, only the
total gg → ZZ cross-section was considered, although this should be enough to have a rough estimate of
the size of the mass effects. The result on the NLO corrections, compared to the signal case, are shown
in Figure 153. For these results, the Higgs boson signal is computed in the mt →∞ limit as well. Also,
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Figure 153: K−factors for signal and background, in the heavy top expansion. Both LO and NLO contributions
are computed with NLO PDFs and αs. See text for details.

compared to the K-factor defined in [539], here we used NLO PDFs and αs evolution for both the LO
and the NLO contributions. The band represent scale variation uncertainty, obtained from a factor of two
variation around µ0 = m4l/2.

Close to the ZZ threshold, the background 1/mt expansion is expected to be accurate within
O(20%) [539]. Signal and K−factors are of the same order of magnitude, in agreement with what
expected from soft gluon approximations [575]. Below the top threshold, the precision on the approxi-
mation [539] can be systematically improved by computing more terms in the 1/mt expansion. Above
the top threshold m4l ∼ 300 GeV, the expansion [539] alone is no longer reliable. Since the full com-
putation is not available, the expansion could be improved along two directions. In principle, it could
be matched against the exact high energy behaviour. While this does not pose any conceptual chal-
lenge, the computation of the high energy limit is technically more involved than in the Higgs case and
it is presently unknown. A second option would be to rescale by the exact LO and hence consider and
expansion for the K−factor, for which the 1/mt expansion should be better behaved.

I.8.4.c Results and recommendation for the gg (→ H)→ ZZ interferenceK-factor

As explained in the previous section, exact predictions valid up to high ∼ 1 TeV invariant masses are
only known at NLO for the gg → H → 4l signal and LO for the gg → 4l background. However, several
indications point towards sizeable higher order corrections, both for signal and background. In this
section we study this issue and present a possible practical recommendation for the signal, background
and interference K−factors.

We start by describing the setup used for the results presented in this section. LO and NLO results
are both obtained with NLO PDFs and αs. In principle, one could envision using LO PDFs (and αs) for
the LO results, and this would in general lead to smaller corrections, with reduced shape dependence.
However, since PDFs fits are still dominated by DIS data, the LO gluon distribution is almost entirely
determined by DGLAP evolution. The large LO gluon flux hence is artificially driven by the large NLO
DISK−factor and it is not reliable. Until LO gluon PDFs are obtained by fitting hadronic data, using the
NLO gluon distribution is preferable, see the PDFs section of this report for more details. NNLO PDFs
could be used as well, since the gg → 4l process enters at NNLO in the qq̄ → 4l computation. However,
here we are mostly interested in interference effects, so for consistency with the Higgs case we use NLO
PDFs for NLO signal, gg → 4l background and interference.

Regarding the scale choice, it is well known that for Higgs boson production an optimal choice
would be µ ∼ MH/2 [100]. Theoretically, it is justified both by all-order analysis of the Hgg form
factor and by the fact that the average p⊥ of the Higgs boson is ∼ MH/2. Empirically, a much better
convergence is observed with this scale choice, as well as a reduced impact of resummation effects [93].
For off-shell studies, this translates into choosing as a central scale half of the virtuality of the Higgs



256 I.8.4. gg → V V at NLO QCD

PDF4LHC15, 13 TeV
µR = µF = {1/2, 1, 2} ×m4l/2

K
n
o
−
t

g
g
→

4
l

L
H
C

H
ig
gs

X
S
W
G

2
01

6

m4l [GeV]

LO
NLO/LO

0.5

1

1.5

2

2.5

3

180 300 400 600 700 800 900500 1000

PDF4LHC15, 13 TeV
µR = µF = {1/2, 1, 2} ×m4l/2

K
t,
b

H

L
H
C

H
ig
gs

X
S
W
G

2
01

6

m4l [GeV]

LO
NLO/LO

NNLOeff/NLO

0.5

1

1.5

2

2.5

3

180 300 400 600 700 800 900500 1000

Figure 154: Left: NLO K-factor for gg → 4l background, massless quark contribution. Right: K-factor for
gg → H → 4l signal. NLO with full mass dependence, NNLO in the HEFT approximation. See text for details.

boson, i.e. µ = m4l/2. Since most of the above consideration are only based on the colour flow of the
process, they also apply for the background and interference scale choice. Incidentally, we note that this
was also the preferred choice for the NNLO pp→WW/ZZ computations [568, 569].

In the region m4l < 2mt, precise results exist for both the signal and the background. In more
detail, NNLO results for the signal can be obtained from [104,106]. For the background, NLO contribu-
tions from massless quarks can be obtained using [529]I.52 while top quark contributions can be obtained
from [539]. In principle, these results could be used to obtain a NLO prediction for the interference.
However, this calculation has not been performed yet. Given the similarity of signal and background
K−factors, until a better computation is available the interference K− factor can be obtained as the ge-
ometric average of the signal and background K− factors. Scale variation uncertainties should account
for missing higher order in the perturbative expansion. Alternatively, we note that even with our scale
choice the signal still exhibits a non negligible NNLO K−factor, and it is not unreasonable to expect
a similar K−factor also for the background [575]. One may then apply the signal NNLO K−factor to
the background as well, and take the difference between NNLO and NLO as a conservative estimate of
perturbative uncertainties.

In the high invariant mass regionm4l > 2mt, it is not possible at this stage to provide a full NNLO
(NLO) theoretical prediction for the signal (background), since exact heavy quark mass effects at NLO
are unknown. In the following, we investigate signal and background K−factors in this region making
different assumptions for missing top quark contributions. First, we compare in Figure 154 results for
signal – with full top and bottom mass dependence through NLO – and background neglecting top quark
contributions, as described in the previous sections and in [529]. For reference, we also show the effect
of NNLO QCD corrections (computed with NNLO PDFs and αs, and in the heavy-top approximation).
This figure shows that signal and background K-factors are similar throughout the whole invariant mass
spectrum considered here.

To quantify the effect of the missing top quark contribution in the background, we study two
extreme approaches. First, we assume that the K−factor for massive and massless contributions is
identical. Given their similarity in the low-mass region, we believe this assumptions to be reasonable.
This leads to the K-factor shown in Figure 154 (see also Eq. I.8.12)

Kgg→4l =
dσLO

t,b /dm4l +RLO
t,b d∆σNLO

no−t/dm4l

dσLO
t,b /dm4l

=
dσLO

no−t/dm4l + d∆σNLO
no−t/dm4l

dσLO
no−t/dm4l

= Kno−t
gg→4l.

(I.8.13)
Second, we use full mass dependence in the LO contribution and only add NLO corrections for massless
quarksI.53

I.52A numerical code for background predictions should be made public soon.
I.53Note that this second approach is rather unrealistic, as it assumes no interference between LO massive amplitudes and
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Figure 155: Comparison of different ways of treating quark mass effects at higher orders. Left: assume identical
correction to massive and massless contributions. Right: assume zero corrections for massive contributions. See
text for details.

K̃gg→4l =
dσLO

t,b /dm4l + d∆σNLO
no−t/dm4l

dσLO
t,b /dm4l

. (I.8.14)

A comparison between K Eq. I.8.13 and K̃ Eq. I.8.14 is shown in Figure 155. Up to invariant masses
m4l ∼ 500 GeV the two results are in good agreement, while they differ significantly at higher mass.
The spread of these two results is a way to probe the uncertainty due to unknown mass effects.

Summarizing, for background predictions in the high invariant mass region we suggest to use ex-
act LO multiplied by the massless K-factor Eq. I.8.13. The spread shown in Figure 155 may be used
as a way to estimate the uncertainty of this procedure until a better computation becomes available. As
for low invariant mass region, the interference K-factor is then determined as geometric mean of signal
and background K-factors. Alternatively, given the similarity of signal and background K−factors and
the size of uncertainties a simpler alternative – until more precise theoretical predictions are available –
would be to assume the same K-factor for signal and background, and assign to it a systematic uncer-
tainty which covers the effects described above. Note that both these approaches lead to a smooth inter-
ference K−factor over the whole m4l spectrum, with an uncertainty increasing at large invariant masses
to reflect the effect of unknown top quark mass effects. While this report was finalized, Refs. [576, 577]
appeared. The results for the NLO corrections to the signal-background interference presented there
support the approach advocated in this section.

I.8.5 H → γγ mode
In this section we will review the status of the theoretical and experimental treatments of the interference
term between the gg → H → γγ and gg → γγ.

The natural width of the Higgs boson is an important physics property that could reveal new
physics in case of disagreement between the prediction and the measured values. Direct measurements
of the Higgs boson widths are not possible, as the experimental mass resolution is significantly larger
than the expected width. The mass resolution of the γγ system is about 1.7 GeV for mγγ = 125 GeV,
400 times larger than the natural width. Measurements of coupling strengths paired with limits on the
invisible branching fraction indirectly constrain the width to close to its SM value [578], but this strategy
cannot take into account unobserved (but not truly invisible) decay modes.

A new method as introduced by Dixon, Li, and Martin [511,512], allows to extract an indirect limit
on the Higgs boson width using the interference of the H → γγ signal with respect to the continuum
diphoton background (gg → γγ box diagrams). This interference has two parts.

NLO massless ones. We consider it here only as a way to estimate possible top quark effects in a conservative way.
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1. An imaginary component reduces the total signal yield by 2−3%. Because this effect is degenerate
with the coupling (signal strength) measurements, it is only measurable using constraints on the
production rates from other channels.

2. The real component is odd around the Higgs boson mass and does not change the yield. However,
when folded with the experimental resolution, it engenders a negative shift in the apparent mass.

In the SM, this shift was originally estimated using a simplified resolution model to be approximately 80
MeV [512], and for a width 20 times larger than the SM value, the shift was estimated to approximately
400 MeV.

In this section, we will review the latest developments on theoretical calculations, available MC
tools, as well as experimental analyses from ATLAS and CMS collaborations.

I.8.5.a Theory overview
The Higgs boson is dominantly produced by gluon fusion through a top quark loop. Its decay to two
photons, H → γγ, provides a very clean signature for probing Higgs boson properties, including its
mass. However, there is also a large continuum background to its detection in this channel. It is important
to study how much the coherent interference between the Higgs boson signal and the background could
affect distributions in diphoton observables, and possibly use it to constrain Higgs boson properties.

The interference of the resonant process ij → X + H(→ γγ) with the continuum QCD back-
ground ij → X + γγ induced by quark loops can be expressed at the level of the partonic cross section
as:

δσ̂ij→X+H→γγ = −2(ŝ−m2
H)

Re
(
Aij→X+HAH→γγA∗cont

)

(ŝ−m2
H)2 +m2

HΓ2
H

−2mHΓH
Im
(
Aij→X+HAH→γγA∗cont

)

(ŝ−m2
H)2 +m2

HΓ2
H

, (I.8.15)

where mH and ΓH are the Higgs boson mass and decay width, and ŝ is the partonic invariant mass. The
interference is written in two parts, proportional to the real and imaginary parts of the Higgs Breit-Wigner
propagator respectively, to which will be referred to as the real and imaginary part of the interference
from now on.

The real part interference is odd in ŝ around the Higgs boson mass peak, and thus its effect on the
total γγ rate is subdominant as pointed out in ref. [579, 580]. The imaginary part of the interference,
depending on the phase difference between the signal and background amplitudes, could significantly
affect the total cross section. However, for the gluon-gluon partonic subprocess, it was found that the
loop-induced background continuum amplitude has a quark mass suppression in its imaginary part for
the relevant helicity combinations, making it dominantly real, therefore bearing the same phase as the
Higgs boson production and decay amplitudes [580]. As a result, the contribution of the interference to
the total cross section in the gluon fusion channel is highly suppressed at leading order (LO). The main
contribution of the interference to the total rate comes from the two-loop imaginary part of the continuum
amplitude gg → γγ, and only amounts to around 3% of the total signal rate [579].

Later, in ref. [511] it was shown that even though the real part of the interference hardly contributes
to the total cross section, it has a quantifiable effect on the position of the diphoton invariant mass
peak, producing a shift of O(100 MeV) towards a lower mass region, once the smearing effect of the
detector was taken into account. In ref. [581], the qg and qq̄ channels of this process were studied,
completing the full O(α2

S) computation of the interference effects between the Higgs diphoton signal
and the continuum background at the LHC. Note that the extra qg and qq̄ channels involve one QCD
emission in the final states, but the corresponding background amplitudes start at tree level, and therefore
the relevant interference is of the same order as the LO gg channel in which the background amplitude is
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NLO (gg):
+

+ +

LO (gg): H LO (qg):

Figure 156: Representative diagrams for interference between the Higgs boson resonance and the continuum in
the diphoton channel. The dashed vertical lines separate the resonant amplitudes from the continuum ones.
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Figure 157: Diphoton invariant mass Mγγ distribution for pure signal (left panel) and interference term (right
panel) after Gaussian smearing.

induced by a quark loop. The extra LO qg interference is depicted by the top right diagram in Figure 156,
and the qq̄ channel is related by cross symmetry. It was found that the contribution from the qq̄ channel
is numerically negligible due to the quark PDF suppression.

More recently, the dominant next-to-leading order (NLO) QCD corrections to the interference
were calculated in ref. [512], where the dependence of the mass shift on the acceptance cuts was also
studied. The left panel of Figure 157 shows the Gaussian-smeared diphoton invariant mass distribution
for the pure signal at both LO and NLO in QCD. Standard acceptance cuts were applied to the photon
transverse momenta, phard/soft

T,γ > 40/30 GeV, and rapidities, |ηγ | < 2.5. In addition, events were dis-
carded when a jet with pT,j > 3 GeV was within ∆Rγj < 0.4 of a photon. The scale uncertainty bands
were obtained by varying mH/2 < µF , µR < 2mH independently. For NLO, an additional qg process
was included, where the background is induced by a quark loop as shown in the bottom right diagram
of Figure 156; this is required as part of NLO gg channel to cancel the quark to gluon splitting in PDF
evolution and reduces dependence on the factorization scale µF . As a result, the scale uncertainty bands
come mostly from varying the renormalization scale µR.

The right panel of Figure 157 shows the corresponding Gaussian-smeared interference contribu-
tions. Each band is labelled according to Figure 156. The destructive interference from the imaginary
part shows up at two-loop order in the gluon channel in the zero mass limit of light quarks [579]. It
produces the offset of the NLO gg curve from zero at Mγγ = 125 GeV.

Figure 158 shows the study of the mass shift dependence on a lower cut on the Higgs boson
transverse momentum pT > pT,H . This strong dependence could potentially be observed experimentally,
completely within the γγ channel, without having to compare against a mass measurement using the
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Figure 158: Apparent mass shift for the SM Higgs boson versus the lower cut on the Higgs boson transverse
momentum, pT > pT,H .

only other high-precision channel, ZZ∗I.54. Using only γγ events might lead to reduced experimental
systematics associated with the absolute photon energy scale. The pT,H dependence of the mass shift was
first studied in ref. [582]. The dotted red band includes, in addition, the continuum process qg → γγq
at one loop via a light quark loop, a part of the full O(α3

s) correction as explained above. This new
contribution partially cancels against the tree-level qg channel, leading to a larger negative Higgs boson
mass shift. The scale variation of the mass shift at finite pT,H is very small, because it is essentially a
LO analysis; the scale variation largely cancels in the ratio between interference and signal that enters
the mass shift.

Due to large logarithms, the small pT,H portion of Figure 158 is less reliable than the large pT,H
portion. In using the pT,H dependence of the mass shift to constrain the Higgs boson width, the theo-
retical accuracy will benefit from using a wide first bin in pT . One could take the difference between
apparent Higgs boson masses for γγ events in two bins, those having pT above and below, say, 40 GeV.

The Higgs boson width in the SM is ΓH,SM = 4.07 MeV, far too narrow to observe directly at the
LHC. In global analyses of various Higgs boson decay channels [583–585], it is impossible to decouple
the Higgs boson width from the couplings in experimental measurements without a further assumption,
because the Higgs boson signal strength is always given by the product of squared couplings for Higgs
boson production and for decay, divided by the Higgs boson total width ΓH . Typically, the further
assumption is that the Higgs boson coupling to electroweak vector bosons does not exceed the SM value.
However, as was also pointed out in ref. [512], the apparent mass shift could be used to bound the value
of the Higgs boson width. This is because the interference effect has different dependence on the Higgs
boson width, allowing ΓH to be constrained independently of assumptions about couplings or new decay
modes in a lineshape model. Such a measurement would complement more direct measurements of the
Higgs boson width at future colliders such as the ILC [586,587] or a muon collider [588,589], but could
be accomplished much earlier.

Using µγγ to denote the ratio of the experimental signal strength in gg → H → γγ to the SM
prediction (σ/σSM), the following equation can be set up,

c2
gγS

mHΓH
+ cgγI =

(
S

mHΓH,SM
+ I

)
µγγ , (I.8.16)

where cgγ = cgcγ is the rescaling factor to be solved to preserve the signal yield when the Higgs boson
width is varied. Once the relation between the cgγ and the Higgs boson width ΓH is obtained, it can be
used to determine the size of the apparent mass shift as a function of ΓH . Neglecting the interference

I.54The mass shift for ZZ∗ is much smaller than for γγ, as can be inferred from Figure 17 of ref. [501], because H → ZZ
∗

is a tree-level decay, while the continuum background gg → ZZ
∗ arises at one loop, the same order as gg → γγ.
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Figure 159: Higgs boson mass shift as a function of the Higgs boson width. The coupling cgγ has been adjusted
to maintain a constant signal strength, in this case µγγ = 1.

contribution I to the total rate, and assuming µγγ = 1, the mass shift was found to be proportional to

the square root of the Higgs boson width, δmH ∝
√

ΓH/ΓH,SM, given that the width is much less than
the detector resolution. Figure 159 plots the mass shift with µγγ = 1 and a smearing Gaussian width of
1.7 GeV. It is indeed proportional to

√
ΓH up to small corrections. If new physics somehow reverses the

sign of the Higgs diphoton amplitude, the interference I would be constructive and the mass shift would
become positive.

In ref. [590] it was proposed to use another γγ sample to determine the Higgs boson resonance
peak, in which the two photons were produced in association with two jets. Although this process is
relatively rare, so is the background, making it possible to obtain reasonable statistical uncertainties on
the position of the mass peak in this channel despite the lower number of events. The production of a
Higgs boson in association with two jets is characteristic of the Vector Boson Fusion (VBF) production
mechanism. While, in general terms, VBF is subdominant with respect to GF, it has a very different
kinematical signature and can be selected through an appropriate choice of the experimental cuts. From a
theoretical point of view, the VBF production mechanism has the additional advantage that perturbative
corrections are much smaller than for GF (see e.g. ref. [263]). The effect of the signal-background
interference for both the GF and VBF production mechanisms were studied, and the relevant diagrams
are given in Figure 160. There are two kinds of backgrounds amplitudes, each of QCD and EW origin.
It turns out that the interferences between GF signal and EW background or VBF signal and QCD
background are highly suppressed by QCD colour factors, and therefore only the remaining combinations
are shown in the first two diagrams of Figure 160. In addition, the interference with loop-induced QCD
background, as given in the third diagram of Figure 160, was also considered, since it is enhanced by
large gluonic luminosity at the LHC.

In Figure 161 the values of the apparent mass shift δmH obtained for different cuts on the differ-
ence in pseudorapidities between the jets |∆ηjj | are shown. The contributions from VBF and GF are
presented separately, as well as the total shift. At the bottom of the plot, the total integrated signal is
shown, also separated into VBF and GF contributions for the same cuts. For this plot no cut in pT,H was
applied, and only events with the invariant mass of the dijet system Mjj > 400 GeV were considered.
When no cut in |∆ηjj | is applied, the shift in the Higgs boson invariant mass peak position produced by
these two main production mechanisms is of the same magnitude, but of opposite sign; hence one ob-
serves a partial cancellation between them, with a net shift of around−6 MeV. As the value of |∆ηjj |min
is increased, VBF becomes the dominant contribution, and GF becomes negligible, leading to a shift of
around 20 MeV toward lower masses.

Next, the dependence of the mass shift on pmin
T,H was studied. In Figure 162 the mass shift and

the signal cross section for a range of pmin
T,H between 0 GeV and 160 GeV is presented. The curves
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Figure 160: Examples of the Feynman diagrams computed for the calculation. The vertical dotted line separates
signal from background. Above, the VBF signal and EW background contributions; in the middle the GF signal
with tree level QCD mediated background; below, gluon-initiated signal, with the corresponding loop-induced LO
background.
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Figure 161: Top: Plot of mass shift δmH for different values of |∆ηjj |min. The dashed blue line represents the
contribution from the VBF mechanism alone, the dotted red line shows GF only, and the solid black line displays
the total shift of the Higgs boson invariant mass peak. Bottom: Total integrated signal cross section, also separated
into VBF and GF contributions for the same cuts. No cut on pmin

T,H was applied, and an additional cut was set of
Mjj > 400GeV.
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Figure 162: Top: Plot of mass shift δmH for different values of pmin
T,H for VBF, GF and total contributions. The

curves are labelled as in Figure 161. Bottom: Total integrated signal, also separated into VBF and GF contributions
for the same cuts. The following additional cuts were applied: Mjj > 400 GeV and |∆ηjj | > 2.8.

are labelled in the same way as in Figure 161. Once again, both production mechanisms contribute to
the shift in invariant mass with opposite signs. For this plot, additional cuts in Mjj > 400 GeV and
|∆ηjj | > 2.8 were applied, enhancing in this way the VBF contributions. However, at higher pmin

T,H , GF
becomes as important as VBF.

As has already been mentioned, the shift in the Higgs boson invariant mass peak in pp → H(→
γγ)+2 jets + X is considerably smaller than in the inclusive channel pp→ H(→ γγ) + X . For appro-
priate cuts it can be almost zero. This makes it useful as a reference mass for experimental measurement
of the mass difference,

∆mγγ
H ≡ δm

γγ, incl
H − δmγγ,VBF

H , (I.8.17)

where δmγγ, incl
H is the mass shift in the inclusive channel, as computed at NLO in ref. [512], and

δmγγ,VBF
H is the quantity computed in ref. [590]. In computing δmγγ,VBF

H for use in eq. (I.8.17) the basic
photon and jet pT and η cuts were imposed, and also Mjj > 400 GeV, but no additional cuts on pT,H or
∆ηjj were applied. This choice of cuts results in a small reference mass shift and a relatively large rate
with which to measure it.

The lineshape model of ref. [512], as introduced earlier for the gg → γγ inclusive process, was
used in ref. [590] to compute the mass shift for the VBF process. It is in a way relatively independent
of the new physics that may increase ΓH from the SM value. The couplings of the Higgs boson to other
SM particles must be modified if the Higgs boson width is varied, in order to be consistent with the
Higgs boson signal strength measurements already made by the LHC, and prevent the total cross section
from suffering large variations. Here, the deviation from SM coupling is described by a rescaling factor
cV γ = cV cγ , similar to cgγ in the γγ inclusive case, which is adjusted for different values of ΓH to
maintain the Higgs boson signal strength near the SM value.

Figure 163 shows how the observable ∆mγγ
H depends on the value of the Higgs boson width. The

dependence is proportional to
√

ΓH/ΓH,SM to a very good accuracy, as dictated by the linearity of the
produced shift in cgγ or cV γ (in the range shown). It is dominated by the mass shift for the inclusive
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Figure 163: Plot of measurable mass shift ∆mγγ
H defined in eq. (I.8.17), as a function of ΓH/ΓH,SM.

sample [512]. As was stated before, the main theoretical assumption was that the couplings of the Higgs
rescale by real factors, and the same rescaling for the Higgs boson coupling to gluons as for its coupling
to vector boson pairs was assumed; this assumption could easily be relaxed, to the degree allowed by
current measurements of the relative yields in different channels. The strong dependence the shift shows
on the Higgs boson width might allow LHC experiments to measure or bound the width.

I.8.5.b Monte Carlo interference implementations
An overview of the Monte Carlo tools available to describe the Higgs lineshape and the signal-background
interference is presented in this section. A first study using these tools is also presented.

I.8.5.b.i Available Tools: Sherpa 2.2.0 with DIRE parton shower
The calculations of [512, 590] have been implemented in Sherpa 2.2.0. Parton showers have been used
for more than three decades to predict the dynamics of multi-particle final states in collider experi-
ments [591, 592]. Recently, a new model was proposed [593], which combines the careful treatment
of collinear configurations in parton showers with the correct resummation of soft logarithms in colour
dipole cascades [594–597]. Following the basic ideas of the dipole formalism, the ordering variable is
chosen as the transverse momentum in the soft limit. The evolution equations are based on the parton
picture. Colour-coherence is implemented by partial fractioning the soft eikonal following the approach
in [249], and matching each term to the double logarithmically enhanced part of the DGLAP splitting
functions. Enforcing the correct collinear anomalous dimensions then determines all splitting kernels to
leading order.

I.8.5.b.ii Exercise with DIRE parton shower
This sensitivity study follows the basic search strategy exploited in the past by both the CMS and ATLAS
experiments for what concerns the H → γγ search [1, 598]. The study is performed only at generator
level assuming only gluon fusion production mode (GGH). The parton shower model assumed is the one
described in Section I.8.5.b.i. Two isolated photons fulfiling loose identification criteria are selected and
required to be within the the detector acceptance of |η| < 2.5 and the leading (subleading) photon must
have pT1 > 40 GeV and pT2 > 30 GeV. The diphoton invariant mass distribution is constructed from
these photons and required to be in the [110 − 150] GeV energy range. Figures 164 and 165 show the
transverse momentum distributions obtained for the two photons after the selection.

Figures 166 and 167 show the transverse momentum and the pure invariant mass of the diphoton
system assuming no interference effect. Finally Figures 168 and 169 show the diphoton mass shapes for
only the interference term and for the signal+interference cross–section. Interference effect is considered
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Figure 164: Transverse momentum distribution of the leading photon of theH → γγ process produced via gluon
fusion.

Figure 165: Transverse momentum distribution of the subleading photon of the H → γγ process produced via
gluon fusion.

between the H → γγ resonant process and the non resonant diphoton production. A convolution of
the pure cross–section shape with a gaussian model can be applied to simulate the effects of the limited
resolution of the detector in the photon energy measurement. Different values for the energy resolution
(the σ of the gaussian function) can be assumed to fold the generator shape. Figure 170 shows the
effect of the resolution smearing on the interference term assuming resolution values in the range [1.2-
2.2] GeV. A realistic energy resolution value of 1.7 GeV is eventually assumed before comparing the
shapes of the pure signal term and of the signal + interference terms in order to evaluate the relative shift
introduced by the interference term itself. Figures 171 and 172 show this effect. In this case the shift is
evaluated by fitting the two distributions with a gaussian function and taking the difference of the fitted
mean values of the two models. The inclusive shift obtained is equal to ∆m = −89 MeV. The trend of
this shift varying the assumption on the value of the energy resolution is also shown in Figure 173. The
uncertainties associated to the shifts come only from the statistical propagation of the errors on the fit
parameters. As outlined in Section I.8.5.a the effect of the shift depends strongly upon the minimum
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Figure 166: Diphoton transverse momentum distribution for pure H → γγ signal produced via gluon fusion.

Figure 167: Diphoton invariant mass distribution for pure H → γγ signal produced via gluon fusion.

threshold applied on the transverse momentum of the diphoton system. Figure 174 reproduces the results
shown in Section I.8.5.a showing that the greater the requirement on the minimum value of the diphoton
momentum, the smaller the shift in the mass peak position. Additional studies are ongoing in order to
evaluate the dependence of the shift upon the natural width of the Higgs.

I.8.5.c Studies from ATLAS
This section documents the studies by the ATLAS collaboration I.55.

I.8.5.c.i Interference impact on the Higgs boson mass
A recent study has been conducted by ATLAS [599] to give a realistic estimate of the impact of the
interference term on the Higgs boson mass measured in the h→ γγ channel [600]. Sherpa 2.0 is used to
generate the gg → H → γγ signal samples as well as samples corresponding to the interference between

I.55Contact: C. Becot, F. Bernlochner, L. Fayard, S. Yuen
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Figure 168: Pure interference term of the diphoton production cross–section.

Figure 169: Total cross–section (signal+interference terms) distribution of the diphoton production. Signal refers
to the H → γγ process produced via gluon fusion.

this signal and its irreducible background, which is achieved using weighted events. The invariant mass
spectrum of the di-photon system produced by these samples may be seen in Figure 175 for a specific
category used in the ATLAS mass measurement. This generation has been done for a Higgs boson mass
of mH = 125 GeV and a Higgs boson width of ΓH = 4 MeV. The NLO computation implemented in
Sherpa 2 is matched to the CSS parton shower [355], which accounts for additional QCD radiations in
the initial state. In order to give the best description of the interference and signal pT spectra the be-
haviour of the shower has been tuned so that the Higgs boson signal pT distribution generated by Sherpa
matches the one generated by HRes 2.0 [223] as well as possible. This has been done by modifying the
shower parameter CSS_IS_AS_FAC which modifies the energy at which the strong coupling constant
is evaluated during the parton-shower evolution. The best agreement between the two distributions is
obtained for CSS_IS_AS_FAC = 1.5. This tuning is also applied for the generation of the interference
term. After generation, the di-photon mass is smeared according to the signal model derived in [600]
which is dominated by a Crystal-Ball component. In order to reproduce the experimental efficiencies,
the Monte-Carlo weights are folded by multiplicative weights that have the values of these efficiencies.
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Figure 170: Interference cross–section term smeared assuming different values for the energy resolution in the
range [1.2-2.2] GeV.

Figure 171: Pure signal and signal + interference shapes after applying a gaussian energy smearing of 1.7 GeV
to simulate detector resolution effects. Red distribution corresponds to the pure H → γγ process while the blue
distribution includes the interference effect. Cross–section distributions are fitted with a gaussian function. Results
of the fit are shown on the plot with the corresponding colours.

Figure 172: This figure shows the same results of Figure 171 with a zoom around the peak region, applied to
better visualize the shift introduced by the interference effect. The inclusive shift obtained is equal to ∆m = −89

MeV.
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Figure 173: Shift in the mass peak position as a function of the energy mass resolution assumed. The smearing
resolution being fixed, both the signal only and the signal+interference cross–section distributions are fitted with a
gaussian function. The smearing is evaluated by the difference of the mean values for the two gaussian functions.
The uncertainties associated with the shifts comes only from the statistical propagation of the errors on the fit
parameters.

Figure 174: Shift in the mass peak position as a function of the minimum requirement on the diphoton transverse
momentum. The smearing resolution being fixed, both the signal only and the signal+interference cross–section
distributions are fitted with a gaussian function. The smearing is evaluated by the difference of the mean values for
the two gaussian functions. The uncertainties associated to the shifts comes only from the statistical propagation
of the errors on the fit parameters.
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Figure 175: Mass distribution generated by the signal and interference term, as well as their sum, for a spe-
cific category of the ATLAS mass measurement (category no. 5). For illustrative purpose the magnitude of the
interference-only term has been multiplied by 10.

The background is determined from a fit to data, as is usually done is the construction of the
’Asimov’ dataset [601] and is therefore not subject to consideration on the physics modelling. In order
to improve the analysis performances the mass measurement is carried out in event categories that are
afterwards combined [600], and the actual shape used for this fit of the background depends on the actual
category of events and are the same than those used in [600]. The additional production mechanisms
with associated objects (vector-boson fusion, Higgs-strahlung and tt̄H) are added by a re-scaling of the
cross-section of the signal samples. As they have kinematical properties that differ from the main gluon-
fusion production mechanism (and especially a different pT spectrum), the templates determined in each
category are rescaled separately using the fraction of gluon-fusion events of this particular category.

Two ’Asimov’ datasets are then determined: one that contains only the signal and background
templates, and another one that contains the same contributions plus the interference template. Each of
these datasets contains one template for each of the ten categories used in [600]. The best-estimate of
the Higgs boson mass is obtained separately on each of these datasets with a maximum-likelihood fit
that uses the statistical model derived in [600], which is based on the signal and background models
described above. The Higgs boson mass shift is then estimated as the signed difference between the two
dataset ∆mH = mS+B+I

H −mS+B
H and has been estimated to be of ∆mH = −35 MeV.

In order to assess that the Monte-Carlo samples are sufficiently large to give a negligible statistical
uncertainty on ∆mH , four equivalent signal and interference samples have been generated with different
random seeds. The mass shift has been determined separately on each of these, giving a variance of
less than 1 MeV. The imperfect closure of the estimate of the mass on the signal-plus-background only
sample has been added as a systematic uncertainty. The choice the actual background shape used has
also been considered and added as an uncertainty. Both of these systematic uncertainties are at the level
of 3 MeV.

Theoretical uncertainties have been estimated by varying the signal and background K-factors
as well as the QCD scales involved in this problem. For the main result the signal K-factor KS was
set to KS = 1.45, which effectively rescales the signal prediction from Sherpa to the NNLO+NNLL
signal cross-section. This factor has been varied by ±0.1, which accounts for PDF and αS uncertainties.
Ideally the background K-factor KB would rescale the background cross-section to the same order than
the signal (NNLO), however no computation of the gg → γγ background have been performed beyond
NLO so far. A conservative uncertainty on kB has been assessed by varying it from 1 toKS , usingKB =
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KS as a central value. These two factors modify the interference template by rescaling it by a factor√
KSKB . At the end the uncertainty due to the K-factors has been taken has the biggest envelope of all

these variations and gave an error of the mass-shift of ±7 MeV. The three QCD scales (renormalization,
factorization and resummation) have been varied, first separately then all at the same time. In spite
of having a sizeable impact on the pT spectrum, the resummation scale has almost no impact on the
overall mass-shift estimated from the combined fit to ten categories, as most of the statistical power of
this measurement is carried out by low pT categories on which this scale does not have a big impact.
The renormalization and factorization scales are varied by a factor 2, the central value being set to
mγγ . Although the factorization scale has the dominant effect, the scale uncertainty is estimated as the
variation that gives the biggest effect, which happens when the three scales are varied at once and gives
an uncertainty of ±5 MeV on the mass-shift.

All these four uncertainties are summed quadratically, which gives an estimate of the mass-shift
of ∆mH = −35 ± 9 MeV. This is valid only for the mass measurement carried out by ATLAS in the
h→ γγ channel.

An illustration of the dependence of this shift on the analysis details is provided in [599], where an
equivalent number is provided for an ’inclusive’ analysis where the events are not split into categories.
In this case the shift is estimated to be of ∆mH = −49 MeV, which is sizeably larger than in the actual
measurement combining the ten different categories because of the different resolution. Moreover as
the associated production components do not suffer from such large interference effects, their relative
weights in the different categories may also give big variations of the actual mass-shift. For instance, it
was estimated in [599] that for the inclusive fit and with the associated production removed the mass-shift
would be of ∆mH = −54 MeV. It was also noted in [512] that the mass-shift had a linear dependence
on the invariant mass resolution of the detector.

I.8.5.c.ii The choice of gg → (H)→ γγ k-factors
As the most precise computation of the gg → γγ continuum background has been done at NLO [602],
the interference term is also limited to a NLO precision. However the signal gg → H → γγ is known up
to NNLO with threshold resummation up to NNLL [223], while the computation provided in Sherpa 2 is
only done at NLO. The increase of cross-section due to higher-order effects is usually implemented, for
the signal, as a multiplicative k-factor KS that rescales the cross-section of the signal Monte-Carlo. In
this particular case this factor is of KS = 1.45. If the impact of higher orders on the background cross-
section was known the same approach could be carried out, using a factor KB . As these two factors
correspond to the impact of additional diagrams in the signal and background amplitudes, they also have
an impact on the interference term whose cross-section will then scale as

√
KSKB .

Although an exact value for KB cannot yet be determined, it is possible to determine an interval
within which it should be. The dominating contribution to the Higgs boson signal is carried by a loop
of top-quarks while for the continuum gg → γγ background it comes from a loop of light quarks.
At NLO, it was noticed in [602] that this implied larger short-distance renormalization effects for the
signal calculation than for the background, which gave a LO to NLO K-factor larger by ≈ 20% for the
signal than for the background. Although no higher-order computations exist for the background yet,
it is expected that the same analysis will hold for the NLO to NNLO K-factor, and hence a reasonable
interval within which KB should be is [1, KS ].
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Chapter I.9

Summary

In this chapter of the Report we have presented the state of the art for the SM Higgs cross-section and
branching-ratio calculations.

Here we summarize the Higgs boson production cross sections which are obtained following the
new recommendation for the choice of parton distribution functions (PDFs) and their combined uncer-
tainty assessment together with the one for the strong coupling constant αs (the new PDF4LHC recipe)
as described in Chapter I.2. Moreover, we combine this PDF + αs uncertainty with the theoretical un-
certainty (THU). The combination of the two theoretical uncertainties has been discussed at length and
while in the vast majority of the cases the theoretical advice is to sum them linearly, the experiments
generally sum them in quadrature and assign a gaussian distribution to their density function.

A particular case is the uncertainty assigned to the ggF cross section calculation at N3LO order in
QCD (see Section I.4.1.d).

The detailed analysis of the different calculations suggests the following recommendation:
use the F-uncertainty

∆th = [−6.7,+4.6]% (I.9.1)

which is a 100% flat interval. If it is highly preferred to have Gaussian uncertainties, then symmetrize
the flat interval and divide it by

√
12, obtaining

∆th = ±3.9%. (I.9.2)

The corresponding gluon fusion cross-sections expanded to a scan over SM Higgs boson masses
are presented in Tables 187–190. Tables 191 and 192 summarize the Standard Model gluon fusion cross-
sections and the corresponding uncertainties for the different proton–proton collision energies for a Higgs
boson mass MH = 125 GeV and MH = 125.09 GeV, respectively.

The following figures present the results as described in the above chapter, for a Higgs boson of
mass ranging from 120 GeV to 130 GeV for 13 TeV, Figure 176 and 14 TeV, Figure 177, centre-of-mass-
energies, with the combined parametric and theoretical uncertainties summed in quadrature and treated
as gaussian pdf, illustrated by bands. The labels on the bands briefly indicated the type of radiative
corrections that are included in the predictions.

Figure 178, presents the cross section for a Higgs boson of 125 GeV as a function of the centre-
of-mass-energies.

The branching ratios for the SM Higgs boson are shown in Figure 179. Tables containing explicit
numbers on partial widths, branching ratios, and on the total width can be found in

The results shown in this section will be regularly updated at our webpageI.56. f Each experiment
is recommended to use the common Standard Model input parameters as presented in Chapter I.1, the
best known N3LO/NNLO/NLO cross sections and branching ratios reported in this Report as common
basis for Higgs physics at LHC.

The SM cross section calculations has been extended to low and to high Higgs boson masses as
a basis for Beyond Standard Model analysis and calculations. For these calculation the Narrow Width
Approach has been used and Electro-Weak correction have not been included.

The following figures present the results a function of the Higgs boson mass for 13 TeV ( Fig-
ure 180) and 14 TeV (Figure 181) centre-of-mass-energies, with the combined parametric and theoretical

I.56https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
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uncertainties summed in quadrature, illustrated by bands. The labels on the bands briefly indicated the
type of radiative corrections that are included in the predictions.
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Figure 176: The SM Higgs boson production cross section at
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s = 13 TeV
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Figure 177: The SM Higgs boson production cross section at
√
s = 14 TeV.
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Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.
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Figure 180: The SM Higgs boson production cross section as a function of the Higgs boson mass at
√
s = 13 TeV
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Chapter II.1

Executive Summary of Parts II and III

M. Chen, A. David, M. Dührssen, A. Falkowski, C. Hays, G. Isidori

The 2012 discovery of a new particle, subsequently shown by the ATLAS and CMS collaborations to be
a Higgs boson, has closed a chapter in particle physics. Not only on the experimental side, putting an
end to a decades-long search, but also, and perhaps more sharply, by completing the set of predictions
by the standard model (SM) for elementary particles. The challenge that is ahead for the LHC and future
machines is now fully in the BSM realm.

The LHC Run 2, which started in 2015, now has a qualitatively different goal in what regards the
program for measuring the properties of this Higgs boson and the search for deviations from the SM
predictions.

The WG2 contributions to this Yellow Report therefore naturally cluster around two main axes,
supplemented by a third aspect:

1. How to expand the palette of measurements that can be performed by the experiments.
2. How to interpret existing measurements to set limits on and constrain new physics and characterize

discoveries.
3. Tools with which to proceed in practice.

The two main axes are complementary to and feed off of each other: measurements pave the way
for different interpretations, while interpretation frameworks motivate new measurements. This being
said, there are caveats to this interaction. For instance, while almost any framework can be used to
motivate particular measurements, the interpretation of a measurement and the definition of (pseudo)-
observables can only be consistently done in a well-defined theory framework. In other words, much in
the same way that finding a significant deviation with the kappa framework would clearly point to BSM
physics, its meaning and interpretation would require a well-defined theory, which the kappa framework
alone is not.

Complementing the chapters on measurements and interpretation, there are also two chapters de-
scribing tools that can be used in the different aspects of the measurement and interpretation steps.

This Executive Summary provides an overview of the WG2 chapters, comprised in Part II and, in
collaboration with WG1, in Part III. The goal is not to exhaustively review the contents, but to offer a
“lay of the land”, providing the reader with the most salient and distinctive features of each chapter and
how the different chapters are related and connected with each other.

Measurements
In this Yellow Report, the existing kappa framework for the search of deviations from the SM predictions
is substantially expanded in two, complementary, ways: simplified template cross-sections (STXS) and
pseudo-observables (PO). This dichotomy arises naturally from the fact that at the LHC the Higgs boson
interaction with SM particles is probed at multiple energy scales. For instance, whileH → 4` probes the
amplitude coupling the Higgs to four fermions in a region of transferred momenta kinematically bounded
bymH , the associated ZH production will probe the same amplitude (or at least part of it) at significantly
higher momentum transfer, possibly even in the multi-TeV region. That explains the different approaches
presented in this Yellow Report, with some chapters focusing on production properties and others on
decay properties.

Chapter III.2 presents a way to partition the phase-spaces of different Higgs boson production
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processes into simplified template cross-sections. The goal of the STXS partitioning is two-fold:

1. To separate regions of the phase-space for which theory uncertainties can evolve with time.
2. To single out parts of the production phase-space where BSM physics predicts large deviations

from the SM expectation. In this case, rare corners of SM production can be used to probe for
BSM-induced deviations.

The STXS are mostly a tool that generalizes the notion of production process into sub-processes and the
result of their use is a measurement of fully-extrapolated and unfolded cross-sections that can be also
expressed as signal strengths relative to the SM predictions. This allows to recombine the measurements
and update total cross section measurements ex post facto. This is for instance the case with jet binning
for gluon-fusion cross-sections: measuring the ggH plus 0-jet, 1-jet, and 2-jet sub-processes allows to
avoid to commit to a single prescription for jet bin migration that is needed to extract the ggH total
cross-section, allowing for the prescription to evolve and be introduced later.

The STXS can be thought of as fully extrapolated and unfolded cross sections that can be inferred
differentially in the production properties. As they are extrapolated from a simultaneous fit, this allows
for advanced experimental techniques (including multi-variate observables and discriminants) to be em-
ployed in the analyses. The use of such techniques is not possible, for instance, when measuring fiducial
cross-sections, as it is very hard, if not impossible, to define the fiducial volume for a multi-variate
observable.

In a completely complementary way, fiducial cross-section (FXS) measurements provide easy-to-
reproduce phase-spaces. Many practical aspects of FXS measurements are discussed in Chapter III.3,
paving the way for common extractions of more model-independent quantities that are easy to collect
in persistent form, using the HepData database and the Rivet toolkit. Attention is also paid to the in-
terplay between signal and background processes in a given fiducial volume, as well as to unfolding of
experimental effects from the measurements.

Finally, Chapter III.1 discusses how on-shell Higgs boson decays and production cross sections,
close to the threshold region, can be parameterized in terms of pseudo-observables. The PO framework
builds up on the similar approach introduced for Z-pole observables at LEP. In Higgs physics the formal-
ism is a bit more complicated by the multiple poles involved in Higgs boson decays into 3 and 4 bodies,
as well as in Higgs boson production cross sections. This richer kinematical structure is decomposed
in terms of independent Lorentz structures, as well as resonant and non-resonant contributions, whose
form is dictated by the general analytic properties of the amplitudes under the assumption that no BSM
particles appear on-shell. The purpose and the main philosophy of Higgs PO is the same of the Z-pole
(pseudo)-observables at LEP: PO are well-defined quantities from the quantum field theory point of view,
that can be measured by experiments and then interpreted in generic BSM scenarios, including effective
theory approaches.

Interpretation

Given that the SM has been completed, the focus on extending the SM is very strong. There are two
fundamentally different ways to go about extending the SM Lagrangian: via concrete BSM alternatives
(such as SUSY), for which different predictions are provided in Part IV, or through an effective descrip-
tions of sufficiently high-mass (hence partially decoupled) degrees of freedom, as discussed in Part II.
The latter approach, referred to as the effective field theory (EFT) approach to Higgs physics, is the one
discussed in the chapters contributed from WG2. In this case, the SM Lagrangian is extended by adding
higher-dimension operators written in terms of SM fields. Such a framework can be used to describe the
effects of new heavy particles on Higgs physics in a large class of models beyond the SM. The Wilson co-
efficients of the higher-dimension operators in the EFT encode information about masses and couplings
in the UV theory that completes the SM.

The EFT approach to Higgs physics is conceptually different from “top-down” EFT approaches,
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such as HQET, where the ultraviolet completion of the theory is known. In the Higgs EFT case, the
full theory is unknown and the working conditions are “bottom-up”. This means that, a priori, there is
a large range for the possible values of the couplings of the higher-dimensional operators. The latter
can be restricted employing additional dynamical or symmetry assumptions about the overarching BSM
model. This is why different EFT approaches (based on different symmetry hypotheses, and order of the
expansion in the various couplings) are discussed in the chapters from WG2.

More generally, two main themes are addressed:

– The definition of the theory frameworks that can be used to extend the SM.

– Discussion of the limitations that such effective descriptions have in describing different BSM physics
scenarios (UV completions).

In terms of Lagrangian formulation, two avenues are explored. In Section II.2.4 the chiral La-
grangian relevant to the case of a possible non-linear realization of electroweak symmetry breaking is
presented. The largest effort, though, was devoted to the so-called SM EFT where, much as in the SM,
the electroweak symmetry is realized linearly and broken spontaneously by the VEV of the Higgs field.
Within this framework, Sections II.2.1 and II.2.3 discuss how the Wilson coefficients of dimension-6 op-
erators are related to deformations of the Higgs boson couplings from the SM predictions. Furthermore,
Chapter II.2.1 proposes a parameterization of the space of dimension-6 operators, the so-called Higgs
basis, that is convenient for calculating Higgs observables at the leading order (LO) in the SM EFT.
Section II.2.3 provides NLO results in the SM EFT after performing the renormalization programme.
Given the differences between the nonlinear formulation, the SM EFT at the LO, and the NLO formu-
lation, it is important to note that, depending on the exact UV completion realized in nature, there may
or may not be a close correspondence between interpretations of the data in these different frameworks.
Calculations within the LO EFT are simpler from the theoretical point of view and introduce a minimal
number of parameters to describe leading deformations of Higgs observables. However, there may be
physical situations where the LO EFT does not provide an adequate description and going beyond the
LO is necessary; they are discussed in Sections II.2.2 and II.2.3. EFT with a non-linearly realized elec-
troweak symmetry is less predictive than the SM EFT, but it may be relevant for certain classes of UV
completions of the SM.

Sections II.2.2 and II.2.5 then explore the applicability of the SM EFT construction, both con-
cluding that the SM EFT enjoys a broad range of validity in the absence of new particles with masses in
the hundreds of GeV. One topic that is particularly difficult to address in interpreting measurements in
terms of the underlying theory parameters, Wilson coefficients in this case, is that of theory uncertainties.
These studies also shed some light into how operators with dimensions higher than 6 can play a role in
the interpretation.

One conclusion arising from the discussion in this chapter is that there isn’t a unique EFT ap-
proach to be recommended as different EFT approaches have different validity limits. In principle, the
more general, the better, as there are fewer implicit assumptions about the ultraviolet completion. How-
ever, generality comes at the price of increased complexity and some compromise between generality and
simplicity may be necessary, especially in the early phases of the LHC Run 2. This highlights the im-
portance for EFT interpretations of LHC data to always be pursued in parallel to more general (although
less predictive) approaches such as FXS, STXS, and POs.

Finally, it should be noted that the SM EFT has overarching implications to electroweak physics
and even in other sectors in the sense that in its full generality, it can be constrained not only from
precise measurements of Higgs boson properties but also other measurements, ranging from multiboson
production, to top quark properties. Global fits of EFT parameters may allow for better constraints on
BSM physics and amplify the power of the data. Indeed, the ability to combine distinct measurements
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within one consistent framework is a great strength of the EFT approach and one of its main motivations.

Tools
Of course none of the concepts above can be put to practice without computational tools that allow for the
simulation of the different SM deformations, as well as tools that simplify the practical aspects related to
the statistical inference on the parameters of interest.

Section II.3.1 overviews the available frameworks upon which many of the interpretations previ-
ously discussed, but also the measurements, can be based on. The effective Lagrangian formulation is
widely used in order to make predictions starting from Wilson coefficients, but it is also used without
loss of generality for encoding pseudo-observables.

In Section II.3.2 the reader can find a practical proposal to model predictions for different pro-
cesses in a multidimensional context of SM deformations. The tools provide for continuous interpola-
tion between parameter-space points, are based on commonly use software at the LHC, and may also
find use in other applications. By providing smooth and continuous interpolations, they allow for simple
application of likelihood ratio methods commonly used by ATLAS and CMS to determine the allowed
confidence regions for parameters.
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EFT Formalism

N. Belyaev, A. Biekötter, J. Brehmer, I. Brivio, G. Buchalla, O. Cata, A. Celis, R. Contino, T. Corbett,
R.L. Delgado, A. Dobado, C. Englert, D. Espriu, A. Falkowski, A. Freitas, F. Goertz, D. Gonçalves,

J. Gonzalez-Fraile, M. Gorbahn, C. Grojean, M. Herrero, R. Kogler, R. Konoplich, C. Krause,
F.J. Llanes-Estrada, D. Lopez-Val, L. Merlo, K. Mimasu, J.M. No, T. Ohl, G. Passarino, T. Plehn,

M. Rauch, J. Reuter, M. Riembau, F. Riva V. Sanz, J.J. Sanz-Cillero, M. Spannowsky, M. Trott

II.2.1 Bases for the Standard Model Effective Field Theory II.1

II.2.1.a Introduction
For a large class of models beyond the SM, physics at energies below the mass scale Λ of the new particles
can be parameterized by an effective field theory (EFT) where the SM Lagrangian is supplemented by
new operators with canonical dimensions D larger than 4. The theory has the same field content and the
same linearly realized SU(3) × SU(2) × U(1) local symmetry as the SM.II.2 The higher-dimensional
operators are organized in a systematic expansion in D, where each consecutive term is suppressed by a
larger power of Λ. For a general introduction to the EFT formalism see e.g. [603–607]; for recent review
articles about EFT in connection with Higgs physics see e.g. [465, 608–612].

Quite generally, the EFT Lagrangian takes the form:

Leff = LSM +
∑

i

c
(5)
i

Λ
O(5)
i +

∑

i

c
(6)
i

Λ2 O
(6)
i +

∑

i

c
(7)
i

Λ3 O
(7)
i +

∑

i

c
(8)
i

Λ4 O
(8)
i + · · · , (II.2.1)

where eachO(D)
i is an SU(3)×SU(2)×U(1) invariant operator of dimensionD and the parameters c(D)

i

multiplying the operators in the Lagrangian are called the Wilson coefficients. This EFT is intended to
parameterize observable effects of a large class of BSM theories where new particles, with mass of order
Λ, are much heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed. The main motivation to use this framework is that the constraints on the EFT parameters can
be later re-interpreted as constraints on masses and couplings of new particles in many BSM theories. In
other words, translation of experimental data into a theoretical framework has to be done only once in
the EFT context, rather than for each BSM model separately.

The contribution of each O(D)
i to amplitudes of physical processes at the energy scale of order v

scalesII.3 as (v/Λ)D−4. Since v/Λ < 1 by construction, the EFT in its validity regime typically describes
small deviations from the SM predictions, although, under certain conditions, it may be consistent to use
this framework to describe large deviations [613, 614].

A complete and non-redundant set of operators that can be constructed from the SM fields is known
for D=5 [615], D=6 [616], D=7 [617, 618], and D=8 [618, 619]. All D=5 operators violate the lepton
number [615], while all D=7 operators violate B − L (the latter is true for all odd-D operators [620]).
Then, experimental constraints dictate that their Wilson coefficients must be suppressed at a level which

II.1Author(s): N. Belyaev, A. Falkowski, F. Goertz, R. Konoplich, K. Mimasu, T. Ohl, J. Reuter, M. Riembau, F. Riva.
II.2The latter assumption can be relaxed, leading to an EFT with a non-linearly realized electroweak symmetry. This frame-

work is discussed in Section II.2.4.
II.3Apart from the scaling with Λ, the effects of higher-dimensional operators also scale with appropriate powers of couplings

in the UV theory. The latter is important to assess the validity range of the EFT description, as discussed in Section II.2.2 and
Ref. [613].
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makes them unobservable at the LHC [621], and for this reasonD=5 and 7 operators will not be discussed
here. Consequently, the leading new physics effects are expected from operators with D=6 [622], whose
contributions scale as (v/Λ)2. Contributions from operators with D ≥ 8 are suppressed by at least
(v/Λ)4, and in most of the following discussion we will assume that they can be neglected.

In this section, we discuss in detail the D=6 operators that can be constructed from the SM fields.
We review various possible choices of these operators (the so-called basis) and their phenomenological
effects. Only the operators that conserve the baryon and lepton numbers are considered. On the other
hand, we do not impose a-priori any flavour symmetry. Also, we include CP violating operators in our
discussion. One purpose of this section is to propose a common EFT language and conventions that
could be universally used in LHC Higgs analyses and be implemented in numerical tools.

In Section II.2.1.b we introduce the SM Lagrangian extended by dimension-6 operators. Two
popular bases of dimension-6 operators using the manifestly SU(2) × U(1) invariant formalism are
introduced. In Section II.2.1.c we discuss the interactions of the SM mass eigenstates that arise in the
presence of dimension-6 operators beyond the SM, with the emphasis on the Higgs interactions. We also
provide a map between the couplings in that effective Lagrangian and Wilson coefficients of dimension-6
operators introduced in Section II.2.1.b. In Section II.2.1.d we define a new basis of D=6 operators, the
so-called Higgs basis, which is spanned by a subset of the independent couplings of the mass eigenstate
Lagrangian.

II.2.1.b SM EFT with dimension-6 operators
We consider an EFT Lagrangian where the SM is extended by dimension-6 operators:

LEFT = LSM +
∑

i

c̄
(6)
i O

(6)
i . (II.2.2)

In our conventions, the scale Λ has been absorbed in the definition of the Wilson coefficients, c̄(6)
i =

c
(6)
i v2/Λ2, and we divide the dimension-6 operators by v2, O(6)

i = O(6)
i /v2.

To fix our notation and conventions, we first write down the SM Lagrangian:

LSM = −1

4
GaµνG

a
µν −

1

4
W i
µνW

i
µν −

1

4
BµνBµν +DµH

†DµH + µ2
HH

†H − λ(H†H)2

+
∑

f∈q,`
if̄LγµDµfL +

∑

f∈u,d,e
if̄RγµDµfR

−
[
qLH̃yuuR + q̄LHyddR + ¯̀

LHye`R + h.c.
]
. (II.2.3)

Here, Gaµ, W i
µ, and Bµ denote the gauge fields of the SU(3) × SU(2) × U(1) local symmetry. The

corresponding gauge couplings are denoted by gs, g, g′; we also define the electromagnetic coupling

e = gg′/
√
g2 + g′2, and the Weinberg angle sθ = g′/

√
g2 + g′2. The field strength tensors are defined

as Gaµν = ∂µG
a
ν − ∂νG

a
µ + gsf

abcGbµG
c
ν , W i

µν = ∂µW
i
ν − ∂νW

i
µ + gεijkW j

µW
k
ν , Bµν = ∂µBν −

∂νBµ. The Higgs doublet is denoted as H , and we also define H̃i = εijH
∗
j . It acquires the VEV

〈H†H〉 = v2/2. In the unitary gauge we have H = (0, (v + h)/
√

2), where h is the Higgs boson
field. After electroweak symmetry breaking, the electroweak gauge boson mass eigenstates are defined

as W± = (W 1∓ iW 2)/
√

2, Z = cθW
3−sθB, A = sθW

3 + cθB, where cθ =

√
1− s2

θ. The tree-level

masses of W and Z bosons are given by mW = gv/2, mZ =

√
g2 + g′2v/2. The left-handed Dirac

fermions qL = (uL, dL) and `L = (νL, eL) are doublets of the SU(2) gauge group, and the right-handed
Dirac fermions uR, dR, eR are SU(2) singlets. All fermions are 3-component vectors in the generation
space, and yf are 3× 3 matrices. The 3 electroweak parameters g, g′, v are customarily derived from the
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Fermi constant GF measured in muon decays, Z boson mass mZ , and the low-energy electromagnetic
coupling α(0). The Higgs quartic couplings λ can then be fixed from the measured Higgs boson mass.
The tree-level relations between the input observables and the electroweak parameters are given by:

GF =
1√
2v2 , α =

g2g′2

4π(g2 + g′2)
, mZ =

√
g2 + g′2v

2
, m2

h = 2λv2. (II.2.4)

We demand that the dimension-6 operators O(6)
i in Eq. (II.2.2) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [616], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [623]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [466]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even

OH
1

2v
2

[
∂µ(H†H)

]2

OT
1

2v
2

(
H†
←→
DµH

)2

O6 − λ

v
2 (H†H)3

Og
g
2
s

m
2
W

H†H GaµνG
a
µν

Oγ
g
′2

m
2
W

H†H BµνBµν

OW
ig

2m
2
W

(
H†σi

←→
DµH

)
DνW

i
µν

OB
ig
′

2m
2
W

(
H†
←→
DµH

)
∂νBµν

OHW
ig

m
2
W

(
DµH

†σiDνH
)
W i
µν

OHB
ig
′

m
2
W

(
DµH

†DνH
)
Bµν

O2W
1

m
2
W

DµW
i
µνDρW

i
ρν

O2B
1

m
2
W

∂µBµν∂ρBρν

O2G
1

m
2
W

DµG
a
µνDρG

a
ρν

O3W
g
3

m
2
W

εijkW i
µνW

j
νρW

k
ρµ

O3G
g
3
s

m
2
W

fabcGaµνG
b
νρG

c
ρµ

Bosonic CP-odd

Õg
g
2
s

m
2
W

H†H G̃aµνG
a
µν

Õγ
g
′2

m
2
W

H†H B̃µνBµν

ÕHW
ig

m
2
W

(
DµH

†σiDνH
)
W̃ i
µν

ÕHB
ig

m
2
W

(
DµH

†DνH
)
B̃µν

Õ3W
g
3

m
2
W

εijkW̃ i
µνW

j
νρW

k
ρµ

Õ3G
g
3
s

m
2
W

fabcG̃aµνG
b
νρG

c
ρµ

The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [466].II.4

II.4In Ref. [466] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O

′
H`], [O``] and
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Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
that the operators [OH`]11, [O′H`]11 are absent by definition. We define σµν = i[γµ, γν ]/2. In this table, e, u, d
are always right-handed fermions, while ` and q are left-handed. For complex operators the complex conjugate
operator is implicit.

Vertex

[OH`]ij
i

v
2

¯̀
iγµ`jH

†←→DµH

[O′H`]ij
i

v
2

¯̀
iσ
kγµ`jH

†σk
←→
DµH

[OHe]ij
i

v
2 ēiγµējH

†←→DµH

[OHq]ij
i

v
2 q̄iγµqjH

†←→DµH

[O′Hq]ij
i

v
2 q̄iσ

kγµqjH
†σk
←→
DµH

[OHu]ij
i

v
2 ūiγµujH

†←→DµH

[OHd]ij
i

v
2 d̄iγµdjH

†←→DµH

[OHud]ij
i

v
2 ūiγµdjH̃

†DµH

Yukawa and Dipole

[Oe]ij

√
2mei

mej

v
3 H†H ¯̀

iHej

[Ou]ij

√
2mui

muj

v
3 H†Hq̄iH̃uj

[Od]ij

√
2mdi

mdj

v
3 H†Hq̄iHdj

[OeW ]ij
g

m
2
W

√
2mei

mej

v
¯̀
iσ
kHσµνejW

k
µν

[OeB ]ij
g
′

m
2
W

√
2mei

mej

v
¯̀
iHσµνejBµν

[OuG]ij
gs
m

2
W

√
2mui

muj

v q̄iH̃σµνT
aujG

a
µν

[OuW ]ij
g

m
2
W

√
2mui

muj

v q̄iσ
kH̃σµνujW

k
µν

[OuB ]ij
g
′

m
2
W

√
2mui

muj

v q̄iH̃σµνujBµν

[OdG]ij
gs
m

2
W

√
2mdi

mdj

v q̄iHσµνT
adjG

a
µν

[OdW ]ij
g

m
2
W

√
2mdi

mdj

v q̄iσ
kHσµνdjW

k
µν

[OdB ]ij
g
′

m
2
W

√
2mdi

mdj

v q̄iHσµνdjBµν

II.2.1.c Effective Lagrangian of mass eigenstates

In Section. II.2.1.b we introduced an EFT with the SM supplemented by D=6 operators, using a man-
ifestly SU(2) × U(1) invariant notation. At that point, the connection between the new operators and
phenomenology is not obvious. To relate to high-energy collider observables, it is more transparent to ex-
press the EFT Lagrangian in terms of the mass eigenstates after electroweak symmetry breaking (Higgs
boson, W , Z, photon, etc.). Once this step is made, only the unbroken SU(3)c × U(1)em local symme-
try is manifest in the Lagrangian. Moreover, to simplify the interaction vertices, we will make further
field transformations that respect only SU(3)c×U(1)em. Since field redefinitions do not affect physical
predictions, the gauge invariance of the EFT we started with ensures that observables calculated using
this mass eigenstate Lagrangian are also gauge invariant. This is possible because the full SU(2)×U(1)
electroweak symmetry is still present, albeit in a non-manifest way, in the form of non-trivial relations be-
tween different couplings of mass eigenstates. Finally, for the sake of calculating observables beyond the
tree-level one needs to specify the gauge fixing terms. Again, the gauge invariance of the starting point
ensures that physical observables are independent of the gauge fixing procedure. Below we only present
the Lagrangian in the unitary gauge when the Goldstone bosons eaten by W and Z are set to zero, which
is completely sufficient to calculate LHC Higgs observables at tree level; see Appendix C of Ref. [623]
for a generalization to the Rξ gauge.

In this section we relate the Wilson coefficients of dimension-6 operators in the SILH basis to the
parameters of the tree-level effective Lagrangian describing the interactions of the mass eigenstates. The
analogous relations can be derived for any other basis; see Appendix A of [623] for the map from the
Warsaw basis. The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV

[O
′
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat

arbitrary choice of these indices.
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Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [616], except that
the operators [O``]1221, [O``]1122, [Ouu]3333 are absent by definition. In this table, e, u, d are always right-handed
fermions, while ` and q are left-handed. A flavour index is implicit for each fermion field. For complex operators
the complex conjugate operator is implicit.

(L̄L)(L̄L) and (L̄R)(L̄R)

O``
1

v
2 (¯̀γµ`)(¯̀γµ`)

Oqq
1

v
2 (q̄γµq)(q̄γµq)

O′qq
1

v
2 (q̄γµσ

iq)(q̄γµσ
iq)

O`q
1

v
2 (¯̀γµ`)(q̄γµq)

O′`q
1

v
2 (¯̀γµσ

i`)(q̄γµσ
iq)

Oquqd
1

v
2 (q̄ju)εjk(q̄

kd)

O′quqd
1

v
2 (q̄jT au)εjk(q̄

kT ad)

O`equ
1

v
2 (¯̀je)εjk(q̄

ku)

O′`equ
1

v
2 (¯̀jσµνe)εjk(q̄

kσµνu)

O`edq
1

v
2 (¯̀je)(d̄qj)

(R̄R)(R̄R)

Oee
1

v
2 (ēγµe)(ēγµe)

Ouu
1

v
2 (ūγµu)(ūγµu)

Odd
1

v
2 (d̄γµd)(d̄γµd)

Oeu
1

v
2 (ēγµe)(ūγµu)

Oed
1

v
2 (ēγµe)(d̄γµd)

Oud
1

v
2 (ūγµu)(d̄γµd)

O′ud
1

v
2 (ūγµT

au)(d̄γµT
ad)

(L̄L)(R̄R)

O`e
1

v
2 (¯̀γµ`)(ēγµe)

O`u
1

v
2 (¯̀γµ`)(ūγµu)

O`d
1

v
2 (¯̀γµ`)(d̄γµd)

Oqe
1

v
2 (q̄γµq)(ēγµe)

Oqu
1

v
2 (q̄γµq)(ūγµu)

O′qu
1

v
2 (q̄γµT

aq)(ūγµT
au)

Oqd
1

v
2 (q̄γµq)(d̄γµd)

O′qd
1

v
2 (q̄γµT

aq)(d̄γµT
ad)

and eigenstates into Eq. (II.2.2) is not convenient for practical applications. However, at this point one is
free to make the following redefinitions of fields and couplings in the Lagrangian:

Gaµ → (1 + δG)Gaµ, W±µ → (1 + δW )W±µ , Zµ → (1 + δZ)Zµ, Aµ → (1 + δA)Aµ + δAZZµ,

v → v(1 + δv), gs → gs(1 + δgs), g → g(1 + δg), g′ → g′(1 + δg′),

λ → λ(1 + δλ), h→ (1 + δ1)h+ δ2h
2/v + δ3h

3/v2, (II.2.5)

where the free parameters δi are O(Λ−2) in the EFT expansion. Note that the non-linear transformation
of the Higgs boson field does not generate any new interaction terms at O(Λ−2) in the effective La-
grangian that cannot be generated by D=6 operators.II.5 In addition, one is free to add to the Lagrangian
a total derivative and/or interactions terms that vanish by equations of motion. These redefinitions of
course do not change the physical predictions or symmetries of the theory. However, they allow one to
bring the theory to a more convenient form to perform practical calculations.II.6 We will use this freedom
to demand that the mass eigenstate Lagrangian has the following features:

#1 All kinetic and mass terms are diagonal and canonically normalized. In particular, higher-derivative
kinetic terms are absent.

#2 The non-derivative photon and gluon interactions with fermions are the same as in the SM.
#3 Tree-level relations between the electroweak parameters and input observables are the same as the

SM ones in Eq. (II.2.4).
#4 Two-derivative self-interactions of the Higgs boson (e.g. h∂µh∂µh) are absent.

II.5For example, applied to the h4 self-interaction term in the SM Lagrangian, it generates h5 and h6 self-interactions at
O(Λ

−2
), which are also generated by the O6 operator in the SILH basis. Rather than applying the non-linear transformation,

one can equivalently use the equations of motion for the Higgs boson field.
II.6Editor footnote: Another point of view is expressed in Section II.2.3, where it is argued that this kind of transformations

make one-loop calculations harder to develop.
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#5 In the Higgs boson interactions with gauge bosons, the derivative does not act on the Higgs (e.g.,
there is no ∂µhVνVµν terms).

#6 For each fermion pair, the coefficient of the vertex-like Higgs interaction terms
(

2hv + h
2

v
2

)
Vµf̄γµf

is equal to the vertex correction to the respective Vµf̄γµf interaction.

These conditions are a choice of conventions (one among many possible ones) how to represent inter-
actions in the mass eigenstate Lagrangian. It is always possible to implement this choice starting from
any D=6 basis: SILH, Warsaw, or any other. The condition #1 simplifies extracting physical predictions
of the EFT, and is essential to implement the theory in existing Monte Carlo simulators. The conditions
#2-#3 simplify the interpretation of the SM parameters g, g′ and v. If the [GF , α, mZ] input is used
to determine them (as assumed here), their numerical values should be the same as in the SM, and the
input observables are not affected by D=6 operators at the leading order.II.7 The conditions #4-#6 are
conventions commonly used in the literature that allow one to fix the remaining freedom of fields and
couplings redefinitions. These particular conventions match the ones used e.g. in the Higgs character-
ization framework of Ref. [624]. See Appendix D of Ref. [623] for physical examples showing these
redefinitions do not change the S-matrix. Other convention choices can be made, leading to the same
predictions for observables. For example, the features #3, #4, and #6 are not enforced in Section II.2.3.

In general, dimension-6 operators do induce interaction terms that do not respect the features #1-
#6. However, these features can always be achieved, without any loss of generality, by using equations
of motion, integrating by parts, and redefining the fields and couplings. Starting from the SILH basis,
the conditions #1-#6 fix the free parameters in Eq. (II.2.5) as

δG =
4g2
s

g2 c̄g,

δW = c̄W ,

δZ = c̄W +
g′2

g2 c̄B +
4g′4

g2(g2 + g′2)
c̄γ ,

δAZ =
g′

g
(c̄W − c̄B)− 8g′3

g(g2 + g′2)
c̄γ ,

δA =
4g′2

g2 + g′2
c̄γ

δv =
[c̄′H`]22

2
,

δgs = −4g2
s

g2 c̄g,

δg = − g2

g2 − g′2

(
c̄W + c̄2W +

g′2

g2 c̄B +
g′2

g2 c̄2B −
1

2
c̄T +

1

2
[c̄′H`]22

)
,

δg′ =
g′2

g2 − g′2

(
c̄W + c̄2W +

g′2

g2 c̄B +
g′2

g2 c̄2B −
1

2
c̄T +

1

2
[c̄′H`]22 − 4

g2 − g′2

g2 c̄γ

)
,

δλ = c̄H −
3

2
c̄6 − [c̄′H`]22,

δ1 = − c̄H
2
, δ2 = − c̄H

2
, δ3 = − c̄H

6
. (II.2.6)

II.7If other input observables are used, for example [GF , mW , mZ ] or [α, mW mZ ], the shift of input observables due to the
presence of D=6 operators must be taken into account to correctly derive physical predictions of the theory. Much as in the
SM, the input observables [GF , α, mZ ] are affected by loop corrections, and this has to be taken into account if the framework
is used beyond tree level.



Chapter II.2. EFT Formalism 289

Finally, the Higgs boson mass term in the SM Lagrangian is related by vacuum equations to the other
parameters by µ2

H = λv2(1 + δλ+ 2δv+ 3/4c̄6). One can repeat this procedure starting from any other
basis than SILH, and find a unique solution to the conditions #1-#6 in terms of the Wilson coefficients in
that basis.

We move to discussing the interactions in the mass eigenstate Lagrangian once conditions #1-#6
are satisfied. We will focus on interaction terms that are most relevant for LHC phenomenology. To
organize the presentation, we split the Lagrangian into the following parts,

LEFT = Lkinetic+Laff +Lvertex+Ldipole+Ltgc+Lhff +Lhvv+Lhvff+Lhdvff+Lh,self +L
h

2 +Lother.
(II.2.7)

Below we define each term in order of appearance. We also express the corrections to the SM interactions
in LEFT in terms of linear combinations of Wilson coefficients of D=6 operators in the SILH basis (the
analogous formulas for the Warsaw basis are given in Appendix A of Ref. [623]. These corrections start
at O(1/Λ2) in the EFT expansion, and we will ignore all O(1/Λ4) and higher contributions.

Kinetic Terms
By construction, the kinetic terms of the mass eigenstates are diagonal and canonically normalized:

Lkinetic = −1

2
W+
µνW

−
µν −

1

4
ZµνZµν −

1

4
AµνAµν −

1

4
GaµνG

a
µν

+
g2v2

4
(1 + δm)2W+

µ W
−
µ +

(g2 + g′2)v2

8
ZµZµ

+
1

2
∂µh∂µh− λv2h2 +

∑

f∈q,`,u,d,e
f̄
(
iγµ∂µ −mf

)
f. (II.2.8)

Above, the parameter λ is defined by the tree-level relation m2
h = 2λv2. There is no correction to the

Z boson mass terms, in accordance with the condition #3. With this convention, the corrections to the
W boson mass cannot be in general redefined away, and are parameterized by δm. The relation between
δm and the Wilson coefficients in the SILH basis is given by

δm = − g′2

g2 − g′2

(
c̄W + c̄B + c̄2W + c̄2B −

g2

2g′2
c̄T +

1

2
[c̄′H`]22

)
. (II.2.9)

Gauge boson interactions with fermions
By construction (condition #2), the non-derivative photon and gluon interactions with fermions are the
same as in the SM:

Laff = eAµ
∑

f∈u,d,e
f̄γµQff + gsG

a
µ

∑

f∈u,d
f̄γµT

af. (II.2.10)

The analogous interactions of the W and Z boson may in general be affected by dimension-6 operators:

Lvertex =
g√
2

(
W+
µ ν̄Lγµ

(
I3 + δgW`

L

)
eL +W+

µ ūLγµ

(
I3 + δgWq

L

)
dL +W+

µ ūRγµδg
Wq
R dR + h.c.

)

+

√
g2 + g′2Zµ


 ∑

f∈u,d,e,ν
f̄Lγµ

(
T 3
f − s2

θQf + δgZfL

)
fL +

∑

f∈u,d,e
f̄Rγµ

(
−s2

θQf + δgZfR

)
fR


 .

(II.2.11)

Here, I3 is the 3 × 3 identity matrix, and the vertex corrections δg are 3 × 3 Hermitian matrices in the
generation space, except for δgWq

R which is a general 3× 3 complex matrix. The vertex corrections to W
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and Z boson couplings to fermions are expressed by the Wilson coefficients in the SILH basis as

δgZνL =
1

2
c̄′H` −

1

2
c̄H` + f̂(1/2, 0),

δgZeL = −1

2
c̄′H` −

1

2
c̄H` + f̂(−1/2,−1),

δgZeR = −1

2
c̄He + f̂(0,−1),

δgZuL =
1

2
c̄′Hq −

1

2
c̄Hq + f̂(1/2, 2/3),

δgZdL = −1

2
V †CKMc̄

′
HqVCKM −

1

2
V †CKMc̄HqVCKM + f̂(−1/2,−1/3),

δgZuR = −1

2
c̄Hu + f̂(0, 2/3),

δgZdR = −1

2
c̄Hd + f̂(0,−1/3),

δgW`
L = c̄′H` + f̂(1/2, 0)− f̂(−1/2,−1),

δgWq
L =

(
c̄′Hq + f̂(1/2, 2/3)− f̂(−1/2,−1/3)

)
VCKM,

δgWq
R = −1

2
c̄Hud, (II.2.12)

where

f̂(T 3
f , Qf ) ≡

[
c̄2W +

g′2

g2 c̄2B +
1

2
c̄T −

1

2
[c̄′H`]22

]
T 3
f

− g′2

(g2 − g′2)

[
(2g2 − g′2)

g2 c̄2B + c̄2W + c̄W + c̄B −
1

2
c̄T +

1

2
[c̄′H`]22

]
Qf ,

(II.2.13)

and it is implicit that [c̄′H`]11 = [c̄H`]11 = 0.

Another type of gauge boson interactions with fermions are the so-called dipole interactions.
These do not occur in the tree-level SM Lagrangian, but they in general may appear in the EFT with
D=6 operators. We parameterize them as follows:

Ldipole = − 1

4v


gs

∑

f∈u,d

√
mfi

mfj

v
f̄L,iσµνT

a[dGf ]ijfR,jG
a
µν + e

∑

f∈u,d,e

√
mfi

mfj

v
f̄L,iσµν [dAf ]ijfR,jAµν

+

√
g2 + g′2

∑

f∈u,d,e

√
mfi

mfj

v
f̄L,iσµν [dZf ]ijfR,jZµν

+
√

2g

√
mui

muj

v
d̄L,iσµν [dWu]ijuR,jW

−
µν +

√
2g

√
mdi

mdj

v
ūL,iσµν [dWd]ijdR,jW

+
µν

+
√

2g

√
mei

mej

v
ν̄L,iσµν [dWe]ijeR,jW

+
µν

]
+ h.c.,

(II.2.14)

where σµν = i[γµ, γν ]/2, and dGf , dAf , dZf , and dWf are complex 3 × 3 matrices. The field strength
tensors are defined as Xµν = ∂µXν − ∂νXµ, and X̃µν = εµνρσ∂ρXσ. The coefficients dvf are related to
the Wilson coefficients in the SILH basis as

dGf = −16

g2 c̄fG,
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dAf = −16

g2

(
ηf c̄fW + c̄fB

)
,

dZf = −16

g2

(
ηfc

2
θ c̄fW − s2

θ c̄fB

)
,

dWf = −16

g2 c̄fW , (II.2.15)

where ηu = +1, ηd,e = −1.

Gauge boson self-interactions
Gauge boson self-interactions are not directly relevant for LHC Higgs searches, however we include them
in this presentation because of the important synergy between the triple gauge couplings and Higgs boson
couplings measurements [467, 609, 625–629]. The triple gauge interactions in the effective Lagrangian
are parameterized by

Ltgc = ie
(
W+
µνW

−
µ −W−µνW+

µ

)
Aν + ie

[
(1 + δκγ)AµνW

+
µ W

−
ν + κ̃γÃµνW

+
µ W

−
ν

]

+ igcθ

[
(1 + δg1,z)

(
W+
µνW

−
µ −W−µνW+

µ

)
Zν + (1 + δκz)ZµνW

+
µ W

−
ν + κ̃z Z̃µνW

+
µ W

−
ν

]

+ i
e

m2
W

[
λγW

+
µνW

−
νρAρµ + λ̃γW

+
µνW

−
νρÃρµ

]
+ i

gcθ

m2
W

[
λzW

+
µνW

−
νρZρµ + λ̃zW

+
µνW

−
νρZ̃ρµ

]

− gsf
abc∂µG

a
νG

b
µG

c
ν +

c3g

v2 g
3
sf

abcGaµνG
b
νρG

c
ρµ +

c̃3g

v2 g
3
sf

abcG̃aµνG
b
νρG

c
ρµ. (II.2.16)

The couplings of electroweak gauge bosons follow the customary parameterization of Ref. [630]. The
anomalous triple gauge couplings of electroweak gauge bosons are related to the Wilson coefficients in
the SILH basis as

δg1z = −g
2 + g′2

g2 − g′2

[
g2 − g′2

g2 c̄HW + c̄W + c̄2W +
g′2

g2 c̄B +
g′2

g2 c̄2B −
1

2
c̄T +

1

2
[c̄′H`]22

]
,

δκγ = −c̄HW − c̄HB,

δκz = −c̄HW +
g′2

g2 c̄HB −
g2 + g′2

g2 − g′2

[
c̄W + c̄2W +

g′2

g2 c̄B +
g′2

g2 c̄2B −
1

2
c̄T +

1

2
[c̄′H`]22

]
,

λz = −6g2c̄3W , λγ = λz,

δκ̃γ = −c̃HW − c̃HB,

δκ̃z =
g′2

g2 [c̃HW + c̃HB] ,

λ̃z = −6g2c̃3W , λ̃γ = λ̃z,

c3g =
4

g2 c̄3G, c̃3g =
4

g2 c̃3G. (II.2.17)

The tilded Wilson coefficients refer to the tilded (CP-odd) operators in Table 97.

Single Higgs boson couplings
In this subsection we discuss the terms in the effective Lagrangian that involve a single Higgs boson field
h. This part is the most relevant one from the point of view of the LHC Higgs phenomenology.

We first define the Higgs boson couplings to a pair of fermions:

Lhff = −h
v

∑

f∈u,d,e

∑

ij

√
mfi

mfj

(
δij + [δyf ]ije

i[φf ]ij
)
f̄R,ifL,j + h.c., (II.2.18)
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where [δyf ]ij and φij are general 3× 3 matrices with real elements. The corrections to the SM Yukawa
interactions are related to the Wilson coefficients in the SILH basis by

[δyf ]ije
i[φf ]ij = −[c̄f ]ij − δij

1

2

[
c̄H + [c̄′H`]22

]
. (II.2.19)

Next, we define the following single Higgs boson couplings to a pair of the SM gauge fields:

Lhvv =
h

v

[
(1 + δcw)

g2v2

2
W+
µ W

−
µ + (1 + δcz)

(g2 + g′2)v2

4
ZµZµ

+cww
g2

2
W+
µνW

−
µν + c̃ww

g2

2
W+
µνW̃

−
µν + cw�g

2
(
W−µ ∂νW

+
µν + h.c.

)

+cgg
g2
s

4
GaµνG

a
µν + cγγ

e2

4
AµνAµν + czγ

e

√
g2 + g′2

2
ZµνAµν + czz

g2 + g′2

4
ZµνZµν

+cz�g
2Zµ∂νZµν + cγ�gg

′Zµ∂νAµν

+c̃gg
g2
s

4
GaµνG̃

a
µν + c̃γγ

e2

4
AµνÃµν + c̃zγ

e

√
g2 + g′2

2
ZµνÃµν + c̃zz

g2 + g′2

4
ZµνZ̃µν


 ,

(II.2.20)

where all the couplings above are real. The terms in the first two lines describe corrections to the SM
Higgs boson couplings to W and Z, while the remaining terms introduce Higgs boson couplings to gauge
bosons with a tensor structure that is absent in the SM Lagrangian. Note that, using equations of motion,
we could get rid of certain 2-derivative interactions between the Higgs and gauge bosons: hZµ∂νZνµ,
hZµ∂νAνµ, and hW±µ ∂νW

∓
νµ. These interactions would then be traded for contact interactions of the

Higgs, gauge bosons and fermions in Eq. (II.2.11). However, one of the defining features of our effective
Lagrangian is that the coefficients of the latter couplings are equal to the corresponding vertex correction
in Eq. (II.2.11). This form can be always obtained, without any loss of generality, starting from an arbi-
trary dimension-6 Lagrangian provided the 2-derivative hVµ∂νVνµ are kept in the Lagrangian. Note that
we work in the limit where the neutrinos are massless and the Higgs boson does not couple to the neu-
trinos. In the EFT context, the couplings to neutrinos induced by dimension-5 operators are proportional
to neutrino masses, therefore they are far too small to have any relevance for LHC phenomenology.

The shifts of the Higgs boson couplings to W and Z bosons are related to the Wilson coefficients
in the SILH basis by

δcw = −1

2
c̄H −

1

g2 − g′2

[
4g′2(c̄W + c̄B + c̄2B + c2W )− 2g2c̄T +

3g2 + g′2

2
[c̄′H`]22

]
,

δcz = −1

2
c̄H −

3

2
[c̄′H`]22. (II.2.21)

The two-derivative Higgs boson couplings to gauge bosons are related to the Wilson coefficients in the
SILH basis by

cgg =
16

g2 c̄g,

cγγ =
16

g2 c̄γ ,

czz = − 4

g2 + g′2

[
c̄HW +

g′2

g2 c̄HB − 4
g′2

g2 s
2
θ c̄γ

]
,
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cz� =
2

g2

[
c̄W + c̄HW + c̄2W +

g′2

g2 (c̄B + c̄HB + c̄2B)− 1

2
c̄T +

1

2
[c̄′H`]22

]
,

czγ =
2

g2

(
c̄HB − c̄HW − 8s2

θ c̄γ

)
,

cγ� =
2

g2 (c̄HW − c̄HB) +
4

g2 − g′2

[
c̄W + c̄2W +

g′2

g2 (c̄B + c̄2B)− 1

2
c̄T +

1

2
[c̄′H`]22

]
,

cww = − 4

g2 c̄HW ,

cw� =
2c̄HW

g2 +
2

g2 − g′2

[
c̄W + c̄2W +

g′2

g2 (c̄B + c̄2B)− 1

2
c̄T +

1

2
[c̄′H`]22

]
, (II.2.22)

c̃gg =
16

g2 c̃g,

c̃γγ =
16

g2 c̃γ ,

c̃zz = − 4

g2 + g′2

[
c̃HW +

g′2

g2 c̃HB − 4
g′2

g2 s
2
θ c̃γ

]
,

c̃zγ =
2

g2

(
c̃HB − c̃HW − 8s2

θ c̃γ

)
,

c̃ww = − 4

g2 c̃HW . (II.2.23)

Next, couplings of the Higgs boson to a gauge field and two fermions (which are not present in
the SM Lagrangian) can be generated by dimension-6 operators. The vertex-like contact interactions
between the Higgs, electroweak gauge bosons, and fermions are parameterized as:

Lhvff =
√

2g
h

v
W+
µ

(
ūLγµδg

hWq
L dL + ūRγµδg

hWq
R dR + ν̄Lγµδg

hW`
L eL

)
+ h.c.

+ 2
h

v

√
g2 + g′2Zµ


 ∑

f=u,d,e,ν

f̄Lγµδg
hZf
L fL +

∑

f=u,d,e

f̄Rγµδg
hZf
R fR


 . (II.2.24)

By construction (condition #6), the coefficients of these interaction are equal to the corresponding vertex
correction in Eq. (II.2.11):

δghZf = δgZf , δghWf = δgWf . (II.2.25)

The dipole-type contact interactions of the Higgs boson are parameterized as:

Lhdvff = − h

4v2


gs

∑

f∈u,d

√
mfi

mfj

v
f̄L,iσµνT

a[dhGf ]ijfR,jG
a
µν

+e
∑

f∈u,d,e

√
mfi

mfj

v
f̄L,iσµν [dhAf ]ijfR,jAµν

+

√
g2 + g′2

∑

f∈u,d,e

√
mfi

mfj

v
f̄L,iσµν [dhZf ]ijfR,jZµν

+
√

2g

√
mui

muj

v
d̄L,iσµν [dhWu]ijuR,jW

−
µν +

√
2g

√
mdi

mdj

v
ūL,iσµν [dhWd]ijdR,jW

+
µν
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+
√

2g

√
mei

mej

v
ν̄L,iσµν [dhWe]ijeR,jW

+
µν

]
+ h.c., (II.2.26)

where dhGf , dhAf , dhZf , and dhWf are general complex 3 × 3 matrices. The coefficients are simply
related to the corresponding dipole interactions in Eq. (II.2.14):

dhV f = dV f . (II.2.27)

Dimension-6 operators can also induce single Higgs boson couplings to more than 2 gauge bosons,
but we do not display them here.

Higgs boson self-couplings and double Higgs boson couplings
The cubic Higgs boson self-coupling and couplings of two Higgs boson fields to matter play a role in the
EFT description of double Higgs boson production [469, 631]. The cubic Higgs boson self-coupling is
parameterized as

Lh,self = −(λ+ δλ3)vh3. (II.2.28)

The relation between the cubic Higgs boson coupling correction and the Wilson coefficients in the SILH
basis is given by

δλ3 = λ

(
c̄6 −

3

2
c̄H −

1

2
[c̄′H`]22

)
. (II.2.29)

In accordance with the condition #4, the 2-derivative Higgs boson self-couplings have been traded for
other equivalent interactions and do not occur in the mass eigenstate Lagrangian. Self-interactions terms
with 4, 5, and 6 Higgs boson fields may also arise from dimension-6 operators, but we do not display
them here.

The interactions between two Higgs bosons and two other SM fields are parameterized as follows:

L
h

2 = h2
(

1 + 2δc(2)
z

) g2 + g′2

4
ZµZµ + h2

(
1 + 2δc(2)

w

) g2

2
W+
µ W

−
µ

− h2

2v2

∑

f ;ij

√
mfi

mfj

[
f̄i,R[y

(2)
f ]ijfj,L + h.c.

]

+
h2

8v2

(
c(2)
gg g

2
sG

a
µνG

a
µν + 2c(2)

wwg
2W+

µνW
−
µν + c(2)

zz (g2 + g′2)ZµνZµν + 2c(2)
zγ gg

′ZµνAµν + c(2)
γγ e

2AµνAµν

)

+
h2

8v2

(
c̃(2)
gg g

2
sG

a
µνG̃

a
µν + 2c̃(2)

wwg
2W+

µνW̃
−
µν + c̃(2)

zz (g2 + g′2)ZµνZ̃µν + 2c̃(2)
zγ gg

′ZµνÃµν + c̃(2)
γγ e

2AµνÃµν

)

− h2

2v2

(
g2c

(2)
w�(W+

µ ∂νW
−
νµ +W−µ ∂νW

+
νµ) + g2c

(2)
z�Zµ∂νZνµ + gg′c(2)

γ�Zµ∂νAνµ
)
. (II.2.30)

All double Higgs boson couplings arising from D=6 operators can be expressed by the single Higgs
boson couplings:

δc(2)
z = δcz, δc(2)

w = δcz + 3δm,

[y
(2)
f ]ij = 3[δyf ]ije

iφij − δcz δij ,
c(2)
vv = cvv, c̃(2)

vv = c̃vv, v ∈ {g, w, z, γ},
c

(2)
v� = cv�, v ∈ {w, z, γ}. (II.2.31)

Other interaction terms with two Higgs bosons involve at least 5 fields: e.g the h2V 3 or h2ffV contact
interactions, and are not displayed here.
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Other terms
In this section we have written down the interaction terms of mass eigenstates in the D=6 EFT La-
grangian which are most relevant for LHC Higgs phenomenology. They either enter the single and
double Higgs boson production at tree level, or they affect electroweak precision observables that are
complementary to Higgs boson couplings measurements. The remaining terms in the mass eigenstate
Lagrangian, which are not explicitly displayed in this chapter, are contained in Lother in Eq. (II.2.7).
They include 4-fermion terms, couplings of a single Higgs boson to 3 or more gauge bosons, quartic
Higgs and gauge boson self-interactions, dipole-like interactions of two gauge bosons and two fermions,
and interaction terms with 5 or more fields. For a future reference, we only comment on two 4-lepton
terms involving left-handed electrons and muons and the corresponding neutrinos:

L4` ⊃
1

v2

[
[c``]1122(¯̀

1γµ`1)(¯̀
2γµ`2) + [c``]1221(¯̀

1γµ`2)(¯̀
2γµ`1)

]
. (II.2.32)

The coefficients of these 4-lepton terms are related to the Wilson coefficients in the SILH basis by

[c``]1122 =
2g′2

g2 c̄2B − 2c̄2W ,

[c``]1221 = 4c̄2W . (II.2.33)

Note that the corresponding 4-fermion operators are absent in the SILH basis. However, in the mass
eigenstate Lagrangian, these operators do appear, once the SILH operators O2W and O2B are traded for
other interactions terms by using equations of motion. By the same token, the 4-top term [Ouu]3333 does
appear in the mass eigenstate Lagrangian, with the coefficient proportional to c̄2G.

II.2.1.d Higgs basis
In the previous section we related the Wilson coefficients in the SILH bases of D=6 operators to the
couplings of mass eigenstates in the Lagrangian. With this information at hand, one can proceed to cal-
culating observables at a given order in the EFT as a function of the Wilson coefficients. The information
provided above is enough to calculate the leading order EFT corrections to SM predictions for single and
double Higgs boson production and decays in all phenomenologically relevant channels.

There is no theoretical obstacle to present the results of LHC Higgs analyses as constraints on
the Wilson coefficients in the SILH, Warsaw, or any other basis. However, this procedure may not be
the most efficient one from the experimental point of view. The reason is that the relation between the
Wilson coefficients in the SILH basis and the relevant couplings of the Higgs boson in the mass eigenstate
Lagrangian is somewhat complicated, c.f. Eqs (II.2.12), (II.2.19), (II.2.21), (II.2.22). The situation
is similar for the Warsaw basis, see Appendix A of Ref. [623]. In this section we propose another,
equivalent parameterization of the EFT with D=6 operators. The idea, put forward in Ref. [632], is to
parameterize the space of D=6 operators using a subset of couplings in a mass eigenstate Lagrangian,
such as the one defined in Eq. (II.2.7) of Section. II.2.1.c. The parameterization described in this section,
which differs slightly from that in Ref. [632], is referred to as the Higgs basis.II.8

The salient features of the Higgs basis are the following. The goal is to parameterize the space of
D=6 operators in a way that can be more directly connected to observable quantities in Higgs physics.
The variables spanning the Higgs basis correspond to a subset of the couplings parameterizing interaction

II.8 Here, the Higgs basis is introduced in a different manner than how the SILH or Warsaw basis were defined in the lit-
erature. Rather than by choosing a set SU(3) × SU(2) × U(1) invariant D=6 operators, we introduce the Higgs basis as a
parameterization of the space of all possible deformations of the SM mass eigenstate Lagrangian that can arise in the presence
ofD=6 operators. However, both ways can be shown to be equivalent, which justifies using the term basis for our construction.
In particular, it is possible to define the Higgs basis as a complete non-redundant set of SU(3)×SU(2)×U(1) invariant D=6
operators, see Section II.2.1.d.
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terms in the mass eigenstate Lagrangian in Eq. (II.2.7). Since these couplings have been expressed
as linear combinations of the SILH basis Wilson coefficients, technically the Higgs basis is defined
as a linear transformation from the SILH basis. All couplings in the subset have to be independent,
in the sense that none can be expressed by the remaining ones at the level of a general D = 6 EFT
Lagrangian. It is also a maximal such subset, which implies that their number is the same as the number
of independent operators in the Warsaw or SILH basis. We will refer to this set as the independent
couplings. They parameterize all possible deformations of the SM Lagrangian in the presence of D=6
operators. Therefore, they can be used on par with any other basis to describe the effects of dimension-
6 operators on any physical observables (also those unrelated to Higgs physics). By definition of the
Higgs basis, the independent couplings will include single Higgs boson couplings to gauge bosons and
fermions. Thanks to that, the parameters of the Higgs basis can be connected in a more intuitive way
to LHC Higgs observables calculated at leading order in the EFT. Furthermore, the vertex corrections
to the Z boson interactions with fermions are chosen to be among the independent couplings. As a
consequence, combining experimental information from Higgs and electroweak precision observables is
more transparent in the Higgs basis.

Independent couplings
We now describe the choice of independent couplings which defines the Higgs basis.

The first group of independent couplings parameterizes the interactions of the Higgs boson with
itself and with the SM gauge bosons and fermions:

cgg, δcz, cγγ , czγ , czz, cz�, c̃gg, c̃γγ , c̃zγ , c̃zz, δλ3,

[δyu]ij , [δyd]ij , [δye]ij , [φu]ij , [φd]ij , [φe]ij . (II.2.34)

The parameters in the first line are defined by Eq. (II.2.20) and Eq. (II.2.30), and in the second line
by Eq. (II.2.18). Overall, there is 65 independent parameters in Eq. (II.2.34), and they all affect Higgs
boson production and/or decay at the leading order in the EFT expansion. Therefore they are of crucial
importance for LHC Higgs phenomenology. Moreover, at the leading order, they are not constrained at
all by LEP-1 electroweak precision tests or low-energy precision observables.

The second group of independent couplings parameterizes the W boson mass and the Z and W
boson couplings to fermions:

δm, [δgZeL ]ij , [δgZeR ]ij , [δgW`
L ]ij , [δgZuL ]ij , [δgZuR ]ij , [δgZdL ]ij , [δgZdR ]ij , [δgWq

R ]ij ,

[dGu]ij , [dGd]ij , [dAe]ij , [dAu]ij , [dAd]ij , [dZe]ij , [dZu]ij , [dZd]ij . (II.2.35)

Here the mass correction δm is defined in Eq. (II.2.8), the vertex corrections δgi are defined in Eq. (II.2.11),
and the dipole moments di are defined in Eq. (II.2.14). All these parameters also affect the Higgs boson
production and/or decay at the leading order in the EFT. However, as opposed to the ones in Eq. (II.2.34),
they affect at the same order electroweak and/or low-energy precision observables.

The third group of independent couplings parameterizes the self-couplings of gauge bosons:

λz, λ̃z, c3G, c̃3G. (II.2.36)

They are defined in Eq. (II.2.16). These couplings do not affect Higgs boson production and decay at the
leading order in EFT.

To complete the definition of the Higgs basis, one has to select the independent couplings corre-
sponding to 4-fermion operators. We choose to parameterize them by the same set of Wilson coefficients
as in the SILH basis, c.f. Table 99:

c``, cqq, c
′
qq, c`q, c

′
`q, cquqd, c

′
quqd, c`equ, c

′
`equ, c`edq,
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c`e, c`u, c`d, cqe, cqu, c
′
qu, cqd, c

′
qd, cee, cuu, cdd, ceu, ced, cud, c

′
ud. (II.2.37)

Each parameter cff has 4 flavour indices, which are not displayed here. The non-trivial question of
which combination of flavour indices constitutes an independent set was worked out in Ref. [633]. In
the Higgs basis we take the same choice of independent 4-fermion couplings as in that reference, with
one exception. As explained in the next subsection, in a D=6 EFT Lagrangian, the coupling [c``]1221

multiplying a particular 4-lepton operator can be expressed by δm and δgi. Therefore [c``]1221 is not
among the independent couplings defining the Higgs basis.

Dependent couplings
The number of parameters characterizing departure from the SM Lagrangian in Eq. (II.2.7) is larger than
the number of Wilson coefficients in a basis of D=6 operators. Due to this fact, there must be relations
among these parameters. Working in the Higgs basis, some of the parameters in the mass eigenstate
Lagrangian can be expressed by the independent couplings; we call them the dependent couplings. The
relations between dependent and independent couplings can be inferred from the matching between the
effective Lagrangian and the Warsaw or SILH basis in Section. II.2.1.c. These relations hold at the level
of the dimension-6 Lagrangian, and they are in general not respected in the presence of dimension-8 and
higher operators.

We start with the dependent couplings in Eq. (II.2.20) parameterizing the single Higgs boson
interactions with gauge bosons. They can be expressed in terms of the independent couplings asII.9

δcw = δcz + 4δm,

cww = czz + 2s2
θczγ + s4

θcγγ ,

c̃ww = c̃zz + 2s2
θ c̃zγ + s4

θ c̃γγ ,

cw� =
1

g2 − g′2
[
g2cz� + g′2czz − e2s2

θcγγ − (g2 − g′2)s2
θczγ

]
,

cγ� =
1

g2 − g′2
[
2g2cz� + (g2 + g′2)czz − e2cγγ − (g2 − g′2)czγ

]
. (II.2.38)

The coefficients of W-boson dipole interactions in Eq. (II.2.14) are related to those of the Z and the
photon as

ηfdWf = dZf + s2
θdAf , (II.2.39)

where ηu = 1 and ηd,e = −1. The coefficients of the dipole-like Higgs boson couplings in Eq. (II.2.26)
are simply related to the corresponding dipole moments:

dhV f = dV f , d̃hV f = d̃V f , V ∈ {G,W,Z,A}. (II.2.40)

Coefficients of all interaction terms with two Higgs bosons in Eq. (II.2.30) are dependent cou-
plings. The can be expressed in terms of the independent couplings as:

δc(2)
z = δcz, δc(2)

w = δcz + 3δm,

[y
(2)
f ]ij = 3[δyf ]ije

iφij − δcz δij ,
c(2)
vv = cvv, c̃(2)

vv = c̃vv, v ∈ {g, w, z, γ},
c

(2)
v� = cv�, v ∈ {w, z, γ}. (II.2.41)

The dependent vertex corrections are expressed in terms of the independent couplings as

δgZνL = δgZeL + δgW`
L , δgWq

L = δgZuL VCKM − VCKMδg
Zd
L . (II.2.42)

II.9The relation between cww, c̃ww and other parameters can also be viewed as a consequence of the accidental custodial
symmetry at the level of the dimension-6 operators [466].
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All but four triple gauge couplings in Eq. (II.2.16) are dependent couplings expressed in terms of the
independent couplings as

δg1,z =
1

2(g2 − g′2)

[
cγγe

2g′2 + czγ(g2 − g′2)g′2 − czz(g2 + g′2)g′2 − cz�(g2 + g′2)g2
]
,

δκγ = −g
2

2

(
cγγ

e2

g2 + g′2
+ czγ

g2 − g′2

g2 + g′2
− czz

)
,

κ̃γ = −g
2

2

(
c̃γγ

e2

g2 + g′2
+ c̃zγ

g2 − g′2

g2 + g′2
− c̃zz

)
,

δκz = δg1,z − t2θδκγ , κ̃z = −t2θκ̃γ ,
λγ = λz, λ̃γ = λ̃z. (II.2.43)

Finally, we discuss how the Wilson coefficient [c``]1221 is expressed by the independent couplings.
One defining feature of the mass eigenstate Lagrangian Eq. (II.2.7) is that the tree-level relations between
the SM electroweak parameters and input observables are not affected by D=6 operators (condition # 3).
On the other hand, one of the four-fermion couplings in the Lagrangian,

LD=6
4f ⊃ [c``]1221(¯̀

1,Lγρ`2,L)(¯̀
2,Lγρ`1,L), (II.2.44)

does affect the relation between the parameter v and the muon decay width from which v = (
√

2GF )−2

is determined:

Γ(µ→ eνν)

Γ(µ→ eνν)SM
≈ 1 + 2[δgWe

L ]11 + 2[δgWe
L ]22 − 4δm− [c``]1221. (II.2.45)

Therefore, the muon decay width is unchanged with respect to the SM when [c``]1221 is related to δm
and δg as

[c``]1221 = 2δ[gWe
L ]11 + 2[δgWe

L ]22 − 4δm. (II.2.46)

This relation can be verified using the expressions of these parameters in terms of the SILH Wilson
coefficients in Eqs. (II.2.9), (II.2.12), and (II.2.33). In other words, due to the fact that we selected δm
and δg as an independent coupling in the Higgs basis, [c``]1221 has to be a dependent coupling. Of course,
one could equivalently choose [c``]1221 to define a basis, and remove e.g. δm from the list of independent
couplings. The remaining 4-fermion parameters in Eq. (II.2.37) are independent couplings.

Gauge invariant definition
In summary, in the Higgs basis the parameters spanning the space ofD=6 EFT operators are the indepen-
dent couplings in Eqs. (II.2.34), (II.2.35), (II.2.36), and (II.2.37). In the EFT expansion, the independent
couplings are formally of orderO(Λ−2). These parameters are directly linked to deviations from the SM
interactions in the mass eigenstate Lagrangian in Eq. (II.2.7). All other deviations in the mass eigenstate
Lagrangian can be expressed by the independent couplings.

In this section, the Higgs basis was introduced by choosing a subset of independent couplings in
the mass eigenstate Lagrangian defined in Section II.2.1.c. The latter is not manifestly invariant under
the full gauge symmetry of the SM, as the electroweak symmetry SU(2) × U(1) is broken to U(1)em

at the mass eigenstate level. Nevertheless, one can provide an equivalent and manifestly gauge invariant
definition of the Higgs basis. To this end, one can introduce the SU(3)× SU(2)× U(1) invariant D=6
operators as follows:

Oδλ3
= − 1

v2 (H†H)3,
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Ocgg =
g2
s

4v2H
†H GaµνG

a
µν

Oδcz = − 1

v2

[
∂µ(H†H)

]2
+

3λ

v2 (H†H)3 +


∑

f

√
2mfi

v3 H†Hf̄L,iHfR,i + h.c.


 ,

Ocz� =
ig3

v2(g2 − g′2)

(
H†σi

←→
DµH

)
DνW

i
µν −

ig2g′

v2(g2 − g′2)

(
H†
←→
DµH

)
∂νBµν ,

Oczz =
ig(g2 + g′2)

2v2(g2 − g′2)

(
H†σi

←→
DµH

)
DνW

i
µν −

ig′(g2 + g′2)

2v2(g2 − g′2)

(
H†
←→
DµH

)
∂νBµν

− ig

v2

(
DµH

†σiDνH
)
W i
µν −

ig′

v2

(
DµH

†DνH
)
Bµν ,

Oczγ = − 2igg′2

v2(g2 + g′2)

(
DµH

†σiDνH
)
W i
µν +

2ig′g2

v2(g2 + g′2)

(
DµH

†DνH
)
Bµν ,

Ocγγ = − igg′4

2v2(g4 − g′4)

(
H†σi

←→
DµH

)
DνW

i
µν +

ig′5

2v2(g4 − g′4)

(
H†
←→
DµH

)
∂νBµν

− igg′4

v2(g2 + g′2)2

(
DµH

†σiDνH
)
W i
µν +

ig′3(2g2 + g′2)

(g2 + g′2)2v2

(
DµH

†DνH
)
Bµν

+
g′2

4v2H
†H BµνBµν ,

[Oδyf ]ij = −

√
2mfi

mfj

v3 H†Hf̄L,iHfR,j + h.c.,

. . . (II.2.47)

The coefficients of the operators on the right-hand side in Eq. (II.2.47) are determined by the linear map
relating the SILH Wilson coefficients to those in the Higgs basis, which can be obtained by inverting
the relations between the Higgs and SILH coefficients derived earlier in this section. By following this
algorithm, a complete and non-redundant set of D=6 operators Oci defining the Higgs basis can be
constructed. Then the Higgs basis Lagrangian can be defined in a manifestly gauge invariant way as
LEFT = LSM +

∑
i ciOci .

Simplified scenarios
In total, the Higgs basis, as any complete basis at the dimension-6 level, is parameterized by 2499
independent real couplings [633]. One should not, however, be intimidated by this number. The point
is that a much smaller subset of the independent couplings is relevant for analyses of Higgs data at
leading order in EFT. First of all, the coefficients of 4-fermion interactions in Eq. (II.2.37) and triple
gauge interactions in Eq. (II.2.36) do not enter Higgs observables at the leading order. At that order,
the parameters relevant for LHC Higgs analyses are those in Eqs. (II.2.34) and (II.2.35), which already
reduces the number of variables significantly. Furthermore, there are several motivated assumptions
about the UV theory underlying the EFT which could be used to further reduce the number of parameters:

– Minimal flavour violation, in which case the matrices δyf , φf , dV f , and δgV f , reduce to a single
number for each f .

– CP conservation, in which case all CP-odd couplings vanish: c̃i = φf = Imdf = 0.
– Custodial symmetry, in which case δm = 0.II.10

II.10Custodial symmetry implies several relations between Higgs boson couplings to gauge bosons: δcw = δcz , cw� =
c
2
θcz� + s

2
θcγ�, cww = czz + 2s

2
θczγ + s

4
θcγ , and c̃ww = c̃zz + 2s

2
θ c̃zγ + s

4
θ c̃γ . The last three are satisfied automatically at
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We stress that independent couplings should not be arbitrarily set to zero without an underlying symmetry
assumption. Furthermore, the relations between the dependent and independent couplings in the mass
eigenstate Lagrangian should be consistently imposed, so as to preserve the structure of the D=6 EFT
Lagrangian.

Finally, to reduce the number of free parameters in an analysis, one may take advantage of the fact
that, in addition to Higgs observables, other measurements are sensitive to the parameters in Eq. (II.2.35).
In particular, the parameters in the first line of Eq. (II.2.35) are constrained by electroweak precision
tests in LEP-1. These are among the most stringent constraints on EFT parameters, and they have an
important impact on possible signals in Higgs searches. Assuming minimal flavour violation, all the
vertex corrections in Eq. (II.2.35) are constrained to be smaller than O(10−3) (for the leptonic vertex
corrections and δm), or O(10−2) (for the quark vertex corrections) [625, 627, 634].II.11 Even when the
assumption of minimal flavour violation is not imposed, all the leptonic, bottom and charm quark vertex
corrections are still constrained at the level of O(10−2) or better [636]. Similarly, many parameters in
the second line of Eq. (II.2.35) are strongly constrained by measurements of the magnetic and electric
dipole moments. In the LHC environment, experimental sensitivity is often not sufficient to probe these
parameters with a comparable accuracy. If that is indeed the case, it is well-motivated to neglect the
parameters in Eq. (II.2.35) in LHC Higgs analyses.II.12

Once the parameters in Eq. (II.2.35) are neglected, this leaves the parameters collected in Eq.
(II.2.34) to describe leading order deformations of Higgs observables. This set consists of 11 bosonic
and 2× 3× 3× 3 = 54 fermionic couplings. While that number is still large, it represents a significant
simplification compared to the 2499 Wilson coefficients parameterizing a complete D=6 basis. Further
simplifications can be introduced by making more specific assumptions about the high-energy theory that
generates D=6 operators in the EFT. For example, if the high-energy theory respects the minimal flavour
violation paradigm, the flavour structure of the fermionic parameters in Eq. (II.2.34) is proportional to the
unit matrix: [δyf ]ij = δijδyf and [φf ]ij = δijφf . This reduces down to 17 (11 bosonic and 6 fermionic)
the number of parameters relevant for LHC Higgs observables. In the Higgs basis, these parameters are:

CP-even : cgg, δcz, cγγ , czγ , czz, cz�, δyu, δyd, δye, δλ3;

CP-odd : c̃gg, c̃γγ , c̃zγ , c̃zz, φu, φd, φe. (II.2.48)

Assuming in addition CP conservationII.13 in the Higgs sector leaves only 10 CP-even parameters to
describe leading order EFT corrections to single and double Higgs boson production and decay.

Providing model-independent constraints on the 17 parameters in Eq. (II.2.48), or at least the 10
CP-even ones, is a realistic target for run-2 LHC Higgs searches. The CP-even parameters are weakly
constrained by prior precision experiments, with O(0.1)- O(1) values allowed by current global fits to
Higgs and electroweak data [628]. The CP-odd parameters are even less constrained by Higgs and elec-
troweak data, though they are indirectly constrained by low-energy probes of CP violation [637–640].
Better constraints on this reduced sets of EFT parameters from the ensemble of LHC Higgs measure-
ments would already be a valuable input for constraining a large class of theories beyond the SM.

the level of dimension-6 Lagrangian, while the first one is true for δm = 0, see Eq. (II.2.38).
II.11These constraints may be relaxed if the leading-order D=6 EFT does not provide an adequate description of electroweak

precision observables [635]. If that is the case, the vertex-like and dipole-like Higgs boson couplings in Eqs. (II.2.24) and
(II.2.26) could in principle be sizeable enough to be relevant for the LHC searches without conflict with electroweak precision
constraints. However, it is not clear whether there exist explicit BSM models where this concern is relevant.

II.12Editor footnote: Another point of view is expressed in Section II.2.3 which argues against neglecting the parameters in
Eq. (II.2.35) in EFT analyses of LHC Higgs data.

II.13The CP-odd parameters affect inclusive Higgs observables only at the quadratic level, (O(Λ
−4

) in the EFT expansion).
Therefore they can be neglected in the leading order approximation, even without assuming CP conservation, if one restricts
the analysis to inclusive measurements, such as the Higgs boson signal strength measurements at the LHC.
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Relation to other frameworks

The Higgs basis can be used in par with any other basis to describe the effects of dimension-6 operators
on physical observables. Other popular SM EFT approaches in the literature use the so-called SILH
[466], Warsaw [616], or HISZ [630] bases of D=6 operators. At the leading order in EFT all these
approaches are completely equivalent, as there exists a 1-to-1 correspondence between the parameter
of the Higgs basis and Wilson coefficients of any other D=6 basis. Therefore, the results of leading
order EFT analyses can be always translated from and to the Higgs basis without any loss of generality
(see e.g. [628] for the translation of the LHC Higgs and TGC constraints). Formulas necessary for
translations between various bases are provided: see Section II.2.1.c for the Higgs-SILH basis translation,
and Appendix A of Ref. [623] for the Higgs-Warsaw basis translation. A map between the Higgs basis
parameters in Eq. (II.2.48 and the HISZ basis can be found in Appendix B of Ref. [623]. These maps are
used by the Rosetta package [641], which provides automated translation between different bases and an
interface to Monte Carlo simulations in the MadGraph 5 framework [364].

Using the Higgs basis for leading order Higgs EFT analysis is then simply a matter of convenience.
Its usefulness is in the fact that description of Higgs observables and electroweak precision observables
at the leading EFT order (tree-level O(Λ−2)) is more transparent than in other bases. This also implies
simplification of Monte Carlo simulation of collider signals, as relevant Higgs observables typically
depend on a smaller number of parameters than in other bases. The advantages of the Higgs basis are
especially pronounced when simplified approaches to LHC Higgs data are employed. The main point of
the Higgs basis is to separate parameters affecting only Higgs observables at leading order from those
that also affect electroweak precision observables. If the latter are neglected in an analysis, a small
subset of Higgs basis parameters in Eq. (II.2.48 is adequate to describe all leading order effects of D=6
operators on Higgs observables.II.14

Beyond tree level, advantages of using the Higgs basis are yet to be demonstrated. Indeed, one-
loop corrections will introduce a dependence of the Higgs observables on a larger number of parameters,
and the neat separation of parameters affecting precision observables is not maintained. As of this time,
no one-loop EFT calculations using the Higgs basis formalism exists in the literature; the existing ones
are typically performed in the SILH [474, 642–646] or Warsaw [633, 647–652] basis. Note however
that any constraint on a coefficient derived in a certain basis at a given order can be straightforwardly
translated to other parameterizations.

We will now comment on the relationship between the Higgs basis and other frameworks that
also do not introduce new particles beyond the SM but are not equivalent to an EFT. The Higgs basis
(and dimension-6 EFT in general) is an extension of the κ-formalism [9]. That formalism, widely
used in LHC Run1 analyses, assumes that only the Higgs boson couplings already present in the SM
receive corrections from new physics. This way, the kinematics of the Higgs boson production and
decay in various channels is unchanged with respect to the SM, and only the signal strength is affected.
Moreover, the standard approach allows for new effective Higgs boson coupling to gluons and photons,
as they lead to subleading modifications of the Higgs kinematics when one restrict experimental analyses
to inclusive signal strength observables. Recent applications of the κ-formalism include global fits to the
Higgs data with 7 independent coupling modifiers [6]. This is still less general than the dimension-6
EFT, even in its restricted form with the free parameters Eq. (II.2.48). In particular, the D=6 operators
may induce Higgs boson couplings with a different Lorentz structure than that present in the SM (see
e.g. Eq. (II.2.20)) and thus they my violate the assumptions of the κ-formalism by modifying the Higgs
kinematics. Therefore, the results obtained within the κ-formalism cannot be in general translated into
the EFT language, whereas the translation is always possible in the opposite direction.II.15

II.14Editor footnote: Another point of view is expressed in Section II.2.3 which advocates using the Warsaw basis formalism
as it is more readily applicable to NLO calculations.

II.15Note however that, in the dimension-6 EFT, modifications of the relative Higgs boson coupling strength to WµWµ and
ZµZµ are always correlated with corrections to the W-boson mass, see Eq. (II.2.38), which is not taken into account in the
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A framework more general than the SM EFT discussed in Chapter. III.1 is referred to as pseudo-
observables. In Refs. [653, 654], pseudo-observables are defined as form factors parameterizing am-
plitudes of physical processes subject to constraints from Lorentz invariance. These form factors are
expanded in powers of kinematical invariants of the process around the known poles of SM particles,
assuming poles from BSM particles are absent in the relevant energy regime. Such a framework is more
general than SM EFT with D=6 operators and involves a larger number of parameters, as it does not
impose relations between different form factors or between amplitudes of different processes that are
predicted by D=6 EFT. Constraints on pseudo-observables can always be projected into constraints on
the Higgs basis parameters, provided the complete likelihood function (with correlations) is given; see
Ref. [653] for a map between observables relevant for h → 4f decays and EFT parameters. The con-
verse is in general not true: constraints on the Higgs basis parameters cannot always be translated into
constraints on pseudo-observables.

In Section II.2.1.c we introduced the effective Lagrangian that arise whenD=6 EFT is rewritten in
terms of mass eigenstates after electroweak symmetry breaking. The crucial feature of this Lagrangian
is that various interaction terms are not independent but are instead related by the formulas summarized
in Section II.2.1.d. These relations are required by the SM gauge symmetry realized linearly at the
level of operators with D ≤ 6. However, one could consider the same Lagrangian without imposing
the correlations listed in Section II.2.1.d, and treating instead all parameters as independent. Such a
construction is referred to as the Beyond-the-Standard Model Characterization (BSMC). The BSMC
Lagrangian is more general than D=6 EFT, and involves more parameters. At leading order, it can be
used to parameterize new physics effects on Higgs and other observables in a manner akin to pseudo-
observables. Once the likelihood function for the parameters of the BSMC Lagrangian is provided by
experiment, it can be projected into constraints on the Higgs basis parameters by imposing the relations
of Section II.2.1.d. At the same time, the BSMC likelihood can be used to constrain some more general
theories that do not reduce to a SM EFT at low energies. The BSMC Lagrangian is a part of the Rosetta
package [641].

Another well-known framework to describe Higgs observables is the so-called Higgs Charac-
terization (HC) [624]. In the HC Lagrangian, one describes the effective Higgs boson couplings to
the SM gauge bosons and fermions using 20 new parameters. The HC framework is distinct from the
SM EFT. On the one hand, the relations between various 2-derivative Higgs boson couplings to gauge
bosons required by D=6 EFT are not imposed. In this aspect HC is more general than the Higgs or
other D=6 basis, where these relations follow automatically from the structure of the EFT Lagrangian.
On the other hand, the HC Lagrangian does not include all possible deformations of the SM Lagrangian
predicted in the presence of D=6 operators. For example, corrections to SM gauge boson couplings to
fermions, dipole interactions, or contact Higgs interactions with one gauge boson and 2 fermions are not
implemented. In this aspect, the HC framework is less general than the SM EFT.

Thus, it is in general not possible to translate the constraints from the HC framework to the Higgs
basis or the other way around. However, it is possible to do so in certain situations when a simplified
EFT description is employed. In particular, one can project constraints on the HC parameters onto the
subset of the Higgs basis parameters in Eq. (II.2.48, assuming other parameters in the Higgs basis are
not relevant for these constraints. For such a special case, the relation between the HC parameters and
the Higgs basis parameters is given in Appendix B of Ref. [623].

κ-formalism. Strictly speaking, one can thus project general dim-6 EFT results onto a subset of 6 κ parameters of Ref. [6]:
κgZ , λZg , λtg , λγZ , λτZ , λbZ , with λWZ set to zero. In the LO EFT, these 6 κ’s are in the 1-to-1 correspondence with a subset
of 6 parameters in Eq. (II.2.48): cgg , δcz , cγγ , δyu, δyd, δye.
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II.2.2 Comments on the validity of the Effective Field Theory approach to physics beyond
the Standard Model II.16

II.2.2.a Introduction
We consider an EFT where the SM is extended by a set of higher-dimensional operators, and assume
that it reproduces the low-energy limit of a more fundamental UV description. The theory has the same
field content and the same linearly-realized SU(3) × SU(2) × U(1) local symmetry as the SM. The
difference is the presence of operators with canonical dimension D larger than 4. These are organized
in a systematic expansion in D, where each consecutive term is suppressed by a larger power of a high
mass scale. Assuming baryon and lepton number conservation, the Lagrangian takes the form

Leff = LSM +
∑

i

c
(6)
i O

(6)
i +

∑

j

c
(8)
j O

(8)
j + · · · , (II.2.49)

where eachO(D)
i is a gauge-invariant operator of dimension D and c(D)

i is the corresponding coefficient.
Each coefficient has dimension 4 −D and scales like a given power of the couplings of the UV theory;
in particular, for an operator made of ni fields one has

c
(D)
i ∼ (coupling)ni−2

(high mass scale)D−4
. (II.2.50)

This scaling holds in any UV completion which admits some perturbative expansion in its couplings [655].
An additional suppressing factor (coupling/4π)2L may arise with respect to the naive scaling if the op-
erator is first generated at L loops in the perturbative expansion. If no perturbative expansion is possible
in the UV theory because this is maximally strongly coupled, then Eq. (II.2.50) gives a correct esti-
mate of the size of the effective coefficients by replacing the numerator with (4π)ni−2 (i.e. setting
coupling ∼ 4π) [656].

The EFT defined by Eq. (II.2.49) is able to parameterize observable effects of a large class of be-
yond the SM (BSM) theories. In fact all decouplingB−L conserving BSM physics where new particles
are much heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed can be mapped to such a Lagrangian. The main motivation to use this framework is that the
constraints on the EFT parameters can be later re-interpreted as constraints on masses and couplings of
new particles in many BSM theories. In other words, translation of experimental data into a theoretical
framework has to be done only once in the EFT context, rather than for each BSM model separately.
Moreover, the EFT can be used to establish a consistent picture of deviations from the SM by itself and
thus can provide guidance for constructing a UV completion of the SM.

The EFT framework contains higher-dimensional operators (non-renormalizable in the traditional
sense). As a consequence, physical amplitudes in general grow with the energy scale of the process, and
therefore the EFT inevitably has a limited energy range of validity. In this note we address the question
of the validity range at the quantitative level. We will discuss the following points:

– Under what conditions does the EFT give a faithful description of the low-energy phenomenology
of some BSM theory?

– When is it justified to truncate the EFT expansion at the level of dimension-6 operators? To what
extent can experimental limits on dimension-6 operators be affected by the presence of dimension-
8 or higher operators?

It is important to realize that addressing the above questions cannot be done in a completely model-
independent way, but requires a number of (broad) assumptions about the new physics. An illustrative
example is that of the Fermi theory, which is an EFT for the SM degrees of freedom below the weak

II.16Author(s): N. Belyaev, R. Contino, T. Corbett, A. Falkowski, F. Goertz, C. Grojean, R. Konoplich, T. Ohl, J. Reuter, F. Riva.
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scale after the W and Z bosons have been integrated out. In this language, the weak interactions of the
SM fermions are described at leading order by 4-fermion operators of D=6, such as:

Leff ⊃ c(6) (ēγρPLνe)(ν̄µγρPLµ) + h.c. , c(6) = −g
2/2

m2
W

= − 2

v2 . (II.2.51)

This operator captures several aspects of the low-energy phenomenology of the SM, including for exam-
ple the decay of the muon, µ → eνν, and the inelastic scattering of neutrinos on electrons νe → νµ.
It can be used to adequately describe these processes as long as the energy scale involved (i.e. the
momentum transfer between the electron current and the muon current) is well below mW . How-
ever, the information concerning mW is not available to a low-energy observer. Instead, only the scale
|c(6)|−1/2 ∼ v = 2mW /g is measurable at low energies, which is not sufficient to determine mW with-
out knowledge of the coupling g. For example, from a bottom-up viewpoint, a precise measurement
of the muon lifetime gives indications on the energy at which some new particle (i.e. the W boson) is
expected to be produced in a higher-energy process, like the scattering νe → νµ, only after making an
assumption on the strength of its coupling to electrons and muons. Weaker couplings imply lower scales:
for example, the Fermi theory could have ceased to be valid right above the muon mass scale had the SM
been very weakly coupled, g ≈ 10−3. On the other hand, a precise measurement of the muon lifetime
sets an upper bound on the mass of the W boson, mW . 1.5 TeV, corresponding to the limit in which
the UV completion is maximally strongly coupled, g ∼ 4π.

This example illustrates the necessity of making assumptions (in this case on the value of the
coupling g, see also Section II.2.2.f for another BSM example) when assessing the validity range of the
EFT, that is, when estimating the mass scale at which new particles appear. On the other hand, the very
interest in the EFT stems from its model-independence, and from the possibility of deriving the results
from experimental analyses using Eq. (II.2.49) without any reference to specific UV completions. In
this note we identify under which physical conditions Eq. (II.2.49), and in particular its truncation at
the level of dimension-6 operators, can be used to set limits on, or determine, the value of the effective
coefficients. Doing so, we also discuss the importance that results be reported by the experimental
collaborations in a way which makes it possible to later give a quantitative assessment of the validity
range of the EFT approach used in the analysis. As we will discuss below, this entails estimating the
energy scale characterizing the physical process under study. Practical suggestions on how experimental
results should be reported will be given in this note. A more theoretical discussion of the EFT validity
issues and scaling of higher-dimensional operators can be found in Ref. [613].

II.2.2.b General discussion
II.2.2.c Model-independent experimental results
Let us first discuss how an experimental analysis can be performed in the context of the EFT. We start
considering Eq. (II.2.49) truncated at the level of D= 6 operators, and assume that it gives an approxi-
mate low-energy description of the UV theory. Below we discuss the theoretical error associated with this
truncation and identify the situations where the truncation is not even possible. Physical observables are
computed from the truncated EFT Lagrangian in a perturbative expansion according to the usual rules of
effective field theories [657]. The perturbative order to be reached depends on the experimental precision
and on the aimed theoretical accuracy, as we discuss in the following. Theoretical predictions obtained
in this way depend on the coefficients c(6)

i and can be used to perform a fit to the experimental data.
The fit to the coefficients c(6)

i should be performed by correctly including the effect of all the theoretical
uncertainties (such as those from the PDFs and missing SM loop contributions II.17) not originating from
the EFT perturbative expansion. The errors due to the truncation at the D = 6 level and higher-loop
diagrams involving insertions of different effective operators, on the other hand, are not quantifiable in

II.17These latter can be estimated as usual by varying the factorization and renormalization scales.
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a model-independent way and should thus be reported separately. Below we discuss how the neglected
contributions from D ≥ 8 operators can be estimated; the effects of EFT loops are discussed elsewhere
[NLO note].

Let us consider a situation in which no new physics effect is observed in future data (the discussion
follows likewise in the case of observed deviations from the SM). In this case, the experimental results
can be expressed into the limits II.18

c
(6)
i < δ

exp
i (Mcut) . (II.2.52)

The functions δexp
i depend on the upper value, here collectively denoted by Mcut, of the kinematic vari-

ables (such as transverse momenta or invariant masses) that set the typical energy scale characterizing
the process and, in general, Eq. (II.2.52) is obtained by imposing cuts on these variables and making
use of the differential kinematic distributions of the process. For example, when the EFT is applied to
describe inclusive on-shell Higgs boson decays one has Mcut ≈ mh. Another example is e+e− colli-
sions at a fixed centre-of-mass energy

√
s, in which case Mcut ≈

√
s. For certain physically important

processes these considerations are less trivial, especially in the context of hadron collider experiments.
The relevant scale for the production of two on-shell particles in proton-proton collisions, for example,
is the centre-of-mass energy of the partonic collision

√
ŝ; this varies in each event and may not be fully

reconstructed in practice. Important examples of this kind are the vector boson scattering (e.g. with final
states WW → 2`2ν and ZZ → 4`), and Higgs production in association with a vector boson (V h) or a
jet (hj). In all these processes the relevant energy is given by the invariant mass of the final pair; when
this cannot be fully reconstructed, other correlated variables such as the transverse momentum of the
Higgs or a lepton, or the transverse invariant mass can be considered.II.19 Since the energy scale of the
process determines the range of validity of the EFT description, it is extremely important that the experi-
mental limits δexp

i are reported by the collaborations for various values of Mcut. For processes occurring
over a wide energy range (unlike Higgs boson decays or e+e− collisions), knowledge of only the limit
δ

exp
i obtained by making use of all the events without any restriction on the energy (i.e. for Mcut → ∞)

severely limits the interpretation of the EFT results in terms of constraints on specific BSM models. If
the relevant energy of the process cannot be determined (e.g. because the kinematics cannot be closed),
setting consistent bounds requires a more careful procedure, similar to the one proposed in Ref. [658] in
the context of DM searches.

II.2.2.d EFT validity and interpretation of the results
Extracting bounds on (or measuring) the EFT coefficients can be done by experimental collaborations
in a completely model-independent way. However, the interpretation of these bounds is always model-
dependent. In particular, whether or not the EFT is valid in the parameter space probed by the experiment
depends on further assumptions about the (unknown) UV theory. These assumptions correspond, in the
EFT language, to a choice of power counting, i.e. a set of rules to estimate the coefficients of the effective
operators in terms of the couplings and mass scales of the UV dynamics.

The simplest situation is when the microscopic dynamics is characterized by a single mass scale
Λ and a single new coupling g∗ [655]. This particular power counting prescription smoothly interpolates
between the naive dimensional analysis (g∗ ∼ 4π) [656, 659], the case g∗ ∼ 1 as e.g. in the Fermi
theory, and the very weak coupling limit g∗ � 1. While this is not a unique prescription, it covers a large
selection of popular scenarios beyond the SM. In this class falls the Fermi theory described previously,
as well as other weakly coupled models where a narrow resonance is integrated out. Moreover, despite
the large number of resonances, also some theories with a strongly-interacting BSM sector belong to

II.18In general, the experimental constraints on different c(6)
i may have non-trivial correlations. Depending on a chosen basis,

the left-hand-side of Eq. (II.2.52) may contain linear combinations of several Wilson coefficients. If a deviation from the SM is
observed, Eq. (II.2.52) turns into a confidence interval, δd,exp

i (Mcut) < c
(6)
i < δ

u,exp
i (Mcut).

II.19However, one needs to be aware that it is the former which determines if one is within the validity range of the EFT.
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this category (e.g. the holographic composite Higgs models [660] or, more generally, theories where
the strong sector has a large-N description). The scaling of the effective coefficients with g∗ is then
determined by Eq. (II.2.50) and by symmetries and selection rules.

For a given power counting, it is relatively simple to derive limits on the theoretical parameter
space that are automatically consistent with the EFT expansion, provided the relevant energy of the
process is known. Consider the case of a single scale Λ and a single coupling strength g∗. Then the
bounds (II.2.52) can be recast as limits on these two parameters by using the power counting to estimate
c

(6)
i = c̃

(6)
i (g∗)/Λ

2, and setting the maximum relevant energy scale to Mcut = κΛ. Here c̃(6)
i (g∗) is a

(dimensionless) polynomial of g∗ and of the SM couplings, while 0 < κ < 1 controls the size of the
tolerated error due to neglecting higher-derivative operators (the value of κ can be chosen according to
the sensitivity required in the analysis). One finds

c̃
(6)
i (g∗)

Λ2 < δ
exp
i (κΛ) . (II.2.53)

These inequalities determine the region of the plane (Λ, g∗) which is excluded consistently with the EFT
expansion, with a relative error of order κ2. These are a conservative bounds, since they are obtained by
using only a subset of the events (effectively only those with relevant energy up toMcut = κΛ). They are
thus less stringent than the bounds one would obtain in the full theory with the full dataset, but they are
by construction consistent with the EFT expansion. They give a useful indication of how effective are
the experimental data in constraining the class of theories under consideration (i.e. those respecting the
assumed power counting). A detailed re-analysis of experimental results based on the Mcut technique
that we propose here, was performed in Ref. [614] for processes with V h associated production. The
same reasoning can be applied to more complicated theories following a different power counting than
the simple g∗-scaling presented above.

The usefulness of power counting stems from a number of reasons. First of all it provides a
physically motivated range in which the coefficients c(D)

i are expected to vary. Secondly, and very
importantly, it allows one to estimate the relative importance of higher-order terms in the EFT series. As
an example, consider a 2→ 2 scattering process, where the SM contribution to the amplitude is at most of
order g2

SM at high energy (gSM denotes a SM coupling). The correction from D=6 operators involving
derivatives will in general grow quadratically with the energy and can be as large as g2

∗(E
2/Λ2).II.20 If

the coupling strength g∗ is much larger than gSM , then the BSM contribution dominates over the SM
one at sufficiently high energy (i.e. for Λ > E > Λ (gSM/g∗)), while the EFT expansion is still valid.
The largest contribution to the cross section in this case comes from the square of the D=6 term, rather
than from its interference with the SM. The best sensitivity to c(6)

i is thus expected to come from the
highest value of the relevant energy scale accessible in the experiment. In this example the contribution
of D = 6 derivative operators is enhanced by a factor (g∗/gSM )2 compared to the naive expansion
parameter (E/Λ)2; such enhancement is a consequence of the fact that the underlying strong coupling
g∗ only appears at the level of D=6 operators, while SM operators mediate weaker interactions. In this
example, no further enhancement exists between D = 6 and D = 8 operators, i.e. D = 8 operators are
subdominant and the EFT series is converging. In other words, although the contributions to the cross
section proportional to (c

(6)
i )2 and c(8)

i are both of order 1/Λ4, the latter (generated by the interference
of D= 8 operators with the SM) is smaller by a factor (gSM/g∗)

2 independently of the energy, and can
thus be safely neglected. A well known process where the above situation occurs is the scattering of
longitudinally-polarized vector bosons. Depending on the UV dynamics, the same can happen in other
2 → 2 scatterings, such as Higgs associated production with a W or Z boson (VH) [614, 663] or dijet
searches at the LHC [664]. A simple illustrative example is discussed in the next section. Finally, the

II.20 Effects growing with energy can also be induced by operators without additional derivatives, if they yield new contact
interactions relevant for the process, or if they disrupt cancellations betweenO(E

2
) contribution of different SM diagrams, see

e.g. [661, 662]. The following discussion is unchanged in these cases.
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domination of (c
(6)
i )2 terms can also happen when g∗ is moderate or small but at the same time gSM is

even more suppressed. One possible example concerns flavour-changing neutral current processes which
in the SM are strongly suppressed by a loop and CKM factors, see e.g. [665]. An even sharper example
is lepton-flavour violating processes (e.g. h→ µτ ) for which gSM = 0 exactly.

II.2.2.e On the importance of loop corrections

So far our discussion was limited to tree-level effects of D= 6 operators. The EFT can be consistently
extended to an arbitrary loop order by computing observables perturbatively in the SM couplings. The
corresponding series is controlled by the expansion parameter g2

SM/16π2, which adds to the two EFT
parameters κ2

v = (g∗v/Λ)2 (assuming again a simple g∗-scaling of the effective couplings) and κ2
E =

(E/Λ)2 controlling the effects of the neglected higher-dimensional operators. One-loop effects of D=6
operators are formally suppressed by O(g2

SM/16π2), and are thus generally subleading compared to the
tree-level contributions. Including loop corrections in the EFT context is, at present, less crucial than for
a pure SM calculation. This is because the experimental precision is typically better than the magnitude
of the SM loop corrections, therefore going beyond tree level in a SM calculation is essential to obtain a
correct description of physical processes. In the case of the EFT, on the other hand, we are yet to observe
any leading-order effect of higher-dimensional operators.

There do exist situations, however, where including NLO corrections may be important for ob-
taining an adequate description of physical processes in the EFT (see Refs. [608, 611] for an extended
discussion). For example, it is well known that NLO QCD corrections to the SM predictions of certain
processes at the LHC can be of order 1, and large k-factors are expected to apply to the EFT corrections
as well. Another example is the one-loop Higgs corrections to electroweak precision observables. Since
deviations of the Higgs boson couplings due to D=6 operators can be relatively large (up to O(10%))
without conflicting with current experimental data, the 1-loop effects, in spite of the suppression factor,
can be numerically important for observables measured with a per mille precision [666–668].

More generally, 1-loop corrections are important if they stem from large coefficients and correct
precisely measured observables whose tree-level contribution arises from smaller coefficients. The tree-
level contribution of aD=6 operator may be suppressed, for example, because its coefficient is generated
at the 1-loop level by the UV dynamics. In this case, both the 1-loop and tree-level contributions from
D=6 operators would correspond to 1-loop processes in the UV theory. An example of this kind is the
decay of the Higgs boson to two photons, h → γγ, which arises necessarily at the 1-loop level if the
UV theory is minimally coupled (see Ref. [655] and the appendix of Ref. [669]) and perturbative. The
calculation of NLO effects in the context of the EFT is currently an active field of study. As suggested
by the above discussion, it is very important to identify all cases where 1-loop effects of D=6 operators
can be relevant.II.21

Besides one-loop effects, it is sometimes also important to include corrections from real emission
processes. In particular, including additional jets may be important when exclusive observables, i.e.
quantities particularly sensitive to extra radiation, are studied.

II.2.2.f An Explicit Example

In this section we illustrate our general arguments by comparing the predictions of the EFT and of a
specific BSM model which reduces to that EFT at low energies. To this end we discuss the qq̄ → V h
process at the LHC, along the lines of Ref. [614]. The purpose of the example presented below is
to demonstrate that, as in the Fermi theory, the knowledge of the D = 6 coefficients of an effective
Lagrangian is not enough to determine the validity range of the EFT approximation. Therefore, the

II.21Editor footnote: Another point of view is expressed in Section II.2.3 where it is argued that, considering projections for the
precision to be reached in LHC RunII analyses, the LO approach may not be sufficient.
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theoretical error incurred as a result of the truncation of the EFT Lagrangian cannot be quantified in a
model-independent way.

We consider the SM extended by a triplet of vector bosons V i
µ with mass MV transforming in

the adjoint representation of the SM SU(2)L symmetry. Its couplings to the SM fields are described
by [670–672]

L ⊃ igHV i
µH
†σi
←→
DµH + gqV

i
µq̄Lγµσ

iqL, (II.2.54)

where qL = (uL, dL) is a doublet of the 1st generation left-handed quarks. In this model V i
µ couples

to light quarks, the Higgs boson, and electroweak gauge bosons, and it contributes to the qq̄ → V h
process at the LHC. Below the scale MV , the vector resonances can be integrated out, giving rise to an
EFT where the SM is extended by D=6 and higher-dimensional operators. Thus, MV plays the role of
the EFT cut-off scale Λ. Using the language of the Higgs basis introduced in Section II.2.1, at the D=6
leve the EFT l is described by the parameter δcz (relative correction to the SM Higgs boson couplings to
WW and ZZ) and δgZqL (relative corrections to the Z and W boson couplings to left-handed quarks),
plus other parameters that do not affect the qq̄ → V h process at tree level. The relevant EFT parameters
are matched to those in the UV model as

δcz = − 3v2

2M2
V

g2
H , [δgZuL ]11 = −[δgZdL ]11 = − v2

2M2
V

gHgq . (II.2.55)

When these parameters are non-zero, certain EFT amplitudes grow as the square of the centre-of-mass
energy s ≡ M2

Wh of the analysed process,M ∼ M2
Wh/M

2
V . Then, for a given value of the parameters,

the observable effects of the parameters become larger at higher energies. However, above a certain
energy scale, the EFT may no longer approximate correctly the UV theory defined by Eq. (II.2.54),
and then experimental constraints on the EFT parameters do not provide any information about the UV
theory.

To illustrate this point, we compare the UV and EFT descriptions of qq̄ → W+h for three bench-
mark points:

– Strongly coupled: MV = 7 TeV, gH = −gq = 1.75;
– Moderately coupled: MV = 2 TeV, gH = −gq = 0.5;
– Weakly coupled: MV = 1 TeV, gH = −gq = 0.25;

Clearly, all three benchmarks lead to the same EFT parameters at the D = 6 level. However, because
MV = Λ varies, these cases imply different validity ranges in the EFT. This is illustrated in Figure 182,
where we show (in the left panel) the production cross section as a function of MWh, for both the full
model and the EFT. While, as expected, in all cases the EFT description is valid near the production
threshold, above a certain point Mmax

Wh the EFT is no longer a good approximation of the UV theory.
Clearly, the value of Mmax

Wh is different in each case. For the moderately coupled case, it coincides with
the energy at which the linear and quadratic EFT approximations diverge. From the EFT perspective, this
happens because D= 8 operators can no longer be neglected. However, for the strongly coupled case,
the validity range extends beyond that point. In this case, it is the quadratic approximation that provides
a good effective description of the UV theory. As discussed in the previous section, that is because, for
strongly-coupled UV completions, the quadratic contribution from D= 6 operators dominates over that
of D ≥ 8 operators in an energy range below the cutoff scale.

As an illustration of our discussion of setting limits on EFT parameters and estimating associated
theoretical errors, consider the following example of an idealized measurement. Suppose an experiment
makes the following measurement of the σ(ud̄→W+h) cross section at different values of MWh:

MWh[TeV] 0.5 1 1.5 2 2.5 3

σ/σSM 1± 1.2 1± 1.0 1± 0.8 1± 1.2 1± 1.6 1± 3.0
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Figure 182: Left: The partonic ud̄→W+h cross section as a function of the centre-of-mass energy of the parton
collision. The black lines correspond to the SU(2)L triplet model with MV = 1 TeV, gH = −gq = 0.25 (dashed),
MV = 2 TeV, gH = −gq = 0.5 (dotted), andMV = 7 TeV, and gH = −gq = 1.75 (solid). The corresponding EFT
predictions are shown in the linear approximation (solid red), and when quadratic terms in D=6 parameters are
included in the calculation of the cross section (solid purple). Right: Theory error as a function ofMV (solid line).
The error is defined to be the relative difference between the constraints on g2

∗ ≡ g2
H = g2

q obtained by recasting
the limits derived in the framework of a D=6 EFT and those derived from the resonance model. The limits come
from re-interpreting the hypothetical experimental constraints with Mcut = 3 TeV, as described in the text. The
dotted line corresponds to the naive estimate (Mcut/MV )2.

This is meant as a simple proxy for more realistic measurements at the LHC, for example mea-
surements of a fiducial σ(pp→W+h) cross section in several bins of MWh. For simplicity, we assume
that the errors are Gaussian and uncorrelated. These measurements can be recast as constraints on D=6
EFT parameters for different Mcut identified in this case with the maximum MWh bin included in the
analysis. For simplicity, in this discussion we only include δgWq

L ≡ [δgZuL ]11− [δgZdL ]11 and ignore other
EFT parameters (in general, a likelihood function in the multi-dimensional space of EFT parameters
should be quoted by experiments). Then the “measured" observable is related to the EFT parameters as

σ

σSM
≈
(

1 + 160 δgWq
L

M2
Wh

TeV2

)2

. (II.2.56)

Using this formula, one can recast the measured cross sections as 95% CL confidence intervals on δgWq
L :

Combining the MWh bins up to Mcut, one finds the following 95% confidence intervals:

Mcut[TeV] 0.5 1 1.5 2 2.5 3

δgWq
L × 103 [-70, 20] [-16,4] [-7,1.6] [-4.1,1.1] [-2.7,0.8] [-2.2,0.7]

Suppose these constraints are quoted by experiment. A theorist may try to interpret them as con-
straints on the vector resonance model with gq = −gH ≡ g∗ using the map in Eq. (II.2.55). This way
one would obtain the constraints on g∗ as a function of MV : for example, for MV = 3 TeV one would
find g∗ ≤ 0.80(0.49) for Mcut,1 = 1 TeV (Mcut,2 = 2 TeV). Note that, for our (arbitrary) choice
of data points, the limits on g∗ obtained from the measurement with Mcut,2 are stronger from the one
with Mcut,1. However, the result for Mcut,1 is also useful for theorists. First, it can be used also for
MV ≈ 2 TeV, whereas the one with Mcut,2 = 2 TeV does not have a meaningful interpretation in
this mass range. Furthermore, the theory error is smaller for Mcut,1 (∼ 10% for MV = 3 TeV) than
for Mcut,2 (∼ 40% for MV = 3 TeV). Here, we define the theory error as the fractional difference
between the bound on g2

∗ interpreted from the EFT constraints, and the true bound obtained by fitting
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the full resonance model to the experimentally “measured" cross sections using the bins up to a given
Mcut. The theory errors are plotted as solid lines in the right panel of Figure 182. By general arguments
discussed in the previous section, one expects the theory error to scale as κ2 for MV � Mcut, where
κ = Mcut/Λ = MWh/MV , and this expectation, which is shown as dotted lines in the same plot, is
confirmed. While the limits on g∗ obviously depend on the experimental central values and errors we
assumed, the theory errors as defined here are very weakly dependent on it.

II.2.2.g Summary
In this note we have discussed the validity of an EFT where the SM is extended by D=6 operators.
We have emphasized that the validity range cannot be determined using only low-energy information.
The reason is that, while the EFT is valid up to energies of order of the mass Λ of the new particles,
low-energy observables depend on the combinations c̃(6)/Λ2, where the Wilson coefficients c̃(6) of D=6
operators are function of the couplings of the UV theory.

The question of a theoretical uncertainty due to the truncation of the EFT at the level of D=6
operators depends on the impact of D > 6 operators on the studied processes. The relative size of the
contribution ofD=8 operators is controlled by c̃(8)/c̃(6)(E2

exp/Λ), where Eexp is the typical energy scale
of the process. We have discussed the physical assumptions that lead to a situation with c̃(8) ≈ c̃(6). In
this situation the energy at which the EFT breaks down coincides with the scale at which the contribution
of D=8 and higher-dimensional operators is of the same order as that of D=6 operators. Conversely,
when the EFT expansion is well convergent at the LHC energies, the effects of D=8 operators can be
neglected. We have also shown that the power counting is necessary to estimate the range of variation of
the effective coefficients c̃(6)

i , and to identify situations in which departures from the SM can be sizeable
(even bigger than the SM itself), compatibly with the EFT expansion. Exceptions from this rule, in the
form c̃(8) � c̃(6), may arise in a controlled way as a consequence of symmetries and selection rules or
for certain well-defined classes of processes. The concrete examples where this occurs are discussed in
Ref. [613]. The inclusion of D=8 operators in experimental analyses is justified only when dealing with
these special cases, and would represent an inefficient strategy in a generic situation.

We have stressed that the ratio c̃(8)/c̃(6), which controls the theoretical uncertainty of the EFT
predictions, depends on the assumptions about the UV theory that generates theD=6 andD=8 operators.
Only when a particular power counting is adopted, for example the g∗-scaling discussed in this note, can
the contributions from D= 6 and D= 8 relative to the SM be estimated in a bottom-up approach, and
the error associated with the series truncation be established. For this reason we suggest to report the
estimated uncertainty due to the truncation separately from the other errors, and to clearly state on which
assumptions the estimate is based.

If no large deviations from the SM are observed at the LHC Run-2, stronger constraints on D=6
operators can be set. As we discussed, this will extend the EFT validity range to a larger class of UV
theories (i.e. those with smaller c(6)) and leave less room for contributions of D = 8 operators. As a
consequence, the internal consistency and the validity range of the LO D=6 EFT will increase.II.22 The
validity range can also be improved by means of a global analysis combining different measurements,
which often lifts flat directions in the parameter space [625, 634] and leads to stronger constraints on
D = 6 effective coefficients, see e.g. [628, 629]. On the other hand, if a deviation from the SM is
observed, efforts to include EFT loop corrections and to estimate the effects of D > 6 operators may be
crucial to better characterize the underlying UV theory.

Most of the discussion in this note is relevant at the level of the interpretation of the EFT results,
rather than at the level of experimental measurements. However, there are also practical conclusions for

II.22Editor footnote: A different conclusion is presented in Section II.2.3. The discrepancy is due to different assumptions about
the underlying UV theory. For example, in a situation in which both Λ and c(6) are small while c(8) is sizeable, the general
validity discussion presented in this contribution would not be applicable.
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experiments. We have proposed a concrete strategy to extract bounds on (or determine) the effective
coefficients of D=6 operators in a way which is automatically consistent with the EFT expansion. This
requires reporting the experimental results as functions of the upper cuts (here collectively denoted by
Mcut) on the kinematic variables, such as transverse momenta or invariant masses, that set the relevant
energy scale of the process. This is especially important for hadron collider experiments, such as those
performed at the LHC, where collisions probe a wide range of energy scales. In general, knowledge of
the experimental results as a function of Mcut allows one to constrain a larger class of theories beyond
the SM in a larger range of their parameter space. As a quicker (though less complete) way to get
an indication on the validity range of the EFT description, it is also useful to present the experimental
results both with and without the contributions to the measured cross sections and decay widths that are
quadratic in the effective coefficients. This gives an indication on whether the constraints only apply
to strongly-interacting UV theories or they extend also to weakly-coupled ones. Notice that even in
situations where it makes sense to expand the cross section at linear order in the coefficients of D =
6 operators, quadratic terms should always be retained in the calculation of the likelihood function.
With this way of presentation, the experimental results can be applied to constrain a larger class of
theories beyond the SM in a larger range of their parameter space. Other frameworks to present results,
for example the template cross-sections or the pseudo-observables discussed elsewhere in this volume,
should also be pursued in parallel, as they may address some of the special situations discussed in this
note. Finally, given its model-dependency, we suggest to report the estimated uncertainty on the results
implied by the EFT truncation separately from the other errors, and to clearly state on which assumptions
the estimate is based.II.23

Note that even in the case of BSM discoveries in the next LHC runs, the EFT approach and the
results presented here remain still useful. For measurements with a characteristic scaleMcut considerably
below the new physics threshold, the new particle(s) can be integrated out (in analogy to the Fermi
Theory) and deviations from the predicted values of the D=6 coefficients can be probed. Such an EFT
approach may give a more economical description of the relevant precess, with fewer parameters (the
effective coefficients) that can be directly measured from low-energy data. For processes involving
higher scales, an EFT including the BSM degrees of freedom cam be set up and all results generalize
straightforwardly.

A concluding comment is in order when it comes to constrain explicit models from the bounds
derived in an EFT analysis of the data. Although EFT analyses aim at a global fit with all the opera-
tors included, it is important to ensure that the reported results are complete enough to later consider
more specific scenarios where one can focus on a smaller set of operators. Reporting the full likelihood
function, or at the very least the correlation matrix, would be a way to address this issue.

II.2.3 The Standard Model Effective Field Theory and Next to Leading Order II.24

II.2.3.a Overview
In this section we discuss how to interpret data in the Standard Model Effective Field Theory (SMEFT) in
a transparent manner at leading order (LO) and explain why a next to leading order (NLO) interpretation
of the data is important. The approach presented for LO is the one we consider the most simple to enable
the ongoing development of the SMEFT to NLO. The LO approach we present is written in terms of mass
eigenstate fields and is trivially connected to Higgs observables and electroweak precision observables.
It can be directly used at LO to interpret the data.

Interpreting the data using theoretical results developed beyond LO (in perturbation theory) can
II.23Editor footnote: Another point of view is expressed in Section II.2.3 that puts more emphasis on the uncertainty due to

the EFT truncation. There it is argued that this uncertainty is an essential part of the theory prediction, to compare to the
experimental results.

II.24Author(s): G. Passarino, M. Trott. The present content of this section reflects the initial contribution and also the editing
of the WG2 conveners (A. Falkowski, C. Hays, G. Isidori, M. Chen, A. Tinoco).
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often be crucial to do in the SMEFT. NLO calculations should be used if they are available. We discuss
the basic issues involved in improving calculations to NLO, and review the advances in this direction
that have been achieved to date. These calculations help characterize (and reduce) theoretical errors of
a LO result and allow the consistent incorporation of precise measurements, such as the LEP pseudo-
observables, in the SMEFT. NLO interpretations of the data are particularly critical in the event that
deviations from the Standard Model (SM) emerge over the course of LHC operations. NLO results are
being developed in the theoretical community and will become increasingly available over the course of
RunII. Experimental analyses can adopt approaches to LO that will allow these results to be incorporated
in the future as efficiently as possible. II.25

This review provides scientific support for the above statements. The reader who is mostly inter-
ested in the LO and NLO summary conclusions can skip directly to the end of this review.

II.2.3.b Introduction to the SMEFT
As exact non-perturbative solutions to quantum field theories are rarely known approximate solutions
that expand observables perturbatively in a small coupling constant or in a ratio of scales are generally
developed. Such quantum field theories can be regarded as examples of Effective Field Theory (EFT), the
treatment of which was pioneered in [673–675]. The predictions of the LO Lagrangian of any EFT are
approximations of limited applicability and precision. Developing such predictions beyond leading order
is in general extremely useful and straightforward if the LO EFT is well defined. The ability to improve
EFTs from LO to NLO largely explains why they have become the standard approach to interpreting data
sets of constraints on the SM, as reducing theoretical errors to be below experimental errors is required
for a precise interpretation of an experimental measurement.

At LHC it is of interest to treat the Standard Model itself as a general EFT. In this section we
briefly outline how the standard straightforward LO formulation of this SMEFT is defined. We then
discuss extending the SMEFT approach to NLO in order to incorporate important QCD and Electroweak
corrections.

The SMEFT assumes that SU(2)L × U(1)Y is spontaneously broken to U(1)em by the vacuum
expectation value of the Higgs field (v ) and that the observed JP = 0+ scalar is embedded in the Higgs
doublet. The Lagrangian is schematically

LSMEFT = LSM + L5 + L6 + L7 + L8 + · · · (II.2.57)

L5 has one operator suppressed by one power of the cut off scale (Λ) [615]. L6 has 76 parameters that
preserve Baryon number [615, 616, 622, 676] in the Nf = 1 limitII.26 and four that do not. The baryon
preserving operators in L6 has 2499 parameters in the case Nf = 3 [633]. L7 and L8 are now known,
see Refs. [617,618]. We label the Wilson coefficients of the operators in L5 as C5

i , operators in L6 as C6
i

etc., and have implicitly absorbed the appropriate power of 1/Λ into the definition of the Ci. When 1/Λ
is made explicit, and pulled out of the Wilson coefficient we will use the tilde superscript as a notation
to indicate this, for example C̃i/Λ

2.

The SMEFT is a different theory than the SM as it has local contact operators suppressed by
powers of 1/Λ. To get a feeling for the nature of the LO and NLO predictions in the SMEFT, consider a
(lepton number preserving) amplitude that can be written as

A =

∞∑

n=N

gnSM A(4)
n +

∞∑

n=N6

n∑

l=1

∞∑

k=1

gnSM

[
1

(
√

2GF Λ2)k

]l
A(4+2 k)
n l k (II.2.58)

II.25Editor footnote: Another point of view is expressed in Section II.2.1 which advocates using an operator basis that at leading
order simplifies/diagonalizes the relation between the observables and the EFT parameters and focuses the attention on the least
constrained directions in the EFT space.

II.26Here Nf counts the number of fermion generations.



Chapter II.2. EFT Formalism 313

SM
H

W±/φ±/X± W±/φ±

W±/φ±
t

LO SMEFT

NLO SMEFTW±/φ±/X±
∑

•
t

∑
•

W±/φ± W±/φ±/H/φ0

W±/φ± W±/φ±

t W±

Figure 183: Diagrams contributing to the amplitude for H → γγ in the Rξ -gauge: SM (first row), LO SMEFT
(second row), and NLO SMEFT. Black circles denote the insertion of one L6 operator.

∑
•

implies summing over
all insertions in the diagram (vertex by vertex). For triangles with internal charge flow (t,W±, φ±,X±) only the
clockwise orientation is shown. Non-equivalent diagrams obtained by the exchange of the two photon lines are not
shown. Higgs and photon wave-function factors are not included. The Fadeev-Popov ghost fields are denoted by
X.

where gSM is a SM coupling. GF is the Fermi coupling constant and Λ is again the cut off scale. l is an
index that indicates the number of SMEFT operator insertions leading to the amplitude, and k indicates
the inverse mass dimension of the Lagrangian terms inserted. N is process dependent and indicates
the order of the coupling dependence for the leading non-vanishing term in the SM (e.g., N = 1 for
H → VV etc. but N = 3 for H → γγ). N6 = N for tree initiated processes in the SM. For processes
that first occur at loop level in the SM, N6 = N − 2 as operators in the SMEFT can mediate such decays
directly thought a contact operator, for example, through a L6 operator for H → γγ . For instance, the
Hγγ (tree) vertex is generated by OHB = H†H Bµν Bµν , by O8

HW = H†Bµν Bµρ Dρ Dν H etc. An
example of the Feynman diagrams leading to A is given in Figure 183.

An example of how the SMEFT orders a double expansion in 1/Λ and the perturbative expansion
in SM couplings is as follows. Consider a tree level 2 body decay of a single field. The double expansion
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of such a process is given as the following Table II.27:

gSM /Dim −→
↓ gSM A(4)

1 + gSM g6A(6)
1,1,1 + gSM g8A(8)

1,1,2

g3
SM A(4)

3 + g3
SM g6A(6)

3,1,1 + g3
SM g2

6 A(6)
3,2,1

. . . . . . . . . . . . . . . . . .

(II.2.59)

The combination of parameters gSM g6A(6)
1,1,1 defines the LO SMEFT expression for the process, includ-

ing the leading insertion of a higher dimensional operator, and is generally well known. g3
SM g6A(6)

3,1,1

defines the NLO SMEFT amplitude in the perturbative expansion, and gSM g8A(8)
1,1,2 defines the NLO

SMEFT Lagrangian expansion contribution to the amplitude. We will refer to these two different NLO
effects in this manner in this document. The discussion here generalizes to cases other than two body
decays of a single field directly. Currently NLO terms in the double expansion present in the SMEFT are
generally unknown, in almost every process that is of interest phenomenologically.

The construction of the SMEFT, to all orders, is not based on assumptions on the size of the
Wilson coefficients of the higher dimensional operators, although it does assume that a valid perturbative
expansion is present. Constructing an NLO SMEFT result means including all operators at a fixed order
in the power counting of the theory or performing a complete one loop calculation for a process, including
all of the operators in L6 that can contribute. One must add results for real emission (if present) to get a
complete description of a process at NLO in perturbation theory.II.28

NLO corrections are a necessary consequence of the SMEFT being a well defined field theory.
The numerical size of the higher order terms depends upon the high energy (UV) scenario dictating
the C̃i and Λ, which is unknown. Restricting to a particular UV case is not an integral part of a general
SMEFT treatment and various cases can be chosen once the general calculation is performed. All explicit
references to the underlying theory are introduced via the matching procedure in the standard approach
to EFTs and power counting, see Refs. [603, 604, 606, 656, 659, 673–675, 677–686] for reviews. Below
we briefly summarize the standard definitions of these terms.

II.2.3.b.i Power counting
The size of corrections to SM results due to LSMEFT interactions are estimated with power counting.II.29

A naive power counting scheme based on the mass dimensions of the operators simply normalizes an
operator by the appropriate power of 1/Λ. Expansions in (v/Λ)m and (p2/Λ2)m are then present, where
p2 is a typical invariant momentum flow of a process. Both expansions are relative to the SM interactions.

The Naive Dimensional Analysis (NDA) power counting scheme incorporates the counting of Λ
and an estimate of factors of 4π in the normalization of the operators, see Refs. [656, 659, 679, 686] for
details. By definition any remaining 4π dependence, coupling dependence, or alternate scales present
in the EFT, can be absorbed into the Wilson coefficients in the matching procedure if the naive power
counting scheme is used.

II.27Here we have introduced short hand notation where g4+2 k = 1/(
√

2GF Λ
2
)
k, so that g6 denotes a single O(6) insertion,

g8 denotes a single O(8) insertion, g2
6 denotes two, distinct, O(6) insertions, etc..

II.28There are different uses of the phrase “NLO" in the literature. This can refer to a fixed-order NLO calculation including
non-logarithmic terms not fixed by renormalization group evolution, only an approximate fixed-order NLO calculation, which
includes logarithmic terms fixed by renormalization group evolution to NLO, and a genuine leading-log calculation, which uses
exact solutions to the RG equations to actually do a resummation. In this work “NLO in the perturbative expansion" refers to a
complete perturbative correction due to SM interactions to the operators in L6.

II.29Differences of opinion about the size of NLO corrections exist in the theory community. Our claim is that any differences of
opinion regarding NLO analyses are due to different implicit UV assumptions and the data should be reported in a manner that
maximizes its potential use in the future, including its use in NLO analyses. This means formalisms that cannot be improved to
NLO should be avoided. We return to this point below.
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II.2.3.b.ii Matching
Wilson coefficients are determined by calculating on-shell amplitudes in the UV theory and in the
SMEFT and taking the low energy limit (E/Λ << 1). The mismatch of the finite terms defines the
Wilson coefficient in the matching condition.

If the value of Wilson coefficients in broad UV scenarios could be inferred in general this would be
of significant scientific value. An example of a scheme that applies to a fairly large set of UV scenarios is
the Artz-Einhorn-Wudka “potentially-tree-generated” (PTG) scheme [687,688]. This approach classifies
Wilson coefficients for operators in L6 as tree or loop level (suppressed by g2/16π2) essentially using
topological matching arguments. This classification scheme corresponds only to a subset of weakly
coupled and renormalizable UV physics cases, as the topologies considered are (effectively) limited
by Lorentz invariance and renormalizability. This scheme does not apply to scenarios where any high
energy physics is strongly interacting or an EFT itself [682]. This scheme should be only considered
with caution, as it is not the result of a precise matching calculation.

One can study the Wilson coefficients using dimensional analysis, by restoring ~ 6= 1 in the
Lagrangian, as recently discussed in Refs. [610, 689]. In this note we do not assume any hierarchy
among the couplings as discussed in these works. The reasons we do not adopt these claims is that,
in our opinion, one cannot unambiguously identify the powers of hypothetical UV couplings present
in the C̃i, as the SM couplings also carry ~ dimensions and the UV theory is not known. Further, the
matching procedure introduces order one constant terms that can be as large as, or dominant over, any
such coupling dependence. For these reasons, we adopt an agnostic position and treat the C̃i as anything
other than parameters to be constrained by experiment. In this approach, by performing the calculations
without unnecessary assumptions, it is still possible to study the effect of particular hierarchies and
specific UV completions (when they are precisely defined allowing a matching calculation) a posteriori.

II.2.3.b.iii Operator bases for the SMEFT
The Warsaw basis [616] for the SMEFT is given in Table 100. This basis is completely and precisely
defined and is fully reduced by the Equations of Motion (EOM). It was the first basis of this form,
building upon Ref. [622]. No fully reduced basis was present in the literature prior to 2010 when this
result was reported. The Warsaw basis is one of the most (if not the most) standard SMEFT bases in
use in the theoretical community. This is the basis we use to define the straightforward LO approach in
subsequent sections.

One can make small field redefinitions of O(1/Λ2) to shift LSMEFT by operators proportional to
the EOM. This procedure can be used to eliminate redundant operators from the Lagrangian to obtain
a fully reduced basis or to change to a different operator basis. Operator bases that are related by field
redefinitions give equivalent results for physically measured quantities due to the equivalence theorem,
see Refs. [690–692] for the proof of this theorem and its conditions. Field redefinitions are a change
of variables in a path integral and do not affect S-matrix elements although the source terms in Greens
functions can get modified. If a modification of how LSMEFT is presented uses manipulations that are
not gauge independent field redefinitions, it does not directly satisfy the conditions of the equivalence
theorem. Any LO Lagrangian construction based on intrinsically gauge dependent manipulations is
different from a gauge independent operator basis, like the Warsaw basis, and we believe it would not be
referred to as an operator basis in standard EFT literature [603, 604, 606, 656, 659, 673–675, 677–686].
II.30

In principle, any well-defined basis (in the sense specified above) can be used. There are very few
such bases defined in the literature: the Warsaw basis and various constructions that can be related to the
Warsaw basis using the EOM. A notable example is the so-called SILH basis, a later version of which

II.30Editor footnote: Another point of view is expressed in Section II.2.1 that advocates the use of field transformations to
simplify tree level calculations and separate different classes of observables.
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was reported in Ref. [466] in 2013. The different operators that are present in this SILH basis (we adopt
here the definition of the basis of Ref. [633]), denoted Oi, are given by

OHW = −i g2 (DµH)† τ I (DνH)W I
µ ν , OHB = −i g1 (DµH)† (DνH)Bµ ν , (II.2.60)

OW = − i g2

2
(H†
←→
D I

µH) (DνW I
µ ν), OB = − i g1

2
(H†
←→
D µH) (DνBµ ν), (II.2.61)

OT = (H†
←→
D µH) (H†

←→
D µH). (II.2.62)

We use Qi for the Warsaw basis operators, τ is the Pauli matrix, g1 is the U(1)Y coupling and g2 is the
SU(2)L coupling. See Refs. [616, 633] for more details on notation. All other operators are the same
in these bases. The transformation from the Warsaw basis to the Oi operators is derived using the SM
EOM and foundII.31 to be [633]

g1 g2QHWB = 4OB − 4OHB − 2 yH g
2
1 QHB, (II.2.63)

g2
2 QHW = 4OW − 4OB − 4OHW + 4OHB + 2 yH g

2
1 QHB, (II.2.64)

g2
1 y`Q

(1)
Hl
tt

= 2OB + yH g
2
1 OT − g2

1

[
yeQHe

rr
+ yqQ

(1)
Hq
rr

+ yuQHu
rr

+ ydQHd
rr

]
, (II.2.65)

g2
2 Q

(3)
Hl
tt

= 4OW − 3 g2
2 QH� + 2 g2

2m
2
h (H†H)2 − 8 g2

2 λQH − g2
2 Q

(3)
Hq, (II.2.66)

− 2 g2
2

(
[Y †u ]rrQuH

rr
+ [Y †d ]rrQdH

rr
+ [Y †e ]rrQeH

rr
+ h.c.

)
. (II.2.67)

Here the t subscript is a flavour index and the (1), (3) superscripts are operator labels, see Table 1. In
these relations only the flavour singlet component of the operators appears - given by the tt subscript and
the notation QHd

rr
for the Warsaw basis operators. It is necessary to define what flavour components of

the operators are removed and retained in this procedure, as first pointed out in Ref. [633].II.32 Note that
these relationships between operators are not gauge dependent as they follow from gauge independent
field redefinitions that satisfy the equivalence theorem.

The complete renormalization program for L6 was only carried out in the Warsaw basis. In the
latter basis higher derivative terms are systematically removed using the EOM in favour of other operators
without derivatives. This is done for a number of technical reasons which, in our opinion, were crucial
to complete the renormalization program in Refs. [633, 647–649]. Only partial renormalization results
were derived in the SILH basis. Any LO construction introducing operator normalizations, redefinitions
of the SM parameters and EOM manipulations that are intrinsically gauge dependent will, in our opinion,
make very hard the use of the results in Refs. [633, 647–649].

II.2.3.b.iv Rotating to mass eigenstate fields
Expanding around the vev in unitary gauge and rotating to mass eigenstate fields, the LO modification
of the SM interactions in the SMEFT come about in a straightforward manner.II.33 Here we list the
most phenomenologically relevant terms present for mass eigenstate fields, the remaining interactions
unlisted come from Class 1, 3, 5, 6, 8 operators in Table 1. It is not required in our approach to specify
all interactions as we make no assertion that these mass eigenstate interactions listed are an operator
basis. As the theory should be canonically normalized, we denote coupling parameters in the canonically
normalized SMEFT with bar superscripts. This use of bar notation is distinct from bar superscripts on
fermion fields where ψ̄ = ψ†γ0. The following section is largely taken from Ref. [633].

II.31 Operator relations of this form were partially discussed in Refs [693–695] previously.
II.32In our opinion, using the SILH basis to describe interactions of vector bosons with fermions, for example in Electroweak

Precision Data (EWPD) is less transparent than using the Warsaw basis (see Ref. [696]).
II.33The operator basis for the SMEFT remains the Warsaw basis when the interaction terms are expanded in terms of mass

eigenstate fields in unitary gauge. Operator bases are gauge independent, satisfy the equivalence theorem, and do not change
when the SMEFT is improved from LO to NLO.
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Table 100: The L6 operators built from Standard Model fields which conserve baryon number in the Warsaw
basis [616]. The flavour labels of the form p, r, s, t on the Q operators are suppressed on the left hand side of the
tables.

1 : X3

QG fABCGAνµ GBρν GCµρ

QG̃ fABCG̃Aνµ GBρν GCµρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH� (H†H)�(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GAµνG
Aµν

QHG̃ H†H G̃AµνG
Aµν

QHW H†HW I
µνW

Iµν

Q
HW̃

H†H W̃ I
µνW

Iµν

QHB H†H BµνB
µν

QHB̃ H†H B̃µνB
µν

QHWB H†τ IHW I
µνB

µν

Q
HW̃B

H†τ IH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσ
µνer)τ

IHW I
µν

QeB (l̄pσ
µνer)HBµν

QuG (q̄pσ
µνTAur)H̃ GAµν

QuW (q̄pσ
µνur)τ

IH̃ W I
µν

QuB (q̄pσ
µνur)H̃ Bµν

QdG (q̄pσ
µνTAdr)H GAµν

QdW (q̄pσ
µνdr)τ

IHW I
µν

QdB (q̄pσ
µνdr)H Bµν

7 : ψ2H2D

Q
(1)
Hl (H†i

←→
D µH)(l̄pγ

µlr)

Q
(3)
Hl (H†i

←→
D I
µH)(l̄pτ

Iγµlr)

QHe (H†i
←→
D µH)(ēpγ

µer)

Q
(1)
Hq (H†i

←→
D µH)(q̄pγ

µqr)

Q
(3)
Hq (H†i

←→
D I
µH)(q̄pτ

Iγµqr)

QHu (H†i
←→
D µH)(ūpγ

µur)

QHd (H†i
←→
D µH)(d̄pγ

µdr)

QHud + h.c. i(H̃†DµH)(ūpγ
µdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγ
µlt)

Q(1)
qq (q̄pγµqr)(q̄sγ

µqt)

Q(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγ
µet)

Quu (ūpγµur)(ūsγ
µut)

Qdd (d̄pγµdr)(d̄sγ
µdt)

Qeu (ēpγµer)(ūsγ
µut)

Qed (ēpγµer)(d̄sγ
µdt)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγ
µet)

Qlu (l̄pγµlr)(ūsγ
µut)

Qld (l̄pγµlr)(d̄sγ
µdt)

Qqe (q̄pγµqr)(ēsγ
µet)

Q(1)
qu (q̄pγµqr)(ūsγ

µut)

Q(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q
(1)
quqd (q̄jpur)εjk(q̄ksdt)

Q
(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt)

Q
(1)
lequ (l̄jper)εjk(q̄ksut)

Q
(3)
lequ (l̄jpσµνer)εjk(q̄ksσ

µνut)
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II.2.3.b.iv.1 SM Lagrangian

We define the SM Lagrangian as

LSM = −1

4
GAµνG

Aµν − 1

4
W I
µνW

Iµν − 1

4
BµνB

µν + (DµH
†)(DµH) +

∑

ψ=q,u,d,l,e

ψ i /Dψ

− λ
(
H†H − 1

2
v2

)2

−
[
H†jd Yd qj + H̃†juYu qj +H†je Ye lj + h.c.

]
, (II.2.68)

which implicitly defines most of our notational conventions. Note H̃j = εjkH
†k. We have suppressed

reference to the θ̃ gauge dual operators of the form θ̃ Fµ ν F̃µ ν . These terms are known to be experi-
mentally small. For dual gauge fields we use the convention F̃µ ν = εµ ν αβ F

αβ with ε0123 = +1. See
Ref [633, 648, 649] for more details on notation.

II.2.3.b.iv.2 Higgs boson mass and self-couplings

The potential in the SMEFT is

V (H) = λ

(
H†H − 1

2
v2

)2

− CH
(
H†H

)3
, (II.2.69)

yielding the new minimum

〈H†H〉 =
v2

2

(
1 +

3CHv
2

4λ

)
≡ 1

2
v2
T . (II.2.70)

The scalar field can be written in unitary gauge as

H =
1√
2

(
0[

1 + cH,kin
]
h+ vT

)
, (II.2.71)

where

cH,kin ≡
(
CH� −

1

4
CHD

)
v2, vT ≡

(
1 +

3CHv
2

8λ

)
v. (II.2.72)

The coefficient of h in Eq. (II.2.71) is no longer unity, in order for the Higgs boson kinetic term to be
properly normalized when the dimension-six operators are included. In what follows we can exchange
vT for v when this parameter multiplies a operator in L6 as the difference is NLO in the lagrangian
expansion.The kinetic terms

L(6) = (DµH
†)(DµH) + CH�

(
H†H

)
�
(
H†H

)
+ CHD

(
H†DµH

)∗ (
H†DµH

)
, (II.2.73)

and the potential in Eq. (II.2.69) yield

L(6) =
1

2

(
∂µh

)2 − cH,kin

[
h2

v2 + 2
h

v

]
(∂µh)2 − m2

h

2
h2 − λvT

(
1− 5CHv

2

2λ
+ 3cH,kin

)
h3

− 1

4
λ

(
1− 15CHv

2

2λ
+ 4cH,kin

)
h4 +

3

4
CHvh

5 +
1

8
CHh

6, (II.2.74)

for the h self-interactions. The Higgs boson mass is

m2
h = 2λv2

T

(
1− 3CHv

2

2λ
+ 2cH,kin

)
. (II.2.75)
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II.2.3.b.iv.3 Yukawa couplings

The Lagrangian terms in the unbroken theory

L = −
[
H†jdr [Yd]rs qjs + H̃†jur [Yu]rs qjs +H†jer [Ye]rs ljs + h.c.

]
(II.2.76)

+

[
C∗dH
sr

(
H†H

)
H†jdrqjs + C∗uH

sr

(
H†H

)
H̃†jurqjs + C∗eH

sr

(
H†H

)
H†jerljs + h.c.

]
,

yield the fermion mass matrices

[
Mψ

]
rs

=
vT√

2

([
Yψ
]
rs
− 1

2
v2C∗ψH

sr

)
, ψ = u, d, e (II.2.77)

in the broken theory. The coupling matrices of the h boson to the fermions L = −huY q+h.c+ . . . are

[
Yψ
]
rs

=
1√
2

[
Yψ
]
rs

[
1 + cH,kin

]
− 3

2
√

2
v2C∗ψH

sr

=
1

vT

[
Mψ

]
rs

[
1 + cH,kin

]
− v2

√
2
C∗ψH
sr
, ψ = u, d, e. (II.2.78)

The fermion fields can be rotating to diagonal mass eigenstates with 3× 3 unitary matrices U as

ψL = U(ψ,L)ψ′L, ψR = U(ψ,R)ψ′R, (II.2.79)

where the measured masses m̂i
ψ are

U†(ψ,R)
[
Mψ

]
U(ψ,L) = δij m̂

i
ψ,

i = {u, c, t}, ψ = u,
i = {d, s, b}, ψ = d,
i = {e, u, τ}, ψ = e.

(II.2.80)

For the complex Yukawa coupling the higgs to the mass eigenstate fermion fields

L = −h
[
Yψ
]
rs
ψ̄r PL ψs + h.c. (II.2.81)

where PL = (1− γ5)/2 and

[
Yψ
]
rs

= δrs
m̂r
ψ

vT

[
1 + cH,kin

]
− v2

√
2

[
U†(ψ,R)C∗ψH U(ψ,L)

]
rs
. (II.2.82)

The Yukawa matrices are off diagonal in general and not simply proportional to the fermion mass ma-
trices as in the SM, as indicated by the second term. The CKM and PMNS matrices control flavour
violating interactions in the SM and are defined as

VCKM = U(u, L)† U(d, L), UPMNS = U(e, L)† U(ν, L), (II.2.83)

when the U matrices only rotate between the weak and mass eigenstates in the SM. The definition of
these matrices in the SMEFT is a convention choice. Here we choose to define these matrices so that the
masses are taken to diagonal form including the L6 interactions.

II.2.3.b.iv.4 Gauge boson masses and couplings

The relevant CP even L6 terms are

L(6) = CHGH
†HGAµνG

Aµν + CHWH
†HW I

µνW
Iµν + CHBH

†HBµνB
µν
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+ CHWBH
†τ IHW I

µνB
µν + CGf

ABCGAνµ GBρν GCµρ + CW ε
IJKW Iν

µ W Jρ
ν WKµ

ρ . (II.2.84)

The gauge fields need to be redefined, so that the kinetic terms are properly normalized and diagonal.
The first step is to redefine the gauge fields

GAµ = GAµ
(

1 + CHGv
2
T

)
, W I

µ =WI
µ

(
1 + CHW v

2
T

)
, Bµ = Bµ

(
1 + CHBv

2
T

)
. (II.2.85)

The modified coupling constants are

g3 = g3

(
1 + CHG v

2
T

)
, g2 = g2

(
1 + CHW v2

T

)
, g1 = g1

(
1 + CHB v

2
T

)
, (II.2.86)

so that the products g3G
A
µ = g3GAµ , etc. are unchanged. The mass eigenstate basis is given by [697]

[
W3
µ

Bµ

]
=

[
1 −1

2 v
2
T CHWB

−1
2 v

2
T CHWB 1

] [
cos θ sin θ

− sin θ cos θ

] [
Zµ
Aµ

]
, (II.2.87)

where the rotation angle is

tan θ =
g1

g2

+
v2
T

2
CHWB

[
1− g1

2

g2
2

]
. (II.2.88)

The W and Z masses are

M̄2
W =

g2
2v2
T

4
,

M̄2
Z =

v2
T

4
(g1

2 + g2
2) +

1

8
v4
TCHD(g1

2 + g2
2) +

1

2
v4
T g1g2CHWB. (II.2.89)

The covariant derivative is

Dµ = ∂µ + i
g2√

2

[
W+
µ T

+ +W−µ T−
]

+ iḡZ

[
T3 − s2Q

]
Zµ + i eQAµ, (II.2.90)

where Q = T3 + Y , and the effective couplings are given by

e =
g1g2√
g2

2 + g1
2

[
1− g1g2

g2
2 + g1

2 v
2
TCHWB

]
= g2 sin θ − 1

2
cos θ g2 v

2
T CHWB,

gZ =

√
g2

2 + g1
2 +

g1g2√
g2

2 + g1
2
v2
TCHWB =

e

sin θ cos θ

[
1 +

g1
2 + g2

2

2g1g2

v2
TCHWB

]
,

s2 = sin2 θ =
g1

2

g2
2 + g1

2 +
g1g2(g2

2 − g1
2)

(g1
2 + g2

2)2 v2
TCHWB. (II.2.91)

The relevant CP odd L��CP6 terms are

L��CP6 = CHG̃H
†HG̃AµνG

Aµν + CHW̃H
†HW̃ I

µνW
Iµν + CHB̃H

†HB̃µνB
µν

+ CHW̃BH
†τ IHW̃ I

µνB
µν + CG̃f

ABCG̃Aνµ GBρν GCµρ + CW̃ ε
IJKW̃ Iν

µ W Jρ
ν WKµ

ρ . (II.2.92)

The modified couplings and gauge fields introduced in Eqns.II.2.85, II.2.86 do not cancel the new contri-
bution from these operators suppressed by v2

T /Λ
2 to the CP violating θ̃ parameters. These extra contri-

butions strongly indicate that without fine tuning the Wilson coefficients CHG̃, CHW̃ , CHB̃, CHW̃B are
suppressed by a large CP violating scale and can be neglected, similar to the treatment of L5.
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II.2.3.b.iv.5 h→WW and h→ ZZ

The relevant CP -even Lagrangian terms are

L = (DµH)†(DµH)− 1

4

(
W I
µνW

Iµν +BµνB
µν
)
,

+ CHW QHW + CHB QHB + CHWBQHWB + CHDQHD, (II.2.93)

which lead to the interactions

L =
1

2
g2

2vThW
+
µ W−µ

[
1 + cH,kin

]
+ CHW vThW

+
µ νW

−
µ ν . (II.2.94)

for the W , and

L =
1

4
(g2

2 + g1
2)vTh(Zµ)2

[
1 + cH,kin + v2

TCHD

]
+

1

2
g1g2v

3
Th(Zµ)2CHWB

+ vTh(Zµν)2

(
g2

2CHW + g1
2CHB + g1g2CHWB

g2
2 + g1

2

)
(II.2.95)

for the Z. Normalizing the SM θ̃ operators by two powers of the appropriate gauge coupling so that
Eqns.II.2.85, II.2.86 do not introduce extra terms, the��CP contributions are

L��CP6 = CHW̃ vTh W̃
+
µ νW

−
µ ν + vTh(Z̃µν Zµν)

(
g2

2CHW̃ + g1
2CHB̃ + g1g2CHW̃B

g2
2 + g1

2

)
. (II.2.96)

II.2.3.b.iv.6 h→ γ γ, h→ γ Z and h→ gg

The CP even and odd couplings of h→ γ γ and h→ γ Z are given by [698]

L = h vT ē
2
[
Cγ γ Aµ ν Aµ ν + C̃γ γ Ãµ ν Aµ ν + Cγ Z Aµ ν Zµ ν + C̃γ Z Ãµ ν Zµ ν

]
. (II.2.97)

Here

Cγ γ =
CHW

ḡ2
2

+
CHB

ḡ2
1

− CHWB

ḡ1 ḡ2
, (II.2.98)

C̃γ γ =
CHW̃
ḡ2

2

+
CHB̃
ḡ2

1

− CHW̃B

ḡ1 ḡ2
, (II.2.99)

Cγ Z =
1

ḡ1 ḡ2
(CHW − CHB)−

(
1

2 ḡ2
1

− 1

2 ḡ2
2

)
CHWB, (II.2.100)

C̃γ Z =
1

ḡ1 ḡ2

(
CHW̃ − CHB̃

)
−
(

1

2 ḡ2
1

− 1

2 ḡ2
2

)
CHW̃B. (II.2.101)

The CP even and odd couplings of h→ gg are trivially

L = h vT

[
CHG Gµ ν Gµ ν + CHG̃ G̃

µ ν Gµ ν
]
. (II.2.102)

II.2.3.b.iv.7 Dipoles and Higgs dipole interactions

In the broken phase the dipole interactions with neutral gauge bosons are

L =
ē (v + h)√

2
Cψγ
rs
ψrσ

µνPRψsAµν +
ē (v + h)√

2
CψZ
rs
ψrσ

µνPRψsZµν ,

+
(v + h)√

2
CdG
rs
drσ

µνTA PRds GAµν +
(v + h)√

2
CuG
rs
urσ

µνTAPRus GAµν + h.c. (II.2.103)
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where r and s are flavour indices and ψ = {e, u, d} so that

Ceγ
rs

=

[
U(e, L)†

(
CeB
g1
− CeW

g2

)
U(e,R)

]

rs

CeZ
rs

= −
[
U(e, L)†

(
CeB
g2

+
CeW
g1

)
U(e,R)

]

rs

Cdγ
rs

=

[
U(d, L)†

(
CdB
g1
− CdW

g2

)
U(d,R)

]

rs

CdZ
rs

= −
[
U(d, L)†

(
CdB
g2

+
CdW
g1

)
U(d,R)

]

rs

Cuγ
rs

=

[
U(u, L)†

(
CuB
g1

+
CuW
g2

)
U(u,R)

]

rs

CuZ
rs

= −
[
U(u, L)†

(
CuB
g2
− CuW

g1

)
U(u,R)

]

rs

.

(II.2.104)

CuW has the opposite sign for u-type quarks in Eq. (II.2.104) because of the opposite sign for T3L. Note
that σµ ν = i

[
γµ, γν

]
/2. The dipole interactions with charged gauge bosons are

L = (v + h)

[
νr σ

µν PR esW+
µνCeW

rs
+ ur σ

µν PR dsW+
µν CdW

rs
+ dr σ

µν PR usW−µν CuW
rs

]
+ h.c.

(II.2.105)

where

CeW
rs

=
[
U(ν, L)†CeW U(e,R)

]
rs

CdW
rs

=
[
U(u, L)†CdW U(d,R)

]
rs

CuW
rs

=
[
U(d, L)† CuW U(u,R)

]
rs
. (II.2.106)

II.2.3.b.iv.8 (h+ v)2 V ψ̄ ψ interactions

In the broken phase the interactions of the Higgs with fermions and an associated gauge boson are given
by

L =

√
ḡ2

1 + ḡ2
2

2
(h+ vT )2Zµ ν̄r γµPLνs

[
U(ν, L)†

(
C

(1)
H` − C

(3)
H`

)
U(ν, L)

]
rs
,

+

√
ḡ2

1 + ḡ2
2

2
(h+ vT )2Zµ ēr γµPLes

[
U(e, L)†

(
C

(1)
H` + C

(3)
H`

)
U(e, L)

]
rs
,

+

√
ḡ2

1 + ḡ2
2

2
(h+ vT )2Zµ ūr γµPLus

[
U(u, L)†

(
C

(1)
Hq − C

(3)
Hq

)
U(u, L)

]
rs
,

+

√
ḡ2

1 + ḡ2
2

2
(h+ vT )2Zµ d̄r γµPLds

[
U(d, L)†

(
C

(1)
Hq + C

(3)
Hq

)
U(d, L)

]
rs
,

+

√
ḡ2

1 + ḡ2
2

2
(h+ vT )2Zµ ψ̄r γµPR ψs

[
U(ψ,R)†CHψ U(ψ,R)

]
rs
,

− ḡ2√
2

(h+ vT )2W+
µ ν̄r γ

µPL es

[
U(ν, L)†C(3)

H` U(e, L)
]
rs

− ḡ2√
2

(h+ vT )2W+
µ ūr γ

µPL ds

[
U(u, L)†C(3)

Hq U(d, L)
]
rs
,

+
i ḡ2

2
(h+ vT )2W+

µ ūr γ
µPR ds

[
U(u,R)†CHud U(d,R)

]
rs

+ h.c (II.2.107)

where ψ = {u, d, e}.
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II.2.3.b.iv.9 TGC parameters

The off-shell Triple gauge coupling parameters are given by

(−LTGC) /ḡVWW = iḡV1

(
W+
µνW−µ −W−µνW+µ

)
Vν + iκ̄VW+

µW−ν Vµν , (II.2.108)

+ i
λ̄V

M̄2
W

VµνW+ρ
ν W−ρµ

where V = {Z,A}. In the SM gAWW = e and gZWW = g2 cθ. In the SMEFT the canonically
normalized couplings are modified to ḡAWW = ē and ḡZWW = ḡ2 c̄θ and the shifts compared to these
normalized couplings are

δḡA1 = −δκ̄A = −v
2
T

2

cθ̄
sθ̄
CHWB, δḡZ1 = −δκZ =

v2
T

2

sθ̄
cθ̄
CHWB, (II.2.109)

and

δλ̄A = 6 sθ̄ CW
M̄2
W

ḡAWW
, δλ̄Z = 6 cθ̄ CW

M̄2
W

ḡZWW
. (II.2.110)

An important check of gauge invariance in TGC shifts is that the relationships

κ̄Z = ḡZ1 − (κ̄A − 1) t2θ̄, λ̄Z = λ̄A, (II.2.111)

are respected when the shifts in the Lagrangian parameters are expressed in terms of the SM parameters.
These shifts respect these relationships.

II.2.3.b.v Summary of mass eigenstate interactions and symmetries

L6 has 2499 parameters in general [633]. Clearly restricting to a Minimal Flavour Violating (MFV) sce-
nario [699–701], which imposes a U(3)5 flavour symmetry broken only by the SM Yukawas is desirable.
This reduces the number of parameters to 76. Assuming that CP violating effects can also be neglected,
the number of parameters is restricted to 53 for L6 [633]. This is a reasonable symmetry based limit to
assume.II.34 In this symmetric case

[
Yψ
]
rs
∈ R and

[
Yψ
]
rs

= δrs
m̂r
ψ

vT

[
1 + cH,kin − v2 CψH

]
, where CψH [Yψ]rs = Re

[
C∗ψH
rs

]
. (II.2.112)

Further all Wilson coefficients for operators with dual fields (denoted with tilde subscripts or super-
scripts) are neglected. The dipole and Higgs dipole interactions are all flavour diagonal proportional to
the corresponding fermion mass and real. The (h+ v)2Zψ̄ ψ interactions are flavour diagonal while the
(h + v)2W+ψ̄ ψ interactions are proportional to VCKM or U†PMNS . Finally, flavour violating interac-
tions in the Class 8 operators follow an MFV pattern [699–701].

These symmetries, if assumed in L6, are broken at least by the SM interactions, which violate
these symmetries. NLO calculations are required to define the perturbative breaking of these symmetric
limits.

II.34Custodial symmetry is broken by gauge interactions in the SM and the mass splitting of fermion doublet fields. The number
of parameters removed due to this strongly broken symmetry being assumed are negligible compared to the effects of the CP
even and MFV assumptions.
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II.2.3.b.vi Input parameters and defining conditions
Differently than in Section II.2.1, we have not imposed the following conditions on the mass eigenstate
construction:

– Tree-level relations between the electroweak parameters and a choice of input parameter set (IPS)
are the same as the SM ones.

– Two-derivative self-interactions of the Higgs boson are absent.
– For each fermion pair, the coefficients of the hV ψ̄ ψ, h2V ψ̄ ψ interaction terms are equal to the

vertex correction of V ψ̄ ψ.

These conditions are not required to interpret the data in the SMEFT and, in our view, introduce technical
complications in a LO approach that could make NLO calculations harder to develop.

Considering condition one above, we emphasize that an operator basis is IPS independent. If
one were to modify the construction of LSMEFT to make some relationships to a particular IPS the
same in the SM and the SMEFT with algebraic manipulations that were only defined classically (i.e. at
LO), this would make such a construction an example of a “phenomenological effective Lagrangian”
whose advantage is limited to LO. Claims of intuitive connections to LHC Higgs and EWPD observables
in such approaches should be considered with great care. We believe it is advantageous not to tie a
phenomenological Lagrangian construction to any specific IPS, for a series of reasons:

– Monte Carlo programs do not all use the same IPS. Further, the IPS {αew, GF ,MZ} is not in
common use when automated calculations for the SM beyond LO are generated to define the SM
event rate in a measurement. Before any SMEFT implementation is used it must first be checked
what IPS set or sets are used to define the SM event rate in the measurement of interest. If a
construction tied to the specific IPS {αew, GF ,MZ} were to be used it must be confirmed that all
simulation tools and SM results only use this specific IPS or inconsistent results will be reported.

– When the IPS {αew, GF ,MZ} is used in the analysis of “high” energy data it is afflicted with
hadronic uncertainties entering already at the one loop level and arising because it must be “run up”
from low energy, crossing the hadronic resonance region. The Fermi coupling constant, obtained
from the muon lifetime, does not suffer from this disadvantage (even in the full SM one loop
hadronic effects are mass suppressed) [702].

The parameters vT , ḡ1, ḡ2, ē, sθ̄, cθ̄ etc. in the Lagrangian do have to be assigned numerical
values consistent with some IPS. This is sometimes known as a “finite renormalization". This is distinct
from rotating to the mass eigenstate fields in the canonically normalized SMEFT and does not require
the conditions above be imposed in a gauge dependent manner. We now illustrate how a straightforward
LO implementation is related to the IPS {αew, GF ,MZ} in the U(3)5 limit for tree level gauge boson
fermion interactions.

II.2.3.b.vi.1 Input parameters measurements

Define the local effective interaction for muon decay as

LGF = −4GF√
2

(
ν̄µ γ

µPLµ
) (
ē γµPLνe

)
. (II.2.113)

GF is defined as the following parameter measured in µ decay, µ− → e− + ν̄e + νµ. In the SMEFT (e
and µ are generation indices 1 and 2, and are not summed over)

−4GF√
2

= − 2

v2
T

+

(
C ll
µeeµ

+ C ll
eµµe

)
− 2

(
C

(3)
Hl
ee

+ C
(3)
Hl
µµ

)
. (II.2.114)

The parameter αew is measured in the Thompson (p2 → 0) limit and discussed in Section II.2.3.b.vii.5,
and MZ is defined in the resonance pole scan of LEP measurements.
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II.2.3.b.vi.2 Gauge boson couplings for the α IPS

Our notational conventions are that shifts due to the SMEFT are denoted as δX = (X)SMEFT −XSM

for a parameter X .II.35 Measured input observables or parameters directly defined by combinations of
input observables are denoted with hat superscripts. The shifts in the commonly appearing Lagrangian
parameters MZ , MW , GF , s2

θ are

δM2
Z ≡

1

2
√

2

m̂2
Z

ĜF
CHD +

21/4√π
√
α̂ m̂Z

Ĝ
3/2
F

CHWB, (II.2.115)

δM2
W = −m̂2

W

(
δs2
θ̂

s2
θ̂

+
cθ̂

sθ̂
√

2ĜF
CHWB +

√
2δGF

)
, (II.2.116)

δGF =
1√

2 ĜF

(√
2C

(3)
Hl −

Cll√
2

)
, (II.2.117)

δs2
θ = − sθ̂ cθ̂

2
√

2 ĜF (1− 2s2
θ̂
)

[
sθ̂ cθ̂ (CHD + 4C

(3)
Hl − 2Cll) + 2CHWB

]
. (II.2.118)

These shifts lead to modifications of the Z couplings with the normalization

LZ,eff = gZ,eff

(
JZ`µ Zµ + JZνµ Zµ + JZuµ Zµ + JZdµ Zµ

)
, (II.2.119)

where gZ,eff = − 2 21/4
√
ĜF m̂Z , (JZxµ )pr = x̄p γµ

[
(ḡxV )preff − (ḡxA)preff γ5

]
xr for x = {u, d, `, ν}.

In general, these currents are matrices in flavour space. When we restrict our attention to the case of a
MFV scenario (JZxµ )pr ' (JZxµ )δpr. In the Warsaw basis, the effective axial and vector couplings are
modified from the SM values by a shift

δ(gxV,A)pr = (ḡxV,A)effpr − (gxV,A)SMpr , (II.2.120)

where

δ(g`V )pr = δḡZ (g`V )SMpr −
1

4
√

2ĜF

(
CHe
pr

+ C
(1)
Hl
pr

+ C
(3)
Hl
pr

)
− δs2

θ, (II.2.121)

δ(g`A)pr = δḡZ (g`A)SMpr +
1

4
√

2 ĜF

(
CHe
pr
− C(1)

Hl
pr

− C(3)
Hl
pr

)
, (II.2.122)

δ(gνV )pr = δḡZ (gνV )SMpr −
1

4
√

2 ĜF

(
C

(1)
Hl
pr

− C(3)
Hl
pr

)
, (II.2.123)

δ(gνA)pr = δḡZ (gνA)SMpr −
1

4
√

2 ĜF

(
C

(1)
Hl
pr

− C(3)
Hl
pr

)
, (II.2.124)

δ(guV )pr = δḡZ (guV )SMpr +
1

4
√

2 ĜF

(
−C(1)

Hq
pr

+ C
(3)
Hq
pr

− CHu
pr

)
+

2

3
δs2
θ, (II.2.125)

δ(guA)pr = δḡZ (guA)SMpr −
1

4
√

2 ĜF

(
C

(1)
Hq
pr

− C
(3)
Hq
pr

− CHu
pr

)
, (II.2.126)

δ(gdV )pr = δḡZ (gdV )SMpr −
1

4
√

2 ĜF

(
C

(1)
Hq
pr

+ C
(3)
Hq
pr

+ CHd
pr

)
− 1

3
δs2
θ, (II.2.127)

δ(gdA)pr = δḡZ (gdA)SMpr +
1

4
√

2 ĜF

(
−C(1)

Hq
pr

− C
(3)
Hq
pr

+ CHd
pr

)
, (II.2.128)

II.35See Refs. [625, 697, 703–706] for the development of this approach and Refs. [635, 707] for details.
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where

δḡZ = −δGF√
2
− δM2

Z

2m̂2
Z

+
sθ̂ cθ̂√
2ĜF

CHWB, (II.2.129)

and similarly the W couplings are defined as

δ(g
W±,`
V )rr = δ(g

W±,`
A )rr =

1

2
√

2ĜF

(
C

(3)
Hl
rr

+
1

2

cθ̂
sθ̂
CHWB

)
+

1

4

δs2
θ

s2
θ̂

, (II.2.130)

δ(g
W±,q
V )rr = δ(g

W±,q
A )rr =

1

2
√

2ĜF

(
C

(3)
Hq
rr

+
1

2

cθ̂
sθ̂
CHWB

)
+

1

4

δs2
θ

s2
θ̂

. (II.2.131)

Here our chosen normalization is (gxV )SM = T3/2−Qx s2
θ, (g

x
A)SM = T3/2 where T3 = 1/2 for ui, νi

and T3 = −1/2 for di, `i and Qx = {−1, 2/3,−1/3} for x = {`, u, d}. The set of δX parameters are
not an operator basis for the SMEFT.

II.2.3.b.vii Fitting at LO and NLO: constraints and covariance
The mapping of an experimental constraint to the underlying Ci is based on a linear expansion of a cross
section or a pseudo-observable based decomposition of a cross section. A fit at LO to mass eigenstate
parameters should include a theoretical covariance matrix and a theoretical error due to neglected higher
order effects in the SMEFT [612, 635, 707]. A fit in terms of the underlying weak eigenstate Wilson co-
efficients is straightforward and we believe it will in general have a much simpler theoretical covariance
matrix.

II.2.3.b.vii.1 Digression on theoretical uncertainty

In the SM, when a particular process is calculated, a common practice is that a theoretical error is as-
signed. For example, for parametric and theoretical uncertainties within the SM, see Table 1 of Ref. [9].
It can be subtle to assign such an error [162] due to the neglect of missing higher order perturbative terms
in the SM. The need to include theoretical errors when perturbatively expanding the SMEFT is tied to
the fact that different truncations of such expansions can be constructed. Suppose that a given quantity
Q(a) is given in perturbation theory by the following expansion:

Q = a+ g
[
a2 + f1(a)

]
+ g2

[
a3 + f2(a)

]
+O(g3) = ā+ g f1(a) +O(g2), (II.2.132)

where ā = a/(1 − ga). Suppose that only the f1 term is actually known. It could be decided that ā
is the effective expansion parameter (or that in the full expression we change variable a → ā). This is
equivalent, in the truncated expansion, to introducing

Q = ā+ g f1(a) = ā+ g f1(ā), (II.2.133)

which gives ∆Q = g2 f ′1(a), the difference in the two results due to neglected higher order terms is an
estimate of the associated theoretical uncertainty. A fit to observables defined in a perturbative expansion
must always include an estimate of the missing higher order terms [708], which specifies a theoretical
uncertainty.

II.2.3.b.vii.2 The importance of NLO results for theoretical uncertainty

An excellent example of the importance of theory errors is provided by another effective field theory,
NRQED, as discussed in Refs. [27, 709–714]. The Hydrogen hyperfine splitting is measured to fourteen
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digits, but only computed to seven digits. This introduces a theoretical error when using this measure-
ment. Comparatively, the Positronium hyperfine splitting is measured and computed to eight digits. It
would simply be a mistake to give the H hyperfine splitting a weight 106 larger than the Ps hyperfine
splitting in a global fit to the fundamental constants, and to totally ignore theory errors. A careful consid-
eration of NLO effects can help in avoiding similar errors when using the SMEFT formalism. In our opin-
ion, neglecting such considerations may lead to incorrect conclusions. For example, in Ref. [635, 707]
it has been shown that the per mille level due to the LEP experiments projected into the SMEFT might
not be as strong as claimed in the previous literature when SMEFT theoretical errors are taken into ac-
count. This should not be surprising, as in EWPD the modifications of the W mass, the ρ parameter and
the effective weak-mixing angle are loop-induced quantities and a study of their SM deviations requires
an analysis at NLO in the SMEFT. As a result of these developments, constraints on parameters in the
SMEFT (that are not symmetry based) are not robustly below LHC sensitivity.

For this reason, we believe it is not wise to set parameters that contribute to EWPD to zero in
LHC analyses in the SMEFT. The experimental bound should be imposed on these parameters, with a
clearly specified theory error. As a rule of thumb when experimental bounds descend below the 10%
level SMEFT theory errors should not be neglected in an EFT interpretation of the data. II.36

II.2.3.b.vii.3 Covariance due to operator basis in L6

Consider two mass eigenstate interaction shifts δX1, δX2 that contribute to a particular cross section
that reports an experimental bound. Several SMEFT Wilson coefficients generally contribute to any one
observable through δX1, δX2. All such parameters must be retained unless symmetries, or knowledge
of the UV theory, allows a reduction. One can directly interpret the data at LO in terms of the underlying
Wilson coefficients that are present in δX1, δX2 and defined in linear expansions of these parameters, so
long as theoretical errors are carefully accounted for.

Alternatively fit results can be reported in terms of δX1, δX2. However in this case it is critical that
a theoretical covariance matrix is included. As the shifts δX1, δX2 are linear in the Wilson coefficients,
the bi-linearity property of covariance can be used to obtain the theoretical covariance matrix directly.
Schematically the matrix can be build up for δX1 = aC1 + bC2 + · · · and δX2 = cC1 + dC3 + · · · as
follows

Cov [δX1, δX2] = a cCov[C1, C1] + a dCov[C1, C3] + b cCov[C2, C1] + b dCov[C2, C3] + · · ·
Assuming that the C1, C2, C3 are independent operators Cov[C1, C1] = V ar[C1] and all other entries
vanish. The appropriate covariance matrix can be constructed so long as a theoretical error is included for
each of the terms in the perturbative expansion of the δX . Estimating a theoretical error for these terms to
obtain the individual variances requires an estimate of neglected NLO corrections. A NLO mapping can
be carried out in the same manner. The only modification is the use of NLO formula in the expansion of
the cross section and smaller theoretical errors, as we illustrate below. Fits to mass eigenstate parameters
in general have very non trivial covariance matrices (due to gauge invariance of the underlying operator
basis) that have to be defined. The required theoretical errors can only be estimated by an understanding
of NLO corrections to a LO formalism.

II.2.3.b.vii.4 Fitting at LO or NLO?

A NLO treatment of the data is always advisable if the required theoretical results are available. NLO
analyses are required to consistently map lower energy measurements in the SMEFT to the cut off µ = Λ,
or to consistently combine data sets measured at different effective scales (µ1 6= µ2). Whether or not a
NLO treatment of the data is required in the SMEFT is defined by three considerations:

II.36Editor footnote: Another point of view is expressed in Section II.2.1 which advocates to focus the LHC Higgs analyses,
at least in the early phase, on the parameters that are most unconstrained by previous experiments in order to maximize the
sensitivity to new physics.
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– What is the cut off scale (Λ) and what is the matching pattern of Wilson coefficients into the
SMEFT?

– What is the experimental precision that will be reached in a measurement?
– How will a bound projected into the SMEFT formalism at LO be used?

Considering the first question, it is interesting to consider the cases where 1 TeV . Λ/

√
C̃i .

3 TeV. In these cases, deviations in processes measured at the LHC could possibly be observable. If
deviations are seen then a NLO analysis is well motivated to learn as precisely as possible about the
underlying physics sector through the measured deviation. Cut off scales of this form are not implausible
or ruled out. On the contrary they are well motivated by the Hierarchy problem. Further model building
exercises for decades have indicated that such cut off scales are not robustly ruled out when considering

EWPD. If the ratio Λ/

√
C̃i lies in this interesting range, the effect of NLO corrections are clearly not

negligible [612, 630, 635, 647, 650–652, 707, 715–720]. Considering the second question, as we have
stressed, when experimental precision starts to reach the 10% level a NLO analysis should be pursued.
The answer to the third question differs among analyses and authors but in general NLO results will
always be useful to authors interested in LO results while the converse is not true.

II.2.3.b.vii.5 Theory errors in a LO formalism on the IPS

As a specific example of a theory error to include in a LO analysis, any LO approach does not take into
account that the scales characterizing the measurements of the input parameters αew, GF ,MZ differ.
Consider the error introduced due to the neglect of this NLO effect in the SMEFT, compared to the
errors quoted on αew in the SM. This parameter is measured at low energies in the p2 → 0 limit.II.37 The
value of this input parameter is given in Table 2. In the SMEFT, the running of αew is modified compared
to the SM as given in Ref. [648]. As a simple approximation of the error introduced in the SMEFT, one
finds that the neglected NLO SMEFT correction to αew is then

(∆αew)SMEFT

(∆αew)SM
' −250

(
1TeV

Λ

)2

C̃HB − 80

(
1TeV

Λ

)2

C̃HW , (II.2.134)

running from p2 ∼ 1 GeV2 to mh.II.38 Here (∆αew)SM is the SM error quoted in the Table. Depending
on C̃HB and C̃HW and Λ, which are unknown, the neglected NLO SMEFT effects can lead to an error
on this input parameter far larger than in the SM. This should be completely unsurprising. Neglected
NLO effects in the SMEFT in this case include corrections of order g2

1,2v
2
T /(16π2) Λ2. The theoretical

errors due to such neglected effects can obviously compete with the SM theoretical errors, introduced in
a QED calculation out to tenth order in the SM. Similarly, neglected NLO corrections on the other input
parameters modify their theoretical error.

II.2.3.b.vii.6 Approximating unknown SMEFT theory errors

Various ways exist to estimate SMEFT theory errors. One can compute the same observable with dif-
ferent “options”, e.g., linearization or quadratization of the squared matrix element, resummation or
expansion of the (gauge invariant) fermion part in the wave function factor for the external legs, variation
of the renormalization scale, GF renormalization scheme or α -scheme, etc.

II.37
αew is frequently extracted in the Thompson limit p2 → 0 when probing some Coulomb potential of a charged particle, for

example in a measurement of g−2 for the electron or muon. Recently, extractions with a competitive error budget have emerged
where αew is extracted from the measured ratio of ~/Matom via the recoil velocity for a stable atom, such as Rb

87 [721] or
Cs [722]. The important point is to realize that this input parameter differs in the SM and in the SMEFT at NLO.

II.38This is only an approximation, as formally all of the SM states with masses m2 � p
2 should be integrated out in sequence

when running down from the high scale.
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Table 101: Current experimental best estimates of αew, GF ,MZ .

Parameter Input Value Ref.

m̂Z 91.1875± 0.0021 [11, 723, 724]
ĜF 1.1663787(6)× 10−5 [11, 724]
α̂ew 1/137.035999074(94) [11, 721, 724, 725]

A conservative estimate of the associated theoretical uncertainty is obtained by taking the envelope
over all “options”; the interpretation of the envelope is a log-normal distribution (commonly done in the
experimental community) or a flat Bayesian prior [160, 162] (a solution preferred in a large part of the
theoretical community).

In our opinion, to properly characterize the perturbative error, it is essential to calculate at least to
one loop order in the SMEFT, including the leading insertion of operators in L6. Until such calculations
are performed, we recommend conservative theoretical errors should be applied to theoretical relations
in the SMEFT. Further, the introduction of a “non-perturbative” error, due to L8 when bounding L6

should be done. In Eqn.II.2.59, the g3 g2
6 A(6)

3,2,1 terms can be used as estimators of missing higher order
non-perturbative terms in the SMEFT. This approach is not particularly novel, but is simply the obvious
extension of the widely accepted approach to assigning theoretical error in the SM to the SMEFT. II.39

As a specific example, a reasonable approximation of a theoretical error to introduce for an ob-
servable i when fitting to the leading parameters in L6, is given by [635, 707]

∆i
SMEFT (Λ) '

∑

j

xij C̃
8
ij
v4
T

Λ4 +
∑

j

(gijSM )2

16π2 C̃6
ij yij ln

[
Λ2

v2
T

]
v2
T

Λ2 . (II.2.135)

Non log dependence in the second term is also present, but is suppressed for a simplifying approximation.
Here xij , yij label the observable dependence and are O(1). One can further define

x′i

√
N i

8 =
∑

j

√
x2
ij (C̃8

ij)
2, y′i

√
N i

6 =
∑

j

√
y2
ij (C̃6

ij)
2 (II.2.136)

as the product of O(1) numbers that characterize the multiplicity of the operators that contribute to
a process (N6,8) and the typical numerical dependence x′i, y

′
i. The square root is because errors are

assumed to add in quadrature. As an alternative, a Bayesian uniform prior for the Ci could be used.

Although the number of operators is large, the relevant number of operators that contribute in a
process is far less then the full operator set; in known examples N6,8 ∼ O(10). No complete operator
basis of L8 has ever been encoded in a Monte-Carlo program and used to fit the data, and we do not
recommend that fits should explicitly include all terms in L8 and vary corrections in general. Rough
error estimates of this form should be sufficient for most purposes.

This error is multiplicative and the absolute error is obtained as ∆i
SMEFT (Λ) times the SM predic-

tion for an observable. For cut off scales and Wilson coefficients in the range 1 TeV . Λ/

√
C̃i . 3 TeV

and order one numbers for xi, yi, N6,8 the value of ∆i
SMEFT (Λ) is in the range of fewO(%) toO(0.1%)

[612,635,707]. This is the reason we believe that once experimental errors descend to the O(10%) level
SMEFT theory errors should be considered to be conservative. It is widely considered to be the case that
the precision expected in LHC analyses can be expected to approach a few per cent in well measured
channels [726, 727].

We believe that a percentage error can be motivated for SMEFT theoretical uncertainties using
these approximations and then directly applied (and varied) when reporting a bound.

II.39Editor footnote: Another point of view is expressed in Section II.2.2, where it is argued that the validity range of an EFT
analysis cannot be determined using only low-energy information or the truncation error of the EFT Lagrangian.
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II.2.3.b.viii NLO SMEFT loop corrections
We believe that including loop corrections in the SMEFT context is somehow even more crucial than for
a pure SM calculation.II.40

One loop corrections can introduce a dependence on Wilson coefficients that do not contribute
at tree level to a particular process and some of these Wilson coefficients are very poorly bounded.
This is different from the SM where all of the Lagrangian terms are extremely well known. We will
refer to the introduction of such dependence as “non-factorizable” corrections. Such corrections can
significantly change the interpretation of a mapping of experimental constraints at NLO in the SMEFT,
as we illustrate below. Loop corrections also introduce a perturbative rescaling of the dependence on an
operator’s Wilson coefficient. These corrections help define the variance discussed Section II.2.3.b.vii.3
for a LO analysis.

Improving the SMEFT to one loop requires a renormalization scheme be defined, a systematic
renormalization of the SMEFT be carried out on the new parameters in L6, and loop corrections be
performed in a particular chosen gauge. We now discuss each of these steps in the NLO program in more
detail.

II.2.3.b.ix SMEFT: renormalization in practice
In this section we describe a general renormalization procedure in the SMEFT. The results presented
have been developed in Refs. [650, 718], based on the conventional formalism widely used in the SM
[377, 381, 691, 728]. To perform renormalization in an EFT it is appropriate to use a dimensionless
regulator, see Refs. [603] for a review. We work with dimensional regularization and define

∆UV =
2

4− d − γ − lnπ − ln
µ2

R

µ2 (II.2.137)

where d is space-time dimension, the loop measure is µ4−d dnq and µR is the renormalization scale; γ is
the Euler-Mascheroni constant. Counter-terms for SM parameters and fields are defined by

Zi = 1 +
g2

16π2

(
dZ

(4)
i + g6 dZ

(6)
i

)
∆UV . (II.2.138)

With field/parameter counter-terms we can make UV finite the self-energies and the corresponding Dyson
resummed propagators. However, these counterterm subtractions are not enough to make UV finite the
Green’s functions with more than two legs (at O(gN6g6)). A mixing matrix among Wilson coefficients
is needed:

Ci =
∑

j

ZW
ij C

ren
j ZW

ij = δij +
g2

16π2 dZW
ij ∆UV . (II.2.139)

For example, in this way we can renormalize the (on-shell) s -matrix for H(P )→ Aµ(p1)Aν(p2)
and H(P ) → Aµ(p1)Zν(p2) which have only one (transverse) Lorentz structure. By on-shell s -matrix
for an arbitrary process (involving unstable particles) we mean the corresponding (amputated) Green’s
function supplied with LSZ factors and sources, computed at the (complex) poles of the external lines [729–
731]. For processes that involve stable particles this can be straightforwardly transformed into a physical
observable.

The connection of the HVV,V = Z,W (on-shell) s -matrix with the off shell vertex H→ VV and
the full process pp → 4ψ is more complicated and is discussed in some detail in Sect. 3 of Ref. [612].
The “on-shell” s -matrix for HVV, being built with the the residue of the H−V−V poles in pp → 4ψ

II.40Editor footnote: Another point of view is expressed in Section II.2.2 where it is argued that the NLO corrections due to
D=6 EFT coefficients are important to include only in particular well-defined situations.
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is gauge invariant by construction (it can be proved by using Nielsen identities [732]) and represents
one of the building blocks for the full process: in other words, it is a pseudo-observable [612, 653,
733]. Technically speaking the “on-shell” limit for external legs should be understood “to the complex
poles” (for a modification of the LSZ reduction formulas for unstable particles, see Ref. [734]) but,
as well known, at one loop we can use on-shell masses (for unstable particles) without breaking the
gauge parameter independence of the result. Residues of complex poles are what matters, as far as
renormalization is concerned.

The H(P )→ Zµ(p1)Zν(p2) (on-shell) matrix contains a part of the amplitude proportional to gµν

(referred to as DHZZ below) and a part of the amplitude proportional to pµ2 p
ν
1 (referred to as PHZZ

below). Both of these terms get renormalized through a mixing.

Consider now the H(P ) → W−
µ(p1)W+

ν(p2) (on-shell) matrix: it has the same Lorentz de-
composition of H → ZZ and it is UV finite in the Dim = 4 part. The DHWW part at Dim = 6 is
renormalized through a mixing; however, there are no Wilson coefficients in PHWW that are not also
present in PHZZ , so that the UV finiteness of this term is related by gauge symmetry to the renormaliza-
tion of PHZZ . This is the first part of the arguments used in Refs. [650, 718] in proving closure of NLO
SMEFT under renormalization.

The (on-shell) decays H(P ) → b(p1)b(p2) and Z(P ) → ψ̄(p1)ψ(p2) are more involved to im-
prove to NLO in the SMEFT. The SM contribution to these amplitudes are rendered finite by the SM
counter-terms, however renormalizing the contributions due to L6 requires an extensive treatment of this
operator mixing. See Ref. [652] for recent results on these decays.

Some structure present in the SM is not preserved when extending an analysis into the SMEFT.
Manifestly, processes that first appear at one loop in the SM can occur at tree level in the SMEFT, due
to the presence of local contact operators. However, some symmetries of the SM are preserved. For
example, consider the universality of the electric charge. In pure QED there is a Ward identity [735]
telling us that e can be renormalized in terms of vacuum polarization (which is a way to understand the
universality of the coupling), and Ward-Slavnov-Taylor (WST) identities [735–737] allow us to general-
ize the argument to the full spontaneously broken SM symmetry group. The previous statement means
that the contribution from vertices (at zero momentum transfer) in the full SM exactly cancel those from
(fermion) wave function renormalization factors. Therefore, by directly computing the vertex A ψ̄ ψ
(at q2 = 0) and the Zψ wave function factor in the SMEFT, one can directly prove (or check) that the
WST identity is extended to the SMEFT at L6. This is expected as the corresponding identities are the
consequence of symmetries. However, this is technically non-trivial even after the previous steps in the
renormalization program discussed above. Once (non-trivial) finiteness of this vertex is established, the
finiteness of e+e− → ψ̄ ψ (including the four-point functions in the non resonant part) follows. This is
the second part in proving closure of the NLO SMEFT under renormalization, using the arguments of
Refs. [650, 718].

At NLO one first has to render all SM and SMEFT parameters finite. Considering the arguments
above, and the complete renormalization results of all the operators inL6 reported in Refs. [633,647–649]
in the Warsaw basis, this step in the NLO program has been accomplished. This result has not been
derived so far in any other basis. We believe that translating these results to other bases may be very
challenging.

II.2.3.b.x Input parameter choices

The detailed fixing of poles and residues that make up precise renormalization conditions require a
lengthy discussion. For detailed reviews in the case of the SM, see Refs. [738,739]. Below we summarize
the results of the finite renormalization in the relationship to the input observables.
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II.2.3.b.x.1 Using a ‘GF -scheme’ with GF , MW , MZ

In the ‘GF -scheme’, one uses {GF , MW , mZ} to fix terms in the Lagrangian. In this case, we write
the following equation for the g finite renormalization

gren = gexp +
g2

exp

16π2

(
dZ(4)

g + g6 dZ(6)
g

)
(II.2.140)

where gexp will be expressed in terms of the Fermi coupling constant GF . Furthermore, c
θ

= MW/mZ .
The µ -lifetime can be written in the form

1

τµ
=

M5
µ

192π3

g4

32M4

(
1 + δµ

)
. (II.2.141)

The radiative corrections are δµ = δW
µ + δG where δG is the sum of vertices, boxes etc and δW

µ is due to
the W self-energy. The renormalization equation becomes

GF√
2

=
g2

8M2

{
1 +

g2

16π2

[
δG +

1

M2 ΣWW(0)
]}

(II.2.142)

where we expand the solution for g

g2
ren = 4

√
2GF M

2
W ; OS

{
1 +

GFM
2
W ; OS

2
√

2π2

[
δG +

1

M2 ΣWW ; fin(0)
]}

. (II.2.143)

Note that the non universal part of the corrections is given by

δG = δ
(4)
G + g6 δ

(6)
G δ

(4)
G = 6 +

7− 4 S2
θ

2 S2
θ

ln c
θ
s (II.2.144)

but the contribution of L6 to muon decay at NLO is not available yet and has not be included in the cal-
culation. It is worth noting that eq. (II.2.142) defines the finite renormalization in the {GF , MW , mZ}
IPS.

II.2.3.b.x.2 The ‘α scheme’, using α,GF,MZ

This scheme uses the fine structure constant α and is based on using {α , GF , mZ} as the IPS. The new
finite-renormalization equation is

g2 S2
θ

= 4πα
[
1− α

4π

ΠAA(0)

S2
θ

]
(II.2.145)

where α = αQED(0) and ΠAA defines the vacuum polarization. Therefore, in this scheme, the finite
counter-terms are

g2
ren = g2

A

[
1+

α

4π
dZg

]
c
θ
r = ĉ

θ

[
1+

α

4π
dZc

θ

]
, Mren = MZ ; OS ĉ

θ
s
[
1+

α

8π
dZMW

]
(II.2.146)

where the parameters ĉ
θ

and gA are defined by

g2
A =

4π α

Ŝ2
θ

Ŝ2
θ

=
1

2

[
1−

√
1− 4

π α√
2GF M

2
Z ; OS

]
. (II.2.147)

The reason for introducing this scheme is that the s,T and U parameters Ref. [740] have been originally
given in the {α , GF , mZ} scheme, and these input parameters are very well measured in the SM. When
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calculating processes involving photons final states, this scheme can be transparent to adopt. For other
processes, the {GF , MW , mZ} scheme can be more appropriate, and is in wider use in the SM in higher
order calculations. In the α -scheme, after requiring that M2

Z ; OS is a zero of the real part of the inverse
Z propagator, we are left with one finite counterterm, dZg. The latter is fixed by using GF and requiring
that

1√
2
GF =

g2

8M2

{
1 +

g2

16π2

[
δG +

1

M2 ∆WW(0)−
(
dZW + dZMW

)
∆UV

]}
(II.2.148)

where we use the following relations for UV and finite renormalization,

g = gren

(
1 +

g2
ren

16π2 dZg ∆UV

)
gren = gA

(
1 +

α

8π
dZg

)
. (II.2.149)

Note that SM EW calculations available in literature generally use GF for the pure weak part or evolve
α(0)→ α(M) and useα(M) as the expansion parameter at the scaleM . For a comprehensive discussion
see Sect. 5.3 of Ref. [360].

II.2.3.b.xi Background field gauge
Any well defined gauge can be used in a calculation, see Ref. [741] for an excellent review on gauge
fixing. There can be some advantage to organizing a calculation in a manner that enforces relationships
between counter terms due to gauge invariance. A technique that accomplishes this is known as the
Background Field (BF) method [742, 743]. The idea is that fields are split into classical and quantum
components and a gauge fixing term is added that maintains the gauge invariance of the classical back-
ground fields, while breaking the gauge invariance of the quantum fields. Due to the resulting Ward
identities, one finds the relations among the SM counter-terms [738]. The gauge fixing in the BF method
can be imposed as in Ref. [738, 744]. Use of the background field method can make extending the WST
relations between counter-terms manifest and transparent, even when including the effects of L6. It is
worth noting that the WST identities have been explicitly verified in the straightforward LO approach
detailed in this note. Proving such identities in any LO approach verifies the gauge-independence of the
results.

Extending any gauge fixing procedure to the case of the SMEFT is subtle, due to the order by order
redefinition of the fields that are gauged due to terms in LSMEFT . Optimally resolving the technical
complications that result is a challenge. These subtleties are some of the reasons it is difficult to directly
modify computer programs that have been developed for automatic NLO calculations in the SM, to the
case of the SMEFT. The development of NLO SMEFT Monte-Carlo tools is still very much a work in
progress.

II.2.3.c Known results in the SMEFT to NLO
Despite all of the challenges to advancing SMEFT results to NLO, progress in this area is rapid and
steady. In this section we briefly summarize some of these theoretical developments.

II.2.3.c..1 Renormalization results

The complete renormalization of the Warsaw basis was reported in Refs. [633,647–649]. In the approach
outlined in Section II.2.3.b.ix, results for the Warsaw basis operator renormalization were reported in
Refs. [650, 718]. Use of SMEFT renormalization results (including a subset of NLO finite terms) to
leverage EWPD to bound operators not contributing at tree level was reported in Ref. [745]. Partial results
for renormalizing some alternate operator sets in a so called “SILH basis” were given in Refs. [643,667].
A recent study of RGE effects on the oblique parameters, in a subset of UV models, was reported in
Ref. [719].
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II.2.3.c..2 Advances in one loop matching techniques

Recently, the covariant derivative expansion discussed in Refs. [746–748] has re-emerged in Refs. [611,
749, 750] as a powerful technique to perform matching calculations to underlying UV theories at one
loop. The basic idea at work is that, the contribution to the effective action that results when integrating
out a heavy field X at one loop is schematically given by

∆S ∝ iTr log
[
D2 +m2

X + U(x)
]

(II.2.150)

where mX is the mass of the X field integrated out, D2 = DµD
µ, Dµ is the covariant derivative, and

U(x) depends on the SM field content. The covariant derivative expansion allows this functional trace
to be directly evaluated, while keeping gauge covariance manifest. This simplifies and systematizes one
loop matching calculations in the SMEFT, in many simple UV physics cases.II.41

II.2.3.c..3 Full Lagrangian expansion results to NLO (L8)

Refs. [617–619,754,755] have developed the theoretical technology (essentially advanced use of Hilbert
series techniques) to characterize the number of independent operators present at each order in the
SMEFT expansion. This has lead to the complete characterization of the operator sets in L7 and L8.

II.2.3.c..4 Perturbative NLO results in the SMEFT

Full results to NLO in the SMEFT have started to appear in the literature. The first pioneering calcu-
lations of this form were for the process µ → e γ in Ref. [756] and for the process Γ(H → γ γ) in
Refs. [650, 651, 720]. In [651] the full NLO perturbative SMEFT result for this decay with no assump-
tion in the underlying UV scenario was reported. Ref. [650] also reported NLO results for Γ(H → Z γ),
H → Z Z?, H → W W? under the assumption of a PTG scenario and presented results to NLO for the
W mass and other EWPD parameters. Recently Ref. [652] also reported NLO perturbative results for
H→ bb and H→ τ−τ+ in the general SMEFT, including finite terms, in the large mt limit. NLO QCD
results for a set of higher dimensional operators contributing to the Higgs boson pair production process
were given in Ref. [474], for the Higgs characterization model in Ref. [624] and for associated Higgs
boson production in Ref. [646].

II.2.3.c.i A study of constraints
As a particular example, we discuss the impact of NLO corrections on inferred LO bounds, in the case
of Γ(H → γ γ), using the results of Refs. [651, 720]. We consider the general SMEFT case, con-
sider unknown C̃i ∼ 1 and vary the unknown parameters over 0.8 ≤ Λ ≤ 3 in TeV units. Note
that v̄2

T /(0.8 TeV)2 ∼ 0.1. Taking κγ from Ref. [757] to be 0.93+0.36
−0.17, and neglecting light fermion

(mf < mH) effects for simplicity, one finds the 1σ range

−0.02 ≤
(
C̃1,NP

γ γ +
C̃NPi fi

16π2

)
v̄2
T

Λ2 ≤ 0.02 . (II.2.151)

Here, the tilde superscript denotes that the scale 1/Λ2 has been factored out of a Wilson coefficient. The
fi terms correspond to the “nonfactorizable” terms, and C̃1,NP

γ γ corresponds to the one loop improvement
of the Wilson coefficient that gives this decay at tree level – C̃0,NP

γ γ . The difference in the mapping of
this constraint to the coefficient of C̃0,NP

γ γ at tree level, and at one loop, can now be characterized.

To determine this correction we determine the percentage change on the inferred value of the
bounds of C̃0,NP

γ γ , while shifting the quoted upper and lower experimental bounds by the NLO SMEFT

II.41It is worth noting, that some questions remain about the effect of mixing between the heavy and light field content in this
approach [751]. These questions were recently clarified in [752, 753].
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perturbative correction. The envelope of the two percentage variations on the bounds is quoted in the
form [, ], for values of Λ varying from [0.8, 3] TeV. For one specific choice of signs for Ci, we find
the following characteristic results. The net impact of one-loop corrections (added in quadrature) due to
higher dimensional operators on the bound of the tree level Wilson coefficient is

∆quad C̃
0,NP
γ γ ∼ [29, 4] % . (II.2.152)

Similarly, CMS reports κγ = 0.98+0.17
−0.16 [758], which gives

∆quad C̃
0,NP
γ γ ∼ [52, 7] % . (II.2.153)

It is possible that these corrections could add up in a manner that is not in quadrature, as this depends on
the unknown C̃i values. The impact of the one-loop corrections listed above is on current experimental
bounds of Γ(H→ γγ), following from our conservative treatment of unknown UV effects. As the exper-
imental precision of the measurement of Γ(H → γγ) increases, the impact of the neglected corrections
directly scales up. Repeating the exercise above, with a chosen projected RunII value κγ = 1 ± 0.045
which is consistent with projected future bounds (CMS - scenario II [726, 727])

(∆quad C̃
0,NP
γ γ )proj:RunII ∼ [167, 21] % . (II.2.154)

High luminosity LHC runs are further quoted to have a sensitivity between 2% and 5% in κγ [759].
Choosing a value κγ = 1± 0.03 for this case, one finds

(∆quad C̃
0,NP
γ γ )proj:HILHC ∼ [250, 31] % . (II.2.155)

Neglected one loop corrections can have an important effect on the projection of an experimental bound
into the LO SMEFT formalism, when measurements become sufficiently precise and the cut off scale is
not too high. II.42

II.2.3.c.ii A study of SM-deviations
Here the reference process is the off-shell gg → H production. It is important to go off-shell because
the correct use of the SMEFT proves that scaling couplings on a resonance pole is not the same thing as
scaling them off of a resonance pole, which has important consequences in bounding the Higgs intrinsic
width, see Refs. [760–762].

In the κ approach, which was developed out of Refs. [763–765], and formalized in Ref. [10], one
writes the amplitude as

Agg =
∑

q=t,b

κgg

q Agg

q + κgg

c (II.2.156)

Agg

t being the SM t -loop etc. The contact term (which is the LO SMEFT) is given by κgg

c . Furthermore
κgg

q = 1 + ∆ κgg

q Next we compute the following ratio

R = σ
(

κgg

q , κgg

c

)
/σSM − 1 [%] . (II.2.157)

In LO SMEFT κc is non-zero and κq = 1. One measures a deviation and gets a value for κc. How-
ever, at NLO ∆κq is non zero and one gets a degeneracy: the interpretation in terms of κLO

c or in terms
of {κNLO

c ,∆κNLO

q } could be rather different (we show an example in Figure 186). Going interpretational
we consider

A
gg

SMEFT =
g g3

π2

∑

q=t,b

κgg

q Agg

q + 2 g3 g6

s

M2
W

C̃H g +
g g3 g6

π2

∑

q=t,b

Anfc ; gg

q C̃qg (II.2.158)

II.42Editor footnote: A different conclusion is presented in Section II.2.2 that argues that the theoretical uncertainty of the EFT
computation decreases when the bounds on the deviations from the SM predictions improve.
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where g3 is the SU(3) coupling constant. Using eq. (II.2.158) we adopt the Warsaw basis and eventually
work in the (PTG) scenario [687, 688]. The following options are available: LO SMEFT: κq = 1 and
C̃H g is scaled by 1/16π2 being “loop-generated” (LG); NLO PTG-SMEFT: κq 6= 1 but only PTG
operators inserted in loops (non-factorizable terms absent), C̃H g scaled as above; NLO full-SMEFT:
κq 6= 1 LG/PTG operators inserted in loops (non-factorizable terms present), LG coefficients scaled as
above. Again we note the PTG classification scheme is not valid for all possible UV.

It is worth noting the difference between eq. (II.2.156) and eq. (II.2.158), showing that the original
κ -framework can be made consistent at the price of adding “non-factorizable” sub-amplitudes. At NLO,
∆κ = g

6
ρ and

g−1
6

=
√

2GF Λ2 4π αs = g3 (II.2.159)

ρ
gg

t = C̃H W + C̃tH + 2 C̃H� −
1

2
C̃H D ρ

gg

b = C̃H W − C̃bH + 2 C̃H� −
1

2
C̃H D .

(II.2.160)

Relaxing the PTG assumption introduces non-factorizable sub-amplitudes proportional to C̃tH, C̃bH with
a mixing among C̃H g, C̃tg, C̃bg . Meanwhile, renormalization has made one-loop SMEFT finite, e.g., in
the GF -scheme, with a residual µR -dependence.

We allow each Wilson coefficient to vary in some interval In = [−n , +n] and fix a value for Λ.
Next we generate points from In for the Wilson coefficients with uniform probability and calculate R.
Finally, we calculate the R probability distribution function (pdf), as shown in Figs. 184,185.

As another example, a comparison between the LO pdf and NLO pdf for H → γγ using the
approach of this section, and the results in [650], is shown in Figure 186.

II.2.3.c.iii Comments on Pole observables vs tails of distributions
When analysing data near poles, scaling arguments that apply to the suppression of local contact (non
resonant) four fermion operators in L6 also apply to NLO L8 corrections. This is fortunate as the very
large number of parameters present in L8 and L6 are primarily present in four fermion operators. In
the case of L6 2205 of the 2499 parameters present are due to four fermion operators [633]. NLO
power corrections in L8, higher order in (v/Λ)m, are suppressed compared to L6 by the power counting

parameter v2/Λ2,which varies from ∼ 6% to ∼ 0.6% for Λ/

√
C̃i = 1, 3 TeV respectively.

The suppression of NLO terms in the Lagrangian expansion that scale as p2/Λ2 can be far less
in the tails of distributionsII.43. Tails of distributions can also have a very large number of SMEFT pa-
rameters contributing due to non-resonant fermion pair (and higher multi-body) production background
processes. The SMEFT expansion breaks down when p2/Λ2 ∼ 1, and Pseudo Observable/form fac-
tor [612, 653, 733, 767, 768] methods are required to characterize the data in this case. In doing so, it is
appropriate to bin the data in a manner that is transparent as to the momentum scale being probed.

It is also worth noting that unlike the case of pole data, NLO corrections to tails of distributions
are complicated in their analysis, as the p2/Λ2 terms are in general not gauge invariant alone, and need
to always be combined with the interference with non-resonant part of the SM, and SMEFT background
processes. The requirement for joint analysis including SMEFT corrections on the background that
results, further complicates the analysis of non-pole data.

II.2.3.d Summary and comments
We summarize here the main points discussed and advocated in this note.

II.43See for example discussion in Ref. [614, 766, 767].
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Figure 184: Probability distribution function for the off-shell process gg → H. Support is Ci ∈ [−1 , +1] with
a uniform prior, and we have set Λ = 3 TeV.

– NLO results have already had an important impact on the SMEFT physics program. For example,
it has been shown that the inclusion of these effects may relax, in some cases, the bounds on some
EFT parameters fromO(10−3) toO(10−2). This is why we advocate not to use LEP constraints to
set to zero effective SMEFT parameters inL6, or combinations of such parameters for vector boson
couplings to fermions in LHC analyses. In general, care should be used when fixing combinations
of parameters from EW constraints in LHC analyses. For example, currently,O(10−3) bounds are
based on LO SMEFT analyses without any theoretical error assigned.

– It is important to preserve the original data, not just the interpretation results, as the estimate of the
missing higher order terms can change over time, modifying the lessons drawn from the data and
projected into the SMEFT.

– Overall, the neglect of NLO (perturbative EW) corrections, considering the precision of LHC
RunI measurements, is (retrospectively) justified in most channels. On the other hand, NLO QCD
corrections are not negligible, even in RunI. However, considering projections for the precision to
be reached in LHC RunII analyses, we believe that the LO approach may not be sufficient. This
may in particular be the case if the cut off scale is in the few TeV range.

– NLO results are starting to become available in the SMEFT. These results allow the consistent
interpretation of the data combining measurements at different scales, and can robustly accommo-
date the precision projected to be achieved in RunII analyses, even for lower cut off scales.

– In a sense, the SMEFT allow the kappa-framework [10] to be extended/replaced, and NLO results
are crucial in this respect. The idea is that interpretations can transition to the linear SMEFT, which
is a systematically improvable EFT formalism. NLO results more consistently include kinematic
deviations from the SM, and define higher order calculations in relation to a measured observable,
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Figure 185: Probability distribution function for the off-shell process gg → H. Support is Ci ∈ [−1 , +1] with
a uniform prior, and we have set Λ = 3 TeV.

in a well defined field theory. A properly formulated SMEFT is not limited to LO and can include
QCD and EW corrections.

– The assignment of a theoretical error for LO SMEFT analyses is, in general, important. In our
opinion, this is essential if the cut off scale is assumed to be in the “interesting range” 1 TeV .
Λ/

√
C̃i . 3 TeV and the experimental precision of analyses descends below the 10% level. The

exact size of NLO corrections depends on the particular UV model, which is unknown, and also
the particular channel analysed.

– We do not advocate absorbing the effects of L8 corrections and/or or absorbing logarithmic NLO
perturbative corrections into an “effective” parameter to attempt to incorporate NLO correction.
Such a redefinition cannot simultaneously be made in different measurements generally measured
at different scales. Correlating different measurements is necessary if the SMEFT is to be used in
a predictive fashion for constraints on LHC measurements.

– We think that the experimental collaborations should restrict the bulk of their efforts to defining and
reporting clean measurements that can be interpreted in any well defined basis in the SMEFT. The
focus for data reporting should be on fiducial cross sections and/or pseudo-observables. If a LO
interpretation of the data in the SMEFT is reported there is no barrier to using the straightforward
LO formalism of the Warsaw basis discussed in this note. This approach is convenient and well
defined.

We have supplied the outline and details of a LO implementation in Section II.2.3.b.iv. We believe
that the adoption of this approach for LO fits may be advantageous as it is more readily extendable to
NLO. We have sketched out how fits can be pursued at LO and NLO in a consistent fashion using this
formalism. The approach presented is well defined, is not intrinsically tied to a particular IPS, can be
informed by theoretical errors determined at NLO and can be directly improved to NLO. The gauge
invariance of the approach presented has been checked at NLO by explicit confirmation of the WST
identities.
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Figure 186: Probability distribution function for the decay H → γγ with a comparison between the LO and the
NLO predictions. Here Λ = 3 TeV and n = 1. X axis as in previous figures.

We have stressed the standard usage of EFT terminology in this discussion, in particular the def-
inition of an operator basis, to clarify discussion on these issues. EFT is traditionally a very successful
paradigm to use to interpret the data because it is implemented as a well defined field theory. Stan-
dard EFTs can be systematically improved from LO to NLO and we think that severe caution should be
exercised when considering approaches that are that are not constructed in such a standard manner.

II.2.4 Non-linear EFT II.44

II.2.4.a Motivation and leading-order Lagrangian
The following section describes the chiral-Lagrangian framework, in which electroweak symmetry break-
ing is nonlinearly realized, as an effective field theory (EFT) for physics beyond the Standard Model
(SM). The motivation for and the main properties of this approach, in particular for describing anoma-
lous Higgs boson couplings, will be reviewed. The connection with the more common EFT based on
power counting by canonical dimension (SM + dimension-6 operators, sometimes referred to as SMEFT)
will also be discussed. We start with a phenomenologically oriented introduction, which will be followed
by a systematic formulation of the nonlinear EFT.

A central goal of the LHC after the discovery of the Higgs boson will be a more comprehensive
investigation of its properties in order to test the underlying dynamics of electroweak symmetry break-
ing. At present, the Higgs boson couplings to gauge bosons and top quarks are compatible with the SM,
but deviations of O(10%) are still possible [6]. For the couplings to other fermions, or the triple-Higgs
boson coupling, even larger effects are not excluded. Anomalous Higgs boson couplings have the po-
tential to give much larger effects than new physics in electroweak gauge interactions, which is typically
constrained to the O(1%) level by electroweak precision measurements [723].

II.44Author(s): I. Brivio, G. Buchalla, O. Cata, A. Celis, R.L. Delgado, A. Dobado, D. Espriu, M. Herrero, C. Krause,
F.J. Llanes-Estrada, L. Merlo, J.J. Sanz-Cillero.
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It then appears natural to focus the attention, in a first step, on the couplings of the Higgs particle.
This goal is also well motivated by the foreseeable precision at the LHC with 300 fb−1, projected to reach
several per cent accuracy for the Higgs boson couplings to gauge bosons and heavy fermions [726].

Following this line of reasoning, one is led to consider a generalization of the SM, in which the
gauge interactions are unchanged (at leading order), but general anomalous couplings are introduced for
the physical Higgs boson. To do this in a consistent, gauge-invariant way, the scalar fields have to be
decomposed into the three Goldstone fields ϕa, described by

U = exp(2iϕaT a/v) (II.2.161)

where T a are the generators of SU(2) with normalization Tr[T aT b] = δab/2, and the physical Higgs
field h. This corresponds to a decomposition of the usual Higgs doublet φi, φ̃i = εijφ

∗
j , into polar

coordinates √
2(φ̃, φ) ≡ (v + h)U (II.2.162)

Under electroweak gauge transformations SU(2)L × U(1)Y

U → gLUg
†
Y , h→ h (II.2.163)

such that h is invariant, and its couplings can be consistently modified.II.45

The resulting generalized Lagrangian can be written as

L2 = −1

2
〈GµνGµν〉 −

1

2
〈WµνW

µν〉 − 1

4
BµνB

µν +
∑

ψ=qL,lL,uR,dR,eR

ψ̄i 6Dψ

+
v2

4
〈DµU

†DµU〉 (1 + FU (h)) +
1

2
∂µh∂

µh− V (h)

−v
[
q̄L

(
Yu +

∞∑

n=1

Y (n)
u

(
h

v

)n)
UP+qR + q̄L

(
Yd +

∞∑

n=1

Y
(n)
d

(
h

v

)n)
UP−qR

+l̄L

(
Ye +

∞∑

n=1

Y (n)
e

(
h

v

)n)
UP−lR + h.c.

]
(II.2.164)

where
DµU = ∂µU + igWµU − ig′BµUT3, (II.2.165)

and P± = 1/2± T3. The trace of a matrix A is denoted by 〈A〉. The left-handed doublets of quarks and
leptons are written as qL and lL, the right-handed singlets as uR, dR, eR. Generation indices are omitted.
In the Yukawa terms the right-handed quark and lepton fields are collected into qR = (uR, dR)T and
lR = (νR, eR)T , respectively. In general, different flavour couplings Y (n)

u,d,e can arise at every order in
the Higgs field hn, in addition to the usual Yukawa matrices Yu,d,e. The detailed assumptions underlying
(II.2.164) are summarized in points (i) – (iii) below.

The first line in (II.2.164) represents the unbroken SM and the remaining lines describe the sector
of electroweak symmetry breaking. The h-dependent functions, analytic near zero field, are

FU (h) =

∞∑

n=1

fU,n

(
h

v

)n
, V (h) = v4

∞∑

n=2

fV,n

(
h

v

)n
(II.2.166)

II.45The generic name of “nonlinear” comes from the fact that the scalar sector of the SM has a larger symmetry SU(2)L ×
SU(2)R (usually called chiral EW symmetry), under which the EW Goldstone bosons ϕa in (II.2.161) transform nonlinearly,
in contrast to the usual Higgs doublet field, which transforms linearly. The relevant symmetry breaking pattern in the scalar
sector is then given by SU(2)L × SU(2)R → SU(2)L+R, where the SU(2)L+R is usually called the custodial symmetry
group.
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In addition to modifying the Higgs boson couplings present in the SM, new couplings with higher powers
in the field h are introduced. All these couplings may deviate, in principle, by corrections of O(1)
from their (dimensionless) SM values. For smaller deviations, the Lagrangian in (II.2.164) continues
to describe the leading new-physics effects, as long as the anomalous couplings in the Higgs sector
dominate over other corrections from physics beyond the SM. (Those would be represented by operators
of chiral dimension 4 and higher, see the discussion of power counting below.)

While L2 in (II.2.164) is gauge invariant, it is no longer renormalizable for general Higgs boson
couplings. Renormalizability would be recovered in the SM limit where

fU,1 = 2, fU,2 = 1, fV,2 = fV,3 =
m2
h

2v2 , fV,4 =
m2
h

8v2 , Y
(1)
f = Yf , (II.2.167)

and all other couplings fU,n, fV,n, Y (n)
f equal to zero. In this limit (II.2.164) is just the SM written in

somewhat unconventional variables. All S-matrix elements are of course identical to the ones obtained
with the familiar linear Lagrangian.

If the deviations of the couplings from their SM values are smaller than unity, it is useful to
parameterize them by a quantity ξ ≡ v2/f2, where f > v represents a new scale (which could be
related to a new strongly interacting dynamics). In models of a composite, pseudo-Goldstone Higgs
[660, 769–778] f corresponds to the Goldstone-boson decay constant. Experimentally, values of ξ =
O(10%) are currently still allowed.

For general Higgs boson couplings, the Lagrangian L2, nonrenormalizable in the traditional sense,
is still renormalizable in the modern sense, order by order in a consistent expansion [779]. It therefore
continues to serve as a fully consistent effective field theory. This EFT is known as the electroweak chiral
Lagrangian including a light Higgs boson. For the case without Higgs the electroweak chiral Lagrangian
has been formulated and applied in [780–796]. The generalization to include a light Higgs boson has
been developed in [685, 788, 797–807].

Having motivated the basic structure of the electroweak chiral Lagrangian, it is useful to sum-
marize the most important assumptions that define it as a systematic EFT. These concern the particle
content below a certain mass gap, the relevant symmetries, and the power counting:

(i) SM particle content, where (transverse) gauge bosons and fermions are weakly coupled to the Higgs-
sector dynamics.

(ii) SM gauge symmetries; conservation of lepton and baryon number; conservation at lowest order of
custodial symmetry in the strong sector, CP invariance in the Higgs sector and fermion flavour.
The latter symmetries are violated at some level, but this would only affect terms at subleading
order. Generalizations may in principle be introduced if necessary.

(iii) Power counting by chiral dimensions [808–811], equivalent to a loop expansion [685], with the
simple assignment of 0 for bosons (gauge fields Xµ, Goldstones ϕ and Higgs h) and 1 for each
derivative, weak coupling (e.g. gauge or Yukawa), and fermion bilinear:

[Xµ, ϕ, h]χ = 0 , [∂µ, g, y, ψψ̄]χ = 1 (II.2.168)

The loop order L of a term in the Lagrangian is equivalent to its chiral dimension (or chiral order)
2L+ 2.

Under these assumptions the expression in (II.2.164) follows as the most general Lagrangian built
from terms of chiral dimension 2 (corresponding to loop-order L = 0). This is the systematic basis for
the leading-order electroweak chiral Lagrangian.

Functions F (h) multiplying the Higgs or the fermion kinetic terms can be removed by field redef-
initions and are therefore omitted in (II.2.164) [655, 804].

Note that the Higgs potential V (h), being related to the light Higgs boson mass ∼ m2
h, carries

chiral dimension 2. This is explicitly realized in models where the Higgs is a pseudo-Goldstone and its
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potential is generated at one loop (proportional to two powers of weak coupling, hidden in the coefficients
fV,n) [660, 773–776].

Expressions of the form (ψ̄ψ)2(h/v)n, ψ̄σµνψX
µν(h/v)n, XµνX

µν(h/v)n+1, n ≥ 0, where
ψ is a fermion and Xµν a gauge field-strength tensor, might superficially look like terms entering the
Lagrangian at chiral dimension 2. However, they represent local interactions arising from the (weak)
coupling of ψ and X to the new-physics sector, according to assumption (i) above. The weak coupling
associated with ψ̄ψ orXµν carries chiral dimension. The operators above then acquire a chiral dimension
of at least 4, which eliminates them from the leading-order Lagrangian [685].

II.2.4.b Renormalization of the chiral Lagrangian
As the electroweak chiral Lagrangian defines a consistent quantum field theory, loop corrections can be
systematically included. For the case without Higgs field this has been discussed in detail in [812–816].
The one-loop divergent parts arising from the scalar sector have recently been also obtained in the chiral
Lagrangian including the light Higgs boson [803, 817–821].

At one-loop order, terms up to chiral dimension 4 need to be included and the Lagrangian can be
written as L = L2 + L4 + LGF + LFP, including also gauge-fixing and ghost terms. In general, the
leading-order approximation is given by the tree-level amplitudes from L2. The next-to-leading order
corrections consist of the one-loop amplitudes with vertices from L2, together with tree-level contribu-
tions to first order in L4. The latter comprise new interactions, not present in L2, and act as counterterms
for the one-loop divergences. In general, they may get contributions from heavy states with masses of
order Λ that are integrated out in the EFT [822–824]. This pattern is known from the chiral perturba-
tion theory of pions. It is typical for the systematics of a nonrenormalizable EFT. Explicit examples are
discussed in Section II.2.4.e.

The local operators in L4 have been discussed for the bosonic sector in [802], a subset of the
fermionic terms has been considered in [825]. A systematic presentation of the complete basis of local
operators in L4 can be found in [804]. Concentrating on the electroweak bosonic sector one has (with
2a = fU,1, b = fU,2 in (II.2.166))

L2 = −1

2
〈WµνW

µν〉 − 1

4
BµνB

µν

+
v2

4

[
1 + 2a

h

v
+ b

h2

v2 + . . .

]
〈DµU †DµU〉+

1

2
∂µh ∂µh+ . . .

L4 = a1g
′g〈UT3BµνU

†Wµν〉+ ia2g
′〈UT3BµνU

†[V µ, V ν ]〉 − ia3g〈Wµν [V µ, V ν ]〉

+a4〈VµVν〉〈V µV ν〉+ a5〈VµV µ〉〈VνV ν〉+
e2

16π2 cγγ
h

v
FµνF

µν +
ghh

v4 (∂µh∂
µh)2

+
dhh

v2 (∂µh∂
µh)〈DνU

†DνU〉+
ehh

v2 (∂µh∂
νh)〈DµU †DνU〉+ . . . (II.2.169)

where Vµ ≡ (DµU)U † and Fµν is the photon field strength. Here only a subset of the operators in L4

has been displayed, corresponding to those needed in the discussion below. All operators that need to be
included as counterterms are manifestly custodially preserving, except for the custodial breaking from
U(1)Y . This is so because the initial theory is custodially invariant when Yukawas are neglected.

As a simple example for renormalization, consider the oblique S-parameter. The first non-vanishing
contribution to S appears at NLO. One finds that the one-loop amplitude is UV–divergent and needs to
be renormalized by means of the NLO parameter a1. In the MS scheme one obtains [790, 818, 822]

S = − 16πar1 +
(1− a2)

12π

(
5

6
+ ln

µ2

m2
h

)
(II.2.170)
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Table 102: Example of the renormalization structure. Running of some NLO coefficients [803, 817, 818].

Γa1−a2+a3
Γcγγ Γa1

Γa2−a3
Γa4

Γa5

0 0 −1
6(1− a2) −1

6(1− a2) 1
6(1− a2)2 1

8(b− a2)2 + 1
12(1− a2)2

h h h
V

V

f

f ′

Figure 187: The Higgs vertices from the leading-order Lagrangian L2 in unitary gauge.They are represented by a
black dot and may deviate sizably from the SM. The pair of dashed lines with dots in between signifies any number
of Higgs lines. The massive vector bosons are denoted by V = W,Z. f = f ′ if flavour conservation is assumed
to hold at leading order. All other couplings are identical to the SM.

In this expression, the oblique parameter is defined with the reference value mRef
h set to the physical

Higgs boson mass [740]. Since fermionic couplings to gauge bosons receive only NLO contributions
from new physics, fermion loops do not affect this result. Their impact would be a NNLO effect..

Renormalization leads to a scale dependence of the coefficients. In general, the relation between
a given renormalized chiral parameter Cr(µ) and the corresponding bare parameter C(B) from the L4

Lagrangian (e.g. a1), together with the resulting µ-dependence, is given by

dCr

d lnµ
= − ΓC

16π2 , Cr(µ) = C(B) +
ΓC

32π2

1

ε̂
(II.2.171)

where anMS subtraction of the UV divergence has been performed. Here 1/ε̂ = µ−2ε(1/ε−γE+ln 4π),
with D = 4− 2ε.

The running of the L4 parameters C = a1, a2, a3, cγγ [818] (relevant e.g. for γγ → wawb)
and of C = a4, a5 (contributing to ZZ and W+W− scattering [803, 817]) is shown in Table 102. It is
apparent that the S-parameter in (II.2.170) is independent of the renormalization scale µ.

II.2.4.c Connection of chiral Lagrangian to κ-formalism
The couplings of the leading-order Lagrangian in (II.2.164), which are non-standard in general, are
displayed in Figure 187. They parameterize the leading new-physics effects in tree-level processes.

A further consideration is needed for the application of the chiral Lagrangian to processes that
arise only at one-loop level in the SM. Important examples are h → gg, h → γγ and h → Zγ. In
this case local terms at NLO will also become relevant, in addition to the standard loop amplitudes with
modified couplings from (II.2.164). The reason is that both contributions can lead to deviations of the
amplitude from the SM at the same order, ∼ ξ/16π2. The complete list of NLO operators has first been
worked out in [804]. The terms that are relevant here are

e2FµνF
µνh, eg′FµνZ

µνh, g2
s〈GµνGµν〉h (II.2.172)
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h h h
g

g

γ γ

Zγ

Figure 188: Higgs vertices from the NLO Lagrangian L4, represented by black squares, that contribute to gg, γγ
and Zγ amplitudes. Since the latter arise only at one-loop order from the interactions of L2, the NLO couplings
give relative corrections of the same order in this case and have to be retained.

On the other hand, the analogous terms g′2ZµνZ
µνh and g2W+

µνW
−µνh in the subleading Lagrangian

yield only subleading contributions, of O(ξ/16π2), to the tree-level amplitudes for h → ZZ and h →
W+W−, which receive new-physics corrections of O(ξ) from (II.2.164). They can thus be neglected in
a first approximation (see [826] for a discussion of generic NLO effects).

In summary, the Higgs boson couplings from NLO operators that are relevant for a LO analysis of
loop-induced processes are shown in Figure 188.

Based on the preceding discussion, one can now define anomalous Higgs boson couplings for
specific classes of interactions, corresponding to the leading order approximation within the chiral La-
grangian framework.

An important example are interactions involving a single Higgs field. Focusing on these terms,
and working in unitary gauge, (II.2.164) supplemented by the local NLO terms for h→ γγ, Zγ and gg,
implies the interaction Lagrangian (cV ≡ a in (II.2.169))

L = 2cV

(
m2
WW

+
µ W

−µ + 1
2m

2
ZZµZ

µ
) h
v

−∑i,j(y
(1)
u,ij ūLiuRj + y

(1)
d,ij d̄LidRj + y

(1)
e,ij ēLieRj + h.c.)h

+
e2

16π2 cγγFµνF
µν h

v
+

eg′

16π2 cZγZµνF
µν h

v
+

g2
s

16π2 cgg〈GµνG
µν〉h

v

(II.2.173)

Neglecting flavour violation, the very small Yukawa couplings to light fermions, and concentrating on
those Higgs processes that have already become accessible at the LHC, the parameterization reduces to
a set of six anomalous couplings, described by [826, 827]

L = 2cV

(
m2
WW

+
µ W

−µ + 1
2m

2
ZZµZ

µ
) h
v
− ctytt̄th− cbybb̄bh− cτyτ τ̄ τh

+
e2

16π2 cγγFµνF
µν h

v
+

g2
s

16π2 cgg〈GµνG
µν〉h

v

(II.2.174)

where yf = mf/v. The SM at tree level is given by cV = ct = cb = cτ = 1 and cgg = cγγ = 0.
Deviations due to new physics are expected to start at O(ξ).

A few important points should be emphasized:

(i) The parameterization of anomalous Higgs boson couplings in (II.2.174) essentially corresponds to
the κ-formalism [9], which is frequently used in experimental analyses. Here, (II.2.174) has been
derived from the electroweak chiral Lagrangian.

(ii) The minimal version in (II.2.174) can be generalized to include more of the couplings contained in
(II.2.173), such as h→ Zγ, h→ µµ, or the lepton-flavour violating h→ τµ.
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(iii) The treatment can be further extended, for instance to double-Higgs boson production, where
additional couplings with two or three h-fields from (II.2.164) need to be considered (see Sec-
tion II.2.4.e.iv below).

(iv) The anomalous couplings ci of the nonlinear EFT at leading order are able to account for deviations
of O(1) from the SM. It is then consistent to retain the terms quadratic in these couplings when
computing cross sections and rates. This is in contrast to the linear case, where a linearization in
the dimension-6 corrections has to be performed at this level of accuracy.

(v) Eventually the computation of an observable at a given chiral order must incorporate the loop cor-
rections at that order if one wants to perform an accurate determination of the Higgs parameters at
the LHC [826].

II.2.4.d Linear vs. nonlinear EFT
In this section the relation between the SMEFT organized by canonical dimensions (often referred to as
“linear” EFT) and the one organized by chiral dimensions (usually referred to as “nonlinear” EFT) will
be discussed.

SMEFT is the most common approach to the SM as an EFT and starts from the renormalizable,
dimension-4 Lagrangian, adding operators of higher canonical dimension to account for the physics at
shorter distances. Assuming conservation of baryon and lepton number, the leading corrections come
from the terms of dimension 6 [616, 622].

In the case of the electroweak chiral Lagrangian three relevant energy scales may be distinguished:
The electroweak scale v, the scale f of the Higgs-sector dynamics, and the cut-off scale Λ = 4πf , where
the low-energy description of this dynamics breaks down. These three scales allow for two independent
expansion parameters, ξ = v2/f2 and the loop factor 1/(16π2) = f2/Λ2. In full generality, a double
expansion can thus be performed on the new-physics effects.

The resulting picture is sketched in Figure 189, where the powers of ξ are plotted on the vertical
and the loop order on the horizontal axis [684]. The dots indicate, schematically, (classes of) operators
in the effective Lagrangian or, alternatively, terms in a physical amplitude.

Without expanding in ξ, the effective theory takes the form of a loop expansion as in the usual
chiral Lagrangians [779]. This amounts to proceeding from left to right in Figure 189, order by order in
the loop expansion, resumming at each order all terms along the vertical axis.

Alternatively, the expansion may be organized in powers of ξ, proceeding from bottom to top of
Figure 189 and including, in principle, at each power of ξ terms of arbitrary order in the loop expansion.
This scheme corresponds to the conventional expansion of the effective theory in terms of the canonical
dimension d of operators, where the power of ξ is given by (d− 4)/2. Since the dimensional expansion
requires only a hierarchy between v and the new-physics scale f , ξ � 1, it is not restricted to a pseudo-
Goldstone Higgs scenario, typically underlying the chiral Lagrangian.

These observations clarify the relation between an effective theory organized by canonical dimen-
sion and the electroweak chiral Lagrangian organized as a loop expansion: The former is constructed
row by row, the latter column by column from the terms in Figure 189. In conclusion, both EFTs, the
one based on canonical dimension and the one based on chiral dimensions, can in principle account for
low-energy deviations from the SM and could in general cover the same correction terms. The difference
consists in the way these terms are organized or resummed. It will ultimately depend on the pattern of
new-physics effects which of the two formulations will eventually be more appropriate.

Phenomenological implications of linear vs. nonlinear EFT
The essential difference between the EFT with a chiral expansion (‘nonlinear’) and the one with a dimen-
sional expansion (‘linear’) consists in a reordering of terms as illustrated in Figure 189. This reordering
is dictated by the different dynamics. The chiral framework will be the relevant one if the Higgs-coupling



346 II.2.4. Non-linear EFT

10 2 3 loops

4

6

8

10

dξ(d−4)/2

ξ3

ξ2

ξ

1

Figure 189: Systematics of the effective theory with sizeable anomalous couplings in the Higgs sector. The dots
indicate operators in the effective Lagrangian (or terms in a physical amplitude). In general, they may be organized
both in powers of ξ = v2/f2 (vertical axis) and according to their order L in the loop expansion (horizontal axis).
The latter is equivalent to the chiral dimension 2L+ 2.

deviations characterized by ξ are parametrically larger than the loop factor, ξ � 1/16π2, or equivalently
f � 4πv ≈ 3 TeV. This would typically be the case for ξ = O(10%), within reach of the precision
achievable at the LHC. The experimental program to explore such a scenario will then be the search for
anomalous Higgs boson couplings with sizeable deviations from the SM values. Given the precision goal
of the LHC in Run 2 and 3, this search should be focussed on the leading-order couplings contained in
L2. Important targets are the hV V , htt̄, hbb̄, hτ τ̄ couplings, but also h3 from the Higgs potential or
h → gg, h → γγ, h → Zγ local contributions. Longitudinal gauge-boson scattering, although chal-
lenging experimentally, might also yield important information [631, 803, 817]. The same is true for γγ
scattering and other photon-related observables [818].

Besides the expected size of the deviations, one of the generic features of the chiral Lagrangian
is the decorrelation between Higgs boson couplings [684, 805], which arises already at leading order.
For instance, the quark mass and the Yukawa interaction at LO are controlled by different coefficients
(see (II.2.164) above). If an expansion at fixed order in ξ is performed on the Wilson coefficients of the
electroweak chiral Lagrangian, then correlations will appear. If ξ is sufficiently small, these correlations
will eventually be the same as in the SMEFT (see for instance [655,684] for a discussion). The distinction
between a linear and nonlinear framework therefore depends crucially on the size of ξ.

As another example, the corrections to the oblique parameter a1 in (II.2.169), or to the triple gauge
boson vertex (parameterized by a2 and a3), or to longitudinal WW scattering (a4 and a5) all appear at
chiral dimension 4 in the nonlinear EFT, whereas in the linear realization corrections to the triple gauge
boson vertex appear at D = 6 while anomalous contribution to the quartic gauge boson vertex appear
only at D = 8. In the linear case there is thus a strong hierarchy between those corrections. In the
nonlinear case a1, a2, a3 ∼ ξ/16π2 while a4, a5 ∼ ξ2/16π2, thus their hierarchy depends on the size of
ξ and would disappear for ξ = O(1).

II.2.4.e Sample applications

The following examples illustrate how Higgs-related processes are affected by new physics as described
by the electroweak chiral Lagrangian.
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II.2.4.e.i h→ Z`+`−

The process h → Z`+`−, shown in Figure 190 may serve as a prototype for a tree-level decay of
the Higgs boson. At leading order only the rate is affected by an anomalous coupling that modifies

Figure 190: h→ Z`+`− decay at leading order in the chiral Lagrangian. The black dot indicates the (anomalous)
hZZ coupling cV from L2. The Z-fermion coupling is not modified at this order.

the hZZ vertex. The operators contributing at NLO have been listed in [826, 828]. These give the
dominant contributions to the angular distributions. This hierarchy between rates and distributions is a
generic feature of the chiral Lagrangian for tree-level processes: in the SMEFT corrections to rates and
distributions come at the same (NL) order in the expansion.

The case of h → WW ∗ decay is similar. Likewise, the decay of Higgs into a pair of fermions
h→ ff̄ is modified multiplicatively by a leading-order anomalous coupling.

II.2.4.e.ii h→ γγ, h→ Zγ

Further important examples are the decays h → γγ and h → Zγ. Based on the chiral Lagrangian,
the leading contributions are displayed in Figure 191. Leading-order vertices inside loops contribute at

Figure 191: h → γγ, h → Zγ decay at leading order in the chiral Lagrangian. The black dots indicate vertices
from L2 (couplings cV , ct),the black squares denote local terms from L4 (couplings cγγ , cZγ).

the same level as next-to-leading order local terms at tree level. The (non-Higgs) photon and Z-boson
couplings are identical to those in the SM.

II.2.4.e.iii pp→ h+ jet

The high-pT distribution of a boosted Higgs in pp→ h+ jet has been proposed as a tool to disentangle
the contributions from ct and cgg, which cannot be separated in the gg → h total rate [829]. The
dependence on these couplings in the framework of the electroweak chiral Lagrangian at leading order
is illustrated for the partonic process gg → gh in Figure 192. At high pT the loop involving ct can be
distinguished from the local interaction described by cgg.
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Figure 192: Sample diagrams for pp → h + jet at leading order in the chiral Lagrangian. The black dot denotes
ct, the black square cgg .

II.2.4.e.iv Higgs-pair production in gluon fusion
Another interesting case is Higgs-pair production in gluon-gluon fusion, which has recently been dis-
cussed in [474,830] in the framework of the chiral Lagrangian. NLO QCD effects have been consistently
included [474]. The leading-order diagrams are shown in Figure 193. All diagrams are at the same order

Figure 193: Higgs-pair production in gluon fusion at leading order in the chiral Lagrangian. The black dots
indicate vertices from L2, the black squares denote local terms from L4.

in the chiral counting. They illustrate again the interplay between leading order anomalous couplings
(black dots) within loops, and next-to-leading order terms (black squares) at tree level. Note that five
different couplings appear, htt̄, hhtt̄, hhh from L2, and hgg, hhgg from L4.

II.2.4.e.v Photon-photon scattering
The scattering processes γγ →W+

LW
−
L and γγ → ZLZL have been studied in [818] in the framework

of the electroweak chiral Lagrangian with a light Higgs to NLO and by means of the equivalence theo-
rem, where the relevant amplitudes are those for the corresponding Goldstone bosons γγ → w+w− and
γγ → zz, respectively. These Goldstone bosons are introduced via theU -matrix in (II.2.161). Also some
related observables like the oblique S-parameter, the electromagnetic form factor γ∗ → w+w−, and the
Higgs transition form factor γ∗γ∗ → h have been studied in [818]. All these photon-related observables
are sensitive to the nature and the couplings of the Higgs boson via loops and via internal Higgs propa-
gators, allowing the investigation of a possible dynamical electroweak symmetry breaking and strongly
coupled scenarios. This motivates the study of these observables in the context of the LHC and other
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future colliders, and in particular the photon-photon scattering processes have received increased inter-
est also in the experimental community. The CMS Collaboration has published Run 1 results on the
charged channel [831, 832], showing the feasibility of this type of analysis and new forward proton de-
tectors, CMS-TOTEM Precision Proton Spectrometer (CT-PPS) [833, 834] and ATLAS-AFP [835], will
be incorporated. The goal would be to search for exclusive or quasi-exclusive W+W− production by
photon-photon interactions in pp → p(∗)W+W−p(∗), where the two intermediate photons are radiated
collinearly from the protons, which come out undetected along the beam-pipe [831, 832]. Tagging the
outgoing p(∗) with the CT-PPS and ATLAS-AFP forward detectors will highly increase the efficiency of
this type of analyses. On the other hand, a further study could be done if the extra jets, being produced in
the deep inelastic regime of these photon mediated processes, are also required to be detected in the for-
ward/backward region. This could also provide interesting additional information on these subprocesses
where the photons are virtual.

Within the approximation of the equivalence theorem (W±L → w±, ZL → z) considered in
[818], the photon-photon scattering amplitudes and the previously mentioned related observables can be
described by just a few terms in (II.2.169), parameterized by a in L2 and a1, a2, a3, cγγ in L4. (Related
work on photon-photon processes in the chiral perturbation theory of pions is described in [836–839].)

The results for the scattering amplitudes are presented in terms of the two helicity-independent
scalars A(s, t, u) and B(s, t, u), in the form

M(γ(k1, ε1)γ(k2, ε2)→ wa(p1)wb(p2)) = ie2(εµ1 ε
ν
2T

(1)
µν )A(s, t, u) + ie2(εµ1 ε

ν
2T

(2)
µν )B(s, t, u)

which are written in terms of the two independent Lorentz structures and the external photon polariza-
tions εj ,

(εµ1 ε
ν
2T

(1)
µν ) =

s

2
(ε1ε2)− (ε1k2)(ε2k1), (II.2.175)

(εµ1 ε
ν
2T

(2)
µν ) = 2s(ε1∆)(ε2∆)− (t− u)2(ε1ε2)− 2(t− u)[(ε1∆)(ε2k1)− (ε1k2)(ε2∆)],

with the Mandelstam variables defined as usual, s = (p1 + p2)2, t = (k1 − p1)2 and u = (k1 − p2)2,
and the relevant momentum combination is defined as ∆µ ≡ pµ1 − pµ2 .

The diagrams contributing to γγ → ww are summarized schematically in Figure 194. The LO
amplitudes are provided by tree-level diagrams with vertices fromL2, Figure 194 a) forww (the diagrams
for zz can be found in [818]):

A(s, t, u)γγ→zzLO = B(s, t, u)γγ→zzLO = 0 ,

A(s, t, u)γγ→w
+
w
−

LO = 2sB(s, t, u)γγ→w
+
w
−

LO = −1

t
− 1

u
. (II.2.176)

At NLO, there are additional contributions from diagrams of type b) and c) in Figure 194:

A(s, t, u)γγ→zzNLO = − acrγγ

4π2v2 +
(a2 − 1)

4π2v2 ,

A(s, t, u)γγ→w
+
w
−

NLO =
8(ar1 − ar2 + ar3)

v2 − acrγγ

4π2v2 +
(a2 − 1)

8π2v2 , (II.2.177)

and B(s, t, u)γγ→zzNLO = B(s, t, u)γγ→w
+
w
−

NLO = 0. Notice that the last term above coming from the loops
with Goldstone bosons cancels for the input value of the SM, i.e for a = 1. Fermion loops are missing in
this calculation but as the electroweak Goldstones and the Higgs are the only ones coupling derivatively
in the LO Lagrangian their contribution is expected to be suppressed by m2

t,b/E
2, with E2 = s, t, u.

The above results have been expressed in terms of the renormalized couplings crγγ , ar1, ar2 and
ar3. The renormalization of these couplings and their running were first computed in [818] and are
summarized in Table 102.
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Figure 194: Diagrams contributing to γγ → ww in the nonlinear EFT up to NLO: a) from just L2 at tree level,
b) from both L4 (in black boxes) and L2 at tree level, c) from L2 at one-loop. The full set of diagrams for the two
channels γγ → ww, zz can be found in [818].

II.2.4.e.vi Electromagnetic form factor γ∗ → w+w−

There are related subprocesses that depend on different combinations of the same effective couplings and
can be potentially explored in future collider studies. The electromagnetic transition γ∗ → w+w− from
a deeply virtual photon with momentum qµ = pµ1 + pµ2 is described through the matrix element

〈w+(p1)w−(p2)| JµEM |0〉 = e (pµ1 − pµ2 )Fγ∗ww(q2) . (II.2.178)

This matrix element is crucial in the production of two longitudinal weak bosons in future e+e− colliders.
The electromagnetic vector form factor (VFF) can be computed with the chiral Lagrangian up to NLO.
At high momentum-transfer squared (with q2 = (p1 +p2)2), where the equivalence theorem applies, one
finds [818]

Fγ∗ww = 1
︸ ︷︷ ︸

LO

+
2q2(ar3 − ar2)

v2 + (1− a2)
q2

96π2v2

(
8

3
− ln

−q2

µ2

)

︸ ︷︷ ︸
NLO

. (II.2.179)

The NLO chiral couplings ar2 and ar3 are renormalized in the MS scheme at the scale µ in dimensional
regularization and provide the tree-level NLO contribution to the form factor. They renormalize the UV–
divergences that show up in the one-loop NLO contribution, which is given by the term proportional to
(1 − a2). Fermion loops are missing in this calculation [818] but their contribution is expected to be
suppressed by m2

t,b/q
2 for the same reasons previously exposed for γγ–scattering.

II.2.4.e.vii Higgs transition form factor γ∗γ∗ → h / associated production
An interesting observable in order to pin down the hγγ coupling cγγ is the Higgs transition form factor
(HTFF), which describes the process γ∗(k1)γ∗(k2) → h(p) [767, 840, 841]. This transition is given by
the matrix element∫

d4x e−ik1x 〈h(p)|T{ JµEM(x) JνEM(0) } |0〉 = i e2 [ k1 · k2 g
µν − kµ2 k

ν
1 ] Fγ∗γ∗h(k2

1, k
2
2)
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(II.2.180)

In the case where one of the photons is on-shell and the other is highly virtual (k2 � m2
h), one

finds that the HTFF is zero at LO: Fγ∗γh(k2, 0)LO = 0. The first non-zero contribution shows up at
NLO [818]:

Fγ∗γh(k2, 0)NLO =
crγγ

4π2 . (II.2.181)

We note that the NLO form factor comes exclusively from the renormalized tree-level hγγ vertex with
crγγ . The one-loop diagrams vanish within the configuration of momenta studied here. Here again we
provide the result in the equivalence theorem approximation and neglect corrections due to boson masses.
Notice that this result does not correspond to the same kinematical regime as Γ(h → γγ), since we are
considering m2

h � k2 � 16π2v2 in this form factor. For the same reason as in the previous photon
observables, fermion loops are expected to be suppressed by powers m2

t,b/k
2, as fermions do not couple

derivatively in the LO chiral Lagrangian.

As it occurred for the γγ–scattering, in order to pin down the γ∗γ → h process at LHC one should
look for events where one of the protons radiates a collinear photon with low virtuality and comes out
again undetected, while the other radiates a deeply virtual photon and gives rise to a jet. Again, tagging
the outgoing collinear protons p(∗) with the forward detectors CT-PPS [833,834] and ATLAS-AFP [835]
will increase the efficiency in LHC analyses. Likewise, electromagnetic subprocesses of this type would
be important in future e+e− machines or dedicated eγ colliders [840].

II.2.4.e.viii TeV-scale particle-pair production at NLO

At the TeV scale, much simplification takes place, in that many couplings become negligible with respect
to the sought derivative vertices that grow with s = E2

cm. It is then possible to ignore, in first approx-
imation, all SM masses and gauge couplings, and concentrate on the electroweak symmetry breaking
sector. The relevant effective Lagrangian follows from (II.2.169) and, even at NLO, contains only seven
parameters [842, 843]: the a and b LO parameters coupling the Higgs boson to the longitudinal elec-
troweak WL ∼ w bosons, the classical a4 and a5 from the Higgsless electroweak chiral Lagrangian and,
highlighted here, the NLO counterterms to one-loop computations of boson-boson scattering including
Higgs in the initial or final state, ghh, dhh and ehh.

The Lagrangian (II.2.169) with these couplings can be used to compute scattering amplitudes
between the ww and hh two-body channels, as explained below. Because these amplitudes get strong
in the TeV region if there are few per cent level deviations from the SM value couplings, it should be
feasible to spot them in experimental diboson production. The reason is Watson’s final state rescattering
theorem, which corrects the SM production amplitude as implemented, e.g. in a Monte Carlo simulation,
by a strong rescattering form factor setting the correct phase, as illustrated in Figure 195. Such form

Figure 195: Diboson WLWL production with I = 1 from a fermion pair via an intermediate WT . If there are
strong interactions in the final state, the production amplitude is multiplied by a universal rescattering form factor,
here the thick round blob.



352 II.2.4. Non-linear EFT

factor needed for the Feynman diagram in Figure 195 can be computed from the scattering amplitudes
presented shortly, typically as [842–844] (using the inverse amplitude method (IAM) for unitarization)

FV (s) = F11(s) =

[
1− A

(1)
11 (s)

A
(0)
11 (s)

]−1

. (II.2.182)

Diboson production. Since strong couplings are derivative, their “low energy” (E � 4πv ∼ 3 TeV)
scattering amplitude A(s, t) can be very economically represented in terms of very few partial waves,
because the expansion should quickly converge:

Ai→j,I(s, t) = 64π

∞∑

J=0

(2J + 1)PJ(x)Ai→j,IJ(s), (II.2.183)

with x = cos θ = 1− 2t/s the cosine of the scattering angle for boson-boson elastic (i→ i) or inelastic
(i→ j 6= i) processes. PJ(x) are the Legendre polynomials.

If the custodial isospin is I = 1, 2, the ww scattering is elastic. II.46 But in the isoscalar case one
confronts a ww → hh coupled-channel problem, so that it is useful to define a reaction matrix for each
partial wave,

FIJ =

(
Aww→ww,IJ Aww→hh,IJ
Ahh→ww,IJ Ahh→hh,IJ

)
≡
(
AIJ A

′
IJ

A′IJ A
′′
IJ

)
, (II.2.184)

whose chiral expansion has the generic form

F
(0)
IJ (s) = KIJs (II.2.185a)

F
(1)
IJ (s) =

(
BIJ(µ) +DIJ log

s

µ2 + EIJ log
−s
µ2

)
s2 . (II.2.185b)

Here, the constants KIJ , BIJ , DIJ , EIJ are, in general, matrices whose elements depend on the NLO
Lagrangian parameters. For elastic ww → ww scattering in the vector-isovector channel, I = J = 1,
they are numbers given by

K11 =
1

96πv2 (1− a2)

B11(µ) =
1

110592π3v4

[
8(1− a2)2 − 75(a2 − b)2 + 4608{a4(µ)− 2a5(µ)}π2

]

D11 =
1

9216π3v4

[
(1− a2)2 + 3(a2 − b)2

]
, E11 = − 1

9216π3v4 (1− a2)2 , (II.2.186)

The form factor in Eq. (II.2.182) then modifies SM production, as

FV (s) ∼ 1 +
A

(1)
11 (s)

A
(0)
11 (s)

. (II.2.187)

Using the above expressions, the ww → ww amplitude in the I = 1, J = 1 (vector) channel is given by

AV (s) =

[
1− A

(1)
11 (s)

A
(0)
11 (s)

]−1

A
(0)
11 (s) , (II.2.188)

from which a fit to the a4 − 2a5 parameter combination from (II.2.186) can be attempted, for example.
The required experimental measurements are, however, rather challenging [631]. The case of resonances
and unitarization is discussed in detail in [803, 842–844].

II.46For I = 1 the tt̄ channel is active, which is more weakly coupled with an amplitude ∼ mt/
√
s.
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Note that formulae used in this section are derived using the equivalence theorem (ET). By using
exact formulae for the tree-level expressions and the optical theorem itself one finds that the ET results
are generally reliable, except for the I = 2 channel when a > 1 where the I = 2, J = 0 resonance found
with the ET disappears [803]. Using “exact” amplitudes also implies that propagation of transverse W
and Z needs to be included and this modifies slightly the dependence on the coefficients of chiral order
4 (for instance a3 enters), although corrections are small.

II.2.4.f Concluding remarks
Assuming that the largest effects of new physics arise in the Higgs sector, and parameterizing the non-
standard Higgs boson couplings in a gauge-invariant way, automatically leads to an electroweak chiral
Lagrangian as the low-energy EFT.

This EFT represents a consistent quantum field theory framework, in which improvements, through
higher-order radiative corrections or by going to next-to-leading order in the new-physics effects, can be
systematically included. Focussing first on the leading-order nonstandard couplings has the advantage
of reducing the new-physics parameters to a manageable set, in a well-defined and consistent manner.
In fact, the formalism essentially corresponds to Higgs-coupling parameterizations routinely used in the
experimental analyses of the ATLAS and CMS collaborations (κ-framework).

The electroweak chiral Lagrangian can then be used to systematically improve the κ-formalism,
in particular such that differential distributions in general Higgs processes can be studied. However,
the detection of such effects will be rather challenging at the LHC, since they are expected to be of
O(ξ/16π2) and therefore rather suppressed.

Consequently, the best strategy to follow at the LHC is to focus the experimental analysis to the
leading-order chiral Lagrangian, which matches well the precision goals for Higgs boson properties
anticipated for Run 2 and 3. If a deviation is found, the next natural step is to study the differential
distributions. This sequential analysis is in contrast with what follows from the SMEFT, where deviations
in both rates and distributions are expected at NLO and should therefore be studied simultaneously.
Additional interesting information on deviations from the Higgs boson couplings and NLO contributions
could also be obtained via the study of EW boson scattering (WW , γγ, etc.).
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II.2.5 Fitting EFT parameters and constraining models II.47

II.2.5.a The problem
Extending the Higgs boson couplings framework to an effective field theory, usually truncated after
including dimension-6 operators [622, 716, 845–848], addresses two short-comings of the classic Higgs
boson couplings fit in the κ framework [849, 850]:

1. on the theory side it allows us to systematically include loop corrections, not only in perturbative
QCD but also in the weak coupling;

2. on the experimental side it describes modified kinematic distributions, like for example the trans-
verse momentum of the Higgs;

3. on the theory and experimental sides allows us to combine measurements in the Higgs sector for
example with anomalous gauge couplings or low-energy precision measurements.

The number of free parameters of the dimension-6 Higgs Lagrangian is an extended set compared to the
Higgs boson couplings ansatz. This larger set of free parameters leads to strong correlations when we

II.47Author(s): N. Belyaev, A. Biekötter, J. Brehmer, C. Englert, A. Freitas, D. Gonçalves, J. Gonzalez-Fraile, M. Gorbahn,
R. Kogler, D. Lopez-Val, J.M. No, T. Plehn, M. Rauch, V. Sanz, M. Spannowsky.
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extract the dimension-6 Wilson coefficients from the usual total cross sections measured at the LHC. If,
and only if the measured kinematic distributions can be measured and predicted with similar accuracy as
total rates, they will resolve these degeneracies. This also means that the marginalization of the multi-
dimensional parameter space will have a sizeable impact on the allowed range for a given dimension-6
Wilson coefficient.

In general, there appear two kinds of operators in the dimension-6 Lagrangian. For example oper-
ators simply adding φ†φ/Λ2 to the Standard Model do not change the Lorentz structure of interactions,
so they do not change kinematic distributions. New operators including a derivative will after a Fourier
transformation lead to momentum-dependent Higgs boson couplings. Schematically written the two
kinds of operators are

O ∝ g2
Λv

2

Λ2 and O ∝ g2
Λ∂

2

Λ2 . (II.2.189)

Only studying total rates at the LHC, we can safely assume that the series of higher-dimensional oper-
ators will be ordered by factors g2

Λm
2
h/Λ

2, were gΛ is the scale of the coupling to new physics. For a
reasonably weakly interacting theory with tree-level modifications, an assumed LHC accuracy of 10%
directly translates into a new physics reach around

∣∣∣∣
σ × BR

(σ × BR)SM
− 1

∣∣∣∣ =
g2

Λm
2
h

Λ2 & 10% ⇔ Λ <
gΛmh√

10%
< 400 GeV . (II.2.190)

For this estimate we assume gΛ < 1, corresponding to a (reasonable) weakly interacting extension of
the Standard Model. For momentum-dependent modified Lorentz structures the picture changes. For
them the suppression will depend on additional energy scale in LHC processes, for example g2p2

T,h/Λ
2.

Taking the above values of g < 1 and Λ < 400 GeV, the experimentally accessible transverse momentum
distributions pT,h > 400 GeV will then receive order-one corrections through dimension-6 operators.
Depending on the sign of the interference term between the Standard Model coupling and the dimension-
6 Wilson coefficient, this leading interference correction to the differential rate can even drive the number
of predicted events through zero and negative.

II.2.5.b Measuring dimension-6 Wilson coefficients
While there exist many experimental and theoretical challenges to an analysis of LHC Higgs data other
than in complete, renormalizable models, the crucial question is if we can sensibly measure dimension-
6 Wilson coefficients, and if these results are useful. The aim of this section as well as the following
Section II.2.5.c is to illustrate how

– a fit of dimension-6 Wilson coefficients to LHC Higgs data can be done (and has been done for
Run I data) by non-members of the ATLAS and CMS collaborations and based on published
results;

– kinematic distributions can significantly improve the multi-dimensional parameter fit by resolving
strong correlations induced by total rate measurements;

– communicating the relevant information, in particular related to kinematic distributions, is a chal-
lenge which needs to be resolved in close collaboration with the fitting projects;

– the results of a dimension-6 fit can be translated into weakly interacting extensions of the Standard
Model, and many of the theoretical issues are clearly separated from experimental uncertainties;

– the language of dimension-6 Lagrangians can intuitively be linked to the structure of ultraviolet
completions of the Standard Model gauge and Higgs sectors.

Unlike the more general discussion of Section II.2.2 we focus on weakly interacting extensions of the
Higgs and gauge sector, and how a dimension-6 Lagrangian approach can be useful in practice.
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Figure 196: Marginalized 95% confidence level constraints for the dimension-six operator coefficients for current
data (blue), the LHC at 14 TeV with 300 fb−1 (green), and with 3000 fb−1 (orange). The expected constraints are
centred around zero by construction. For the left panel we only use signal strengths, while on the right differential
pT,h measurements are included. The inner error bar depicts the experimental uncertainty, the outer error bar
shows the total uncertainty. Figure from Ref. [851].

From the extraordinarily successful and well-established κ framework we know that measurements
of Higgs boson couplings at the level of several per cent can be expected from the upcoming LHC
run(s) [852]. Towards higher luminosity the Higgs boson couplings to weak bosons will likely be the
best-measured parameters, also because the theoretical uncertainties linked to the corresponding LHC
production cross sections are under control.

Already in the κ framework, a few select kinematic distributions for example in the gluon fu-
sion production process can be used to collect information on modified Higgs boson couplings. In the
top-gluon-Higgs sector we can compare three different analysis strategies: a modified pT,h spectrum of
boosted Higgs boson production in gluon fusion [853], off-shell Higgs boson production, and a mea-
surement of the gluon fusion vs tt̄h production rates. Unfortunately, explicit threshold effects in boosted
Higgs boson production are too small to be observable in the near future [251]. We can compare the
different methods for a simple benchmark model where a 30% reduction in the top Yukawa coupling is
compensated in the total rate through an effective Higgs-gluon coupling. Ignoring anything but statisti-
cal uncertainties, boosted Higgs boson production can rule out this scenario based on 700 fb−1 of LHC
data, while off-shell Higgs boson production will require more than 1 ab−1 for the same purpose [854].
These numbers are expected to become significantly worse once we include systematic and theoretical
uncertainties. Unfortunately, global analyses including kinematic information in all Higgs channels can-
not rely on the κ framework, but they can be based on a Higgs EFT. Below, we will describe the potential
and the challenges in such analyses.

When focussing on kinematic distributions, the first choice we need to make concerns the the
dimension-6 squared terms in our Lagrangian. Writing the Lagrangian as L = LSM + c/Λ2Oc we
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Figure 197: Constraints appearing through h†hGaµνGaµν corresponding to MSSM stops, assuming that no hints
for stops exist. The excluded parameter range is indicated by the red region, while the EFT consistency condition
removes the orange region. Figure from Ref. [851].

compute the amplitude and the matrix element squared to leading order in the new interactions,

M =MSM +
c

Λ2MD6 ⇒ |M|2 = |MSM|2 +
2c

Λ2 ReM∗D6MSM
?
+
c2

Λ4 |MD6|2 .
(II.2.191)

In the following, we will discuss two analyses choosing different options concerning the dimension-6
squared terms.

Linearized EFT analysis
Following pure power counting, the squared dimension-6 term enters as a dimension-8 contribution. If
sizeable, it can signal a breakdown of the systematic EFT approach. Drawing inspiration from fixed-order
QCD calculations, where negative event weights are present and are interpreted as a shortcoming of this
particular order of the perturbative series expansion, we only include the interference term and require
that the differential distributions have positive cross sections for each of the bins. A prediction of negative
event rates (or a destructively interfering correction of the same order as the SM expectation) signalizes
a breakdown of the perturbative series in a particular Wilson coefficient, so the underlying model should
be disregarded. In other words, negative differential cross sections can be used as an estimate of the
validity range of a certain Wilson coefficient, unless the symmetries or accidental cancellations render
the interference in Eq.(II.2.191) zero or negligibly small.

For Run I data as well as for different 14 TeV luminosity benchmarks this approach has been
adopted in the Higgs EFT fit of Ref. [851]. Its particular emphasis on the question how differential
distributions lift degeneracies in a fit to the full set of Higgs-related Wilson coefficients. To this end,
pT,h distributions were added to all Higgs boson production and decay signatures. The results shown in
Figure 196 indicate that for Run I the EFT approach is in poor shape without this additional informa-
tion. The EFT energy scales Λ which can be probed lie in the few hundred GeV range, quickly driving
constraints on actual TeV-scale models into a non-perturbative regime. Even worse, energy scales in the
same range are already resolved in the pT,h distributions, which strictly speaking invalidates the ideal
EFT approach. The picture starts to change for Run II at 14 TeV with an assumed 300 fb−1, in which
case already the fit to total rates gives more meaningful results. Finally, for the high-luminosity run-
ning with 3000 fb−1 the kinematic distributions clearly dominate the precision of the expected limits.
This conclusion rests on vastly improved experimental systematic uncertainties and good control over
theoretical uncertainties. The experimental systematic uncertainties are assumed to scale like statistical
uncertainties with the squared root of the number of events. For example, a 50% uncertainty assigned to
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Figure 198: 68% CL error bars on the Wilson coefficients fx/Λ
2 for the dimension-6 operators. For the Yukawa

couplings as well as for OGG we only show the SM-like solution. Figure from Ref. [852].

a signature at 7-8 TeV and 25 fb−1 can turn into a 50%/
√

200 ≈ 3.5% uncertainty at 14 TeV assuming
3000 fb−1. The theoretical uncertainties are not reduced for the Run II scenarios, but nevertheless a
stringent assumption is made, that they are flat as function of pT,h. In that sense the results of Figure 197
support the statement that it might well be possible to rely on a consistent Higgs EFT approach in the
long-term of LHC running, if the systematic and theoretical uncertainties are controlled. Interpreting the
projections for high-luminosity running in a concrete decoupled stop scenario we obtain Figure 197.

Run I analysis including distributions
Also based on the Run I Higgs measurements, Figure 198 shows the SFITTER analysis [852] of the
dimension-6 Lagrangian defined in Refs. [630, 855]. Unlike in the previous analysis, the dimension-
6 squared terms indicated in Eq.(II.2.191) are included. The red error bars are only based on total
rate measurements, while the blue bars includes the pT,V distribution in V h production as well the the
∆φjj distribution in weak boson fusion with a decay h → γγ. The Higgs-fermion sector is limited to
modified Yukawa couplings of the 3rd generation, due to scarce experimental data probing other Yukawa
couplings or the structure of the Higgs boson couplings to heavy fermions. Without any information
from the distributions the constraints on the Wilson coefficients can be translated into Λ & 300 GeV
for g = 1. Including kinematic distributions the reach increases to typically Λ & 500 GeV, where the
entire improvement comes from the overflow bin of the pT,V distribution defined as pT,V > 200 GeV.
As discussed before, this limited mass reach implies that the dimension-6 fit should not be viewed as the
leading term of an EFT expansion in 1/Λ.

Technically, this kinematic information is included based on published kinematic distributions.
Looking at future LHC runs there are several ways of making kinematic information available to an
independent Higgs operator analysis:

1. kinematic distributions compared to different signal and background predictions shown bin-by-bin.
In that case the event counts in each bin are statistically independent measurements;

2. unfolded signal distributions as discussed in Chapter III.3, which are technically simple to include,
but might introduce statistical correlations between bins and an additional systematic uncertainty
from the unfolding model;

3. fiducial cross sections as discussed in Chapter III.3, which are also technically simple to include,
but might provide less information than the full distributions;

4. exclusive likelihood maps, which are highly processed by the experiments and remove the treat-
ment of experimental uncertainties from the operator analysis. Theoretical uncertainties can be
decoupled using the procedure presented in Ref. [856].
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Figure 199: Correlations between different coefficients fx/Λ
2 after including kinematic distributions. In the top

row we only add the ∆φjj distribution; in the second row we also include pT,V from V h production; in the bottom
row we then remove the highest bin associated with large momentum flow through the dimension-6 vertex. Figure
from Ref. [852].

For the Run I analysis shown here we rely on the first and third of these methods, i.e. on published kine-
matic distributions compared to signal and background predictions. The theoretical predictions for the
distributions come from MADGRAPH and can trivially be translated from one operator basis to another.
Because the measured total rate in a given Higgs boson production and decay channel does not corre-
spond to the integral under the published distributions, we define ratios of bins such that the measured
total rate is not related to the measured distribution. To ensure that kinematic distributions to not de-
velop negative event counts we have to include the dimension-6 squared contribution, even though from
a technical perspective we could also find other ways to remove problems in the interpretation of these
phase space regions. The technical setup of our fit to a linear representation can easily be extended to
a non-linear representation, where additional degrees of freedom appear in the anomalous gauge sector
and the fermionic operators [857]. All operators in the fit are defined and evaluated at the weak scale, but
can obviously be renormalization-group evolved to other, experimentally relevant scales of an extended
fit.

In Figure 199 we show how kinematic distributions improve the dimension-6 fit because they re-
duce strong non-Gaussian correlation, for example between OB and OW or between OBB and OWW

in model space. Using a profile likelihood analysis leads to poor limits on each of the two operators
individually. If we were to vary only one operator at a time, the limit for example on the Wilson coef-
ficients for OBB or OWW would improve by an order of magnitude. The top panels show the results
after including total rates and the ∆φjj distribution in weak boson fusion. The 1-dimensional profile
likelihoods from this setup largely correspond to the red bars in Figure 198. In the second row we show
the improvement from the pT,V distribution in V h production. This includes an overflow bin, where
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at least the lower end of the bin is not beyond the region of validity of the effective field theory. The
corresponding 1-dimensional profile likelihoods are shown as blue bars in Figure 198. The main source
of improvement in the 1-dimensional results is an improved control of correlations when we include
kinematic distributions as additional observables. It turns out that after including LHC measurements on
pair-produced weak bosons these non-trivial correlations essentially vanish [627,629,858]. In the bottom
row of Figure 199 we illustrate what happens if we remove the overflow bin of the pT,V distribution from
our analysis: this limited scenario is essentially equivalent to not including the pT,V distribution at all.

Finally, we can include off-shell Higgs boson production in a global Higgs analysis, either based
on the κ framework or based on a dimension-6 Lagrangian [852]. The tree-level ZZh vertex will only
run logarithmically with the relevant momentum scale, and additional operator structures changing the
ZZh interaction will hardly modify them4` kinematics. What remains is a combined effect of the gluon-
Higgs boson coupling described by OGG and a modified top Yukawa coupling through Ot. Hence, the
main effect of including off-shell Higgs boson production in the SFITTER Higgs analysis is to again
reduce possible degeneracies in the OGG vs Ot plane. The same would be the effect of including a
transverse momentum distribution in gluon fusion Higgs boson production. Technically, ATLAS and
CMS report off-shell Higgs results in terms of rate measurements in a given phase space region. This
approach is related to fiducial cross section measurements on the above list of possible formats. In the
future, the same information might be published in the form of m4` distributions, which could be easily
accommodated by the global analysis tools.

Outlook
Current studies have shown that a dimension-6 analysis of LHC Higgs data is entirely feasible. Only
when we try to embed the truncated dimension-6 analysis into a consistent EFT framework we face
major issues like theoretical uncertainties due to missing higher-dimensional contributions. One way to
test the validity of the EFT description is the treatment of dimension-6 squared terms in Monte Carlo
simulations — on the one hand including these terms assures positive event numbers all over phase
space, but on the other hand large contributions from these squared terms suggest poor convergence
of the underlying framework. As long as we consider a global analysis only in terms of dimension-6
operators the treatment of the dimension-6 terms is part of the underlying hypothesis and only has to be
stated clearly. In general, including kinematic distributions makes the EFT analysis more vulnerable to
such model assumptions. However, for increased luminosity the hierarchy of scales will be improved at
least for inclusive measurements, and the limiting theoretical uncertainties might become smaller with
time.

II.2.5.c Weakly interacting new physics to dimension-6
The discussion in the last section shows that an effective theory approach to LHC Higgs data faces serious
issues linked to theoretical consistency arguments, triggered by the limited reach of the LHC Run I in
terms of the new physics scale. However, these limitations do not necessarily imply that we cannot
interpret LHC Higgs data, including kinematic distributions, in terms of a dimension-6 Lagrangian. This
has to be tested explicitly for different structures of the new physics model. For pedagogical reviews
see e.g. Refs [465, 859, 860]. We study weakly interacting modifications of the Higgs sector and the
electroweak gauge sector [751],

– singlet extension of the Higgs potential, a so-called Higgs portal with Higgs-scalar mixing;
– two-Higgs-doublet model, including the specific type-2 setup in the MSSM;
– non-Higgs extension of the scalar sector, for example through scalar top partners;
– gauge-triplet extension of the electroweak gauge sector.

For each of these models we construct and match the linear dimension-6 Lagrangian, compute LHC ob-
servables, and compare the LHC predictions from the dimension-6 Lagrangian and from the full model.
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The (dis-)agreement of these predictions determines to what degree we can rely on a dimension-6 anal-
ysis at the LHC, without explicitly testing for example dimension-8 operators. The point where our
analysis differs from the general consistency arguments of the last section is that for our classes of mod-
els we can derive the structure and the size of the dimension-6 Wilson coefficients. Moreover, a specific
set of benchmark models allows us to make quantitative statements.

One key ingredient to our analysis is the appropriate matching of models which, to be observable
at the LHC, have to feature a low new physics scale Mheavy in the extended Lagrangian. In an ideal
world, where the effective theory is well defined and we can systematically neglect terms suppressed by
g2v2/M2

heavy, the matching of the effective field theory is uniquely defined. First, the masses of the new
particles will be of the order mheavy = Mheavy and will serve as the natural matching scale Λ. Second, at
this scale Λ = Mheavy � v we match to the dimension-6 Lagrangian in the unbroken phase and assume
v → 0 throughout. For a dimension-6 truncation this also means that we neglect terms of the order 1/Λ4

in the Wilson coefficients and terms of the order 1/M4
heavy in the full model, which renders the matching

condition unique.

For many models we are interested in, the underlying mass scale and the masses of new particles
will be linked like

mheavy = Mheavy ± gv + · · · (II.2.192)

Our choice of Λ is now driven by the phenomenological argument that the effective theory will break
down the moment we observe a new resonance. Independent of the hierarchy of the two new physics
mass parameters we define a v-improved matching at the scale

Λ = mheavy . (II.2.193)

Similarly, at this scale we want to incorporate as much information of the full model in the Wilson
coefficients as possible. This is why we express them in terms of all-order model parameters like masses
and mixing angles, i.e. we do not truncate them in terms of 1/Λ. This v-improved matching leads to
a significant improvement in the comparison of the dimension-6 Lagrangian and the full model in LHC
simulations, until actual poles of new particles appear [751].

Because differential information on LHC processes is not described by one single mass scale, we
need to test each of our new physics models based on the critical kinematic distributions. For each of
these weakly interacting new physics models we therefore study

– Higgs boson decays, where the momentum flow through the vertices is typically smaller than mh

and we can study new physics effects in the m4` distribution;
– V h production, where the momentum flow through the hV V vertex can be reconstructed as mV h,

and where we can search for new gauge resonances in the s-channel;
– weak boson fusion production, where the 2→ 3 kinematics with two t-channel propagators com-

plicates the experimental access to momentum flow for example based on the leading pT,j ;
– Higgs boson pair production, where issues arise not at large energies, but at threshold, and where

we are likely to observe new Higgs boson resonances in mhh.

The list of models and the list of observables define a matrix which allows us to systematically study the
level of agreement between full models and the dimension-6 Lagrangian at the LHC. More information
on such new physics models can be found in Section II.2.5. Unlike in that section, the benchmark point
described below are specifically designed to challenge an effective theory description of the LHC features
of the full models.
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Table 103: Benchmarks for the singlet extension. We show the model parameters and the universal coupling
modification for the complete model, as well as the matching scale Λ, the Wilson coefficient c̄H , and the universal
coupling modification for the dimension-6 Lagrangian. mH and Λ are in GeV. Table from Ref. [751].

Singlet

mH sinα vs/v ∆singlet
x c̄H ∆D6

x

S1 500 0.2 10 −0.020 0.040 −0.020

S2 350 0.3 10 −0.046 0.092 −0.046

S3 200 0.4 10 −0.083 0.167 −0.083

S4 1000 0.4 10 −0.083 0.167 −0.092

S5 500 0.6 10 −0.200 0.400 −0.200

Singlet and doublet extensions
First, we extend the minimal Higgs sector of the Standard Model by a real scalar singlet S,

V (φ, S) = µ2
1 (φ† φ) + λ1 |φ†φ|2 + µ2

2 S
2 + λ2 S

4 + λ3 |φ† φ|S2 , (II.2.194)

where the singlet VEV vs � v induces a Higgs-singlet mixing. All Higgs boson couplings, with the
exception of the Higgs self-coupling, are modified as

∆x =
gxxh

gSM
xxh

− 1 = cosα− 1 ≈ −α
2

2
≈ − λ2

3

8λ2
2

(
v

vS

)2

with tanα ≈ λ3

2λ2

v

vs
`+`−1 .

(II.2.195)

In our dimension-6 basis the singlet extension only induces the operatorOH orOφ,2 = ∂µ(φ†φ)∂µ(φ†φ).
The matching scale and the corresponding Wilson coefficient from v-improved matching are

Λ = mH =
√

2λ2vs and c̄H = 2(1− cosα) . (II.2.196)

This means that a singlet extension of the Higgs potential does not introduce momentum-dependent
Higgs boson couplings. The coupling modification to all Standard Model particles is universal and only
leads to modified total Higgs rates. In Table 103 we show the parameters of our benchmark points as well
as the modification of the Higgs boson couplings and the Higgs rates. In spite of the fact that the mass of
the new scalarmh can be very low, we hardly find visible effect in the Higgs boson couplings. Moreover,
the dimension-6 approximation to the modified total rates is by definition fully justified, except for the
on-shell contribution from the second scalar shown in Figure 200.

The only exception to this simple structure will be the appearance of the new resonance H , for
example in Higgs boson pair production pp → hh. If we do not remove the operator OH from our
operator basis through equations of motion, it induces a momentum-independent and a momentum-
dependent correction to the Higgs self-coupling

L ⊃ −m
2
h

2v

(
1− 1

2
c̄H

)
h3 +

g

2mW
c̄H h ∂µh ∂

µh . (II.2.197)

The shift in the SM-like Higgs self-coupling and the 2-derivative term are driven by the same parameter
in our model. If, instead, we break the Z2 symmetry of the Lagrangian in Eq.(II.2.194), there will be an
additional contribution to the shift in the self-coupling at tree-level. However, at the LHC we expect the
strongly interacting modification in Eq.(II.2.197) to dominate. In the absence of the heavy scalar such
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a momentum-dependent Higgs self-coupling would indicate the onset of a strongly interacting theory.
However, in our case it only describes the onset of a new resonance mH . Both scalars together lead to a
well-defined and unitary UV-behaviour of LHC cross sections, as shown in Figure 200. As expected, the
dimension-6 description breaks down once we approach the resonance peak above mhh = 600 GeV.

Exactly the same analysis we can perform for two-Higgs-doublet models with a potential of the
form [861]

V (φ1, φ2) =m2
11 φ

†
1φ1 +m2

22 φ
†
2φ2 +

λ1

2
(φ†1φ1)2 +

λ2

2
(φ†2φ2)2 + λ3 (φ†1φ1) (φ†2φ2) + λ4 |φ†1 φ2|2

+

[
−m2

12 φ
†
1φ2 +

λ5

2
(φ†1φ2)2 + h.c.

]
. (II.2.198)

The self-couplings λ1 . . . λ5 are bounded from above only if we require our model to remain perturbative.
If they contribute to the light Higgs interactions they can lead to a non-decoupling behaviour. In the
conventions of Eq.(II.2.196) the modification of the Higgs boson couplings to weak bosons scales like

∆W,Z = sin(β − α) ≈ sin2(2β)

8

(
v

m
A

0

)4

, (II.2.199)

with a suppression in terms of the mass of the heavy pseudoscalar A0. Through m12 it sets the mass
scale of the heavy Higgs states, which need to have similar masses to respect custodial symmetry. This
degeneracy can be broken by large scalar couplings λj and can shift one of the neutral scalar masses
with respect to the charged scalar mass. In this situation the v-improved matching at the mass of the
lightest new state will be most helpful in the numerical comparison. At tree level the corresponding
modifications of the light Higgs rates are as unspectacular as in the Higgs singlet extension. Unlike the
dimension-8 effect in the gauge sector, the Yukawa couplings of the light Higgs encounter modifications
of the kind v2/m2

A
0 , with possible additional powers of tanβ. For example, in type-II models we find

∆b ≈ − tanβ
sin(2β)

2

(
v

m
A

0

)2

. (II.2.200)
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Figure 200: Kinematic distributions for the singlet extension. Left: transverse mass in WBF Higgs boson produc-
tion. Right: invariant mass mhh linked to the new resonance. Figure from Ref. [751].
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Table 104: Scalar top-partner Lagrangian parameters, physical parameters, and selected Wilson coefficient. All
masses are in GeV. Table from Ref. [751].

Top partner D6

M κLL κRR κLR mt̃1
mt̃2

θt̃ c̄H c̄W c̄HW

P1 500 −1.16 2.85 0.147 500 580 −0.15 0.006 −3.1 · 10−7 4.0 · 10−7

P2 350 −3.16 −2.82 0.017 173 200 −0.10 0.018 −1.0 · 10−3 1.0 · 10−3

P3 500 −7.51 −7.17 0.012 173 200 −0.10 0.139 −2.5 · 10−3 2.5 · 10−3

This dimension-6 effect can already for moderate values of tanβ significantly delay the decoupling of
the heavy 2HDM states in the Yukawa sector. Generalizing Eq.(II.2.200), we can compute the fermionic
corrections which the 2HDM generates at tree level. For the type-I and type-II setups we find

c̄I
u = c̄II

u = c̄I
d = c̄I

` =
sin(2β) cotβ

2

[
λ1

2
− λ2

2
+

(
λ1

2
+
λ2

2
− λ3 − λ4 − λ5

)
cos(2β)

](
v

m
A

0

)2

,

c̄II
d = c̄II

` = −sin(2β) tanβ

2

[
λ1

2
− λ2

2
+

(
λ1

2
+
λ2

2
− λ3 − λ4 − λ5

)
cos(2β)

](
v

m
A

0

)2

.

(II.2.201)

Unlike for the singlet extension, a new charged Higgs H± induces new features in the loop-
induced coupling ghγγ ,

c̄γ =
g2

11 520π2

[
30

(
1− [cotβ + tanβ]

m2
12

m2
H
±

)

+

(
19− 4[cotβ + tanβ]

m2
12

m2
H
±

)
m2
h

0

m2
H
±
− 30 cot(2β)[cotβ + tanβ]

m2
12

m2
H
±
x

]
.

(II.2.202)

Unfortunately, such loop-induced modifications will most likely not be visible at the LHC. In contrast,
the heavy additional Higgs particles should appear in LHC Higgs searches as new resonances, provided
they are not too heavy. From a dimension-6 perspective the test of two-Higgs-doublet models at the LHC
is as little of a challenge as the Higgs singlet extension [861].

Scalar top partners
New scalar particles do not have to be part of the Higgs sector, in the sense that they do not have to
participate in electroweak symmetry breaking. We introduce a scalar top partner similar to the stop of
the MSSM. The masses of the additional isospin doublet and singlet in the fundamental representation of
SU(3)c can be different, but for the sake of simplicity we unify them to M . We consider three relatively
light new scalars t̃1, t̃2 and b̃2 = b̃L. The stop mass matrix reads



κLL

v2

2
+M2 κLR

vM√
2

κLR
vM√

2
κRR

v2

2
+M2


 (II.2.203)

Through loops the new scalars modify the Higgs boson couplings to gluons, photons, and weak bosons,
including new Lorentz structures in the hV V coupling. The SM-like Higgs boson coupling to weak
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bosons changes in the limit of small stop mixing scales like

∆V ≈
κ2
LL

16π2

(
v

mt̃1

)2

, (II.2.204)

which means we expect loop effects in a dimension-6 Lagrangian. In the v-improved matching scheme
we identify Λ = mt̃1

. The Wilson coefficients for the induced dimension-6 operators are then

cg =
m2
W

24 (4π)2m2
t̃1

[
κLL + κRR − κ2

LR

]
cγ =

m2
W

9 (4π)2m2
t̃1

[
κLL + κRR − κ2

LR

]

cB = − 5m2
W

12 (4π)2m2
t̃1

[
κLL −

31

50
κ2
LR

]
cW =

m2
W

4 (4π)2m2
t̃1

[
κLL −

3

10
κ2
LR

]

cHB =
5m2

W

12 (4π)2m2
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14
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κ2
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W
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κ2
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]
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v2
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4(4π)2m2
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[
κ2
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κLL κ
2
LR

2
+
κ4
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10

]
. (II.2.205)

We can evaluate these corrections for the most optimistic benchmark point, i.e. mt̃1
≈ mt and κij � 1

as shown in Table 104. The problem is that typical pre-factors of loop-induced Wilson coefficients are
still at most

v2κ2
ij

4(4π)2m2
t̃1

< 0.16 for κij < 5 , (II.2.206)

leading to mild rate modifications at the LHC. In Figure 201 we show a case where rate modifications
in the 10% range might be large enough to be seen. However, the kinematic distributions in weak boson
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Figure 201: Kinematic distributions for the top partner model. Left: tagging jet properties in WBF Higgs boson
production. Right: mV h distribution in Higgs-strahlung. Figure from Ref. [751].
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Table 105: Vector triplet Lagrangian parameters, physical parameters, and selected Wilson coefficient. All masses
are in GeV. Table modified from Ref. [751].

Triplet D6

MV gV cH cF cV V HH mξ c̄W c̄H c̄6 c̄f

T1 591 3.0 −0.47 −5.0 2.0 1200 −0.011 0.000 0.000 0.000
T2 946 3.0 −0.47 −5.0 1.0 1200 −0.011 0.000 0.000 0.000
T3 941 3.0 −0.28 3.0 1.0 1200 0.004 0.046 0.061 0.015
T4 1246 3.0 −0.50 3.0 −0.2 1200 0.007 0.111 0.149 0.037
T4’ 3738 3.0 −1.50 9.0 −1.8 3600 0.007 0.111 0.149 0.037
T5 846 1.0 −0.56 −1.32 0.08 849 −0.007 −0.020 −0.027 −0.007

T5’ 2538 1.0 −1.68 −3.96 0.72 2547 −0.007 −0.020 −0.027 −0.007

fusion and in V h production are hardly modified. The matched dimension-6 Lagrangian follows the full
model only for V h production, exposing the underlying problem that we have to push the benchmarks
for top partner models aggressively towards small masses to find possibly relevant deviations from the
Standard Model.

A more promising place to look for modification through scalar top partners at the LHC might
be Higgs plus jet production at large pT,h, as described in Section II.2.5.b Altogether, this means that
even though they in principle generate the corresponding momentum-dependent operators, scalar top
partners are well described by the dimension-6 Lagrangian. This is because the new structures are loop-
induced, and the corresponding suppression renders them hardly visible at the LHC, not even talking
about an agreement between the full model and the dimension-6 Lagrangian in the relevant kinematic
distributions.

Vector triplet model
Given scalar extensions of the Standard Model do not challenge the dimension-6 approach to LHC Higgs
data we now assume a modification of the weak gauge sector. It consists of a massive vector field V a

µ

forming an SU(2) triplet. To allow for large, tree-level modifications of LHC observables we assume
that the new fields mix with the weak bosons,

L ⊃ − 1

4
V a
µν V

µν a +
M2
V

2
V a
µ V

µa

+ i
gV
2
cH V

a
µ

[
φ†σa

←→
D µ φ

]
+

g2
w

2gV
V a
µ

∑

fermions

cFFL γ
µ σa FL + g2

V cV V HH V
a
µ V

µa φ†φ+ · · ·

(II.2.207)

After mixing with the W and Z bosons we denote the new heavy states as ξ0 and ξ±. The masses of
these particles define the matching scale Λ = mξ in our v-improved matching. Integrating out the vector
triplet leaves us with a set of dimension-6 Wilson coefficients generated at tree level

c̄H =
3 g2 v2

4m2
ξ

[
c2
H
g2
V

g2 − 2 cF cH

]
c̄6 =

g2 v2

m2
ξ

[
c2
H
g2
V

g2 − 2 cF cH

]

c̄f =
g2 v2

4m2
ξ

[
c2
H
g2
V

g2 − 2 cF cH

]
c̄W = −m

2
W

m2
ξ

cF cH . (II.2.208)



366 II.2.5. Fitting EFT parameters and constraining models

 [f
b/

bi
n]

σ

1

10

210

310

 V h (T4)→p p 

)ξfull (no 
EFT

full

SM

 [GeV]Vhm
500 1000

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

1−

0

1

EFT error

 [f
b/

bi
n]

σ

1−10

1

10

210

 u d h (T4)→u d 

EFT
full

SM

 [GeV]
T,j1

p
200 400 600

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

0.5−

0

0.5

EFT error

 [f
b/

bi
n]

σ

1−10

1

10

210

 V h (T5)→p p 

)ξfull (no 

EFT

full

SM

 [GeV]Vhm
400 600 800 1000

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

1−

0

1

EFT error

 [f
b/

bi
n]

σ

1−10

1

10

210

 u d h (T5)→u d 

)ξfull (no 
EFT

full

SM

 [GeV]
T,j1

p
200 400 600 800 1000

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

1−

0

1
EFT error

 [f
b/

bi
n]

σ

1−10

1

10

210

 V h (T4')→p p 

)ξfull (no 
EFT

full

SM

 [GeV]Vhm
500 1000

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

1−

0

1

EFT error

 [f
b/

bi
n]

σ

1−10

1

10

210

 u d h (T5')→u d 

)ξfull (no 
EFT

full

SM

 [GeV]
T,j1

p
200 400 600 800 1000

fu
ll

σ
fu

ll
σ

 -
 

E
F

T
σ

1−

0

1
EFT error

Figure 202: Distributions for WBF production and Higgs-strahlung in the vector triplet model. Figure modified
from Ref. [751].

This universal structure implies that along a line in cF vs cH all Wilson coefficients except for the oper-
ator OW vanish. Following the argument from the scalar top partners we neglect further, loop-induced
contributions. The Wilson coefficients induced at tree level are shown together with the model parame-
ters for a set of benchmarks in Table 105. In the definition of these benchmarks we ignore experimental
constraints on those models as well as open questions concerning their ultraviolet completions. They are
merely chosen to test the agreement between the full model predictions and the dimension-6 Lagrangian
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Figure 203: Distributions for WBF Higgs boson production and Higgs-strahlung in the vector triplet model for
both the default and v-improved matching conditions. Figure modified from Ref. [751].
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Figure 204: Distributions for WBF Higgs boson production and Higgs-strahlung in the vector triplet model with
and without the dimension-6 squared contribution. Figure from Ref. [663].

at the LHC. Moreover, the notion of weakly interacting new particles might not really apply, given the
size of the couplings defined in Eq.(II.2.207).

In Figure 202 we show a set of sample distributions for the vector triplet model. In the upper panel
for the V h channel we immediately see what the limitations in matching the dimension-6 Lagrangian are:
the benchmark points include new states at 1.2 TeV. The invariant mass distributionmV h develops a pole
with tails reaching down to around mV h = 600 GeV. Below this, at least the v-improved dimension-6
Lagrangian follows the full model description to around 20 %. What is remarkable is that the description
of the full model without the heavy ξ state deviates significantly from the complete model and from the
dimension-6 Lagrangian. Far below the mass shell the latter indeed describes the effect of the s-channel
ξ exchange, while it obviously fails to reproduce the pole region. The WBF distribution shows less
dramatic effects, because the new states occur in the t-channel and there is no on-set of a resonance
peak. Moreover, for the same benchmark model we observe a different sign of the (interference) effects;
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now the full model as well as the dimension-6 approximation stay below the Standard Model curve.
Over the entire pT,j1 range the agreement between the full model and the dimension-6 Lagrangian with
v-improved matching is excellent even in regions where deviations from the Standard Model are due to
new particle exchange.

In the second row of Figure 202 we show another benchmark point, where the new resonance peak
in mV h appears around 850 GeV, and the interference effects between the Standard Model continuum
and the developing pole above mV h = 500 GeV are destructive. The full model and its dimension-
6 agree well into the range where the extended model deviates from the Standard Model. For WBF
production the new particles in the t-channel lead to a significant enhancement of the pT,j distribution,
which is described by the dimension-6 approximation to transverse momenta around 500 GeV.

In the lower panels of Figure 202 we show the same distributions for modified benchmark points
where the masses of the new particles are heavier and this decoupling effect is compensated by larger
couplings, so that the Wilson coefficients are the same as in the scenarios shown in the upper panels. In
the absence of new resonances the agreement between the full vector triplet model and the dimension-6
description improves to an almost perfect match, reflecting the fact that higher-dimensional operators are
still most appropriate in describing strongly interacting models at the LHC.

While for the generic high-mass scenarios shown in Figure 202 the choice of default and v-
improved matching does not make a big difference, we demonstrate in Figure 203 that this question
can be crucial for other benchmarks. Here the dimension-6 description based on the default matching
fails to reproduce the full model already in the bulk of the distributions. The large discrepancies are
caused by low masses of the new states as shown in Eq.(II.2.192). The v-improved matching, designed
to include such effects, leads to impressive agreement up to large energies.

Finally, an open question is if in the dimension-6 approach we want to include the squared
dimension-6 term in the combination |MSM +MD6|2. For our strictly dimension-6 approach this is
an entirely practical question, as long as it is clearly stated what is done. One issue of the truncation
without the dimension-6 squared terms is that the matrix element squared is not guaranteed to be posi-
tive; this is true even if the effective theory is valid and dimension-8 operators are negligible, but the new
physics effects dominate over the Standard Model and the bulk contribution stems from the dimension-6
structures.

In Figure 204 we show two distributions for the vector triplet model in an extreme benchmark point
and based on v-improved matching. For V h production and WBF production we choose a benchmark
point with large new physics contributions, negatively interfering with the Standard Model contribution.
For the V h process we show the pT,V distribution, which is strongly correlated with mV h. In spite of the
fact that the new particles only occur at mξ = 1.2 TeV the predictions without the dimension-6 squared
term become negative for pT,V > 230 GeV for V h production and for pT,j > 550 GeV for WBF. In
particular the former is within reach of early LHC analyses.

Outlook
In view of the limited precision of early LHC data, and the typical size of new physics deviations,
it is often assumed that a consistent EFT framework is of little practical use in LHC Higgs analyses.
The reason is that models with a clear hierarchy of scales will only predict small deviations in LHC
observables. For many key observables, the situation will get better with more LHC data being analysed,
until all relevant observables become systematics-limited or theory-limited. The crucial question then
become how well an ad-hoc truncated dimension-6 Lagrangian describes LHC observables for example
compared to a weakly interacting full model.
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Our first finding is that weakly interacting new physics models usually do not generate a large
number of dimension-6 operators with non-negligible Wilson coefficients. This is particularly true for
extended scalar sectors and all operators affecting associated Higgs boson production and Higgs boson
production in weak boson fusion. Tree-level effects tend to be structurally simple, numerically small, and
well described by a dimension-6 Lagrangian. Loop-induced effects for example induced by scalar top
partners will be very hard to measure, and possible deviations between the full model and the dimension-
6 approximation will not cause any problem. Effects on the gluon fusion process can be larger, but actual
model predictions are known to agree well with the dimension-6 framework. This line of argument
becomes stronger for more realistic new physics scenarios, compatible with all current constraints. If
instead we want to generate large deviations from the Standard Model we should turn to extensions of
the weak gauge sector. Here we can test how well a properly matched dimension-6 Lagrangian described
the sizeable changes in the LHC kinematics.

Second, we find very good agreement between the full models extending the gauge and Higgs sec-
tor and the respective dimension-6 approximation for the relevant LHC observables. In cases where the
standard matching procedure reaches its limitations, a v-improved matching procedure leads to excellent
agreement between the full model and the dimension-6 approximation for our set of models. Note that
our comparison between the full model and the dimension-6 approximation does not necessarily imply
that all individual dimension-8 operators are negligible, because towers of higher-dimensional operators
can cancel due to an unknown structure or even symmetry. We illustrate our findings in Table 106.

Finally, we confirm that the dimension-6 approximation typically breaks down when we become
sensitive to new particles, often visible as poles in the s-channel. Unless we start observing such new
resonances the dimension-6 approach seems valid to describe large classes of weakly interacting new
physics at the LHC. The consistent effective field theory as well as the dimension-6 Lagrangian allow
us to describe kinematic distributions and to include electroweak quantum corrections. The fundamental
difference between the two approaches is that a consistent effective theory allows us to assign a theo-
retical uncertainty to the truncated operator basis in the model hypothesis we are testing at the LHC. In
contrast, the dimension-6 Lagrangian does not include such a theoretical uncertainty. On the other hand,
in most searches for new physics at the LHC we do not account for theoretical uncertainties beyond the
perturbative QCD description, either. This means that the missing, most likely sizeable, theoretical un-
certainty in the dimension-6 approach only has to be accounted for when we translate our findings into

Table 106: Possible sources of failure of dimension-6 Lagrangian at the LHC. We use parentheses where deviations
in kinematic distributions appear, but are unlikely to be observed in realistic scenarios.

Model Process EFT failure

resonance kinematics matching

singlet on-shell h→ 4`, WBF, V h, . . . ×
off-shell WBF, . . . (×) ×
hh × × ×

2HDM on-shell h→ 4`, WBF, V h, . . . ×
off-shell h→ γγ, . . . (×) ×
hh × × ×

top partner WBF, V h ×
vector triplet WBF (×) ×

V h × (×) ×
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full weakly interacting models. This implies that from an experimental perspective a dimension-6 La-
grangian can be used in LHC Higgs physics as long as we do not observe an obvious breakdown through
new resonances.
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II.3.1 High-energy physics tools for the study of the Higgs boson properties in Effective
Field Theories II.48

II.3.1.a Introduction

The discovery by the ATLAS and CMS collaborations of a Higgs boson boson with a mass of about
125 GeV [1, 2] has marked an important step forward in the study and the understanding of the elec-
troweak symmetry breaking mechanism. Although the currently measured properties of this newly dis-
covered boson seem to be compatible with the Standard Model expectation, the recent start of the second
LHC experimental run has risen new hopes to detect phenomena beyond the Standard Model. In this
context, present and future LHC data could be interpreted in an effective field theory framework where
departures from the Standard Model are organized as a series expansion in the new physics energy scale
Λ that is assumed to be large.

The leading effects implied by such an effective field theory description usually consist of dimension-
six operators that are supplemented to the Standard Model Lagrangian, each of these being associated
with a new interaction strength. The number of independent coefficients is usually large, but impor-
tant classes of observables turn to only depend on a much smaller subset of parameters. The effective
field theory approach is therefore testable and the results could be reinterpreted to constrain explicit new
physics models. Consequently, the development of high-energy physics tools able to perform computa-
tions in the effective field theory context has been a very active field during the last years. The recent
progress described in the document addresses total and differential cross section precision calculations
for the production of a single Higgs boson (see Section II.3.1.b for the gluon fusion channel and Sec-
tion II.3.1.c for the vector boson fusion and the Higgs-strahlung channels) and of a pair of Higgs bosons
(see Section II.3.1.d), as well as precision predictions for Higgs boson decays (see Section II.3.1.e). In
addition, several machineries have been built so that we are now able to characterize the Higgs boson
properties on the basis of Monte Carlo event generators. These include a description of the Higgs boson
decays by means of pseudo-observables (see Section II.3.1.f), as well as all Higgs boson properties in
full generality within the MG5_aMC@NLO (see Section II.3.1.g) or JhuGen/Mela (see Section II.3.1.h) plat-
forms. Monte Carlo simulations can also be performed with the Herwig (see Section II.3.1.i), Vbfnlo
(see Section II.3.1.j) and Whizard (see Section II.3.1.k) packages. As all codes are using different con-
ventions, we review the notation in each case. Constraints on effective operators can also be extracted

II.48Author(s): B. Fuks (Ed.); F. Campanario, B. Chokoufé Nejad, M. Ciuchini, R. Contino, T. Corbett, J. de Blas, F. Demartin,
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G. Perez, M. Pierini, M. Rauch, L. Reina, J. Reuter, F. Riva, R. Roentsch, J. Roskes, R. Roth, V. Sanz, U. Sarica, M. Schulze,
M. Sekulla, S. Shim, L. Silvestrini, C. Speckner, M. Spira, J. Streicher, C. Weiss, M. Xiao. M. Zaro, D. Zeppenfeld.
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by fitting the experimental results, which can be achieved for instance via the HEPfit package (see
Section II.3.1.l).

An important aspect of the effective field theory approach is the freedom in the choice of the
operator basis, so that a given effect could be modeled by several different combinations of operators at
a fixed order in the effective energy scale expansion. This is related to the possibility of redefining the
Standard Model fields in such a way that the Standard Model Lagrangian is unaltered (or more precisely
the scattering amplitudes), while certain combinations of dimension-six operators proportional to the
Standard Model equations of motion can be eliminated up to subleading higher-dimensional effects.
Different complete operator bases have been proposed in the past, and although each of them yields
the same predictions, they present specific and different advantages. Existing calculations or tools are
however often bound to a given basis choice, and it is desirable to be able to reuse results derived in
the context of one basis in another basis. The Rosetta platform (see Section II.3.1.m) has been very
recently released to close this gap.

II.3.1.b HiGlu: Higgs boson production via gluon fusion
The program HiGlu [133, 134], that is available at http://tiger.web.psi.ch/higlu/ calculates the
Higgs boson production cross section via gluon-fusion up to the next-to-next-to-leading order (NNLO)
accuracy in QCD in the large top mass limit [97–102, 127, 136, 140, 141, 862] and includes next-to-
leading order (NLO) electroweak corrections [107–110, 145–149] within the Standard Model, and up
to the NNLO in QCD and in the large top mass limit [97–102, 127, 136, 140–143, 862–870] for the
minimal supersymmetric extension of the Standard Model. The genuine supersymmetric corrections
are not included in the program, although the supersymmetric QCD ones are known [871–881]. Starting
from the Standard Model Higgs results, the contributions of dimension-six operators beyond the Standard
Model are included up to the NNLO in QCD. The latter extension is based on the effective Lagrangian
(in the heavy top limit for the Standard Model part) [70, 115, 882, 883],

Leff =
αs
π

[ ct
12

(1 + δ) + cg

]
Gµνa Gaµν

H

v
, (II.3.1)

where H denotes the Standard Model physical Higgs boson and v the vacuum expectation value of the
neutral component of the Higgs field Φ. Moreover, the gluon field strength tensor is denoted by Gµνa
and the strong coupling constant by αs. The contributions of dimension-six operators are absorbed in
the rescaling factor ct for the top Yukawa coupling and the point-like coupling cg. In other words,
deviations of ct and cg from their Standard Model values ct = 1 and cg = 0 are understood to originate
from dimension-six operators. The contribution of the chromomagnetic dipole operator [884,885] is not
included. The Lagrangian above includes QCD corrections via the δ parameter,

δ = δ1
αs
π

+ δ2

(αs
π

)2
+ δ3

(αs
π

)3
, (II.3.2)

whose three components read
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(II.3.3)

where Lt = log(µ2
R/m

2
t ) with µR denoting the renormalization scale, NF the number of active quark

flavours and mt the top quark pole mass.

http://tiger.web.psi.ch/higlu/
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The leading order (LO) cross section extended by the new physics contributions induced by the
above effective Lagrangian is given by

σLO(pp→ H) = σ0τH
dLgg
dτH

, (II.3.4)

where Lgg stands for the gluon-gluon partonic luminosity and where τH = m2
h/S, mh being the Higgs

boson mass and S the hadronic centre-of-mass energy. The σ0 prefactor can be computed either in the
non-linear case (σNL

0 ) or in the SILH (strongly interacting light Higgs) framework (σSILH
0 ) [655],

σNL
0 =

GFα
2
s

288
√

2π

∣∣∣∣
∑
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cQA1/2(τQ) + 12cg
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2

,

σSILH
0 = σNL
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2
s

288
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2π
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Q

(cQ − 1)AQ(τQ) + 12cg
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2
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where τQ = 4m2
Q/m

2
h with mQ being a generic quark mass, and where GF = (

√
2v2)−1 stands for the

Fermi constant. The LO form factors depend on the A1/2 function that is given by

A1/2(τ) =
3

2
τ
[
1 + (1− τ)f(τ)

]
with f(τ) =





arcsin2 1√
τ

for τ ≥ 1

−1

4

[
ln

1 +
√

1− τ
1−
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1− τ − iπ
]2

for τ < 1 .

(II.3.6)
Rescaling factors cQ have been introduced in Eq. (II.3.5) for all contributing quarks, i.e., the top (ct),
bottom (cb) and charm (cc) quarks.

The Wilson coefficient cg does not receive QCD corrections within the effective Lagrangian, but
develops a scale dependence according to the renormalization group equation

µ2∂cg(µ
2)

∂µ2 = −
{
β1

(αs(µ2)

π

)2
+ 2β2

(αs(µ2)

π

)3
}
cg(µ

2), (II.3.7)

with

β0 =
33− 2NF

12
, β1 =

153− 19NF

24
and β2 =

1
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2857− 5033

9
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325

27
N2
F

)
.
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This renormalization group equation can be derived either from the scale-invariant trace anomaly term
β(αs)/αsG

µν
a Gaµν [886–891], or from the scale dependence of the factor (1 + δ) of the effective La-

grangian of Eq. (II.3.1), since both coefficients, ct(1 + δ) and cg, have to develop the same scale depen-
dence. The solution of the RGE for cg up to the next-to-next-to-leading logarithmic (NNLL) level can
be cast into the form

cg(µ
2) = cg(µ

2
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β0 + β1

αs(µ
2
)
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2
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π
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β0 + β1
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2
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2
0)

π

)2 . (II.3.9)

In order to compute the modified cross section up to NNLO, the mismatch of the individual terms of
the effective Lagrangian of Eq. (II.3.1) with respect to the δ terms have been taken into account, the
NNLL scale dependence of the Wilson coefficient cg being properly included. In addition, the finite
NLO quark mass term effects have been added at fixed NLO to the Standard Model contributions. This
yields a consistent determination of the gluon-fusion cross section up to NNLO including the dimension-
six operators that imply a rescaling of the top, bottom and charm Yukawa couplings and the point-like
Hgg coupling parameterized by cg(µ

2
R).
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The present version 4.34 of HiGlu is linked to HDecay (version 6.51) [69, 71] and allows one to
choose the usual Standard Model Higgs input values in the separate input files higlu.in and hdecay.in.
In addition, the rescaling factors ct,b,c and the point-like Wilson coefficient cg(µ

2
0) can be set, together

with the corresponding input scale µ0, in the higlu.in file. In this way, HiGlu provides a consistent
calculation of the gluon-fusion cross section up to NNLO QCD including dimension-six operator effects.
More detailed information about the input files higlu.in and hdecay.in can be found as comment lines
at the beginning of the main Fortran files higlu.f and hdecay.f shipped with the program. Finally,
we note that the pole masses of the bottom and charm quarks are computed from the MS input values
mb(mb) and mc(3 GeV) with N3LO accuracy internally.

II.3.1.c Hawk: Precision predictions for Higgs boson production in the vector boson fusion and
the Higgs-strahlung channels

Hawk is a parton-level Monte Carlo program providing precision predictions for Higgs boson produc-
tion in the vector-boson fusion and Higgs-strahlung modes. For the Higgs-strahlung case, i.e., V H
production with V = W or Z, Hawk includes the leptonic decays of the vector bosons, while contribu-
tions stemming from V H production with an hadronically decaying vector boson can be included in the
vector-boson-fusion calculation optionally. In the Standard Model context, Hawk provides fully differ-
ential predictions that include QCD and electroweak next-to-leading-order corrections, and the results
are returned as binned distributions for important hadron-collider observables. A detailed description of
the program, that can be obtained at http://hawk.hepforge.org, can be found in Ref. [254], while
details concerning the underlying calculations are given in Refs. [256–258].

Concerning the inclusion of higher-dimensional operators, Hawk supports anomalous HV V cou-
plings which correspond to the Feynman rule

i ahvv
1 gµν + i ahvv

2 (−k1 · k2 gµν + k1νk2µ) + i ahvv
3 ερσµν k

ρ
1k

σ
2 , (II.3.10)

where k1 and k2 are the four-momenta of the gauge bosons and the ai parameters are real quantities.
One can either directly specify the coupling factors ahvv

1 , ahvv
2 and ahvv

3 in the input file or the coef-
ficients of the corresponding higher-dimensional operators, where a (modified) parameterization of the
one introduced in Ref. [277] is used. The correspondence of the coefficients and the coupling factors is
given in Ref. [254]. Anomalous coupling effects on the predictions can be calculated by including QCD
corrections. However, for the vector-boson fusion case, the dressing of the anomalous amplitudes with
QCD corrections is restricted to the embedding of ‘diagonal QCD contributions’ which correspond to
corrections in the t-channel (or DIS-like) approximation where colour exchange between the two protons
does not take place. In the Standard Model, the remaining ‘non-diagonal’ contributions are suppressed to
a phenomenologically irrelevant level, and the introduction of anomalous coupling diagrams into those
corrections would require an application of the effective-field-theory approach including a renormaliza-
tion of the anomalous couplings. Moreover, the anomalous couplings related to the neutral gauge bosons
are switched off for small momentum transfer by means of a form factor,

F1 = |s1||s2|/(m2
0 + |s1|)/(m2

0 + |s2|) , (II.3.11)

to avoid infrared singularities induced by the anomalous couplings. In this expression, s1 and s2 denote
the virtualities of the two intermediate W and Z bosons and m0 = 1 GeV is used. The code also allows
one to use a form factor

F2 = Λ4
hvv/(Λ

2
hvv+|s1|)/(Λ2

hvv+|s2|) , (II.3.12)

to control the anomalous coupling effects at large momentum transfer.

The Hawk implementation of anomalous HV V has been used, e.g., in the ATLAS analysis [892]
that focuses on the anomalous effects on vector-boson scattering via the reweighting of Standard Model
predictions.

http://hawk.hepforge.org
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II.3.1.d HPair: Higgs boson pair production via gluon fusion
The program Hpair, available at http://tiger.web.psi.ch/hpair/, calculates the Higgs boson pair
production cross section via gluon fusion up to the NLO in QCD [435] in the limit of heavy top quarks
within the Standard Model and the quark-loop induced contributions in the minimal supersymmetric
extension of the Standard Model. While genuine supersymmetric QCD (in the general case) and elec-
troweak corrections are unknown, known subleading NLO top mass effects [442,444–446], NNLO QCD
corrections [436,440,443] and NLO supersymmetric QCD corrections in the limit of heavy superpartner
masses [893] are not included in the program. Starting from the Standard Model Higgs result in the heavy
top mass limit, the contributions of dimension-six operators beyond the Standard Model are included up
to the NLO in QCD [474]. The latter extension is based on an effective phenomenological Lagrangian
given by

Leff = −mtt̄t

[
ct
H

v
+ ctt

H2

2v2

]
− 1

6
c3

[
3m2

h

v

]
H3 +

αs
π
Gµνa Gaµν

[
cg
H

v
+ cgg

H2

2v2

]
, (II.3.13)

As in Section II.3.1.b, the contributions of the dimension-six operators are absorbed in the rescaling
factors ct for the top Yukawa coupling and c3 for the trilinear Higgs boson coupling, i.e., deviations of ct
and c3 from the Standard Model expectation of ct = c3 = 1 originate from dimension-six operators. The
remaining couplings ctt, cg and cgg are novel contributions purely arising from dimension-six operators
and not present in the Standard Model Lagrangian. Integrating out the heavy top quark loops one arrives
at the effective Lagrangian

Leff =
αs
π
Gµνa Gaµν
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v

[
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]}
, (II.3.14)

describing the Higgs boson couplings to gluons when only the leading QCD corrections for the single
Higgs interactions are kept (compared to Eq. (II.3.1)).

The partonic LO cross section extended by beyond the Standard Model contributions induced by
the above Lagrangian is given by

σ̂LO(gg → HH) =

∫ t̂+

t̂−
dt̂
G2
Fα

2
s(µR)

512(2π)3

[
|C∆F1 + F2|2 + |c2

tG�|2
]
, (II.3.15)

where the Mandelstam variables are defined by

ŝ = Q2 , t̂ = m2
h −

Q2(1− β cos θ)

2
and û = m2

h −
Q2(1 + β cos θ)

2
, (II.3.16)

with β =

√
1− 4m2

h/Q
2 and with Q denoting the invariant mass of the Higgs boson pair. Moreover,

the integration bounds at cos θ = ±1 read

t̂± = m2
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Q2(1∓ β)

2
. (II.3.17)

The form factors F1 and F2 can be cast into the form

F1 = ctF∆ +
2

3
c∆ and F2 = c2

tF� + cttF∆ −
2

3
c�, (II.3.18)

with the explicit expressions of F∆, F� and G� being available in Ref. [432, 434]. In the limit of heavy
top quarks they simplify to
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t + ctt − c�
)
, (II.3.19)

http://tiger.web.psi.ch/hpair/
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after introducing the abbreviations c∆ and c�. The latter read, together with theC∆ variable of Eq. (II.3.15),

C∆ ≡ λhhh
m2
Z

Q2 −m2
h + imhΓh

, c∆ ≡ 12cg and c� ≡ −12cgg, (II.3.20)

with mZ denoting the Z-boson mass, Γh the Higgs boson width, and the trilinear Higgs boson coupling
being normalized as

λhhh =
3m2

hc3

m2
Z

. (II.3.21)

The partonic cross section has then to be convoluted with the gluon density in the proton in order to
obtain the hadronic cross section.

The present version 2.00 of Hpair needs the usual Standard Model Higgs input values that are
provided in a separate input file hpair.in. In addition, this file also allows one for choosing the anoma-
lous dimension-six factors ct, ctt, cg, cgg and c3. Alternatively the dimension-six coefficients c̄H , c̄u, c̄6

and c̄g can be provided within the usual SILH basis [655], starting from the effective SILH Lagrangian

∆LSILH
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Φ†ΦGaµνG
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(II.3.22)
where yt =

√
2mt/v denotes the top quark Yukawa coupling, gs the strong coupling constant and mW

the W -boson mass. The connection to the Lagrangian of Eq. (II.3.13) is given by

ct = 1− c̄H
2
−c̄u , ctt = −1

2
(c̄H+3c̄u) , c3 = 1−3

2
c̄H+c̄6 , cg = cgg = c̄g

4π

α2
, (II.3.23)

with α2 =
√

2GFm
2
W /π. Contrary to the strongly interacting non-linear case, in the SILH case products

of dimension-six coefficients are not taken into account in accordance with a consistent expansion of the
physical observable up to linear dimension-six terms. In the SILH case, this also requires the expansion
of the LO cross section of Eq. (II.3.15) up to linear dimension-six terms. The NLO terms are treated
accordingly in the Hpair program that allows for both options, i.e., the non-linear and SILH cases. In this
way, Hpair provides a consistent calculation of the gluon-fusion cross section up to NLO QCD including
the effects of dimension-six operators. More detailed information about the input file hpair.in can be
found as comment lines at the beginning of the main Fortran file hpair.f shipped with the program.

II.3.1.e eHDecay, Higgs boson decays in the effective Lagrangian approach
Ref. [644] has presented the program eHDecay, a Fortran code based on a modification of the program
HDecay [69, 71], and discussed the relation between the non-linear and the linear effective Lagrangian
approaches. The program can be downloaded from http://www.itp.kit.edu/~maggie/eHDECAY/.
In eHDecay, the full list of leading bosonic operators of the Higgs effective Lagrangian has been imple-
mented, both for a linear and a non-linear realization of the electroweak symmetry and for two benchmark
composite Higgs models called MCHM4 [660] and MCHM5 [773]. All the relevant QCD corrections
have been included and we detail in the following the importance of higher-order QCD corrections and
of mass effects on the corrections. We also show how to consistently include electroweak corrections
whenever it is possible, focusing on the example of the Higgs boson decay into two gluons. As the
leading part of the QCD corrections in general factorizes with respect to the expansion in the number of
fields and derivatives of the effective Lagrangian, they can be included by taking over the results from
the Standard Model. The electroweak corrections, on the contrary, require dedicated computations that
are only partly available at present. They are consequently only implemented up to higher orders in a
v2/f2 expansion in the framework of the linear Lagrangian, where f = Λ/g? with g? being a typical
new physics coupling strength. They are valid, for instance, in the SILH framework [655] in which the

http://www.itp.kit.edu/~maggie/eHDECAY/
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deviations from the Standard Model are small. On different lines, higher-order QCD corrections and
mass effects are included also in the non-linear implementation.

Denoting by cψ the modifications of the Higgs boson couplings to fermions with respect to the
Standard Model and by c′gg the effective Higgs boson coupling to gluons, the related non-linear effective
Lagrangian reads

∆LNL = −
∑

ψ=u,d,`

cψmψψ̄ψ
H

v
+
c′gg
2
GaµνG

µν
a
H

v
. (II.3.24)

The decay rate into gluons implemented in eHDecay in the framework of the non-linear Lagrangian is
then given by

ΓNL
gg =

GFα
2
sm

3
h

4
√

2π3

[∣∣∣∣
∑

q=t,b,c

cq
3
A1/2(τq)

∣∣∣∣
2

c2
eff κsoft + 2 Re

{ ∑

q=t,b,c

cq
3
A∗1/2(τq)

2πcgg
αs

}
ceff κsoft

+

∣∣∣∣
2πc′gg
αs

∣∣∣∣
2

κsoft +
1

9

∑

q,q
′
=t,b

cq A
∗
1/2(τq)cq′ A1/2(τq′)κ

NLO(τq, τq′)

]
.

(II.3.25)

On the other hand, the part of the linear Lagrangian that contributes to the Higgs boson decay into two
gluons reads, in the SILH basis,

∆LSILH
6 ⊃ c̄H

2v2∂
µ(Φ†Φ)∂µ(Φ†Φ) +

c̄gg
2
s

m2
W
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v2 Φ†Φq̄LΦcuR +

c̄dyd

v2 Φ†Φq̄LΦdR + h.c.
)
,

(II.3.26)

where c̄H , c̄g, c̄u and c̄d are the Wilson coefficients of the corresponding dimension-six effective opera-
tors and yu,d the Yukawa couplings of the up- and down-type quarks, respectively. In this case, the Higgs
boson decay rate into gluons implemented in eHDecay is given by

ΓSILH
gg =

GFα
2
sm

3
h

4
√

2π3

[
1

9

∑

q,q
′
=t,b,c

(1− c̄H − c̄q − c̄q′)A
∗
1/2(τq′)A1/2(τq)c

2
eff κsoft

+ 2 Re

{ ∑

q=t,b,c

1

3
A∗1/2(τq)

16πc̄g
α2

}
ceff κsoft +

∣∣∣∣
∑

q=t,b,c

1

3
A1/2(τq)

∣∣∣∣
2

c2
eff κew κsoft

+
1

9

∑

q,q
′
=t,b

(1− c̄H − c̄q − c̄q′)A
∗
1/2(τq)A1/2(τq′)κ

NLO(τq, τq′)

]
.

(II.3.27)

In both Eq. (II.3.25) and Eq. (II.3.27), τq = 4m2
q/m

2
h and the loop function A1/2(τ) is defined as in

Eq. (II.3.6). We use the pole masses for the top, bottom and charm quark masses and αs is computed
up to N3LO at a scale fixed to mh and for NF = 5 active flavours. The QCD corrections have been
taken into account up to N3LO in QCD in the limit of heavy loop-particle masses so that the effect
from low-energy gluon radiation, given by the coefficient κsoft, factorizes in this limit. The corrections
from high-energy gluon and quark exchange (with virtuality q2 � m2

t ) are encoded in the coefficient
ceff . Namely, for mh � 2mt, the top quark can be integrated out, leading to the effective five-flavour
Lagrangian

Leff = −21/4G
1/2
F C1G

a
µνG

µν
a H , (II.3.28)

where the dependence on the top quark mass mt is included in the coefficient function C1. We then have

κsoft =
π

2m4
h

Im
{

ΠGG(q2 = m2
h)
}

and ceff = − 12π C1

αs(mh)
, (II.3.29)
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with the vacuum polarization ΠGG(q2) being induced by the gluon operator. The N3LO expressions
for C1 and for Im{ΠGG} have been given in Refs. [67, 115, 883, 894] and Ref. [895], respectively. In
particular, the NLO expressions for κsoft and ceff read [99, 896, 897]

κNLO
soft = 1 +

αs
π

(73

4
− 7

6
NF

)
and cNLO

eff = 1 +
αs
π

11

4
, (II.3.30)

in agreement with the low-energy theorem [898–900]. The additional mass effects at NLO [136] in
the top and bottom quark loops are taken into account by the function κNLO(τq, τq′) in the last lines of
Eqs. (II.3.25) and (II.3.27). This function quantifies the difference between the NLO QCD corrections
for the top (bottom) contribution taking into account finite mass effects in the loop, and the result for the
top (bottom) contribution in the limit of a large loop-particle mass.

Higher order corrections are large, with in particular the N3LO QCD corrections increasing the
total width by almost up to 90%. The mass effects at NLO QCD are relevant for the bottom loop
where they amount to 8%, while they are negligible for the top loop. To be consistent with the non-
linear approach, no electroweak corrections have been included in the non-linear parameterization, as
a perturbative expansion in powers of v2/f2 is not possible in the general case. In contrast, in the
linear parameterization, both QCD and electroweak corrections are included. The treatment of the QCD
corrections is in accordance with the non-linear case, while the electroweak corrections [107–109, 145–
149] are taken into account by the factor κew of Eq. (II.3.27). In the Standard Model, they can be
factorized in the particular case of the Higgs boson decaying into two gluons. However, this factorization
is not valid in the general case. In particular, when the contributions from the effective Lagrangian are
taken into account, modified Higgs boson couplings absent at the leading order can appear and spoil the
factorization. Hence, a consistent inclusion of the electroweak corrections is only possible in the linear-
Lagrangian case and up to higher orders in v2/f2. More precisely, the Standard Model electroweak
corrections can be added to get a result that includes the leading O(v2/f2) and the next-to-leading
O(α/4π) corrections as well as the mixed O[(αs/4π)5(α/4π)] contributions, but that neglects terms
of O[(α/4π)(v2/f2)], O[((v2/f2)2] and O[(α/4π)2], where α is generically meant as the electroweak
expansion parameter.

For the future it is planned to add to eHDecay contributions from the fermionic effective operators
and those from the effective Lagrangian to the set of input observables mW , mZ and GF . Moreover,
in accordance with the Higgs Cross Section Working Group Internal Note of Ref. [144], a switch from
the pole-mass scheme to the MS scheme for the fermionic masses is under consideration, as well as the
implementation of an interface for the so-called Higgs basis parameterization of the effective Lagrangian
(see Section II.2.1 and Section II.3.1.m).

II.3.1.f Implementation of Higgs Pseudo-Observables in the universal FeynRules output
With the LHC Run-II, Higgs physics is entering a precision era. This would allow us to look for new
physics effects not only in the overall signal strengths, but also in kinematical distributions. In this
perspective, the so called ‘κ-framework’ [10] is insufficient and needs to be extended. The natural
extension is the so-called Higgs pseudo-observables framework introduced in Refs. [653,654]. A detailed
discussion about this formalism is presented in Chapter III.1. Here we limit ourself to summarize its main
features in order to illustrate its implementation via the Universal FeynRules Output model HiggsPO
that is available at http://www.physik.uzh.ch/data/HiggsPO.

The pseudo-observables are a finite set of parameters that are experimentally accessible, well-
defined from the point of view of a quantum field theory, and that characterize possible deviations from
the Standard Model in processes involving the Higgs boson in great generality. More precisely, the
Higgs pseudo-observables are defined from a general decomposition (based on analyticity, unitarity,
and crossing symmetry) of on-shell amplitudes involving the Higgs boson and a momentum expansion
following the assumption of no new light particles in the kinematical regime where the decomposition

http://www.physik.uzh.ch/data/HiggsPO
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is assumed to be valid. A further key assumption of the pseudo-observables formalism is that the Higgs
boson is a spin zero resonance with a narrow width, such that new physics effects in production and
decay factorize.

For the convenience of the reader, let us stress the difference between a pseudo-observable ap-
proach, such as the one summarized here, and an effective field theory one. On the one hand, pseudo-
observables are defined from on-shell properties of the relevant scattering amplitudes and are thus well-
defined at all orders in perturbation theory. On the other hand, effective field theory coefficients are
Lagrangian parameters and, as such, not observable quantities. Pseudo-observables can be computed in
an effective field theory approach at a given order in perturbation theory and, doing this at the tree-level, it
is possible to derive a one-to-one correspondence between the two setups. However, this correspondence
would change, and become more complex, if the computation is performed at higher orders: the physi-
cal meaning of the pseudo-observable would not change while the operator coefficients would loose the
direct connection to observable quantities which was obtained at the tree-level. In other words, the differ-
ence between pseudo-observables and effective field theory coefficients is the same as the one between
the pole mass of a particle (a pseudo-observable) and the mass parameters in the Lagrangian.

Due to their simple kinematics, two-body Higgs boson decays (into a γγ and an f̄f pair) can be
parameterized by only two pseudo-observables each, one describing the CP -conserving amplitude and
another for the CP -violating one. Unless the polarization of the final states can be measured, only a
combination of the two is experimentally accessible. Three-body and four-body Higgs boson decays
(such as into 2`γ, 4` and 2`2ν systems) have a more complicated kinematics. In this case the pseudo-
observables are defined from the expansion of the on-shell amplitudes around the known physical poles
due to the propagation of intermediate Standard Model electroweak gauge bosons. General amplitude
decomposition and pseudo-observables definitions can be found in Ref. [653] for the Higgs boson decays
and in Ref. [654] for Higgs boson production in the vector-boson fusion mode and in association with a
gauge boson.

The pseudo-observables are defined directly at the amplitude level. As such, on the one hand
they can be computed from a specific Lagrangian (to a specific order in perturbation theory), and on the
other hand the pseudo-observables are directly connected to S-matrix elements, providing a direct link
to physical observables [653]. They are thus particularly well suited for the analysis of experimental data
with the matrix-element method [901]. In order to use the pseudo-observable decomposition for preci-
sion studies, it is important to account for the long-distance contributions due to soft and collinear photon
emission (i.e., the leading QED radiative corrections). These represent a universal correction factor that
can be implemented, by means of appropriate convolution functions or, equivalently, by showering algo-
rithms in Monte Carlo simulations, irrespective of the specific short-distance structure of the amplitude.
It has been shown that inclusion of such correction in H → 2e2µ decays recovers the complete NLO
Standard Model predictions within an accuracy of about 1% [902].

In order to use the pseudo-observable framework in experimental analyses, it is convenient to have
a tool capable of generating signal events for specific values of the pseudo-observables. Such a tool has
been developed in the context of the Higgs boson decays and is publicly available on the above webpage
that also includes a detailed user manual. The implementation of pseudo-observables in electroweak
Higgs boson production including NLO QCD corrections is underway and will be available at the same
Internet link. We have implemented into FeynRules [526] (version 2.3.1) a HiggsPO model, whose
source file is named HPO.fr, by means of an effective Lagrangian generating the corresponding vertices
at the tree level. We stress that such a Lagrangian should not be considered as a specific model or an
effective field theory description, but rather as an auxiliary tool to be used (at tree level only) in order to
reproduce the correct Higgs boson decay amplitude decomposition in terms of pseudo-observables that
is valid beyond the tree level.

The HiggsPO FeynRules model as implemented in the HPO.fr file is exported to the Univer-
sal FeynRules Output (UFO) format [554], which can then be used within the MG5_aMC@NLO [54] and
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Process H → bb H → ττ H → cc H → µµ

Pseudo-observables κb, δ
CP
b κτ , δ

CP
τ κc, δ

CP
c κµ, δ

CP
µ

Table 107: Pseudo-observables relevant for Higgs boson decays into two fermions.

Process Pseudo-observables

H → γγ κγγ , δ
CP
γγ

H → Zγ κZγ , δ
CP
Zγ

H → γ2ν κZγ , δ
CP
Zγ

H → γ2` κγγ , δ
CP
γγ , κZγ , δ

CP
Zγ

H → Z2` κZZ , εZZ , ε
CP
ZZ , κZγ , δ

CP
Zγ , εZ`L , εZ`R

H → 2`2`′ κZZ , εZZ , ε
CP
ZZ , κZγ , δ

CP
Zγ , κγγ , δ

CP
γγ , εZ`L , εZ`R , εZ`′L

, εZ`′R

H → 4` κZZ , εZZ , ε
CP
ZZ , κZγ , δ

CP
Zγ , κγγ , δ

CP
γγ , εZ`L , εZ`R

H → ¯̀̀ 2ν

{
κZZ , εZZ , ε

CP
ZZ , κZγ , δ

CP
Zγ , εZ`L , εZ`R , εZν

κWW , εWW , ε
CP
WW , εW`, φW`

H → ¯̀̀ ′2ν κWW , εWW , ε
CP
WW , εW`, φW`, εW`

′ , φW`
′

Table 108: Pseudo-observables relevant for Higgs boson decays into a gauge-boson pair, and into a three-body or
four-body system. We denote by ` an electron, a muon or a tau and ν indicates any of the three neutrino species.

Sherpa [229] event generators. The general idea is that after simulating Higgs boson production with a
dedicated Monte Carlo generator, the Higgs boson can be decayed at the parton-level with the HiggsPO
model and the partonic events can then be passed to a general purpose event generator for subsequent
parton showering and hadronization (such as Pythia [318]). This last step will automatically account
for the important radiative corrections [902]. We note that it is very practical to use the MadSpin mod-
ule [368] of MG5_aMC@NLO to decay the Higgs boson with the HIGGSPO model on the fly. We stress
again that our FeynRules implementation only consists of a set of effective interactions that generate
exactly the scattering amplitude of interest at the tree level and is supposed to be used for this purpose
only. It should not be used as a Lagrangian for arbitrary process and beyond the tree level.

All the Higgs boson decay processes implemented in the HIGGSPO model, together with the
associated Higgs pseudo-observables accessible in the parameter card, are summarized in Table 107
and Table 108. The Higgs pseudo-observables relevant for describing the Higgs boson decays into two
fermions are shown in Table 107. The coupling strengths have been assigned an interaction order YUK =
1. The pseudo-observables relevant for all other Higgs boson decays are presented in Table 108 and
the coupling strengths have been related to an interaction order HPO = 1. Translation of the pseudo-
observable language to the Higgs basis defined in Section II.2.1 is also available in Refs. [653, 654].

II.3.1.g Higgs and beyond the Standard Model characterization in the MG5_aMC@NLO framework
The Higgs Characterization (HC) implementation provides a complete framework, based on an
effective field theory description, that allows for the study of the Higgs boson properties in a consistent,
systematic and accurate way. The HC [624] follows the general strategy outlined in Ref. [903], and has
been implemented in a complete simulation chain from Lagrangian to hadron-level events, especially in
the FeynRules/MG5_aMC@NLO framework. The HC effective Lagrangian features bosons X(JP ) with
various spin-parity assignments (JP = 0+, 0−, 1+, 1− and 2+) and has been implemented in terms of
mass eigenstates into FeynRules [526], whose output files are interfaced [554, 904] with various event
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generators. The HC model files are publicly available online, http://feynrules.irmp.ucl.ac.be/
wiki/HiggsCharacterisation.

Later on, the HC framework has been extended as a Beyond the Standard Model Characterization
(BSMC) framework [641] where the effective Lagrangian has been constructed as above, but starting
from the Higgs basis Lagrangian in Section II.2.1 where all possible effective operators of dimension
up to six are written in terms of mass eigenstates. In particular, fermionic operators different from the
Yukawa interactions are now included. However, instead of imposing the realization of the electroweak
symmetry that relates the Wilson coefficients, the latter have been kept independent. Due to the lack of
manifest SU(2)L × U(1)Y invariance, the BSMC Lagrangian is associated with a larger number of in-
dependent coefficients compared to more traditional bases such as the Warsaw [616] or SILH [466, 655]
bases. Therefore, the BSMC model can be used in many contexts, not only in the case of linear ef-
fective field theories but also in the non-linear case or in the pseudo-observable parameterization (see
Section II.3.1.f). As introduced in Section II.3.1.m, the Rosetta package allows for the translation of
the Wilson coefficients given in a particular basis of non-redundant dimension-six operators (such as the
Warsaw or SILH basis) to the BSMC parameterization coefficients by including constraints that render
the Lagrangian invariant under the full electroweak symmetry group. Extensions to other translations are
foreseen. As for the HC case, the BSMC Lagrangian has been implemented into FeynRules and is avail-
able online, http://feynrules.irmp.ucl.ac.be/wiki/BSMCharacterisation. A corresponding
implementation of the dimension-six Lagrangian above the weak scale, where SU(2)L × U(1)Y is an
exact symmetry, has been also achieved [841] and has overlapping as well as complementary features
with respect to the HC and BSMC Lagrangians. It is available at http://feynrules.irmp.ucl.ac.
be/wiki/HEL. In this case, the implementation has been performed in the SILH basis.

There are several advantages in having a first principle implementation in terms of an effective
Lagrangian which can be automatically interfaced to event generators. First and most important, all
relevant production and decay modes can be studied within the same model, and the corresponding
processes automatically generated within minutes. Second, it is straightforward to modify the model
implementation to extend it further in case of need, by adding further interactions, for example of higher
dimensions in energy. Finally, higher-order effects can be easily accounted for, by generating multi-
jet merged samples or computing NLO corrections within automatic frameworks. As accumulated data
has been increasing, the last point became more and more important. The detailed demonstrations and
analyses for all the main production modes of the Higgs boson (gluon fusion, vector boson fusion, V H
associated production and tt̄H production) as well as tH production at NLO accuracy in QCD have been
done recently [410,905,906], within the MG5_aMC@NLO program [54]. In the following, we focus, for the
sake of the example, on a spin-0 (Higgs) boson that is denoted by X0, and compute several differential
distributions for some production processes and for different benchmark scenarios.

In the HC framework, the only assumptions are that the 125 GeV resonance found at the LHC
corresponds to a spin-0 state, that no other new state coupled to such a resonance exists below the cutoff
scale Λ and that new physics is dominantly described by the lowest dimensional operators. We thus
include all effects stemming from the complete set of dimension-six operators allowed by the Standard

http://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation
http://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation
http://feynrules.irmp.ucl.ac.be/wiki/BSMCharacterisation
http://feynrules.irmp.ucl.ac.be/wiki/HEL
http://feynrules.irmp.ucl.ac.be/wiki/HEL
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Scenario HC parameter choice Scenario HC parameter choice

0+(GF, SM) κHgg/Htt = 1 (cα = 1) 0+(VBF, SM) κSM = 1 (cα = 1)

0−(GF) κAgg/Att = 1 (cα = 0) 0+(VBF, HD) κHZZ,HWW = 1 (cα = 1)

0±(GF) κHgg,Agg/Htt,Att = 1 (cα = 1/
√

2) 0−(VBF, HD) κAZZ,AWW = 1 (cα = 0)

0±(VBF, HD) κHZZ,HWW,AZZ,AWW = 1 (cα = 1/
√

2)

Table 109: Benchmark scenarios for X0 production in the gluon fusion and tt̄H (GF) and in the vector boson
fusion (VBF) channel.

Model gauge symmetry. The effective interaction Lagrangian is given by

L0 =

{
−
∑

f=t,b,τ

ψ̄f
(
cακHttgHtt + isακAttgAtt γ5

)
ψf + cακSM

[1
2
gHZZ ZµZ

µ + gHWW W+
µ W

−µ]

− 1

4

[
cακHγγgHγγ AµνA

µν + sακAγγgAγγ AµνÃ
µν]− 1

2

[
cακHZγgHZγ ZµνA

µν + sακAZγgAZγ ZµνÃ
µν]

− 1

4

[
cακHgggHggG

a
µνG

a,µν + sακAgggAggG
a
µνG̃

a,µν]− 1

4

1

Λ

[
cακHZZ ZµνZ

µν + sακAZZ ZµνZ̃
µν]

− 1

2

1

Λ

[
cακHWW W+

µνW
−µν + sακAWW W+

µνW̃
−µν]

− 1

Λ
cα
[
κH∂γ Zν∂µA

µν + κH∂Z Zν∂µZ
µν + κH∂W

(
W+
ν ∂µW

−µν + h.c.
)]}

X0 ,

(II.3.31)

where Aµν (Ãµν), Zµν (Z̃µν) and W±µν (W̃±µν) represent the field strength tensors of the physical elec-
troweak bosons, and Gaµν and G̃aµν the gluon field strength tensor and its dual. This parameterization
allows for the easy recovery of the Standard Model case by fixing the dimensionless parameters κi to
appropriate values, since the dimensionful couplings g

Xyy
′ are set to their Standard Model values. For

instance, we enforce that gHγγ = 47α/18πv and gHgg = −αs/3πv, two values that can be obtained in
the limit of large W -boson and top-quark masses. Moreover, the model description includes the inter-
actions of a 0− state typical of supersymmetry or of generic two Higgs doublet models, and enables the
CP -mixing between the 0+ and 0− states via a mixing angle α whose sine and cosine are denoted by sα
and cα. In the Standard Model, cα = 1 and sα = 0.

We then make use of MG5_aMC@NLO to generate both a numerical code and events, at the NLO
accuracy in QCD. In practice, for the production of an X0 state plus two jets in the gluon fusion channel,
this is achieved by issuing the following commands (with the / t syntax forbidding diagrams containing
top loops),

> import model HC_NLO_X0-heft
> generate p p > x0 j j / t [QCD]
> output
> launch

where the -heft suffix in the model name refers to the corresponding model restriction. As a result, all
the amplitudes featuring the Higgs–gluon effective vertices in the heavy-top limit are generated, includ-
ing corrections up to the NLO in QCD. Analogous commands can be issued to generate events related
to the production of an X0 state plus zero and one jet. After the launch command, one can modify the
param_card.dat file to change the values of the Λ, κ and cα parameters. Similarly, a code and events
can be generated in the vector boson fusion case (left, with the $$ sign forbidding diagrams with W± or
Z bosons in the s-channel as they are included in Higgs-strahlung production) and in the Higgs-strahlung
production mode (right) by typing in
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Figure 205: Normalized kinematical distributions at the LHC, running at a centre-of-mass energy of 13 TeV. We
show the azimuthal difference between the two tagging jets for pp → X0jj after imposing a mjj > 500 GeV
selection (left) and the rapidity separation between the leptons (centre) for the dileptonic decay channel in pp →
tt̄X0 after enforcing a pT (X0) > 200 GeV selection. For each scenario, the lower panels give the ratio of the NLO
results matched to parton showers to the LO results matched to parton showers, together with the total theoretical
uncertainties. In the right panel of the figure, we show NLO (or loop-induced LO) cross sections, presented with
the associated scale uncertainties, for tt̄H and t-channel tH (ZH and HH) production as a function of the CP -
mixing angle α. The κHtt and κAtt parameters have been set to reproduce the Standard Model gluon-fusion cross
section for every value of α. The ratio of the X0 → γγ partial decay width to the corresponding Standard Model
value is also shown in the lower panel of the figure.

> import model HC_NLO_X0
> generate p p > x0 l+ vl [QCD]
> generate p p > x0 j j $$ w+ w- z / a [QCD]
> add process p p > x0 l- vl~ [QCD]
> add process p p > x0 l+ l- / a [QCD]

as well as in the tt̄H production mode with the command
> generate p p > x0 t t~ [QCD]

Furthermore, the X0 and the top quark decays are subsequently performed starting from the event files
generated as above with the help of the MadSpin [368] package, following the procedure described in
Ref. [370] that allows one to keep spin correlations.

We show in Figure 205 (left and central panels) a few kinematical distributions, including theoreti-
cal uncertainties, for the benchmark scenarios presented in Table 109. The parton densities are evaluated
by using the NNPDF2.3 (LO/NLO) parameterization [31] and the central value µ0 for the renormaliza-
tion (µR) and factorization (µF ) scales is set to HT /2, mW and 3

√
mT (t)mT (t̄)mT (X0) in the gluon

fusion, vector boson fusion and tt̄H production channel respectively. Uncertainties have been automat-
ically calculated within the MG5_aMC@NLO framework and consist of the linear sum of two components
respectively related to the scale and the parton density (plus αs) dependence. Scale uncertainties have
been obtained by varying independently the unphysical scales by a factor of two up and down with re-
spect to the reference scale µ0, and parton densities and αs uncertainties have been derived following the
PDF4LHC recommendations.

Finally, in the right panel of the figure, we present the dependence of the tt̄H and tH production
cross sections on the CP -mixing angle α. The nature of the top quark Yukawa coupling also affects the
loop-induced Higgs coupling to gluons and photons. In order to maintain the Standard Model gluon-
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fusion production cross section, the rescaling parameters are set to κHtt = 1 and κAtt = 2/3. The LO
cross sections for the loop-induced ZH [309] and HH [464] production processes via gluon fusion are
also shown as references.

II.3.1.h Higgs boson properties with the JhuGen / Mela framework
The Jhu Generator and Mela framework [532–534], available at http://www.pha.jhu.edu/spin/,
is designed for the study of anomalous couplings of a resonance to vector bosons and fermions in various
processes. A wide range of production and decay channels are supported for either spin-zero, spin-one,
or spin-two resonances and for the most general Lorentz structures of the HV V and Hff interaction
vertices, with the focus on the spin-zero case. These processes include the hadronic production of the
resonances in association with zero, one, or two jets, their production via vector boson fusion, their
associated production with a vector boson (ZH , WH), and their production in association with heavy
flavour quarks (such as tt̄H , tH and bb̄H). The supported decay modes include H → ZZ / Zγ∗ /
γ∗γ∗ → 4f , H → WW → 4f , H → Zγ / γ∗γ → 2fγ, H → γγ, H → ττ , and generally H → ff̄ ,
with a complete modelling of the spin correlations including the interference effects related to identical
particles. In the case of a resonance carrying a non-zero spin or of the associated production of a spin-
zero resonance, spin correlations between the initial and final states are also fully modeled.

While the JhuGen / Mela framework can be used in a standalone mode, it is also integrated with
the Mcfm Monte Carlo package [288,503,535] that allows for the modelling of all necessary background
processes and for the simulation of off-shell Higgs boson production (including anomalous coupling
effects) after accounting for the interferences with the continuum arising from diboson production. The
simulation of the impact of an additional broad resonance is also possible, allowing for the study of a
new Higgs-like state with arbitrary couplings and interfering with the Standard Model contributions. The
program can be interfaced to parton showers, as well as full detector simulators, through the Les Houches
Event file (LHE) format [907]. The Jhu generator also allows for the simulation of the decay of a spin-
zero particle when its production is taking care of by other codes (or by the Jhu generator itself) via an
interface through LHE files. As an example, this allows for the production of a spin-zero boson through
the NLO QCD accurate PowHeg [343] package, and further decay this boson with the Jhu generator.

Additionally, the Mela framework allows to construct various likelihood functions in order to
distinguish between different hypotheses concerning the Lorentz structure of the HV V and Hff inter-
action vertices. These likelihood functions are obtained from kinematic probability distributions that can
be either computed analytically or numerically. Analytical parameterizations are currently available for
the gg or qq̄ → H → V V (→ 4f) and qq̄′ → V H processes and an arbitrary spin of the H-boson.
On the other hand, numerical matrix element computations are provided by the Jhu and Mcfm genera-
tors. Both the analytical and numerical options are implemented as separate functions within the Mela
package and can be accessed by an end-user directly. These matrix elements can then be used for Monte
Carlo reweighting techniques and the construction of kinematic discriminants for an optimal analysis of
the considered processes. The Jhu generator and Mela package have been in this way extensively used
in many LHC analyses by both the CMS [2, 4, 508, 536, 537, 598, 908–910] and ATLAS [3, 911] collab-
orations, including analyses that include the discovery [2] of the Higgs boson and the first measurement
of its spin-parity properties [4].

The implemented formalism uses equivalent formulations of the effective field theory scattering
amplitudes, in which the dependence on the virtualities of the weak and Higgs bosons is additionally
tested by means of form factors. The general couplings of a spin-zero particle H to two fermions is
hence given by the amplitude

A(Hff) = −mf

v
f̄
(
κf + iκ̃fγ5

)
f , (II.3.32)

where mf denotes a generic fermion mass and f and f̄ are the related Dirac spinors, and where the
coupling strengths κf (= 1 in the Standard Model) and κ̃f are respectively connected to a scalar and

http://www.pha.jhu.edu/spin/
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pseudoscalar H-boson. Anomalous HV V couplings are described by the amplitude

A(HV V ) ∝
[
a1−eiφΛ1

(
q2
V 1 + q2

V 2

)

(Λ1)2 −eiφΛQ
(qV 1 + qV 2)2

(
ΛQ
)2

]
m2
V ε
∗
V 1ε
∗
V 2+a2f

∗(1)
µν f∗(2),µν+a3f

∗(1)
µν f̃∗(2),µν ,

(II.3.33)
where f (i)µν = εµV iq

ν
V i − ενV iqµV i is the field strength tensor of a gauge boson with momentum qV i and

polarization vector εV i, and f̃ (i)
µν = 1

2εµνρσf
(i)ρσ is its dual field strength tensor. For spin-one and spin-

two resonance couplings, higher-order terms in the momentum expansion, and terms asymmetric in q2
V 1

and q2
V 2 that are supported by the Jhu generator, we refer to Refs. [532–534] and the program manual

for details. The q2-expansion of Eq. (II.3.33) can be equivalently rewritten as an effective Lagrangian
containing operators with a mass-dimension up to five [536],

L(HV V ) ∝ a1
m2
Z

2
HZµZµ −

κ1

(Λ1)2m
2
ZHZ

µ�Zµ −
κ3

2
(
ΛQ
)2m

2
Z�HZµZµ

− 1

2
a2HZ

µνZµν −
1

2
a3HZ

µνZ̃µν

+ a
WW
1 m2

WHW+µW−
µ −

1
(

Λ
WW
1

)2m
2
WH

(
κ

WW
1 W−

µ�W+µ + κ
WW
2 W+

µ�W−µ
)

− κ
WW
3(

ΛQ
)2m

2
W�HW+µW−

µ − a
WW
2 HW+µνW−

µν − a
WW
3 HW+µνW̃

−
µν

− aZγ2 HAµνZµν − aZγ3 HAµνZ̃µν −
1

2
aγγ2 HAµνAµν −

1

2
aγγ3 HAµνÃµν

− 1

2
a

gg
2 HGµνa Gaµν −

1

2
a

gg
3 HGµνa G̃aµν .

(II.3.34)

Both on-shell H production and off-shell H∗ production are considered and there is no kinematic
limit neither on q2

V i nor on (qV 1+qV 2)
2 other than the one due to the energy of the colliding beams and the

relevant partonc luminosities. Since the scale of validity of the non-renormalizable higher-dimensional
operators is a priori unknown, effective cut-off scales ΛV 1,i, ΛV 2,i and ΛH,i are introduced for each term
in Eq. (II.3.33) with a form factor scaling the anomalous contribution aBSM

i as

ai = aSM
i × δi1 + aBSM

i × Λ2
V 1,iΛ

2
V 2,iΛ

2
H,i

(Λ2
V 1,i + |q2

V 1|)(Λ2
V 2,i + |q2

V 2|)(Λ2
H,i + |(qV 1 + qV 2)

2|)
. (II.3.35)

In Figure 206, representative distributions ofHV V observables are shown for theH → V V decay
channel (left), and for the V H (centre) and VBF (right) production modes. The anomalous coupling
parameterization in terms of the effective fractions of events follows the LHC conventions [536] and is
equivalent to start from Eq. (II.3.33) and fix fai = |ai|2σi/Σj |aj |2σj and φai = arg(ai/a1), where σi
denotes the cross section for a given process with ai = 1 [536].

II.3.1.i Higgs boson pair production in HERWIG 7
The general-purpose event generator HERWIG 7 [306, 313, 459–461], that is available at https://
herwig.hepforge.org, contains the HIGGSPAIR and HIGGSPAIROL packages that offer the gener-
ation of exclusive events for Higgs boson pair production via gluon fusion. The former uses code from
HPAIR [435, 912] (see Section II.3.1.d), whereas the latter uses the OPENLOOPS one-loop generator for
the matrix elements [247]. HIGGSPAIR describes leading-order Higgs boson pair production with the

https://herwig.hepforge.org
https://herwig.hepforge.org
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Figure 206: Representative distributions of observables depending on HV V anomalous couplings as generated
with JhuGen (dots) shown together with the analytical results obtained with Mela likelihood projections (smooth
curves on the left and middle panels) in the context of a Higgs boson of 125 GeV and proton-proton collisions at
a centre-of-mass energy of 14 TeV. Left: distribution of the helicity angle of a Z boson in the decay H → ZZ →
4`; middle: spectrum of the V H invariant-mass in the case of qq̄ → ZH production; right: distribution in the
azimuthal angle between the two jets in VBF production. Four scenarios are shown: the Standard Model case (0+,
red open circles), a case with a pseudoscalar boson (0−, blue diamonds), and two mixed cases corresponding to
fa3 = 0.5 with φa3 = 0 (green squares) and π/2 (magenta points).

option of either including an additional scalar as an intermediate or final state particle, or including the
effects of dimension-six effective field theory operators that could extend the Standard Model. The val-
idation of the implementation has been performed using an equivalent MG5_AMC@NLO model [54],
implemented in a similar (but independent) way using functions taken from the HPAIR package. Com-
parisons of several distributions and the total cross section between the two implementations have been
performed, and the total cross section output obtained by using HERWIG was confirmed to match that
obtained using HPair at leading order for various parton density sets and the scale choice µ =

√
ŝ. The

dimension-six effective field theory extension was examined in detail in Ref. [469]. The relevant La-
grangian terms affecting Higgs boson pair production whose effects can be included at the time of event
generation is given, using the SILH basis conventions and mass eigenstates, by

Lhh =− m2
h

2v

[
1− 3

2
cH + c6

]
H3 − m2

h

8v2

[
1− 25

3
cH + 6c6

]
H4 +
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4π

[
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h

v
+ c2g

H2

2v2

]
GaµνG

µν
a

−
[mt

v

(
1− cH

2
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)
t̄LtRH +

mb

v

(
1− cH

2
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)
b̄LbRH + h.c.

]

−
[
mt

v2

(
3c2t

2
− cH

2

)
t̄LtRH

2 +
mb

v2

(
3c2b

2
− cH

2

)
b̄LbRH

2 + h.c.
]
,

(II.3.36)

where the Wilson coefficients cH , c6, cg, c2g, ct, cb, c2t and c2b can be varied independently through the
input file. Note that in the case of a single Higgs boson doublet, we have the relations cg = c2g, ct = c2t

and cb = c2b.

The HIGGSPAIROL package describes Standard Model Higgs boson pair production, with the
optional use of Higgs-pair plus one jet matrix elements merged to the parton shower via the MLM
method. We refer to Ref. [458] for a detailed description of this procedure. The implementation of the
effects of higher dimensional operators in this framework is foreseen in the near future.

II.3.1.j Anomalous couplings in VBFNLO

NLO QCD predictions including anomalous coupling effects can be studied for several processes with the
flexible Monte Carlo program VBFNLO [275, 520], available at https://www.itp.kit.edu/vbfnlo.

https://www.itp.kit.edu/vbfnlo
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The ensemble of implemented processes includes Higgs, single and double vector boson production via
vector boson fusion (VBF), WH production, as well as double and triple vector boson (plus jet) produc-
tion. The Standard Model QCD-induced background for double vector boson production in association
with two jets is also available at the NLO accuracy. Furthermore, anomalous HV V coupling effects are
also included in the gluon-induced contributions to diboson (plus jet) production as well as in the gluon
fusion processes gg → Hjj → V V jj. Although these processes are all one-loop induced and hence
computed at the leading-order accuracy, the full top- and bottom-quark mass dependence is retained.

In the VBFNLO-3.0 β release, an interface compliant with the Binoth Les Houches Accord (BLHA)
[360, 361] has been added for all VBF processes including fully leptonic decays, which allows for
Monte Carlo studies at NLO in QCD including the full functionality of event generators like Herwig 7
[306, 313]. The K-matrix unitarization procedure has been implemented for the two dimension-eight
operators OS,0 + OS,2 and OS,1 that are defined in Eq. (II.3.40) below. The strength of the anomalous
triple and quartic gauge boson couplings can be set in the file anomV.dat. They are parameterized using
an effective Lagrangian, as described in Refs. [622, 630, 913, 914],

Leff =
∑

i

fi
Λn
On+4
i , (II.3.37)

where n+4 signifies the dimension of the operatorOi. VBFNLO then defines anomalous gauge couplings
in terms of the coefficients fi/Λ

n of the dimension-six and dimension-eight operators. The full list of
implemented operators can be found in the Appendix 1 of the VBFNLO manual [915]. The explicit form
of the included CP -even dimension-six operators is given by

OW = (DµΦ)†Ŵµν(DνΦ), OB = (DµΦ)†B̂µν(DνΦ), OWWW = Tr
[
ŴµνŴ

νρŴ µ
ρ

]
,

OWW = Φ†ŴµνŴ
µνΦ, OBB = Φ†B̂µνB̂

µνΦ.

(II.3.38)

The building blocks for these operators (following the notation of Refs. [630, 716]) are defined by

Ŵµν = igTaW
a
µν , B̂µν = ig′Y Bµν , Dµ = ∂µ + igTaW

a
µ + ig′Y Bµ, (II.3.39)

where g and g′ are the SU(2)L and U(1)Y gauge couplings, and Ta and Y the generators of the SU(2)
group in the fundamental representation and the hypercharge operator, respectively. The CP -odd part of
the Lagrangian is obtained replacing the field strength tensor with the corresponding dual field strength
tensors. The dimension-eight operators that are supported are taken from Ref. [913] although slightly
different normalizations for the field strength tensors are employed in this work, Ŵµν = TaW

a
µν and

B̂µν = Bµν . The conversion factors for the coupling strengths fi relating Ref. [913] to our implemen-
tation can be found in the Appendix 1 of the Vbfnlo manual. The dimension-eight operators that are
supported can be split into three categories, namely operators depending on the gauge-covariant deriva-
tive DµΦ only,

OS,0 =
[
(DµΦ)†DνΦ

][
(DµΦ)†DνΦ

]
, OS,1 =

[
(DµΦ)†DµΦ

][
(DνΦ)†DνΦ

]
,

OS,2 =
[
(DµΦ)†DνΦ

][
(DνΦ)†DµΦ

]
,

(II.3.40)

operators depending on both DµΦ and the electroweak field strength tensors Ŵµν and B̂µν , e.g.,

LM,0 = Tr
[
ŴµνŴ

µν
][

(DρΦ)†DρΦ
]
, (II.3.41)

and operators depending only on the electroweak field strength tensors Ŵµν and B̂µν , such as,

LT,0 = Tr
[
ŴµνŴ

µν
]
Tr
[
ŴρσŴ

ρσ
]
. (II.3.42)
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Anomalous Higgs boson HV V coupling parameters are controlled in VBFNLO via the file named
anom_HVV.dat, where three different parameterizations are available. The latter consist of the Wilson
coefficients associated with the subset of dimension-six operators introduced above that contribute to the
Higgs boson couplings, the parameterization used by the L3 collaboration that is defined in Ref. [916],
and a parameterization based on anomalous couplings in the mass basis that is thus expressed in terms of
the field strength and dual field strength tensors of theW and Z bosons [917]. The relationships between
these three parameterizations are discussed in more detail on the VBFNLO webpage.

Since the pure operators for anomalous gauge boson couplings might lead to a violation of tree-
level unitarity within the energy range of the LHC, special care has to be taken to avoid this unphysical
behaviour. Within VBFNLO, we have opted for using the following form factors, all of them depending on
Λ, the characteristic scale where the form factor effects become relevant. Equivalently, introducing these
form factors is like restricting the validity range of the effective field theory rather than implementing a
sharp cutoff. ForHV V vertices, two different form factors can be chosen as described in Refs. [277,917].

F1 =
Λ2

|q1|2 + Λ2

Λ2

|q2|2 + Λ2 , F2 = −2 Λ2C0

(
q2

1, q
2
2, (q1 + q2)2,Λ2

)
. (II.3.43)

where qi are the momenta of the vector bosons and C0 is the scalar one-loop three point function in the
notation of Ref. [381]. For triple and quartic gauge couplings the form factor takes the form

F =
(

1 +
s

Λ2

)−p
, (II.3.44)

for each phase space point, where s is a universal scale identified with the invariant mass squared of the
produced bosons. Finally, for γjj production in VBF, the form factor reads

F =
(

1 +
|q1|2

Λ2 +
|q2|2

Λ2 +
|q3|2

Λ2

)−p
, (II.3.45)

with q2
1 , q2

2 and q2
3 as the invariant masses squared of the three vector bosons involved in the V V V

vertex. On the VBFNLO webpage, we provide the ‘Formfactor Calculation Tool for aGC’ which gives
the maximum value of the scale Λ which is allowed by unitarity. The value is determined by calculating
on-shell V V scattering and computing the zeroth partial wave of the amplitude. As unitarity criterion,
the absolute value of the real part of the zeroth partial wave has to be below 0.5 [918]. Each channel in
V V → V V scattering (with V = W/Z/γ) is checked individually, while additionally channels with the
same electrical charge for the V V system are combined [919]. We recall that the definition of the partial
wave expansion in Ref. [919] differs from ours by a factor of 2.

Finally, the K-matrix unitarization procedure has been implemented for the two dimension-eight
operators OS,0 + OS,2 and OS,1 by using the relations to the operators O4 and O5 of the electroweak
chiral Lagrangian and the procedure worked out in Ref. [920]. This method guarantees the preservation
of unitarity when either of these operators is used in the study of anomalous quartic gauge couplings. In
contrast to using form factors, no additional input parameters need to be set. The anomalous contributions
are automatically suppressed at the energy scale where unitarity would be violated without unitarization.
After this energy scale is reached, the anomalous contributions are kept at a finite value, representing the
maximally possible anomalous contribution. We refer to Refs. [914,920,921] for details of theK-matrix
unitarization procedure and its implementation.

II.3.1.k Event generation with Whizard

Whizard [922] is a multipurpose event generator for hadron and lepton colliders that can be obtained
from https://whizard.hepforge.org. It has a highly optimized internal matrix element generator,
O’Mega, for the recursive computing of tree-level amplitudes for almost arbitrary theories [923]. In the

https://whizard.hepforge.org
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Figure 207: Events generated by Whizard when a dimension-eight coupling FS,0 = 480 TeV−4 (the Wilson
coefficient associated with the OS,0 operator of Eq. (II.3.40)) is added to the Standard Model and for the process
pp→ e+µ+νeνµjj at a centre-of-mass energy of 14 TeV and for an integrated luminosity ofL = 1000 fb−1. Event
selection requires a dijet invariant mass Mjj > 500 GeV, a rapidity separation between the jets of ∆yjj > 2.4,
and the two jets must have a transverse momentum pjT > 20 GeV and a pseudorapidity |ηj | < 4.5. In addition,
leptons are required to have a transverse momentum plT > 20 GeV. Red and yellow histograms represent the naive
and unitarized effective field theory predictions, respectively, while the pure Standard model expectation is shown
as a blue histogram for comparison.

QCD case, it additionally uses the colour flow formalism [924]. Whizard has its own parton shower
implementation [925], with both a pT -ordered shower and an analytic shower. Recently, automated FKS
subtraction and PowHeg matching for NLO QCD corrections (using external virtual matrix elements)
have been implemented [926, 927]. For external theories beyond the Standard Model, interfaces to the
packages Sarah and FeynRules [928] are available, and support for the UFO file format allowing for
arbitrary Lorentz and colour structures is currently under way.

With respect to Higgs Effective Field Theories and higher-dimensional operators, Whizard sup-
ports the whole set of bosonic dimension-six operators in the Warsaw basis [616]. For vector-boson
scattering at the LHC, usually dimension-eight operators in the coupled system of electroweak gauge
and Higgs bosons are as important as dimension-six operators as they can be generated at tree-level
in some new physics models. These electroweak dimension-eight operators have been implemented in
Whizard, both as plain operators and also with their interplay with new resonances in the electroweak
sector. The description of new physics contributions with a low energy effective energy is however only
valid up to an a priori unknown scale Λ. At energies above Λ, the effective field theory will lead to
unphysical predictions. As an example, the sum of the norm of the transverse momenta of all leptons
produced in the process pp → e+µ+νeνµ is shown on Figure 207 when the dimension-eight operator
OS,0 of Eq. (II.3.40) is included. The number of events generated with a naive effective field theory de-
scription (yellow histogram) will largely overshoot a physically possible distribution, because S-matrix
unitarity is violated within the experimental energy reach. A selection to avoid energy regions where
the theoretical description breaks down is not possible in general, due to the inability to reconstruct the
invariant mass for some final states. Using the T -matrix scheme, a unitarization prescription for high-
energy regions of the phase space [920,921,929], avoid the unphysical high number of generated events
by Whizard. Instead, the number of events are saturated in every isospin-spin channel to satisfy S-matrix
unitarity (red histogram). In order to simplify unitarization, Whizard does not use the basis of Ref. [930]
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as this basis does not respect isospin symmetry which makes calculation of the channels in need for
unitarization much easier.

On different lines, fermionic dimension-six operators are implemented for the top quark sector as
(form-factor regularized) anomalous couplings [931, 932].

II.3.1.l Model-independent constraints on non-standard Higgs boson couplings with HEPfit

The HEPfit package (formerly SusyFit) is a general tool to combine direct and indirect constraints on
the Standard Model and its extensions and is available under the GNU General Public License (GPL)
from http://hepfit.roma1.infn.it. The HEPfit code can be extended to include any observables
and new physics models (supersymmetric theories, Two-Higgs-Doublet Models, . . .) which can be added
to the main core as external modules. Exploiting the Markov Chain Monte Carlo implementation of the
Bayesian Analysis Toolkit [933], HEPfit can be used as a standalone program to perform Bayesian sta-
tistical analyses. Alternatively, it can be used in library mode to compute observables in any implemented
model, allowing for phenomenological analyses in any statistical framework. The interested reader can
find more details on HEPfit in Refs. [934].

In particular, HEPfit has been used to perform statistical analyses of electroweak precision data,
including Higgs boson signal-strength measurements, in the Standard Model and beyond. Most impor-
tantly, these analyses have obtained constraints on possible deviations of the Higgs boson couplings to
both gauge bosons and fermions from the Standard Model predictions. Results from the initial stages of
this project were presented in Refs. [935, 936] and recently updated in Refs. [937, 938] to reflect all the
most recent developments in theoretical calculations and experimental measurements.

Within HEPfit, new physics effects on electroweak precision observables and on Higgs boson
couplings can also be systematically studied in the context of an effective field theory that adds to the
Lagrangian of the Standard Model new interactions of the Standard Model fields in the form of higher-
dimension (of dimension d > 4) local operators that preserve the Standard Model gauge symmetry,
namely

Leff = LSM +
∑

d>4

1

Λd−4
Ld, with Ld =

∑

i

CiOi, [Oi] = d . (II.3.46)

In this equation, the dependence on Λ, the scale at which direct evidence of the new physics degrees
of freedom is expected, has been made explicit. In particular, the current public version of HEPfit
implements as a model the d = 6 extension of the Standard Model Lagrangian using the basis of d = 6
operators proposed in Ref. [616], which is quite easy to relate to electroweak precision data and Higgs
observables by means of shifts of the couplings to the Standard Model bosons. Through a global fit of
electroweak-data and Higgs boson signal-strengths measurements HEPfit provides constraints on the
individual Wilson coefficients Ci at the electroweak scale. At the moment HEPfit does not include
effects of operator mixing induced by renormalization-group scale evolution, waiting for more insight
on the new physics theory that determines the initial condition of the renormalization group running.
Results have been presented in [935], where the subset of relevant to Higgs boson observables have
been considered and constraints on the corresponding coefficients have been derived by switching on
one operator at a time, for a fixed scale Λ = 1 TeV. Vice versa, for values of the individual coefficients
Ci = ±1, lower bounds on the scale Λ have been found.

II.3.1.m Rosetta

Different complete and non-redundant operator bases of dimension-six effective operators have been
proposed in the literature, the most popular choices including the Warsaw basis [616], the SILH ba-
sis [466, 655] and the beyond the Standard Model primaries basis [609, 610, 632]. It is however cum-
bersome to express any experimental result in a basis-independent manner. Different bases may be
convenient for particular applications, either because they facilitate the comparison with a given class of

http://hepfit.roma1.infn.it
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Figure 208: Description of the way the Rosetta package works and is interfaced to other high-energy physics
tools and connect different effective field theory operator basis choice. We moreover indicate tools or calculations
that exist for a specific basis.

theories or simply because different experimental analyses look more transparent in a specific basis. The
Rosetta package [641] has been designed to explicitly solve such problems by allowing for a straight-
forward translation between different effective field theory languages. In addition to translating, another
important goal of the Rosetta program is to provide a platform for communication with Monte Carlo
event generators, no matter which basis is chosen. To achieve this, Rosetta contains an implementation
of the Higgs basis defined in Section II.2.1 and is connected to the BSMC Lagrangian introduced in Sec-
tion II.3.1.g. More precisely, the output format of Rosetta has been tuned so that the translation maps
an effective field theory Lagrangian given in a specific basis to the BSMC Lagrangian and generates an
output file that is compatible with the BSMC implementation into FeynRules [526]. As a consequence,
any high-energy physics tool that is interfaced to FeynRules can be employed within the context of any
basis of dimension-six operators that is included in Rosetta, as illustrated on Figure 208. A full descrip-
tion of the program including detailed example usage and information on how to create a user-defined
basis class can be found in the manual [641].

The most basic functionality of Rosetta is to map a chosen set of input parameters (the Wilson
coefficients in a specific basis choice) onto the BSMC coefficients such that the output can be employed
within tools relying on a BSMC Lagrangian description. In addition, the user may define his/her own
map to the BSMC coefficients (or to any other basis implementation) and proceed with event generation
using the related FeynRules implementation. This highlights one of the key features of Rosetta, the
possibility to easily define one’s own input basis and directly use it in the context of many programs
via the translation functionality. An example of this would be the eHDecay program (see Ref. [466]
and Section II.3.1.e) for which Rosetta provides an interface to calculate the Higgs boson width and
branching fractions including effective field theory effects in any basis. The strength of this approach is
that it is much simpler than developing from scratch new modules for existing tools in the context of a
new basis. Moreover, Rosetta not only enables translation into the BSMC Lagrangian, but also allows
for translations into any of the other bases included in the package that are currently the Higgs, Warsaw
and SILH bases. Translations between these three bases in any direction are possible, so that the addition
of a new basis by the user only requires the specification of translation rules to any one of the three core
bases. One is subsequently able to indirectly translate the new basis into any of the other two bases, as
well as into the BSMC Lagrangian.

The latest release of Rosetta can be obtained from http://rosetta.hepforge.org. The pack-
age contains a Python executable named translate, an information file named README and two direc-
tories, a first folder (named Cards) collecting example input files and a second folder (named Rosetta)
including the source code of Rosetta. Each basis is implemented as a class in its own Python module,
where the coefficients and the required inputs are declared. Moreover, the input format must respect
conventions inspired by the Supersymmetry Les Houches Accord (SLHA) [88,89] and the related SLHA

http://rosetta.hepforge.org
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block structure is defined in the class. Translations are defined as member functions of the class with a
special syntax to identify the target basis. Several utility functions may also be implemented to either
calculate the values of parameters declared as dependent as a function of those declared as independent
or modify the values of the Standard Model input parameters as a function of the effective operator
coefficients.

The translate executable takes as input an SLHA-style parameter file with the coefficients of the
dimension-six operators associated with a particular basis. Information on the format of such an input file
can be found in the manual [641]. Depending on the basis implementation, some basic input quantities,
such as Standard Model input constants and particle masses may be required in addition to the effective
field theory coefficients. The execution of the translate script from a shell yields the generation of an
output parameter file where all parameters are this time the coefficients of the dimension-six operators
associated with a specified new basis, the default choice being the BSMC Lagrangian. The tool can be
used by typing in

./translate PARAMCARD.dat OPTION
where PARAMCARD.dat is the name of the SLHA-style input file and OPTIONS stands for optional argu-
ments. These can range from specifying the output file name (–output, -o) or target basis into which
to translate (–target, -t) to invoking the eHDecay (–ehdecay, -e) interface to additionally generate an
SLHA decay block for the Higgs as part of the output file. A particularly useful option is the –flavour
or -f one which allows users to specify the treatment of the flavour structure relevant for fermionic op-
erators. This can take the values general, diagonal and universal depending on the desired degree
of simplicity. A more complicated example of usage might read

./translate myinput.dat -t warsaw -f universal -e -o myoutput.dat
which would read the myinput.dat file and translate it to the Warsaw basis, assuming the universal
flavour structure which is designed to map easily to the Minimal Flavour Violation assumption [700].
The eHDecay interface will also be called, writing in the output file, specified to be myoutput.dat an
additional SLHA block containing Higgs boson decay information.

With the advent of NLO-accurate Monte Carlo event generation software, it is important that
Rosetta remains flexible enough to eventually provide compatibility with this new generation of tools.
The future development plans of the program are connected to the recent progresses that have been made
on the theory side both in implementing the linear dimension-six description in the FeynRules frame-
work [939] and in calculating the renormalization group evolution of the full set of operators and their
mutual mixing [611,633,648,649,940]. In the former case, Rosetta can simply be extended to provide
an output compatible with the eventual NLO model implementation, analogously to the BSMC La-
grangian. The latter case of evaluating the renormalization group running effects, while being a slightly
separate issue, highlights a key feature of Rosetta, given that the calculation of these effects has only
been performed in the Warsaw basis and that Rosetta could allow for the application of these results in
any desired basis.

II.3.2 Morphing implementation II.49

The properties of the newly discovered Higgs boson have been extensively probed by the ATLAS and
CMS experiments using LHC Run 1 proton-proton collision data at

√
s = 7 and 8 TeV [5, 6, 536, 911].

The studies of the tensor structure of the Higgs boson couplings to gauge bosons were based on signal
models including at most one or two Beyond the Standard Model coupling parameters at a time, with
all remaining Beyond the Standard Model (BSM) parameters set to zero. For Run 2, it is envisioned
to have signal models which depend on a larger number of coupling parameters, in order to account
for possible correlations among them. Additional coupling parameters in the Higgs boson coupling to
Standard Model (SM) particles change the predicted cross section, as well as the shape of differential

II.49Author(s): N. Belyaev, V. Bortolotto, L. Brenner, C.D. Burgard, M. Dührssen, K. Ecker, S. Gadatsch, D. Gray, A. Kaluza,
K. Köneke, R. Konoplich, S. Kortner, K. Prokofiev, C. Schmitt, W. Verkerke.
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distributions. In this context, it is necessary to revise the existing signal modelling methods and provide
alternatives which are better suited for such a multidimensional parameter space.

For this purpose, a morphing method has been developed and implemented. It provides a continu-
ous description of arbitrary physical signal observables such as cross sections or differential distributions
in a multidimensional space of coupling parameters. The morphing-based signal model is a linear com-
bination of a minimal set of orthogonal base samples (templates) spanning the full coupling parameter
space. The weight of each template is derived from the coupling parameters appearing in the signal
matrix element.

Morphing is more than a simple interpolation technique, in that it is not limited to the points in
the range spanned by the input samples. In fact, the choice of the input samples is arbitrary, and any set
of input samples satisfying the required conditions to build the morphing function will span the entire
space, independent of their precise coordinates.

A full explanation and validation of this method is shown in reference [941].

II.3.2.a Morphing principles
The morphing procedure is based on the concepts of the morphing of (possibly multi-dimensional) his-
tograms described in Ref [942]. It is introduced to describe the dependence of a given physical observable
T on an arbitrary configuration of a set of non-SM Higgs boson couplings~gtarget ≡ {gSM, gBSM,1, .., gBSM,n}
to known particles. This dependence is described by a morphing function

Tout(~gtarget) =
∑

i

wi(~gtarget;~gi)Tin(~gi), (II.3.47)

which linearly combines the values or differential distributions Tin at a number of selected discrete cou-
pling configurations ~gi = {g̃SM,i, g̃BSM,1, .., g̃BSM,n}. The input distributions Tin are normalized to their
expected cross sections such that Tout includes not only the correct shape, but also the correct cross sec-
tion prediction. Here, gSM denotes the Higgs boson coupling predicted by the Standard Model. Morphing
only requires that any differential cross section can be expressed as a polynomial in coupling parameters.
For calculation at lowest order and using the narrow-width approximation for a resonance, this yields a
second order polynomial each in production and decay.

In practice, the template distributions Tin are obtained from the Monte Carlo (MC) simulation of
the signal process for a given coupling configuration ~gi. The minimal numberN of Monte Carlo samples
needed to describe the signal at all possible coupling configurations, depends on the number n of studied
non-SM coupling parameters. The contribution of each sample Tin is weighted by a weight wi based on
the assumption that the value of a physical observable is proportional to the squared matrix element for
the studied process

T ∝ |M|2 . (II.3.48)

The weights wi can therefore be expressed as functions of the coupling parameters in the matrix element
M. In this case T can be anything derived from the Matrix element, for example a whole MC sample.

The described procedure allows for a continuous description in an n-dimensional parameter space.
A feature-complete implementation has been developed within the RooFit package [943], making use
of HistFactory [944]. The provided signal model can therefore be used in commonly used RooFit
workspaces in a straightforward, black-box-like way. A visual representation of the idea for a simple
case is shown in Figure 209.

II.3.2.b General procedure to construct morphing function
A step-by-step explanation on how to construct the morphing function for processes with an arbitrary
number of free coupling parameters in two vertices is outlined below.
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Figure 209: Illustration of the morphing procedure in a simple showcase.

1. Construct a general matrix element squared

|ME(~g)|2 =

(∑

x∈p,s
gxO(gx)

)2

︸ ︷︷ ︸
production

·


∑

x∈d,s
gxO(gx)




2

︸ ︷︷ ︸
decay

, (II.3.49)

denoting operators appearing only in the production vertex with p, such only appearing in the
decay vertex with d, and such shared between both vertices with s, and assuming that production
and decay vertices are uncorrelated, which is the case for a scalar intermediate particle.

2. Expand the matrix element squared to a 4th degree polynomial in the coupling parameters

|ME(~g)|2 =

N∑

i=1

Xi · Pi (~g) , (II.3.50)

Xi is a prefactor, which will be represented by an input distribution. In the 4th degree polynomial
Pi (~g) = gagbgcgd of the coupling parameters ~g, the same coupling can occur multiple times
(e.g. g4

SM or gBSM,1gBSM,2g
2
BSM,3). The number of different expressions in the polynomial N is

equal to the number of samples needed for the morphing.
3. Next generate input distributions at arbitrary but fixed parameter points ~gi

Tin,i ∝ |ME(~gi)|2 . (II.3.51)
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4. Construct the morphing function with an ansatz

Tout(~g) =
N∑

i=1




N∑

j=1

AijPj (~g)




︸ ︷︷ ︸
wi(~g)

Tin,i. (II.3.52)

= ~P (~g) ·A~T , (II.3.53)

where the second line is the first one recast in matrix notation. The matrix A has to be calculated
to obtain the full morphing function.

5. Thus, exploit that the output distribution should be equal to the input distribution at the respective
input parameters

Tout (~gi) = Tin,i for i = 1, . . . , N. (II.3.54)

which can also be cast in matrix notation as

A ·
(
Pj (~gi)

)
ij

= 11

⇔ A ·G = 11.
(II.3.55)

6. The unique solution A = G−1 requires the input parameters to fulfil the condition det(G) 6= 0.

When the aim is to perform a likelihood fit on some (pseudo-)data Td, the minimization condition
is

~̂g (Td) = argmin~g − 2 lnP


Td | µ =

N∑

i=1




N∑

j=1

AijPj (~g)


Tin,i


 . (II.3.56)

From this it becomes apparent that only the polynomials Pj (~g) need to be recalculated during the mini-
mization process, while the non-trivial quantities Aij and Tin,i stay fixed.

The error propagation of statistical uncertainties to the output Tout is conceptually straightforward.
Since the ~gi are free parameters, the matrix A carries no uncertainty besides numerical fluctuations.
Thus, uncertainties only propagate via linear combinations. The question of how the input parameters
~gi need to be chosen such that the expected uncertainty of the output is minimal, within some parameter
region of interest, is non-trivial and will be addressed in future studies.

The number N of input base samples depends on how many of coupling parameters enter the
production and/or the decay vertex. However, the general morphing principle remains the same and the
method can be generalized to a higher-dimensional coupling parameter space.

A general expression for the number of input samples N with np couplings appearing only in
production, nd couplings appearing only in decay and ns couplings shared in production and decay is
given by

N =
np
(
np + 1

)

2
· nd (nd + 1)

2
+

(
4 + ns − 1

4

)
(II.3.57)

+

(
np · ns +

ns (ns + 1)

2

)
· nd (nd + 1)

2
(II.3.58)

+

(
nd · ns +

ns (ns + 1)

2

)
· np

(
np + 1

)

2
(II.3.59)

+
ns (ns + 1)

2
· np · nd +

(
np + nd

)(3 + ns − 1

3

)
. (II.3.60)
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In this expression the counting is split for (II.3.57) terms pure in production and decay, or pure in shared,
(II.3.58) terms pure in decay and mixed in production and shared or purely shared, (II.3.59) terms pure
in production and mixed in decay and shared or purely shared, and (II.3.60 terms mixed in both, and
terms mixed in one and purely shared in the other.

This is a general definition of the number of samples N in terms of number of coupling parameters
np, nd, and ns. In case of the gluon fusion process with subsequent decays to vector bosons, the produc-
tion and decay will have a completely disjoint set of couplings, and the number of input samples will be
given by Eq. II.3.57 by setting ns = 0. For the VBF Higgs boson production with subsequent decay into
vector bosons, when considering the same set of couplings in the production and the decay vertex, the
number of samples is given by Eq. II.3.57 with np = 0 and nd = 0.

II.3.2.c Conclusions
This note describes a method for modelling signal parameters and distributions in a multidimensional
space of coupling parameters. This method is capable of continuously morphing signal distributions and
rates based on a minimal orthogonal set of independent base samples. Therefore it allows to directly fit
for the coupling parameters that describe the SM and possibly non-SM interaction of the Higgs boson
with fermions and bosons of the SM.

This method can be utilized to test the properties of the Higgs boson during the LHC Run 2 data-
taking period and beyond and has already been tested successfully [941].
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Chapter III.1

Pseudo-observables

A. David, A. Greljo, G. Isidori, J. Lindert, D. Marzocca, G. Passarino

III.1.1 Introduction

The idea of PO has been formalized the first time in the context of electroweak observables around the
Z pole [708]. A generalization of this concept to describe possible deformations from the SM in Higgs
boson production and decay processes has been discussed in Refs. [612, 650, 653, 654, 733, 945]. The
basic idea is to identify a set of quantities that are

I. experimentally accessible,
II. well-defined from the point of view of QFT,

and capture all relevant New Physics (NP) effects (or all relevant deformations from the SM) without
losing information and with minimum theoretical bias. The last point implies that changes in the under-
lying NP model should not require any new processing of raw experimental data. In the same spirit, the
PO should be independent from the theoretical precision (e.g. LO, NLO, ...) at which NP effects are
computed. Finally, the PO are obtained after removing (via a proper deconvolution) the effect of the soft
SM radiation (both QED and QCD radiation), that is assumed to be free from NP effects. In the case of
observables around the Z pole, the Γ(Z → ff̄) partial decay rates provide good examples of PO.

The independence from NP models can not be fulfilled in complete generality. However, it can be
fulfilled under very general assumptions. In particular, we require the PO to

III. capture all relevant NP effects in the limit of no new (non-SM) particles propagating on-shell (in
the amplitudes considered) in the kinematical range where the decomposition is assumed to be
valid.

Under this additional hypothesis, the PO provide a bridge between the fiducial cross-section measure-
ments and the determination of NP couplings in explicit NP frameworks.

On a more theoretical footing, the Higgs PO are defined from a general decomposition of on-
shell amplitudes involving the Higgs boson – based on analyticity, unitarity, and crossing symmetry –
and a momentum expansion following from the dynamical assumption of no new light particles (hence
no unknown physical poles in the amplitudes) in the kinematical regime where the decomposition is
assumed to be valid. These conditions ensure the generality of this approach and the possibility to match
it to a wide class of explicit NP model, including the determination of Wilson coefficients in the context
of Effective Field Theories.

The old κ framework [9, 10] satisfied the conditions I and II, but not the condition III, since the
framework was not general enough to describe modifications in (n > 2)-body Higgs boson decays
resulting in non-SM kinematics. Similarly, the old κ framework could not describe modifications of the
Higgs-cross sections that cannot be reabsorbed into a simple overall re-scaling with respect to the SM.

Similarly to the case of electroweak observables, it is convenient to introduce two complementary
sets of Higgs PO:

– a set of physical PO, namely a set of (idealized) partial decay rates and asymmetries;
– a set of effective-couplings PO, parameterizing the on-shell production and decay amplitudes.

The two sets are in one-to-one correspondence: by construction, the effective-couplings PO are directly
related to the physical PO after properly working out the decay kinematics. The effective-couplings PO
are particularly useful to build tools to simulate data, taking into account the effect of soft QCD and
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QED radiation.III.1 This is why, from the practical point of view, the effective-couplings PO are first
extracted from data in the LHC Higgs analysis, and from these the physical PO are indirectly derived.
As we discuss below, the latter provide a more intuitive and effective presentation of the measurements
performed.

The note is organized as follows: the PO for Higgs boson decays are discussed in Section III.1.2-
III.1.4, separating two, three, and four-body decay modes. General aspects of PO in electroweak produc-
tion processes are discussed in Section III.1.5, whereas the specific implementation for VH and VBF is
presented in Section III.1.6. The total number of PO to discuss both production and decay processes is
summarized in Section III.1.7, where we also address the reduction of the number of independent terms
under specify symmetry assumptions (in particular CP conservation and flavour universality). Finally, a
discussion about the matching between the PO approach and the SM Effective Field Theory (SMEFT) is
presented in Sections III.1.8. The latter section is not needed to discuss the PO implementation in data
analyses, but it provides a bridge between this chapter of the YR (Measurements and Observables) and
the one devoted to the EFT approaches.

III.1.2 Two-body decay modes
In the case of two-body Higgs boson decays into on-shell SM particles, namely h→ ff̄ and h→ γγ, the
natural physical PO for each mode are the partial decay widths, and possibly the polarization asymmetry
if the spin of the final state is accessible.

In the h → ff̄ case the main issue to be addressed is the optimal definition of the partial decay
width taking into account the final state QED and QCD radiation.

In the h→ γγ case the point to be addressed is the extrapolation to real photons of electromagnetic
showers with non-vanishing invariant mass.

III.1.2.a h→ ff̄

For each fermion species we can decompose the on-shell h → ff̄ amplitude in terms of two effective
couplings (yfS,P ), defined by

A(h→ ff̄) = − i√
2

(
yfS f̄f + iyfP f̄γ5f

)
, (III.1.1)

where f , f̄ in the right hand side are spinor wave functions. These couplings are real in the limit where
we neglect re-scattering effects, that is an excellent approximation (also beyond the SM if we assume no
new light states), for all the accessible h→ ff̄ channels. If h is a CP-even state (as in the SM), then yfP
is a CP-violating coupling.

In order to match our notation with the κ framework [9], we define the two effective couplings PO
of the h→ ff̄ decays as follows:

κf =
yfS

yf,SM
S

, δCP
f =

yfP

yf,SM
S

. (III.1.2)

Here yf,SM
S is the SM effective coupling that provides the best SM prediction in the κf → 1 and δCP

f → 0
limit.

The measurement of Γ(h → ff̄)(incl) determines the combination |κf |2 + |δCP
f |2, while the

δCP
f /κf ratio can be determined only if the fermion polarization is experimentally accessible. With this

notation, the inclusive decay rates, computed assuming a pure bremsstrahlung spectrum can be written
as

Γ(h→ ff̄)(incl) =
[
|κf |2 + |δCP

f |2
]

Γ(h→ ff̄)
(SM)
(incl) , (III.1.3)

III.1A first public tool for Higgs PO is available in Ref. [946].
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where fermion-mass effects, of per-mil level even for the b quark, have been neglected. In experiments
Γ(h → ff̄)(incl) cannot be directly accessed, given tight cuts on the ff̄ invariant mass to suppress
the background: Γ(h → ff̄)(incl) is extrapolated from the experimentally accessible Γ(h → ff̄)(cut)

assuming a pure bremsstrahlung spectrum, both as far as QED and as far as QCD (for the qq̄ channels
only) radiation is concerned.

The SM decay width is given by

Γ(h→ ff̄)
(SM)
(incl) = Nf

c

|yf,SM
eff |2
16π

mH , (III.1.4)

where the colour factor Nf
c is 3 for quarks and 1 for leptons. Using the best SM prediction of the

branching ratios presented in this report (Tables 174–178), for mH = 125.09 GeV, and Γtot
H = 4.100×

10−3 GeV (±1.4%), we extract the values of the |yf,SM
eff | couplings in Eq. (III.1.4):

b̄b τ̄ τ

B(h→ f̄f) 5.809× 10−1 (±1.2%) 6.256× 10−2 (±1.6%)

|yf,SM
eff | 1.79× 10−2 (±0.92%) 1.02× 10−2 (±1.1%)

,

c̄c µ̄µ

B(h→ f̄f) 2.884× 10−2 (±5.5%) 2.171× 10−4 (±1.7%)

|yf,SM
eff | 3.98× 10−3 (±2.8%) 5.98× 10−4 (±0.68%)

,

As anticipated, the physical PO sensitive to δCP
f /κf necessarily involve a determination (direct or

indirect) of the fermion spins. Denoting by ~kf the 3-momentum of the fermion f in the Higgs centre
of mass frame, and with {~sf , ~sf̄} the two fermion spins, we can define the following CP-odd asymme-
try [947]

ACP
f =

1

|~kf |
〈~kf · (~sf × ~sf̄ )〉 = − δCP

f κf

κ2
f + (δCP

f )2
(III.1.5)

As pointed out in Ref. [948], in the h → τ+τ− → X
τ

+X
τ
− decay chains asymmetries proportional to

ACP
f are accessible through the measurement of the angular distribution of the τ± decay products.

Note that, by construction, the effective couplings PO depend on the SM normalization. This
imply an intrinsic theoretical uncertainty in their determination related to the theory error on the SM
reference value. On the other hand, the physical PO are independent of any reference to the SM. Indeed
the (conventional) SM normalization of κf cancels in Eq. (III.1.3).

III.1.2.b h→ γγ

The general decomposition for the h→ γγ amplitude is

A
[
h→ γ(q, ε)γ(q′, ε′)

]
= i

2

vF
ε′µεν

[
εγγ(gµν q·q′ − qµq′ν) + εCP

γγ ε
µνρσqρq

′
σ

]
, (III.1.6)

where εµνρσ is the fully antisymmetric tensor and ε0123 = 1 in our convention. From this we identify the
two effective couplings εγγ and εCP

γγ that, similarly to yfS,P , can be assumed to be real in the limit where

we assume no new light states and small deviations from the SM limit. Here vF = (
√

2GF )−1/2, and
GF is the Fermi constant extracted from the muon decay. We define the effective couplings PO for this
channels as

κγγ =
Re(εγγ)

Re(εSM
γγ )

, δCP
γγ =

Re(εCP
γγ )

Re(εSM
γγ )

, (III.1.7)
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where εγγSM is the value of the PO which reproduces the best SM prediction of the decay width. By
construction, the SM expectation for the two PO is κSM

γγ = 1 and (δCP
γγ )SM = 0.

If the photon polarization is not accessible, the only physical PO for this channel is Γ(h → γγ).
Starting from realistic observables, where the electromagnetic showers have non-vanishing invariant
mass, Γ(h → γγ) is defined as the extrapolation to the limit of zero invariant mass for the electromag-
netic showers. The relation between Γ(h→ γγ) and the two effective couplings PO is

Γ(h→ γγ) =
[
κ2
γγ + (δCP

γγ )2
]

Γ(h→ γγ)(SM) , (III.1.8)

where

Γ(h→ γγ)(SM) =
|εSM,eff
γγ |2
16π

m3
H

v2
F

. (III.1.9)

Using the SM prediction for the branching ratios in two photons (Table 176), for mH = 125.09 GeV,
and Γtot

H = 4.100× 10−3 GeV (±1.4%), we obtain

B(h→ γγ)SM = 2.270× 10−3 (±2.1%) → εγγSM = 3.81× 10−3 (±1.2%) . (III.1.10)

This value corresponds to the 1-loop contribution in the SM, which also fixes the relative sign. Similarly
to the ff̄ case, the SM normalization cancels in the definition of the physical PO.

The physical PO linear in the CP-violating coupling δCP
γγ necessarily involves the measurement of

the photon polarization and is therefore hardly accessible at the LHC (at least in a direct way, see for
example [949]). Denoting by ~q1,2 the 3-momenta of the two photons in the centre of mass frame, and
with ~ε1,2 the corresponding polarization vectors, we can define:

ACP
γγ =

1

mh
〈(~q1 − ~q2) · (~ε1 × ~ε2)〉 ∝ δCP

γγ κγγ

κ2
γγ + (δCP

γγ )2
. (III.1.11)

III.1.3 Three-body decay modes
The guiding principle for the definition of PO in multi-body channels is the decomposition of the decay
amplitudes in terms of contributions associated to a specific single-particle pole structure. In the absence
of new light states, such poles are generated only by the exchange of the SM electroweak bosons (γ, Z,
and W ) or by hadronic resonances (whose contribution appears only beyond the tree level and is largely
suppressed). Since positions and residues on the poles are gauge-invariant quantities, this decomposition
satisfies the general requirements for the definitions of PO.

III.1.3.a h→ ff̄γ

The general form factor decomposition for these channels is

A
[
h→ f(p1)f̄(p2)γ(q, ε)

]
= i

2

vF

∑

f=fL,fR

(f̄γµf)εν ×

×
[
F fγT (p2)(p·q gµν − qµpν) + F fγCP (p2)εµνρσqρpσ

]
, (III.1.12)

where p = p1 + p2. The form factors can be further decomposed as

F fγT (p2) = εZγ
gfZ

PZ(p2)
+ εγγ

eQf

p2 + ∆SM
fγ (p2) , (III.1.13)

F fγCP (p2) = εCP
Zγ

gfZ
PZ(p2)

+ εCP
γγ

eQf

p2 . (III.1.14)
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Here gfZ are the effective PO describing on-shell Z → ff̄ decaysIII.2 and PZ(q2) = q2−m2
Z + imZΓZ .

In other words, we decompose the form factors identifying the physical poles associated to the Z and γ
propagators.

The term ∆SM
fγ (p2) denotes the remnant of the SM h → ff̄γ loop function that is regular both

in the limit p2 → 0 and in the limit p2 → m2
Z . This part of the amplitude is largely subdominant

(being not enhanced by a physical single-particle pole) and cannot receive non-standard contributions
from operators of dimension up to 6 in the EFT approach to Higgs physics. For this reason it is fixed to
its SM value.

In this channel we thus have four effective couplings PO, related to the four εX terms in Eqs.
(III.1.13) and (III.1.14), two of which are accessible also in h→ 2γ.III.3

Similarly to the h→ 2γ case, it is convenient to define the PO normalizing them the corresponding
reference SM values of the amplitudes. We thus define

κZγ =
Re(εZγ)

Re(εSM
Zγ )

, δCP
Zγ =

Re(εCP
Zγ )

Re(εSM
Zγ )

, (III.1.15)

where the numerical value of the SM contribution εSM
Zγ is obtained from the best SM prediction for the

h→ Zγ decay width.

The simplest physical PO that can be extracted from this channel is Γ(h → Zγ), where both the
Z boson and the photon are on-shell. By construction, this can be written as

Γ(h→ Zγ) =
[
κ2
Zγ + (δCP

Zγ )2
]

Γ(h→ Zγ)(SM) , (III.1.16)

where

Γ(h→ Zγ)(SM) =
|εSM,eff
Zγ |2

8π

m3
H

v2

(
1− m2

Z

m2
H

)3

. (III.1.17)

The SM prediction for this decay rate (Table 177), for mH = 125.09 GeV, and Γtot
H = 4.100 ×

10−3 GeV (±1.4%), provides the value of εZγSM:

B(h→ Zγ)(SM) = 1.541× 10−3 (±5.8%) → εSM
Zγ = 6.91× 10−3 (±3.0%) . (III.1.18)

The independent physical PO linear in the coupling δCP
Zγ is the following CP-odd asymmetry at the

Z peak:

ACP
Zγ =

1

|~p||~q| 〈~p · (~q × ~εγ)〉
∣∣∣∣
(p

2
=m

2
Z)

∝ δCP
Zγ κZγ

κ2
Zγ + (δCP

Zγ )2
, (III.1.19)

where all 3-momenta are defined in the Higgs centre of mass frame.

This channel is also sensitive to Γ(h→ γγ) and ACP
γγ via the effective couplings κγγ (or εγγ) and

δCP
γγ (or εCP

γγ ). Determining such couplings from a fit to the from factors in the low p2 region, one can
indirectly determine Γ(h→ γγ) and ACP

γγ by means of Eq. (III.1.8) and Eq. (III.1.11), respectively.

III.2We have absorbed a factor g/ cos(θW ) with respect to the definition of the effective Z couplings adopted at LEP-1, see
Eq. (III.1.24).

III.3 In the decomposition (III.1.12) we have also neglected possible dipole-type (helicity-suppressed) amplitudes. The latter
necessarily give a strongly suppressed contribution to the decay rate since the interference with the leading h→ ff̄γ amplitude
vanishes in the limit mf → 0. There is no obstacle, in principle, to add a corresponding set of PO for these suppressed
amplitudes. However, for all light fermions they will be un-measurable in realistic scenarios even in the high-luminosity phase
of the LHC (see e.g. [950] for a numerical discussion in the h→ 2µγ case).
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III.1.4 Four-fermion decay modes
Similarly to the three-body modes, also in this case the guiding principle for the definition of PO is the
decomposition of the decay amplitudes in terms of contributions associated to a specific pole structure.
Such decomposition for the h → 4f channels has been presented in Ref. [653]. The effective coupling
PO that appear in these channels consist of four sets:

– 3 flavour-universal charged-current PO: {κWW , εWW , ε
CP
WW };

– 7 flavour-universal neutral-current PO, 4 of which are appearing already in h→ γγ and h→ ff̄γ
: {κγγ , δCP

γγ , κZγ , δ
CP
Zγ }, and another 3 which are specific for h→ 4f : {κZZ , εZZ , εCP

ZZ};
– the set of flavour non-universal charged-current PO: {εWf};
– the set of flavour non-universal neutral-current PO: {εZf}.

While the number of flavour-universal PO is fixed, the number of flavour non-universal PO depend
on the fermion species we are interested in. For instance, looking only at light leptons (` = e, µ), we
have 4 flavour non-universal PO contributing to h → 4` modes (εZf , with f = eL, eR, µL, µR) and 4
PO contributing to h→ 2`2ν modes (εWeL

, εWµL
, εZνe , εZνµ). The definition of these PO is done at the

amplitude level, separating neutral-current and charged-current contributions to the h → 4f processes,
as discussed below.

Starting from each of the effective couplings PO we can define a corresponding physical PO. In
particular, Γ(h → ZZ) is defined as the (ideal) rate extracted from the full Γ(h → 4f), extrapolating
the result in the limit κZZ 6= 0 and all the other effective couplings set to zero. Similarly Γ(h → Zff̄)
is defined from the extrapolation in the limit εZf 6= 0 and all the other effective couplings set to zero (see
extended discussion below).

III.1.4.a h→ 4f neutral currents
Let us consider the case of two different (light) fermion species: h → ff̄ + f ′f̄ ′. Neglecting helicity-
violating terms (yielding contributions suppressed by light fermion masses in the rates), we can decom-
pose the neutral-current contribution to the amplitude in the following way

An.c.
[
h→ f(p1)f̄(p2)f ′(p3)f̄ ′(p4)

]
= i

2m2
Z

vF

∑

f=fL,fR

∑

f
′
=f
′
L,f
′
R

(f̄γµf)(f̄ ′γνf
′)T µνn.c.(q1, q2)

T µνn.c.(q1, q2) =

[
F ff

′

L (q2
1, q

2
2)gµν + F ff

′

T (q2
1, q

2
2)
q1·q2 g

µν − q2
µq1

ν

m2
Z

+F ff
′

CP (q2
1, q

2
2)
εµνρσq2ρq1σ

m2
Z

]
, (III.1.20)

where q1 = p1 +p2 and q2 = p3 +p4. The form factor FL describes the interaction with the longitudinal
part of the current, as in the SM, the FT term describes the interaction with the transverse part, while
FCP describes the CP-violating part of the interaction (if the Higgs is assumed to be a CP-even state).

We can further expand the form factors in full generality around the poles, providing the definition
of the neutral-current PO [653]:

F ff
′

L (q2
1, q

2
2) = κZZ

gfZg
f
′

Z

PZ(q2
1)PZ(q2

2)
+
εZf

m2
Z

gf
′

Z

PZ(q2
2)

+
εZf ′

m2
Z

gfZ
PZ(q2

1)
+ ∆SM

L (q2
1, q

2
2) , (III.1.21)

F ff
′

T (q2
1, q

2
2) = εZZ

gfZg
f
′

Z

PZ(q2
1)PZ(q2

2)
+ εZγ


 eQf ′g

f
Z

q2
2PZ(q2

1)
+

eQfg
f
′

Z

q2
1PZ(q2

2)


+ εγγ

e2QfQf ′

q2
1q

2
2

+∆SM
T (q2

1, q
2
2), (III.1.22)



Chapter III.1. Pseudo-observables 405

F ff
′

CP (q2
1, q

2
2) = εCP

ZZ

gfZg
f
′

Z

PZ(q2
1)PZ(q2

2)
+ εCP

Zγ


 eQf ′g

f
Z

q2
2PZ(q2

1)
+

eQfg
f
′

Z

q2
1PZ(q2

2)


+ εCP

γγ

e2QfQf ′

q2
1q

2
2

.(III.1.23)

Here gfZ are Z-pole PO extracted from Z decays at LEP-I, the translation to the notation used at LEP
being very simple

gfZ =
2mZ

vF
gLEP
f , and (gfZ)SM =

2mZ

vF
(T f3 −Qfs2

θW
) . (III.1.24)

As anticipated, all the parameters but εZf and gfZ are flavour universal, i.e. they do not depend on the
fermion species. In fact, flavour non-universal effects in gfZ have been very tightly constrained at LEP-
I [723], however, sizeable effects in εZf are possible and should be tested at the LHC. In the limit where
we neglect re-scattering effects, both κZZ and εX are real. The functions ∆SM

L,T (q2
1, q

2
2) denote subleading

non-local contributions that are regular both in the limit q2
1,2 → 0 and in the limit q2

1,2 → m2
Z . As in the

3-body decay case, this part of the amplitude is largely subdominant and not affected by operators with
dimension up to 6, therefore it is fixed it to its SM value.

III.1.4.b h→ 4f charged currents
Let us consider the h→ `ν̄`

¯̀′ν`′ process.III.4 Employing the same assumptions used in the neutral current
case, we can decompose the amplitude in the following way:

Ac.c.
[
h→ `(p1)ν̄`(p2)ν`′(p3)¯̀′(p4)

]
= i

2m2
W

vF
(¯̀
Lγµν`L)(ν̄`′Lγν`

′
L)T µνc.c.(q1, q2)

T µνc.c.(q1, q2) =

[
G``

′

L (q2
1, q

2
2)gµν +G``

′

T (q2
1, q

2
2)
q1·q2 g

µν − q2
µq1

ν

m2
W

+G``
′

CP (q2
1, q

2
2)
εµνρσq2ρq1σ

m2
W

]
, (III.1.25)

where q1 = p1 + p2 and q2 = p3 + p4. The decomposition of the form factors, that allows us to define
the charged-current PO, is [653]

G``
′

L (q2
1, q

2
2) = κWW

(g`W )∗g`
′

W

PW (q2
1)PW (q2

2)
+

(εW`)
∗

m2
W

g`
′

W

PW (q2
2)

+
εW`

′

m2
W

(g`W )∗

PW (q2
1)
, (III.1.26)

G``
′

T (q2
1, q

2
2) = εWW

(g`W )∗g`
′

W

PW (q2
1)PW (q2

2)
, (III.1.27)

G``
′

CP (q2
1, q

2
2) = εCP

WW
(g`W )∗g`

′

W

PW (q2
1)PW (q2

2)
, (III.1.28)

where PW (q2) is the W propagator defined analogously to PZ(q2) and gfW are the effective couplings
describing on-shell W decays (we have absorbed a factor of g compared to standard notations). In the
SM,

(gikW )SM =
g√
2
Vik , (III.1.29)

where V is the CKM mixing matrix.III.5 In absence of rescattering effects, the Hermiticity of the un-
derlying effective Lagrangian implies that κWW , εWW and εCP

WW are real couplings, while εW` can be
complex.

III.4The analysis of a process involving quarks is equivalent, with the only difference that the εWf coefficients are in this case
non-diagonal matrices in flavour space, as the gWud effective couplings.

III.5More precisely, (g
ik
W )SM = g√

2
Vik if i and k refers to left-handed quarks, otherwise (g

ik
W )SM = 0.
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III.1.4.c h→ 4f complete decomposition
The complete decomposition of a generic h→ 4f amplitude is obtained combining neutral- and charged-
current contributions depending on the nature of the fermions involved. For instance h → 2e2µ and
h → `¯̀qq̄ decays are determined by a single neutral current amplitude, while the case of two identical
lepton pairs is obtained from Eq. (III.1.20) taking into account the proper (anti-)symmetrization of the
amplitude:

A
[
h→ `(p1)¯̀(p2)`(p3)¯̀(p4)

]
= An.c.

[
h→ f(p1)f̄(p2)f ′(p3)f̄ ′(p4)

]
f=f

′
=`

− An.c.
[
h→ f(p1)f̄(p4)f ′(p3)f̄ ′(p2)

]
f=f

′
=`

. (III.1.30)

The h → e±µ∓νν̄ decays receive contributions from a single charged-current amplitude, while in the
h→ `¯̀νν̄ case we have to sum charged and neutral-current contributions:

A
[
h→ `(p1)¯̀(p2)ν(p3)ν̄(p4)

]
= An.c.

[
h→ `(p1)¯̀(p2)ν(p3)ν̄(p4)

]

− Ac.c.
[
h→ `(p1)ν̄(p4)ν(p3)¯̀(p2)

]
. (III.1.31)

III.1.4.d Physical PO for h→ 4`

To define the idealized physical PO we start with the quadratic terms for each of the form factors in
Eqs. (III.1.21-III.1.23), and compute their contribution to the double differential decay rate for h →
e+e−µ+µ− (for κZZ , εZZ and εCP

ZZ) and for h → Z`+`− (for the contact terms εZ`). It is important
to stress that physical PO as defined here, are extracted from the effective-coupling PO, and represent a
more intuitive presentation of the experimental measurements.

Decay channel h→ e+e−µ+µ−

We choose this particular decay channel for the (conventional) definition of the physical PO because it
depends on all the PO relevant for h→ 4` and because it does not contain interference between the two
fermion currents as in Eq. (III.1.30). The independent contributions of the three form factors to the decay
rate are:

dΓLL

dm1dm2
=

λpβ10

2304π5

m4
Zm

3
h

v2
F

m1m2

∑

f,f
′

∣∣∣F ff
′

L

∣∣∣
2
,

dΓTT

dm1dm2
=

λpβ4

1152π5

m3
h

v2
F

m3
1m

3
2

∑

f,f
′

∣∣∣F ff
′

T

∣∣∣
2
,

dΓCP

dm1dm2
=

λpβ2

1152π5

m3
h

v2
F

m3
1m

3
2

∑

f,f
′

∣∣∣F ff
′

CP

∣∣∣
2
,

(III.1.32)

where f = eL, eR, f ′ = µL, µR, m1(2) ≡
√
q2

1(2) and

λp =

√√√√1 +

(
m2

1 −m2
2

m2
h

)2

− 2
m2

1 +m2
2

m2
h

, βN = 1 +
m4

1 +Nm2
1m

2
2 +m4

2

m4
h

− 2
m2

1 +m2
2

m2
h

.

(III.1.33)
By integrating over m1 and m2 we obtain the partial decay rate as

Γ(h→ 2e2µ) = Γ(h→ 2e2µ)SM ×
∑

j≥i
X2e2µ
ij κiκj , (III.1.34)
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where X2e2µ
ij are the numerical coefficients reported in Ref. [945], while κi are the corresponding

effective-coupling PO. We define the physical PO as the specific contribution to the partial decay rate.
Namely, physical PO is the partial decay rate due to a single PO, while setting other PO to zero. In
particular,

Γ(h→ 2e2µ)[κZZ ] = 4.929× 10−2(|gZeL |
2 + |gZeR |

2)(|gZµL |
2 + |gZµR |

2) |κZZ |2 MeV

Γ(h→ 2e2µ)[εZZ ] = 4.458× 10−3(|gZeL |
2 + |gZeR |

2)(|gZµL |
2 + |gZµR |

2) |εZZ |2 MeV

Γ(h→ 2e2µ)[εCP
ZZ ] = 1.884× 10−3(|gZeL |

2 + |gZeR |
2)(|gZµL |

2 + |gZµR |
2) |εCP

ZZ |2 MeV

(III.1.35)

The numerical coefficients in Eq. (III.1.35) have been obtained neglecting QED corrections. The lat-
ter must be included at the simulation level by appropriate QED showering programs, such as PHO-
TOS [951]. As shown in Ref. [902]: the impact of such corrections is negligible after integrating over
the full phase space, hence in the overall normalization of the partial rates in Eq. (III.1.35), while they
can provide sizeable distortions of the spectra in specific phase-space regions.

Since each effective coupling PO correspond to a well-defined pole contribution to the amplitude
(with one or two poles of theZ boson), and a well-defined Lorentz and flavour structure, we can associate
to those contributions to partial rates an intuitive physical meaning. In particular, we define the following
physical PO for the h→ 4` decays:

Γ(h→ ZLZL) ≡ Γ(h→ 2e2µ)[κZZ ]

B(Z → 2e)B(Z → 2µ)
= 0.209 |κZZ |2 MeV

Γ(h→ ZTZT ) ≡ Γ(h→ 2e2µ)[εZZ ]

B(Z → 2e)B(Z → 2µ)
= 0.0189 |εZZ |2 MeV

ΓCPV(h→ ZTZT ) ≡ Γ(h→ 2e2µ)[εCP
ZZ ]

B(Z → 2e)B(Z → 2µ)
= 0.00799 |εCP

ZZ |2 MeV

(III.1.36)

where, due to the double pole structure of the amplitude, we have removed the (physical) branching
ratios of the Z → e+e− and Z → µ+µ− decays. Here

B(Z → 2`) =
Γ0

ΓZ
R`
(

(g
`L
Z )2 + (g

`R
Z )2

)
≈ 0.4856

(
(g
`L
Z )2 + (g

`R
Z )2

)
, (III.1.37)

where Γ0 = mZ
24π , ΓZ is the total decay width and R` =

(
1 + 3

4πα(mZ)
)

describes final state QED
radiation. The relative uncertainty in the numerical coefficients in Eqs. (III.1.36,III.1.37), due to the
experimental error on ΓZ and mZ [11], is at the ∼ 10−3 level, thus negligible even given the expected
long-term sensitivity in these Higgs measurements.

Decay channel h→ Z`+`−

The idealized physical PO related to the contact terms can be defined directly from the on-shell decay
h → Z`+`−, where ` = eL, eR, µL, µR and the Z boson is assumed to be on-shell (narrow width
approximation). We compute this decay rate, neglecting QED corrections and light lepton masses, in
presence of the contact terms εZ` only. The Dalitz double differential rate in s12 ≡ (p

`
+ + p

`
−)2 and

s23 ≡ (p
`
− + pZ)2 is

dΓ

ds12ds23
=

1

(2π)3

1

32m2
h

4|εZ`|2

v2

(
s12 +

(s23 −m2
Z)(m2

h − s12 − s23)

m2
Z

)
, (III.1.38)
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The allowed kinematical region is 0 < s12 < (mh−mZ)2 and, for any given value of s12, smin
23 < s23 <

sMax
23 with

s
min(Max)
23 = (E∗2 + E∗Z)2 −

(
E∗2 ±

√
(E∗Z)2 −m2

Z

)2

, (III.1.39)

where E∗2 =
√
s12/2 and E∗Z = m

2
h−s12−m2

Z
2
√
s12

. The decay rate defines the relation between the physical
PO and the effective couplings PO as:

Γ(h→ Z`+`−) = 0.0366|εZ`|2 MeV . (III.1.40)

As before, the physical PO is defined as the contribution to partial decay rate from the relevant PO,
assuming others are set to zero. The only inputs in the numerical coefficient in Eq. (III.1.40) are the Z
and Higgs boson masses, as well as the Higgs vev, therefore the relative uncertainty is at the 10−3 level.
Together with the physical PO already defined for h → γγ and h → Zγ, we have thus established a
complete mapping between the effective couplings PO and the physical PO appearing in h→ 4` decays.

III.1.4.e Physical PO for h→ 2`2ν

Physical PO for charged-current processes can be defined in a very similar way as the neutral-current
ones. In particular, we use the h → e+νeµ

−ν̄µ process for the physical PO corresponding to kWW ,
εWW , and εCP

WW , and h→W+`ν̄` for the contact terms.

Decay channel h→ e+νeµ
−ν̄µ

Integrating the differential distributions analogous to Eq. (III.1.32) we obtain the expression of the partial
decay rate in this channel, in the limit where only one PO is turned on:

Γ(h→ eµ2ν)[κWW ] = 2.20× 10−4|gWeL
|2|gWµL

|2 |κWW |2 MeV

Γ(h→ eµ2ν)[εWW ] = 4.27× 10−5|gWeL
|2|gWµL

|2 |εWW |2 MeV

Γ(h→ eµ2ν)[εCP
WW ] = 1.77× 10−5|gWeL

|2|gWµL
|2 |εCP

WW |2 MeV

(III.1.41)

As in the neutral channel, the physical PO are defined from these quantities by factorizing theW branch-
ing ratios:

Γ(h→WLWL) ≡ Γ(h→ eµ2ν)[κWW ]

B(W → eν̄e)B(W → µν̄µ)
= (0.841± 0.016) |κWW |2 MeV

Γ(h→WTWT ) ≡ Γ(h→ eµ2ν)[εWW ]

B(W → eν̄e)B(W → µν̄µ)
= (0.1634± 0.0030) |εWW |2 MeV

ΓCPV(h→WTWT ) ≡ Γ(h→ eµ2ν)[εCP
WW ]

B(W → eν̄e)B(W → µν̄µ)
= (0.0677± 0.0012) |εCP

WW |2 MeV ,

(III.1.42)

where the uncertainty has been obtained from the experimental error on ΓW [11] that, as recently pointed
out in [952], it has a non-neglible impact in the prediction of h → 2`2ν branching ratios. The W
branching ratios are given by

B(W → `ν̄`) =
Γ0

ΓW
(gW`L

)2 ≈ 0.511(gW`L
)2 , (III.1.43)

where Γ0 = mW
24π , ΓW is the total decay width.
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Table 110: Summary of the effective coupling PO and the corresponding physical PO. The parameter Nf
c is 1 for

leptons and 3 for quarks. In the case of the charged-current contact term, f ′ is the SU(2)L partner of the fermion
f . See the main text for a discussion about the errors on the numerical coefficient in the table and the reference
values of {κX , δX , εX} within the SM.

PO Physical PO Relation to the eff. coupl.

κf , δ
CP
f Γ(h→ ff̄) = Γ(h→ ff̄)(SM)[(κf )2 + (δCP

f )2]

κγγ , δ
CP
γγ Γ(h→ γγ) = Γ(h→ γγ)(SM)[(κγγ)2 + (δCP

γγ )2]

κZγ , δ
CP
Zγ Γ(h→ Zγ) = Γ(h→ Zγ)(SM)[(κZγ)2 + (δCP

Zγ )2]

κZZ Γ(h→ ZLZL) = (0.209 MeV)× |κZZ |2

εZZ Γ(h→ ZTZT ) = (1.9× 10−2 MeV)× |εZZ |2

εCP
ZZ ΓCPV(h→ ZTZT ) = (8.0× 10−3 MeV)× |εCP

ZZ |2

εZf Γ(h→ Zff̄) = (3.7× 10−2 MeV)×Nf
c |εZf |2

κWW Γ(h→WLWL) = (0.84 MeV)× |κWW |2

εWW Γ(h→WTWT ) = (0.16 MeV)× |εWW |2

εCP
WW ΓCPV(h→WTWT ) = (6.8× 10−2 MeV)× |εCP

WW |2

εWf Γ(h→Wff̄ ′) = (0.14 MeV)×Nf
c |εWf |2

κg σ(pp→ h)gg−fusion = σ(pp→ h)SM
gg−fusionκ

2
g

κt σ(pp→ tt̄h)Yukawa = σ(pp→ tt̄h)SM
Yukawaκ

2
t

κH Γtot(h) = ΓSM
tot (h)κ2

H

Decay channel h→W+`ν̄`

Also in this case the physical PO corresponding to the charged-current contact terms are defined in
complete analogy to the neutral-current case, starting from the 3-body decay h → W+`ν̄`. The partial
decay width computed in the limit where only the contact term PO is switched on defines the relation
between the physical PO and the effective couplings PO as:

Γ(h→W+`ν̄`) = 0.143|εW`|2 MeV , (III.1.44)

where the relative uncertainty in the coefficient due to the experimental error on mW [11] is below
∼ 2× 10−3.

III.1.5 PO in Higgs electroweak production: generalities
The PO decomposition of h → 4f amplitude discussed above can naturally be generalized to describe
electroweak Higgs-production processes, namely Higgs-production via vector-boson fusion (VBF) and
Higgs-production in association with a massive SM gauge boson (VH).

The interest of such production processes is twofold. On the one hand, they are closely connected
to the h → 4`, 2`2ν decay processes by crossing symmetry, and by the exchange of lepton currents
into quark currents. As a result, some of the Higgs PO necessary to describe the h → 4`, 2`2ν decay
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kinematics appear also in the description of the VBF and VH cross sections (independently of the Higgs
boson decay mode). This facts opens the possibility of combined analyses of production cross sections
and differential decay distributions, with a significant reduction on the experimental error on the extrac-
tion of the PO. On the other hand, the production cross sections allow to explore different kinematical
regimes compared to the decays. By construction, the momentum transfer appearing in the Higgs boson
decay amplitudes is limited by the Higgs boson mass, while such limitation is not present in the produc-
tion amplitudes. The higher energies probed in the production processes provide an increased sensitivity
to new physics effects. This fact also allows to test the momentum expansion that is intrinsic in the PO
decomposition, as well as in any effective field theory approach to physics beyond the SM.

Despite the similarities at the fundamental level, the phenomenological description of VBF and
VH in terms of PO is significantly more challenging compared to that of Higgs boson decays. On the
one hand, QCD corrections plays a non-negligible role in the production processes. Although technically
challenging, this fact does not represent a conceptual problem for the PO approach: the leading QCD
corrections factorize in VBF and VH, similarly to the factorization of QED corrections in h→ 4`. This
implies that NLO QCD corrections can be incorporated in general terms with suitable modifications
of the existing Montecarlo tools. On the other hand, the relation between the kinematical variables at
the basis of the PO decomposition (i.e. the momentum transfer of the partonic currents, q2) and the
kinematical variables accessible in pp collisions is not straightforward, especially in the VBF case. This
problem finds a natural solution in the VBF case due to strong correlation between q2 and the pT of the
VBF tagged jets, while in the VH case invariant mass of the VH system is correlated to the vector pT .

III.1.5.a Amplitude decomposition

Neglecting the light fermion masses, the electroweak production processes VH and VBF or, more pre-
cisely, the electroweak partonic amplitudes f1f2 → h + f3f4, can be completely described by the
three-point correlation function of the Higgs boson and two (colour-less) fermion currents

〈0|T
{
Jµf (x), Jν

f
′(y), h(0)

}
|0〉 , (III.1.45)

where all the states involved are on-shell. The same correlation function controls also the four-fermion
Higgs boson decays discussed above. In the h → 4`, 2`2ν case both currents are leptonic and all
fermions are in the final state. In case of VH associate production one of the currents describes the initial
state quarks, while the other describes the decay products of the (nearly on-shell) vector boson. Finally,
in VBF production the currents are not in the s-channel as in the previous cases, but in the t-channel.
Strictly speaking, in VH and VBF the quark states are not on-shell; however, their off-shellness can
be neglected compared to the electroweak scale characterizing the process (both within and beyond the
SM).

As in the h→ 4f case, we can expand the correlation function in Eq. (III.1.45) around the known
physical poles due to the propagation of intermediate SM electroweak gauge bosons. The PO are then
defined by the residues on the poles and by the non-resonant terms in this expansion. By construction,
terms corresponding to a double pole structure are independent from the nature of the fermion current
involved. As a result, the corresponding PO are universal and can be extracted from any of the above
mention processes, both in production and in decays [654].

III.1.5.a.i Vector boson fusion Higgs boson production

Higgs boson production via vector boson fusion (VBF) receives contribution both from neutral- and
charged-current channels. Also, depending on the specific partonic process, there could be two different
ways to construct the two currents, and these two terms interfere with each other. For example, for
uu → uuh one has the interference between two neutral-current processes, while in ud → udh the
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interference is between neutral and charged currents. In this case it is clear that one should sum the two
amplitudes with the proper symmetrization, as done in the case of h→ 4e.

We now proceed describing how each of these amplitudes can be parameterized in terms of
PO. Let us start with the neutral-current one. The amplitude for the on-shell process qi(p1)qj(p2) →
qi(p3)qj(p4)h(k) can be parameterized by

An.c(qi(p1)qj(p2)→ qi(p3)qj(p4)h(k)) = i
2m2

Z

v
q̄i(p3)γµqi(p1)q̄j(p4)γνqj(p2)T µνn.c.(q1, q2),

(III.1.46)
where q1 = p1 − p3, q2 = p2 − p4 and T µνn.c.(q1, q2) is the same tensor structure appearing in h → 4f
decays. Indeed, proceeding as in Eq. (III.1.20), using Lorentz invariance we decompose this tensor
structure in term of three from factors:

T µνn.c.(q1, q2) =

[
F
qiqj
L (q2

1, q
2
2)gµν + F

qiqj
T (q2

1, q
2
2)
q1·q2 g

µν − q2
µq1

ν

m2
Z

+F
qiqj
CP (q2

1, q
2
2)
εµνρσq2ρq1σ

m2
Z

]
. (III.1.47)

Similarly, the charged-current contribution to the amplitude for the on-shell process ui(p1)dj(p2) →
dk(p3)ul(p4)h(k) can be parameterized by

Ac.c(ui(p1)dj(p2)→ dk(p3)ul(p4)h(k)) = i
2m2

W

v
d̄k(p3)γµui(p1)ūl(p4)γνdj(p2)T µνc.c.(q1, q2),

(III.1.48)
where, again, T µνc.c.(q1, q2) is the same tensor structure appearing in the charged-current h→ 4f decays:

T µνc.c.(q1, q2) =

[
GijklL (q2

1, q
2
2)gµν +GijklT (q2

1, q
2
2)
q1·q2 g

µν − q2
µq1

ν

m2
W

+GijklCP (q2
1, q

2
2)
εµνρσq2ρq1σ

m2
W

]
(III.1.49)

The amplitudes for the processes with initial anti-quarks can easily be obtained from the above ones.

The next step is to perform a momentum expansion of the form factors around the physical poles
due to the propagation of SM electroweak gauge bosons (γ, Z andW±), and to define the PO (i.e. the set
{κi, εi}) from the residues of such poles. We stop this expansion neglecting terms which can be generated
only by local operators with dimension higher than six. A discussion about limitations and consistency
checks of this procedure will be presented later on. The decomposition of the form factors closely
follows the procedure already introduced for the decay amplitudes and will not be repeated here. We
report explicitly only expression of the longitudinal form factors, where the contact terms not accessible
in the leptonic decays appear:

F
qiqj
L (q2

1, q
2
2) = κZZ

g
qi
Z g

qj
Z

PZ(q2
1)PZ(q2

2)
+
εZqi
m2
Z

g
qj
Z

PZ(q2
2)

+
εZqj

m2
Z

g
qi
Z

PZ(q2
1)

+ ∆SM
L,n.c.(q

2
1, q

2
2) ,

GijklL (q2
1, q

2
2) = κWW

gikW g
jl
W

PW (q2
1)PW (q2

2)
+
εWik

m2
W

gjlW
PW (q2

2)
+
εWjl

m2
W

gikW

PW (q2
1)

+ ∆SM
L,c.c(q

2
1, q

2
2) .

(III.1.50)

Here PV (q2) = q2−m2
V +imV ΓV , while gfZ and gikW are the PO characterizing the on-shell couplings of

Z andW boson to a pair of fermions, see Eqs. (III.1.24) and (III.1.29). The functions ∆SM
L,n.c.(c.c.)(q

2
1, q

2
2)

denote non-local contributions generated at the one-loop level (and encoding multi-particle cuts) that
cannot be re-absorbed in the definition of κi and εi. At the level of precision we are working, taking into
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account also the high-luminosity phase of the LHC, these contributions can be safely fixed to their SM
values.

As anticipated, the crossing symmetry between h → 4f and 2f → h 2f amplitudes ensures
that the PO are the same in production and decay (if the same fermions species are involved). The
amplitudes are explored in different kinematical regimes in the two type of processes (in particular the
momentum-transfers, q2

1,2, are space-like in VBF and time-like in h → 4f ). However, this does not
affect the definition of the PO. This implies that the fermion-independent PO associated to a double pole
structure, such as κZZ and κWW in Eq. (III.1.50), are expected to be measured with higher accuracy in
h → 4` and h → 2`2ν rather than in VBF. On the contrary, VBF is particularly useful to constrain the
fermion-dependent contact terms εZqi and εWuidj

, that appear only in the longitudinal form factors.

III.1.5.a.ii Associated vector boson plus Higgs boson production

The VH production process denote the production of a Higgs boson with a nearly on-shell massive vector
boson (W or Z). For simplicity, in the following we will assume that the vector boson is on-shell and that
the interference with the VBF amplitude can be neglected. However, we stress that the PO formalism
clearly allow to describe both these effects (off-shell V and interference with VBF in case of V → q̄q
decay) simply applying the general decomposition of neutral- and charged-current amplitudes as outlined
above.

Similarly to VBF, Lorentz invariance allows us to decompose the amplitudes for the on-shell pro-
cesses qi(p1)q̄i(p2)→ h(p)Z(k) and ui(p1)d̄j(p2)→ h(p)W+(k) in three possible tensor structures: a
longitudinal one, a transverse one, and a CP-odd one,

A(qi(p1)q̄i(p2)→ h(p)Z(k)) = i
2m2

Z

v
q̄i(p2)γνqi(p1)εZ∗µ (k)×

×
[
F
qiZ
L (q2)gµν + F

qiZ
T (q2)

−(q · k)gµν + qµkν

m2
Z

+ F
qiZ
CP (q2)

εµναβqαkβ

m2
Z

]
,

(III.1.51)

A(ui(p1)d̄j(p2)→ h(p)W+(k)) = i
2m2

W

v
d̄j(p2)γνui(p1)εW∗µ (k)×

×
[
G
qijW

L (q2)gµν +G
qijW

T (q2)
−(q · k)gµν + qµkν

m2
W

+G
qijW

CP (q2)
εµναβqαkβ

m2
W

]
,

(III.1.52)

where q = p1 + p2 = k+ p. In the limit where we neglect the off-shellness of the final-state V , the form
factors depend only on q2. Already from this decomposition of the amplitude it is clear the importance
of providing measurements of the differential cross-section as a function of q2, as well as differential
measurements in terms of the angular variables that allow to disentangle the different tensor structures.

Performing the momentum expansion of the form factors around the physical poles, and defining
the PO as in Higgs boson decays and VBF, we find

F
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where we have omitted the indication of the (tiny) non-local terms, fixed to their corresponding SM
values. As in the VBF case, only the longitudinal form factors FL and GL contain PO not accessible in
the leptonic decays, namely the quark contact terms εZqi and εWuidj

.
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III.1.6 PO in Higgs electroweak production: phenomenology
III.1.6.a Vector Boson Fusion
At the parton level (i.e. in the qq → hqq hard scattering) the ideal observable relevant to extract the
momentum dependence of the factor factors would be the double differential cross section d2σ/dq2

1dq
2
2 ,

where q1 = p1 − p3 and q2 = p2 − p4 are the momenta of the two fermion currents entering the process
(here p1, p2 (p3, p4) are the momenta of the initial (final) state quarks). The q2

i are also the key variables
to test and control the momentum expansion at the basis of the PO decomposition.

A first nontrivial task is to choose the proper pairing of the incoming and outgoing quarks, given
we are experimentally blind to their flavour. For partonic processes receiving two interfering contribu-
tions when the final-state quarks are exchanged, such as uu → huu or ud → hud, the definition of
q1,2 is even less transparent since a univocal pairing of the momenta can not be assigned, in general,
even if one knew the flavour of all partons. This problem can be simply overcome at a practical level
by making use of the VBF kinematics, in particular the fact that the two jets are always very forward.
This implies one can always pair the momenta of the jet going, for example, on the +z direction with
the initial parton going in the same direction, and vice versa. The same argument can be used to argue
that the interference between different amplitudes (e.g. neutral current and charged current) is negligible
in VBF. In order to check this, we have performed a leading order parton level simulation of the VBF
Higgs boson production (pp → hjj) using MADGRAPH [54] (version 2.2.3) at 13 TeV c.m. energy. We
have imposed the basic set of cuts,

pT,j1,2
> 30 GeV, |ηj1,2

| < 4.5, and mj1j2
> 500 GeV. (III.1.54)

In Figure 210, we show the distribution in the opening angle of the incoming and outgoing quark mo-
menta for the two different pairings. The left plot is for the SM, while the right plot is for a specific
NP benchmark point. Shown in blue is the pairing based on the leading colour connection using the
colour flow variable while in red is the opposite pairing. The plot shows that the momenta of the colour
connected quarks tend to form a small opening angle and the overlap between the two curves, i.e. where
the interference effects might be sizeable, is negligible. This implies that in the experimental analysis
the pairing should be done based on this variable. Importantly, the same conclusions can be drawn in the
presence of new physics contributions to the contact terms.

There is a potential caveat to the above argument: the colour flow approximation ignores the
interference terms that are higher order in 1/NC , where NC is number of colours. Let us consider a
process with two interfering amplitudes with the final state quarks exchanged, for example in uu→ uuh.
The differential cross section receives three contributions proportional to

|F ff
′

L (t13, t24)|2, |F ff
′

L (t13, t24)F ff
′

L (t14, t23)| , and |F ff
′

L (t14, t23)|2 ,

where tij = (pi − pj)
2 = −2EiEj(1 − cos θij). For the validity of the momentum expansion it is

important that the momentum transfers (tij) remain smaller than the hypothesized scale of new physics.
On the other hand, imposing the VBF cuts, the interference terms turns out to depend on one small
and one large momentum transfer. However, thanks to the pole structure of the form factors, these
interference effects turns out to give a very small contribution. Therefore, we can safely state that the
momentum transfers marked with the leading colour flow are reliable control variables of the momentum
expansion validity.

In some realistic experimental analyses, after reconstructing the momenta of the two VBF tagged
jets and the Higgs boson, one can compute the relevant momentum transfers q1 and q2, adopting the
pairing based on the opening angle. However, for some interesting Higgs boson decays modes, such
as h → 2`2ν, it is not possible to reconstruct the Higgs boson momentum. In this case, a good ap-
proximation of the momentum transfer is the jet pT . This can be understood by explicitly computing
the momentum transfer q2

1,2 in the limit |pT | � Ejet and for a Higgs produced close to threshold. Let
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Figure 210: Leading order parton level simulation of the Higgs VBF production at 13 TeV pp c.m. energy (from
Ref. [654]). Show in blue is the distribution in the opening angle of the colour connected incoming and outgoing
quarks ](~p3, ~p1), while in red is the distribution for the opposite pairing, ∠(~p3, ~p2). The left plot is for the SM,
while the plot on the right is for a specific NP benchmark.
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Figure 211: Leading order parton level simulation of the Higgs VBF production at 13 TeV pp c.m. energy [654].

Shown here is the density histogram in two variables; the outgoing quark pT and the momentum transfer
√
−q2

with the initial “colour-connected” quark. The left plot is for the SM, while the plot on the right is for a specific
NP benchmark.

us consider the partonic momenta in c.o.m. frame for the process: p1 = (E,~0, E), p2 = (E,~0,−E),

p3 = (E′1, ~pT1,

√
E′21 − p2

T1) and p4 = (E′2, ~pT2,

√
E′22 − p2

T2). Conservation of energy for the whole

process dictates 2E = E′1 +E′2 +Eh, where E2
h is the Higgs energy, usually of order mh if the Higgs is

not strongly boosted. In this case E − E′i = ∆Ei � E since the process is symmetric for 1 ↔ 2. For
each leg, energy and momentum conservation (along the z axis) give




qzi = E −

√
E′2i − p2

T i

q0
i = E − E′i

→




q0
i − qzi =

√
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2
Ti
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′
i
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2
Ti

2E
′
i

. (III.1.55)

Putting together these two relations one gets

q2
i = (q0

i )
2− p2

T i− (qzi )
2 = −p2

T i + (q0
i − qzi )(q0

i + qzi ) ≈ −p2
T i−

p2
T i∆Ei
2E′i

+O(p4
T i/E

′2) . (III.1.56)
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Figure 212: Double differential distribution in the two VBF-tagged jet pT for VBF Higgs boson production at 13
TeV LHC [654]. The distribution is normalized such that the total sum of events in all bins is 1. (Left) Prediction
in the SM. (Right) Prediction for NP in εWuL

= 0.05.

We can thus conclude that, for a Higgs produced near threshold (∆Ei << E′), q2 ≈ −p2
T .

To illustrate the above conclusion, in Figure 211 we show a density histogram in two variables: the

outgoing quark pT and the momentum transfer
√
−q2 obtained from the correct colour flow pairing (the

left and the right plots are for the SM and for a specific NP benchmark, respectively). The plots indicate

the strong correlation of the jet pT with the momentum transfer
√
−q2 associated with the correct colour

pairing. We stress that this conclusion holds both within and beyond the SM.

Given the strong q2 ↔ p2
T correlation, we strongly encourage the experimental collaborations to

report the unfolded measurement of the double differential distributions in the two VBF tagged jet pT ’s:
F̃ (pTj1 , pTj2). This measurable distribution is closely related to the form factor entering the amplitude
decomposition, FL(q2

1, q
2
2), and encode (in a model-independent way) the dynamical information about

the high-energy behaviour of the process. Moreover, the extraction of the PO in VBF must be done
preserving the validity of the momentum expansion: the latter can be checked and enforced setting
appropriate upper cuts on the pT distribution. As an example, in Figure 212, we show the prediction in
the SM (left plot) and in the specific NP benchmark (right plot) of the normalized pT -ordered double
differential distribution.

III.1.6.b Associated vector boson plus Higgs boson production
Higgs boson production in association with a W or Z boson are respectively the third and fourth Higgs
boson production processes in the SM, by total cross section. Combined with VBF studies, they offer
other important handles to disentangle the various Higgs PO. Due to the lower cross section, this process
is mainly studied in the highest-rate Higgs boson decay channels, such as h → bb̄ and WW ∗. The
drawback of these channels is the background, which is overwhelming in the bb̄ case and of the same
order as the signal in the WW ∗ channels. Nonetheless, kinematical cuts, such as the Higgs boson pT in
the bb̄ case, and the use of multivariate analysis allow the experiments to precisely extract the the signal
rates from these measurements.

An important improvement for future studies of these channels with the much higher luminosity
which will be available, is to study differential distributions in some specific kinematical variables. In
Section III.1.5.a.ii we showed that the invariant mass of the V h system is the most important observable



416 III.1.6. PO in Higgs electroweak production: phenomenology

kZZ=1, ϵZuL=0, ϵZuR=0,
ϵZdL=0, ϵZdR=0

200 400 600 800 1000120014001600
0

200

400

600

800

mZh [GeV ]

p T
Z
[G
eV

]
Zh production @ 13 TeV LHC in the SM

1.× 10-5

1.3× 10-4

1.6× 10-3

2.× 10-2

kZZ=1, ϵZuL=0.1, ϵZuR=0,
ϵZdL=0, ϵZdR=0

0 1000 2000 3000 4000 5000
0

500

1000

1500

2000

2500

mZh [GeV ]

p T
Z
[G
eV

]

Zh production @ 13 TeV LHC

1.× 10-5

1.× 10-4

1.× 10-3

1.× 10-2

Figure 213: The correlation between the Zh invariant mass and the pT of the Z boson in Zh associate production
at the 13TeV LHC in the SM (left plot) and for a BSM point κZZ = 1, εZuL

= 0.1 (right plot) [654]. A very
similar correlation is present in the Wh channel.

in this process, since the form factors directly depend on it. In those channels where the V h invariant
mass can not be reconstructed due to the presence of neutrinos, another observable which shows some
correlation with the q2 is the pT of the vector boson, or equivalently of the Higgs, as can be seen in the
Figure 213. Even though this correlation is not as good as the one between the jet pT and the momentum
transfer in the VBF channel, a measurement of the vector boson (or Higgs) pT spectrum, i.e. of some
form factor F̃ V h(pTV ) would still offer important information on the underlying structure of the form
factors appearing in Eq. (III.1.53), F qiZL (q2) orG

qijW

L (q2). The invariant mass of the V h system is given
by m2

V h = q2 = (pV + ph)2 = m2
V + m2

h + 2pV · ph. Going in the centre of mass frame, we have

pV = (EV , ~pT , pz) and ph = (Eh,−~pT ,−pz), where Ei =

√
m2
i + p2

T + p2
z (i = V, h). Computing

m2
V h explicitly:

m2
V h = m2

V +m2
h + 2p2

T + 2p2
z + 2

√
m2
V + p2

T + p2
z

√
m2
h + p2

T + p2
z
|pT |→∞−→ 4p2

T . (III.1.57)

For pz = 0 this equation gives the minimum q2 for a given pT , which can be seen as the left edge
of the distributions in the Figure 213. This is already a valuable information, for example the boosted
Higgs regime used in some bb̄ analysis implies a lower cut on the q2: a bin with pT > 300 GeV implies√
q2 & 630 GeV, which could be a problem for the validity of the momentum expansion.

In the Wh process, if the W decays leptonically its pT can not be reconstructed independently of
the Higgs boson decay channel. One could think that the pT of the charged lepton from the W decay
would be correlated with the Wh invariant mass, but we checked that there is no significant correlation
between the two observables.

III.1.6.c Validity of the momentum expansion
In order to control the momentum expansion at the basis of the PO composition, it is necessary to set an
upper cut on appropriate kinematical variables. These are the pT of the leading VBF-tagged jet in VBF,
and the V h invariant mass (or the pT of the massive gauge boson) in VH.

The momentum expansion of the form factors in Eq. (III.1.50) makes sense only if the higher
order terms in q2

1,2 are suppressed. Comparing the first two terms in this expansion, this leads to the
consistency condition,

εXf q
2
max . m2

Z g
f
X , (III.1.58)
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where q2
max is the largest momentum transfer in the process. A priori we don’t know which is the size

of the εXf or, equivalently, the effective scale of new physics. However, a posteriori we can verify by
means of Eq. (III.1.58) if we are allowed to truncate the momentum expansion to the first non-trivial
terms. In VBF, setting a cut-off on pT we implicitly define a value of qmax. Extracting the εXf for

pjT < (pjT )max ≈ qmax we can check if Eq. (III.1.58) is satisfied. Ideally, the experimental collaborations
should perform the extraction of the εXf for different values of (pjT )max optimizing the range according

to the results obtained. The issue is completely analog in VH, where the q2
max is controlled by m2

V h.

It must be stressed that if data indicate non-vanishing values for the εXf , and the condition (III.1.58)

is falsified, this does not necessarily imply a break down of the momentum expansion.III.6 However, in
such case it is important to check with data the size of additional terms in this expansion. From this
point of view, it is very important to complement the PO approach with the differential measurements
of the cross-section as function of pjT that could be achieved via the so-called template-cross-section
method. In such distributions a possible break-down of the momentum expansion at the basis of the PO
decomposition could indeed be seen (or excluded) directly by data.

A further check to assess the validity of the momentum expansion is obtained comparing the fit
performed including the full quadratic dependence of the distributions, as function on the PO, with the fit
in which such distributions are linearized in δκX ≡ κX − κSM

X and εX . The idea behind this procedure
is that the quadratic corrections to physical observable in δκX and εX are formally of the same order
as the interference of the first neglected term in Eq. (III.1.50) with the leading SM contribution. If the
two fits yields significantly different results, the difference can be used as an estimate of the uncertainty
due to the neglected higher-order terms in the momentum expansion. However, as discussed in detail in
Ref. [654], such procedure naturally leads to a large overestimate of the uncertainty. This is because in
the linearized fit only a few linear combinations of the PO enter the observables, and thus the number
of independent constraints derived from data is effectively reduced. On general grounds, the fit obtained
with the full quadratic dependence should be considered as the most reliable result, provided that the
obtained PO satisfy the consistency condition in Eq. (III.1.58).

III.1.6.d Illustration of NLO QCD effects
Higgs boson production via Higgs-strahlung and VBF are very stable with respect to NLO QCD cor-
rections. At the inclusive level NLO scale uncertainties are as small as a few per cent [7–9, 265, 276]
and further reduced at NNLO [263, 264, 274, 282, 283, 291]. Given an appropriate scale choice similar
conclusion also hold at the differential level with residual NLO scale uncertainties at the 10% level.

As already discussed above, similar to the factorization in QED, the dominant QCD corrections
are universal and factorize from any new physics effects in EW Higgs boson production. Consequently,
with respect to possible small deformations from the SM, parameterized via effective form factor con-
tributions in the PO framework, we expect a very limited sensitivity to QCD effects assuming a similar
stabilization of higher order corrections as observed for the SM. In order to verify this assumption (and
to make a corresponding tool available), the PO framework has been implemented in the Sherpa +
OpenLoops [229, 247, 953, 954] framework, where the implementation within Sherpa is based on a
model independent UFO interface [955]. As in illustration, in Figure 214 we compare the NLO QCD
corrections to the pT distribution of the Z-boson in pp → ZH between the SM and a NP point with
κZZ = 1, εZuL = 0.0195. Despite the very different shape of the two distributions, higher order QCD
corrections are very similar and do only show a very mild shape dependence. Detailed studies for VBF
and VH including parton shower matching are under way.

III.6 The break-down of the momentum expansion occurs only when we approach, with a given kinematical variable, a new
pole in the amplitude due to the exchange of a NP particle. On the other hand, the dominance of the contact terms leading
to a violation of the condition (III.1.58) could also occur far from the NP poles in case of strongly interacting theories (see
e.g. Ref. [613]).
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Figure 214: Differential pT,Z distributions in the process pp → ZH in the SM (left) and including an example
of NP within the PO framework with κZZ = 1, εZuL = 0.0195 (right). Shown are LO (red) and NLO (blue)
predictions and corresponding (7-pt) scale variations employing a central scale µ0 = HT/2.

After the inclusion of NLO QCD corrections the dominant theoretical uncertainties to Higgs ob-
servables in VBF and VH are of EW type and dominated by large EW Sudakov logarithms at large
energies [254, 257, 258]. The dominant NLO EW effects are factorizable corrections which can be reab-
sorbed into a future redefinition of the PO.

III.1.7 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary to describe vari-
ous sets of Higgs boson decay amplitudes and productions cross sections. We list them below separating
four set of observables:

i) the Yukawa decay modes (h→ ff̄ );
ii) the EW decays (h→ γγ, f f̄γ, 4f );

iii) the EW production production cross sections (VBF and VH);
iv) the non-EW production cross sections (gluon fusion and tt̄H) and the total Higgs boson decay

width.

We list the PO needed for a completely general analysis, and the reduction of the number of independent
PO obtained under well-defined symmetry hypotheses, such as CP invariance or flavour universality. The
latter can be more efficiently tested considering specific sub-sets of observables.

III.1.7.a Yukawa modes

As discussed in Section III.1.2.a the h → ff̄ amplitudes are characterized by two independent PO (κf
and δCP

f ) for each fermion species. Considering only the decay channels relevant for LHC, the full set
of 8 parameters is:

κb, κc, κτ , κµ, δ
CP
b , δCP

c , δCP
τ , δCP

µ . (III.1.59)

Assuming CP conservation (that implies δCP
f = 0 for each f ) the number of PO is reduced to 4. This

is also the number of independent PO effectively measurable if the spin polarization of the final-state
fermions is not accessible. The corresponding physical PO are the Γ(h → ff̄) partial widths (see
Table 110).
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III.1.7.b Higgs EW decays
The category of EW decays includes a long list of channels; however, not all of them are accessible at
the LHC. The clean neutral current processes h→ e+e−µ+µ−, h→ e+e−e+e− and h→ µ+µ−µ+µ−,
together with the photon channels h → γγ and h → `+`−γ, can be described in terms of 11 real
parameters:

κZZ , κZγ , κγγ , εZZ , ε
CP
ZZ , δ

CP
Zγ , δ

CP
γγ , εZeL , εZeR , εZµL , εZµR (III.1.60)

(of which only the subset {κγγ , κZγ , δCPγγ , δCPZγ } is necessary to describe h → γγ and h → `+`−γ).
The charged-current process h→ ν̄eeµ̄νµ needs 7 further independent real parameters to be completely
specified:

κWW , εWW , ε
CP
WW (real) + εWeL

, εWµL
(complex) . (III.1.61)

Finally, the mixed processes h → e+e−νν̄ and h → µ+µ−νν̄ can be described by a subset of the
coefficients already introduced plus 2 further real contact interactions coefficients:

εZνe , εZνµ . (III.1.62)

This brings the total number of (real) parameters to 20 for all the (EW) decays involving muons, elec-
trons, and photons.

The extension to discuss h → 4f or h → ff̄γ decays with one or two pairs of tau leptons
is straightforward: it requires the introduction of the corresponding set of contact terms (εZτL , εZτR ,
εWτL

, εZντ
). Similarly, quark contact terms need to be introduced if one or two lepton pairs are replaced

by a quark pair.

A first simple restriction in the number of parameters is obtained by assuming flavour universality.
This hypothesis imply that the contact terms are the same for all flavours. In particular, for muon and
electron modes, this implies

εZeL = εZµL , εZeR = εZµR , εZνe = εZνµ , εWeL
= εWµL

. (III.1.63)

Technically, this correspond to assume an underlying U(N`)
2 flavour symmetry, for the N` generations

of leptons considered (namely the maximal flavour symmetry compatible with the SM gauge group).

Since the εW`L
parameters are complex in general, the relations (III.1.63) allow to reduce the

total number of parameters to 15. This assumption can be tested directly from data by comparing the
extraction of the contact terms from h→ 2e2µ, h→ 4e and h→ 4µ modes.

The assumption that CP is a good approximate symmetry of the BSM sector and that the Higgs is
a CP-even state, allows us to set to zero six independent (real) coefficients:

εCPZZ = δCPZγ = δCPγγ = εCPWW = ImεWeL
= ImεWµL

= 0 . (III.1.64)

Assuming, at the same time, flavour universality, the number of free real parameters reduces to 10.

The various cases are prorated in the upper panel of Table 111: in the second column we list the 10
PO needed assuming both CP invariance and flavour universality, while in the third and fourth column
we list the additional PO needed if these hypotheses are relaxed (for the clean modes involving only
muons and electrons). The corresponding physical PO are the partial widths reported in Table 110.

III.1.7.c EW production processes
The fermion-independent PO present in Higgs boson decays appear also in EW production processes.
The additional PO appearing only in production (assuming Higgs boson decays to quark are not de-
tected) are the contact terms for the light quarks. In a four-flavour scheme, in absence of any symmetry
assumption, the number of independent parameters for the neutral currents contact terms is 16 (ε

Zq
ij ,
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where q = uL, uR, dL, dR, and i, j = 1, 2): 8 real parameters for flavour diagonal terms and 4 complex
flavour-violating parameters. Similarly, there are 16 independent parameters in charged currents, namely
the 8 complex terms ε

Wu
i
Ld

j
L

and ε
Wu

i
Rd

j
R

. However, we can safely reduce the number of independent PO
under neglecting the terms that violates the U(1)f flavour symmetry acting on each of the light fermion

species, uR, dR, sR, cR, q(d)
L , and q(s)

L , where q(d,s)
L denotes the two quark doublets in the basis where

down quarks are diagonal. This symmetry is an exact symmetry of the SM in the limit where we neglect
light quark masses. Enforcing it at the PO level is equivalent to neglecting terms that do not interfere with
SM amplitudes in the limit of vanishing light quark masses. Under this (rather conservative) assumption,
the number of independent neutral currents contact terms reduces to 8 real parameters,

εZuR , εZcR , εZdR , εZsR , εZdL , εZsL , εZuL , εZcL , (III.1.65)

and only 2 complex parameters appear in the charged-current case:

ε
Wu

i
Ld

j
L
≡ VijεWu

j
L
, ε

Wu
i
Rd

j
R

= 0 . (III.1.66)

Similarly to the decays, a further interesting reduction of the number of parameters is obtained
assuming flavour universality or, more precisely, under the assumption of an U(2)3 symmetry acting on
the first two generations of quarks. The latter is the the maximal flavour symmetry for the light quarks
compatible with the SM gauge group. In this case the independent parameters in this case reduces to six:

εZuL , εZuR , εZdL , εZdR , εWuL
, (III.1.67)

where εWuL
is complex, or five if we further neglect CP-violating contributions (in such case εWuL

is
real). This case is listed in the second column of Table 111 (middle panel), where the terms between
brackets denote the PO appearing also in decays.

Custodial symmetry and the combination of EW production and decay modes
Assuming flavour universality and CP conservation, the number of independent PO necessary to describe
all EW decays and production cross sections is 15. These are the terms listed in the second column of
the first two panels of Table 111.

A further reduction of the number of independent PO is obtained under the hypothesis of custodial
symmetry, that relates charged and neutral current modes. The complete list of custodial symmetry
relations can be found in Refs. [653, 654]. Here we only mention the one between κWW and κZZ ,
noting that the presence of contact terms modify it with respect to the one known in the context of the
kappa-framework:

κWW − κZZ = −2

g

(√
2εW`L

+ 2
mW

mZ
εZ`L

)
, (III.1.68)

where ` = e, µ. After imposing flavour and CP conservation, custodial symmetry allow a reduction of
the number of independent PO from 15 down to 11, as shown in the lower panel of Table 111.

III.1.7.d Additional PO
The remaining PO needed for a complete description of Higgs physics at the LHC are those related to the
non-EW production processes (gluon fusion and tt̄H) and to the total Higgs boson decay width (i.e. NP
effects in invisible or undetected decay modes).

A detailed formalism, similar to the one developed for EW production and decay process, has not
been developed yet for gluon fusion and tt̄H production process. However, it should be stressed that the
latter are on a very different footing compared to EW processes since they involve a significantly smaller
number of observables. Moreover, a smaller degrees of modellization is required in order to analyse the
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corresponding data in generic NP frameworks. As a result, the combination of PO for the total cross
sections, and template-cross-section analyses of the kinematical distributions, provide an efficient way
to report data in a sufficiently general and unbiased way.

More precisely, for the time being we suggest to introduce the following two PO

κ2
g =

σ(pp→ h)

σSM(pp→ h)

∣∣∣∣∣
gg−fusion

, κ2
t =

σ(pp→ tt̄h)

σSM(pp→ tt̄h)

∣∣∣∣∣
Yukawa

, (III.1.69)

in close analogy to what it is presently done within the κ formalism. As far as the gluon fusion is
concerned, it is well known that the Higgs boson pT distribution carries additional dynamical information
about the underlying process. However, such distribution can be efficiently reported via the template-
cross-section method. Moreover, the steep fall of the pT spectrum (that is a general consequence of the
infrared structure of QCD) implies that the determination of κgg is practically unaffected by possible NP
effects in this distribution.

Finally, as far as the Higgs boson width is concerned, we need to introduce a single effective
physical PO to account for all the invisible or undetected Higgs boson decay modes. This additional
partial width must be added to the various visible partial widths in order to determine the total Higgs
boson width. Alternatively, it is possible to define an effective coupling PO as the ratio

κ2
H =

Γtot(h)

ΓSM
tot (h)

. (III.1.70)

III.1.8 PO meet SMEFT
One of the main goals of the LHC is to perform high-precision studies of possible deviations from the
SM. Ideally, this would require the following four steps: i) for each process write down some (QFT-
compatible) amplitude allowing for SM-deviations, both for the main signal analysed (e.g. a given Higgs
cross-section, close to the resonance) as well as for the background (non-resonant signal); ii) compute
fiducial observables; iii) fit the signal (SM+NP) via an appropriate set of conventionally-defined PO,
without subtracting the SM background; iv) using the PO thus obtained to derive information on the
Wilson coefficients of an appropriate Lagrangian allowing for deviations from the SM.

In the previous sections we have discussed a convenient choice for the definition of the PO relevant
to resonant Higgs physics (steps i and iii). In this section we outline how to address the last step in the
case of the so-called SM Effective Field Theory (SMEFT), i.e. how to extract the Wilson coefficients of
the SMEFT from the measured PO.

Before starting, it is worth stressing that PO are not Wilson coefficients, despite one can derive
a linear relation between the two sets of parameters when working at the lowest-order (LO) in a given
Lagrangian framework. The distinction between PO and Wilson coefficients is quite clear from their
different “status” in QFT: the PO provide a general parameterization a given set of on-shell scattering
amplitudes and are not Lagrangian parameters. Once a PO is observed to deviate from its SM value we
cannot, without further theoretical assumptions, predict deviations in other amplitudes. The latter can
be obtained only using a given Lagrangian and after extracting from data (or better from PO) the cor-
responding set of Wilson coefficients. Conversely, Wilson coefficients are scale and scheme dependent
parameters that require specific theoretical prescriptions to be extracted from physical observables. This
is why the PO can be measured including only the SM THUIII.7, while the extraction of SMEFT Wilson
coefficients require also an estimate of the corresponding SMEFT THUIII.8.

III.7By THU we mean theoretical uncertainty which has two components, parametric (PU) and missing higher order uncertain-
ties (MHOU)

III.8Although SMEFT converges to SM in the limit of zero Wilson coefficients, SMEFT and SM are different theories in the
UV.
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There is a line of thought where the Wilson coefficients in any LO EFT approach to physics beyond
the SM are not actual Wilson coefficients, but parameters encoding deformation possibilities. According
to this line of though, PO and and Wilson coefficients are somehow the same object. But this way
of proceeding has a limited applicability, especially if a deviations from the SM is found. Proceeding
along this line one could write an ad-hoc effective Lagrangian, do some calculations at LO (deviation
parameters at tree-level), interpret the data, and limit the considerations to answer the question “are there
deviations from the SM?". If we want to go a step further, viz. answering the question “What do the
deviations from the SM mean?" then it is important to separate the role of PO and Wilson coefficients.
Indeed after extracting the PO, two possibilities appear: i) top-down, namely employ a specific UV
model, compute the PO and try to figure out if it matches or not with the observed deviation; in such case
there will be an uncertainty in projecting down the UV model to the parameters and in the choice of the
input parameter set (IPS); ii) bottom-up, namely do a SMEFT analysis to extract from the PO conclusions
on the actual Wilson coefficients; here there will be an uncertainty from the order at which the calculation
is done, as well as a parametric uncertainty. In the following we illustrate the basic strategy of for the
latter (bottom-up) approach.

III.1.8.a SMEFT summary
To establish our notations we observe that in the SMEFT a (lepton number preserving) amplitude can be
written as

A =

∞∑

n=N

gnA(4)
n +

∞∑

n=N6

n∑

l=1

∞∑

k=1

gn
[

1

(
√

2GF Λ2)k

]l
A(4+2 k)
n l k , (III.1.71)

where g is a SM coupling. GF is the Fermi coupling constant and Λ is the cut off scale. l is an index
that indicates the number of SMEFT operator insertions leading to the amplitude, and k indicates the
inverse mass dimension of the Lagrangian terms inserted. N is a label for each individual process,
that indicates the order of the coupling dependence for the leading non vanishing term in the SM (e.g.,
N = 1 for h → V V etc. but N = 3 for h → γγ). N6 = N for tree initiated processes in the SM.
For processes that first occur at loop level in the SM, N6 = N − 2 when operators in the SMEFT
can mediate such decays directly thought a contact operator, for example, through a dim = 6 operator
for h → γγ. For instance, the hγγ (tree) vertex is generated by OHB = Φ†ΦBµν Bµν , by O8

HW =

Φ†Bµν Bµρ Dρ Dν Φ etc. Therefore, SMEFT is a double expansion: in g and g
6

= v2
F/Λ

2 for pole

observables and in g, g
6
E2/v2

F for off-shell ones; furthermore, the combination of parameters g g6A(6)
1,1,1

defines the LO SMEFT expression for the process while g3 g6A(6)
3,1,1 defines the NLO SMEFT amplitude

in the perturbative expansion.

To summarize, LO SMEFT refers to dim = 6 operators in tree diagrams, sometimes called “con-
tact terms” while NLO SMEFT refers to one loop diagrams with a single insertion of dim = 6 operators.
One can make additional assumptions by introducing classification schemes in SMEFT. One example of a
classification scheme is the Artz-Einhorn-Wudka “potentially-tree-generated” (PTG) scenario [687,688].
In this scheme, it is argued that classes of Wilson coefficients for operators of dim = 6 can be argued to
be tree level, or loop level (suppressed by g2/16π2)III.9. In these cases the expansion in eq. (III.1.71) is
reorganized in terms of TG (we assume a BSM model where PTG is actually TG) and LG insertions, i.e.,
LG contact terms and one loop TG insertions, one loop LG insertions and two loop SM etc. It is clear
that LG contact terms alone do not suffice.

Strictly speaking we are considering here the virtual part of SMEFT, under the assumptions that
LHC PO are defined à la LEP, i.e., when QED and QCD corrections are deconvoluted. Otherwise, the
real (emission) part of SMEFT should be included and it can be shown that the infrared/collinear part

III.9This classification scheme corresponds only to a subset of weakly coupled and renormalizable UV physics cases.
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of the one-loop virtual corrections and of the real ones respect factorization: the total = virtual + real is
IR/collinear finite at O(g4 g

6
).

It is worth nothing that SMEFT has limitations, obviously the scale should be such that E � Λ.
Understanding SM deviations in tails of distributions requires using SMEFT, but only up to the point
where it stops to be valid, or using the kappa–BSM-parameters connection, i.e., replace SMEFT with
BSM models, optimally matching to SMEFT at lower scales.

In any process, the residues of the poles corresponding to unstable particles (starting from maximal
degree) are numbers while the non-resonant part is a multivariate function that requires some basis, i.e.,
a less model independent, underlying, theory of SM deviations. That is to say, residue of the poles
can be PO by themselves, expressing them in terms of Wilson coefficients is an operation the can be
eventually postponed. The very end of the chain, the non-resonant part, may require model dependent
BSM interpretation. Numerically speaking, it depends on the impact of the non-resonant part which is
small in gluon-fusion but not in Vector Boson Scattering. Therefore, the focus for data reporting should
always be on real observables, fiducial cross sections and pseudo-observables.

To explain SMEFT in a nutshell consider a process described by some SM amplitude

ASM =
∑

i=1,n

A(i)
SM , (III.1.72)

where i labels gauge-invariant sub-amplitudes. In general, the same process is given by a contact term
or a collection of contact terms of dim = 6; for instance, direct coupling of h to V V (V = γ, Z,W ).
In order to construct the theory one has to select a set of higher-dimensional operators and to start the
complete procedure of renormalization. Of course, different sets of operators can be interchangeable as
long as they are closed under renormalization. It is a matter of fact that renormalization is best performed
when using the so-called Warsaw basis, see Ref. [616]. Moving from SM to SMEFT we obtain

ALO

SMEFT =
∑

i=1,n

A(i)
SM + i g

6
κ̂c , ANLO

SMEFT =
∑

i=1,n

κ̂iA(i)
SM + i g

6
κ̂c + g

6

∑

i=1,N

aiA(i)
nfc , (III.1.73)

where g−1
6

=
√

2GF Λ2. The last term in eq. (III.1.73) collects all loop contributions that do not fac-
torize and the coefficients ai are Wilson coefficients. The κ̂i are linear combinations of Wilson coeffi-
cients.III.10 We conclude that eq. (III.1.73) gives a consistent and convenient generalization of the original
κ-framework at the price of introducing additional, non-factorizable, terms in the amplitude.

There are several reasons why loops should not be neglected in SMEFT, one is as follows: consider
the “off-shell”gg → h fusion [501, 760, 762, 956], the “contact” term is real while the SM amplitude
crosses normal thresholds, e.g., at s = 4m2

t , where s is the Higgs virtuality. Therefore, in the interference
one misses the large effect induced by the SM imaginary part while this effect (of the order of 5% above
the tt -threshold) is properly taken into account by the inclusion of SMEFT loops, also developing an
imaginary part after crossing the same normal threshold. To summarize, the LO part (contact term)
alone shows large deviations from the SM around the tt -threshold while the one-loop part reproduces,
with the due rescaling, the SM lineshape in a case where there is no reason to neglect the insertion of
PTG operators in loops. Only the formulation including loops gives an accurate result, with deviations
of O(5%) wrt tree (uncritical as long as experimental precision is � 10% but experiments are getting
close).

III.1.8.b Theoretical uncertainty
A theoretical uncertainty arises when the value of the Wilson coefficients in the PO scenario is inferred. A
fit defined in a perturbative expansion must always include an estimate of the missing higher order terms
III.10We denote these combinations of Wilson coefficients κ̂i, rather than κi, in order to distinguish them from the PO defined
in the previous sections.
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(MHOU) [708]. Various ways exist to estimate this uncertainty, at any order in perturbation theory. One
can compute the same observable with different “options”, e.g., linearization or quadratization of the
squared matrix element, resummation or expansion of the (gauge invariant) fermion part in the wave
function factor for the external legs (does not apply at tree level), variation of the renormalization scale,
GF renormalization scheme or α -scheme, etc.

A conservative estimate of the associated theoretical uncertainty is obtained by taking the envelope
over all “options”; the interpretation of the envelope is a log-normal distribution (this is the solution
preferred in the experimental community) or a flat Bayesian prior [160, 162] (a solution preferred in a
large part of the theoretical community). It is clear that MHOU for the SM should always be included.

The notion of MHOU has a long history but it is worth noting that there is no statistical foundation
and that it cannot be derived from a set of consistent (incomplete) principles. Ideally, calculations should
be repeated using a well defined (and definable) set of options, results from different calculations should
be compared and their MHOU assumptions subjectable to falsification. Therefore, no estimate of the
theoretical errors is general enough and it is clear that there are several ways to approach the problem
with conceptual differences between the bottom-up and the top-down scenarios.

III.1.8.c Examples
In this section we provide a number of examples connecting PO to Wilson coefficients; results are based
on the work of Refs. [650, 718], and of Refs. [651, 696, 707, 720]. For simplicity we will confine the
presentation to CP-even couplings.

– h→ b̄b At tree level this amplitude is given by

AHb̄b = −1

2
g
mb

mW

[
ASM

Hb̄b + g
6

(
aφW −

1

4
aφD + aφ� − ab φ

)]
, (III.1.74)

giving the following connection with Eq. (III.1.1) (note that all deviations are real):

y
b
S = − i√

2
g
mb

mW

[
ASM

Hb̄b + g
6

(
aφW −

1

4
aφD + aφ� − ab φ

)]
. (III.1.75)

– h→ γγ The amplitude for the process h(P )→ γµ(p1)γν(p2) can be written as

Aµν
HAA = i THAA Tµν , m2

h Tµν = pµ2 p
ν
1 − p1 · p2 g

µν . (III.1.76)

The S -matrix element follows from eq. (III.1.76) when we multiply the amplitude by the photon polar-
izations eµ(p1) eν(p2); in writing eq. (III.1.76) we have used p · e(p) = 0. A convenient way for writing
the amplitude is the following: after renormalization we neglect all fermion masses butmt,mb and write

THAA =
g3

F s2
W

8π2

∑

I=W,t,b

ρHAA

I T I
HAA ; LO + gF g6

m2
h

mW
aAA +

g3
F g6

π2 T
nfc

HAA , (III.1.77)

where g2
F = 4

√
2GF m

2
W and c

W
= mW /mZ . Note that, at this point we have selected the {GF , mZ , mW }

IPS, alternatively one could use the {α , GF , mZ} IPS where

g2
A =

4π α

ŝ2
θ

ŝ2
θ

=
1

2

[
1−

√
1− 4

π α√
2GFm

2
Z

]
, (III.1.78)

with a numerical difference that enters the MHOU. Referring to eq. (III.1.73) we have

κ̂
HAA

I =
g3

F s2
W

8π2 ρHAA

I , κ̂HAA

c = gF
m2
h

mW
aAA . (III.1.79)
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In writing deviations in terms of Wilson coefficients we introduce the following combinations:

aZZ = s2
W
aφB + c2

W
aφW − s

W
c

W
aφWB , aAA = c2

W
aφB + s2

W
aφW + s

W
c

W
aφWB ,

aAZ = 2 c
W

s
W

(
aφW − aφB

)
+
(

2 c2
W
− 1
)
aφWB .(III.1.80)

The process dependent ρ -factors are given by

ρ
proc
I = 1 + g

6
∆ρ

proc
I , (III.1.81)

and there are additional, non-factorizable, contributions. For h→ γγ the ∆ρ factors are as follows:

∆ρ
HAA
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3

16

m2
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s
W
m2
W

at WB + (2− s2
W

)
c

W

s
W

aAZ + (6− s2
W

) aAA

− 1

2

[
aφD + 2 s2

W
(c2

W
aZZ − at φ − 2 aφ�)

] 1

s2
W

,

∆ρ
HAA

b = −3

8

m2
h

s
W
m2
W

ab WB + (2− s2
W

)
c

W

s
W

aAZ + (6− s2
W

) aAA

− 1

2

[
aφD + 2 s2

W
(c2

W
aZZ + ab φ − 2 aφ�)

] 1

s2
W

,

∆ρ
HAA

W = (2 + s2
W

)
c

W

s
W

aAZ + (6 + s2
W

) aAA −
1

2

[
aφD − 2 s2

W
(2 aφ� + c2

W
aZZ)

] 1

s2
W

.(III.1.82)

In the PTG scenario we only keep at φ, ab φ, aφD and aφ� in eq. (III.1.82). The advantage of eq. (III.1.77)
is to establish a link between the EFT and the κ-framework, which has a validity restricted to LO. As a
matter of fact eq. (III.1.77) tells us that appropriate κ̂ -factors can be introduced also at the loop level;
they are combinations of Wilson coefficients but we have to extend the scheme with the inclusion of
process dependent, non-factorizable, contributions.

We also derive the following result for the non-factorizable part of the amplitude:

T nfc
HAA = mW

∑

a∈{A}
T nfc

HAA(a) a , {A} = {at WB, ab WB, aAA, aAZ, aZZ} . (III.1.83)

In the PTG scenario all non-factorizable amplitudes for h → γγ vanish. Comparing with Eq. (III.1.6)
we obtain

εγγ = −1

2

vF

m2
h

THAA , T LO

HAA = T SM

HAA + gF g6

m2
h

mW
aAA . (III.1.84)

– h→ 4 f

Few additional definitions are needed: by on-shell S -matrix for an arbitrary process (involving
external unstable particles) we mean the corresponding (amputated) Green’s function supplied with LSZ
factors and sources, computed at the (complex) poles of the external lines [729, 731]. For processes that
involve stable particles this can be straightforwardly transformed into a physical PO.

The connection of the hV V, V = Z,W (on-shell) S -matrix with the off shell vertex h→ V V and
the full process pp → 4ψ is more complicated and is discussed in some detail in Sect. 3 of Ref. [612].
The “on-shell” S -matrix for hV V , being built with the the residue of the h−V−V poles in pp→ 4ψ is
gauge invariant by construction (it can be proved by using Nielsen identities) and represents one of the
building blocks for the full process: in other words, it is a PO. Technically speaking the “on-shell” limit
for external legs should be understood “to the complex poles” (for a modification of the LSZ reduction
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formulas for unstable particles see Ref. [734]) but, as well known, at one loop we can use on-shell masses
(for unstable particles) without breaking the gauge parameter independence of the result. In order to
understand the connection with Eqs. (III.1.21)–(III.1.23), defining neutral current PO we consider the
process

h(P )→ e−(p1) + e+(p2) + f(p3) + f(p4) (III.1.85)

where f 6= e, νe, and introduce the following invariants: sH = P 2, s
1

= q2
1 = (p1 + p2)2 and s

2
=

q2
2 = (p3 + p4)2, while si, i = 3, . . . , 5 denote the remaining invariants describing the process. We also

introduce sZ, the Z complex pole. Propagators are

∆A(i) =
1

si
, ∆Z(i) = P−1

Z (si) =
1

si − sZ

. (III.1.86)

The total amplitude for process eq. (III.1.85) is given by the sum of different contributions, doubly Z
resonant etc.
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)
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(
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)
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2
) + AA

(
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, s
2

)
∆A(s

1
)

+ AA

(
sH , s2

, s
1

)
∆A(s

2
) + ANR . (III.1.87)

To describe in details the various terms in eq. (III.1.87) we introduce fermion currents defined by

JµZ f (p ; q, k) = ūf (q) γµ
[
Vf (p2) +Af (p2) γ5

]
vf (k)

= V+
f (p2) ūf L(q) γµ vf L(k) + V−f (p2) ūf R(q) γµ vf R(k) ,

JµAf (p ; q, k) = Qf (p2) ūf (q) γµ vf (k) , (III.1.88)

where p = q + k. At tree level we have

V+
f =

g

c
W

(
I
(3)
f −Qf s2

W

)
, V−f = −gQf

s2
W

c
W

, Qf = gQf s
W
. (III.1.89)

The amplitude for h(P )→ γ(q1) + γ(q2) is

AAA

(
sH , s1

, s
2

)
= THAA

(
sH , s1

, s
2

)
Tµν (q1 , q2) JµA e (q1 ; p1, p2) JνA f (q2 ; p3, p4) , (III.1.90)

with q2
1 = s

1
and q2

2 = s
2
. Similarly, the amplitude for h(P )→ Z(q1) + Z(q2) is

AZZ

(
sH , s1

, s
2

)
=
[
PHZZ

(
sH , s1

, s
2

)
q2µ q1ν −DHZZ

(
sH , s1

, s
2

)
gµν

]

× JµZ e (q1 ; p1, p2) JνZ f (q2 ; p3, p4) . (III.1.91)

The ZZ, AA or AZ, doubly-resonant parts of the amplitude are shown in Figure 215 while the singly,
Z or A, parts are shown in Figure 216. For the singly-resonant amplitudes we write

AZ

(
sH , s1

, s
2

)
= ūf (p3)FHZ µ

(
sH , s1

, s
2

)
vf (p4) JµZ,e (q1 ; p1, p2) , (III.1.92)

where the form factor F is again decomposed as follows:

ūf (p3)FHZ µ vf (p4) =
∑

i F
i
HZ Ci µ ,
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s2s2s2

s1s1s1

Z , AZ , AZ , A

Z , AZ , AZ , A

p1p1p1

p2p2p2

p3p3p3

p4p4p4

Figure 215: Doubly-resonant (ZZ, AA or AZ) part of the amplitude for the process of eq. (III.1.85).

Z , AZ , AZ , A

s1(s2)s1(s2)s1(s2)

p1(p3)p1(p3)p1(p3)

p2(p4)p2(p4)p2(p4)

p3(p1)p3(p1)p3(p1)

p4(p2)p4(p2)p4(p2)

Figure 216: Singly-resonant (Z or A) part of the amplitude for the process of eq. (III.1.85).

Ci µ = { ūf (p3) γµ vf (p4) , ūf (p3) γµ γ
5 vf (p4) , . . . } . (III.1.93)

Having the full amplitude we start expanding, e.g.,
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, (III.1.94)

etc. The total amplitude of eq. (III.1.87) can be split into several components, Z doubly resonant (DR)
. . . Z singly resonant (SR) . . . non resonant (NR). Note that NR includes multi-leg functions, up to
pentagons:
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Each A amplitude is gauge parameter independent. Let us consider SMEFT at tree level, so that
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, s
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= ASM
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(
sH , s1

, s
2

)
+ ∆AAA

(
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)
, (III.1.96)
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etc.. In ∆A we do not include loops with dim = 6 insertions. Taking f = µ− and neglecting fermion
masses we obtain the following result

∆A
(
h→ e−e+µ−µ+

)
= − i g3 g

6
JµL (q1 ; p1, p2) JµL (q2 ; p3, p4) ∆AL

− i
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6
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)
JµL (q1 ; p1, p2) JνL (q2 ; p3, p4)

]
∆AT , (III.1.97)

where JµL is the left-handed fermion current (fermion masses are neglected) and ∆AL ,T are the longitu-
dinal and transverse parts of the LO SMEFT deviations. We obtain
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where v` = 1 − 2 s2
W

. With the help of eqs. (III.1.98) and (III.1.99) it is straightforward to establish
the relation between the PO of Sect. 4 and the SMEFT Wilson coefficients (when the complex poles are
identified with on-shell masses). It is worth noting that we have not included dipole operators.

It is worth noting that there are subtleties when the h is off-shell, they are described in Ap-
pendix C.1 of Ref. [731]. Briefly, there is a difference between performing an analytical continuation (h
virtuality→ h on-shell mass) in the off-shell decay width and using leading-pole approximation (LPA)
of Ref. [957], i.e., the DR part, where the matrix element (squared) is projected but not the phase-space.
Analytical continuation is a unique, gauge invariant procedure, the advantage of LPA is that it allows for
a straightforward implementation of cuts.

In order to extend the SMEFT-PO connection to loop-level SMEFT we have to consider various
ingredients separately.

– h→ ZZ The amplitude for h(P )→ Zµ(p1)Zν(p2) can be written as

Aµν
HZZ = i

(
P11

HZZ p
µ
1 p

ν
1 + P12

HZZ p
µ
1 p

ν
2 + P21

HZZ p
µ
2 p

ν
1 + P22

HZZ p
µ
2 p

ν
2 −DHZZ g

µν
)
. (III.1.100)

The result in eq. (III.1.100) is fully general and can be used to prove Ward-Slavnov-Taylor identities
(WSTI). As far as the partial decay width is concerned only P21

HZZ ≡ PHZZ will be relevant, due to
p · e(p) = 0 where e is the polarization vector. Note that computing WSTI requires additional amplitudes,
i.e., h→ φ0γ and h→ φ0φ0. The result can be written as follows:
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,
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PHZZ = 2 gF g6
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It is convenient to define sub-amplitudes; however, to respect a factorization into t, b and bosonic com-
ponents, we have to introduce the following quantities:

Wh = Wh W + Wh t + Wh b WZ = WZ W + WZ t + WZ b +
∑

gen WZ ; f

dZg = dZg ;W +
∑

gen dZg ; f dZc
W

= dZc
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∑
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; f

dZmW = dZmW ;W +
∑

gen dZmW ; f

(III.1.104)
where Wφ ;φ denotes the φ component of the φ (LSZ) wave-function factor etc. By dZpar we denote the
(UV finite) counterterm that is needed in connecting the renormalized parameters to an input parameter
set (IPS). In the actual calculation we use IPS = {GF , mZ , mW }. Furthermore,

∑
gen implies summing

over all fermions and all generations, while
∑

gen excludes t and b from the sum.
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(III.1.105)
The connection to Eqs. (20)–(24) is given by

vF g
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Z g
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′

Z PHZZ = −2 εZZ , vF g
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Z g
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′
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= 2m2

Z κZZ . (III.1.106)

– h→WW The derivation of the amplitude for h→WW follows closely the one for h→ ZZ.
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where we have introduced

D(4) ; nfc
HWW =
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∑
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)
. (III.1.108)
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These results allow us to write εWW and κWW of Eqs. (25)–(27) in terms of Wilson coefficients.

– Z → ff Let us consider the ZfF vertex, entering the process h→ 4 f :

JµZ f (p ; q, k) = ūf (q)
{
γµ
[
Vf (p2) +Af (p2) γ5

]
+ Tf (p2)σµν pν vf (k)

}
. (III.1.111)

At lowest order we have deviations defined by
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where the vector couplings are vu = 1/2− 2Qu s2
W

, vd = 1/2 + 2Qd s2
W

and u, d are generic up, down
fermions. When loops are included the decomposition in gauge invariant sub-amplitudes is not as simple
as in the previous case, fermion loops and boson loops. Here the decomposition is given in terms of
abelian and non-abelian (Z and W ) parts, Q -components (those proportional to γµ) and L -parts (those
proportional to γµ γ+). Details can be found in Sect. 6.15 of Ref. [958]. The general expression in
SMEFT will not be reported here. It is worth noting that

AZff (P 2) = Ainv
Zff (m2

Z) +
(
P 2 −m2

Z

)
Aξ
Zff (P 2) , (III.1.114)

where ξ denotes the collection of gauge parameters.

– W → ud Similarly to the Z vertex we obtain
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σνµ pν , (III.1.115)
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(−)
F =

√
2 g

6
aφ U D . (III.1.116)

Here F is a generic doublet of components U = u or νl and D = d or `. Note that aφ U D = 0 for leptons.
The general expression in SMEFT will not be reported here.
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– Z →WW Triple gauge boson couplings are dscribed by the following deviations (all momenta
flowing inwards):

Vµνρ
ZWW (p1 , p2 , p3) = g c

W
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Fµνρ (p1 , p2 , p3) = pρ1 p
µ
2 p

ν
3 − pν1 pρ2 pµ3 + gνρ (pµ3 p1 · p2 − pµ2 p1 · p3)

+ gνµ (pρ2 p1 · p3 − pρ1 p2 · p3) + gρµ (pν1 p2 · p3 − pν3 p1 · p2) ,

Gµνρ (p1 , p2 , p3) = gνρ (pµ2 − pµ3 ) + gνµ (pρ1 − pρ2) + gρµ (pν3 − pν1) ,

Hµνρ (p1 , p2 , p3) = gνρ (pµ3 − pµ2 ) + gνµ (pρ2 − pν3) . (III.1.118)

– VBF The process that we want to consider is

u(p1) + u(p2)→ u(p3) + e−(p4) + e+(p5) + µ−(p6) + µ+(p7) + u(p8) . (III.1.119)

At LO SMEFT we introduce the triply-resonant (TR) part of the amplitude (t -channel propagators are
never resonant):

Jµ±(pi , pj) = ūpi γ
µ γ± upj , ∆−1

Φ (p) = s−M2
Φ , s = p2 , (III.1.120)

ATR
LO =

[
Jµ−(p4 , p5) (1− v`) + Jµ+(p4 , p5) (1 + v`)

] [
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]

×
[
Jν−(p3 , p2) (1− vu) + Jν+(p3 , p2) (1 + vu)

] [
J−ν (p8 , p1) (1− vu) + J+

ν (p8 , p1) (1 + vu)
]
,

(III.1.121)
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W

c2
W
aZZ , (III.1.122)

where q1 = p8 − p1, q2 = p3 − p2 are the incoming momenta in VBF and q3 = p4 + p5, q4 = p6 + p7

are the outgoing ones. Furthermore, γ± = 1± γ5.

III.1.8.d SMEFT and physical PO
In this section we describe the connection between a possible realization of physical PO and SMEFT.

Multi pole expansion (MPE) has a dual role: as we mentioned, poles and their residues are in-
timately related to the gauge invariant splitting of the amplitude (Nielsen identities); residues of poles
(after squaring the amplitude and after integration over residual variables) can be interpreted as physical
PO, which requires factorization into subprocesses. However, gauge invariant splitting is not the same
as “factorization” of the process into sub-processes, indeed phase space factorization requires the pole to
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be inside the physical region. For all technical details we refer to the work in Sect. 3 of Ref. [612] which
is based on the following decomposition of the square of a propagator

∆ =
1

(
s−M2

)2
+ Γ2M2

=
π

M Γ
δ
(
s−M2

)
+ PV


 1
(
s−M2

)2


 . (III.1.123)

and on the n-body decay phase space

dΦn (P, p1 . . . pn) =
1

2π
dQ2 dΦn−j+1

(
P,Q, pj+1 . . . pn

)
dΦj

(
Q, p1 . . . pj

)
. (III.1.124)

To “complete” the decay (dΦj) we need the δ -function in eq. (III.1.124). We can say that the δ -part
of the resonant (squared) propagator opens the corresponding line allowing us to define physical PO (t -
channel propagators cannot be cut). Consider the process qq → f1f1f2f2jj, according to the structure
of the resonant poles we have different options in extracting physical PO, e.g.,

σ(qq→ f1f1f2f2jj)
PO7−→ σ(qq→ hjj) Br(h→ Zf1f1) Br(Z → f2f2) ,

σ(qq→ f1f1f2f2jj)
PO7−→ σ(qq→ ZZjj) Br(Z → f1f1) Br(Z → f2f2) . (III.1.125)

There are fine points when factorizing a process into “physical” sub-processes (PO): extracting the δ
from the (squared) propagator, eq. (III.1.123), does not necessarily factorize the phase space; if cuts
are not introduced, the interference terms among different helicities oscillate over the phase space and
drop out, i.e., we achieve factorization, see Refs. [959]. Furthermore, MPE should be understood as
“asymptotic expansion”, see Refs. [960, 961], not as Narrow-Width-Approximation (NWA). The phase
space decomposition obtains by using the two parts in the propagator expansion of eq. (III.1.124): the
δ -term is what we need to reconstruct PO, the PV-term (understood as a distribution [960]) gives the
remainder and PO are extracted without making any approximation. It is worth noting that, in extracting
PO, analytic continuation (on-shell masses into complex poles) is performed only after integrating over
residual variables [731].

We can illustrate the SMEFT - MPE - PO connection by using a simple but non-trivial example:
Dalitz decay of the Higgs boson, see Refs. [612, 962]. Consider the process

h(P )→ f(p1) + f(p2) + γ(p3) , (III.1.126)

and introduce invariants sH = −P 2, s = − (p1 + p2)2 and propagators, ∆A(i) = 1/si, ∆Z(i) =

1/(si − sZ). With sH = µ2
H − i µH γH we denote the h complex pole etc. In the limit mf → 0 the

total amplitude for process eq. (III.1.126) is given by the sum of three contributions, Z,A -resonant and
non-resonant:
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(
sH , s

)
∆Z(s) + Aµ

A

(
sH , s

)
∆A(s)

]
eµ (p3, l) + ANR , (III.1.127)

where eµ is the photon polarization vector. The two resonant components are given by

Aµ
V

(
sH , s

)
= THAV

(
sH , s

)
Tµ
ν (q , p3) JνV f (q ; p1, p2) , (III.1.128)

where JµV f is the V fermion (f ) current, V = A,Z, q = p1 +p2 and Tµν (k1 , k2) = k1 ·k2 g
µν−kν1 kµ2 .

Having the full amplitude we start expanding (MPE) according to

THAZ
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etc. (III.1.129)

Derivation continues till we define physical PO:
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In the NWA the remainder is neglected while we keep it in our formulation where the goal is extracting
PO without making approximations. The interpretation in terms of SMEFT is based on THAZ

(
sH , sZ

)
.

A convenient way for writing THAZ is the following:
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The factorizable part is defined in terms of ρ -factors
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In the PTG scenario we only keep at φ, ab φ, aφD and aφ� in eq. (III.1.132). We also derive the following
result for the non-factorizable part of the amplitude:

T nfc
HAZ =

∑

a∈{A}
T nfc

HAZ(a) a , (III.1.133)

where {A} = {aφ t V, at BW, at WB, aφb V, ab WB, ab BW, aφD, aAZ, aAA, aZZ}. In the PTG scenario there
are only 3 non-factorizable amplitudes for h→ γZ, those proportional to aφ t V, aφb V and aφD.

III.1.8.e Summary on the PO-SMEFT matching
As we have shown, there are different layers of measurable parameters that can be extracted from LHC
data. An external layer, where the kinematics is kept exact, is represented by physical PO such as
ΓSR (h→ ffγ) of eq. (III.1.130): these are similar to the σpeak

f measured at LEP and, similarly to the
LEP case, can be extracted from data via a non-trivial NWA. A first intermediate inner layer is repre-
sented by the effective-couplings PO introduced in Sections III.1.2–sec:PO-phen (and summarized in
Section III.1.7): these are similar to effective Z-boson couplings (ge

V A) measured at LEP and control the
parameterization of on-shell amplitudes. A further internal layer is represented by the κ̂i introduced in
this section, that are appropriate combinations of Wilson coefficients in the SMEFT. Finally, the inner-
most layer is represented by the Wilson coefficients (or the Lagrangian couplings) of the specific EFT
(or explicit NP model) employed to analyse the data. When moving to the innermost layer in the SMEFT
context we still have the option of performing the tree-level translation, which is well defined and should
be integrated with the corresponding estimate of MHOU, or we can go to SMEFT at the loop level, again
with its own MHOU.

III.1.9 Conclusions
The experimental precision on the kinematical distributions of Higgs boson decays and production cross
sections is expected to significantly improve in the next few years. This will allow us to investigate in
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depth a wide class of possible extensions of the SM. To reach this goal, an accurate and sufficiently
general parameterization of possible NP effects in such distributions is needed.

The Higgs PO presented in this note are conceived exactly to fulfil this goal: they provide a
general decomposition of on-shell amplitudes involving the Higgs boson, based on analyticity, unitarity,
and crossing symmetry. A further key assumption is the absence of new light particles in the kinematical
regime of interest, or better no unknown physical poles in theses amplitudes. These conditions ensure the
generality of this approach and the possibility to match it to a wide class of explicit NP models, including
the determination of Wilson coefficients in the context of Effective Field Theories.

As we have shown, the PO can be organized in two complementary sets: the so-called physical PO,
that are nothing but a series of idealized Higgs boson partials decay widths, and the effective-couplings
PO, that are particularly useful for the developments of simulation tools. The two sets are in one-to-one
correspondence, and their relation is summarized in Table 110. The complete set of effective-couplings
PO that can be realistically accessed in Higgs-related measurements at the LHC, both in production and
in decays, is summarized in Section III.1.7. The reduction of independent PO obtained under specific
symmetry assumptions (in particular flavour universality and CP invariance) is also discussed in Sec-
tion III.1.7. In two-body processes the effective-couplings PO are in one-to-one correspondence with the
parameters of the original κ framework. A substantial difference arises in more complicated processes,
such as h → 4f or VBF and VH production. Here, in order to take into account possible kinematical
distortions in the decay distributions and/or in the production cross-sections, the PO framework requires
the introduction of a series of additional terms. These terms encode generic NP effects in the hV ff̄
amplitudes and their complete list is summarized in Table 111.

The PO framework can be systematically improved to include the effect of higher-order QCD
and QED corrections, recovering the best up-to-date SM predictions in absence of new physics. The
effective-couplings PO should not be confused with EFT Wilson coefficients. However, their measure-
ment can facilitate the extraction of Wilson coefficients in any EFT approach to Higgs physics, as briefly
illustrated in Section III.1.8 in the context of the so-called SMEFT. The physical and the effective-
couplings PO can be considered as the most general and external layers in the characterization of physics
beyond the SM, whose innermost layer is represented by the couplings of some explicit NP model.
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Table 111: Summary of the effective couplings PO appearing in EW Higgs boson decays and in the VBF and VH
production cross-sections (see main text). The terms between square brakes in the middle table are the PO present
both in production and decays. The last table denote the PO needed to describe both production and decays under
the assumption of custodial symmetry.

Higgs (EW) decay amplitudes

Amplitudes Flavour + CP Flavour Non Univ. CPV

h→ γγ, 2eγ, 2µγ κZZ , κZγ , κγγ , εZZ εZµL , εZµR εCPZZ , δ
CP
Zγ , δ

CP
γγ

4e, 4µ, 2e2µ εZeL , εZeR

h→ 2e2ν, 2µ2ν, eνµν
κWW , εWW εZνµ , Re(εWµL

) εCPWW , Im(εWeL
)

εZνe , Re(εWeL
) Im(εWµL

)

Higgs (EW) production amplitudes

Amplitudes Flavour + CP Flavour Non Univ. CPV

VBF neutral curr.
[
κZZ , κZγ , κγγ , εZZ

]
εZcL , εZcR

[
εCPZZ , δ

CP
Zγ , δ

CP
γγ

]

and Zh εZuL , εZuR , εZdL , εZdR εZsL , εZsR

VBF charged curr. [ κWW , εWW ] Re(εWcL
) [εCPWW ], Im(εWuL

)
and Wh Re(εWuL

) Im(εWcL
)

EW production and decay modes, with custodial symmetry

Amplitudes Flavour + CP Flavour Non Univ. CPV

production & decays κZZ , κZγ , κγγ , εZZ εCPZZ , δ
CP
Zγ , δ

CP
γγ

VBF and VH only εZuL , εZuR , εZdL , εZdR
εZcL , εZcR
εZsL , εZsR

decays only εZeL , εZeR , Re(εWeL
) εZµL , εZµR
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III.2.1 Overview
After the successful Higgs boson coupling measurements during the LHC Run1, which had as their
main results measured signal strength and multiplicative coupling modifiers, it is important to discuss
in which way the experiments should present and perform Higgs boson coupling measurements in the
future. Simplified template cross sections were developed to provide a natural way to evolve the signal
strength measurements used during Run1. Compared to the Run1 measurements, the simplified template
cross section framework allows one to reduce in a systematic fashion the theory dependences that must be
directly folded into the measurements. This includes both the dependence on the theoretical uncertainties
in the SM predictions as well as the dependence on the underlying physics model (i.e. the SM or BSM
models). In addition, they provide more finely-grained measurements (and hence more information for
theoretical interpretations), while at the same time allowing and benefitting from the global combination
of the measurements in all decay channels.

The primary goals of the simplified template cross section framework are to maximize the sensi-
tivity of the measurements while at the same time to minimize their theory dependence. This means in
particular

– combination of all decay channels
– measurement of cross sections instead of signal strengths, in mutually exclusive regions of phase

space
– cross sections are measured for specific production modes (with the SM production serving as

kinematic template)
– measurements are performed in abstracted/simplified fiducial volumes
– allow the use of advanced analysis techniques such as event categorization, multivariate tech-

niques, etc.

The measured exclusive regions of phase space, called “bins” for simplicity, are specific to the
different production modes. Their definitions are motivated by

– minimizing the dependence on theoretical uncertainties that are directly folded into the measure-
ments

– maximizing experimental sensitivity
– isolation of possible BSM effects
– minimizing the number of bins without loss of experimental sensitivity

These will of course be competing requirements in some cases and some compromise has to be achieved.
The implementation of these basic design principles is discussed in more detail below.

A schematic overview of the simplified template cross section framework is shown in Figure 217.
The experimental analyses shown on the left are very similar to the Run1 coupling measurements. For
each decay channel, the events are categorized in the analyses, and there are several motivations for the

437
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors κ (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second
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interpretation step, making the measurements more long-term useful. For example, the treatment of the-
oretical uncertainties can be decoupled from the measurements and can be dealt with at the interpretation
stage. In this way, propagating improvements in theoretical predictions and their uncertainties into the
measurements itself, which is a very time-consuming procedure and unlikely to be feasible for older
datasets, becomes much less important. Propagating future theoretical advances into the interpretation,
on the other hand, is generally much easier.

To increase the sensitivity to BSM effects, the simplified template cross sections can be interpreted
together with e.g. POs in Higgs boson decays. To make this possible, the experimental and theoretical
correlations between the simplified template cross sections and the decay POs would need to be evaluated
and taken into account in the interpretation. This point will not be expanded on further in this section,
but would be interesting to investigate in the future.

While the simplified template cross section bins have some similarity to a differential cross section
measurement, they aim to combine the advantages of the signal strength measurements and fiducial and
differential measurements. In particular, they are complementary to full-fledged fiducial and differential
measurements and are neither designed nor meant to replace these. Fully fiducial differential measure-
ments are of course essential but can only be carried out in a subset of decay channels in the foreseeable
future. They are explicitly optimized for maximal theory independence. In practice, this means that in
the measurements acceptance corrections are minimized, typically, simple selection cuts are used, and
the measurements are unfolded to a fiducial volume that is as close as possible to the fiducial volume
measured for a particular Higgs boson decay channel. In contrast, simplified template cross sections are
optimized for sensitivity while reducing the dominant theory dependence in the measurement. In prac-
tice, this means that simplified fiducial volumes are used and larger acceptance corrections are allowed
in order to maximally benefit from the use of event categories and multivariate techniques. They are
also inclusive in the Higgs boson decay to allow for the combination of the different decay channels.
The fiducial and differential measurements are designed to be agnostic to the production modes as much
as possible. On the other hand, the separation into the production modes is an essential aspect of the
simplified template cross sections to reduce their model dependence.

III.2.2 Guiding principles in the definition of simplified template cross section bins

As outlined above, several considerations have been taken into account in the definition of the simplified
template cross section bins.

One important design goal is to reduce the dependence of the measurements on theoretical uncer-
tainties in SM predictions. This has several aspects. First, this requires avoiding that the measurements
have to extrapolate from a certain region in phase space to the full (or a larger region of) phase space
whenever this extrapolation carries nontrivial or sizeable theoretical uncertainties. A example is the case
where an event category selects an exclusive region of phase space, such as an exclusive jet bin. In this
case, the associated theoretical uncertainties can be largely avoided in the measurement by defining a
corresponding truth jet bin. The definition of the bins is preferably in terms of quantities that are directly
measured by the experiments to reduce the needed extrapolation.

There will of course always be residual theoretical uncertainties due to the experimental accep-
tances for each truth bin. Reducing the theory dependence thus also requires to avoid cases with large
variation in the experimental acceptance within one truth bin, as this would introduce a direct depen-
dence on the underlying theoretical distribution in the simulation. If this becomes an issue, the bin can
be further split into two or more smaller bins, which reduces this dependence in the measurement and
moves it to the interpretation step.

To maximize the experimental sensitivity, the analyses should continue to use event categories
primarily optimized for sensitivity, while the definition of the truth bins should take into consideration
the experimental requirements. However, in cases where multivariate analyses are used in the analyses,
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Figure 218: Stage 0 bins.

it has to be carefully checked and balanced against the requirement to not introduce theory dependence,
e.g., by selecting specific regions of phase space.

Another design goal is to isolate regions of phase space, typically at large kinematic scales, where
BSM effects could be potentially large and visible above the SM background. Explicitly separating these
also reduces the dependence of the measurements on the assumed SM kinematic distribution.

In addition, the experimental sensitivity is maximized by allowing the combination of all decay
channels, which requires the framework to be used by all analyses. To facilitate the experimental im-
plementation, the bins should be mutually exclusive to avoid introducing statistical correlations between
different bins. In addition, the number of bins should be kept minimal to avoid technical complications
in the individual analyses as well as the global fit, e.g. in the evaluation of the full covariance matrix.
For example, each bin should typically have some sensitivity from at least one event category in order
to avoid the need to statistically combine many poorly constrained or unconstrained measurements. On
the other hand, in BSM sensitive bins experimental limits are already very useful for the theoretical
interpretation.

III.2.2.a Splitting of production modes

The definition of the production modes has some notable differences compared to Run1 to deal with
the fact that the naive distinction between the qq̄ → V H and VBF processes, and similarly between
gg → V H and gluon-fusion production, becomes ambiguous at higher order when the V decays hadron-
ically. For this reason, the V H production mode is explicitly defined as Higgs boson production in as-
sociation with a leptonically decaying V boson. The qq̄ → V H process with a hadronically decaying V
boson is considered to be part of what is called “VBF production”, which is defined as electroweak qqH
production. Similarly, the gg → ZH process with hadronically decaying Z boson is included in what is
called “gluon-fusion production”.

In principle, also the separation of ZH production with a leptonic Z into qq̄ or gg initial states
becomes ambiguous at higher order. For present practical purposes, on the experimental side the split
can be defined according to the separate MC samples for qq̄ → ZH and gg → ZH used in the analyses.

III.2.2.b Staging

In practice, it will be impossible to define a set of bins that satisfies all of the above requirements for
every analysis. Some analyses will only be able to constrain a subset of all bins or only constrain the sum
of a set of bins. In addition, the number of bins that will be possible to measure increases with increasing
amount of available data. For this reason, several stages with an increasing number of bins are defined.
The evolution from one stage to the next can take place independently for each production mode.
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III.2.2.b.i Stage 0
Stage 0 is summarized in Figure 218 and corresponds most closely to the measurement of the production
mode µ in Run1. At this stage, each main production mode has a single inclusive bin, with associated
Higgs boson production separated into qq̄ →WH , qq̄ → ZH and gg → ZH channels.

As discussed in Section III.2.2.a, VBF production is defined as electroweak qqH production.
For better compatibility with Run1 measurements, the VBF production is split into a Run1-like VBF
and Run1-like V (→ jj)H bin, where the splitting is defined by the conventional Feynman diagrams
included in the simulations. In practice, most decay channels will only provide a measurement for the
Run1-like VBF bin.

III.2.2.b.ii Stage 1
Stage 1 defines a binning that is targeted to be used by all analyses on an intermediate time scale. In
principle, all analyses should aim to eventually implement the full stage 1 binning. If necessary, interme-
diate stages to reach the full stage 1 binning can be implemented by a given analysis by merging bins that
cannot be split. In this case, the analysis should ensure that the merged bins have similar acceptances,
such that the individual bins can still be determined in an unbiased way in the global combination of all
channels. In the diagrams presented below, the possibilities for merging bins are indicated by “(+)”.

III.2.2.b.iii Stage 2
Defining the stage 2 binning in full detail is very difficult before having gained experience with the
practical implementation of the framework with the stage 1 binning. Therefore, instead of giving a
detailed proposal for the stage 2 binning, we only give indications of interesting further separation of
bins that should be considered for the stage 2 binning.

III.2.3 Definition of leptons and jets
The measured event categories in all decay channels are unfolded by the global fit to the simplified
template cross sections bins. For this purpose, and for the comparison between the measured bins and
theoretical predictions from either analytic calculations or MC simulations, the truth final state particles
need to be defined unambiguously. The definition of the final state particles, leptons, jets, and in particu-
lar also the Higgs boson are explicitly kept simpler and more idealized than in the fiducial cross section
measurements. Treating the Higgs boson as a final state particle is what allows the combination of the
different decay channels.

For the moment, the definitions are adapted to the current scope of the measurements. Once a finer
binning is introduced for tt̄H or processes such as VBF with the emission of a hard photon are added,
some of the definitions below might have to be adapted or refined.

III.2.3.a Higgs boson
The simplified template cross sections are defined for the production of an on-shell Higgs boson, and
the unfolding should be done accordingly. A global cut on the Higgs boson rapidity at |YH | < 2.5 is
included in all bins. As the current measurements have no sensitivity beyond this rapidity range, this part
of phase space would only be extrapolated by the MC simulation. On the other hand, it is in principle
possible to use forward electrons (up to |η| of 4.9) in H → ZZ∗ → 4` and extend the accessible rapidity
range. For this purpose, an additional otherwise inclusive bin for |YH | > 2.5 can be included.

III.2.3.b Leptons
Electrons and muons from decays of signal vector bosons, e.g. from V H production, are defined as
dressed, i.e. FSR photons should be added back to the electron or muon. τ leptons are defined from the
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sum of their decay products (for any τ decay mode). There should be no restriction on the transverse
momentum or the rapidity of the leptons. That is, for a leptonically decaying vector boson the full decay
phase space is included.

III.2.3.c Jets

Truth jets are defined as anti-kt jets with a jet radius of R = 0.4, and are built from all stable particles
(exceptions are given below), including neutrinos, photons and leptons from hadron decays or produced
in the shower. Stable particles here have the usual definition, having a lifetime greater than 10 ps, i.e.
those particles that are passed to GEANT in the experimental simulation chain. All decay products
from the Higgs boson decay are removed as they are accounted for by the truth Higgs boson. Similarly,
leptons (as defined above) and neutrinos from decays of the signal V bosons are removed as they are
treated separately, while decay products from hadronically decaying signal V bosons are included in the
inputs to the truth jet building.

By default, truth jets are defined without restriction on their rapidity. A possible rapidity cut can be
included in the bin definition. A common pT threshold for jets should be used for all truth jets. A lower
threshold would in principle have the advantage to split the events more evenly between the different jet
bins. Experimentally, a higher threshold at 30 GeV is favored due to pile up and is therefore used for the
jet definition to limit the amount of phase-space extrapolation in the measurements.

III.2.4 Bin definitions for the different production modes
In the following, the bin definitions for the different production modes in each stage are given. The bins
are easily visualized through cut flow diagrams. In the diagrams, the bins on each branch are defined to
be mutually exclusive and sum up to the preceding parent bin. For simplicity, sometimes not all cuts are
explicitly written out in the diagrams, in which case the complete set of cuts are specified in the text. In
case of ambiguities, a more specific bin is excluded from a more generic bin. As already mentioned, for
the stage 1 binning the allowed possibilities for merging bins at intermediate stages are indicated by a
“(+)” between two bins.

III.2.4.a Bins for gg → H production

III.2.4.a.i Stage 0

Inclusive gluon fusion cross section within |YH | < 2.5. Should the measurements start to have accep-
tance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.a.ii Stage 1

Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 219 and summarized
as follows:

– Split into jet bins: Nj = 0, Nj = 1, Nj ≥ 2, Nj ≥ 2 with VBF topology cuts (defined with
the same cuts as the corresponding bin in VBF production). For the Nj ≥ 2 with VBF topology
cuts, pHT < 200 GeV is required, which gives priority to the pHT > 200 GeV bin for Nj ≥ 2.
Otherwise, the Nj ≥ 2 with VBF topology cuts is excluded from the Nj ≥ 2 bins. The jet bins
are motivated by the use of jet bins in the experimental analyses. Introducing them also for the
simplified template cross sections avoids folding the associated theoretical uncertainties into the
measurement. The separation of the Nj ≥ 2 with VBF topology cuts is motivated by the wish to
separately measure the gluon fusion contamination in the VBF selection. If the fit has no sensitivity
to determine the gluon fusion and the VBF contributions with this topology, the sum of the two
contributions can be quoted as result.
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Figure 219: Stage 1 binning for gluon fusion production.

– The Nj ≥ 2 with VBF topology bin is split further into an exclusive 2-jet-like and inclusive 3-
jet-like bin. The split is implemented by a cut on pHjjT = |~pHT + ~pj1T + ~pj2T | at 25 GeV. See the
corresponding discussion for VBF for more details. This split is explicitly included here since it
induces nontrivial theory uncertainties in the gluon-fusion contribution.

– The Nj = 1 and Nj ≥ 2 bins are further split into pHT bins.

– 0 GeV< pHT < 60 GeV: The boson channels have most sensitivity in the low pHT region. The
upper cut is chosen as low as possible to give a more even split of events but at the same time
high enough that no resummation effects are expected. The cut should also be sufficiently
high that the jet pT cut introduces a negligible bias.

– 60 GeV < pHT < 120 GeV: This is the resulting intermediate bin between the low and high
pHT regions. The lower cut here is high enough that this bin can be safely treated as a hard
H + j system in the theoretical description.

– 120 GeV < pHT < 200 GeV: The boosted selection in H → ττ contributes to the high pHT
region. Defining a separate bin avoids large extrapolations for the H → ττ contribution.
For Nj = 2, this bin likely provides a substantial part of the gluon-fusion contribution in the
hadronic V H selection.

– pHT > 200 GeV: Beyond the top-quark mass, the top-quark loop gets resolved and top-quark
mass effects become relevant. Splitting off the high-pHT region ensures the usability of the
heavy-top expansion for the lower-pHT bins. At the same time, the high pHT bin in principle
offers the possibility to distinguish a pointlike ggH vertex induced by heavier BSM particles
in the loop from the resolved top-quark loop.

At intermediate stages, all lower three pHT bins, or any two adjacent bins, can be merged. Alterna-
tively or in addition the Nj = 1 and Nj ≥ 2 bins can be merged by individual analyses as needed, and
potentially also when the combination is performed at an intermediate stage.
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Figure 220: Stage 1 binning for vector boson fusion production.

III.2.4.a.iii Stage 2

In stage 2, the high pHT bin should be split further, in particular if evidence for new heavy particles arises.
In addition, the low pHT region can be split further to reduce any theory dependence there. If desired by
the analyses, another possible option is to further split the Nj ≥ 2 bin into Nj = 2 and Nj ≥ 3.

III.2.4.b Bins for VBF production
At higher order, VBF production and V H production with hadronically decaying V become ambiguous.
Hence, what we refer to as VBF in this section, is defined as as electroweak qq′H production, which
includes both VBF and V H with hadronic V decays.

III.2.4.b.i Stage 0

Inclusive vector boson fusion cross section within |YH | < 2.5. Should the measurements start to have
acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.b.ii Stage 1

Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 220 and summarized
as follows:

– VBF events are split by pj1T , the transverse momentum of the highest-pT jet. The lower pj1T region
is expected to be dominated by SM-like events, while the high-pj1T region is sensitive to potential
BSM contributions, including events with typical VBF topology as well as boosted V (→ jj)H
events where the V is reconstructed as one jet. The suggested cut is at 200 GeV, to keep the
fraction of SM events in the BSM bin small. Note that events with Nj = 0, corresponding to
pj1T < 30 GeV, is included in the pj1T < 200 GeV bin.

– The pj1T < 200 GeV bin is split further:
– Typical VBF topology: The adopted VBF topology cuts are mjj > 400 GeV, ∆ηjj > 2.8

(and without any additional rapidity cuts on the signal jets). This should provide a good inter-
mediate compromise among the various VBF selection cuts employed by different channels.
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Figure 221: Possible stage 2 binning for vector boson fusion production.

* The bin with typical VBF topology is split into an exclusive 2-jet-like and inclusive 3-
jet-like bin using a cut on pHjjT at 25 GeV, where the cut value is a compromise between
providing a good separation of gluon fusion and VBF and the selections used in the
measurements. pHjjT as quantity to define this split is chosen as a compromise between
the different kinematic variables used by different channels to enrich VBF production.
(In particular the kinematic variables ∆φH−jj and pj3T are both correlated with pHjjT ).

– Typical V (→ jj)H topology: events with at least two jets and 60 GeV < mjj < 120 GeV.
– Rest: all remaining events, including events with zero or one jet. The “rest” bin can be

sensitive to certain BSM contributions that do not follow the typical SM VBF signature with
two forward jets.

III.2.4.b.iii Stage 2
More splits are introduced at stage 2 as illustrated in Figure 221. While the details require more discus-
sion and cannot be finalized at the present, this could include

– The high-pj1T bin can be split further by separating out very high-pj1T events for example with
additional cuts at 400 GeV and 600 GeV.

– The “rest” bin can be split further, e.g., by explicitly separating out a looser VBF selection, and/or
by separating out events with zero or one jets.

– The Nj ' 2 VBF topology bin can be split further to gain sensitivity to CP odd contributions, e.g.
by splitting it into subbins of ∆φjj or alternatively by measuring a continuous parameter.

III.2.4.c Bins for V H production
In this section, V H is defined as Higgs boson production in association with a leptonically decaying V
boson.

Note that qq̄ → V H production with a hadronically decaying V boson is considered part of VBF
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Figure 222: Stage 1 binning for associated production with vector bosons.

production. Similarly, gg → V H production with hadronically decaying V boson is considered part of
gluon fusion production.

III.2.4.c.i Stage 0

Inclusive associated production with vector bosons cross section within |YH | < 2.5. Should the mea-
surements start to have acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.c.ii Stage 1

Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 222 and summarized
as follows:

– V H production is first split into the production via a qq̄ or gg initial state. This split becomes
ambiguous at higher order. For practical purposes, on the experimental side the split can be defined
according to the MC samples used in the analyses, which are split by qq̄ and gg.

– The production via qq̄ → V H is split according to the vector boson: W → `ν and Z →
``+ νν̄.

– W → `ν and Z → `` + νν̄ are split further into bins of pVT , aligned with the quantity used
in the H → bb̄ analysis, which is one of the main contributors to the V H bins.

* pVT < 150 GeV receives contributions from the bosonic decay channels and from H →
bb̄ with W → `ν and Z → ``, which do not rely on Emiss

T triggers.
* 150 GeV < pVT < 250 GeV receives contributions from H → bb̄ with Z → νν̄ due

to the high threshold of the Emiss
T trigger, as well as from H → bb̄ with W → `ν and

Z → ``.
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Figure 223: Possible Stage 2 binning for associated production with vector bosons.

· This bin is split further into a Nj = 0 and a Nj ≥ 1 bin, reflecting the different
experimental sensitivity and to avoid the corresponding theory dependence.

* pVT > 250 GeV is sensitive to BSM contributions.
– The production via gg → ZH is split in analogy to production from the qq̄ initial state, apart

from the pVT > 250 GeV bin, which is not split out.

III.2.4.c.iii Stage 2

More splits are introduced at stage 2 as illustrated in Figure 221. While the details need more discussion,
this could include

– Split of the Z → ``+ νν̄ into Z → `` and Z → νν̄.
– Split of the pVT < 150 GeV into aNj = 0 and aNj ≥ 1 bin, except maybe for the Z → `` channel,

which will suffer from the low Z → `` branching ratio.
– Split of the pVT > 250 GeV bin into pVT < 400 GeV and pVT > 400 GeV, to increase the sensitivity

to BSM contributions with very high pVT , potentially apart from the Z → ``.
– Potentially analogous splits for gg → ZH production.
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III.2.4.d Treatment of tt̄H production
III.2.4.d.i Stage 0
Inclusive tt̄H production with |YH | < 2.5. Should the measurements start to have acceptance beyond
2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.d.ii Stage 1
Currently no additional splits beyond stage 0 are foreseen. One option might be to separate different top
decay channels for |YH | < 2.5.

III.2.4.d.iii Stage 2
In the long term it could be useful to split into bins with 0 and ≥ 1 additional jets or one or more bins
tailored for BSM sensitivity.

III.2.4.e Treatment of bb̄H and tH production
In the foreseeable future, there will only be one inclusive bin for bb̄H production and only one inclusive
bin for tH production for |YH | < 2.5. Should the measurements start to have acceptance beyond 2.5, an
additional bin for |YH | > 2.5 can be included.

III.2.5 Practical considerations
To facilitate the combination of the results from ATLAS and CMS, the same bin definitions need to be
used by the two collaborations. As for the Run1 Higgs boson coupling measurements, a combination
of results from ATLAS and CMS will also require that the two collaborations estimate systematic and
residual theoretical uncertainties in a compatible way. This might be facilitated for example by the use
of the same Monte Carlo generators in the measurements.

After first experience with the measurement and interpretation has been collected, the stage 1 bin
definitions should be reviewed. This should in particular include the definition of the VBF topology
cuts as well as the pHjjT split. In cases where the bin definitions are clearly inadequate, they should be
improved for future measurements. The stage 2 bins will be defined in detail taking into account the
experience gained during the measurements based on the stage 1 definitions.

A reference implementation of the bin definitions in Rivet has been developed [963]. This will
facilitate a consistent treatment in both experiments as well as in theoretical studies.

III.2.6 Summary
Simplified template cross sections provide a way to evolve the signal strength measurements that were
performed during LHC Run1, by reducing the theoretical uncertainties that are directly folded into the
measurements and by providing more finely-grained measurements, while at the same time allowing and
benefitting from the combination of measurements in many decay channels. Several stages are proposed:
stage 0 essentially corresponds to the production mode measurements of Run1 and stage 1 defines a first
complete setup, with indications for potential bin merging when a given channel cannot yet afford the
full stage 1 granularity. A complete proposal for the stage 2 binning will need to be based on experience
of using the simplified template cross section framework in real life, but some indications of what could
be interesting are already given here.
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III.3.1 Introduction

Over the past years fiducial measurements, both differential and total, became standard practice for
characterizing Standard Model (SM) processes at the LHC. The advantage of quoting such results over
inclusive cross section measurements lies in the almost complete factorization of experimental and the-
oretical uncertainty sources: whereas for inclusive cross section measurements one extrapolates back to
account for acceptance and phase-space regions not measured by the detector or removed by the analy-
sis, fiducial cross sections are defined within an experiment dependent fiducial volume of acceptance and
phase space. The large extrapolation from the measured subset to the entirety of phase space is reduced
to account solely for reconstruction efficiencies and to revert resolution effects and migrations inside and
outside the fiducial region. If one now wishes to confront the measured fiducial cross section with a
new SM or beyond the SM (BSM) theory, one can readily do so once one accounted for the acceptance
and no repetition of the analysis of the original data is needed. This helps preserve the measured results
and allow for a comparison even in a scenario of a new theory being developed years after an original
measurement has been carried out.

The measurement of differential or total fiducial cross sections offers an alternative approach to
study the properties of the Higgs boson: a range of physical phenomena are accessible, such as the
theoretical modelling of different Higgs boson production mechanism or BSM contributions, by measur-
ing kinematic distributions constructed from the Higgs boson decay products or other objects produced
in association with the Higgs boson. The fiducial or differential cross sections may be split into four
categories based on what underlying physical aspect they are probing:

1. Higgs boson kinematics: In Higgs boson decay final states with no undetectable particles, such as

neutrinos, the transverse momentum of the Higgs boson, pH
T , and the absolute rapidity,

∣∣∣yH
∣∣∣, can

be measured with good experimental precision. Inclusive Higgs boson production is dominated
by gluon fusion for which the transverse momentum is largely balanced by the emission of QCD
radiation. Measuring pHT probes the perturbative QCD modelling of this production mechanism.
The rapidity distribution of the Higgs boson is sensitive to the gluon fusion production mechanism
as well as to the parton distribution functions (PDFs) of the colliding protons.

2. Jet activity: The jet multiplicity, Njets and the transverse momentum and rapidity distributions of
the leading and subleading jets are sensitive to the theoretical modelling and relative contributions
of different Higgs boson production mechanisms. In the SM events with zero and one jet are
dominated by gluon fusion production of the Higgs boson and the transverse momentum and
rapidity of the leading jet probes the theoretical modelling of hard quark and gluon radiation in this
process. The contribution from vector boson fusion and associated production with vector bosons
becomes more important for two-jet events. The contribution from Higgs boson production in
association with top-antitop production becomes more relevant in the highest jet multiplicities.
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3. Spin and CP quantum numbers: Angular observables, such as the angle between the Higgs boson
decay products and the beam axis or the azimuthal angle between the two leading jets in events
containing two or more jets are sensitive to the spin and charge conjugation and parity properties
of the Higgs boson, respectively.

4. Higgs boson production mechanisms: Specific fiducial regions may be constructed which target
certain Higgs boson production mechanism. For instance in events with two or more jets, one may
look at the subset of events with jets with a large rapidity separation between the two leading jets
and a large dijet mass. This selects events with suppressed colour flow between the two jets, which
is expected for Higgs boson production from the vector boson fusion process, but not from gluon
fusion. Using similar criteria Higgs boson production associated with vector bosons or top-antitop
pairs can be targeted and fiducial cross sections enriched with such can be studied.

For BSM contributions some regions are more interesting than others: in some scenarios large
contributions near kinematic corners of phase space are expected. The purpose of this chapter is to review
the state of the art of predicting fiducial cross sections inside the SM and provide a summary of interesting
observables and fiducial regions that can be used to search for physics beyond the SM. In addition a
summary of the experimental aspects of fiducial measurements are reviewed and a range of suggestions
for future measurements is given. The rest of this chapter is organized as follows: Section III.3.2 provides
a brief summary of fiducial measurements carried out in Run 1 of the LHC. Section III.3.3 reviews the
state-of-the-art of predicting fiducial cross sections for the SM and discusses the current limitations.
These studies are carried out using template fiducial regions with acceptance and kinematic cuts close
to the expected definition for Run 2 for the ATLAS and CMS experiments. Section III.3.4 reviews the
effects that can arise from new physics contributions. In particular, a range of suggestions is presented
which kinematic regions might be probed in future measurements. Section III.3.5 provides a review of
the necessary experimental methods and prerequisites to carry out fiducial measurements. Among the
aspects discussed is a brief review of what points should be considered when reverting migrations inside
the fiducial region or in and outside the fiducial region. The combination of several measurements, as
well as the implications of different treatments of the Higgs boson mass is discussed as well. The chapter
concludes with Section III.3.6 with a list of recommendations on how future measurements should be
presented.

III.3.2 Review of Run 1 and early Run 2 results
In the first running period of the LHC, several measurements of fiducial cross sections have been carried
out by the ATLAS and CMS experiments. These measurements mark the transition from the discovery
of the Higgs boson, and first measurement characterizing its quantum numbers, to less statistical pow-
erful but more model independent statements about its properties. Such measurements were first carried
out in the channels with high mass resolution, H → γγ [964, 965] and H → ZZ∗ → 4` [966, 967],
More recently, the first measurements of the differential fiducial cross sections in H → WW decay
channel also appeared [968]. First combinations of total and differential information from H → γγ and
H → ZZ∗ → 4` also were carried out, extrapolating into the inclusive phase space and correcting for
the difference in branching fraction, cf. Ref. [969]. A variety of results were reported, ranging from
inclusive and exclusive jet multiplicities to differential information characterizing the Higgs boson, its
decay products, or objects produced in association with it: the Higgs boson pT distribution and absolute
rapidity has been measured, the number of jets as well as the pT and rapidity distributions of the leading
and sub-leading jets. Angular observables from jets and jets plus the Higgs boson decay products have
been reported. Figure 224 shows a summary of the fiducial regions measured by ATLAS in the H → γγ
channel and the measured Higgs boson pT spectrum reported by CMS using H → ZZ∗ → 4` events.
The precision of the probed fiducial regions and differential observables are all statistically limited at this
point.



Chapter III.3. Higgs Fiducial Cross Sections 451

  [fb]fidσ

-110 -110×2 1 2 3 4 5 10 20 30 210

 > 80 GeVmiss
TE

 1≥ leptonsN

VBF-enhanced

 3≥ jetsN

 2≥ jetsN

 1≥ jetsN

Diphoton baseline ATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

Htt + VH  =  VBF + HX

HXLHC-XS + 
HXHRes 2.2 + 

HXSTWZ + 
HXJetVHeto + 

HXBLPTW + 
HX8 + YMiNLO HJ+P
HX8 + YMiNLO HJJ+P

(H
) 

[fb
/G

eV
]

T
/d

p
fid

 
σd

-310

-210

-110

1
 (8 TeV)-119.7 fbCMS

sys. unc.)⊕Data (stat. H (POWHEG+JHUGen) + XH→gg

Systematic uncertainty H (MiNLO HJ) + XH→gg

Model dependence H (HRes) + XH→gg

XH = VBF + VH + ttH

(H) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

R
at

io
 to

 H
R

es

0

0.5

1

1.5

2

2.5

Figure 224: (left) Various fiducial regions measured by Ref. [964] using H → γγ decays: the data points
show measured cross sections of total, inclusive jet multiplicities as well as VBF and VH enhanced regions. The
coloured bands show several theory predictions for the different fiducial regions for gluon fusion and other SM
Higgs boson production. (right) The measured differential Higgs boson pT spectrum is shown from Ref. [967]
using H → ZZ∗ → 4` events. The data points show the measured cross section and the different shaded bands
theory predictions from gluon fusion and other SM Higgs boson production.

The reported cross sections are unfolded to the particle level, defined by particles that have life-
times such that cτ > 10 mm. The reported fiducial volumes differ for each final state and between
experiments. The defining criteria of the fiducial volumes were chosen to be very similar to the criteria
applied at detector level to ensure minimal model dependence in the final measurements. In both exper-
iments, leptons are identified using an isolation criterion by summing over energetic clusters in a cone
around the charged track trajectory. This can be mimicked at particle level by requiring a similar isolation
in a cone around the particle-level lepton. For photons a similar requirement can be imposed to closely
match the experimental selection. Other requirements that enter the fiducial acceptance is the overall de-
tector acceptance, trigger threshold energies, and analysis selection cuts. Once defined, selection related
efficiencies can be reverted to convert fitted yields into fiducial cross sections. Migrations inside the
fiducial volumes from finite resolution are reverted as well, what allows direct comparison with theory
predictions. Two different methods to accomplish this are used right now: the ATLAS H → γγ and
H → ZZ∗ → 4` results chose to use correction factors, while the CMS H → ZZ∗ → 4` and the CMS
H → γγ results directly inverted the migration matrix. Several results [964, 966] are already published
on HEPDATA [970] along with example RIVET routines [310] to apply the corresponding particle level
fiducial selection of each analysis, while the others are expected to follow [965, 967, 968].

The ATLAS experiment reported in a follow up publication to Ref. [964] also the statistical corre-
lations between five measured differential distributions in Ref. [971]. This allows the simultaneous anal-
ysis of several differential distributions and the result of a proof-of-concept analysis constraining BSM
physics is shown in Figure 225 along with the determined statistical correlations between exclusive jet
bins and the Higgs boson pT. Finally, ATLAS reported fiducial cross sections of pp → ZZ(∗) → 4`
in which the Higgs boson contribution from H → ZZ∗ → 4` was included as part of the signal defini-
tion [972].

Fiducial cross sections results using early Run 2 data were reported by both ATLAS and CMS for
the H → γγ and H → ZZ∗ → 4` channels. Figure 226 shows preliminary results of the total fiducial
cross section for centre-of-mass energies at 7, 8 and 13 TeV from Refs. [973, 974].



452 III.3.2. Review of Run 1 and early Run 2 results

S
ta

tis
tic

al
 c

or
re

la
tio

n 
[%

]

0

10

20

30

40

50

60

70

80

90

100

 [GeV]γγ
T

p

je
ts

N

74.8
0.5±

7.7
1.0±

4.7
1.1±

2.8
1.0±

40.1
1.0±

14.3
1.1±

7.3
1.1±

2.0
1.0±

23.0
1.2±

23.0
1.1±

9.0
1.0±

5.2
1.0±

12.5
1.2±

29.4
0.9±

9.7
1.0±

5.2
1.0±

4.1
1.0±

28.6
0.9±

12.7
1.0±

7.9
1.0±

3.7
1.0±

30.0
0.9±

22.5
0.9±

10.4
1.0±

-1.3
1.0±

19.4
1.0±

21.6
1.0±

10.5
1.0±

0.3
1.1±

15.3
1.0±

20.5
1.0±

20.9
1.0±

0=

1=

2=

3≥

0-20 20-30 30-40 40-50 50-60 60-80 80-100 100-200

-1 = 8 TeV,  20.3 fbs,  γγ → H → pp ATLAS

γc
-0.002 0 0.002 0.004 0.006

gc

-0.0015

-0.001

-0.0005

0

0.0005

0.001

γc
-0.002 0 0.002 0.004 0.006

gc

-0.0015

-0.001

-0.0005

0

0.0005

0.001

Standard Model

95% CL
68% CL

3 10× gc
-0.6 -0.4 -0.2 0 0.2 0.4

-310×

3
 1

0
× gc~

-0.4

-0.2

0

0.2

0.4

-310×

ATLAS internal
-1 = 8 TeV, 20.3 fbs, γ γ → H →pp 

St
at

is
tic

al
 c

or
re

la
tio

n 
[%

]

0
10
20
30
40
50
60
70
80
90
100

 [GeV]γγ

T
p

je
ts

N

74.8
0.5±

7.7
1.0±

4.7
1.1±

2.8
1.0±

40.1
1.0±

14.3
1.1±

7.3
1.1±

2.0
1.0±

23.0
1.2±

23.0
1.1±

9.0
1.0±

5.2
1.0±

12.5
1.2±

29.4
0.9±

9.7
1.0±

5.2
1.0±

4.1
1.0±

28.6
0.9±

12.7
1.0±

7.9
1.0±

3.7
1.0±

30.0
0.9±

22.5
0.9±

10.4
1.0±

-1.3
1.0±

19.4
1.0±

21.6
1.0±

10.5
1.0±

0.3
1.1±

15.3
1.0±

20.5
1.0±

20.9
1.0±

0=

1=

2=

3≥

0-20 20-30 30-40 40-50 50-60 60-80 80-100 100-200

-1 = 8 TeV,  20.3 fbs,  γγ → H → pp   PreliminaryATLAS

Figure 225: (left) Statistical correlations between exclusive jet bins and Higgs boson pT . (right) Proof-of-
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two photons (cγ) are shown.
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III.3.3 State-of-the-art Standard Model predictions

Sometimes in the experimental analyses the fiducial cross sections are extrapolated onto the full phase
space by simulating the relevant geometric acceptances by means of various Monte Carlo generators in
order to quote a total cross section for the underlying process (cf. Ref. [969] and Section III.3.5.e). In
view of the high precision expected in Run 2 fiducial measurements, it is of primary relevance to provide
the experiments with accurate theory predictions for two reasons. On the one hand, it is necessary to
perform an comparison to data at the fiducial level, before extrapolating to the inclusive phase space,
and to quote the relative measurement publicly. On the other hand, it is important to study how the tools
used in the comparison and in the extrapolation behave in the presence of the fiducial cuts, in order to
avoid the propagation of unwanted generator-dependent effects into the quoted total cross sections. In
order to have a robust control over the extrapolation procedure, it is in fact necessary to assess precisely
the performance of the event generators as well as the theoretical uncertainties associated with such
simulations, both at the perturbative and non-perturbative level.

The ultimate and future goal of this section of the Task Force is to perform a comprehensive
comparison and validation of the predictions obtained with the event generators currently used in exper-
imental analyses to the best available results.

The development of several computational techniques in the past few years considerably improved
the known perturbative accuracy of many of the relevant signal and background processes. In the rest of
this section we provide templates for the fiducial volumes relative to the three final states γγ, WW∗ →
2`2ν, ZZ∗ → 4`, followed by the state-of-the-art predictions for the signal and, whenever possible,
background processes. As far as the signal is concerned, since the template fiducial volumes that will
be given below are dominated by the gluon fusion production mode, we limit ourselves to considering
the latter in this section. A comprehensive review of the available predictions and public tools can be
found in Chapter I.4 of this volume. The contribution of additional production modes, notably VBF
and VH associate production, should be also taken into account when considering the fiducial template
volumes presented here. A review of the available results for both QCD and EW effects can be found in
the Chapter I.5 of the present volume. However, considering the moderate size of the latter production
channels in comparison to the gluon-fusion mode, it is necessary to define different sets of fiducial cuts
which enhance their contribution. This study is addressed in Chapter I.5 of this report, and it will be
considered in the future by this Task Force. Analogously, the precise study of subdominant contributions
to a given fiducial volume may require the definition of multiple specific fiducial sub-categories, with the
goal of enhancing different kinematic regimes and increasing the experimental sensitivity. Examples of
these regions are the tails of the differential distributions, or the off-shell production regime.

In the rest of this section, we classify the signal predictions into two categories, according to
their jet multiplicity: totally inclusive in the number of QCD jets, and with at least one jet. For such
processes NNLO QCD predictions for the fiducial cross sections and distributions will be reported in
Sections III.3.3.b, III.3.3.c below. Since some analyses use the theory calculations to perform the back-
ground subtraction, the same type of validation is necessary for the relevant background processes. As
far as the irreducible background reactions are concerned, while in γγ production a data-driven fit is
used to estimate the background, in the ZZ∗ and WW∗ final states a precise theoretical calculation is
necessary. Section III.3.3.d reports NNLO QCD predictions for ZZ∗ → 4` production, while the WW∗

case is left for future work.

A similar comprehensive benchmarking in the presence of exclusive cuts on the QCD activity
accompanying Higgs boson production is being conducted within the context of the Les Houches 2015
Workshop [975]. We conclude this section with a summary of the detailed comparisons which have been
carried out. The future validation of tools in the presence of realistic fiducial cuts should benefit from
the interaction and coordination of activities between the two working groups.
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III.3.3.a Template fiducial regions for benchmark

In this section we report the definitions of the template fiducial volumes for Higgs boson production.
These templates do not serve as a reference for the fiducial definitions that will be used in Run 2 analyses,
but rather as a plausible set of cuts that will be used in the benchmarking process. Kinematic cuts are
listed according to the Higgs boson decay mode, for the three final states H → ZZ∗ → 4`, H → γγ ,
and H →WW∗ → 2`2ν. As mentioned in the introduction to this chapter, the definition of the fiducial
regions should have as little impact as possible on the phase space available for BSM searches in Higgs
signatures, and should be defined mainly in order to minimize the model dependence. Therefore, fiducial
regions will be largely defined by the detector coverage and by trigger performances, rather than by
theoretical prejudice.

III.3.3.a.i Fiducial volume forH → ZZ∗ → 4`

Muons (electrons) are required to have a transverse momentum larger than 5 GeV( 7 GeV) and rapidity
|η| ≤ 2.5. The leading lepton pair is defined as the same-flavoured-opposite-signed (SFOS) lepton pair
with the smallest |mZ−m``|. The leading-lepton-pair invariant mass is denoted by m12. The subleading
lepton pair is the remaining pair of SFOS leptons with smallest |mZ−m``|. Its invariant mass is denoted
by m34. Jets are reconstructed using the anti-kt algorithm [191] with a radius parameter of 0.4. All jets
with a transverse momentum larger than 30 GeVand rapidity |η| ≤ 4.4 are used in the selection criteria.
Neutrinos are not considered in the jet definition.

The fiducial volume for the H→ ZZ∗ → 4` channel is reported in Table 112

Table 112: Template fiducial cuts for the H→ ZZ∗ → 4` channel.

Template fiducial region for H→ ZZ
∗ → 4`

Leading lepton: pt > 20 GeV

1st subleading lepton: pt > 10 GeV

2nd subleading lepton: pt > 7 (5) GeVfor electrons (muons)

3rd subleading lepton: pt > 7 (5) GeVfor electrons (muons)

All leptons are required to be isolated:

ratio of the sum of pt’s of all charged particles within ∆R = [(∆φ)
2

+ (∆η)
2
]
1/2

< 0.4

from the lepton to the lepton’s pt must be smaller than 0.4

Mass requirements: 40 GeV ≤ m12 ≤ 120 GeV; 12 GeV ≤ m34 ≤ 120 GeV

Lepton separation: ∆R(i, j) > 0.1 for all leptons i, j

J/Ψ invariant mass veto: mij > 4 GeVfor all SFOS leptons i, j

Invariant mass cut: 120 GeV ≤ m4` ≤ 130 GeV
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III.3.3.a.ii Fiducial volume forH → γγ

Photons are requested to have a transverse momentum larger than 25 GeVand rapidity |η| ≤ 2.5. The
photon pair with the largest transverse momentum is denoted as the leading photon pair. Its invariant
mass is denoted by mγγ . Jets are reconstructed using the anti-kt algorithm [191] with a radius parameter
of 0.4. All jets with a transverse momentum larger than 30 GeVand rapidity |η| ≤ 4.4 are used in the
selection criteria. Neutrinos are not considered in the jet definition.

The fiducial volume for the H→ γγ channel is reported in Table 113

Table 113: Template fiducial cuts for the H→ γγ channel.

Fiducial region for H→ γγ

Leading photon: pt/mγγ > 0.35

Subleading photon: pt/mγγ > 0.25

All photons are required to be isolated:

ratio of the sum of Et’s of all charged particles within ∆R = [(∆φ)
2

+ (∆η)
2
]
1/2

< 0.2

from the photon to the photon’s Et must be smaller than 0.2

Invariant mass cut: 105 GeV ≤ mγγ ≤ 160 GeV

III.3.3.a.iii Fiducial volume forH →W+W− → 2`2ν

The leading (subleading) lepton is required to have a transverse momentum larger than 20 GeV(10 GeV),
and rapidity |η| ≤ 2.5. Jets are reconstructed using the anti-kt algorithm [191] with R = 0.4. All jets
with a transverse momentum larger than 30 GeVand rapidity |η| ≤ 4.4 are used in the selection criteria.
Neutrinos are not considered in the jet definition.

The fiducial volume for the H→W+W− → 2`2ν channel is reported in Table 114

III.3.3.b Fiducial cross sections for Higgs boson production in association with njet ≥ 1 jets
In this section we present results at 13 TeV for the fiducial cross sections and some kinematic distributions
for Higgs boson production, inclusive in the number of QCD jets. The calculation is performed with the
HRes [223, 224] program, which computes the cross section for SM Higgs boson (H) production by
gluon-gluon fusion. HResIII.11 combines the fixed-order calculation of the cross section up to NNLO
with the resummation of the logarithmically-enhanced contributions at small transverse momentum (qT )
up to NNLL accuracy in QCD. The method that is used to perform the resummation is presented in
Ref. [196].

The produced Higgs boson subsequently decays into the three final states H→ γγ , H→WW∗ →
2`2ν or H → ZZ∗ → 4`. In the case of H → WW∗ and H → ZZ∗ decays, finite-width effects of
the vector bosons and the appropriate interference contributions are also included. The results below
are generally obtained in the large-mt approximation, and the effects of top- and bottom-quarks in the
production are included following ref. [224]. The calculation retains the full kinematics of the Higgs
boson and of its decay products, allowing the user to apply arbitrary cuts on these final-state kinematical
variables, and to plot the corresponding distributions in the form of bin histograms. Given that the
Higgs boson transverse momentum resummation is fully inclusive in the QCD initial-state radiation, we

III.11The program can be downloaded from Ref. [976], together with some accompanying notes.
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Table 114: Template fiducial cuts for the H→W+W− → 2`2ν channel.

Fiducial region for H→W
+
W
− → 2`2ν

Lepton invariant mass: m(ll) > 12 GeV

Lepton transverse momentum: pt,`` > 30 GeV

All leptons are required to be isolated:

ratio of the sum of pt’s of all charged particles within ∆R = [(∆φ)
2

+ (∆η)
2
]
1/2

< 0.4

from the lepton to the lepton’s pt must be smaller than 0.4

Lepton transverse mass: mT (ll, νν) > 50 GeV

where mT (ll, νν) =
√

(Et,`` + pt,νν)
2 − |~pt,`` + ~pt,νν|2, and Et,`` =

√
p

2
t,`` +m

2
``

Missing transverse energy: Emiss
T > 15 GeV

consider the sets of fiducial volumes presented in the previous subsection, ignoring the cuts on QCD jets.
This in particular affects the isolation requirements on photons and charged leptons.

The parton distribution functions are chosen according to the PDF4LHC15 recommendation [35],
with densities and αS evaluated at each corresponding perturbative order. As for the electroweak param-
eters, we follow the LHCHXSWG recommendations [9], in particular we set the Higgs boson mass at
MH = 125 GeV. The renormalization and factorization scales are fixed to the value µR = µF = MH

while the resummation scale is fixed at the value Q = MH/2.

We start by considering the diphoton decay channel H → γγ . The cuts on final state photons are
reported in Table 113, and QCD jets are not considered in the isolation criterion. The corresponding
fiducial cross sections are shown in Table 115, which reports the resummed results at NLL+NLO and
NNLL+NNLO level, and we compare them with the NNLO fixed order predictions obtained with the
HNNLO code. [172].

We recall that at large values of qT the resummed calculation implements a perturbative unitarity
constraint [196], that guarantees to exactly reproduce the NNLO value of the total cross section for
the Higgs boson production after integration over qT . However, kinematic cuts affects in a different
way fixed order and resummed predictions, leading to small differences in the fiducial cross sections, as
shown in Table 115.

Figures 227 and 228 show some relevant differential distributions. The left plot of Figure 227
shows the diphoton transverse-momentum p

γγ
T distribution, and the right plot shows the pt,γγ

T distribu-
tion defined as the magnitude of the transverse momentum of the diphoton system perpendicular to the
diphoton thrust axis t̂. The transverse momentum distributions for the leading and subleading photons
are shown in Figure 228. By inspecting these plots we see that the resummed calculations are essential
to restore the predictivity of perturbation theory in the small-transverse-momentum region. Moreover,
NNLL resummation gives a sizeable effect, with respect to the NNLO calculations, in a wide intermedi-
ate region up to the chosen resummation scale qT ∼<MH/2. Finally in the large-qT region (qT ∼ MH),
where the resummation does not improve the accuracy of the fixed-order expansion, the NNLL+NNLO
predictions obtained with HRes show perfect agreement with the NNLO ones.

Next we consider the decay channels H→ ZZ → 4` and H→W+W− → 2`2ν with the cuts on
the final state leptons as in tabs. 112, 114. The corresponding fiducial cross sections at NLL+NLO,
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Table 115: Fiducial cross sections for pp→ H +X → γγ +X , pp→ H +X →W+W−+X → 2`2ν +X and
pp→ H +X → ZZ +X → 4`+X at the LHC (

√
s = 13 TeV): fixed-order results at NNLO and corresponding

resummed results at NLL+NLO and NNLL+NNLO. The result in the W+W− channel refers to a single lepton
family. The uncertainties are obtained by varying the scales µR = µF by a factor of two around the central value.
For the resummed calculations, in addition, the resummation scale Q is varied by a factor of two in either direction
by keeping µR = µF = 2Q.

Cross section [fb] NLL+NLO NNLL+NNLO NNLO

H→ γγ 41.63+9%
−8% 54.2+9%

−8% 54.6+9%
−8%

H→W+W− → 2`2ν 34.99+9%
−8% 45.4+9%

−8% 46.0 +9%
−8%

H→ ZZ→ e+e−µ+µ− 0.792+9%
−8% 1.042+9%

−8% 1.042+9%
−8%

H→ ZZ→ e+e−e+e− 0.441+9%
−8% 0.581+9%

−8% 0.583+9%
−8%

H→ ZZ→ µ+µ−µ+µ− 0.521+9%
−8% 0.685+9%

−8% 0.687+9%
−8%

Figure 227: Higgs boson production and diphoton decay at the LHC. Transverse-momentum distribution pγγ
T

(left) and pt,γγ
T distribution (right) obtained by resummed NLL+NLO and NNLL+NNLO and fixed-order NNLO

calculations. Selection cuts on the final-state photons are described in the text.

NNLL+NNLO and NNLO are reported in Table 115. In the left plot of Figure 229 we show the
transverse-momentum spectrum of the e+e−µ+µ− system relative to the H → ZZ → 4` channel.
Regarding the H → W+W− → 2`2ν final state, the right plot of Figure 229 shows the transverse mo-
mentum of the 2`2ν (right plot) system, while the leading- and subleading-lepton transverse momentum
distributions are displayed in Figure 230.

From the above results we observe that resummation effects on top of the exclusive NNLO predic-
tion tend to be very sizeable in specific kinematic configurations. It is therefore important to validate the
Monte-Carlo event generators used in experimental analyses for a complete set of kinematic distributions
in the presence of realistic fiducial cuts. This validation should be carried out over the whole spectrum
- both in the multijet region and in the regime where the radiation is mainly unresolved - by comparing
with the state-of-the-art perturbative predictions.
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Figure 228: Higgs boson production and diphoton decay at the LHC. Transverse-momentum distributions
for the leading pT,lead (left) and subleading pT,sublead (right) photon obtained by resummed NLL+NLO and
NNLL+NNLO and fixed-order NNLO calculations. Selection cuts on the final-state photons are described in
the text.

Figure 229: Transverse-momentum distributions p4`
T for the H → ZZ → e+e−µ+µ− signal (left) and p2`2ν

T

for the H → W+W− → 2`2ν signal (right) at the LHC. Prediction for NNLL+NNLO, NLL+NLO and NNLO
calculations. Selection cuts on the final-state leptons are described in the text.

III.3.3.c Fiducial cross sections for Higgs boson production in association with njet ≥ 1 jets

In this section we present results for fiducial cross section and differential observables obtained from the
NNLO QCD computation of Higgs boson production in association with one hard jet at the LHC [174].
First, we briefly describe the setup of the computation. We work in a Higgs Effective Theory where

the massive top quark is integrated out. This approximation is parametric in q
2

mt
where q is a typical

scale of the process, and it is known to work well up to q ∼ mt [977]. In principle, the exact top quark
mass dependence is known at LO [236, 237] and could be included in our predictions. However, for
simplicity we refrain from including them in the results presented here. In our computation we include
all partonic channels at NLO. For the NNLO corrections we include the gg and qg channels which are
the only ones relevant for phenomenology within the pT range considered here. The effect of the missing
channels is expected to be much smaller than the residual scale uncertainty and probably comparable to
finite top quark mass corrections. We treat the Higgs boson on-shell and include all relevant decays to
γγ and four lepton final states. We neglect interference effects in the case of identical fermions and
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Figure 230: Transverse-momentum distributions for the leading pT,lead (left) and subleading pT,sublead (right)
charged lepton obtained by resummed NLL+NLO and NNLL+NNLO and fixed-order NNLO calculations in the
H→W+W− → 2`2ν channel. Selection cuts on the final-state photons are described in the text.

W −Z interference for 2` 2ν final states. All these effects are expected to be small in the fiducial region
considered in this section, with the exception of off-shell production in the WW channel. Indeed, the
fiducial region studied in this section does not include any cut on the WW transverse mass, mT . As it
is well known [501], this leads to a sizeable off-shell and signal/background effects on the Higgs cross-
sectionIII.12. One should carefully take this into account when performing any study in the fiducial region
defined in this section. As we said, our numbers are for on-shell Higgs and do not include pp → 2l2ν
signal/background interference, so by construction they don’t account for such (potentially large) effects.
As a consequence, they lead to reliable predictions only in a region where off-shell effects are negligible.
Finally, we use µ = µfact = µren = mH as the central scale and vary by a factor of two upwards
and downwards. We believe that this choice gives a more conservative estimate of residual theoretical
uncertainty while not changing much (at NNLO) the central value compared to the more traditional
choice µ = mH/2. Also, we note that the stability w.r.t. scale variation of the NNLO results presented
in this section makes the use of dynamical scales unnecessary at this order.

Our results show that NNLO corrections lead to a stabilization of fiducial cross sections and shapes
of differential distributions. The unphysical scale dependence of the NNLO result is reduced by a factor
of more than two with respect to NLOIII.13. In general, we find that applying fiducial cuts does not spoil
the convergence of the perturbative expansion. Acceptances are found to be stable when moving from
NLO to NNLO, in agreement to our results in Ref. [174]. To illustrate this, and to explore the validity
range of pure fixed order computations, in Figure 231, we present the cumulative leading jet p⊥ distribu-
tion as a function of the lower cut on p⊥, for the γγ channel in the fiducial region. In the lower pane we
plot the NLO and NNLO K-factors and observe very stable corrections to pcut as low as 30 GeVIII.14.
There is no indication of a breakdown of perturbation theory for these values of transverse momentum.
Hence, it appears, that also in the fiducial region the NNLO result already captures the dominant loga-
rithmic enhancements and additional resummation effects are small [189] for p⊥ ≥ 30 GeV. This is in
contrast to NLO predictions where missing higher logarithmic terms still lead to sizeable corrections. A
similar behaviour is observed also in the WW and ZZ channels.

Next, we show in Table 116 the NLO and NNLO cross-sections in the fiducial region for the
γγ, WW and ZZ channel. Note that since all leptons are massless in our computation, there is no

III.12Note that in the the ZZ fiducial region off-shell effects are negligible thanks to the m4l.
III.13Our results do not include PDFs uncertainties which are estimated to be at the level of 5% [182].
III.14In this section, both NLO and the NNLO results are computed with NNLO PDFs and αs.
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distinction between 2e2ν and 2µ2ν predictions for the fiducial region considered here. Our result show
that the K−factor is similar for all the three channels, and similar to the inclusive K−factor.

Table 116: The NLO and NNLO cross-sections in the fiducial region for the γγ, WW and ZZ channel.

γγ WW → eµνν ZZ → 4l

4µ 2e2µ 4e

NLO (fb) 19.1+3.8
−3.2 14.9+3.0

−2.5 0.336+0.065
−0.057 0.611+0.120

−0.103 0.282+0.055
−0.048

NNLO (fb) 22.7+1.4
−1.9 17.9+1.0

−1.6 0.388+0.010
−0.030 0.707+0.020

−0.055 0.327+0.008
−0.026

Finally, we present result for selected differential distributions in the fiducial region, for the γγ
(Figs. 232,233,234,235), WW (Figs. 236,237,238) and ZZ (Figs. 239,240). Note that for the ZZ chan-
nel we only show results for the 4µ sub-channel and for lepton observables. Results for other sub-
channels are very similar to these ones, and results for jet observables are very similar to the WW case
already shown.
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III.3.3.d Fiducial cross section and distribution for the irreducible background

In this contribution we present NNLO predictions for four-lepton production in the Higgs background
region. The calculation includes the leptonic decays of the vector bosons together with spin correlations
and off-shell effects. Contributions from Zγ∗ and γ∗γ∗ production as well as from pp → Z/γ∗ →
4 leptons topologies are also consistently included with all interference terms. The corresponding results
for the ZZ → 4l signal region have been presented in [978].
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Figure 236: Distribution in the fiducial volume at NLO (yellow) and NNLO (blue) for H → WW → eµνν.
Left: Higgs boson p⊥. Right: di-lepton rapidity. Both NLO and NNLO curves obtained with NNLO PDFs and αs.
Solid line: value for µr = µf = mH . Filled band: scale uncertainty. See text for details.
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Figure 238: Distribution in the fiducial volume at NLO (yellow) and NNLO (blue) for H → WW → eµνν.
Left: E⊥,miss. Right: WW transverse mass m⊥. Both NLO and NNLO curves obtained with NNLO PDFs and
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The calculation is performed with the numerical program MATRIX
III.15, which combines the qT -

subtraction [172] and -resummation [194] formalisms with the MUNICH Monte Carlo framework [979].
MUNICH provides a fully automated implementation of the Catani–Seymour dipole subtraction method [249,
980], an efficient phase-space integration, as well as an interface to the one-loop generator OPENLOOPS [247]
to obtain all required (spin- and colour-correlated) tree-level and one-loop amplitudes. The two-loop he-

III.15MATRIX is the abbreviation of “MUNICH Automates qT subtraction and Resummation to Integrate X-sections”, by
M. Grazzini, S. Kallweit, D. Rathlev, M. Wiesemann. In preparation.
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Figure 239: Distribution in the fiducial volume at NLO (yellow) and NNLO (blue) for H → ZZ → 4µ. Left:
Higgs boson p⊥. Right: Higgs boson rapidity. Both NLO and NNLO curves obtained with NNLO PDFs and αs.
Solid line: value for µr = µf = mH . Filled band: scale uncertainty. See text for details.
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Figure 240: Distribution in the fiducial volume at NLO (yellow) and NNLO (blue) for H → ZZ → 4µ. Left:
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licity amplitudes for this process have been computed in Refs. [981, 982].

Our calculation allows us to apply arbitrary cuts on the final-state leptons and the associated QCD
radiation. The central values for the factorization and renormalization scales are fixed to the invariant
mass of the four-lepton system, i.e. µF = µR = µ0 = mZZ . Perturbative uncertainties are estimated as
usual by varying µF and µR in the range 0.5µ0 ≤ µF , µR ≤ 2µ0 with the constraint 0.5 ≤ µF /µR ≤ 2.

In Table 117 we report the fiducial cross sections at LO, NLO and NNLO in the three decay chan-
nels. We also compare our result with the approximation in which only the loop-induced gg contribution
is included.

Table 117: Fiducial cross sections and scale uncertainties at LO, NLO and NNLO in the three channels. The
NLO+gg result is also shown for comparison.

Channel σLO (fb) σNLO (fb) σNLO+gg (fb) σNNLO (fb)

e+e−e+e− 0.1347(1)+10%
−11% 0.1485(2)+2.4%

−3.6% 0.1584(2)+2.4%
−3.6% 0.159(1)+0.7%

−0.9%

µ+µ−µ+µ− 0.1946(2)+10%
−11% 0.2150(2)+2.4%

−3.6% 0.2291(2)+2.4%
−3.6% 0.230(1)+0.9%

−0.8%

e+e−µ+µ− 0.3165(3)+10%
−11% 0.3457(3)+2.4%

−3.6% 0.3677(2)+2.3%
−3.5% 0.3690(6)+0.5%

−0.8%

The NNLO effect increases the NLO result by about 7%. By using NNLO PDFs throughout,
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the loop-induced gluon-fusion contribution provides about 83% − 85% of the full NNLO result. The
impact of the gluon fusion contribution is thus higher than what was found in Ref. [978] in the case of
the ZZ analysis, in which the ZZ bosons are essentially produced on shell. This is due to the selection
cuts, which suppress the impact of genuine radiative corrections to the qq̄ channel. This effect is visible
already at NLO, where the impact of radiative corrections is reduced from +23% in the case of inclusive
on shell ZZ production to +9%− 10%.

In Figure 241 we present our LO, NLO and NNLO predictions for the invariant mass (left) and
the rapidity (right) of the four leptons. The lower panels show the NNLO results normalized to the NLO
predictions. The NLO+gg prediction is also shown. We see that the impact of NNLO corrections is
rather stable for these distributions.
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Figure 241: The invariant mass (left) and rapidity (right) distributions of the four-lepton system at LO, NLO
and NNLO. The lower panel shows the NNLO result normalized to NLO. The NLO+gg result is also shown for
comparison.

In Figure 242 we show the distributions in the invariant mass of the subleading lepton pair (left)
and in cos θ12 (right). Here we notice that the NNLO corrections are larger at large m34 and small
cos θ12.

In Figure 243 we show the pT distributions of the four-lepton system (left) and of the leading jet
(right). These distributions are identical at NLO, when only one parton recoils against the four-lepton
system, and show significant corrections at NNLO. This is not unexpected since the NNLO calculation
is effectively NLO in this case.

Analogous comments apply to Figure 244, which shows our results for the rapidity distribution of
the leading jet (left) and for the rapidity difference between the leading jet and the four-lepton system
(right).

III.3.3.e Comparison of the description of QCD activity associated with Higgs production in
gluon fusion

In this section we present a brief summary of the extensive comparison of the description of QCD ac-
tivity in association with Higgs boson production in gluon fusion, undertaken within the context of the
Les Houches 2015 workshop [975]. It aims at comparing the description of the QCD activity accom-
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Figure 242: As in Figure 241, but for the invariant mass of the subleading lepton pair (left) and the cos θ12

distributions.
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Figure 243: As in Figure 241, but for the pT distributions of the four-lepton system (left) and of the leading jet
(right).
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Figure 244: As in Figure 241, but for the rapidity distribution of the leading jet (left) and the rapidity difference
of the leading jet and the four-lepton system (right).

panying the production of a Higgs boson in gluon fusion. To this end contributions obtained from from
a multitude of authors applying different approximations and calculational schemes were subjected to a
comprehensive list of inclusive and successively exclusive observables. To facilitate the comparison a
common setup was adopted. Beside working in the pure Higgs effective theory (HEFT) in the mt →∞
limit, scales reducing to 1

2 MH in the zero jet limit were adopted along with the common PDF sets
MMHT2014nlo68clas0118/MMHT2014nnlo68cl [37], as appropriate, with αs(MZ) = 0.118 were used
where possible. It is important to stress that for many tools this does not necessarily constitute their
respective best setup, but was adopted for the sake of the comparison.

The contributions comprise the analytical resummations of

– HQT [194, 204] for the Higgs boson transverse momentum,
– STWZ [159] for the jet veto cross sections, the leading jet transverse momentum, the inclusive

cross section and the exclusive zero jet cross section,
– RESBOS 2 [983, 984] for inclusive zero and one jet observables,

the fixed-order computations of

– SHERPA NNLO [229, 985] calculation of pp→ h+X ,
– BFGLP [182, 183] NNLO calculation of pp→ h+ j +X ,
– GOSAM+SHERPA [227–229,986] NLO calculation of pp→ h+1, 2, 3j+X [230,553], here also

a MINLO [987] and LOOPSIM [988] (labelled nNLO) calculation are available

the NNLOPS matched computations of

– Powheg NNLOPS [208], showered with PYTHIA 8.253 [207],
– SHERPA NNLOPS [229, 985],

the NLO multijet merged computations of

– MG5_aMC@NLO in the FxFx scheme [54, 206], showered with PYTHIA 8.210 [207]
– SHERPA in the MEPS@NLO scheme [229, 241, 345, 356, 989] using one-loop matrix elements

from GOSAM [227, 228, 230, 553],
– HERWIG 7.1 in the unitarized merging scheme [306, 426, 990] using its dipole shower [367] and
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Figure 245: Example comparisons of the description of QCD activity accompanying Higgs boson production in
gluon fusion, taken from [975]. The inclusive jet multiplicity (top left), the leading jet transverse momentum (right)
and the jet vetoed inclusive cross section (bottom left) are shown. The ratio panels compare to the appropriate
reference as indicated. See text for details.

matrix elements from MG5_aMC@NLO [54] and OPENLOOPS [247],

and the BFKL resummation of

– HEJ [991–993] describing pp→ h+ 2j +X ,

and therefore cover a large space of calculations available. Uncertainties are determined varying the
appropriate scales, cf. [975] for details.

To facilitate comparisons with as diverse calculations as possible we consider inclusive Higgs
boson production with no restriction on its decay products. Jets are identified using the anti-kT algorithm
[191] with R = 0.4 and are required to have pT > 30 GeV and |η| < 4.4. An implementation in
RIVET [994] exists. Figure 245 displays exemplary results of this comparison for three observables of
interest out of the 79 observables considered: the inclusive jet multiplicity, the leading jet transverse
momentum, and the jet vetoed inclusive cross section. All plots show a main plot accompanied by
multiple ratio plots, grouping the individual contributions to ease the comparison. Noteworthy in the
observables exhibited here are the agreement in the inclusive nj ≥ 1 cross section between all tools
considered which possess at least NLO accuracy in this observable. While for nj ≥ 2 all predictions
including parton showering agree well, for nj ≥ 3 the spread is larger. However, it has to be kept
in mind that the NNLOPS matched calculations revert leading order accuracy for nj ≥ 2 and to pure
parton shower accuracy for nj ≥ 3 while MG5_aMC@NLO and HERWIG 7.1 are NLO and LO accurate
there, respectively. Only, the GOSAM+SHERPA and the SHERPA MEPS@NLO prediction possess NLO
accuracy in both cases. HEJ, being LO accurate for nj ≥ 2, 3, predicts slightly different inclusive jet
multiplicities. The leading jet transverse momentum spectrum shows a consensus between (almost) all
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parton shower matched and/or multijet merged calculations exhibiting NLO accuracy for this observable:
Powheg NNLOPS, SHERPA NNLOPS, MG5_aMC@NLO, SHERPA MEPS@NLO and HERWIG 7.1. The
parton level calculations deviate mostly due to the individual scales set. However, the pure fixed order
NLO and NNLO calculation, employing the same scale, agree very well, indicating a K-factor very
close to unity. Finally, the degree of congruence in the jet vetoed inclusive cross section between the
NNLOPS matched calculations and the STWZ dedicated resummation is remarkable. Here, the NLO
multijet merged tools primarily suffer from their NLO normalization in the pveto

T →∞ limit. Generally, a
remarkable level of agreement is found between the individual calculations throughout most observables.

III.3.4 Beyond the Standard Model effects
New physics beyond the SM could affect Higgs physics in total rates (including differences in efficien-
cies of selection cuts) and differential distributions. While one can attempt to isolate effects in either
production or decay processes, a full BSM scenario typically affects both simultaneously. (Differential)
fiducial cross sections are an appropriate complementary tool for scrutinizing the Lagrangian structure
of the Higgs boson interactions, for instance through tests for new tensorial couplings, non-standard pro-
duction modes, and effective form factors. In addition to the measurement of specific fiducial regions,
the combined analysis of all available fiducial measurements in a global fit seems a promising approach.

Below we address the effects that can be expected in a variety of BSM scenarios and we discuss
interesting distributions and fiducial regions that can be used to target them. Unless otherwise specified,
we will not consider any generic fiducial cuts on the results shown below. The eventual feasibility to
measure such regions in a model independent way needs though to be scrutinized by experimentalists,
since in some cases the poor resolution for some of the observable used to define the fiducial volumes
could lead to non-negligible migration effects, cf. Section III.3.5.a. We also note that a parallel effort is
required from the theory community, in obtaining predictions with adequate precision, and a robust de-
termination of the associated uncertainties, and their correlations, within the theoretical framework used
in the comparison to the measurements, be it specific BSM models or effective Lagrangian descriptions.
The status of the presently existing tools is discussed in the various other sections of this report.

III.3.4.a Higgs boson production in gluon fusion
Higgs boson production in gluon fusion has one specific feature which allows us to test to what degree
the observed Higgs is described by the SM: its production amplitude at one loop is mediated by virtual
top quarks, which means that any new, strongly interacting particle can lead to order-one corrections to
the effective Higgs-gluon coupling. The relevant Lagrangian describing this channel is

L = L
∣∣∣∣∣
κj=0

+
[
κt gggH + κg

αs
12π

] H

v
GµνG

µν − κt

mt

v
H
(
tRtL + h.c.

)
. (III.3.1)

In combination with a second measurement of the top Yukawa coupling, for example in tt̄H production,
already a total rate measurement in this largest Higgs boson production channel can constrain particles
like light top partners.

While the Lagrangian of eq. (III.3.1) only features shifts in SM-like Higgs boson couplings, the
interplay between the renormalizable top Yukawa coupling and the dimension-6 Higgs-gluon coupling
can affect kinematic distributions. For example, the reach for new particles contributing to the effective
Higgs-gluon coupling can be enhanced by adding off-shell Higgs boson production to the set of measure-
ments [501, 502, 995]. Strictly speaking, off-shell Higgs production with a subsequent decay H → 4` is
best described by a shape analysis of the m4` distribution. Based on the Lagrangian of eq. (III.3.1) we
can write the complete gluon-induced amplitude gg → ZZ as

MZZ = κtMt + κgMg +Mc , (III.3.2)
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Figure 246: (left) Invariantm4` distributions for the process qq̄(gg)→ ZZ at 13 TeV, obtained with MCFM [290]
(right) pH

T including jets recoiling against the on-shell Higgs. We merge 0-jet and 1-jet production to NLO with the
full top mass dependence, 2-jet production to LO with the full top mass dependence, and parton shower effects.
Figure from Ref. [854].

where the last term arises from the Higgs-independent continuum diagram. Numerically, the interference
between the Higgs and continuum diagrams is one of the key features in the measurement of off-shell
Higgs effects at the LHC. While this phase space region is not included in the template fiducial regions
in Section III.3.3.a, considering it is extremely beneficial [972].III.16 The longitudinal components to the
different contributions feature different dependences on m4`, namely

M++00
g ≈ − m2

4`

2M2
Z

with mt � m4` �MH,MZ

M++00
t ≈ +

m2
t

2M2
Z

log2 m
2
4`

m2
t

with m4` � mt &MH,MZ

M++00
c ≈ −

m2
t

2M2
Z

log2 m
2
4`

m2
t

with m4` � mt &MZ . (III.3.3)

In the proper limit a logarithmic dependence on m4`/mt develops far above the Higgs boson mass shell.
The ultraviolet logarithm cancels between the correct Higgs amplitude and the continuum, ensuring the
proper ultraviolet behaviour of the full amplitude. The sensitivity due to this logarithmic dependence on
m4`/mt, as shown in the left panel of Figure 246, should allow us to extract the top mass dependence of
the observed signal from the m4` distribution. This means Higgs boson production is a good example of
a process where it is not clear where we can expect to best find BSM effects: on the one hand, a precise
measurement of the total rates of inclusive Higgs boson production and ttH production can be expected
to constrain the Lagrangian if eq. (III.3.1). On the other hand, off-shell Higgs production, or better the
m4` distribution might well benefit from its known dependence on the ratio m4`/mt in the Standard
Model, in that case relying on the tails of a momentum-related kinematic distribution.

III.16Off-shell Higgs boson production and Higgs interference are discussed in detail in Chapter I.8 of this report.
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III.3.4.b Boosted Higgs boson production in gluon fusion
An alternative way to search for BSM effects in gluon-fusion Higgs boson production is to require a
large boost of the Higgs to generate a large momentum flow through its production vertex. The leading
partonic signal process is gg → Hg, where the 2 → 2 kinematics defines the momentum flow through
the Higgs vertex for example in terms of pH

T or, equivalently, pT,j . When a second jet is considered, the
p

H
T spectrum provides the information about this production mode. Following the Lagrangian given in

eq. (III.3.1) we can again compute the leading O(αs) dependence on the ratio pH
T/mt [251, 854],

|MHj(j)|2 ∝ m4
t log4 (p

H
T)2

m2
t

. (III.3.4)

The effect of the different partonic sub-processes is shown in the right panel of Figure 246. In this observ-
able, sizeable top mass effects already appear for pH

T > 250 GeV. In the tail of the distributions, where
for pH

T > 500 GeV the SM expectations have dropped below a per mille of all events, the corrections
from the new dimension-6 Higgs-gluon operator dominate the distribution. The sensitivity of off-shell
Higgs boson production and boosted Higgs boson production in terms of the modified Lagrangian of
eq. (III.3.1) can be compared. Because both methods rely on a small number of events in the tail of the
kinematic distribution, large luminosities will be needed to detect sizeable deviations from the SM.

Going beyond the description in terms of dimension-6 operators, benchmarks for searches in this
channel are coloured partners to the top, which participate in gluon fusion but whose contribution cancels
at leading order. In this case, the H + j channel provides the best handle on BSM. Examples of this
situation– cancellation of effects at LO Higgs boson production– are fermionic top-partners in Composite
Higgs models [853, 996] and stops in the so-called funnel region [829, 997].

In the right plot of Figure 247 we show the pT,j distribution in the SM case (blue), and the effect of
introducing top-partners of different masses (MT ) and mixing angles (sin θ). This distribution has been
obtained using a modified version of MCFM [290] including the effect of top partners, see Ref. [853]
for details. Note that the lowest order effect in gluon fusion of these top-partners is exactly cancelled by
the top, due to a low-energy theorem [898–900], hence information on these new particles is delegated
to the H+jets channel, or parametrically small finite-mass effects.

III.3.4.c VH associated production
In this channel, the Higgs recoils against a vector boson, and thus it has an inherent boost. This boost
enhances the momentum-dependent effects of New Physics with respect to the SM production, where
the VVH interaction has no momentum dependence. Because the signal process has a simple 2 → 2
kinematic structure, the description of these effects in terms of pH

T or pV
T , or mVH is, from a theory per-

spective, essentially equivalent. The relevant question is for which observable the experimental boundary
conditions allow for the best coverage of phase space.

Generally speaking, the higher the momentum of the Higgs and vector boson one has access to, the
higher the sensitivity to BSM effects [766,998]. In the left plot of Figure 247 we show this dependence in
the context of an EFT approach to BSM performed at NLO QCD accuracy in POWHEG and showered
through PYTHIAv8 [646]. The selection criteria applied to produce this plot are jets using kT algorithm
of ∆R = 0.4, pT > 25 GeV and |ηj | < 2.5, 2 b-jets with pT > 25 GeV and |ηb| < 2.5, and 1
lepton (` = e or µ) with pT > 25 GeV, and |η`| < 2.5. Needless to say, in this channel there is a
strong correlation between the distributions in pH

T (or pV
T) and the invariant mass of the system, mVH

for resolved final states or mT in the channels with missing energy, see Figure 10 in [858] and Figure 3
in [663].

In Run 1, the best limit on BSM phenomena using this channel was obtained by looking at the last
reported bin, the overflow bin, which typically contains a low number of events. Despite this, one can
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use the estimate of SM background to set limits on new physics [852, 858]. This procedure is analogous
to searches for anomalous trilinear gauge couplings in WW by looking at the overflow bin in the leading
lepton pT distribution performed at LEP and now at the LHC [999–1001]. The combination of both sets
of measurements would in fact be useful to enhance the sensitivity to anomalous trilinear couplings.

The sensitivity to BSM obtained via the last bin raises questions on the validity of the EFT ap-
proach at high-momentum transfer, as in this region one could be able to resolve new physics effects.
This question is discussed in Sections II.2.2 and II.2.5. Tools incorporating BSM (incl. EFT) effects at
higher order in precision are discussed in Section II.3.1.

III.3.4.d Vector boson fusion
In several ways, vector boson fusion is the most prolific of the usual Higgs boson production channels
when it comes to measuring the properties of the Higgs boson. The first reason is that its 2 → 3
kinematics allows us to test a sizeable number of observables, including pure tagging jet correlations;
second, we can test modifications of the gauge sector as well as modifications of the scalar or Higgs sector
as long as they affect the central VVH coupling; third, it allows us to separate the very specific Lorentz
structure of the VVH coupling in the SM from many modified structures induced by BSM physics;
and finally, as an electroweak process with further suppressed QCD corrections we expect theoretical
uncertainties to be under better control than in the gluon-fusion process.

A prime example for a general test of the SM nature of the Higgs boson is the direct test of the
Lorentz structure of the VVH coupling which can be performed via the measurement of the azimuthal
angle between the tagging jets [1002]. While the SM predicts a rather flat distributions, the typical
CP-even and CP-odd structures could be identified with essentially zero events at 90 degrees or for
back-to-back configurations, respectively. Similarly, the transverse momentum spectra of the tagging
jets in the SM show a strong peak below pT,j ∼ MW/2. Generally, the longitudinal or transverse
polarization of the gauge bosons affects this spectrum [1003], as originally computed in the effective W
approximation [1004]. Finally, the rapidity difference of the two tagging jets is particularly large for SM
Higgs boson production, and the tagging jets should become significantly more central if we change the
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VVH coupling in any way [1005–1007]. The important aspect of all these measurements (illustrated
in Figure 248) is that they do not require a reconstructed Higgs 4-momentum, provided that global cuts
ensure that we are working with a Higgs-rich event sample. This implies that it is secondary how we
modify the V V H coupling, i.e. through a modification of the Higgs quantum numbers or through higher-
dimensional operators for a SM-like Higgs. On the other hand, adding information from the Higgs boson
decay will of course enhance the power of these measurements, for example re-formulating all questions
originally asked in the framework of WW →WW scattering at high energies [921, 1003, 1008].

In the spirit of the discussion of gluon fusion Higgs boson production and VH associated produc-
tion we focus on experimental tests enhanced by the momentum flow through the Higgs boson production
vertex. We can link the transverse momenta of the two tagging jets or the Higgs to the virtuality of the
weak bosons. Obviously, all of them are strongly correlated, so it becomes a theoretical as well as exper-
imental question which of these observables to include in an analysis [663]. The only key requirement
is that we do not bias these distributions for example by cutting on the tagging jet correlations discussed
before. In Figure 249 we present the pT of the Higgs, as a function of CP-violating operators in an EFT
approach to BSM. Basic cuts applied to these events are mjj > 400 GeV, ∆ηjj > 2.8 and |ηj | < 4.5.

III.3.4.e Invisible Higgs boson decays
Once it is possible to experimentally target a specific Higgs production mechanism in terms of fiducial
cross sections, we can focus on specific Higgs boson decay modes in this production mechanism. Ar-
guably the hardest Higgs boson decay mode to search for the LHC are invisible Higgs boson decays. The
SM predicts a very small invisible Higgs boson branching ratio through H → ZZ∗ → 4ν, but for exam-
ple in Higgs portal models [1009] or in supersymmetry [1010] this decay can be an observable effect of
weakly interacting dark matter. To date, searches for invisible Higgs boson decays in weak boson fusion,
i.e. two tagging jets combined with missing transverse momentum [1011], appear to be the most promis-
ing strategy. The key feature of this signature are two tagging jets with exactly the same kinematics as in
other VBF Higgs boson production channels. This means that fiducial volumes are related to other VBF
studies by replacing the central Higgs boson decay products by missing transverse momentum.

Current projections for different LHC luminosities are shown in Table 118. The main background
is Z+jets production, with an invisible Z decay. Two production mechanisms contribute to the back-
ground, one at the order α2

sα and one at the order αsα
2. The QCD-like channel can be strongly reduced

by a central jet veto, while weak boson fusion Z-production is essentially irreducible, with some kine-
matic differences for example in the azimuthal correlation of the tagging jets reflecting the Lorentz
structures of the Z and H production vertices. For a success of this channel it is crucial to understand
the central jet activity, so the right columns of Table 118 should be considered a challenge to the exper-
imental performance of jet and particle-flow-like algorithms. In general, weak boson fusion signatures
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Table 118: Exclusion reach in BRinv = Γinv/ΓH at 95% CLs to an invisible Higgs boson width at various lumi-
nosities and different combinations of cuts and multivariate analyses. Here, ΓH is defined to be the width of the
Higgs boson in the SM without the additional invisible component due to new physics. Table from Ref. [1013].

pT,j > 20 GeV pT,j > 10 GeV

L[fb−1] VBF cuts + jet veto + ∆φjj BDT 2-jets BDT 2-jets + BDT 3-jets

10 1.02 0.49 0.47 0.28 0.18 0.16

100 0.49 0.20 0.18 0.10 0.07 0.061

3000 0.25 0.094 0.069 0.035 0.025 0.021

might also be extracted just based on one tagging jet [1012], a channel which has not (yet) been studied
for invisible Higgs boson decays.

III.3.4.f Mono-Higgs signatures
An alternative way to probe the connection between the Higgs and Dark Matter are channels where
the Higgs recoils against missing energy, i.e. mono-Higgs signatures. Again, fiducial measurements
are closely linked to a SM signatures, pp → ννH arising in the VH topology. Unlike for invisible
Higgs boson decays, the kinematical structure of BSM mono-Higgs events will not resemble that in VH
production. Instead, we expect significant deviations for example in the distributions of the reconstructed
Higgs. Nevertheless, we would be able to utilize fiducial volumes defined for associated VH production
with only a transverse reconstruction of the gauge boson.

Studies at Run 1 on the mono-Higgs signature have been done in the context of the Higgs por-
tal [1014], and other extensions of the SM are now being considered. Particularly interesting distribu-
tions are the transverse mass of the system or the pT distribution of the Higgs. In Figure 249, we show
the Higgs pT distribution in events where the Higgs is produced in association with a pair of Dark Matter
particles of mass 500 GeV at LHC13. The labels correspond to different assumptions of the coupling of
Dark Matter to the Higgs sector with the blacks line the benchmark of standard Higgs portal coupling
λhsh

2S2. Note that to produce this distribution, no cuts at generation level have been applied.

III.3.5 Experimental aspects
In this section a brief overview of the experimental aspects important for the fiducial cross section mea-
surements is given. It includes the criteria for the particle level fiducial volume definition, a brief review
of the unfolding procedures, estimation of the remaining model dependence, treatment of the Higgs bo-
son mass parameter, aspects related to the statistical combination of the fiducial measurements between
different processes and/or different experiments, and also recommends the points that should be care-
fully studied when designing the fiducial measurements. It primarily focuses on the measurement that
are deemed feasible in the short and medium term of the LHC running.

III.3.5.a Definition of the fiducial phase space
The acceptance and selection efficiency for the particular Higgs boson decay channel can vary signifi-
cantly between different Higgs boson production mechanisms and different exotic models of Higgs boson
properties. In processes with large jet activity such as the tt̄φ production or those with the kinematics
of the decay products very different from the SM prediction (such as in case of the exotic Higgs-like
spin-one models), the acceptance of signal events within a certain part of the phase space can signifi-
cantly differ from the acceptance for the SM Higgs boson decays. In order to minimize the dependence
of the measurement on the specific theoretical model assumption, the fiducial phase space for the Higgs
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Figure 249: Distributions of the Higgs pT in two channels. (left) Vector boson fusion, with the SM case repre-
sented by the solid distribution, and the SM plus additional modifications due to different values for the possible
CP-violating operator c̃HW [841] are given by the coloured lines. (right) The production of the Higgs boson in as-
sociation with a pair of Dark Matter scalar particles of mass 500 GeV [1015] at LHC13. The black line corresponds
to the standard portal coupling h2S2, and the other lines represent different contributions due to a non-linear nature
of electroweak symmetry breaking.

boson cross section measurements should be defined to match as closely as possible the experimental
acceptance in terms of the kinematics of the decay products and topological reconstruction-level event
selection.

The fiducial phase space is typically defined using the stable particles or more complex objects
built out of them (leptons, photons, jets, missing transverse momentum, etc.) at the hard scattering level,
before their interaction with the detector material. In order to minimize the model dependence, fiducial-
level particles and objects are typically defined to be as close as possible to the particles and objects used
at the reconstruction level. In case of the leptons, it is typical that fiducial-level leptons are defined as
the leptons “dressed” with the photons from the final state radiation (the photons that are within certain
distance ∆R from the lepton), as at the reconstruction level those photons are typically recovered by the
experimental methods. In case of differential measurements as a function of jet-related observables, it is
recommended that jets are reconstructed from the individual stable particles, excluding neutrinos, using
the anti-kt clustering algorithm with a distance parameter identical to the one used at the reconstruction
level.

III.3.5.a.i Isolation requirement in the definition of the fiducial volume III.17

The inclusion of isolation of photons and leptons can be important in the fiducial phase space definition
whenever object isolation is used at the reconstruction level, as it can reduce the differences in signal
selection efficiency between different models. It has been verified in simulation that this difference can
be significant if the lepton isolation requirement is included at the reconstruction but not at the fiducial
level [966, 967]. This can be especially pronounced in case of large associated jet activity such as in the
tt̄φ production mode. Exclusion of neutrinos from the computation of the isolation sum typically brings
the definition of the fiducial phase space closer to the reconstruction level selection, and can additionally
improve the model independence of the signal selection efficiency. It is recommended that these effects
are studied in each particular analysis separately.

The experimental analyses measuring fiducial cross sections in the H → γγ channel typically
require two isolated photons with a pT above a certain threshold. In order to minimize the extrapola-

III.17Author(s): S. Menary, A. Pilkington.
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volume  

  

24/6/15 9 HXSWG Fiducial Task Force 

• Truth iso = the 4-vector sum of particles 
within a cone of R < 0.4, excluding μ,ν, then 
taking the ET 

• Cut value was determined by pairing truth 
and reco photons, plotting their isolation 
energies, and profiling slices of this 2D 
distribution to map 6 GeV reco onto 14 GeV 
truth (right) 

Figure 250: (left) Illustration for correction factor which maps reconstructed yields to fiducial cross sections
without (red) and with (green) imposing a particle level isolation criterion are shown. Imposing particle level
isolation significantly reduces the differences between different Higgs boson production modes which minimizes
the model dependence. (right) The procedure to map a reconstructed isolation criterion to a particle level isolation
criterion using profiles is illustrated.

tion when correcting experimental yields to particle level fiducial cross sections, it is useful to impose a
similar criterion which duplicates a similar requirement using stable particles. Imposing such drastically
reduces the underlying model dependence: this can be readily understood if one compares for example
Higgs boson production with gluon fusion versus in association with a top quark pair: H → γγ photons
from the latter fail more often the isolation criterion due to the large hadronic activity and thus have a
lower reconstruction efficiency. Figure 250 shows the correction factors mapping reconstructed yields
into fiducial cross sections with and without imposing a similar particle level isolation cut. A parti-
cle level isolation criterion can be imposed by summing around a fixed cone the energies of all stable
particles and events are similarly rejected when the isolation energy is larger than a certain threshold.
The exact cut can be tuned such that the model dependence becomes minimal, i.e. that the efficiency
difference between rejecting a reconstructed event and a true event is very similar: In Figure 250 the
correlation between true and reco isolation is shown, and an illustrative reconstruction cut is mapped to
a given true value using a profile of both observables. The effect of imposing this criterion is illustrated
as well, resulting in near matching correction factors for all Higgs boson production processes.

III.3.5.a.ii Signal contributions from outside of the fiducial phase space

At the reconstruction level, additional signal contribution from events that do not originate from the fidu-
cial phase space can arise due to detector resolution effects that cause differences between the quantities
used for the fiducial phase space definition (such as the lepton or photon isolation, jet transverse momen-
tum, missing transverse momentum etc.) and the analogous quantities used for the event selection. This
contribution should be treated as background and subtracted before the unfolding procedure is applied.
Hereafter we refer to this contribution as the “nonfiducial signal” contribution. It has been shown in sim-
ulation that the shape of these events is typically very similar to the shape of the fiducial signal. In order
to minimize the model dependence of the measurement - it should be studied how to optimize fiducial
phase space definition to minimize the effect that arises from nonfiducial signal’ contribution, and how
to experimentally treat this contribution in the measurement. Studies in simulation have shown that this
component can vary from just few per cent e.g. for the gg → H production mode to several per cent for
the tt̄φ production mode [966, 967]. The variation of this fraction between different signal models can
be included in the model dependence estimation.

The nonfiducial signal contribution deserves special attention when the observables used to define
the signal region have poor experimental resolution (such as missing transverse energy, transverse mo-
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mentum of jets, etc.). In those cases effects of migration of the signal events can be large, and it might
be worth studying if the measurement can benefit (in terms of the overall model dependence) from re-
laxing the requirements on such observables at the fiducial level with respect to the reconstruction level.
These effects have been discussed in the light of the fiducial measurements of the Higgs boson transverse
momentum in the H →WW decay channel [968].

The fraction of signal events within the fiducial phase space Afid, the reconstruction efficiency ε
for signal events within the fiducial phase space for individual SM production modes and exotic signal
models, as well as the fraction of signal events outside of the fiducial phase space fnonfid are listed in
Table 119. Values are given for characteristic signal models assuming mH = 125.0 GeV,

√
s = 8 TeV,

and the overall picture is similar in case of the pp collision at
√
s = 13 TeV.

Table 119: The fraction of signal events within the fiducial phase space (acceptance Afid), reconstruction effi-
ciency (ε) for signal events from within the fiducial phase space, and ratio of reconstructed events which are from
outside the fiducial phase space to reconstructed events which are from within the fiducial phase space (fnonfid).
Values are given for characteristic signal models assuming mH = 125.0 GeV,

√
s = 8 TeV, and the uncertainties

include only the statistical uncertainties due to the finite number of events in MC simulation.

Signal process Afid ε fnonfid (1 + fnonfid)ε

Individual Higgs boson production modes

gg → H (POWHEG+JHUGEN) 0.422 ± 0.001 0.647 ± 0.002 0.053 ± 0.001 0.681 ± 0.002

VBF (POWHEG) 0.476 ± 0.003 0.652 ± 0.005 0.040 ± 0.002 0.678 ± 0.005

WH (PYTHIA) 0.342 ± 0.002 0.627 ± 0.003 0.072 ± 0.002 0.672 ± 0.003

ZH (PYTHIA) 0.348 ± 0.003 0.634 ± 0.004 0.072 ± 0.003 0.679 ± 0.005

tt̄φ (PYTHIA) 0.250 ± 0.003 0.601 ± 0.008 0.139 ± 0.008 0.685 ± 0.010

Some characteristic models of a Higgs-like boson with exotic decays and properties

qq̄→ H(JCP = 1−) (JHUGEN) 0.238 ± 0.001 0.609 ± 0.002 0.054 ± 0.001 0.642 ± 0.002

qq̄→ H(JCP = 1+) (JHUGEN) 0.283 ± 0.001 0.619 ± 0.002 0.051 ± 0.001 0.651 ± 0.002

gg→ H→ Zγ∗ (JHUGEN) 0.156 ± 0.001 0.622 ± 0.002 0.073 ± 0.001 0.667 ± 0.002

gg→ H→ γ∗γ∗ (JHUGEN) 0.188 ± 0.001 0.629 ± 0.002 0.066 ± 0.001 0.671 ± 0.002

III.3.5.a.iii Signal definition

The requirement on the invariant masses of the Higgs boson decay products is also important as the
off-shell production cross section in the dominant gluon fusion production mode can be sizeable and can
amount up to a few per cent of the total cross section [501].

III.3.5.b Unfolding of experimental data

Dealing with experimental resolutions will become a major aspect of differential fiducial measurements
in Run 2: the large increase in integrated luminosity will mark the transition of the total uncertainties
being statistically dominated to becoming systematically limited. This will offer new challenges to
reverting experimental resolutions. A summary about the caveats and various approaches of unfolding
can be found for instance in Ref. [1016], which this overview follows.
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III.3.5.b.i Introduction
In measurements of differential cross sections, one often faces the problem of non-negligible migrations
due to the finite resolution of the experimental apparatus. The reversion of such resolution migrations
is typically called ’unfolding’ or ’deconvolution’ and compromises an essential ingredient that allows
the easy comparison of theory predictions with measured fiducial cross sections. Mathematically the
problem can be formulated in finding an inversion to the function

fmeas(x) =

∫
R(x|y|ftrue(y) dy , (III.3.5)

where fmeas(x) is the PDF of the measured values x, and ftrue(y) the PDF of true (but unknown) values
y, smeared out by a detector response R(x|y). In practice measurements are carried out in bins of
observables, reducing Eq. III.3.5, to a matrix multiplication

xi =

N∑

j=1

Rijyj . (III.3.6)

and the response matrix Rij can be interpreted as a conditional probability

Rij = P(reconstructed in bin i | true value in bin j) (III.3.7)

with the sum

N∑

i=1

Rij = P(observed anywhere | true value in bin j) = εj , (III.3.8)

resulting in the the reconstruction efficiency. The task of unfolding is now to revert Eq. III.3.6 to convert
measured values to true values. There exist several approaches for this, each with different strengths and
caveats.

III.3.5.b.ii Inverting the response matrix and correction factors
The most straightforward approach of unfolding involves the inversion of the matrix Eq. III.3.7 and
constructR−1

ij . This is generally often possible, but has some drawbacks: if the response matrix has large
off-diagonal elements, e.g. if the chosen bin size is too small compared to the measurement resolution
or one tries to measure an observable with an intrinsic poor resolution, such as jet multiplicities, the
resulting expression for the true value

y = R−1
ij x (III.3.9)

can have extremely large variances and strong negative correlations between neighbouring bins. If the
measured values x themselves are affected by large statistical fluctuations, these get amplified as one
tries to revert migrations in a given bin using the estimated bin content of neighbouring bins with large
variances themselves. In scenarios with small measured variances the resulting variances also can get
amplified, if a high degree of fine structure is present, cf. Ref. [1016]. Technically the inversion of Rij
can be implemented using least square estimators and in case the inversion is not possible, a pseudo-
inverse may be constructed. The advantage of this inversion approach is that the resulting values for y,
albeit in generally affected by large variances are in fact unbiased and the variance itself has the smallest
possible value for any unbiased estimator. Thus any other method that aims to reduce the variance will
necessarily introduce a bias. Thus the strategy that is followed is to accept a small bias in exchange for
a large reduction in variance, i.e. trading statistical for systematic errors.
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III.3.5.b.iii Correction factor method
A relative simple method, often used in low statistics situation, is based on multiplicative correction
factors derived from Monte Carlo simulations. The estimator for y in a given bin i is constructed as

yi = Cixi (III.3.10)

where the correction factor Ci is

Ci =
yMC
i

xMC
i

, (III.3.11)

where yMC
i and xMC

i are the expected true and reco yields from the simulation. This inversion has a
much smaller variance than the inversion of the migration matrix, but has a potential bias of the size

bi =

(
yMC
i

xMC
i

− ytrue
i

xtrue
i

)
xobs
i (III.3.12)

which has to be carefully estimated. In Eq. III.3.12 the quantities ytrue
i and xtrue

i are the true underlying
mean population of the bin. The bias is zero in case the model is correct, which is not something that can
be inferred prior a measurement. Typically the size of the bias is estimated with respect to some baseline
scenario (e.g. the SM) and a maximal deviation one expects (e.g. a certain amount of new physics). One
is satisfied when bi is small with respect to the variance and the size of the estimated bias is added to
the systematic error of the measurement. This maximal deviation can also be composed by an entire of
ensemble of scenarios.

III.3.5.b.iv Regularized unfolding
Regularized unfolding tries to find some middle ground between these two approaches: inverting the
migration matrix assumes that all the relevant information on how to revert migrations comes from the
neighbouring bins of a measured distributions. The correction factor method excludes all the information
from neighbouring bins to revert migrations. In regularized unfolding the information from both is used,
and the weighting of either piece of information is typically controlled by one or many regularization
parameters. There exist a range of different methods following different philosophies, often used are
for example Refs. [1017, 1018]. It is important to note, that regularized unfolding also has to carefully
control and estimate the size of a potential bias. Here, as for the correction factor method, the found bias
using a baseline scenario and a scenario for the largest to be expected deviation is added to the systematic
error of the unfolded spectrum. In addition special attention has to be payed to not ’over-regularize’ the
unfolded distributions, that is to impose a too strong dampening of statistical fluctuations. This is usually
achieved by careful tuning of the regularization parameter(s).

A priori any method for unfolding is fine to use, as long as the bias is properly estimated. Even the
combination of information gained via different unfolding methods is not a priori a problem, as long as
the bias is negligible with respect to the statistical precision and is included into the error budget properly.
With the expected large data sets of Run 2 of the LHC, it is expected that experiments will shift away
from simpler methods and follow suit what is standard practice in SM measurements.

III.3.5.c Model dependence
The underlying assumptions on the signal model used to extract the fiducial cross sections unavoidably
introduce some remaining systematic effects on the final measurement. The size of these effects can
be estimated by extracting the fiducial cross sections from data assuming a range of alternative signal
models, and by comparing them to the fiducial cross sections obtained assuming the SM Higgs boson.
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The range of alternative models to consider can include models with an arbitrary fraction of different
SM Higgs boson production modes, models of Higgs-like resonances with anomalous interactions with
a pair of neutral gauge bosons, models of Higgs-like resonances with some exotic decays to the final
state of interest, and similar.

After the comparison is performed, the largest deviation between the fiducial cross section mea-
sured assuming any of the models from a particular range of alternative signal models, and the fiducial
cross section measured under the SM Higgs boson assumption, should be reported as the systematic
effect associated with the model dependence.

Given the fact that a wide range of exotic signal models has been excluded using the LHC Run
1 data at the 95% C.L. or better [Ref.], it is recommended to impose those existing experimental con-
straints to narrow the range of the considered exotic signal models, and to report the model dependence
computed using this reduced range of models. Naturally, in cases when it is considered useful, analyses
are welcome to report also the model dependence computed from some wider range of alternative models
(e.g. obtained by completely neglecting the existing experimental constraints).

III.3.5.d Treatment of the Higgs boson mass in fiducial and differential measurements

All fiducial and differential cross section measurements rely on knowledge of the Higgs boson mass and
analyses typically face two choices:

1. To extract the Higgs boson mass simultaneously along with the desired cross section parameters.
2. To fix the Higgs boson mass to the current world average and treat it as an external parameter.

A simultaneous extraction of the Higgs boson mass and cross section is not always possible due
to poor mass resolution, as for instance in H → WW → 2`2ν cross section measurements. Both
approaches are justifiable and have a number of advantages and disadvantages.

III.3.5.d.i Simultaneous extraction of Higgs boson mass and cross section

In channels with good mass resolution, the simultaneous extraction of the Higgs boson mass and the
fiducial cross sections is possible. Carrying out such a simultaneous analysis has the benefit that one
avoids using information twice, once in the fiducial measurement and once from the Higgs boson mass
measurement or average it might enter. In addition, one could argue that such measurements are less
prone to possible systematic biases due to an accidental miscalibration of object energy scales, which
relate the measured invariant mass with the physical Higgs boson mass. The clear disadvantage of
the approach is that knowledge on the Higgs boson mass from complementary channels is completely
discarded.

III.3.5.d.ii Treating the Higgs boson mass as an external parameter

Treating the Higgs boson mass as an external parameter allows one to incorporate such external knowl-
edge from other centre-of-mass energies or channels. The apparent complication that enters the analyses
though is the double use of data events in high resolution channels, such asH → γγ andH → 4`, which
might have been used to determine the Higgs boson mass world averages in the first place. In practice,
this is not an issue as the extracted quantities of interest, the Higgs boson mass and the reconstructed
cross section yields, are uncorrelated entities and as such can be extracted individually from the same
dataset without introducing a bias or error under-coverage.

III.3.5.d.ii.1 Updating the Higgs boson mass

The knowledge of the Higgs boson mass is bound to improve in the future. In order to update existing
and future measurements which treat the Higgs boson mass as an external parameter, the impact of
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shifting the Higgs boson mass within its experimental error on the measured fiducial and differential
cross sections should be determined and quoted along with other systematic shifts.

III.3.5.e Combination of inclusive cross sections for Higgs boson production

III.3.5.e.i Introduction

This section discusses the combination of measured Higgs boson cross sections across multiple decay
channels. The combination is only possible in the inclusive phase space, where the effects of the Higgs
boson decay products have been removed. This introduces some model dependence: namely, the correc-
tion for the acceptance of the fiducial selection, and the assumption of Standard Model decay branching
fractions for each decay channel. Although measurements of cross sections within a fiducial phase space
offer a more model-independent way of probing the properties of the Higgs boson, measurements at the
LHC are currently statistically limited [964–968]. It is therefore beneficial to combine the data across
several channels, and maximize its potential. This has been performed in Run-1 by the ATLAS Collabo-
ration in the diphoton and four-lepton decay channels [969].

Both total and differential cross sections can be combined, provided that there is a consistent
definition of the observable of interest between the different decay channels. If only the shape of the
differential distribution is of interest, the uncertainties from the combination can be reduced further as
the assumptions of the SM decay branching fractions for each decay channel can be neglected.

III.3.5.e.ii Combination method

III.3.5.e.ii.1 Extrapolation to the total phase space

The inclusive phase space must be carefully defined such that all observables of interest are independent
of the Higgs boson decay products. It is preferable to retain the philosophy of the fiducial cross-section
measurements and keep the theoretical predictions and measurement as disentangled as possible, to
maximize the longevity of the data. The data should therefore ideally be corrected to the particle level in
the inclusive phase space. In order to compare theoretical predictions at the parton level to measurements,
non-perturbative corrections accounting for the impact of underlying event, multi-parton interactions and
hadronization can be provided separately. The central values and uncertainties should be evaluated using
a range of generators with different tunes for showering, hadronization and underlying event, such as in
Refs. [1019–1021].

III.3.5.e.ii.2 Jets in the inclusive phase space

When measuring differential cross sections, it is important that all observables of interest are independent
of the decay products of the Higgs boson, in particular when considering jets. Generally the inputs
to jet finding at the particle level are all final state particles with lifetimes cτ > 10 mm, preferably
excluding neutrinos, electrons, and muons that do not originate from hadronic decays (as suggested in
Ref. [1022]). Using this method, some of the resulting particle-level jets will contain decay products of
the Higgs boson. It is then possible for jets to veto – or be vetoed by – nearby decay products, due to
overlap removal between physics objects. This creates an inconsistency in the definition of a jet between
different decay channels, such as diphoton (two decay products in the final state) and four-lepton (four
decay products in the final state).

The effect of the Higgs boson decay can be effectively removed by reconstructing jets at the par-
ticle level and explicitly excluding the decay products of the Higgs boson. This is possible in generators
that retain the history of the Higgs boson decay on the event record. The effects of final-state radiation
from the Higgs boson decay products can also be removed. For example, photons can be excluded from
jet finding if they lie inside a cone of radius ∆R < 0.1 of an electron or muon, where neither the photon
nor lepton originate from a hadron decay.
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Optimally, a similar definition can be used when reconstructing detector-level jets. This can be
done using the so-called particle-flow method, which reconstructs individual leptons and photons before
using them as inputs to the jet finding algorithm.

III.3.5.e.ii.3 Binning of differential observables

In order to carry out a statistical combination of differential observables, matching bin boundaries are
helpful. This reduces the combination in the inclusive phase space to a statistical problem of statisti-
cally combining coarse cross sections which hold information about the sum of more fine cross section
sums. In case no matching bin boundaries are present, a combination requires additional theory input
to approximate such matching bin boundaries. For the Run 1 results, a range of criteria have been used
to justify the binning of a given observable: binning choices aiming to have equal (expected) statistical
significance in each bin or identical expected purities for example, offer a first rough guideline but no
unique choice. In analyses which rely on extracting signal yields by subtracting non-resonant production,
a certain given binning choice cannot introduce a bias. Thus future measurements should be encouraged
to use matching bin boundaries wherever possible and practical to facilitate the possibility of a later
inclusive combination.

III.3.5.e.iii Treatment of uncertainties

Care must be taken to appropriately correlate shared uncertainty sources (both experimental and the-
oretical) between the different decay channels. In particular, the uncertainties on the corrections for
acceptance and branching fractions need to be assessed appropriately.

The branching fraction uncertainties for Run-1 are described in the LHC HXSWG YR3 [9]. For
example, in Ref. [969] five nuisance parameters were used to describe the branching fraction uncertain-
ties; three fully correlated and two uncorrelated between the diphoton and four-lepton decay channels.

Since the acceptance corrections are largely driven by the Higgs boson rapidity distribution, which
is shaped by the phase space of the PDF, the choice of PDF set is one of the largest contributions to
the acceptance factor uncertainty. In Run-1 this uncertainty was assessed by following the PDF4LHC
recommendations [28]. Uncertainties associated with missing higher-order corrections are evaluated by
varying the renormalization and factorization scales, also following the PDF4LHC recommendations.

The acceptance may also be sensitive to the choice of the assumed mass of the Higgs boson,
if for example a mass window around the peak is chosen [966]. In this case the mass of the Higgs
boson in the Monte Carlo samples used to calculate the fiducial acceptance should be varied within the
current uncertainties. In order to cover a range of different event topologies and modest deviations from
the SM couplings, the composition of the SM signal should also be varied within current experimental
constraints. Finally, uncertainties in the MC simulation of underlying event, multi-parton interactions and
hadronization should be included. This can be done using different MC tunes, preferably the “systematic
variation” eigentunes which give more accurate variations of the perturbative effects [1019].

III.3.5.e.iii.1 Statistical procedure

Provided that the uncertainties are normal distributed, a weighted average between the two measurements
may be performed. However, because channels are often statistically limited the use of Poisson statistics
is frequently necessary. In this case a combined likelihood fit that accounts for common theoretical and
experimental uncertainties can be used.

III.3.5.e.iv Summary

Combining different Higgs boson decay channels to reduce the large statistical uncertainty will continue
to be important until a larger data sample is available. For example, the combination of the diphoton
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and four-lepton final states reduced the total uncertainty on the ATLAS 8 TeV inclusive measurement
by on average 25−30%. While special care must be taken to unify the object definitions and to account
for appropriate correlations between decay channels, the recommendations given here should provide a
useful starting point for future combined measurements.

III.3.6 Summary and recommendations for future measurements
Fiducial measurements will play an important role in characterizing the Higgs boson in Run 2 and be-
yond: differential and total fiducial cross sections allow the study of a wide range of physical phenomena,
such as for example the accuracy of the theoretical model of different Higgs boson production mecha-
nisms or the presence of beyond the SM contributions. To take full opportunity of these measurements
further advancements in certain theory and experimental questions should be prioritized. In the follow-
ing a list of such prioritized areas is given, which is based on the contributions of this report and the
discussions inside our working group:

1. Fiducial definitions: The particle-level fiducial phase space should be designed with the goal to
minimize the underlying model dependence. Often this leads to particle-level fiducial phase space
definitions which closely follow the reconstruction level definition. In Run 1 such model errors
contributed only negligible ot the total error budget for most observables, but with an expected
integrated luminosity of 100/fb in Run 2 such aspects will become more important. Section III.3.5
discussed several experimental aspects on how such model dependence can be minimized. Among
the most important ones is the use of particle-level isolation, which does mimic the reconstruction
level requirements of isolated objects. If tuned right the ratio of reconstruction level and particle
level fiducial efficiency can be brought close to be near production process independent. Both
experiments should continue such studies and explore alternative fiducial regions and definitions,
as there is no need to stay in sync with past definitions or other experiments.

2. Unfolding of detector effects: Reverting migrations induced by the finite resolution of the detec-
tors is an important aspect of how measured differential cross sections are presented. Without
such an unfolding a direct comparison of the measured fiducial cross sections with particle-level
differential theory predictions cannot be made. In Run 1 both experiments followed a slightly
different philosophy in unfolding, briefly summarized in Section III.3.5. In principle any method
of unfolding is fine to use and combine as long as underlying model biases are properly estimated
and included in the error budget. Besides making the unfolded results available (cf. recommen-
dation 3), it became clear that it would be useful to also publish the migration matrices and the
folded yield. One core aspect of fiducial measurements is the preservation of results, such that
measured differential information can be confronted with new theory ideas even many years after
the original measurement was carried out. As it is difficult to forsee the needs of future analyses,
we recommend to provide the full array of information which lead to unfolded results: that is the
original yields, the migration and efficiency matrix, as well as the full experimental on either such
that the published results can be reproduced.

3. Preservation of data: An important trend, which is already very much being prioritized for SM
measurements, is the publication of experimental information on HEPDATA [970], an online
archive which allows easy access of many experimental results. The remaining Run 1 measure-
ments which are not published there, should follow suit and for Run 2 a full summary of the
experimental result of a paper should be made available there. In addition, experiments should
provide validated RIVET routines [310] to apply the corresponding particle level fiducial selection
of each analysis, as done in some cases in Run 1 already. This will allow phenomenologists or
other interested parties to make maximal use of the measurements and minimize the possibility for
errors. This is particular important if non-trivial fiducial definitions are used (cf. recommendation
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1).

4. Higgs boson mass shifts: In Run 1 the experiments followed two different approaches when deal-
ing with the Higgs boson mass: some either assumed that this is external knowledge and fixed the
mass at the current best known world average. Although this implied a double use of the same
data, the near complete decorrelation of cross section yields and resonance mass value, justified
such an approach, as then both properties can be measured independently from each other. The
alternative approach was to determine the Higgs boson mass using the available data and neglect-
ing any other information from other channels. Both approaches are fine and could be used in the
future. As the knowledge on the Higgs boson mass will improve with Run 2, we recommend that
measurements which fix the Higgs boson mass at its world average value provide the necessary
information to allow updating their cross sections if our knowledge there improves. This informa-
tion is contained completely in the shifts in cross sections within the current experimental bounds
of the Higgs boson mass.

5. Additional object definitions and bin boundaries: Albeit not mandatory, the harmonization of ob-
ject definitions (such as jets or of additional particles in the event) and bin boundaries would sim-
plify comparisons between the experiments and theory considerably. In addition, it would allow
both experiments to provide inclusive averages of their results. Such are more model independent,
but will provide interesting future input to probe SM properties such as the modelling of hard and
soft quark and gluon radiation or help constraining PDFs. In Run 1 such a combination between
channels was carried out in Ref. [969] and experiments are encouraged to discuss a full combina-
tion of all experimental information to provide differential information of inclusive Higgs boson
production. A review of some crucial points which need to be taken into account is provided in
Section III.3.5.e.

6. Continued benchmarking of fiducial acceptance: An important aspect of fiducial measurements as
well as for a combination between several channels outlined in point 5, is the understanding of
the fiducial acceptance. In Section III.3.3 a first set of public results of differential Higgs boson
pT spectra are provided for a benchmark fiducial region. Such studies should continue to better
understand the accuracy of the range of tools used to calculate such factors in an experimental
context. A first contribution in this direction on the object level was carried out by Ref. [975], but
future studies will be needed.

7.a Signal definitions: In Ref. [972] a first fiducial cross section measurement of pp → ZZ(∗) → 4`
was reported which absorbs the Higgs boson signal into its cross section definition. Such measure-
ments are very interesting and should be pursuit also in Run 2, as they allow for a simultaneous
analysis of resonant and non-resonant production: if for instance new physics would alter the
coupling of the Higgs boson to the Weak bosons, the non-resonant background also would be
modified what in turn would change the extracted yield. In addition, the maximal sensitivity to
probe for such scenarios would involve the simultaneous analysis of resonant and non-resonant
pp→ ZZ(∗) → 4` production.

7.b Signal definitions: In Ref. [1023] a value for the gluon fusion fiducial cross section is provided

from H → WW(∗) → 2`2ν decays. Albeit in terms of this measurement it is natural to subtract
non-gluon Higgs boson production, we advocate a fiducial cross section definition which is inclu-
sive over the Higgs boson production mechanism. Albeit this complicates the eventual analysis (as
migration patterns are more complicated), such results allow for a wider range of interpretations.
In particular, they do not make weaker assumptions of non-gluon fusion Higgs boson production,
which is then subtracted. By providing inclusive measurements in all channels, the information is
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complementary to the information provided in the H → ZZ∗ → 4` and H → γγ channels, where
no such subtractions are carried out and is left to an additional interpretation step.

8. Global beyond the SM analyses: A combined global analysis of several fiducial observables offers
a unique probe to constrain beyond the SM physics. Such an analysis can either happen inside a
given BSM model or in an effective field theory framework (cf. Section III.3.4 and the EFT review
inside this report). This approach is complementary and more model independent to the simpli-
fied template cross sections, but also more limited as only channels can be included which allow
for fiducial measurements. To maximize the sensitivity of such an analysis, the experimental and
theory communities should both work together to create the necessary tools and identity the nec-
essary measurements that maximize the sensitivity. This for example requires theory predictions
which match the experimental sensitivity and the determination of statistical correlations between
observables. A proof-of-concept global analysis which could serve as a template for future global
analyses was carried out in Ref. [964] using Run 1 data, where Wilson coefficients of dimension
six operators were constrained using the differential information of five differential observables
and their experimental correlations.

9. Targeted beyond the SM analyses: Complementary to global analyses, which use a broad collec-
tion of differential or fiducial regions to constrain beyond the SM physics, is the Ansatz of targeting
regions with a specific sensitivity for a given model. If for example one wishes to constrain a dark
matter scenario in association with a Higgs boson, that produces a lepton and missing transverse
energy, most sensitivity will come from a matching fiducial region. Theorists are encouraged to en-
ter a dialogue with their experimental colleagues if they have specific suggestions. Section III.3.4
provides a first discussion and specific regions targeting VBF, VH, and dark matter associated
production seem among the most promising suggestions.
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Chapter IV.1

Neutral MSSM

R. Lane, S. Liebler, A. McCarn, P. Slavich, M. Spira, D. Winterbottom (Eds.) E. Bagnaschi, F. Frensch,
R. Harlander, S. Heinemeyer, G. Lee, H. Mantler, M. Mühlleitner, J. Quevillon, N. Rompotis, A. Vicini,

C. Wagner, M. Wiesemann, R. Wolf

IV.1.1 Introduction
In contrast to the SM, the Minimal Supersymmetric Standard Model (MSSM) requires the introduction
of two complex Higgs doublets, Hu and Hd, to provide masses for up- and down-type fermions via the
spontaneous breaking of the SU(2)L × U(1)Y gauge symmetry. If the MSSM Lagrangian does not
contain new sources of CP violation, the presence of two complex Higgs doublets implies the existence
of two charged Higgs bosons, H±, and three neutral Higgs bosons: a CP -odd (i.e., pseudoscalar) state
A, and two CP -even (i.e., scalar) states, h and H, with Mh < MH. At the tree level in the MSSM,
the masses of these five Higgs bosons and their mixing can be expressed in terms of the gauge-boson
masses MW and MZ plus two additional parameters, which can be chosen as the pseudoscalar mass MA

and the ratio of the vacuum expectation values of the neutral components of the two Higgs doublets,
tanβ ≡ vu/vd. The tree-level mass of the charged states is given by M2

H
± = M2

A + M2
W , and the

tree-level masses of the neutral CP -even states are:

M2
h,H =

1

2

(
M2

A +M2
Z ∓

√(
M2

A +M2
Z

)2
− 4M2

A M
2
Z cos2 2β

)
. (IV.1.1)

In the MSSM the role of the SM Higgs boson is shared between the scalars h and H. In particular,
the couplings of the neutral scalars to pairs of massive vector bosons (VV) and of SM fermions (uu, dd
and ``), relative to the corresponding SM couplings, are:

gVV guu gdd,``

A 0 cotβ tanβ

H cos(β − α) sinα/ sinβ cosα/ cosβ

h sin(β − α) cosα/ sinβ − sinα/ cosβ

(IV.1.2)

where α is the angle that diagonalizes the CP -even mass matrix, given at tree level by:

tanα =
−(M2

A +M2
Z) sin 2β

(M2
Z −M2

A) cos 2β +

√(
M2

A +M2
Z

)2
− 4M2

A M
2
Z cos2 2β

. (IV.1.3)

In addition, there are non-SM couplings of the neutral scalars to ZA and to W∓H± . These are propor-
tional to cos(β−α) in the case of h and to sin(β−α) in the case of H, while the ZAA coupling vanishes
and the W∓H±A coupling does not depend on α or β. Also relevant for the discussion in Section IV.1.2
is the trilinear coupling of one heavy scalar to two light scalars, whose tree-level value reads, in units of
M2

Z/v where v ≡ (v2
u + v2

d)
1/2 ≈ 246 GeV,

λHhh, tree = 2 sin 2α sin(β + α) − cos 2α cos(β + α) . (IV.1.4)
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In the decoupling limit, MA � MZ , the mixing angle in the CP -even sector simplifies to α ≈
β − π/2. As a result, the tree-level mass of the light neutral scalar h becomes Mh ≈ MZ | cos 2β|, and
its couplings to gauge bosons, quarks and leptons in Eq. (IV.1.2) become SM-like. The masses of H
and H± become approximately degenerate with MA , the couplings of H to two massive gauge bosons
vanish, the couplings of H to two up-type (down-type) SM fermions are suppressed (enhanced) for large
tanβ, and the coupling of H to two light neutral scalars is suppressed for large tanβ. Therefore, in this
limit, the Higgs sector of the MSSM reduces to an SM-like Higgs boson with tree-level massMh < MZ ,
and a heavy and mass-degenerate multiplet (H,A,H±) with vanishing couplings to two massive gauge
bosons. In contrast, for low values of MA there is a crossing point where H and h swap their roles,
i.e. the heavy neutral scalar is the one whose mass is independent of MA and whose couplings approach
SM strength. For tanβ & 10, the decoupling behaviour of the tree-level scalar masses is rather sharp,
with a clear crossing point around MA ≈ MZ. For lower values of tanβ, the onset of the decoupling
behaviour at MA � MZ (or MA � MZ) is delayed to larger (or smaller) values of MA. Indeed, for
tanβ = 3 a heavy scalar H of mass around 300 GeV can still have non-negligible couplings to two
massive gauge bosons (as well as to two light scalars, due to the reduced tanβ suppression). However,
for low tanβ the upper bound on the tree-level mass of the light scalar can be considerably lower than
MZ, with tanβ = 1 corresponding to a vanishing tree-level mass.

As is well known, the tree-level predictions for the masses of the MSSM Higgs bosons are sub-
ject to substantial radiative corrections, which can lift the lightest-scalar mass well above the tree-level
bound and introduce a dependence on several other parameters of the MSSM. The dominant one-loop
contribution to the lightest-scalar mass arises from loops of top quarks and their scalar superpartners, the
top squarks (stops), and in the decoupling limit takes the approximate form

(
∆M2

h

)t/t̃
1`
≈

3m4
t

2π2 v2

(
log

M2
SUSY

m2
t

+
X2
t

M2
SUSY

− X4
t

12M4
SUSY

)
, (IV.1.5)

where MSUSY =
√
Mt̃1

Mt̃2
is an average scale for the stop masses, and Xt = At − µ cotβ is the

stop mixing term, where At is the soft SUSY-breaking Higgs-stop coupling and µ is the higgsino mass
parameter. The one-loop top/stop contribution to Mh is maximized for large values of MSUSY (due to
the logarithmic term) and for the maximal mixing condition |Xt| =

√
6MSUSY. A smaller negative

contribution from sbottom loops, not shown in the equation above, can be relevant only for large values
of tanβ.

Due to the crucial role of radiative corrections in pushing the prediction for the lightest-scalar
mass above the tree-level bound, an impressive theoretical effort has been devoted over a quarter-century
to the precise determination of the Higgs sector of the MSSM.IV.1 After the first computations of the
one-loop top/stop contributions [1024–1029], full one-loop computations of the MSSM Higgs boson
masses have become available [1030–1035], leading logarithmic corrections beyond one loop have been
included via renormalization-group (RG) methods [1036–1043], and the genuine two-loop corrections
have been evaluated in the limit of vanishing external momentum in the Higgs self-energies [83, 1044–
1057]. The external-momentum dependence of the dominant two-loop corrections involving the strong
gauge coupling or the third-family Yukawa couplings has subsequently been computed [1058–1061], and
some of the dominant three-loop corrections to the lightest-scalar mass have also been obtained, both
via RG methods [87, 1062, 1063] and by explicit calculation of the Higgs self-energy at zero external
momentum [1064, 1065].

As in the SM, one of the most important production mechanisms for the neutral Higgs bosons
in the MSSM is gluon fusion [1066], mediated by loops involving the top and bottom quarks and their

IV.1 We focus here on the MSSM with real parameters. Significant efforts have also been devoted to the Higgs boson mass
calculation in the presence of CP -violating phases, as well as in non-minimal supersymmetric extensions of the SM.



Chapter IV.1. Neutral MSSM 489

superpartners. However, for intermediate to large values of tanβ bottom-quark annihilation can be-
come the dominant production mechanism for the neutral Higgs bosons that have enhanced couplings to
down-type fermions. For what concerns gluon fusion, the knowledge of the contributions of diagrams in-
volving only quarks and gluons includes: NLO-QCD contributions [97–99, 136, 140, 142, 143, 865, 868]
with full dependence on the Higgs boson and quark masses; NNLO-QCD contributions in the heavy-
top limit [70, 100–102, 115, 127, 862, 869, 870, 882, 883, 1067, 1068] and including finite top-mass ef-
fects [103–106, 234, 235, 1069, 1070]; partial NNNLO-QCD contributions [94, 95, 117, 119, 155, 1071];
soft-gluon resummation effects [115, 116, 1072–1074]. The NLO-QCD contributions of diagrams in-
volving only squarks and gluons are fully known [142, 866–868]. For the NLO-QCD contributions of
diagrams involving quarks, squarks and gluinos, approximate analytic results assuming different hierar-
chies between the Higgs, quark and superparticle masses are available [871, 873–878, 1075], and exact
results relying on a combination of analytic and numerical methods have been presented [879, 880].
Approximate results, in the limit of vanishing Higgs boson mass, also exist for the NNLO-QCD contri-
butions of diagrams involving superparticles [872, 1076, 1077]. Finally, the effects of non-decoupling,
tanβ-enhanced corrections to the Higgs-bottom coupling can be taken into account via an effective-
Lagrangian approach [1078–1085], and the subset of electroweak (EW) contributions involving loops
of light quarks and gauge bosons can be adapted to the MSSM from the corresponding SM calcula-
tion [107, 1086]. For Higgs boson production in bottom-quark annihilation, the cross section is known
in the four-flavour scheme at NLO-QCD [1087, 1088] and in the five-flavour scheme up to NNLO-
QCD [567,1089,1090]. As in the case of gluon fusion, the tanβ-enhanced contributions from diagrams
involving superpartners can be taken into account by means of an effective Higgs-bottom coupling. The
remaining one-loop contributions from superpartners have been found to be small [1091–1093].

The kinematic distributions of the Higgs bosons of the MSSM can exhibit different properties
with respect to the corresponding ones of an SM-like Higgs boson of equal mass [224, 231, 239, 240,
252,829,853,996,1094–1097]. In the case of gluon fusion, these effects are due to the modified relative
importance of the top and bottom amplitudes and to the additional contributions from SUSY particles
that mediate the interaction between the Higgs and the gluons. To understand the size of these effects
and to estimate the discriminating power in distinguishing them from the SM behaviour, it is important
to compute precise predictions where all theoretical uncertainties are under control [1098].

The decays of the MSSM Higgs bosons should also be calculated including higher-order correc-
tions. Decays to SM fermions have been evaluated at the full one-loop level in the MSSM [1099, 1100]
(see also Ref. [1101]), where higher-order SUSY corrections can be included via resummation [1078–
1085]. Decays to (lighter) Higgs bosons have been evaluated at the full one-loop level in the MSSM in
Refs. [1100,1102] (see also Refs. [1103,1104]). Decays to SM gauge bosons have been evaluated at the
full one-loop level in Ref. [1105], but no corresponding computer code is available. In an approxima-
tive way they can be evaluated using the full SM one-loop result [72, 73] rescaled with the appropriate
effective LO coupling factors. The latter are available in the form of radiatively corrected effective
couplings and Z factors up to the two-loop level [85] and ensure, also in the other decay modes, the
on-shell properties of the decaying Higgs boson. The (heavy) MSSM Higgs bosons can (if kinematically
allowed) also decay to SUSY particles, i.e. to charginos, neutralinos and scalar fermions, where these
modes can dominate the heavy Higgs boson decays. The lightest neutral Higgs boson, on the other hand,
can have a substantial branching ratio into the lightest neutralino, i.e. the Dark Matter candidate in the
MSSM [1106, 1107]. Higher-order contributions to the decays of the MSSM Higgs bosons to scalar
fermions have been evaluated at the full one-loop level in Refs. [1108, 1109]. In Ref. [90] the O(αs)
corrections to Higgs boson decays to scalar quarks were re-analysed. Full one-loop corrections to the
decays to charginos and neutralinos can be found in Refs. [1110–1112].

The discovery of an approximately SM-like Higgs boson with mass around 125 GeV – and the
non-observation of SUSY particles or of additional (neutral or charged) Higgs bosons – in the first few
years of operation of the LHC have led to strong constraints on the allowed parameter space of the
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MSSM. For low values of the parameter tanβ, the direct bounds on the masses of the additional Higgs
bosons are still relatively weak, but very heavy top squarks are required to reproduce the observed mass of
the SM-like Higgs boson. In Section IV.1.2 we discuss two approaches, proposed in Refs. [1113–1116]
and [1117], for predicting the properties of the Higgs bosons in the region with low tanβ and heavy
SUSY particles. We also compare the predictions of the two approaches with those of a recent calculation
based on the effective-field-theory (EFT) method [1118].

In Section IV.1.3 we discuss the content and structure of the ROOT files which are provided on the
webpages of the subgroup for various MSSM benchmark scenarios. They contain crucial information
about Higgs boson masses, cross sections and branching ratios relevant for the experimental analysis.
We also describe a comparison between the ROOT files for the two above-mentioned MSSM scenarios
with low tanβ.

In Section IV.1.4 we turn our attention to the Higgs transverse-momentum distribution. In the con-
text of the matching between resummed and fixed-order computations, we investigate the main sources
of matching ambiguities by means of a twofold comparison. On the one hand, we present a compari-
son of two recently introduced algorithms for determining the matching scale [231, 252], an auxiliary
parameter of these matched-resummed computations, whose variation can be used as a probe of the the-
oretical uncertainties akin to what is usually done with the renormalization and factorization scales in the
case of fixed-order results. On the other hand, we compare the predictions of two NLO+PS frameworks,
MC@NLO [340] (in its implementation AMCSUSHI [54,135,1119,1120]) and POWHEG [342] (using
the POWHEG-BOX [81,240,1121]), and of the NLO+NLL code MORE-SUSHI [1122,1123] based on
collinear analytic resummation [194, 195]. We consider for simplicity the process of heavy Higgs boson
production in a type-II Two-Higgs-Doublet Model (THDM).

We remark that Section IV.1.2 and part of Section IV.1.3 summarize the content of a recent LHC-
HXSWG public note, Ref. [1124]. Section IV.1.4 summarizes another recent study, Ref. [250].

IV.1.2 Benchmark scenarios for low tanβ in the MSSM
The Run 1 data taken at the LHC in 2011 and 2012 have led to strong constraints on the allowed parameter
space of the MSSM. IV.2 These constraints are imposed by (i) the discovery of a scalar particle with a
mass of 125.09 ± 0.24 GeV [1, 2, 5] and couplings compatible with the predictions for the SM Higgs
boson within an experimental accuracy of ±(10−20)% [6, 757, 758]; (ii) the non-observation so far of
additional neutral or charged Higgs bosons in direct searches [1125–1128]; and (iii) the non-observation
so far of SUSY particles.

Within the MSSM, the newly discovered particle is usually interpreted as the light neutral scalar
h, while the interpretation as the heavy neutral scalar H is disfavored by the data [1127, 1128]. For the
set-up and testing of benchmark scenarios, the light-scalar mass is usually treated as a constraint on the
unknown SUSY parameters, with the requirement

Mh = 125± 3 GeV , (IV.1.6)

where the ±3 GeV variation corresponds to an approximate estimate of the theoretical uncertainty of the
MSSM prediction for Mh, due to the unknown effect of higher-order corrections [84, 1129].

For tanβ & 10 and MA in the decoupling region, the tree-level mass of the light scalar saturates
the bound Mh < MZ ; values of MSUSY around 1 TeV are then necessary to reproduce the observed Mh

in the maximal mixing case, whereas multi-TeV stop masses are necessary for smaller |Xt|. However, the
tanβ-enhancement of the couplings of the heavy Higgs bosons to bottom quarks and to τ leptons leads to

IV.2Additional constraints on the MSSM parameter space arise, e.g., from cold dark matter density, (g − 2)µ and B-physics
observables. In particular, the latter can exclude regions of the (MA, tanβ) plane in scenarios where all SUSY contribu-
tions decouple. However, such indirect constraints are independent of – and complementary to – those arising from Higgs
phenomenology at the LHC, and will not be discussed further here.
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significant constraints on the (MA, tanβ) plane from direct searches by ATLAS and CMS [1125–1128].
For example, in the benchmark MSSM scenario Mmod +

H , described in Ref. [91], values of tanβ &
10 (20) are directly excluded for MA . 300 (500) GeV. For Run 2 of the LHC the allowed parameter
space is expected to shrink further, unless a discovery is made.

For lower values of tanβ, heavy Higgs bosons with masses as low as 200 GeV are not yet excluded
by direct searches at the LHC. Moreover, thanks to the delayed approach to the decoupling limit and to
the reduced tanβ-suppression of the three-scalar coupling, the decays

H → WW , H → ZZ , H → hh , A → Zh , (IV.1.7)

may still have significant branching ratios, especially below the threshold for the decay to a top-quark
pair (see, e.g., Refs. [1113,1130]). However, as mentioned above, lower values of tanβ imply a reduced
tree-level mass for the lightest scalar, and hence require larger values of MSUSY entering the radiative
corrections to satisfy the mass constraint in Eq. (IV.1.6). For tanβ in the low single digits, the required
hierarchy between MSUSY and mt is so large that a fixed-order result such as the one in Eq. (IV.1.5)
would be inadequate even if extended to two- or three-loop order, because the unknown higher-order
corrections contain higher powers of the large logarithm ofMSUSY/mt. In this case, the large logarithmic
corrections to the Higgs boson masses should be resummed to all orders via an EFT approach: the heavy
SUSY particles are integrated out at the scale MSUSY, where appropriate boundary conditions, free of
logarithmic enhancements, are imposed on the quartic Higgs boson couplings; the latter are evolved
down to the weak scale with the corresponding renormalization group equations (RGE); finally, the Higgs
boson masses are computed from the quartic Higgs boson couplings, including the radiative corrections
due to the contributions of the remaining light particles at the weak scale.

An EFT calculation of the MSSM Higgs boson masses in scenarios where all the SUSY particles
(except possibly charginos and neutralinos) are far above the TeV scale, while all Higgs bosons are
below it, has recently been completed [1118], extending the earlier work in Ref. [1063] to the case of
two light Higgs doublets. The boundary conditions on the quartic couplings are computed at two loops,
and the RG evolution is performed at two or three loops (the latter only in the region where the relevant
effective theory is the SM). However, no public code implementing the results of such a calculation is
currently available. For the analysis of low-tanβ scenarios by ATLAS and CMS, this limitation has been
circumvented in two ways: (i) in the phenomenological hMSSM approach of Refs. [1113–1116], which
will be briefly described in Section IV.1.2.a, the experimental knowledge of Mh can be traded – under
certain assumptions – with the calculation of the radiative corrections, and used to predict the remaining
masses and couplings of the MSSM Higgs bosons; (ii) in an alternative approach [1117], the accurate
fixed-order calculation of the MSSM Higgs boson masses provided by the code FEYNHIGGS [82–85]
has been supplemented with a partial resummation of the large logarithmic corrections [87], and used
to produce a new benchmark scenario with MA ≤ 500 GeV, tanβ ≤ 10 and sufficiently heavy SUSY
particles, whose predictions for Mh are compatible with the requirement of Eq. (IV.1.6). This scenario,
referred to as low-tb-high, will be briefly described in Section IV.1.2.b.

IV.1.2.a The hMSSM approach

In the hMSSM approach [1113–1116], the Higgs sector of the MSSM is described in terms of just the
parameters entering the tree-level expressions for masses and mixing, Eqs. (IV.1.1) and (IV.1.3), plus
the experimentally known value of Mh. In this sense, the hMSSM approach can be considered “model
independent”, because the predictions for the properties of the MSSM Higgs bosons do not depend –
with some caveats which will be discussed below – on the details of the unobserved SUSY sector.

The mass matrix for the neutral CP -even states can be decomposed into a tree-level part and
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radiative corrections as

M2
Φ =



M2

A sin2 β +M2
Z cos2 β −(M2

A +M2
Z) sinβ cosβ

−(M2
A +M2

Z) sinβ cosβ M2
A cos2 β +M2

Z sin2 β


 +




∆M2
11 ∆M2

12

∆M2
12 ∆M2

22


 . (IV.1.8)

The hMSSM approach is based on the following assumptions: (i) the observed Higgs boson is the light
scalar h; (ii) of the radiative corrections in Eq. (IV.1.8), only the element ∆M2

22, which contains the
leading logarithmic terms arising from top and stop loops, needs to be taken into account; (iii) all SUSY
particles are heavy enough to escape detection at the LHC, and their effects on the Higgs sector other
than those on the mass matrix, e.g. via direct loop corrections to the Higgs boson couplings or via
modifications of the total decay widths, can be neglected.

With these assumptions ∆M2
22 can be traded for the known value of Mh, inverting the relation

that gives the lightest eigenvalue of the mass matrix in Eq. (IV.1.8):

∆M2
22 =

M2
h (M2

A +M2
Z −M2
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A M

2
Z cos2 2β

M2
Z cos2 β +M2

A sin2 β −M2
h

, (IV.1.9)

which leads to the following expressions for the heavy-scalar mass and for the mixing angle

M2
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(M2
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Z −M2
h)(M2
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A M
2
Z cos2 2β

M2
Z cos2 β +M2
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, (IV.1.10)

tanα = −
(M2

Z +M2
A) cosβ sinβ

M2
Z cos2 β +M2

A sin2 β −M2
h

. (IV.1.11)

The mass of the charged scalars coincides with the tree-level value M2
H
± = M2

A + M2
W in this

approximation. The couplings of the neutral Higgs bosons to fermions and to gauge bosons are fixed
to their tree-level form as in Eq. (IV.1.2), but they are expressed in terms of the effective (i.e., loop-
corrected) angle α obtained in Eq. (IV.1.11). In contrast, the triple and quartic Higgs self-couplings
receive additional contributions. In particular, the effective Hhh coupling in the hMSSM reads

λHhh = λHhh, tree + 3
∆M2

22

M2
Z

sinα

sinβ
cos2 α , (IV.1.12)

where the tree-level coupling, see Eq. (IV.1.4), is also expressed in terms of the effective α, and the
correction ∆M2

22 is given in Eq. (IV.1.9). Under the assumptions that characterize the hMSSM, the
information encoded in Eqs. (IV.1.10)–(IV.1.12) is sufficient to determine the production cross sections
and the decay branching ratios of all the MSSM Higgs bosons, as function of only MA and tanβ for a
fixed value of the light-scalar mass (which we can take as Mh = 125 GeV). The precise calculation of
these observables will be described in Section IV.1.3 below.

It should be noted that the hMSSM approach is well defined only in the region of the (MA, tanβ)
plane where the denominator in Eqs. (IV.1.9)–(IV.1.11) is greater than zero (indeed, as the denominator
approaches zero ∆M2

22 diverges, and we get α → −π/2 and MH → ∞). In other words, for any
given value of tanβ there is a minimum value Mmin

A below which it is not possible to reproduce the
desired Mh with only a correction to the (2, 2) element of the Higgs boson mass matrix. For large
tanβ one has Mmin

A ≈ Mh, while for decreasing tanβ the minimum value of MA increases, up to

Mmin
A = (2M2

h −M2
Z)1/2 for tanβ = 1 (for Mh = 125 GeV, this corresponds to Mmin

A ≈ 151 GeV).
However, in Ref. [1116] it is argued that the region where the hMSSM approach breaks down is already
excluded, both by direct searches for H± and A at the LHC and by the requirement that the couplings of
h be approximately SM-like.
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Figure 251: Mass of the light scalar h as computed by FEYNHIGGS 2.10.4 in the “low-tb-high” scenario, as a
function of MA and tanβ.

The validity of the assumption (ii), that ∆M2
11 and ∆M2

12 can be neglected, is also discussed
in Refs. [1115, 1116]. Direct inspection of the dominant one-loop contributions from top/stop loops
shows that the corrections to the (1, 1) and (1, 2) elements of the Higgs boson mass matrix are propor-
tional to powers of the ratio µXt/M

2
SUSY. Since the sbottom contributions to those matrix elements are

not enhanced at the moderate tanβ values of interest here, the assumption (ii) is satisfied as soon as
µXt/M

2
SUSY is suppressed. In MSSM scenarios with MSUSY up to a few TeV, the inclusion of the full

one-loop contributions and of the known two-loop contributions does not alter this picture. This was
shown in Refs. [1115, 1116] via numerical comparisons between the predictions for MH and α obtained
with the codes SUSPECT [1131] and FEYNHIGGS [82–85, 87] and those obtained with the hMSSM ap-
proximations, Eqs. (IV.1.10) and (IV.1.11), using the values of Mh produced by the codes as input. To
extend this check to the very large values of MSUSY required to obtain the observed value of Mh at low
tanβ, a comparison against the proper EFT calculation becomes necessary. The studies in Ref. [1118] in-
dicate that, even in such heavy-SUSY scenarios, the predictions of Eqs. (IV.1.10)–(IV.1.12) agree within
a few per cent with the exact results for MH, α and λHhh , as long as µXt/M

2
SUSY . 1.

Concerning the assumption (iii), i.e. the absence of direct SUSY corrections to the Higgs boson
couplings, we recall that the couplings to bottom quarks are subject to potentially large, tanβ-enhanced
SUSY corrections – often called ∆b corrections – which do not decouple in the limit of heavy superpar-
ticles. However, those corrections are not particularly relevant at the values of tanβ considered here,
and in addition they scale like µ/MSUSY, i.e. they could be suppressed by the same choices of SUSY
parameters that guarantee the validity of the assumption (ii).

IV.1.2.b The “low-tb-high” scenario
The second approach [1117] to the study of low-tanβ scenarios in the MSSM is essentially orthogonal
to the one outlined in the previous section. Instead of treating Mh as an input, and using it to obtain a
simple but approximate description of the Higgs sector which is largely independent of the underlying
SUSY parameters, one looks for choices of SUSY parameters that, using a high-precision calculation of
the Higgs boson masses and mixing, allow to obtain the desired value of Mh in most of the (MA, tanβ)
plane.
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As discussed in Section IV.1.1, for low tanβ the values of MSUSY required to obtain Mh ≈
125 GeV are so large that a fixed-order calculation of the Higgs boson masses becomes inadequate,
and a resummation of the large logarithmic corrections is unavoidable. Starting from version 2.10.0,
the public code FEYNHIGGS [82–85] does include such resummation [87], with some limitations that
will be discussed below. The so-called “low-tb-high” scenario is defined for 0.5 ≤ tanβ ≤ 10 and
150 GeV ≤ MA ≤ 500 GeV, and the masses and mixing of all the MSSM Higgs bosons are computed
with version 2.10.4 of FEYNHIGGS.

To obtain values of Mh in the desired range, the SUSY parameters – in the on-shell scheme
adopted by FEYNHIGGS – are chosen as follows: (i) all soft SUSY-breaking masses for the sfermions
(both squarks and sleptons) as well as the gluino mass are set equal to MSUSY; (ii) MSUSY is varied
between few TeV (for large values of MA or tanβ) and up to 100 TeV (for small values of MA or
tanβ), keeping the following relations between Xt, MSUSY and tanβ:

tanβ ≤ 2 : Xt/MSUSY = 2;

2 < tanβ ≤ 8.6 : Xt/MSUSY = 0.0375 tan2 β − 0.7 tanβ + 3.25;

8.6 < tanβ : Xt/MSUSY = 0;

(iii) for what concerns the remaining SUSY parameters, all Higgs-sfermion trilinear couplings other than
At are set to 2 TeV, µ is set to = 1.5 TeV and the SU(2) gaugino mass M2 is set to 2 TeV (this fixes
also the U(1) gaugino mass M1 via the GUT relation M1/M2 = 5/3 tan2 θW ). With these choices of
SUSY parameters, the prediction of FEYNHIGGS for the light-scalar mass Mh is shown in Figure 251
as a function of MA and tanβ. As can be seen, the requirement of Eq. (IV.1.6) can be met over most of
the parameter space, with the exception of the lower-left corner corresponding to very low values of both
MA and tanβ. However, it has not been tested whether the predictions for the production cross section
and the branching ratios of the light scalar are in full agreement with the latest results of the ATLAS
and CMS collaborations [757, 758], which indicate an SM-like Higgs boson with uncertainties in the
(10−20)% range. For the heavy Higgs bosons, the chosen values of µ and M2 ensure that all decays
to charginos and neutralinos (henceforth, electroweakinos or EW-inos) are kinematically forbidden, thus
maximizing the branching ratios for the decays in Eq. (IV.1.7).

A limitation of the “low-tb-high” scenario should be taken into account. The resummation proce-
dure currently implemented in FEYNHIGGS – which accounts only for the leading and next-to-leading
logarithmic corrections to the Higgs boson masses controlled by the strong gauge coupling and by the
top Yukawa coupling – relies on the assumption that all SUSY masses as well as the heavy-Higgs boson
masses are of the order of MSUSY. However, in the “low-tb-high” scenario the parameters µ and M1,2

are fixed to O(TeV), and MA is below 500 GeV. To assess the adequacy of FEYNHIGGS in an MSSM
scenario with heavy sfermions and gluinos but relatively light EW-inos and additional Higgs bosons,
a comparison with a proper EFT calculation – where the effective theory below MSUSY is a THDM
augmented with EW-inos – would be necessary.

The studies in Ref. [1118] indicate that, with the choices of SUSY parameters of the “low-tb-high”
scenario, the EFT predictions for Mh can be considerably lower than those of the current FEYNHIGGS

implementation. In particular, for tanβ > 5.5 the EFT calculation yields values of Mh that are about
2 GeV lower than those obtained by FEYNHIGGS. For lower values of tanβ, the disagreement is more
severe: the difference is greater than 5 GeV (10 GeV) for tanβ < 3.5 (tanβ < 2). When one looks at
the minimal value of MSUSY required to obtain Mh in the desired range, the logarithmic dependence of
Mh onMSUSY amplifies the discrepancy. For tanβ = 2, the EFT calculation requiresMSUSY > 108 TeV
(MSUSY > 200 TeV) to obtain Mh > 122 GeV with MA = 200 GeV (MA = 500 GeV). This should
be compared with the maximal value MSUSY = 100 TeV adopted in the “low-tb-high” scenario for the
lowest values of MA and tanβ. Discrepancies up to (10−12)% between FEYNHIGGS and the EFT
calculation can also be found in the predictions for MH and α at very small values of MA and tanβ.
Further investigation will be required to ascertain how these discrepancies are related to the presence
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Table 120: Benchmark scenarios provided on the webpage of the MSSM subgroup of the LHC-HXSWG [1132]
in the form of new ROOT files for Run 1 and Run 2 of the LHC. We give information about the ranges of
MA and tanβ, and the centre-of-mass energies

√
s. The Mmod+

H scenario is delivered for different values of
µ ∈ µval = {−1000,−500,−200, 200, 500, 1000} GeV with the restriction tanβ < 40 for µ = −1000 GeV. In
the light-stop scenario the gaugino and higgsino mass parameters are fixed asM1 = 350 GeV,M2 = µ = 400 GeV
to avoid the bounds from direct stop searches.

scenario MA [GeV] tanβ
√
s [TeV]

“low-tb-high” [1124] 150− 500 0.5− 10 8, 13

hMSSM [1113–1116] 130− 1000 1− 60 8, 13

Mmax
H [91] 90− 2000 0.5− 60 13, 14

Mmod+
H [91], µ ∈ µval 90− 2000 0.5− 60 8, 13, 14

Mmod−
H [91] 90− 2000 0.5− 60 13, 14

light stau [91] 90− 2000 0.5− 60 13, 14

light stop [91] 90− 650 0.5− 60 13, 14

τ-phobic [91] 90− 2000 0.5− 50 13, 14

of a light THDM, to the presence of light EW-inos, and to other aspects of the calculation such as the
determination of the top Yukawa coupling.

On the other hand, the fact that µ � MSUSY over the whole parameter space ensures that the
dominant top/stop corrections to the elements other than (2, 2) of the CP -even Higgs boson mass matrix
are suppressed. Therefore, a meaningful comparison with the results obtained in the hMSSM approach
can be performed, as will be discussed in Section IV.1.3.c.

IV.1.3 ROOT files for cross sections and branching ratios
For Run 1 of the LHC, benchmark scenarios for the MSSM were delivered by the LHC-HXSWG in the
form of ROOT files, which contain masses, inclusive production cross sections and branching ratios of
the Higgs bosons. The files can be downloaded from the webpages of the MSSM subgroup [1132]. Their
structure and content were significantly updated for Run 2 of the LHC, and in this section we describe
the changes in some detail. We first focus on the content of the files, including a description of how the
relevant quantities were calculated. Afterwards the structure of the files and the possible ways to access
the included data are explained. Finally we describe a comparison of the ROOT files for the hMSSM
and the “low-tb-high” scenario.

IV.1.3.a Content of the ROOT files
All ROOT files contain the Higgs boson masses, cross sections (including estimates of the theoretical
uncertainties via scale variations) and branching ratios for a grid of MA and tanβ values. Table IV.1.3.a
provides an overview of the delivered benchmark scenarios, including the ranges of MA and tanβ and
the centre-of-mass energies for which the cross sections were produced. In the following we describe
how the quantities included in the ROOT files were obtained. We detail the calculations of the Higgs
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boson masses, cross sections, and decay widths and branching ratios, and then we describe the SM input
parameters used by the codes.

For the benchmark scenarios already presented in the third report of the LHC-HXSWG [9], which
are based on Ref. [91], the neutral-scalar masses, the Higgs mixing angle α and the charged Higgs boson
mass are computed with FEYNHIGGS 2.10.2. In contrast, for the “low-tb-high” scenario the masses and
mixing are computed with FEYNHIGGS 2.10.4, activating the option to resum large logarithms due to
the heavy SUSY scale. Finally, in the ROOT files for the hMSSM the mass of the light neutral scalar is
fixed to Mh = 125 GeV, MH and α are computed as function of MA and tanβ using Eqs. (IV.1.10) and
(IV.1.11), and the charged Higgs boson mass is obtained from the tree-level relationM2

H
± = M2

A +M2
W .

We use SUSHI 1.5.0 [135] to obtain the inclusive cross sections for the production of the neutral
Higgs bosons φ ≡ (h,H,A) via gluon fusion, gg → φ, and bottom annihilation, bb→ φ. In preparation
for Run 2 of the LHC the ROOT files are produced for centre-of-mass energies of 13 TeV and 14 TeV,
with the exception of the scenarios for the low-tanβ studies, available for 8 and 13 TeV, and theMmod+

H

scenario with different values of µ, available for 8, 13 and 14 TeV. In the calculation of the gluon-fusion
cross section, SUSHI implements the NLO-QCD top and bottom contributions from Refs. [136, 140].
Moreover, NNLO-QCD top contributions from Refs. [101, 869] are taken into account in the heavy-
top limit, and the electroweak contributions by light quarks from Refs. [107, 1086] are added. In the
benchmark scenarios of Ref. [91], the squark contributions are taken into account in different limits: For
the heavy scalar and the pseudoscalar, SUSHI employs the NLO virtual corrections in the limit of heavy
SUSY masses from Refs. [876–878]. For the light scalar, SUSHI employs the results implemented
in EVALCSUSY [871, 873, 874], which were obtained in the limit of vanishing Higgs boson mass, for
the NLO corrections involving stops, and the results of Ref. [876] for those involving sbottoms. In
addition, SUSHI takes into account the resummation of tanβ-enhanced SUSY corrections in the Higgs-
bottom coupling, with a correction factor ∆b computed by FEYNHIGGS. In the “low-tb-high” scenario,
characterized by very heavy squarks, the squark-loop contributions to gluon fusion are negligible and are
omitted, but the non-decoupling ∆b corrections are included. Finally, in the case of the hMSSM SUSHI

is Run with a THDM input file providing the Higgs boson masses and the Higgs mixing angle, thus no
SUSY contributions to the cross section are included.

For bottom annihilation, SUSHI calculates the inclusive cross section at NNLO-QCD in the five-
flavour scheme (5F), based on Ref. [567]. For each neutral Higgs boson φ, the amplitude for the pro-
duction of a SM Higgs boson with mass Mφ is reweighted with the effective Higgs-bottom coupling. As
for gluon fusion, the ∆b corrections are included in all scenarios except the hMSSM. The ROOT files
also include reweighted four-flavour scheme (4F) cross sections for bottom-quark associated production,
gg → bb φ, based on Refs. [1087, 1088]. These 4F cross sections now also include a mixed top- and
bottom-quark induced contribution, which is reweighted with effective up- and down-type quark cou-
plings, taken from SUSHI. Finally, the 4F and 5F descriptions can be combined into the “Santander
matched” cross sections [1133] by the output routines delivered for the ROOT files.

The ROOT files also include estimates for the theoretical uncertainties of the cross sections. The
central values of the renormalization scale µR and the factorization scale µF are set to µR = µF = Mφ/2
for gluon fusion and to µR = 4µF = Mφ for bottom annihilation. Scale uncertainties are then deter-
mined from the envelope of seven independent variations of µR and µF by factors of 2, with the additional
constraint 1/2 ≤ µR/µF ≤ 2 for gluon fusion and 2 ≤ µR/µF ≤ 8 for bottom annihilation. For the par-
ton distribution functions the MSTW2008 [30] set has been used, and the residual uncertainties on the
parton distribution functions and on the strong coupling constant, αs, are obtained from the correspond-
ing relative uncertainties for a SM Higgs boson of mass Mφ, evaluated as proposed in Ref. [1134]. Note
however that PDF and αs uncertainties are only available for gluon fusion and bottom annihilation (5F),
not for bottom associated production (4F).

For the calculation of branching ratios and their inclusion in the ROOT files there is a substan-
tial difference between standard MSSM benchmark scenarios and the hMSSM. For the standard MSSM
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benchmark scenarios, including the “low-tb-high” scenario, the branching ratios are computed as rec-
ommended by the LHC-HXSWG [9]. They are thus a combination of the results of HDECAY for the
decays to quark pairs with the results of FEYNHIGGS for the remaining decays. In particular, for the
decays to massive gauge bosons FEYNHIGGS approximates the MSSM results by reweighting the SM
results from the code PROPHECY4F [72, 73] with the appropriate Higgs-gauge boson coupling. For
the decays to Higgs bosons, FEYNHIGGS implements a full one-loop calculation within the (complex)
MSSM [1100], improved – starting from version 2.10.4 – with the resummation of potentially large
logarithmic corrections to the decay H → hh that are relevant for the “low-tb-high” scenario. Finally,
the ROOT files for the standard MSSM benchmark scenarios also include the branching ratios for the
decays of the charged Higgs boson, as well as the branching ratio for the decay t → H+b (relevant for
low masses of the charged Higgs boson), all obtained from FEYNHIGGS. In contrast, in the ROOT files
for the hMSSM the branching ratios for the decays of the neutral and charged Higgs bosons, as well
as for t → H+b, are solely computed with the code HDECAY [69–71], which starting from version
6.40 allows for hMSSM input. HDECAY implements N4LO-QCD corrections to the decays to quark
pairs [1135–1148]; LO results for the decays to lepton pairs and for the decays involving massive gauge
bosons, both on-shell and off-shell; a LO calculation of the decays to Higgs boson pairs, both on-shell
and off-shell, using effective hMSSM couplings.

The SM parameters used as input by the codes that compute the Higgs boson masses, produc-
tion and decays mostly coincide with the recommendations of the LHC-HXSWG, see Ref. [144] and
Chapter I.1, with the following exceptions: for the calculation of Higgs boson masses in FEYNHIGGS

and the calculation of branching ratios in FEYNHIGGS and HDECAY αs(MZ) = 0.119 is used. The
cross sections are calculated by SUSHI with the strong coupling constant αs taken from the PDF set
employed. In both FEYNHIGGS and SUSHI, the MS masses of the bottom and charm quarks are set
to mMS

b (mb) = 4.16 GeV and mMS

c (mc) = 1.28 GeV, respectively, and the W boson mass is set to
MW = 80.398 GeV. In addition, SUSHI requires the pole bottom mass, set to mpole

b = 4.75 GeV,
and FEYNHIGGS requires the widths of the massive gauge bosons, set to ΓW = 2.118 GeV and
ΓZ = 2.4952 GeV, and the τ lepton mass, set to mτ = 1777.03 MeV. In contrast, HDECAY
employs mpole

b = 4.49 GeV, mpole
c = 1.42 GeV, MZ = 91.15349 GeV, MW = 80.36951 GeV,

ΓZ = 2.49581 GeV and ΓW = 2.08856 GeV, corresponding to the on-shell parameters in the complex-
mass scheme.

IV.1.3.b Technical details and data access

The setup to combine Higgs boson masses, cross sections and branching ratios into two-dimensional
ROOT histograms for MSSM benchmark scenarios was reorganized in 2015. We will now summa-
rize the procedure to access the data stored in the ROOT files. The user can download the C++ class
mssm_xs_tools.C and the header file mssm_xs_tools.h from the webpage of the MSSM subgroup.
Together with a scenario, here named “scenario.root”, the class is initialized within ROOT through

mssm_xs_tools mssm(“scenario.root”, INT, 0).

Setting INT to true enables linear interpolation between the grid points in MA and tanβ, providing
results for intermediate values of MA or tanβ. The last argument with default setting 0 controls the
printout level for debugging. After the initialization, data can be accessed either through the predefined
routines listed in the header file or through the commands

mssm.COMMAND(STRING,MA, tanβ) ,
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where COMMAND can be one of the member functions mass, width, br or xsec for the Higgs boson
masses, the total decay widths, branching ratios or cross sections, respectively. Examples for STRING are

mssm.mass(“H”,MA, tanβ)

mssm.br(“A→ tautau”,MA, tanβ)

mssm.xsec(“gg→ H :: scaleUp”,MA, tanβ) ,

where the latter provides the upper bound of the uncertainty of the gluon fusion cross section gg → H
obtained from the variation of the renormalization and factorization scales. A complete list of possible
strings can again be deduced from the class description in the header file. Alternatively, a PYTHON

wrapper is available on the webpage. An example for its usage is included at the end of the PYTHON file.

IV.1.3.c Comparison of benchmark scenarios for low tanβ

As mentioned in Section IV.1.2.b, the choices of SUSY parameters in the “low-tb-high” scenario satisfy
all of the assumptions that underlie the hMSSM, thus inviting a comparison between the predictions for
the Higgs boson properties obtained within the two approaches. However, a direct comparison between
the two sets of ROOT files is hindered by the fact that the light-scalar mass is fixed as Mh = 125 GeV
in the hMSSM files, whereas it varies with MA and tanβ in the “low-tb-high” files. To circumvent
this problem, the predictions of the “low-tb-high” scenario for MH, α and the branching ratios were
compared with the corresponding results obtained in the hMSSM approach taking as input the values of
Mh from the “low-tb-high” scenario and computing all branching ratios with HDECAY.

In the left and right panels of Figure 252 we show the relative differences between the predictions
of the “low-tb-high” scenario and those of the hMSSM for MH and α, respectively, on the (MA, tanβ)
plane with 150 GeV ≤ MA ≤ 500 GeV and 1 ≤ tanβ ≤ 10. The figure shows that, for the SUSY
parameters that characterize the “low-tb-high” scenario, the results of FEYNHIGGS for MH and α and
the approximate results obtained via Eqs. (IV.1.10) and (IV.1.11) differ by less than 1% over most of
the parameter space. Larger discrepancies, up to a few per cent, occur only in the lower-left corner at
very low MA and tanβ. In view of this good accord, we can expect any significant discrepancy in
the predictions for cross sections and branching ratios to be due to differences in the calculation of the
physical observables themselves, rather than to the approximation in Eqs. (IV.1.10) and (IV.1.11). While
the production cross sections are computed with SUSHI in both cases, discrepancies can arise in the
widths for the decays H → WW,ZZ,hh and A → Zh, which in the “low-tb-high” and hMSSM files
are computed with FEYNHIGGS+PROPHECY4F and with HDECAY, respectively.

The left and right panels in Figure 253 show the branching ratio for the decay H → hh in the
“low-tb-high” scenario and in the hMSSM+HDECAY combination, respectively. Again, in the hMSSM
plot the mass Mh used to compute MH and α via Eqs. (IV.1.10) and (IV.1.11) in a given point of the
(MA, tanβ) plane has been adjusted to the value computed by FEYNHIGGS in the corresponding point
of the “low-tb-high” scenario. In the hatched region on the left plot the decay is below threshold, and the
corresponding width is set to zero by FEYNHIGGS (in contrast, in the right plot HDECAY computes also
the small width to off-shell scalars). The plots show that, in this scenario, BR(H → hh) can be larger
than 50% for tanβ . 4 and for values of MA such that MH sits between the kinematic threshold for
the decay to a light-scalar pair and the one for the decay to a top-quark pair. A visual comparison of the
left and right plots also shows that the qualitative dependence of BR(H → hh) on MA and tanβ is the
same in both approaches, but the branching ratio takes on somewhat larger values in the “low-tb-high”
plot than it does in the hMSSM plot.

To quantify the previous statement, the left plot in Figure 254 shows the relative difference between
the values of BR(H→ hh) computed in the “low-tb-high” scenario and those computed in the hMSSM
with HDECAY. The plot shows that the discrepancy in the branching ratio is less than 10% in the region
where the decay H → hh is dominant, and exceeds 20% for larger values of MA and, hence, MH.
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Figure 252: Relative differences in MH (left) and α (right) between the predictions of FEYNHIGGS for the “low-
tb-high” scenario and the corresponding predictions obtained in the hMSSM approach via Eqs. (IV.1.10) and
(IV.1.11), starting from the values of Mh computed by FEYNHIGGS.

However, in the region where a decay channel is dominant a comparison between branching ratios can
mask the true extent of a discrepancy. The right plot of Figure 254 shows instead the relative difference
between the corresponding values of the decay width Γ(H → hh). It appears that, at the level of the
decay width, the discrepancy between the results obtained in the two approaches is above 15% in most
of the relevant parameter space, and exceeds 25% for large MA and intermediate tanβ. The size of
the discrepancy can be understood in view of the different accuracy of the Γ(H → hh) calculation in
the two approaches. Indeed, while in the hMSSM the effect of the top/stop contributions is included
via the effective coupling in Eq. (IV.1.12), FEYNHIGGS implements a full calculation of the one-loop
corrections to the decay width, supplemented with the resummation of large logarithmic terms. Thus,
the FEYNHIGGS result accounts for potentially large threshold effects in diagrams with loops of SM
particles, which are not captured by using an effective coupling alone.

In Figures 255 and 256 we show plots analogous to those in Figure 254 for the decays H →
WW and A → Zh. For what concerns the decays of H to W-boson pairs, the relative differences
between the two calculations of the widths are – over most of the (MA, tanβ) plane – smaller than
15%. In the case of the decays to Z-boson pairs, not shown here, we find differences smaller than
10%. Again, such discrepancies can be explained by the fact that, in the “low-tb-high” files, the MSSM
results for the H → VV decay widths are approximated by reweighting the state-of-the-art SM results
of PROPHECY4F with the appropriate Higgs-gauge boson couplings, whereas in the hMSSM files those
widths are computed at LO with HDECAY. For the decay A → Zh, Figure 256 shows that – in the
region with MA > MZ + Mh where the decay is kinematically open – the relative differences between
the two calculations of the widths are smaller than 10% unless tanβ is very close to 1. For lower
values of MA, where the pseudoscalar must decay to off-shell bosons, large discrepancies appear, due to
differences in both the implementation of the calculations and the input value of α. However, the decay
width is extremely suppressed in that region, and the process is not relevant to the low-tanβ analysis.

Finally, we performed analogous comparisons for all the remaining decay channels of H and A,
but we discuss here only the decays to pairs of third-family SM fermions, which can reach sizeable
branching ratios in the considered scenario. The widths for the decays to top and bottom pairs are
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Figure 253: Left: Branching ratio for the decay H→ hh as computed in the “low-tb-high” scenario following the
LHC-HXSWG recommendations for the decay widths (in particular, Γ(H→ hh) is computed with FEYNHIGGS).
Right: The same branching ratio obtained with the hMSSM+HDECAY combination – namely, starting from the
values of Mh computed by FEYNHIGGS in the “low-tb-high” scenario, then computing the branching ratio with
HDECAY, which obtains MH, α and λHhh from the hMSSM prescriptions in Eqs. (IV.1.10)–(IV.1.12).
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Figure 254: Relative differences in BR(H → hh) (left) and Γ(H → hh) (right) between the predictions of the
“low-tb-high” scenario (where Γ(H → hh) is computed with FEYNHIGGS) and the corresponding predictions
obtained with the hMSSM+HDECAYcombination. For the latter we start from the values of Mh computed by
FEYNHIGGS in the “low-tb-high” scenario, then we compute width and branching ratio with HDECAY, which
obtains MH, α and λHhh from the hMSSM prescriptions in Eqs. (IV.1.10)–(IV.1.12).
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Figure 255: Relative differences in BR(H → WW) (left) and Γ(H → WW) (right) between the predictions of
the “low-tb-high” scenario (where Γ(H → WW) is computed with FEYNHIGGS+PROPHECY4F) and the corre-
sponding predictions obtained with the hMSSM+HDECAYcombination. For the latter we start from the values
of Mh computed by FEYNHIGGS in the “low-tb-high” scenario, then we compute width and branching ratio with
HDECAY, which obtains MH, α and λHhh from the hMSSM prescriptions in Eqs. (IV.1.10)–(IV.1.12).
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Figure 256: Relative differences in BR(A → Zh) (left) and Γ(A → Zh) (right) between the predictions of the
“low-tb-high” scenario (where Γ(A → Zh) is computed with FEYNHIGGS) and the corresponding predictions
obtained with the hMSSM+HDECAYcombination. For the latter we start from the values of Mh computed by
FEYNHIGGS in the “low-tb-high” scenario, then we compute width and branching ratio with HDECAY, which
obtains MH, α and λHhh from the hMSSM prescriptions in Eqs. (IV.1.10)–(IV.1.12).
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computed with HDECAY in both approaches, therefore any discrepancy must be due to different input
values for MH and α. For the decays to top quarks, we find discrepancies of O(1%) in the region where
the relevant Higgs boson mass is above the threshold for the production of a real-top pair and the decay
is unsuppressed. For the decays to bottom quarks, the discrepancies for tanβ & 3 , where the branching
ratio becomes significant, are also of O(1%). In contrast, the decays to tau leptons are computed at LO
with HDECAY in the hMSSM files, and at one loop with FEYNHIGGS in the “low-tb-high” files. In
this case, the discrepancies for tanβ & 3 are smaller than 5% for Γ(H → ττ), and smaller than 8% for
Γ(A→ ττ).

In summary, this comparison shows that – in an MSSM scenario where its underlying assumptions
are satisfied – the hMSSM approach provides a good approximation to the results of a direct calcula-
tion of the Higgs boson properties. The observed discrepancies of order (10−20)% in the decays of
Eq. (IV.1.7) originate from the different accuracy in the calculations of the decay widths, and could be
reduced by including in HDECAY the effect of EW corrections from loops involving SM particles or
additional Higgs bosons. However, we stress again that a direct comparison between the ROOT files for
the hMSSM and those for the “low-tb-high” scenario would yield larger discrepancies than those shown
in Figures 253–256, due to the different values of Mh used in the two sets of files.

IV.1.4 Description of the transverse momentum of the Higgs boson in gluon fusion
The transverse momentum distribution of the Higgs boson at fixed order exhibits a logarithmic diver-
gence in the limit of pφT → 0. To obtain meaningful predictions, it is necessary to resum the logarithmi-
cally enhanced terms to all orders in αs. The resummed result is then matched to the fixed-order result
by avoiding double counting. Various matching approaches have been proposed; common to all of them
is the introduction of an auxiliary momentum scale (from now on generically referred to as “matching
scale”), which indicates the transverse-momentum region of the transition from the resummed to the
fixed-order result. The dependence of the distribution on this matching scale is of higher logarithmic
order. Variations of the theoretical prediction with the matching scale may be used as estimates of the
residual uncertainty due to the resummation/matching procedure.

Assuming that the dominant contributions to Higgs boson production are dominated by top- and
bottom-quark mediated Higgs-gluon coupling, the process is characterized by three scales, namely Mφ,
mt and mb. The wide separation of these scales prohibits an intuitive choice of the resummation scale,
in particular in BSM models (see, e.g., Refs. [224, 240, 1122]). In the following sections we will try to
address this issue (for a more detailed discussion, see Ref. [250]). At first we will compare two possible
determinations of the matching parameter and then, using these values, we will compare the predictions
of three different resummation frameworks.

IV.1.4.a Determination of the matching scale

In this section we describe and compare two recently proposed algorithms to determine the matching
scales, defined in Ref. [231] and Ref. [252] and referred to as HMW and BV, respectively, in what fol-
lows. In both approaches, the matching scale µi (i = t,b, int) is determined separately for the component
of the cross section involving only the top- or the bottom-quark loop (µt, µb), and for the top-bottom
interference contribution (µint). The resummed results for each of these terms are then added in order to
yield the best prediction for the pφT distribution:

dσ

dpφT
=

dσt

dpφT

∣∣∣∣
µt

+
dσb

dpφT

∣∣∣∣
µb

+
dσint

dpφT

∣∣∣∣
µint

. (IV.1.13)

The interference term, at variance with the first two, is not positive definite; in particular, it may vanish
for a specific value of the Higgs boson mass. Note that, due to the fact that the scales are determined
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Figure 257: Comparison of the matching scales in the BV and the HMW approach for a scalar Higgs. Solid
(dashed) curves correspond to the HMW (BV) scales. The scale corresponding to the top (bottom) quark squared
matrix element is shown in red (green), while the values to be used for the interference term are in blue.

separately for each component, it is possible to use them in any model with arbitrary relative strength of
the couplings of the Higgs boson to the top and bottom quarks.

IV.1.4.a.i Matching scale determination à la HMW and BV

In the HMW method, one first defines, for each different contribution (top, bottom and interference),
Qmax

res as the maximum value of Qres for which the analytically resummed pφT -distribution stays within
the interval [0,2]·[dσ/dpφ 2

T ]f.o. of the fixed-order distribution, for pφT ≥Mφ. The default matching scale
Q is then defined to be half of that maximum value. As it turns out, for the results based on analytic
resummation this choice of the central matching scale indeed leads to a behaviour of the matched result
in the large pφT region that is very close to the fixed-order result.

In the BV approach, the exact squared matrix elements of the subprocesses gg → gH and qg →
qH are compared to their collinear approximation, again separately for each different contribution. A
deviation by more than 10% from the exact result is interpreted as a breakdown of the latter. The upper
limit w of the range of Higgs boson transverse momenta where the collinear approximation is accurate
is chosen as the value for the matching scale. The two partonic subprocesses initiated by gg and by qg
have a different collinear behaviour, which leads to two different scales wgg and wqg; the final scale w is
computed as the average of the two previous values, weighted differentially by their relative importance
to the transverse momentum distribution of the Higgs, in the pφT range between wgg and wqg .



504 IV.1.4. Description of the transverse momentum of the Higgs boson in gluon fusion

IV.1.4.a.ii Comparison of the two approaches
Since the matching scale is unphysical, its choice is formally arbitrary, and any prescription for its de-
termination is necessarily heuristic. The BV and the HMW approach are complementary in at least two
aspects. While BV works at the partonic level and considers the low-pφT region, the HMW approach
uses the large-pφT region of the hadronic distribution in order to choose a value for the matching scale.
It is thus not surprising that the numerical values of the resulting scales are different. The spread of the
results is likely to cover in a quite conservative way the ambiguities of this scale determination.

In Figure 257 we compare the BV scales wi and the HMW scales Qi (i = t, b, int). The numerical
results of Figure 257 exhibit a moderate agreement between the BV and the HMW scale for the top
contribution, and a very good agreement for the bottom contribution. Concerning the former, we notice
that the largest deviation between the approaches appears to be close to the tt̄ threshold, around which
the BV scales exhibit a non-trivial structure, while it has no effect on the HMW scale determination.
The difference between the scales of BV and HMW is largest in cases where the LO term is much
smaller than the NLO term. This only happens for the interference contribution which is not required
to be positive definite. The collinear approximation is proportional to the LO term, which is why the
BV scale will be very small in these cases. On the contrary, since the matched curve becomes almost
identical to the fixed-order one, and since the HMW algorithm looks for the largest scale that fulfils
the HMW criteria, the resulting matching scale will tend to be very large. This explains the respective
behaviours of the two blue curves around Mφ ' 30 and Mφ ' 590 GeV.

IV.1.4.b Resummation frameworks
We consider the following three representative theoretical approaches for the resummation of the collinear
logarithms, indicating the specific software implementations (“codes”) used in this studyIV.3

– analytic resummation (AR) as formulated in Refs. [194, 195]
(code: MORE-SUSHI [231, 1122, 1123]);

– the POWHEG method, described in Refs. [342, 343]
(code: GG_H_QUARK-MASS-EFFECTS and GG_H_2HDM [240] of the POWHEG-BOX [81,
1121]);

– the MC@NLO method of Ref. [340]
(code: AMCSUSHI [1119, 1120]).

All codes work at NLO-QCD accuracy in the prediction of the Higgs boson production total cross section,
i.e., O(α3

s). The differences in the pφT distribution are formally subleading,IV.4 but can be numerically
sizeable, as we will see later on. In order to assess the impact of these differences, we compare their
numerical results using the same values of the matching scales for all of them. On the other hand, we
compare the results of a single code for the two different strategies of setting the matching scale proposed
in Refs. [231,252]. As we will see, both the intrinsic difference in the formulation of the codes as well as
the dependence on their matching scales are a source of sizeable ambiguities in the theoretical prediction
of the Higgs pφT distribution, in particular at intermediate and large pφT .

IV.1.4.c Phenomenological analysis in the THDM
In order to compare the predictions of the three codes, we compute the uncertainty band obtained varying
only the resummation scale in a range [1/2, 2] times the central value (chosen either with the BV or HMW
procedure), while keeping the renormalization and factorization scales fixed. Moreover, specifically for

IV.3Note that all approaches feature NLO accuracy (up to α3
s) on the total Higgs boson production cross section, which implies,

however, a formally LO accurate prediction at large pφT .
IV.4Note that the meaning of “subleading terms” is somewhat different for AR and the MC generators. AR consistently resums

NLL terms to all orders, while the PS in the Monte Carlo approaches strictly includes only the leading logarithms, but resums
also some logarithms beyond the leading ones.
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Table 121: Mixing angle values specific of the large-t and large-b THDM scenarios considered in Section IV.1.4.c.
The cross sections for the production of a heavy scalar and a pseudoscalar Higgs boson have been obtained with
SUSHI (the integration error at NLO is of the order of 0.1%, and negligible at LO).

scenario tanβ sin(β − α) φ
σt/pb σb/pb −σint/pb

LO NLO LO NLO LO NLO

large-t 1.0 0.999
H 3.715 6.788 0.002 0.003 −0.132 −0.168

A 12.844 23.832 0.004 0.005 0.334 0.428

large-b 50 0.999
H 0.002 0.005 5.085 7.089 0.163 0.199

A 0.005 0.010 9.984 13.408 0.334 0.412

AR, which consistently matches the fixed-order results at large transverse momenta, we follow Ref. [231]
and apply a suppression factor to the error band which damps it towards large values of pφT . For our
phenomenological study, we construct two theoretical scenarios (i.e., not necessarily compatible with
current experimental constraints), defined on the basis of a type-II THDM, with parameters and NLO
total cross sections reported in Table 121; we discuss in these two examples the production of the heavy
neutral Higgs boson with mass MH = 300 GeV (other scenarios have been considered in Ref. [250]).

In the first scenario, dubbed large-t in what follows, the production cross section is top-loop dom-
inated. The results for the pφT distribution are shown in Figure 258. Within uncertainties (which are
based solely on resummation scale variation), the three predictions are compatible with each other for
pφT . 200 GeV. Using HMW scales, the central value of AR merges into the fixed-order NLO predic-
tion (fNLO) at about pφT = 200 GeV; for MC@NLO, this transition is a bit slower, while POWHEG’s
asymptotic value towards large pφT appears to be about 40−50% above fNLO. This overshooting of
fNLO at large pφT is a general feature of the default POWHEG matching; its origin will be discussed in
more detail below.

Using BV scales, one notices that AR deviates quite significantly (∼ 50%) from the fNLO result
already at pφT = 400 GeV; this deviation tends to further increase towards larger pφT values. This is
not unexpected since the HMW scales are designed to guarantee similarity between the resummed and
the fNLO curve at large pφT . Scale choices larger than the values determined by HMW will therefore
necessarily lead to a deviation from the fNLO predictions in that region. The agreement between the two
Monte Carlos turns out to be excellent, at least up to pφT values as large as the Higgs boson mass. Despite
the large deviations of AR in the tail and the much softer AR spectrum, all approaches are compatible
within uncertainties at small to intermediate transverse momenta (pφT . 200 GeV). It should be noted
that this is partly due to the fact that the uncertainty bands are significantly larger (almost by a factor of
two) than in the SM.

In the second scenario, dubbed large-b in what follows, the production cross section for the heavy
Higgs is bottom-loop dominated. Since the associated matching scales wb and Qb are very close to each
other, any difference in the pφT distributions are due to the conceptional variants of the matching in the
three codes under consideration.

Let us first discuss the left plot of Figure 259. The large-pφT behaviour is similar to the large-
b scenario, when using HMW scales, discussed above. Apparently, the specific matching procedure
of POWHEG has a significant impact on the large-pφT region, where the Parton Shower, based on the
soft/collinear approximation, is outside its region of validity. Note that the size of the error bands is
very different in the two Monte Carlo approaches: the MC@NLO band blows up to O(100%) around
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Figure 258: Shapes of the transverse-momentum distributions (i.e., normalized such that the integral yields one)
for the heavy Higgs boson with MH = 300 GeV in the large-t scenario. The distributions are computed with AR
(black, solid), MC@NLO (red, dotted), and POWHEG (blue, dashed overlaid by points), by setting the matching
scales to the HMW values (left) and the BV values (right). For reference, we also show the fixed-order NLO
(fNLO) prediction (green, dash-dotted with open boxes). The main frame shows the absolute distributions, the
first inset the shape-ratio of the central values to the AR distribution, and the second inset the uncertainty bands,
normalized again to the central AR value.
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Figure 259: Left: Same as left plot in Figure 258, but for the large-b scenario. Right: Same, but using a fixed
shower scale for the soft events in MC@NLO, and mPOWHEG (see main text). (HMW scales are assumed here;
the plots for BV scales are identical for all practical purposes.)
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pφT ∼ 125 GeV; the POWHEG band remains very narrow over the whole range.

It turns out that both the enhanced high-pφT tail of the POWHEG curve and its small uncertainty
band can be tackled by the same modification of the matching procedure. In the original POWHEG
approach, the starting scale of the shower (t1) for each event is identified with the transverse momentum
of the first emission. If the latter is very large, the shower will act up to scales which are way beyond the
validity range of the underlying approximations. In the mPOWHEG modification [250], on the other
hand, t1 is defined to remain below the matching scale for all “remnant events” (i.e., events which are
described by the pure fixed-order real emission matrix element; this restriction ensures that the formal
accuracy of the original POWHEG approach remains unaffected). This results in the magenta, solid
curve in the right plot of Figure 259, which exhibits a fNLO-like high-pφT behaviour; also the uncertainty
band appears to describe the matching uncertainty more realistically.

In the MC@NLO implementation the choice of the shower scale Qsh of soft events follows a
distribution peaking at the value of the matching scale Qi. Restricting the range of that distribution has a
significant effect on the central MC@NLO prediction: in particular, in the limit where this distribution
turns into a delta function δ(Qsh −Qi), also the size of the uncertainty band is strongly reduced, as can
be observed from the orange curve in the right plot of Figure 259.

This study simply shows that the predictions in bottom-quark dominated scenarios, both in the
POWHEG and in the MC@NLO approaches, strongly depend on the details of the matching procedure;
this feature is reflected in the large associated uncertainties.

The distributions for the pseudo-scalar Higgs in the large-b scenario largely resemble the ones of
the heavy Higgs shown in Figure 259, and we do not need to discuss them separately.
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Chapter IV.2

Neutral Higgs Boson Production in Association with Bottom Quarks

M. Beckingham, A. Nikitenko, M. Spira, M. Wiesemann (Eds.) M. Bonvini, S. Forte, H.B. Hartanto,
B. Jäger, S. Liebler, D. Napoletano, A. Papanastasiou, F.J. Tackmann, M. Ubiali

IV.2.1 Introduction
Higgs boson production modes that feature a bb̄φ vertex at tree level are a viable alternative to determine
the Higgs-bottom Yukawa coupling (yb), since the H → bb̄ decay is problematic from an experimental
viewpoint: it suffers from the huge b-quark QCD background; the absolute value of the total width is
extremely small; and theH → bb̄ branching ratio is large, which renders the determination of the relative
partial decay widths at a certain accuracy difficult. Besides loop-induced Higgs boson production through
gluon fusion, that receives a contribution from both top- and bottom-quark loops, the direct production
of a Higgs boson in association with bottom quarks (i.e., tree-level processes that contain a b-quark
radiating a Higgs boson) gives access to the bb̄φ coupling.

The associated production of a Higgs boson with bottom quarks (bb̄φ production) is suppressed in
the SM by almost two orders of magnitude with respect to the gluon-fusion process. Furthermore, this
inclusive rate strongly decreases when requiring realistic b-tagging (i.e., minimal transverse momentum
and centrality requirements on the b jets) in order to render it distinguishable from other production
mechanisms. However, in theories with extended Higgs sector, such as a generic THDM or the MSSM,
the Higgs boson coupling to bottom quarks can be significantly enhanced and the bb̄φ process can, in fact,
become the dominant production mode. Since experimentally a scalar sector richer than the one of the
SM has not been ruled out so far, this constitutes a strong motivation for precision computations of the
total rate (see Section IV.2.2), a proper modelling of the bb̄φ signal in Monte Carlo (MC) generators (see
Section IV.2.3) and the study of uncertainties related to the experimental acceptance (see Section IV.2.4).
We will further report total inclusive cross sections for the cc̄φ production mode (see Section IV.2.5)
which may become relevant in specific models with enhanced charm Yukawa coupling. Although all
presented predictions are in the SM, they are directly applicable to all neutral Higgs bosons (φ = h,H,A)
in a THDM, by a proper rescaling of the bottom Yukawa; for the MSSM this has been shown [1091–
1093] to be a good approximation of the full result.

As for all processes that feature b quarks at the level of the hard-scattering process, there are two
viable approaches to compute the bb̄φ cross section. In the four-flavour scheme (4FS), bottom quarks
are treated as massive particles, hence no bottom quarks can appear in the initial state of the partonic
scattering process. This is relevant for those cases where the physical mass of the b quark is considered
as a hard scale and implies that observables with tagged final-state b quarks are well defined (and thus
can be computed) at fixed αS order in perturbation theory. The leading-order (LO) partonic processes in

b q b

Figure 260: Sample of LO Feynman diagrams for bb̄φ production in the four-flavour scheme (left, centre) and the
five-flavour scheme (right).
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the 4FS are (see left and centre diagrams in Figure 260)

gg → bb̄H , qq̄ → bb̄H , (IV.2.1)

where q denotes a light quark.

At any order in perturbation theory the 4FS involves terms ∼ αkS logk(mb/Q), where Q is the
characteristic scale of the g → bb̄ splitting. These logarithmically enhanced terms remain small as long
as Q ∼ mb, but can spoil the perturbative convergence when Q � mb. Such terms are generally dealt
with by re-organizing the perturbative series while resumming them to all orders in αS. This is precisely
achieved by working in second viable approaches to compute the bb̄φ cross section, the five-flavour
scheme (5FS), which is particularly important when the characteristic of an observable is that of being
dominated by such logarithms. In this scheme, one assumes massless b quarks (mb ≡ 0) at the level of
the short-distance cross section, which are therefore treated at equal footing as the other light quarks and
may appear as initial state particles; the potentially large logarithms are effectively resummed through
the DGLAP evolution of the b-quark PDFs. Hence, the LO cross section in the 5FS is simply given by
(see right diagram of Figure 260)

bb̄→ H . (IV.2.2)

It is clear from the discussion above that 4FS computations do not account for logarithmic terms
beyond the first few, while 5FS results lack power-suppressed terms (mb/Q)n. If either of these prop-
erties is important the other scheme must be preferred. Being highly observable dependentIV.5, at least
for inclusive quantities neither resummation nor mass effects are dominant and the two approaches lead
to generally similar results. One must bear in mind, however, that reasonable agreement is found only
by judicious choices of hard scales, i.e., the resummation and factorization scales, which must be chosen
significantly smaller than mH [412, 567, 1090, 1149]—the hardness one would naively associate with
bb̄φ production. IV.6

For inclusive observables the 5FS process in Eq. (IV.2.2) has the technical advantage of being
much simpler (2→ 1 at the LO), which renders feasible radiative corrections beyond the NLO (and even
beyond the NNLO with current technology), while the 2→ 3 Born-level processes of Eq. (IV.2.1) in the
4FS limit perturbative computations in this scheme to NLO.

Considering more exclusive observables, in particular regarding the final-state b quarks, which are
relevant for a realistic description of the bb̄φ signal, the 5FS loses its advantage mentioned above: The
process in Eq. (IV.2.2) has much more limited information on the final-state kinematics than the one in
Eq. (IV.2.1). Only higher orders in the 5FS recover such information, e.g., 1-b and 2-b tag observables
can be described in the 5FS only starting from NLO and NNLO, respectively, while the 4FS tree-level
process in Eq. (IV.2.1) describes observables involving 0-, 1-, or 2-b tags formally already with leading
perturbative accuracy. Furthermore, b-tagged objects in the 5FS can not be consistently defined at any
order in perturbation theory, because the corresponding cross section becomes infinite beyond the LO,
when the massless b quarks are not considered as (and clustered into) jets or integrated over. The massive
b quarks in the 4FS, on the other hand, can be associated with physical objects, allowing for realistic b
tagging with arbitrary selection cuts on the b quark kinematicsIV.7, whereas too small pT cuts directly
lead to a divergence in the 5FS. The problems related to a consistent definition of b-tagged objects in
the 5FS can be alleviated by matching the fixed-order computation to parton showers (PS). Due to the
backward evolution of the initial-state b quarks the shower will generate b-flavoured hadrons already at
the LO, rendering realistic any b-tagging requirements. However, one must not forget that the backward

IV.5This receives an additional complication from the fact that an observable may be associated with different powers of αS in
the four- and five-flavour schemes.

IV.6This is also supported by arguments based on collinear dominance [412] and the small upper pT limit of the factorizing
part in the pT distribution [1150].

IV.7Note that fragmentation effects when turning the b quarks into B hadrons are assumed to be moderate and neglected in
general at fixed order.



Chapter IV.2. Neutral Higgs Boson Production in Association with Bottom Quarks 511

t,b

b

t,b

b

q t,b

b

Figure 261: Sample of one-loop Feynman diagrams for bb̄φ production in the four-flavour scheme featuring a yt
coupling.

evolution in the Monte Carlos is not trivial and has only leading logarithmic (LL) accuracy. Furthermore,
the kinematic reshuffling of massless into massive b quarks can have sizeable effects on the B hadron
kinematics. Both come at the price of an additional uncertainty. As far as the 4FS is concerned, the
PS matching particularly improves the Sudakov-suppressed small-pT initial-state radiation, although the
impact of the PS is less crucial than in the 5FS. In both schemes, the PS introduces additional power-
suppressed contributions due to long-distance phenomena.

Before considering phenomenological predictions, let us discuss the general coupling structure in
the two schemes. Being a 2 → 3 process the lowest order cross section in the 4FS starts at O(α2

S). In
the 5FS each bottom PDF can be considered as being of O(αS) with respect to the gluon and hence
the LO features no power of αS. In both schemes the LO cross section is proportional to y2

b , since the
Higgs boson is always coupled to a b quark. Considering higher order corrections, the coupling structure
becomes more involved, in particular in the 4FS. In this case virtual diagrams with a bb̄φ final state may
involve a top quark circulating in the loop, which couples to the Higgs boson (e.g., see Figure 261), and
thus are proportional to the Higgs-top coupling (yt). Such diagrams are generally attributed to the gluon-
fusion Higgs boson production mode (their square enters the NNLO gluon-fusion cross section), but their
interference with diagrams proportional to yb must be carefully accounted for in the cross section of the
bb̄φ production mode. Such contributions will be generically referred to as ybyt terms. Including such
interference effects, but neglecting all contributions that already appear in the gluon-fusion process, we
may thus express the bb̄φ cross section in the two schemes as follows:

σ4FS
bb̄φ = α2

S y
2
b ∆

(0)

y
2
b

+ α3
S

(
y2
b ∆

(1)

y
2
b︸ ︷︷ ︸

≡σ
y
2
b

+ yb yt ∆(1)
ybyt︸ ︷︷ ︸

≡σybyt/α
3
S

)
+ α4

S

(
y2
b ∆

(2)

y
2
b

+ yb yt ∆(2)
ybyt

)
+O(α5

s) . (IV.2.3)

σ5FS
bb̄φ = y2

b

(
∆

(0)

y
2
b

+ αS ∆
(1)

y
2
b

+ α2
S ∆

(2)

y
2
b

+ α3
S∆

(3)

y
2
b

+O(α4
s)
)
. (IV.2.4)

The 4FS cross section at NLO (being the current state-of-the-art) can be decomposed in terms propor-
tional to y2

b (σ
y

2
b
) and ybyt (σybyt). Any component with a bb̄φ final state, but proportional to y2

t , must
originate from a squared gluon-fusion amplitude (i.e., with a Higgs radiated from a closed top-quark
loop) and can be incoherently added to the bb̄φ cross section above.IV.8 In the 5FS, on the other hand,
interference terms (proportional to ybyt) between the gluon-fusion and bb̄φ processes exactly vanish or-
der by order in perturbative QCD, since they involve a helicity flip of the bottom quarks that leads to a
vanishing interference term with the generic 5FS amplitudes in the massless limit.

IV.2.2 Total inclusive cross section
In this section, we study and compare the state-of-the-art predictions for the total inclusive bb̄φ cross
section within the 4FS, within the 5FS and matched predictions of the two schemes.

IV.8Note that starting from the NNLO in both schemes such squared gluon-fusion diagrams contribute also to the y2
b and ybyt

components of the bb̄φ cross section, which, as stated above and being common practice, are not attributed to the bb̄φ cross
section, but to the gluon-fusion one.
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Before introducing the features of the different matched computations under consideration, let
us summarize the available total cross section computations for bb̄φ-production in the literature. The
4FS cross section is known through NLO QCD in the SM [431, 1087, 1088]; MSSM-type couplings
have been studied in Ref. [1151]; and the SUSY-QCD corrections in the MSSM were computed in
Refs. [1093, 1152]. Owing to its technically simpler process structure, radiative corrections in the 5FS
are known through NLO [1089,1153] and NNLO QCD [567]. Even the relevant matrix elements for the
full N3LO prediction are already available [1154,1155] (their combination being far from trivial though).

Matched four- and five-flavour scheme computations will be discussed and their phenomenologi-
cal results compared in the following sections. The Santander matching [1133] has been introduced as an
empirical approach to combine 4FS and 5FS predictions by a weighted average with respect to the Higgs
boson mass. More recently, two consistent flavour-scheme matching procedures have been applied to
the bb̄φ production process. In Ref. [1156] the formally NLO+NLL accurate (NLO in the 4FS, and NLL
refers to the logarithms resummed through the 5FS) cross section is presented, while Ref. [1157] works
in the FONLL approach, but includes only the LO 4FS cross section.

IV.2.2.a Choice of bottom PDFs in the 5FS
The resummation of potentially large collinear logarithms due to initial-state gluons splitting into b quark
pairs is achieved through their factorization into the definition of the PDFs, and consequently through
DGLAP evolution. Once this is done, the partonic coefficients do not contain collinear b-quark loga-
rithms,IV.9 so the detail of their resummation resides entirely in the PDFs. Therefore, the choice and
usage of the PDF set in resummed computations must be regarded as a (fundamental) part of the compu-
tation itself. It is the purpose of this section to briefly review how the resummation in PDFs works and
to describe the choice of PDFs adopted in this Chapter for bb̄φ production.

Since splittings involving bottom quarks are finite (the bottom mass regulates the collinear limit),
factorizing or not the collinear logarithms generated by these splittings gives rise to two factorization
schemes, denoted by 5FS and 4FS respectively. In the 5FS, a bottom PDF exists and the DGLAP evolu-
tion involves 5 active flavours, while in the 4FS there is no bottom PDF and DGLAP evolution involves
only 4 active flavours. The PDFs in the two schemes can be related by matching conditions, obtained
imposing scheme invariance, possibly up to power corrections in the bottom mass (for a recent review,
see Ref. [1158]). The matching conditions at the generic scale µb read

f
[5]
i (µb) =

∑

j=g,u,ū,d,d̄,s,s̄,c,c̄

Kij(mb, µb)⊗ f [4]
j (µb), i = g, u, ū, d, d̄, s, s̄, c, c̄, b, b̄, (IV.2.5)

(⊗ denotes Mellin convolution) where Kij(mb, µb) are matching functions fully known to O(α2
S) [1159,

1160] and partially to O(α3
S) [1161–1164]. Since resumming bottom mass logarithms is useful only at

large scales, where phase space constraints allow gluon splittings into b quark pairs, the factorization
scheme adopted in standard PDF sets changes dynamically: for scales below the “bottom threshold” µb
the 4FS is used, at the threshold scale µb 5FS PDFs are generated from the 4FS ones through Eq. (IV.2.5),
and for scales higher than µb 5FS evolution is used.

The value of µb is in principle arbitrary, however its value should be chosen to be close to the
bottom mass mb, so that the collinear logarithms of µb/mb factorized in Kij(mb, µb) are not large and
a fixed-order expression for Kij is reliable. The standard choice adopted in PDF sets is µb = mb.
However, it is useful to let µb vary to estimate the theoretical uncertainty due to missing higher orders in
the matching procedure. The remaining potentially large logarithms of µb/µF , where µF ∼ mH is the
typical hard scale of the process, are then resummed via DGLAP evolution with 5 active flavours from
the scale µb to the factorization scale µF .

IV.9In the massless 5FS, the partonic coefficients do not contain any bottom mass dependence, while in the matched computa-
tions only power suppressed mass contribution are present.
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The values of the bottom mass, mb, and bottom threshold, µb, as well as the mass-renormalization
scheme are therefore entirely contained in the PDF set one uses for resummed computation. Therefore,
when computing a cross section, one must either set the input parameters to be consistent with the PDF
set used, or refit the PDFs using the desired input parameters. For instance, in matched computations,
it is important to ensure that the value of the mass adopted in the computation of power-suppressed
contributions is equal (perhaps modulo mass-renormalization scheme conversion) to the one present in
the PDF set.

In practice, the effect of the choice of the bottom mass value on PDF fits is very mild for all PDFs,
barring the bottom-quark PDF [64]. Hence, one can expect that refitting the PDFs with different values
of the bottom mass and threshold should not significantly affect light PDFs at scales below the bottom
threshold. Therefore, taking any PDF set with a given bottom mass, and re-evolving it from a low scale
(< µb) using a different bottom mass, threshold and even renormalization scheme should yield virtually
the same resulting PDF set as refitting with the same setting. This “approximate” approach is very useful
because it opens up the possibility of using any desired setting with any input PDF.

We now discuss the settings used for the resummed calculations (5FS and matched) presented in
this report. Since the bottom mass is most precisely determined in the MS scheme, it seems most correct
to use this scheme for the mass renormalization in the PDF matching. However, current PDF fits have
been performed with pole-scheme masses, and, to date, no fits with MS-scheme masses are publicly
available. Furthermore, existing computations of the bb̄φ cross section assumed pole-scheme masses in
the PDFs [1156, 1157]. In order to be consistent with existing fits and computations it is convenient at
this stage to use the pole scheme. However, since the bottom pole mass is not very well determined and
is additionally affected by the renormalon ambiguity [1165, 1166], the choice of the value of the pole
mass is a delicate point. We argue that the pole mass which can better reproduce a hypothetical NNLO
MS fit with mb(mb) = 4.18 GeV is obtained from a 1-loop conversion, which gives

m
pole
b = 4.58 GeV. (IV.2.6)

The reason for this is that the bottom mass first enters the matching functions Kij at O(αS). This
means that an NNLO fit, which employs the Kij at O(α2

S), is only affected by the 1-loop pole to MS
conversion. We have verified that evolving the same initial PDF set using either the pole scheme with
m

pole
b = 4.58 GeV or the MS scheme with mb(mb) = 4.18 GeV gives very similar results.

Taking Eq. (IV.2.6), together with µb = m
pole
b , as the central choice for the resummed bb̄φ com-

putations, we can now discuss how to compute theoretical uncertainties. As already mentioned, the
uncertainty due to missing higher order terms in the matching procedure can be probed by varying µb.
Following Ref. [1156], we propose to use a canonical factor of 2 around the central value µb = m

pole
b .

In addition to this, one can consider a parametric uncertainty on the value of the bottom mass itself.
A reasonable variation, which should be sufficient to cover the uncertainties on both the determination
of mb(mb) and in the conversion to the pole scheme, is ±0.14 GeV. Therefore, we recommend that
uncertainties are estimated according to

4.44 GeV ≤ mpole
b ≤ 4.72 GeV, 2.29 GeV ≤ µb ≤ 9.16 GeV. (IV.2.7)

For mpole
b variations, the bottom threshold is kept fixed at µb = 4.58 GeV.

As far as the initial PDF set is concerned, we use the PDF4LHC15_nnlo_mc set. All the 101
PDF members are re-evolved from an initial scale of 2 GeV, using all the possible variations of settings
mentioned above. This is done using the latest version (≥ 2.8) of APFEL [1167], which can now handle
heavy quark thresholds that are different from the mass. The new re-evolved PDF setsIV.10 are publicly
available for download from http://www.ge.infn.it/~bonvini/bbh.
IV.10We acknowledge V. Bertone who cross-checked the sets and S. Liebler who tested them against the original PDF4LHC15

set.

http://www.ge.infn.it/~bonvini/bbh
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The settings used here differ from the LHCHXSWG default [35], which in particular includes
PDF4LHC15 PDFs. Specifically, the bottom pole mass value used in the PDF sets included in the
PDF4LHC15 combination differ from each other. This is supposed to give a rough estimate of the
PDF uncertainty associated to the choice of mb in the PDF fit, but it contrasts with the needs of the
more detailed estimate of the uncertainties related to the bottom mass in our calculation, as discussed
above. A fully consistent treatment of the bottom mass, such as the one adopted here, is of crucial
importance for processes such as bb̄φ production, which are very sensitive to the bottom PDF: as stated
in the PDF4LHC15 recommendation, such cases require special care.

IV.2.2.b Santander matching
The 5FS result is obtained with the help of SUSHI [135] which includes the NNLO QCD corrections to
the process bb̄φ [567]. The bottom Yukawa coupling is renormalized in the MS scheme. It is evaluated
according to the prescription of Chapter I.1 by running mb(µ) from µ = 4.18 GeV to mH at 4-loop
level, which corresponds to our central choice of the renormalization scale. The central factorization
scale is µF = mH/4 [567, 1090, 1149, 1150]. The scale uncertainties are determined by taking the
minimum and the maximum of the seven values for the cross section, corresponding to the choices
µR, 4µF ∈ {mH/2,mH , 2mH} while 1/2 ≤ 4µF /µR < 2. The Yukawa coupling at µR is obtained
from its previously determined value at mH by 3-loop evolution.

The 4FS result uses the implementation of the bb̄φ processes by means of MADGRAPH5_AMC@NLO
at NLO [431].IV.11 The bottom Yukawa coupling has been adopted according to the 5FS, while for the
PDFs 4-flavour PDF4LHC15 densities are used consistently with the appropriate choice of a 4-flavour
coupling αs. The central renormalization and factorization scales have been chosen as µR = µF =
(MH +2mb)/4. The renormalization scales of αs and the bottom Yukawa coupling have been identified.
This implementation has been cross checked against the published 4FS results of Refs. [431,1087,1088].

In the asymptotic limits mH/mb → 1 and mH/mb → ∞, the 4FS and 5FS results tend to
provide the unique description of the inclusive bb̄φ cross section, respectively. In the Santander matching
prescription [1133], the 4FS and 5FS are thus combined in such a way that they are given variable weight,
depending on the value of the Higgs boson mass. Since the difference between the two approaches is
formally logarithmic, the dependence of their relative importance on the Higgs boson mass should be
controlled by a logarithmic term, i.e.

σmatched =
σ4FS + w σ5FS

1 + w
, (IV.2.8)

with the weight w defined as

w = ln
mH

mb
− 2 . (IV.2.9)

The theoretical errors are combined according to

∆σ± =
∆σ4FS
± + w∆σ5FS

±
1 + w

, (IV.2.10)

where ∆σ4FS
± and ∆σ5FS

± are the upper/lower uncertainty limits of the 4FS and the 5FS, respectively.

The corresponding bb̄φ cross-sections expanded to a scan over SM Higgs boson masses are pre-
sented in Tables 243–246. Tables 247 and 248 summarize the Standard Model bb̄φ cross-sections and
the corresponding uncertainties for the different proton–proton collision energies for a Higgs boson mass
MH = 125 GeV and MH = 125.09 GeV, respectively.

IV.11See also Section IV.2.3.a for details on the dedicated bb̄φ implementation in MADGRAPH5_AMC@NLO.
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IV.2.2.c NLO+NLL matching
This section summarizes the approach of Ref. [1156] which combines the virtues of the 4F and 5F
schemes into a fully consistent fixed-order + resummation matched result, which is valid for any para-
metric scale hierarchy between mb and mH . The updated results for LHC 13 TeV together with the
estimate for the perturbative and parametric uncertainties are discussed in detail in Ref. [1168]. The code
for the NLO+NLL matched predictions will be available at http://www.ge.infn.it/∼bonvini/bbh.

To describe the matched result, it is instructive to first briefly recall the 4FS and 5FS results. The
4FS calculation of the bbH cross section is formally valid in the mb ∼ mH limit. In this scheme, bottom
quarks do not appear in the initial-state, but rather via gluon splitting into b-quark pairs. The 4FS cross
section includes both power corrections in the bottom-quark mass, O(m2

b/m
2
H), and logarithmic terms

∼ ln(m2
b/m

2
H) at fixed order in αs that arise from collinear gluon splittings into b-quark pairs.

The 4FS (fixed-order) result is given by the Mellin convolution of coefficient functions
Dij(mH ,mb, µF ), which depend explicitly on mb, and evolved 4FS PDFs,

σFO =
∑

i,j=g,q,q̄

Dij(mH ,mb, µF )⊗ f [4]
i (µF )⊗ f [4]

j (µF )

=
∑

i,j,k,l=g,q,q̄

Dij(mH ,mb, µF )⊗
[
U

[4]
ik (µF , µ0)⊗ f [4]

k (µ0)
]
⊗
[
U

[4]
jl (µF , µ0)⊗ f [4]

l (µ0)
]
.

(IV.2.11)

The sum is restricted to gluons and light quarks and antiquarks (q = d, u, s, c), µF is the hard (factor-
ization) scale of the process, µ0 is the scale at which PDFs are fitted,IV.12 and U [4] are DGLAP evolution
factors with nf = 4 active quark flavours. The 4FS predictions for the inclusive cross section are most
accurate at small values of the Higgs boson masses (parametricallymH ∼ mb), where power corrections
are important and the logarithms are small.

The 5FS is formally valid in the limit mb � mH . In this scheme, bottom quarks do appear in the
initial state. The large collinear logarithms are resummed through DGLAP evolution by the introduction
of a bottom-quark PDF, as described in Sect. IV.2.2.a. In this scheme, the bottom quark mass is set to
zero in the partonic cross section and therefore the power-corrections O(m2

b/m
2
H) are not included. The

cross section is given by the convolution of coefficient functions Cij(mH , µF ), which contain no mb

dependence, with evolved 5FS PDFs,

σResum =
∑

i,j=g,q,q̄,b,b̄

Cij(mH , µF )⊗ f [5]
i (mb, µF )⊗ f [5]

j (mb, µF )

=
∑

i,j=g,q,q̄,b,b̄

Cij(mH , µF )⊗
[ ∑

k=g,q,q̄,b,b̄
l,p=g,q,q̄

U
[5]
ik (µF , µb)⊗Kkl(mb, µb)⊗ U [4]

lp (µb, µ0)⊗ f [4]
p (µ0)

]

⊗
[ ∑

k=g,q,q̄,b,b̄
l,p=g,q,q̄

U
[5]
jk (µF , µb)⊗Kkl(mb, µb)⊗ U [4]

lp (µb, µ0)⊗ f [4]
p (µ0)

]
.

(IV.2.12)

In the second equation we explicitly wrote out how the 5FS PDFs at µ = µF are perturbatively con-
structed from the fitted 4FS PDFs at the initial scale µ0, the 4-flavour evolution from µ0 to the bottom
matching scale µb, the matching Eq. (IV.2.5) at µb and the 5-flavour evolution from µb to µF .

To facilitate the matching of the two results, it is advantageous to bring the 5FS result into a form
that is consistent with the logarithms present in the fixed-order result. To do so, the perturbative counting
IV.12We consider the charm quark as fitted light-quark PDF; in most PDF fits, the charm PDF is generated perturbatively similar

to the bottom PDF, but this is not of relevance for the present discussion.

http://www.ge.infn.it/~bonvini/bbh
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assigned to the resummed cross section is revisited. Usually, the PDFs are treated as external O(1)
objects and one assigns a perturbative counting to the cross section based on a perturbative counting
of the coefficient functions alone. For the b-quark PDF, this would be justified in the limit where the
off-diagonal evolution factor U [5]

bg (µF , µb) ∼ 1. However, U [5]
bg is αs ln(µF /µb)-suppressed relative to

the diagonal evolution factors, and therefore this only holds for scales µF ≫ µb. Numerically, for
µb ∼ O(mb) this is only attained for scales µF & 1 TeV. Hence, for the relevant scales of interest here it
is more appropriate to count U [5]

bg as O(αs), and therefore also count f [5]
b as O(αs). We refer to the 5FS

result reorganized with this counting as the resummed result. For a more detailed discussion we refer to
Ref. [1156].

This counting has the important property that it provides a perturbative treatment of the b-quark
PDF that is consistent between the fixed-order (4FS) and resummed results. The 5FS cross section in
Eq. (IV.2.12) is expanded in αs by counting U [5]

bg ∼ αs and expanding the coefficient functions Cij
together with the b-quark matching coefficients K. The key feature is that order by order in αs the
limit µb → µF in the resummed cross section then exactly reproduces all the logarithmic terms (and
nothing more) that are present in the mb → 0 limit of the fixed-order cross section. (Or in other words,
the reexpansion of the resummed result to fixed order is simply given by setting µb → µF .) This in
turn means that for µb < µF the evolution factors U [5] in this expansion precisely resum the singular
logarithms present in the fixed-order result.

With this re-arrangement of the resummed cross section, all that is missing in the latter compared
to the fixed-order result are purely nonsingular terms (i.e. terms that do vanish in the limit mb → 0).
Therefore, matching the two results becomes completely straightforward. All that is required is to add
to the purely resummed result the remaining nonsingular fixed-order terms. The matched cross section
is given by

σFO+Resum = σResum +
(
σFO − σResum∣∣

µb=µF

)
. (IV.2.13)

By construction, it satisfies σFO+Resum → σFO in the limit µb → µF , as required for a consistently
matched prediction. The terms in brackets are precisely the nonsingular terms. For the practical imple-
mentation, they can be conveniently absorbed into modified gluon and light-quark coefficient functions,
C̄ij(mH ,mb, µF ), which now carry an explicit dependence on mb, convolved with 5F PDFs.IV.13 The
final matched result is then written as

σFO+Resum =
∑

i,j=b,b̄

Cij(mH , µF )⊗ f [5]
i (mb, µF )⊗ f [5]

j (mb, µF )

+
∑

i=b,b̄
j=g,q,q̄

[
Cij(mH , µF )⊗ f [5]

i (mb, µF )⊗ f [5]
j (mb, µF ) + (i↔ j)

]

+
∑

i,j=g,q,q̄

C̄ij(mH ,mb, µF )⊗ f [5]
i (mb, µF )⊗ f [5]

j (mb, µF ), (IV.2.14)

where f [5]
i,b are perturbative objects, and an expansion of Cij and C̄ij against f [5]

i,b as discussed above is
implicit. It was explicitly checked that for values of mb/mH . 0.1 a strict expansion of the square
brackets in Eq. (IV.2.12) against the expansion of Cij gives practically the same numerical results as
expanding Cij but keeping the square brackets unexpanded, as in the first line of Eq. (IV.2.12), under the

condition that one counts f [5]
b ∼ αs. This allows for a significant simplification in the implementation

of the matched cross section, as it avoids having to split up the b-quark PDF into its pieces but allows

IV.13Moving the nonsingular corrections underneath the 5F resummation corresponds to including some resummation effects
for power-suppressed terms, which is beyond the order one is working in either the 4FS or 5FS.
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Figure 262: Pictorial representation with sample diagrams appearing in the computation of the bbH cross section,
grouped according to the different perturbative countings adopted in the 4FS (green), 5FS (blue areas) and the
matched resummed result of Ref. [1156] (red).

working with a common b-quark PDF.IV.14

With this simplification, expanding the all-orders result for the matched cross section in powers of
αs = αs(µF ), the following perturbative expansion is obtained

LO+LL σ = α2
sC̄

(2)
ij ⊗ f

[5]
i ⊗ f

[5]
j + αs4C

(1)
bg ⊗ f

[5]
b ⊗ f

[5]
g + 2C

(0)

bb̄
⊗ f [5]

b ⊗ f
[5]
b

NLO+NLL + α3
sC̄

(3)
ij ⊗ f

[5]
i ⊗ f

[5]
j + α2

s4C
(2)
bk ⊗ f

[5]
b ⊗ f

[5]
k + αs2C

(1)

bb̄
⊗ f [5]

b ⊗ f
[5]
b

NNLO+NNLL + α4
sC̄

(4)
ij ⊗ f

[5]
i ⊗ f

[5]
j + α3

s4C
(3)
bk ⊗ f

[5]
b ⊗ f

[5]
k + α2

s(2C
(2)

bb̄
+ 2C

(2)
bb )⊗ f [5]

b ⊗ f
[5]
b

+ . . . . (IV.2.15)

The factors of two and four account for the exchange of partons among the two protons and (to a first
approximation) the equality f [5]

b = f
[5]

b̄
. A sum over light quark and gluons is implicitly assumed when

latin indices i, j, k, ... are repeated. The superscripts on the coefficient functions indicate the order in αs
to which these are computed. In Figure 262 the counting of Eq. (IV.2.15) is pictorially summarized and
compared to the 4FS and 5FS counting.

At this point, it is important to point out that the construction of the coefficient functions C̄ij
is formally the same as the corresponding construction in the the FONLL approach [1157] (and to a
hypothetical S-ACOT construction). There are however, two main differences between these approaches.
Firstly, the matched NLO+NLL result of Refs. [1156, 1168] counts the effective b-quark PDF as an
O(αs) perturbative object, which follows from including all perturbative ingredients in the perturbative
counting, as explained above. Secondly, the results of Refs. [1156, 1168] and those provided here,
explicitly include an estimate of the resummation uncertainty associated with the 5F resummation by
varying the (in principle arbitrary) matching scale µb.

At present, all coefficient functions in Eq. (IV.2.15) except C̄(4)
ij and C(3)

bk are known [567, 1087,

IV.14This applies to all Higgs boson mass values considered in this report except for mH = 25 GeV, for which the strict
expansion would be necessary.
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1088, 1169]. Therefore, the highest possible accuracy that can be currently achieved is NLO+NLL and
it is not yet possible to produce full NNLO+NNLL results, which would require knowledge of the full
NNLO 4FS result. However, the two-loop coefficients C(2)

bb̄
and C(2)

bb are known [567], and can in prin-
ciple be added to the NLO+NLL result. In our counting this provides a partial NNLL result, denoted as
NLO+NNLLpartial in Figure 262.IV.15 Including these higher-order terms at low/intermediate Higgs bo-
son masses would include part of the resummation of some NNLL logarithms that are not present in the
NLO fixed-order result (i.e. in the matched result the resummation is no longer consistent with the fixed
order). This could potentially bias the result and/or lead to underestimating the perturbative uncertainty.
For this reason, we do not recommend this as the default result. Nevertheless, we also provide it here, as
it gives a good indication of the size of the next-order correction, thus providing a useful additional cross
check on the estimated perturbative uncertainties of the NLO+NLL result, which indeed fully cover the
NLO+NNLLpartial result. In the limit of very large mH , including these terms may be beneficial, once
the size of the resummed logarithms grows, αs log(µ2

F /µ
2
b) ∼ 1, and the original strict 5FS counting

applies.

Regarding the nonsingular terms, at LO there is only a contribution proportional to y2
b . At NLO

there are terms proportional to y2
b as well as terms ∼ ybyt due to the interference of the Born-level

diagrams diagrams with diagrams involving a top-quark loop, see eq. (IV.2.3). These interference terms
can lead to a noticeable correction. For the scale setup chosen, the ybyt terms reduce the cross section for
mH . 300 GeV and increase it for mH & 300 GeV. They were not yet included in Ref. [1156] but are
straightforward to add as they correspond to purely nonsingular corrections, and their effect was studied
in Ref. [1168]. Here, we provide the results both with and without the interference terms included.

Next, we turn to the discussion of how to estimate the theoretical uncertainties. The approach taken
in Ref. [1156], and summarized in Sect. IV.2.2.a is that perturbative uncertainties are most realistically
estimated by varying both the hard scale µF as well as the scale µb that resides in the PDFs. In this report
we further explore the dependence on the renormalization scale µR at which αs is computed, and on the
renormalization scale µY at which the Yukawa coupling is evaluated. For the parametric uncertainty on
the bottom mass, the prescription of Sect. IV.2.2.a, Eq. (IV.2.7), is used. It is important of course that we
consistently change the value of the pole mass in the coefficient functions C̄ij when varying its value in
the PDFs.

The Yukawa coupling is computed according to the prescription of Sect. I.1, namely evolving
from mb(mb) = 4.18 GeV to the central Yukawa scale µY with 4-loop evolution, while µY variations
are computed using 2-loop evolution. The strong coupling αs in the coefficient functions is evaluated at
the renormalization scale µR. While both µR and µY are renormalization scales, they do not necessarily
need to be the same; it is always possible to evolve αs and the Yukawa coupling to different scales using
their own renormalization group evolution, compensating in the partonic coefficients with the appropriate
fixed-order logarithms. We have found that varying µR and µY together gives the maximal uncertainty
and we therefore set µY = µR in all our results and variations.

The factorization scale µF is taken to be µF = (mH + 2mb)/4, and varied by a factor of two up
and down. The choice is motivated by the well-known fact that in bbH such a small factorization scale
leads to improved perturbative convergence. This choice is also consistent with the scale adopted in the
4FS and 5FS computations, but we emphasize that the matched NLO+NLL result is significantly less
sensitive to the central value of µF [1156]. The value of mb in the definition of µF is taken to be the
central pole mass value mb = 4.58 GeV, and is kept fixed under mb variations. While varying µF , the
threshold scale µb is varied by the same factor of two up and down. As discussed in Ref. [1156], this
enables us to interpret the µF variation as an overall fixed-order uncertainty. In addition, we estimate a
resummation uncertainty by separately varying µb by a factor of two while keeping all other scales and
mb fixed.

IV.15In Ref. [1156], this result was called NLO+NLL+C(2)

bb̄
.
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In Ref. [1156], the central value for µR (= µY ) was taken to be the same as µF , and all scales were
varied together. This choice leads to an excellent perturbative convergence. Despite this, here an even
more conservative approach is taken whereby µR and µF are varied independently. In addition, we use
a larger central value for the renormalization scale, namely µR = mH/2. This is motivated by the fact
that the primary reason for a small scale ∼ mH/4 is related to the collinear factorization (µF ) and not
the renormalization (µR). On the other hand, choosing µR = mH produces somewhat artificial leftover
ln 4 terms in the cross section, so µR = mH/2 seems a sensible compromise and also lies between the
4FS and the 5FS choices for µR. This choice has the additional advantage that the NLO+NNLLpartial

turns out to be a tiny correction over the NLO+NLL.

For each of the fixed-order (envelope of individual µF and µR variations omitting cases where
the product of the variations from their respective central values exceeds a factor of two), resummation
(µb), and parametric mb uncertainties we take the maximum deviation from the central result as the
symmetrized uncertainty. The total perturbative uncertainty is obtained by adding the µF + µR and
the µb uncertainties in quadrature. We have checked that this includes the envelope of the individual
variations of the three scales. The total parametric uncertainty emerges from the quadratic sum of the mb

and the asymmetric PDF+αs (computed according to the PDF4LHC15 prescription) uncertainties. The
full uncertainty band is then obtained by adding the perturbative and parametric uncertainties linearly.
For a detailed discussion of the different uncertainties in the cross section see Ref. [1168].

IV.2.2.d FONLL matching
The FONLL method is based on the observation that the four- and the five-flavour scheme perturbative
series are made up, although formally at different orders, by the same type of terms with the difference
that perturbative coefficients in the four-flavour expansion exhibit full mass dependence. The idea is
therefore to replace in the five-flavour scheme expansion those terms, that are known in the four-flavour
scheme, with their counterpart calculated in the four-flavour scheme. This procedure can thus be seen as
including fixed-order (of the order of the four-flavour scheme calculation) mass effects to a resummed
calculation (of the order of the five-flavour scheme).

In the case of Higgs boson production in bottom-quark fusion the five-flavour scheme total cross
section is known up to NNLL, O(α2

S), while the four-flavour one is known up to NLO, O(α3
s). The

FONLL matching can thus be performed in two different ways: one could either match the NNLL five-
flavour with the LO four-flavour which we refer to as FONLL-A [1157], or the NNLL five-flavour to the
NLO four-flavour scheme calculation, which we will refer to as FONLL-B [1170].

In order to perform the matching procedure in either of the mentioned schemes, we need to have
comparable perturbative series. This means in particular that both the four- and the five-flavour scheme
have to be expressed in terms of the same scheme couplings and PDFs. To achieve this, one needs to
compute matching conditions in both schemes. In the four-flavour scheme, one has to express the value
of αS(µ2

R) calculated with four active flavour to that evolved with five active flavour up to the desired
order. The same must be done for the PDFs evolution kernel as well. This can be done by using the
following relations

α4F
S (µ2) = αS(µ2)


1 +

∞∑

p=1

ci

(
log

µ2

m2
b

)
αpS(µ2)


 ; (IV.2.16)

f4F
i (x, µ2) =

∑

j=q,q̄,g

∫ 1

x

dy

y


δij δ(1− y) +

∞∑

p=1

αpS(µ2)K
(p)
ij (y, µ2)


 fj

(
x

y
, µ2

)
. (IV.2.17)

Quantities were the flavour number scheme is not explicit are intended as to be computed in the five-
flavour scheme. In order to perform the FONLL-A type matching we don’t need any of these formulae,
however we need the O(αS) expression for both in the FONLL-B case.
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Likewise, in the five-flavour scheme one also has to compute some matching conditions. In par-
ticular, to make the two scheme comparable, one needs to re-express the bottom-quark PDF in terms of
the light-quarks and gluon PDFs. In both cases only the terms of the needed order have to be kept into
account. Thus we need respectively the O(αS) and O(α2

S) of:

fb(x, µ
2) =

∑

j=q,q̄,g

∫ 1

x

dy

y



∞∑

p=1

αpS(µ2)A(p)
bj (y, µ2)fj

(
x

y
, µ2

)
 (IV.2.18)

for the FONLL-A and -B matching.

We need then to subtract from the five-flavour scheme those terms which are computed with exact
mass dependence in the four-flavour scheme. The terms that we need for this purpose are those terms
which are either logarithmic or constant in mb, i.e all non-vanishing terms in the four-flavour scheme
when we take the limit of mb → 0. Clearly those terms must also be present in the five-flavour scheme
and can be computed from the five-flavour scheme as well. Critically, we choose this latter method to
compute the massless limit up toO(α2

S) andO(α3
S) respectively for the FONLL-A and -B scheme. This

enables us to perform the subtraction in the five-flavour scheme of those terms that are known, in the
four-flavour scheme, with full mass dependence up to the desired order in αS .

To obtain numerical results we use the bbh@nnlo code for both the five-flavour scheme partonic
cross-section and those terms needed to compute the massless limit of the four-flavour scheme. The NLO
four-flavour scheme is obtained with a modified version of the SHERPA code such as to accommodate
for the described change of scheme, and NLO matrix elements are obtained from the OpenLoops matrix
element generator. As we stated, the four-flavour scheme has to be computed with a five-flavour scheme
αS , bottom Yukawa coupling yb and PDFs (plus all the corrections needed to express four-flavour scheme
quantities in the five-flavour scheme). The running coupling constant, as well as parton distribution
functions, are obtain from the NNLO, five-flavour, PDF4LHC combined PDF set through the LHAPDF
interface. The running of the bottom Yukawa coupling is computed at two-loop in the five-flavour scheme
with mb(mb) = 4.18 GeV and a pole mass mb = 4.58 GeV. The four-flavour scheme calculation
includes both y2

b proportional terms and ybyt ones. Scale variations bands are obtained by varying µR

and µF separately in the range Kµ ∈ [1/2, 2] excluding the two extrema (µR = 1/2, µF = 2) and
(µR = 2, µF = 1/2). The central scale is chosen to be µ = (mH + 2mb)/4.

IV.2.2.e Comparison of different matching approaches
First we compare the results of the 4FS, 5FS and the Santander matching in Figure 263 including the
total uncertainty bands. The blue band displays the 5FS, the red one the 4FS and the green band the
Santander-matched result. For small Higgs boson masses the 4FS and 5FS overlap considerably and
the Santander-matched result overlaps with both of them by construction. Only for small Higgs boson
masses below 50 GeV the 5FS develops an ill-defined uncertainty due to the fact that the central scale
choices determined in terms of the Higgs boson mass become too small to give sense to a sophisticated
definition of the bottom PDFs. For the Santander-matched result this is also reflected by a negative value
of the weight w of Eq. IV.2.9. Thus for Higgs boson masses below 50 GeV the Santander-matched
result has been defined as the 4FS one. This procedure guarantees that for small Higgs boson masses the
4FS is singled out for the matched result, while for large Higgs boson masses the Santander matching
follows the 5FS. From the lower plot of Figure 263 one can infer that the deviations between all central
predictions are less than about 30% for larger Higgs boson masses.

In Figure 264 we compare the Santander matching with the two consistent matching procedures
FONLL-B and NLO+NNLLpartial+ybyt as discussed in the previous sections. The green band represents
the uncertainty band of the Santander matching, the blue one the FONLL-B matching and the red band
the NLO+NNLLpartial+ybyt approach. It is clearly visible that all three approaches overlap over the full
Higgs boson mass range which means that also the systematic resummation approach tends to favor the
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Figure 263: Comparison of the inclusive bb̄φ production cross sections in the 4FS and 5FS with the Santander-
matched result. The lower plot displays the ratios to the central Santander-matched prediction.

4FS results for small Higgs boson masses and the 5FS one for large Higgs boson masses. It should be
noted that for larger Higgs boson masses both approaches, FONLL-B and NLO+NNLLpartial+ybyt, show
that resummation effects are indeed important, while finite bottom mass effects on top of resummation
effects turn out to be tiny. The two systematic matching procedure provide comparable results provided
the renormalization and factorization scales are set to the same values. The residual differences in the
plot are due to the different choice of renormalization scale (MH/2 in NLO+NNLLpartial and (MH +
2mb)/4 in FONLL-B) and to a different way of computing the error associated to the final prediction. In
particular, in the FONLL-B matching procedure the threshold µb is kept fixed to mb, while it is varied
independently of mb in the NLO+NNLLpartial approach and the scale variation is symmetrized in the
latter, while it is kept asymmetric in the former. The matched results instead are systematically away from
the Santander matched results. The matched results are about 15% higher than the Santander-matched
ones for all values of MH , although mostly within its uncertainty band. For large Higgs boson masses
the FONLL-B and NLO+NNLLpartial+ybyt results tend towards the 5FS as expected. The uncertainty
bands of the matched calculations increase for small Higgs boson masses due to the problems to define
reasonable bottom PDFs for small scales.

In total the consistent NLO+NNLLpartial+ybyt and FONLL-B matched results follow the expected
pattern, i.e. a clear tendency towards the 5FS for larger Higgs boson masses. For a unique procedure to
provide a single prediction for the inclusive bb̄φ cross section we recommend to use the envelope of
both predictions for the uncertainty band and the central values inside as the central prediction. The
consistently matched results should be used when available and can be seen as an important cross-check
of the empirical Santander central values in case a matched result is not available.
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Figure 264: Comparison of the inclusive bb̄φ production cross sections for the different matching procedures, i.e.
Santander matching, FONLL-B and NLO+NNLLpartial+ybyt. The lower plot displays the ratios to the central
Santander-matched prediction.

IV.2.3 Differential Monte-Carlo predictions
In this section, we present Monte-Carlo predictions at the 13 TeV LHC for both total rates with and
without cuts, and several differential distributions, reconstructed from the final-state momenta in bb̄φ
production, and compare them among the different generators under consideration.

Before introducing the different Monte Carlo generators under consideration, let us summarize the
available computations for differential bb̄φ-production in the literature. The first distributions in the 4FS
cross section have been presented (to a very limited extent though) through NLO QCD in Refs. [1087,
1088]. A more comprehensive study of differential quantities in the 4FS and the first matching of the
NLO cross section to the PS has later been performed in Ref. [431] within the MC@NLO approach
[340]. Recently, the corresponding computation in the POWHEG framework [342, 343] was done in
Ref. [1171]. The number of differential computations in the 5FS is considerably larger. At parton-
level NLO corrections are known for the H + b and H+jet processes [1172, 1173], as well as NNLO
corrections for the jet-vetoed rate [1174] and the fully-differential cross section [1169]. The transverse
momentum distribution of the Higgs boson was studied analytically at NNLO [1175] and including
resummation at NLO+NLL [1176] and NNLO+NNLL [1177]. NLO+PS predictions in the 5FS were
computed in Ref. [431].

IV.2.3.a bb̄φ in MG5_aMC@NLO

The first NLO simulation matched to parton showers of the bb̄φ signal in the 4FS has been performed
in Ref. [431]. This computation has been treated as a special case in the automated framework of MAD-
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GRAPH5_AMC@NLO due to the necessity of a MS renormalization of the bottom-quark Yukawa cou-
pling, which can not be handled by the public version so far. Therefore, dedicated process folders have
been providedIV.16, which were also used for all NLO+PS simulations with MADGRAPH5_AMC@NLO
throughout this chapter.

MADGRAPH5_AMC@NLO allows for the computation of LO and NLO cross sections both with
and without matching to parton showers. NLO results not matched to parton showers are obtained by
adopting the FKS method [113, 357] automated in the module MADFKS [358], and the OPP integral-
reduction procedure [359] for the computation of the one-loop matrix elements (automated in the module
MADLOOP [348], which makes use of CUTTOOLS [353] and of an in-house implementation of the opti-
mizations proposed in Ref. [247] (OPENLOOPS)). Matching with parton showers is achieved by means
of the MC@NLO formalism [340]. MADGRAPH5_AMC@NLO is maximally automated.

The default treatment of Yukawa couplings in the MADGRAPH5_AMC@NLO code, however, is
that of an on-shell scheme renormalization, which is not optimal in the case of bb̄φ production, where the
MS scheme has to be preferred [1135]. The advantage of an MS renormalized bottom Yukawa yb(µR)
is the resummation of potentially large logarithms of mH/mb, when µR ∼ mH is chosen. An additional
complication emerges from the fact that yb enters at different powers in the σ

y
2
b

and σybyt terms introduced
in eq. (IV.2.3). At the moment the implementation does not warrant a completely general and automated
solution. However, since such complication is recurrent in the mixed-coupling expansion as for EW
corrections, we have included a general yb(µR) implementation applicable not only to bb̄φ production
in this context, which will be made available in the future. This will allow any user to generate the bb̄φ
process in the general MADGRAPH5_AMC@NLO interface and replace the current necessity of using the
dedicated process folders.

The inputs are coordinated to be the same as the ones for the POWHEG BOX described in the
upcoming section to warrant a consistent comparison of the results, starting from a reasonable agreement
in the normalization, i.e., the total rate. We set the renormalization and factorization scales to the sum of
the transverse masses of all Born-level particles, divided by a factor of four, which in the soft/collinear
limit is in keeping with the scales used for the total 4FS rate (see Sect. IV.2.2.b):

µR = µF = µ0 =
HBorn
T

4
≡ 1

4

∑

i∈{b,b̄,φ}

√
m2
i + p2

T (i) . (IV.2.19)

The respective scale uncertainties are estimated by the independent variation 0.5µ0 ≤ µR, µF ≤ 2µ0

with the constraint 0.5 ≤ µR/µF ≤ 2.

The additional factor of 1/4 in the scale settings of the 4FS reflects the fact that the optimal values
for the hard scales that enter the bb̄φ calculation appear to be significantly smaller than the hardness of
the process would suggest. As pointed out in Ref. [431] another hard scale is affected by this choice,
when considering simulations matched to parton showers, namely the shower scale Qsh, which loosely
speaking can be identified with the largest hardness accessible to the shower. It is the MC that determines,
event-by-event, the value ofQsh, by choosing it so as to maximize the kinematic population of the phase-
space due to shower radiation, without overstretching the approximations upon which the MC is based.

In MADGRAPH5_AMC@NLO one is given the possibility of setting the upper valueIV.17 of Qsh;
this value is actually picked up at random in a user-defined range:

αf1
√
s0 ≤ Qsh ≤ αf2

√
s0 , (IV.2.20)

so as to avoid possible numerical inaccuracies due to the presence of sharp thresholds.IV.18 s0 is the
Born-level partonic centre of mass energy squared, and α, f1, and f2 are numerical constants whose
IV.16See https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/bbH.
IV.17If the MC-determined Qsh value is lower than that set by the user, the latter is ignored. Also bear in mind that the physical

meaning of Qsh depends on the specific MC employed – see Ref. [54].
IV.18More details can be found in Sect. 2.4.4 of Ref. [54] (see in particular Eq. (2.113) and the related discussion).

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/bbH
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default inputs are 1, 0.1, and 1, respectively. The way, in which Qsh is generated, results in a distribution
peaked at values slightly larger than α(f1 + f2)

√
〈s0〉/2. As argued in Ref. [431] the typical shower

scales in the default setup are rather large as compared to the factorization scale, even though their origin
is quite similar being both based on the soft/collinear approximation. By setting α = 1/4 the two scales
become significantly closer. Ref. [431] further studied the distribution of the Born-level “system” (psyst

T ),
which showed a strongly improved matching behaviour of the NLO+PS curve with the NLO curve in the
high-psyst

T tail for smaller values of α. In conclusion a reduced shower scale by setting α = 1/4 has to
be preferred over the default choice in MADGRAPH5_AMC@NLO and will be the default choice fo all
numerical results produced with MADGRAPH5_AMC@NLO throughout this section.

Additionally, we assign a theoretical uncertainty to the shower scale choice by varying α ∈
[1/(4

√
2),
√

2/4], which is added linearly to the µR-µF scale uncertainties.

IV.2.3.b bb̄φ in the POWHEG BOX

In Ref. [1171] an implementation of the NLO-QCD calculation of Ref. [1088] in the framework of the
POWHEG BOX [81, 342, 343] has been presented. While the virtual corrections to the pp → bb̄φ
process have been extracted from the fixed-order calculation of Ref. [1088], the tree-level amplitudes
were generated with a tool based on MadGrap 4 [562,1178]. The process-independent ingredients of the
implementation are provided internally by the POWHEG BOX. All building blocks have been imple-
mented in the 4FS, i.e. no contributions from incoming bottom quarks have been taken into account, and
the bottom-quark was always assumed to be massive.

In the virtual corrections, not only diagrams including a bb̄φ coupling emerge, but also loop di-
agrams with a tt̄φ coupling. Both contributions are fully taken into account in the implementation.
However, a switch is provided that allows the user to deactivate the contributions involving a tt̄φ cou-
pling.

By default, the renormalization of the bottom-quark Yukawa coupling is defined in the MS renor-
malization scheme [1087, 1088, 1151]. In addition, an option for defining the bottom-quark Yukawa
coupling in the on-shell renormalization scheme is provided.

In its default version, the POWHEG BOX code for pp → bb̄φ provides three different options
for the renormalization and factorization scales: a fixed scale, µ0 = (mH + 2mb)/2, as used for total
rates, a dynamical scale defined via the transverse masses mT (f) = (m2

f + p2
T,f )1/2 of the born-level

final state particles f in an event, µ0 = mT (H) + mT (b) + mT (b̄), or the geometrical mean of the
transverse masses, µ0 =

(
mT (H)mT (b)mT (b̄)

)1/3; the latter two being particularly relevant as far
as tails of kinematical distributions are concerned. Scaling factors, ξR and ξF , can be set individually
for the factorization and renormalization scales, µR and µF , such that the relevant scales are given by
µR = ξRµ0 and µF = ξFµ0. Throughout this section we use the second scale setting in the list above
with ξR = ξF = 1/4, in keeping with the settings quoted for MADGRAPH5_AMC@NLO in the previous
section.

In order to assess the intrinsic uncertainties associated with the matching of the NLO-QCD cal-
culation with parton shower programs, the POWHEG BOX offers the possibility to vary the so-called
hdamp parameter, defined as [81]

Dh =
h2

h2 + p2
T

. (IV.2.21)

Here, pT denotes the transverse momentum of the hardest parton in the real emission contributions, and
h is a parameter that can be chosen by the user. If no explicit choice is made, the hdamp parameter
is set to one. In general, this parameter determines the separation of the cross section in a part at low
transverse momentum of the extra emission, generated mainly with the Sudakov form factor, and a part
at high transverse momentum, generated mainly with the real-emission diagrams only. The uncertainty
of observables simulated at NLO+PS level associated with a variation of the h parameter provides an
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estimate of the intrinsic matching uncertainty of the POWHEG BOX. We choose h = 1/4 (mH+2mb),
consistent with the shower scale setting proposed in Ref. [431] and used in MADGRAPH5_AMC@NLO
throughout.

Residual uncertainties are estimated by performing a seven-point variation of the renormalization
and factorization scales by a factor of two with respect to their central values. We then combine these
uncertainties linearly with the variation of Dh in the same range.

IV.2.3.c bb̄φ in SHERPA

In this section, the setup of the SHERPA event generation framework [229] is presented. Two classes of
results are considered for SHERPA:

– 4FS using the MC@NLO matching:
One set of results is in the 4FS, and based on the MC@NLO technique [340], as implemented
in SHERPA [345]. At tree-level the simulation thus starts from processes such as gg → bb̄H
and qq̄ → bb̄H , where no specific cuts are applied on the b quarks. Their finite mass regulates
collinear divergences that would appear in the massless case. In most cases, therefore, a b jet
actually originates from the parton shower evolution and hadronization of a b quark. At the NLO,
our computation involves contributions proportional to y2

b and ybyt, see Eq. (IV.2.3).
– 5FS using the MEPS@NLO multi-jet merging:

Alternatively, we employ the 5FS with massless b quarks. In order to account for bins with zero and
one b jets, multi-jet merging is being employed. In SHERPA, the well-established mechanism for
combining into one inclusive sample towers of matrix elements with increasing jet multiplicity at
tree level [242] has recently been extended to next-to leading order matrix elements, in a technique
dubbed MEPS@NLO [241]. This is the technique chosen here. Merging rests on a jet criterion,
applied to the matrix elements. As a result, jets are being produced by the fixed-order matrix
elements and further evolved by the parton shower. As a consequence, the jet criterion separating
the two regimes is typically chosen such that the jets produced by the matrix elements are softer
than the jets entering the analysis. This is realized here by a cut-off of µjet = 20 GeV. In the
MEPS@NLO simulation matrix elements for bb̄φ production in the 5FS up to 2 jets at NLO accuracy
have been included, i.e. final states for φ, φ + j, and φ + jj with φ emitted from a massless
bottom-quark line are calculated using the MC@NLO technique, while φ + jjj matrix elements
are accounted for only at the LO, where the jets can be light jets or b jets. For the former, it is of
course always possible that a light jet originating from, e.g., a gluon, can turn into a b jet through
a g → bb̄ splitting during the parton shower. We note that only contributions proportional to y2

b do
not vanish in the 5FS computation, see Eq. (IV.2.4).

In SHERPA, tree-level cross sections are provided by two matrix element generators, AMEGIC++ [246]
and COMIX [986], which also implement the automated infrared subtraction [953] through the Catani-
Seymour scheme [249, 354]. For parton showering, the implementation of [355] is employed with the
difference that for g → bb̄ splitting the invariant mass instead of the transverse momentum are being
used as scale. One-loop matrix elements are instead obtained from OPENLOOPS [247, 365].

Our central scales, both of perturbative origin (µR, µF ) and relevant to the shower (µQ), are
computed according to the so-called reverse clustering algorithm; for further details we refer the reader
to Ref. [241]. The residual uncertainties are computed through variations by a factor of two from the
central scales, where we combine the seven-point variation of the renormalization and factorization scales
linearly with the uncertainties related to µQ. We adopt these scale settings and variations for both our
4FS and 5FS setups, introduced above.
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IV.2.3.d Comparison of the Monte-Carlo tools

We compare predictions of the different Monte Carlo generators for the simulation of a bb̄φ signal in-
troduced in the preceding section in four- and five-flavour schemes which are at least NLO accurate and
matched to PS. Higgs boson decays are not considered. In the MADGRAPH5_AMC@NLO and POWHEG
BOX computations we employ PYTHIA8 [318] for the parton-shower matching. Throughout this section
we consider Higgs boson production in association with bottom quarks for a SM Higgs boson with
mass Mφ = 125 GeV at the 13 TeV LHC. We use a top-quark pole mass of mt = 172.5 GeV relevant
to the ybyt contribution, see Eq. (IV.2.3). The internal bottom-quark mass is set to its pole value of
mb = 4.92 GeV, while the bottom-quark mass in the Yukawa is renormalized in the MS scheme and set
to mb(µR). The central value mb(µR ≡ µ0) is evaluated with nf = 4 (nf = 5) four-loop running from
mb(mb) = 4.18 GeV in the 4FS (5FS); scale variations are done from that central value with two-loop
accuracy (which is consistent with the NLO order of the computations). Finally, we use the PDF4LHC15
sets of parton distribution functions in its four and five flavour versions where applicable.

In Table 122 and Table 123 we report predictions of the various tools (MADGRAPH5_AMC@NLO,
POWHEG BOX, SHERPA4FS, SHERPA5FS) for total rates with requirements on the final-state b-jets and
jets, respectively. In Table 122 we also give the total inclusive cross section. The three 4FS predictions
for the inclusive rate are in rather good agreement at the 1-2% level, which is roughly of the order of the
numerical accuracy. Also the uncertainties are similarly large, bearing in mind that the central scale for
the Sherpa prediction differs from the other two 4FS results. We recall that all uncertainties quoted for the
predictions of each code are given by a 7-point µR-µF variation combined linearly with the uncertainties
coming from the scale related to the respective shower matching procedure of each code. The latter of
course should not have any impact on the total inclusive cross section, although unexpectedly the bulk of
the Sherpa 4FS uncertainties on this quantity originates from variations of the shower starting scale. This
issue could not be resolved in the course of this comparison. The 5FS prediction is significantly larger
than the 4FS ones and quite far beyond the quoted uncertainties owing to the positive effect due to the
merging of higher multiplicities. In a full 5FS NNLO computation the cross section is usually reduced
by the additional two-loop contribution, leading to a far better agreement at the level of the total inclusive
cross section. In any case, the focus throughout this section is on the kinematics and distributions of the
final-state particles, which is why we will rescale the 5FS result, once we consider distributions below.

For the total rates with requirements on the b jets, we define a b jets as any jet that contains a B
hadron, using the anti-kT algorithm [191] with R = 0.4, a minimal transverse momentum of 25 GeV
and a rapidity of |y| < 2.5. We consider the cross section with a b-jet veto (0jb), one or more b jets
(≥ 1jb), two or more b jets (≥ 2jb), exactly one b jet (1jb), and exactly two b jets (2jb). To allow a
comparison with the 5FS prediction we also show the respective acceptances for each code, i.e., the ratio
of the prediction within cuts with respect to the total rate. The general conclusions that can be drawn
from the table are the following:

– The cross section without any b-tagged object in the final state (b-jet veto) has the smallest value
with the MADGRAPH5_AMC@NLO generator, being roughly 20% below POWHEG and 10%
below the 4FS result of Sherpa. Given the well-known fact that bb̄φ production in the 4FS comes
with rather large (∼20%) uncertainties even at NLO, due to the logarithmic structure, the mutual
agreement among the codes is still well within scale uncertainties for the jet-vetoed rate.

– As pointed out before the 5FS is significantly larger due to the different normalization. Looking
at the acceptances, however, we see that the 5FS result is just in between the 4FS predictions
by POWHEG and Sherpa. Due to the very similar total rates the conclusions among the 4FS
results for the acceptances are, by construction, identical to the ones for the absolute cross sections.
Overall, a large fraction (of the order of 70%) of the events have no b-tagged objects in the final
state.

– Since the cross section with the requirement of one or more b-jets is fully determined by the
total and the jet-vetoed rate, the general conclusions are identical to the ones for the latter. The
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uncertainties are, however, larger (except for POWHEG), in particular for the 5FS prediction. Let
us point out again that tagging at least one of the b jets reduces the total rate by about a factor of
3–4, which is rather large. Requiring a second b jet further reduces the cross section by one order
of magnitude. This is consistent with the findings of Ref. [431].

– The various predictions become increasingly different for higher b-jet multiplicities starting at two
b jets. While POWHEG and Sherpa 4FS are still quite close to each other, the 5FS results and
the MADGRAPH5_AMC@NLO prediction are rather different; the former predicting generally a
smaller jet activity and the latter a larger one. Still, there is by and large agreement within the
respective uncertainties, in particular because the 5FS uncertainties are quite sizeable.

Considering total rates with requirements on the jets in Table 123, we define a jet with the anti-kT
algorithm [191] with R = 0.4 and a minimal transverse momentum of 25 GeV. We consider the same
types of rates as in the case of b jets for jets without any flavour tagging, and also report the corresponding
acceptances in the table. The general conclusions are very similar as compared to the b-jet case and can
by summarized as follows:

– The 0-jet rates in the 4FS are quite different. In particular the POWHEG prediction is rather
large, which is 25% larger than Sherpa and 45% than MADGRAPH5_AMC@NLO, having only
barely overlapping uncertainties with the latter. As expected, the 5FS rate is significantly larger,
but the acceptance is quite similar to the one predicted in by Sherpa in the 4FS.

– The 1-jet exclusive bin agrees very well among the three 4FS codes and also the acceptances are
very close among all four predictions.

– The biggest difference emerges again from higher jet multiplicities (two and more), which is largest
in the case of MADGRAPH5_AMC@NLO and smallest for POWHEG. The uncertainties become
quite sizeable for the high multiplicities though.

We turn now to kinematical distribution of the final-state particles both generated already at the
hard-matrix element level and by the shower. The figures are all organized according to the same pat-
tern: In the main frame the relevant predictions for the different codes are shown as cross section per
bin (namely, the sum of the contents of the bins is equal to the total cross section, possibly within cuts),
with MADGRAPH5_AMC@NLO+PYTHIA8 (black, solid), POWHEG+PYTHIA8 (red, dotted), SHERPA

4FS (blue, dashed with dots) and SHERPA 5FS (green, dash-dotted with open boxes). In the first inset we
display the bin-by-bin ratio of all the histograms which appear in the main frame over the black solid
curve, chosen as a reference. Finally, in a second inset the bands that represent the fractional scale depen-
dence are given by taking the bin-by-bin ratios of the maximum and the minimum of a given simulation
over the same central prediction that has been used as reference for the ratios of the first inset. We recall
that the SHERPA 5FS normalization is generally much larger than 4FS results and that therefore its curve
is rescaled to have the identical normalization as the MADGRAPH5_AMC@NLO+PYTHIA8 result, since
we use it as reference also in the ratios.

In Figure 265 we consider the transverse-momentum distribution of the Higgs boson pT (φ) with
different requirements on the b jets: inclusive (upper left), no b-jets (upper right), one or more b jets
(lower left) and two or more b jets (lower right). Considering the inclusive case first, it is clear that
overall there is a reasonable agreement among the predictions of the different codes. This conclu-
sion can be drawn from the nicely overlapping uncertainty bands in the second inset. The size of the
uncertainties are also very similar with POWHEG having a slightly smaller scale dependence than
the other results. Considering only the shape of the curves while ignoring the bands for the mo-
ment, as shown in the first inset, some differences emerge even though they are not too severe. In
the low-pT (φ) region the agreement of the two Sherpa predictions and POWHEG is quite remarkable
in terms of shape, with MADGRAPH5_AMC@NLO being a bit harder than the other predictions. Around
pT (φ) ∼ 100 GeV the 5FS SHERPA prediction departs from the other two predictions and gets closer to
the MADGRAPH5_AMC@NLO curve, while POWHEG and the 4FS SHERPA result staying rather close
to each other over the whole pT (φ) range that is displayed. One should note, however, that apart from
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pT (φ) . 50 GeV all three 4FS results are very similar in terms of shape.

The pT (φ) distribution with a veto on b jets in the upper right panel of Figure 265, shows a quite
similar pattern as in the inclusive case, with the relative size of the differences among the curves being
amplified though. Except for the first bin the POWHEG and SHERPA 4FS results are again in very good
agreement, while the MADGRAPH5_AMC@NLO prediction is quite much harder and up to ∼ 40% away
for pT (φ) . 100 GeV. In that region also the SHERPA 5FS prediction is very close to the POWHEG and
SHERPA 4FS results, but gets significantly harder than all the 4FS predictions in the tail of the distribution.
Due to the considerably increased size of the uncertainty bands, however, the predictions agree by and
large within their respective uncertainties.

The picture essentially reverses when considering one or more b-tagged objects in the final state:
the MADGRAPH5_AMC@NLO result now featuring the softest spectrum and SHERPA 5FS the hardest.
In this case, from pT (φ) & 30 GeV all four predictions (in particular the 4FS ones) are in excellent
agreement in terms of both normalization and shape, with entirely overlapping uncertainty bands.

Finally, in the case with two or more observed b jets, the biggest difference comes from the fact,
that the overall normalization, i.e. the rate, is larger for MADGRAPH5_AMC@NLO as already pointed
out in the discussion of Table 122. Still, the predictions agree largely within the given uncertainty bands.
Considering only the shape, the MADGRAPH5_AMC@NLO result is in very good agreement with the
SHERPA 5FS curve and also quite similar to the one of POWHEG. The SHERPA 4FS shape in this case is
a bit harder than all the other curves.

In conclusion, we find a decent agreement among the various predictions for the Higgs boson
transverse-momentum spectrum with and without cuts, once the respective uncertainties are taken into
consideration.

Let us move now to distributions relevant to the associated jets and b jets shown in Figure 266. We
start by discussing the transverse-momentum pT (b1) (left panel) and rapidity distributions y(b1) (right
panel) of the hardest b jet in the upper panel of Figure 266. We first notice that the mutual agreement of
the central predictions for pT (b1) among all the codes is very good; none of the curves differs by more
than ∼ 20% from the others. Hence, we observe well overlapping uncertainty bands, which, however,
turn out to be rather large in the case of MADGRAPH5_AMC@NLO and the SHERPA 5FS prediction. The
agreement is even better in terms of shape. In particular the shapes of POWHEG, SHERPA 5FS and
MADGRAPH5_AMC@NLO are essentially identical up to statistical fluctuations. For the rapidity y(b1)
the situation is pretty much the same. In this case, however, all predictions are in perfect agreement
apart from the slightly different normalization of POWHEG and SHERPA 5FS being roughly 25% lower
than MADGRAPH5_AMC@NLO as already pointed out in the discussion of Table 122. Furthermore, the
MADGRAPH5_AMC@NLO uncertainty is much lower in case of the y(b1) distribution and quite similar
to the SHERPA 4FS band, while POWHEG still has the smallest uncertainty band.

Finally, we can draw similar conclusion for the hardest jet distributions in the lower panel of Fig-
ure 266: The residual uncertainties are rather large in case of the pT (j1) distribution and all predictions
agree well within uncertainties. The central predictions are quite quite similar in terms of their shape,
where again the SHERPA 5FS and the MADGRAPH5_AMC@NLO result are essentially identical up to
statistical fluctuations. For the rapidity of the hardest jet the shapes are quite similar to each other except
for the one of MADGRAPH5_AMC@NLO which is slightly enhanced in the forward region. Nevertheless,
we find agreement within the quoted uncertainties for the predictions of all codes.

Due to the limited statistics of the samples under consideration, we refrain from showing results
relevant to the second hardest jets or b jets. The general conclusions in these cases should be rather
similar though to what has been observed so far.
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Table 122: Predictions for the total rates (in pb) of the various Monte-Carlo tools under consideration inclusive
and within cuts on the final-state b jets. For comparison, also the respective acceptances are given.

inclusive 0jb ≥ 1jb ≥ 2jb 1jb 2jb

σ[pb]

MG5_AMC 0.369
+19.7%
−18.8% 0.243

+22.5%
−23.0% 0.126

+32.5%
−28.3% 0.0160

+47.2%
−39.8% 0.110

+30.4%
−26.7% 0.0154

+46.0%
−38.9%

POWHEG 0.375
+20.3%
−17.9% 0.281

+21.8%
−18.6% 0.0943

+16.6%
−16.5% 0.00761

+15.0%
14.8% 0.0867

+16.8%
−16.7% 0.00754

+14.0%
−14.9%

SHERPA 4FS 0.370
+15.4%
−26.8% 0.264

+11.8%
−26.0% 0.105

+26.9%
−28.8% 0.00955

+74.9%
−45.4% 0.0952

+22.2%
−28.6% 0.00934

+70.9%
−44.1%

SHERPA 5FS 0.586
+30.4%
−22.7% 0.423

+20.6%
−15.7% 0.162

+56.1%
−40.7% 0.00773

+68.9%
−59.7% 0.155

+55.5%
−40.4% 0.00746

+68.7%
−59.0%

acceptance

MG5_AMC 1 0.659 0.342 0.0432 0.298 0.0417

POWHEG 1 0.749 0.251 0.0203 0.231 0.0201

SHERPA 4FS 1 0.717 0.283 0.0258 0.258 0.0253

SHERPA 5FS 1 0.723 0.277 0.0132 0.264 0.0127

Table 123: Predictions for the total rates (in pb) of the various Monte-Carlo tools under consideration within cuts
on the final-state jets. For comparison, also the respective acceptances are given.

0j ≥ 1j ≥ 2j 1j 2j

σ[pb]

MG5_AMC 0.163
+27.5%
−25.8% 0.206

+31.0%
−30.5% 0.102

+44.4%
−41.3% 0.104

+18.5%
−19.9% 0.0613

+37.9%
−36.5%

POWHEG 0.239
+21.6%
−19.3% 0.136

+23.0%
−20.2% 0.0347

+41.7%
−26.7% 0.101

+17.3%
−18.2% 0.0299

+38.7%
−26.2%

SHERPA 4FS 0.192
+11.7%
−15.5% 0.177

+32.6%
−48.6% 0.0637

+73.2%
−77.2% 0.113

+9.9%
−38.3% 0.0428

+41.6%
−68.4%

SHERPA 5FS 0.328
+34.6%
−28.6% 0.258

+94.2%
−69.4% 0.0851

+93.2%
−68.6% 0.173

+94.7%
−69.7% 0.068

+90.0%
−65.3%

acceptance

MG5_AMC 0.442 0.558 0.276 0.283 0.166

POWHEG 0.637 0.363 0.0927 0.270 0.0798

SHERPA 4FS 0.521 0.479 0.172 0.307 0.116

SHERPA 5FS 0.559 0.440 0.145 0.295 0.116

IV.2.3.e Recommendations for bb̄φ signal simulation
Let us conclude this section by formulating recommendations for the simulation of Higgs boson produc-
tion in association with bottom quarks at the LHC Run 2. In summary of the preceding section, all the
Monte-Carlo tools under consideration provide decent predictions for the simulation of a bb̄φ signal, with
the agreement among the different codes being reasonably well within their respective uncertainties. As
pointed out in the introduction, the 5FS has the disadvantage of being less accurate in the perturbative
prescription of observables exclusive in the degrees of freedom of the final-state bottom quarks, which
are most relevant in the context of the bb̄φ process. This is alleviated to some extent by the merging of
higher multiplicities, but the prescription of the bottom kinematics does still rely, in part, on the poorly
described g → bb̄ splittings in the backward evolution of the shower. This fact is also reflected in the
very large uncertainties of the merged 5FS results, see Table 122 and the related discussion. Neverthe-
less, the agreement of the 5FS with the 4FS predictions is overall quite satisfactory within their respective
uncertainties and the 5FS computation serves as a crucial consistency check.

In conclusion, we recommend the use of fully-differential 4FS predictions for any realistic bb̄φ
signal simulation in experimental searches. We further point out that in NLO calculations matched to
parton showers precaution must be taken for the choice of a suitable matching scale. As pointed out
in Ref. [431] such a scale must be chosen of the order of the other unphysical scales (in particular the
factorization scale), which assume generally much lower values than mφ, the scale naively associated
with the hardness of the bb̄φ process. As far as theoretical systematics are concerned, the variation of all
unphysical scales must be taken into account as well as PDF+αS uncertainties.
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Figure 265: Transverse-momentum distribution of the Higgs boson as predicted by the various codes with require-
ments on the final-state b jets; upper left panel: inclusive; upper right panel: with a veto on b-tagged jets; lower left
panel: with one or more b jets; lower right panel: with at least two observed b jets; see text for details.

As pointed out before, all three 4FS Monte-Carlo codes provide valid predictions. At least two
of them should be used in order to assess the systematic differences among them. The SHERPA bb̄φ
simulation develops a dependence of the total inclusive cross section on the shower starting scale, while
its factorization- and renormalization-scale uncertainties is four time smaller than expected from from
other computations of that quantity; a cross check of the SHERPA with fixed scales µR = µF = (mH +
2mb)/4 showed an unexpected decrease of the total cross section with respect to the default dynamical
scale settings; these issues still have to be resolved. The use of two different Monte Carlos comes with
the potential advantage of using two complementary matching schemes, i.e., MC@NLO and POWHEG.
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Figure 266: Transverse-momentum (left) and rapidity distributions (right) of the hardest b jet (upper) and hardest
jet without requirements on its flavour (lower); see text for details.

IV.2.4 Acceptance uncertainties

The bb̄φ, φ → ττ process is the most sensitive one in the searches for the Higgs bosons, φ = h,H,A
in the MSSM at large values of tanβ. The final state with two τ–jets (τhτh) has the largest sensitivity
compared to τ`τh or τ`τ` in the searches for the heavy Higgs bosons, A or H with mA/H ≥ 400 GeV
(ATLAS 13 TeV reference).

The parton level acceptance and its uncertainties of the τhτh final state have been evaluated with
MG5_aMC@NLO using the selection criteria of the recent ATLAS and CMS analyses with 13 TeV data. We
take a Higgs boson mass of mH = 700 GeV and

√
s = 13 TeV at the LHC. The selection criteria for the

τhτh final state in the CMS analysis are:

– two τ–jets with pτhT > 40 GeV, |ητh | < 2.1
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Table 124: The parton level acceptance of ATLAS and CMS τhτh analysis selections and its uncertainties evaluated
with MG5_aMC@NLO for mH = 700 GeV and

√
s = 13TeV LHC.

ATLAS CMS

selections acceptance

τh kinematics 0.671 0.816

jet selections no jet selections 0.161

source of uncertainty acceptance uncertainty in %

QCD scale +2.6, –1.4 +3.0, -2.0

PDF +0.2, -0.9 +0.4, –0.9

shower scale, Qsh +1.0, -7.2 +4.4, -10.9

– at least one b–jet with pT > 20 GeV, |η| < 2.4
– no more than one jet with pT > 30 GeV, |η| < 4.7

In the ATLAS analysis the τhτh final state is selected requiring two τ–jets with the leading jet
p
τh1
T > 135 GeV and the sub–leading jet pτh2

T > 55 GeV in the pseudo–rapidity region of |ητh | < 2.5.
The τ–jets are required to be back-to-back in the transverse plane of the detector, ∆φ(τh1, τh2) > 2.7.

The parton jets are reconstructed from the gluons and quarks after PYTHIA8 showering using the
anti–kT algorithm with R = 0.4. The parton jet is identified as a b–jet if it has a b–quark as a jet
constituent. The pT of τh is a vector sum pT of the hadronic τ decay products.

The acceptance uncertainties are separated into the uncertainties due to the QCD scale choice, due
to the PDF uncertainty and due to the shower scale, Qsh choice in MG5_aMC@NLO (see Section IV.2.3.e).
The PDF4LHC15_nlo_nf4_30 set is used.

The QCD scale is varied as 0.5µ0 ≤ µR, µF ≤ 2µ0 with the constraint 0.5 ≤ µR/µF ≤ 2.
The shower scale, Qsh is varied by varying the parameter α ∈ [1/(4

√
2),
√

2/4] as described in Sec-
tion IV.2.3.e.

Table 124 shows the parton level acceptance and its uncertainties for ATLAS and CMS analysis
selections evaluated with MG5_aMC@NLO. One can see that the uncertainty is dominated by the choice of
the shower scale.

IV.2.5 Total cross sections for cc̄φ production
As shown in Ref. [1179], the partonic 5FS results for bb̄φ production allow for the calculation of other
quark-initiated cross sections by simply changing the parton density flavour. Amplitudes with different
Yukawa couplings do not interfere with each other if kinematical quark masses and terms which involve
a loop-induced Higgs-gluon coupling are neglected.

Of particular interest in certain extended theories may be the cc̄φ cross section. Table 125 shows
the total inclusive cc̄φ cross section through NNLO. To obtain these numbers, the parton PDF4LHC15
parton densities have been used. The Yukawa coupling has been set to its SM value, with the charm quark
mass mc(µR) derived from mc(3 GeV) = 0.986 GeV by running it at four-loop order to mc(MH), and
from there at three-loop order to mc(µR).

These numbers have been obtained with version 1.6 of the program SusHi [135].
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Table 125: Total inclusive cross section for cc̄φ production at
√
s = 13 TeV.

MH[GeV] σcc̄φ[pb] ∆scale[%] ∆PDF[%]

25 8.120 · 100 +22.6
−44.1 ±8.0

45 1.890 · 100 +10.5
−21.9 ±5.7

65 6.657 · 10−1 +6.8
−14.3 ±5.1

85 2.944 · 10−1 +5.0
−10.4 ±5.1

105 1.500 · 10−1 +4.0
−8.1 ±4.9

125 8.429 · 10−2 +3.3
−6.5 ±4.9

145 5.082 · 10−2 +2.8
−5.4 ±4.9

165 3.234 · 10−2 +2.4
−4.6 ±4.9

185 2.148 · 10−2 +2.1
−3.9 ±5.1

205 1.476 · 10−2 +1.9
−3.4 ±5.2

225 1.044 · 10−2 +1.7
−3.0 ±5.2

245 7.562 · 10−3 +1.6
−2.7 ±5.1

265 5.591 · 10−3 +1.4
−2.4 ±5.0

285 4.207 · 10−3 +1.3
−2.1 ±5.2

305 3.215 · 10−3 +1.2
−1.9 ±5.3

325 2.491 · 10−3 +1.2
−1.7 ±5.4

345 1.953 · 10−3 +1.1
−1.6 ±5.6

365 1.549 · 10−3 +1.0
−1.4 ±5.6

385 1.240 · 10−3 +1.0
−1.3 ±5.6

405 1.001 · 10−3 +0.9
−1.2 ±5.6

425 8.150 · 10−4 +0.9
−1.1 ±5.7

445 6.684 · 10−4 +0.8
−1.0 ±5.7

465 5.518 · 10−4 +0.8
−0.9 ±5.7

485 4.585 · 10−4 +0.7
−0.8 ±5.8

505 3.831 · 10−4 +0.7
−0.8 ±6.0

525 3.218 · 10−4 +0.7
−0.8 ±6.0
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Chapter IV.3

Charged Higgs Bosons

M. Flechl, S. Sekula, M. Ubiali, M. Zaro (Eds.) C. Degrande, H.E. Haber, M. Spira, M. Wiesemann

IV.3.1 Introduction
Charged Higgs bosons H± appear in many extensions of the Standard Model, in particular when adding
additional doublets or triplets to its scalar sector. Here, the focus is on charged Higgs bosons in 2-Higgs-
doublet models (2HDM) including the special case of the Higgs sector of the minimal supersymmetric
extension of the standard model (MSSM). The dominant production mode for a charged Higgs boson
depends on its mass. In particular, for masses below the top quark mass, the charged Higgs boson is
dominantly produced in top-quark decays. Therefore, the production cross section corresponds to the
top pair production times the branching ratio t → H+b. For values of the mass close to the top quark
mass (160− 180 GeV), both contributions with resonant and non-resonant top quarks are equally impor-
tant, and the full W−H+bb̄ has to be simulated. Finally, heavy charged Higgs bosons are dominantly
produced in association with a top quark. Most of the parameter space for a light charged Higgs boson
has already been excluded at the LHC Run 1 [1128, 1180]. For what concerns the intermediate mass
region m

H
± ∼ mt, no search has been performed to date due to the lack of accurate predictions for the

signal. In fact, NLO predictions for the total cross section have been made available only recently [1181].
Further theoretical developments in this direction are encouraged. In this chapter we will focus on the
heavy mass range, up to masses of 2 TeV, which is being probed at the Run 2.
In the following, we present updated NLO predictions for heavy charged Higgs boson production in a
type-II 2HDM. These cross sections can also be translated into predictions for a type-I, type-III or type-
IV 2HDM according to the recipe in Ref. [1182]. We continue by showing differential cross sections
for this production process with an emphasis on the comparisons of the 4-flavour scheme (4FS) and 5-
flavour scheme (5FS) predictions. We conclude the chapter providing some recommendations for the
signal simulation in experimental searches.

IV.3.2 Inclusive production cross sections
The dominant charged Higgs boson production mode for m

H
± > mt in a 2HDM is via the process

pp → tH± +X.

The cross section for associated tH± production can be computed in the 4FS or the 5FS. In the 4FS
there are no b quarks in the initial state, hence the lowest-order QCD production processes are gluon-
gluon fusion and quark-antiquark annihilation, gg → tbH± and qq̄ → tbH±, respectively. Potentially
large logarithms of the ratio between the hard scale of the process and the mass of the bottom quark,
which arise from the splitting of incoming gluons into nearly collinear bb̄ pairs, can be summed to
all orders in perturbation theory by introducing bottom parton densities. This defines the five-flavour
scheme (5FS). The use of bottom quark distribution functions is based on the approximation that the
outgoing b quark is at small transverse momentum and massless, and the virtual b quark has a vanishing
virtuality (m ≈ 0). In this scheme, the LO process for the inclusive top-quark-associated production
cross section is gluon-bottom fusion, gb → tH±. The NLO cross section in the 5FS scheme includes
O(αs) corrections to gb → tH±, including the tree-level processes gg → tbH± and qq̄ → tbH±. To
all orders in perturbation theory the two schemes are identical, but the way of ordering the perturbative
expansion is different, and the results do not match exactly at finite order.

535
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Here, we present cross-section predictions for this process by following the methodology de-
scribed in more detail in Refs. [9, 1182]. The main differences are the usage of the most recent com-
bination of PDF sets provided by PDF4LHC15, the centre-of-mass energy of

√
s = 13 TeV, and the

parameters which are set according to the conventions adopted in this report. In addition, we have signif-
icantly extended the mass range up to m

H
± = 2 TeV and we explicitly calculate the tanβ dependence,

by computing separately the contributions to the cross section proportional to y2
b and y2

t and rescaling
each of them by the corresponding overall tanβ factor. In the previous analysis [1182] the central value
of the cross section was computed for all points in the tanβ scan, the approximation was made that the
size of the relative theoretical uncertainty is independent of the value of tanβ. The present analysis goes
beyond this approximation by taking into account the theoretical uncertainty associated to the running of
the bottom Yukawa coupling up to the renormalization scale: the uncertainties for all considered values
of tanβ are computed explicitly.

For a type-II 2HDM, the tb̄H− coupling is given by
√

2
(
yt PR cotβ + yb PL tanβ

)
. We sepa-

rately evaluate the y2
t and y2

b terms. The size of the interference term, ytyb, is proportional to mb and
will be neglected in the following. In the 5FS, this contribution is exactly zero, while in the 4FS, it has
been shown [1183] that neglecting this term leads to an overestimate of the cross section by at most
5% for m

H
± = 200 GeV and less than 1% for m

H
± > 600 GeV. This estimate refers to tanβ = 8;

for all other values of tanβ, the size of this contribution is further suppressed by tan2 β (1/ tan2 β)
for large (small) tanβ values. In all cases, the impact of this term remains much smaller than the size
of the theoretical uncertainties. For what concerns supersymmetric corrections, effects due to virtual
supersymmetric particles in the loop have to be taken into account. Such corrections are finite and can
be simply added to the total cross section. Among these corrections the dominant ones are those that
modify the relation between the b quark mass and its Yukawa coupling. This class of corrections are en-
hanced at large tanβ and can be summed up to all orders through a modification of the b quark Yukawa
coupling [1035,1078,1082–1085,1184,1185]. The remaining SUSY-QCD effects are negligible at large
tanβ but can be of order 10% at small tanβ.
We present results for the 4FS and 5FS schemes, including the theoretical uncertainty, and combine
the two schemes according to the Santander matching [1133]. Fully-matched computations have been
presented for bottom-fusion initiated Higgs boson production in this report [1156, 1157], but are not
available for charged Higgs boson production. Throughout this report we present results for the tH− fi-
nal state. The charge-conjugated final state can be included by simply multiplying the results by a factor
two.

To estimate the theoretical uncertainty due to missing higher-order contributions, we vary the
renormalization scale µR, the factorization scale µF and the scale µb (which determines the running
bottom quark mass in the Yukawa coupling and is set to µR) by a factor two about their central values.
In addition to the scale uncertainties, we have computed the PDF and αs uncertainties following the
PDF4LHC15 recommendation. We stress that the PDF uncertainty computed with the PDF4LHC15
set also accounts for the parametric uncertainty associated to the value of mb used in PDF fits. PDF
uncertainties are given at 68% confidence level (CL).

The results for heavy charged Higgs boson production within the 4FS are based on the calcula-
tion presented in Ref. [1185] and implemented in MG5_aMC@NLO [54, 1183], interfaced to the LHAPDF
library [43,1186]. The renormalization and factorization scales are set to µ = (m

H
±+mt +mb)/3. The

resulting 4FS cross section and uncertainties are shown in Figure 267.

For the calculation in the 5FS, the program Prospino [1187] has been employed, interfaced to
the LHAPDF library [1186]. The renormalization scale is set to µR = (m

H
± + mt)/2, while the

factorization scale µF = µ̃ is chosen according to the method proposed in [412]. The effective fac-
torization scale entering the initial state logarithms is proportional to the hard scale, but modified by
a phase space factor which tends to reduce the size of the logarithms for processes at hadron col-
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Figure 267: Cross section (left) and average relative uncertainty (right) for tH± + X production in the 4FS, as a
function of m

H
± and tanβ.
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Figure 268: Cross section (left) and average relative uncertainty (right) for tH± + X production in the 5FS, as a
function of m

H
± and tanβ.

liders. A table with µ̃ values for the various charged Higgs boson masses is provided on the Twiki
page https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged. The result-
ing 5FS cross section and uncertainties are shown in Figure 268. Before presenting matched predictions,
we would like to make some comments on the numbers, see Table 126. The central values of the four-
and five-flavour predictions are compatible within uncertainties, as observed also in Ref. [1182], al-
though the agreement is worse. This is mostly due to the different way of computing the bottom Yukawa
coupling compared to previous predictions. As far as uncertainties are concerned, the 4FS numbers are
affected by a total uncertainty which is about 50% larger than the one of the 5FS. Furthermore, in the
5FS the largest contribution to the total uncertainty comes from PDFs, in particular for heavy Higgs
bosons m

H
± > 1TeV , while scale uncertainties remain around or below 10% also at higher values of

the masses. In the 4FS, the situation is reversed, as scale uncertainties are dominant and reach up to 20%
for m

H
± ∼ 1TeV . PDF uncertainties on the other hand are smaller, about half the PDF uncertainty of

the 5FS calculation. The smaller scale uncertainty of the 5FS calculation is also observed in the case of
bb̄φ: in particular, in Ref. [1157] it has been suggested that this fact may be associated with theoretical
uncertainties coming from mass terms included only in the 4FS powers of mb. Overall the total theoret-
ical uncertainty is smaller in the 5FS calculation by about 30%.

To provide a final prediction for heavy charged Higgs boson production we combine the NLO
4FS and 5FS cross sections according to Santander matching [1133]. We note that the 4FS and 5FS
calculations provide the unique description of the cross section in the asymptotic limits Mφ/mb → 1

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged
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Table 126: Comparison of pp → tH+ + X cross sections (in units of pb) and percentage uncertainties for the
4FS, the 5FS, and when matching both.

m
H
± tanβ 4FS 5FS matched

[GeV] σ ∆σscale ∆σpdf ∆σtot σ ∆σscale ∆σpdf ∆σtot σ ∆σtot

200 1 2.90 13.1 3.1 16.6 3.63 4.1 6.6 11.8 3.36 12.5

200 8 0.0961 15.7 3.2 18.9 0.1194 6.4 5.9 13.8 0.1109 14.4

200 30 0.718 18.0 3.2 21.2 0.886 8.5 5.6 15.7 0.825 16.2

600 1 0.143 13.3 4.9 18.9 0.186 2.7 8.1 12.9 0.175 12.6

600 8 0.00461 16.7 5.0 21.9 0.00602 5.1 7.8 15.1 0.00566 14.8

600 30 0.0336 19.6 5.1 24.7 0.0440 7.3 7.7 17.0 0.0413 16.9

1000 1 0.0162 14.2 6.8 21.0 0.0217 2.3 10.6 14.7 0.0204 14.2

1000 8 0.000516 17.4 7.0 24.4 0.000697 5.2 10.0 16.6 0.000655 16.8

1000 30 0.00371 20.8 7.0 27.8 0.00506 7.9 9.7 18.8 0.00475 19.4

and Mφ/mb → ∞, respectively (here and in the following Mφ denotes a generic Higgs boson mass).
The 4FS and 5FS are thus combined in such a way that they are given variable weight, depending on
the value of the Higgs boson mass. The difference between the two approaches is formally logarithmic.
Therefore, the dependence of their relative importance on the Higgs boson mass should be controlled by
a logarithmic term, i.e.

σmatched =
σ4FS + w σ5FS

1 + w
with w = ln

Mφ

mb
− 2 . (IV.3.1)

The theoretical uncertainties are combined according to

∆σmatched
± =

∆σ4FS
± + w∆σ5FS

±
1 + w

(IV.3.2)

where ∆σ4FS
± and ∆σ5FS

± are the upper/lower uncertainty limits of the 4FS and the 5FS, respectively.

The resulting matched cross section is shown in Figure 269. We observe that the NLO 4FS and
5FS predictions are in fair mutual agreement, with differences of the central values of roughly 20%.
The dynamical choice for µF in the 5FS used here improves the matching of the predictions in the two
schemes. The overall theoretical uncertainty of the matched NLO prediction is about 10%. Cross sections
and uncertainties for a two-dimensional grid, m

H
± = 200 GeV− 2000 GeV and tanβ = 0.1− 60, can

be retrieved onlineIV.19.

In contrast to the type-II 2HDM, for type-I the bottom Yukawa coupling is not enhanced by
tanβ, so that g

tb̄H
−|type−I =

√
2mt/v PR cotβ + O(mb/mt). Up to corrections suppressed by

O(mb/mt), the cross section for heavy charged Higgs boson production in the type-I 2HDM, σ|type−I ∝
g2

tb̄H
−|type−I ∝ 2(mt/v)2 cot2 β + O(mb/mt), can thus be obtained from the type-II cross section,

σ|type−II,tanβ=1 ∝ g2
tb̄H

−|type−II,tanβ=1 ∝ 2(mt/v)2+O(mb/mt), evaluated at tanβ = 1 and rescaled

by cot2 β. This relation is correct to all orders in QCD, but not to all orders in the electroweak correc-
tions. Given the overall theoretical uncertainty of the cross section prediction it is, however, an excellent

IV.19https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMCharged
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Figure 269: Cross section for tH± + X production, after matching the 4FS and 5FS results. The result is given
for three different values of tanβ (left) and of m

H
± (right).

approximation and sufficient for all practical purposes. Note that the charged Higgs boson cross sec-
tion predictions for the type-I and type-II 2HDMs also hold for the so-called lepton-specific and flipped
2HDMs, respectively, see e.g. Ref. [487].

IV.3.3 Differential production cross sections
We now present differential distributions for the production of a heavy charged Higgs boson in associ-
ation with a top quark in a type-II 2HDM. We present results in the 4FS and 5FS up to NLO accuracy
and including matching to parton shower Monte Carlos. Fully differential results in the 5FS have been
available for some years [1188, 1189], while 4FS results have been presented only recently [1183]. In
this chapter, we follow the methodology presented in Ref. [1183], where fully-differential results in
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Figure 270: LO and NLO predictions matched with Pythia8 in the 4FS and 5FS, separately for the the y2
b and

y2
t terms, for the transverse momentum of the top quark (left) and of the charged Higgs boson (right). Rescaling

factors are introduced in the main frame for better visibility. The first four smaller frames at the bottom show the
ratio over the NLO prediction in the 5FS for the y2

b and y2
t terms, and the scale and PDF uncertainty bands for the

NLO curves. The bottom frame shows the differential K factor (NLO/LO) for the four predictions. A charged
Higgs boson mass of m

H
± = 200 GeV is assumed.

the 4FS were presented for the first time using MG5_aMC@NLO [54] together with Herwig++ [313] or
Pythia8 [318]. In particular, we use a reduced shower scale (generated in the range 0.025

√
s0 < µ2

sh <
×0.25

√
s0, s0 being the born-level partonic centre of mass energy) with respect to the default one in

MG5_aMC@NLO which improves the matching between NLO+PS and NLO predictions at large transverse
momentum. In the results shown here, we adapt relevant input parameters to match the recommenda-
tions followed throughout this report. In particular, differences in the setup with respect to Ref. [1183]
include the running of the bottom Yukawa up to the renormalization scale using four loops for the cen-
tral predictions and two loops for the renormalization scale variations and the usage of the PDF4LHC15
parton distributions [35]. We employ 4FS and 5FS PDFs consistently with the flavour scheme of the
computation. In both cases (and also for LO predictions) PDFs are evolved at NLO. As in Ref. [1183],
we assume that the top quark decays leptonically while the charged Higgs remains stable. Therefore, b
jets in the final state will typically come from the top quark and from the matrix element.

In Figs. 270-273, we present a comparison between the two schemes at LO and NLO matched
with Pythia8, for several differential observables. All figures refer to the case of a m

H
± = 200 GeV
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Figure 271: LO and NLO predictions matched with Pythia8 in the 4FS and 5FS, separately for the the y2
b and

y2
t terms, for the transverse momentum of the hardest (left) and second hardest b jet (right). Rescaling factors are

introduced in the main frame for better visibility. The first four smaller frames at the bottom show the ratio over
the NLO prediction in the 5FS for the y2

b and y2
t terms, and the scale and PDF uncertainty bands for the NLO

curves. The bottom frame shows the differential K factor (NLO/LO) for the four predictions. A charged Higgs
boson mass of m

H
± = 200 GeV is assumed.

Higgs boson and tanβ = 8. For the sake of generality, the y2
t and y2

b contributions to the cross section
are shown separately, omitting the negligible interference term. Predictions for different values of tanβ
can be obtained by a trivial rescaling of the shown histograms. All figures have the same layout, namely:
a main frame with the absolute predictions in the two schemes, at LO and NLO, and five smaller frames
below. In the first four of these frames, the ratio of histograms in the main frame over the 5FS NLO
prediction is shown, together with scale (first and third frames, respectively for the y2

b and y2
t contribu-

tions) and PDF uncertainties (second and fourth frames). The last frame shows the differential K-factors
(NLO/LO).

Before looking at the various observables, we outline some general features: the first one is that,
as expected, the inclusion of NLO corrections brings predictions in the two schemes much closer than
at LO. The second is about the size of uncertainties at NLO, which follows the same pattern as the
inclusive cross section described in the previous section: for observables which are described with the
same accuracy in the two schemes (e.g. top and Higgs boson pT , b-jet rates for zero and one jet), scale
uncertainties in the 4FS are usually larger than in the 5FS (±10− 12% vs±4− 6%). PDF uncertainties
display instead an opposite behaviour (at least for this value of the charged Higgs boson mass): they
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Figure 272: LO and NLO predictions matched with Pythia8 in the 4FS and 5FS, separately for the the y2
b and

y2
t terms, for the transverse momentum of the hardest (left) and second hardest b hadron (right). Rescaling factors

are introduced in the main frame for better visibility. The first four smaller frames at the bottom show the ratio
over the NLO prediction in the 5FS for the y2

b and y2
t terms, and the scale and PDF uncertainty bands for the NLO

curves. The bottom frame shows the differential K factor (NLO/LO) for the four predictions. A charged Higgs
boson mass of m

H
± = 200 GeV is assumed.

are larger in the 5FS, with a similar size as scale uncertainties, and smaller in the 4FS, where they are
negligible with respect to scale variations. Finally, due to the additional running of the bottom Yukawa,
the y2

b contribution has a broader scale uncertainty band than the y2
t one.

We now turn to compare the two schemes for a number of differential observables: in Figure 270
we observe that for the transverse momentum of the top quark (reconstructed using Monte Carlo truth
information) and the Higgs boson the difference between the two schemes can be compensated by a
simple overall rescaling of the total rates at NLO (similar to the one observed in the previous section)
while LO predictions in the two schemes have quite different shapes (in particular for the top quark).
The same level of agreement is expected to be found also for observables related to the decay products
of the top quark (and of the charged Higgs boson). Indeed, the pT spectrum of the hardest b jet (left plot
in Figure 271) displays a flat ratio between the 4FS and 5FS at NLO up to ≈ 120 GeV. While below 120
GeV the hardest b jet essentially coincides with the b jet from the top quark, above 120 GeV secondary
g → bb̄ splitting from hard gluons becomes relevant. This fact is reflected in the growth of the 5FS
scale uncertainty band and of the k factor. Larger differences between the two schemes appear for the
second-hardest b jet, see right plot in Figure 271. This distribution is expected to be poorly described in
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Figure 273: LO and NLO predictions matched with Pythia8 in the 4FS and 5FS, separately for the the y2
b and

y2
t terms, for for jet (left) and b jet (right) multiplicity. Rescaling factors are introduced in the main frame for

better visibility. The first four smaller frames at the bottom show the ratio over the NLO prediction in the 5FS
for the y2

b and y2
t terms, and the scale and PDF uncertainty bands for the NLO curves. The bottom frame shows

the differential K factor (NLO/LO) for the four predictions. A charged Higgs boson mass of m
H
± = 200 GeV is

assumed.

the 5FS. In particular, its kinematics in the 5FS at LO is determined by the shower, while at NLO it is
driven by a tree-level matrix element (therefore being formally only LO accurate). As expected, the 5FS
develops larger k factors. The 4FS calculation thus describes these observables significantly better, both
because of its more robust perturbative behaviour and because of the proper modelling of the final-state
b jets.
The effect of the different treatment of the bottom quark in the two schemes is even more visible for
the transverse momentum of the hardest and second hardest B hadron (left and right plot in Figure 272).
At medium and large pT of the hardest B hadron similar effects as for the hardest b jet are observed.
At low momentum, the 4FS prediction is suppressed with respect to the 5FS . This is most likely due
to mass effects as these kinematical regions correspond to one b quark being collinear to the beam. In
the 5FS these configurations are enhanced because of the collinear singularities, while in the 4FS such
singularities are screened by the b quark mass. Therefore, even after the parton shower, the 5FS is
reminiscent of the collinear enhancement. In the case of the second-hardest B such effects are further
enhanced.

Finally, looking at jet (Figure 273 left) and b-jet multiplicities (Figure 273 right), we observe
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again that the effect of NLO corrections is very different in the two schemes: while in the 5FS NLO
corrections make the jet spectrum moderately harder, in the 4FS they tend to make it softer, with greater
enhancements in the low multiplicity bins. Despite this fact, at NLO the 4FS still shows a slightly harder
spectrum than the 5FS. Irrespective of whether b-tagged jets are required or not, the overall effect of
NLO QCD corrections is to bring the two schemes in much better agreement in the zero- and one-jet
bin. The two-jet bin is only described at LO accuracy by the 5FS NLO prediction, therefore for this bin
the 4FS prediction is expected to be more reliable. Higher multiplicities are described with rather poor
accuracy (LO or even LL) by both schemes.

All in all, the global behaviour of predictions closely follows what has been observed in Ref. [1183].
The interested reader can find more details in that paper, in particular for what concerns the comparison
of matched and fixed-order computations and the usage of different parton showers.

IV.3.4 Recommendations for signal simulation
We conclude this chapter by providing some recommendations for the simulation of heavy charged Higgs
boson production at the LHC Run 2. The use of 4FS fully-differential predictions is recommended for any
realistic fully-differential signal simulation for experimental searches. This recommendation is backed
by two sets of evidences: first, for a large number of observables, the 4FS prediction provides a better
description of the final state kinematics; second, it reduces the systematic error related to the usage of
a given parton shower. Moreover, when matching the NLO calculation to the shower, we recommend
to use a lower shower scale by reducing the current default value from MG5_aMC@NLO by a factor four.
This corresponds to a shower scale generated in the range 0.025

√
s0 < µ2

sh < ×0.25
√
s0, s0 being

the born-level partonic centre of mass energy. This choice provides a better matching to the fixed-
order computation at large transverse momenta, slightly reduces the parton shower dependence and also
improves the agreement of four- and five-flavour scheme computations.
For what concerns the normalization of the signal total cross-section, the Santander-matched prediction
provided in this section should be employed as central value.

As far as the estimate of theoretical uncertainties is concerned, the most obvious choice would be
to use the scale and PDF uncertainties coming from the 4FS fully-differential computation. For observ-
ables inclusive in the b kinematics, this choice results into a slightly larger theoretical uncertainty than
the one associated with the matched prediction (suggested for the normalization). On the other hand, for
more exclusive observables, the 4FS uncertainty is smaller and more reliable than the 5FS one.



Chapter IV.4

Extended Scalar Sector

R. Gerosa, H. Logan, R. Santos, O. Stål, S. Su, X. Sun (Eds.) R. Aggleton, D. Barducci, F.J. Botella,
G.C. Branco, R. Costa, D. Fontes, G.F. Giudice, H.E. Haber, S. Huber, A. Ilnicka, F. Kling,

M. Krawczyk, D. Lopez-Val, K. Mimasu, S. Moretti, M. Nebot, J.M. No, M. Pelliccioni, M.N. Rebelo,
T. Robens, J.C. Romão, N. Rompotis, M.O.P. Sampaio, C.H. Shepherd-Themistocleous, J.P. Silva,

T. Stefaniak, M. Zaro

IV.4.1 Introduction
The two-Higgs doublet model (2HDM) is one of the simplest extensions of the Standard Model (SM) and
is build by simply adding one more scalar doublet to the SM field content while keeping the Lagrangian
invariant under the same symmetries. It was first proposed by T.D. Lee [1190] as a means to provide an
extra source of CP-violation thus helping to explain the observed matter anti-matter asymmetry of the
Universe. In recent years the 2HDM has been used as a benchmark model helping to identify possible
directions to minimal changes with respect to the SM. These changes can lead to the inclusion of a dark
matter candidate, new sources of CP-violation, baryogenesis and even a more elaborate flavour structure.
Even in its minimal Z2 symmetric and CP-conserving version, it has been used by the ATLAS and CMS
collaborations, to perform phenomenological studies involving extra scalars production and decay. In
its CP-conserving versions the model has three neutral states - two CP-even (h and H) and one CP-odd
(A) - and two charged states (H±) while the remaining three degrees of freedom are the longitudinal
components of the gauge bosons. In its CP-violating versions the three neutral states have no definite CP
numbers and are usually denoted by h 1, h 2 and h 3. A thorough description of the different versions of
two-Higgs doublet models can be found in [487, 1191].

In order to avoid flavour changing neutral currents (FCNC) at tree-level, a Z2 symmetry is imposed
on the fields (Φ1 → Φ1 and Φ2 → −Φ2). The Higgs potential invariant under Z2, softly broken by a
dimension-two term, can be written as

V = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −
(
m2

12Φ†1Φ2 + h.c.
)

+ 1
2λ1

(
Φ†1Φ1

)2
+ 1

2λ2

(
Φ†2Φ2

)2

+λ3Φ†1Φ1Φ†2Φ2 + λ4Φ†1Φ2Φ†2Φ1 +

[
1
2λ5

(
Φ†1Φ2

)2
+ h.c.

]
. (IV.4.1)

Since V has to be hermitian, m2
12 and λ5 can be complex while all other parameters have to be real.

Choosing the two vacuum expectation values (VEVs) to be real we end up with a model that is either
CP-conserving or explicitly CP-violating. This particular version of the CP-violating 2HDM, where
both m2

12 and λ5 are complex and the VEVs are real, was first analysed in [1192]. In the following, the
CP-conserving model is denoted by “2HDM” while the CP-violating model is denoted by “C2HDM”.

Since the VEVs are real we can define tanβ = v2/v1 for both models. The remaining indepen-
dent parameters for the 2HDM are the four masses Mh, MH, MA and M

H
±, the rotation angle α that

diagonalizes the CP-even mass matrix, and m2
12. For the C2HDM the remaining free parameters are the

two lighter neutral states masses M1 and M2, M
H
±, the three rotation angles that diagonalize the neutral

mass matrix α1, α2 and α3 and Re[m2
12]. If sinα2 = 0, h1 is a pure scalar and if sinα2 = 1 h1 is a pure

pseudoscalar. The 2HDM Higgs boson couplings to massive gauge bosons are given by

g
hVV
2HDM = sin(β − α) g

hVV
SM g

HVV
2HDM = cos(β − α)g

hVV
SM (IV.4.2)
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while the lightest Higgs boson couplings in the CP-violating case can be written as

g
h 1VV
C2HDM = cosα2 g

hVV
2HDM. (IV.4.3)

In order to avoid FCNCs at tree level, the simple solution of coupling fermions of a given electric
charge to no more than one Higgs doublet [1193,1194] is used. In practice, a Z2 symmetry is imposed to
all fields and invariance of the Lagrangian under that symmetry is enforced. The Z2 charge assignments
(Φ1 is even and Φ2 is odd) lead to four independent combinations [1195]: only Φ2 couples to all fermions
(type I); Φ2 couples to up-type quarks while Φ1 couples to charged leptons and down-type quarks (type
II); Φ2 couples to charged leptons and up-type quarks while Φ1 couples to down-type quarks (type
Flipped or Y); Φ2 couples to quarks while Φ1 couples to charged leptons (type Lepton Specific or X).
The Yukawa couplings for the CP-conserving model, relative to the SM ones, are shown in Table 127.

Table 127: Yukawa couplings to the scalars h, H and A normalized to the SM Higgs Yukawa couplings. Notation
is c(s)α = cos(sin)α, c(s)β = cos(sin)β.

y
u
h y

d
h y`h y

u
H y

d
H y`H y

u
A y

d
A y`A

Type-I cα
sβ

cα
sβ

cα
sβ

sα
sβ

sα
sβ

sα
sβ

cotβ − cotβ − cotβ

Type-II sα
sβ

− sα
cβ

− sα
cβ

sα
sβ

cα
cβ

cα
cβ

cotβ tanβ tanβ

Flipped (Y) cα
sβ

− sα
cβ

cα
sβ

sα
sβ

sα
sβ

sα
sβ

cotβ tanβ − cotβ

Lepton Specific (X) cα
sβ

cα
sβ

− sα
cβ

sα
sβ

cα
cβ

sα
sβ

cotβ − cotβ tanβ

The Yukawa couplings for the the lightest Higgs boson in the C2HDM can be obtained from the
respective 2HDM h couplings via

yC2HDM
h 1

= cosα2 y
2HDM
h ± sinα2 F (tanβ) γ5 (IV.4.4)

where the sign of the pseudoscalar term and the function F (tanβ) (that can be either tanβ or cotβ)
depend on the model type considered (see details in [1196]).

We will now briefly discuss some properties of the models. When cos(β − α) = 0 there is no
mixing of the two-Higgs-doublet fields in the Higgs basis which is the basis where the Goldstone bosons
are all in one of the doublets. For this reason it is called the alignment limit and h has SM-like couplings
to the fermions and to the gauge bosons IV.20. The decoupling limit [1197] is defined by the previous
condition plus having all scalar masses well above the electroweak scale. Finally the wrong sign Yukawa
coupling [1198–1200] regime is defined as the region of 2HDM parameter space in which at least one
of the couplings of h to down-type and up-type fermion pairs is opposite in sign to the corresponding
coupling of h to V V. In the convention followed here (|α| ≤ π/2), the limit appears only in Type II
and Flipped versions of the 2HDM for the down-type quarks and is obtained by setting sin(β + α) = 1.
Other wrong sign limits are also possible as discussed in [1199, 1200].

There are two particular cases of the 2HDM that will also be discussed. These are the Inert Model
and a Fermiophobic Model which are particular cases of a type I 2HDM. The potential of the Inert
Model [1201–1210] is obtained from the one in equation (IV.4.1) by setting m2

12 = 0 and by taking
the VEV of the second doublet to be zero. In the Yukawa Lagrangian, only the doublet that generates a
VEV, Φ1, couples to all fermions. Φ2 is usually called the dark doublet, since it contains the dark matter
candidate. The scalars from the dark doublet couple to gauge bosons via the covariant derivative term, but
IV.20If sin(β − α) = 0 it is the heaviest Higgs boson H that acquires SM-like couplings.
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because the Z2 symmetry is exact, they always come in pairs in their interactions, that is the Z2 charge is
conserved. The Fermiophobic Model [1211–1213] is obtained form the usual type I 2HDM. By setting
cosα = 0, the lightest CP-even scalar decouples from all fermions and becomes fermiophobic. The
discovery of the Higgs boson and subsequent measurement of Higgs rates has excluded the possibility
of a 125 GeV fermiophobic Higgs boson by more than 3σ [1214] at the end of Run 1. There is however
the possibility of having a heavier fermiophobic CP-even Higgs boson, which implies setting sinα = 0.
In this scenario the lightest CP-even scalar is the SM-like Higgs boson while the heavy CP-even scalar
decouples from the fermions.

There are other versions of 2HDMs where the Z2 symmetry is not imposed to the scalar doublets.
These models either have tree-level FCNCs or are not stable under the renormalization group [1215]
(see also [487]). However, there are ways to force the neutral flavour changing currents to be small
at tree-level. One such example is a class of models known as BGL [1216] models, where the tree-
level FCNC couplings are proportional to the elements of the CKM matrix. Therefore, the off-diagonal
CKM elements naturally suppress the neutral scalars flavour changing couplings. BGL models were first
proposed for the quark sector in [1216] and later generalized in [1217]. The extension to the leptonic
sector was presented in [1218].

There are several versions of the BGL models and the first was obtained by imposing the following
symmetry on the quark and scalar sector of the Lagrangian,

Q0
Lj → exp (iτ) Q0

Lj , u0
Rj → exp (i2τ)u0

Rj , Φ2 → exp (iτ)Φ2 , (IV.4.5)

where τ 6= 0, π, with all other quark fields transforming trivially under the symmetry. The index j can
be fixed as either 1, 2 or 3. Alternatively the symmetry may be chosen as

Q0
Lj → exp (iτ) Q0

Lj , d0
Rj → exp (i2τ)d0

Rj , Φ2 → exp (−iτ)Φ2 . (IV.4.6)

The symmetry given by Eq. (IV.4.5) leads to Higgs FCNC in the down sector and the models are known
as BGL up-type models, whereas the symmetry specified by Eq. (IV.4.6) leads to Higgs FCNC in the up
sector and to the BGL down-type models. These two alternative choices of symmetries combined with
the three possible ways of fixing the index j give rise to six different realizations of the model with the
flavour structure, in the quark sector, controlled by the CKM matrix. In the leptonic sector, with Dirac
type neutrinos, there is a perfect analogy with the quark sector. There are thirty six different models
corresponding to the combinations of the six possible different implementations in each sector.

This symmetry constrains the Higgs potential in such a way that it does not violate CP neither
explicitly nor spontaneously. As a result, once in the Higgs basis, the fields H+ and A are already
physical and only H0 and R (real and imaginary neutral fields respectively) are allowed to mix such that
they are combined into the two CP-even states h and H via the rotation

h = sβ−αH + cβ−αR, H = cβ−αH0 − sβ−αR (IV.4.7)

In the case of sβ−α 6= 1 all neutral scalars mediate flavour changing neutral currents.

For a general 2HDM the Yukawa couplings in terms of quark mass eigenstates for H+, H0, R and
A are given by

LY (quark, Higgs) = −
√

2H±

v
u
(
V NdγR −N †u V γL

)
d + h.c.− H0

v

(
ūDuu+ d̄Dd d

)

−R
v

[
u(NuγR +N †uγL)u + d(NdγR +N †dγL) d

]

+i
A

v

[
u(NuγR −N †uγL)u − d(NdγR −N †dγL) d

]
. (IV.4.8)
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In BGL up-type models the matrices Nd and Nu have the following simple form

(
N

(uj)

d

)
rs

=
[
tβδrs − (tβ + t−1

β )V ∗jrVjs
]

(Dd)ss (IV.4.9)

where no sum in j is implied and tβ stands for tanβ. The upper index (uj) indicates that the BGL is
of the up-type form, with index j, thus leading to FCNC in the down-sector. Note that all FCNC are
proportional to the factor (tβ + t−1

β ) and to a product of elements of one single row of the VCKM. The
corresponding Nu matrix is given by

(
N

(uj)
u

)
rs

=
[
tβ − (tβ + t−1

β )δrj

]
(Du)ssδrs . (IV.4.10)

Nu is a diagonal matrix, the tβ dependence is not the same for all diagonal entries. It is proportional to
(−t−1

β ) for the (jj) element and to tβ for all other elements. The index j fixes the row of the VCKM matrix
which suppresses the flavour changing neutral currents. Since for each up-type BGL model a single row
of VCKM participates in these couplings, one may choose a phase convention where all elements of Nu

and Nd are real.

In BGL down-type models the matrices Nd and Nu exchange rôle,

(
N

(dj)
u

)
rs

=
[
tβδrs − (tβ + t−1

β )VrjV
∗
sj

]
(Du)ss (IV.4.11)

(
N

(dj)

d

)
rs

=
[
tβ − (tβ + t−1

β )δrj

]
(Dd)ssδrs (IV.4.12)

In down-type models the flavour changing neutral currents are suppressed by the columns of the VCKM

matrix. Since the flavour structure of these scalar currents results from a symmetry of the Lagrangian,
each BGL model is natural and stable under the renormalization group. Furthermore, the resulting num-
ber of free parameters is very small and therefore BGL models are very predictive.

IV.4.1.a Input parameters
– 2HDM

The set of input parameters are the four masses Mh, MH, MA, M
H
±, tanβ, α and m2

12.
– Inert Model

The input parameters are the four masses Mh, MH, MA, M
H
±, λ2 and λ345 = λ3 + λ4 + λ5. The

h boson is taken to be the SM-like Higgs boson discovered at the LHC.
– Fermiophobic Model

The input parameters are the four masses Mh, MH, MA, M
H
±, tanβ and m2

12. The fermiophobic
limit is attained with the condition sinα = 0. The fermiophobic scalar is denoted by H and the
charged Higgs boson mass is chosen such that MA = M

H
±. The free parameters are then MH,

∆M = MH −MA and tanβ.
– C2HDM

The input parameters are three massesM1,M2,M
H
±, tanβ,Re[m2

12] and the three rotation angles
of the neutral sector α1, α2 α3. With this choice the heavier state has a mass defined by

M2
3 =

M2
1 R13(R12 tanβ −R11) +M2

2 R23(R22 tanβ −R21)

R33(R31 −R32 tanβ)
. (IV.4.13)

and the parameter space will be restricted to values which obey M3 > M2.
– BGL

The set of input parameters are the four masses Mh, MH, MA, M
H
±, tanβ and cos(β − α).
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IV.4.2 Tools and constraints
At present there are only two public codes that allows one to perform scans in the 2HDM parameter
space: 2HDMC [560,1219] - 2-Higgs Doublet Model Calculator and ScannerS [1200,1220]. These codes
can only be used for CP-conserving versions of the 2HDM. Several codes have been compared [1221]
regarding the neutral scalar production in gluon fusion and the decay of all scalars in the 2HDM.

IV.4.2.a Vacuum stability and theoretical constraints
The CP-conserving minimum of any 2HDM is stable against tunnelling to both CP-violating and charge
breaking minima [1222, 1223]. However, the potential invariant under Z2 and softly broken by the term
m2

12, can still have two simultaneous CP-conserving minima [1224–1227]. In this case, choosing the
global minimum is easily achieved by imposing a simple condition on the parameters of the poten-
tial [1228, 1229].

The two codes 2HDMC and ScannerS have in-built the following theoretical constraints: tree-
level vacuum stability [1201, 1225], that is, the potential is forced to be bounded from below at tree-
level, and perturbative unitarity [1230, 1231] is enforced to the quartic couplings of the potential as
proposed by Lee, Quigg and Thacker [1232] for the SM. In 2HDMC a further perturbativity constraint
is imposed on the quartic couplings of the mass eigenstates fields (|λijkl| ≤ 4π) where the indices run
over all allowed quartic vertices. In ScannerS one can opt for having a global minimum at tree-level
by imposing the condition proposed in [1228, 1229] to the parameters of the potential. For all other
benchmarks proposed, the points produced comply to the respective vacuum stability and perturbative
unitarity (or/and perturbativity) constraints.

IV.4.2.b Experimental constraints
The parameter space of the models that is used to produce benchmarks satisfies a number of experimental
constraints described in this section. If for a given benchmark one or more constraints are not taken into
account it will be explicitly stated. This section is intended to give an overview of the most relevant
experimental constraints for all benchmark points presented. It should be noted that, for instance, the
constraints for the charged Higgs boson mass from LEP do not apply to the Inert Model as it does not
couple to fermions. Conversely, dark matter constraints only apply to the Inert Model.

The main experimental constraints are

– The parameter space complies with S and T parameters [1233–1237] as derived from electroweak
precision observables [1238].

– Collider constraints are taken into account. In most cases and in particular in 2HDMC and Scan-
nerS these bounds are considered via an interface with the HiggsBounds [1239] and HiggsSignals
[1240] codes that include all LHC data published so far by the ATLAS and CMS collaboration and
that are updated regularly. The codes also include the LEP bounds and in particular the only
bound on the charged Higgs boson mass that only assumes that BR(H± → cs) + BR(H± →
τν) + BR(H± → AW±) = 1 [1241]. This leads us to roughly consider for the four type of
2HDMs (and C2HDMs) M

H
± ≥ 90 GeV.

– There are indirect constraints on the (M
H
±, tanβ) plane stemming mainly from loop processes

involving charged Higgs bosons but also from direct measurements at the LHC. Indirect bounds
come mainly fromB-physics observables [1242–1246] andRbb̄ = Γ(Z→ bb)/Γ(Z→ hadrons)/
[1247–1249]. When considering all experimental results a rough bound of tanβ ≥ 1 is obtained.
Of particular importance is the bound coming from the charged Higgs loop contribution to b→ sγ
that applies only to Type II and Flipped (Y) and is at present M

H
± ≥ 480 GeV [1250]. Direct

constraints in the (M
H
±, tanβ) plane were obtained during the LHC Run 1 in the process pp →

tt(H+W−bb) [1251, 1252].
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Except for B→ τ±ντ and B → D(∗)τ−ντ the 2HDM contributions to B-physics arise via one-loop
radiative corrections. For such observables, cancellations could occur in the loops if other sources
of new physics are considered. This would lead to cancellations in the loop from other sources of
new physics and a consequent relaxation of the respective bounds.

– The CP-violating phase of the C2HDM is also constrained by electric dipole moment (EDM)
measurements. The most stringent bound [1253] comes from the ACME [1254] results on the
ThO molecule EDM. Points are rejected if the calculated EDMs, with Barr-Zee diagrams with
fermions in the loop, are not of the order of magnitude of ACME result. The ACME limit can
only be evaded by either going to the limit of the CP-conserving 2HDM or in scenarios where
cancellations [1255, 1256] among the neutral scalars occur. It should be noted that ref. [1255]
argues that the extraction of the electron EDM from the data is filled with uncertainties and an
order of magnitude larger EDM than that claimed by ACME should be allowed for.

– Regarding astrophysical constraints on the dark matter part of the Inert Doublet Model, relic den-
sity limits are required to respect the results obtained by the Planck experiment [1257]:

Ωc h
2 = 0.1197 ± 0.0022, (IV.4.14)

where an upper limit of
Ωc h

2 ≤ 0.1241, (IV.4.15)

is imposed, which corresponds to not over closing the universe at∼ 95 % confidence level. Direct
detection limits are taken into account by using an approximation function (cf. [1205] for details)
to compare with limits from the LUX experiment [1258], where multicomponent dark matter sce-
narios are discarded. The dark matter properties are calculated by processing through MicrOmegas
(version 4.2.3) [1259], where [1260] provides explicit details about the calculation of nucleon-dark
matter cross sections.

IV.4.2.c Calculation of cross sections and decay widths
A detailed study of the various tools and their accuracy has been performed in [1221]. For the CP-
conserving case it includes both production via gluon and bb fusion and decay of the 2HDM scalars. For
the production the tools compared were SUSHI [135] and HIGLU [133]. Regarding the scalar decays
the two codes compared were 2HDMC [560, 1219] and HDECAY [69, 71] with a very good agreement.
The remaining cross sections were just rescaled from the SM ones.

In the particular cases of the Inert and Fermiophobic models, the cross sections cannot be obtained
from the SM ones and were calculated at LO with MadGraph 5 [364]. The new decays in the BGL were
calculated at LO.

IV.4.3 Benchmark points
In this section benchmark points for the 2HDM are presented. For each point, plane or scenario physical
motivation is given together with their main features, cross sections and branching ratios. In same cases
only scenarios were proposed.

A quick summary of the points before their detailed presentation is shown in the following:

BP1A 2HDM, non-alignment, h approximately SM-like; plane: 1 < tanβ < 60, 150 < MH < 600 GeV

signatures: type-I H→ hh, tt, WW, ZZ; type-II: H→ bb, tt

BP1B 2HDM, H is SM-like; line of 65 < Mh < 120 GeV; signatures: h→ bb, ττ

BP1C 2HDM, Mh = MA = 125 GeV; line 1 < tanβ < 10 for MH = M
H
± = 300 GeV

large deviations from the SM value of ττ for the 125 GeV Higgs boson
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BP1D 2HDM short cascades, Mh = 125 GeV, exact alignment; line 250 < MH < 500 GeV

signatures: H→ ZA, W±H±, H±H∓, AA

BP1E 2HDM long cascades, Mh = 125 GeV, exact alignment; line 200 < MH < 300 GeV

signatures: H±→W±A→W±ZH, A→W±H∓→W±W∓H

BP1F 2HDM, Mh = 125 GeV, opposite sign coupling to down-type fermions;

plane: 5 < tanβ < 50, 150 < MH < 600 GeV; signatures: H→WW, ZZ

BP1G 2HDM, Mh = 125 GeV, with an MSSM-like Higgs sector;

signatures H→ hh and H,A→ tt or H,A→ ττ for large tanβ

BP2 Exotic decays in the 2HDM alignment limit; planes provided

BP3 2HDM, Mh = 125 GeV, large mass splitting between H and A for electroweak baryogenesis

signatures: A→ ZH with H→WW, bb, tt

BP4 2HDM, Mh = 125 GeV, A is very light (MA .MZ); signatures: h→ ZA with A→ bb, ττ, µµ

BP5 Inert 2HDM, Mh = 125 GeV and SM-like, H dark matter candidate, MH > 45 GeV

signatures: A→ ZH, H±→W±H; H will give missing transverse energy in the event

BP6 Fermiophobic 2HDM, Mh = 125 GeV and SM-like, H fermiophobic; various planes are suggested

signatures: pp→ HA, HH±, and has large branching ratios to H→WW, ZZ

BP7 C2HDM, Mh = 125 GeV and SM-like, CP-violation detected by the simultaneous existence of

3 decay channels signatures: e.g. h 3→ h 2Z, h 2→ h 1Z, h 3→ h 1Z simultaneously

BP8 BGL models: Higgs bosons with flavour changing decays; plane: tanβ versus cos(β − α)

signatures: t→ hc, h→ ττ, bb, bs, µτ

A detailed description of the benchmark points follows in the next sections.

IV.4.3.a Benchmark pointsBP1

ScenarioBP1A: 2HDM non-alignment

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features Departures from the alignment limit with h SM-like.

Scan over values of 1 < tanβ < 50.

Type-I Scenarios BP1A1.1 with cos(β − α) = 0.1, and BP1A1.2 with cos(β − α) = 0.1× (150 GeV/MH)2

Spectrum Mh = 125 GeV, 150 GeV < MH < 600 GeV, MH < M
H
± = MA

Production cross sections and branching fractions

h SM-like cross-sections and decays with small deviations from SM predictions.

H gg fusion cross sections are largest at low tanβ values. At low tanβ, H→ hh

dominant for 2Mh < MH < 2mt and H→ tt dominates for MH > 2mt.

At higher tanβ values, tt is suppressed and hh is dominant for MH > 2Mh



552 IV.4.3. Benchmark points

and the WW and ZZ modes are more relevant.

A and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

Type-II Scenarios BP1A2.1 with cos(β − α) = 0.1, and BP1A2.2 with cos(β − α) = 0.1× (150 GeV/MH)2

Spectrum Mh = 125 GeV, 150 GeV < MH < 600 GeV, MH < M
H
± = MA

Production cross sections and branching fractions

h SM-like cross-sections and decays with small deviations from SM predictions.

H gg fusion cross sections are largest either at low tanβ values or at high tanβ values

for moderate values of MH. bb fusion cross sections relevant at larger tanβ. At low

tanβ, H→ bb dominant for MH < 2mt and H→ tt dominates for MH > 2mt. At

higher tanβ, tt is somewhat suppressed above threshold and bb is dominant.

A and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

ScenarioBP1B: 2HDM with a SM-like H

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features The heavier of the two CP-even Higgs bosons, H is SM-like.

Scan over values of 1
2MH < Mh < MH, with tanβ = 1.5.

Type-I Scenarios BP1B1.1 with cos(β − α) = 1.0, and BP1B1.2 with cos(β − α) = 0.9

Spectrum MH = 125 GeV, 65 GeV < Mh < 120 GeV, MH < M
H
± = MA

Production cross sections and branching fractions

H SM-like cross-sections and decays with small deviations from SM predictions.

h BR(h→ bb) ∼ 75−80% and BR(h→ ττ) ∼ 8%.

A and H± very heavy and difficult to detect at the LHC

Type-II Scenario BP1B2 with cos(β − α) = 1.0

Spectrum Mh = 125 GeV, 150 GeV < MH < 600 GeV, MH < M
H
± = MA

Production cross sections and branching fractions

H SM cross-sections and decays with no deviations from SM predictions.

h BR(h→ bb) ∼ 75−80% and BR(h→ ττ) ∼ 8%.

A and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

ScenarioBP1C: 2HDM with degenerate h andA

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features The CP-even h and the CP-odd A are roughly mass-degenerate and both

contribute to the observed scalar at 125 GeV. H and H± are assumed heavy.

Exact alignment limit of cos(β − α) = 0 taken. Scan over values of 1 < tanβ < 10.
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Type-I Scenario BP1C1

Spectrum Mh = MA = 125 GeV, MH = M
H
± = 300 GeV

Production cross sections and branching fractions

h, A Combined σ × BR of h, A→ ττ deviates significantly from SM for tanβ < 2.

At large tanβ, the combined signal approaches that of the SM.

H and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

Type-II Scenario BP1C2

Spectrum MH = MA = 125 GeV, MH = M
H
± = 300 GeV

Production cross sections and branching fractions

h, A Combined σ × BR of h, A→ ττ deviates significantly from SM over the entire

tanβ range (with a minimum enhancement of about 1.5 at at tanβ = 3.5.

H and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

ScenarioBP1D: - short cascade of Higgs-to-Higgs boson decay

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features h has SM couplings in the exact alignment limit, cos(β − α) = 0. The Higgs boson mass

spectrum is chosen such that either one or both decay modes, H→ ZA and/or

H→W±H∓ are open, resulting in a short cascade of Higgs-to-Higgs boson decay.

Scan over 250 GeV < MH < 500 GeV.

Type-I Scenario BP1D1.1 or Type-II Scenario BP1D1.2 with tanβ = 2

Spectrum Mh = 125 GeV and M2
H = M

H
± = M2

A + v2, where v ≡ 246 GeV.

Production cross sections and branching fractions

Mh Cross sections and branching ratios are SM-like. Small corrections to Mh → γγ

due to H±-loop.

H H→ ZA kinematically allowed and dominant below tt threshold.

H→ AA can be significant if kinematically allowed.

H± H±→W±A is kinematically allowed, but may have a small BR.

Type-I Scenario BP1D2.1 or Type-II Scenario BP1D2.2 with tanβ = 2

Spectrum Mh = 125 GeV and M2
H = M2

A = M2

H
± + v2, where v ≡ 246 GeV.

Production cross sections and branching fractions

h Cross sections and branching ratios are SM-like. Small corrections to h→ γγ

due to H±-loop.

H H→W±H∓ kinematically allowed and dominant below tt threshold.

H→ H+H− can be significant if kinematically allowed.
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A A→W±H∓ is kinematically allowed, but may have a small BR.

Type-I Scenario BP1D3.1 or Type-II Scenario BP1D3.2 with tanβ = 2

Spectrum Mh = 125 GeV and M2
A = M2

H
± = M2

H − v2, where v ≡ 246 GeV.

Production cross sections and branching fractions

h Cross sections and branching ratios are SM-like. Small corrections to h→ γγ

due to H±-loop.

H H→ ZA and H →W±H∓ are both kinematically allowed and significant below tt

threshold. H→ AA and/or H→ H+H− can be significant if kinematically allowed.

ScenarioBP1E: Long cascade of Higgs-to-Higgs boson decays

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features h has SM couplings in the exact alignment limit, cos(β − α) = 0. The Higgs boson mass

spectrum is chosen such that a long cascade of Higgs-to-Higgs boson decays,

H±→W±A→W±ZH or A→W±H∓→W±W∓H, are kinematically allowed.

The former will compete with H±→W±H and the latter will compete with

A→ ZH. Scan over 200 GeV < MH < 300 GeV.

Type-I Scenario BP1E1 with tanβ = 2

Spectrum Mh = 125 GeV and MH < MA < M
H
±

Production cross sections and branching fractions

h Cross sections and branching ratios are SM-like.

H Decays dominantly into the heaviest kinematically accessible fermion pairs.

H± BR(H±→W±H) ∼ 0.74–0.79. BR for the long cascade of order a few per cent.

A BR(A→ ZH) ∼ 0.39–0.62.

Type-I Scenario BP1E2 with tanβ = 2

Spectrum Mh = 125 GeV and MH < M
H
± < MA.

Production cross sections and branching fractions

h Cross sections and branching ratios are SM-like.

H Decays dominantly into the heaviest kinematically accessible fermion pairs.

A BR(A→ ZH) ∼ 0.50–0.56. BR for the long cascade of order a few per cent.

H± BR(H±→W±H) ∼ 0.03–0.27.

ScenarioBP1F1: Type-II 2HDM with the opposite sign Higgs boson coupling to down-type fermions.

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features The couplings of h to vector boson pairs (W±W− and ZZ) and to up-type fermions
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are SM-like (close to the alignment limit). The magnitude of the coupling of h to

down-type fermions is also SM-like but the sign of this coupling is flipped.

The latter occurs in the Type-II 2HDM when cos(β − α) = sin 2β.

Scan over 150 GeV < MH < 600 GeV and 5 < tanβ < 50.

Type-II Scenario BP1F2

Spectrum Mh = 125 GeV, 150 GeV < MH < 600 GeV, MH < M
H
± = MA

Production cross sections and branching fractions

h Cross sections and branching ratios are mostly SM-like. The ggh and γγMh effective

couplings exhibit small modifications due to the change of sign of the b-quark loop

contribution.

H BR into vector boson pairs can be sizeable over a large part of the parameter space,

since the departure from the alignment limit of cos(β − α) = 0 can be significant.

A and H± Assumed to be very heavy with little impact on LHC Higgs phenomenology

ScenarioBP1G1: 2HDM with an MSSM-like Higgs sector

Howard E. Haber and Oscar Stål

from Eur. Phys. J. C 75 (2015) 491, arXiv:1507.04281 [hep-ph]

Main Features The Higgs scalar potential of the MSSM is employed, with one modification.

The coefficient λ2 of the scalar potential is modified, λ2 = 1
4 (g2 + g′ 2) + δλ2,

to accommodate the observed Higgs boson at 125 GeV in mass.

Scan over 90 GeV < MA < 1000 GeV and 1 < tanβ < 60.

Type-II Scenario BP1G2

Spectrum Mh = 125 GeV; tree-level MSSM relations M2
H = M2

A +M2
Z −M2

h and

M2

H
± = M2

A +M2
W hold approximately.

Production cross sections and branching fractions

h Cross sections and branching ratios are very SM-like in the decoupling regime,

where A is heavy. Present precision Higgs data requires that MA > 360 GeV,

almost independently of the value of tanβ.

H, A and H± These states are heavy in the decoupling regime, presenting a challenge for

LHC Higgs phenomenology. For low values of tanβ, H→ hh may provide a viable

signal. Otherwise, one may have to rely on H, A→ tt . At very large tanβ,

H, A→ ττ and H±→ τ±ν provide the most useful final states for discovery.

IV.4.3.b Benchmark pointsBP2

BP2

F. Kling, J. M. No and S. Su [1261]
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BP21: Exotic Decays in the Alignment Limit

Fixed Param. Mh = 125 GeV, cβ−α = 0, λ6 = λ7 = 0

Benchmark Planes

BP21A Mass Hierarchy: MH = M
H
± < MA,

m2
12 = M2

Hsβcβ for tβ = 1.5, 7, 30 and m2
12 = 0 for tβ = 1.5.

Open Decays: A→ HZ/H±W.

See Figure 274 for tanβ = 1.5 and m2
12 = M2

Hsβcβ .

Example BP: MH = H± = 200 GeV, MA = 500 GeV, tβ = 1.5, m12 = 135 GeV,

σ(gg → A) = 3.7 pb, BR(A→ HZ) = 28%, BR(A→ H±W) = 58%,

BR(h→ bb) = 83%, BR(H→ ττ) = 9%, BR(H±→ tb) = 99%.

BP21B Mass Hierarchy: MH < MA = M
H
±,

m2
12 = M2

Hsβcβ for tβ = 1.5, 7, 30 and m2
12 = 0 for tβ = 1.5.

Open Decays: A→ HZ,H±→ HW.

See Figure 275 for tanβ = 1.5 and m2
12 = M2

Hsβcβ .

Example BP: MH = 200 GeV, MA = M
H
± = 500 GeV, tβ = 1.5, m12 = 135 GeV,

σ(gg → A) = 3.7 pb, σ(gg → H±tb) = 0.2 pb, BR(A→ HZ) = 66%,

BR(H±→ HW) = 70%, BR(H→ bb) = 83%, BR(H→ ττ) = 9%.

BP21C Mass Hierarchy: MA = M
H
± < MH,

m2
12 = 0 for tβ = 1.5.

Open Decays: H→ AZ/H±W/AA/H+H−.

Example BP: MH = 400 GeV, MA = M
H
± = 225 GeV, tβ = 1.5, m12 = 0 GeV,

σ(gg → H) = 4.2 pb, BR(H→ AZ) = 27%, BR(H→ H±W) = 60%,

BR(A→ bb) = 75%, BR(A→ ττ) = 8%, BR(H±→ tb) = 99%.

BP21D Mass Hierarchy: MA < MH = M
H
±,

m2
12 = 0 for tβ = 1.5.

Open Decays: H→ AZ/AA,H±→ AW.

See Figure 276 for tanβ = 1.5 and m2
12 = 0.

Example BP: MH = M
H
± = 400 GeV, MA = 100 GeV, tβ = 1.5, m12 = 0 GeV,

σ(gg → H) = 4.2 pb, σ(gg → H±tb) = 0.4 pb,

BR(H→ AA) = 28%, BR(H→ AZ) = 63%, BR(H±→ AW) = 70%.

BP22: Exotic Decays for Non-Alignment

Fixed Param. Mh = 125 GeV, λ6 = λ7 = 0

Benchmark Planes

BP22A Mass Hierarchy: Mh < MH = MA = M
H
±, cβ−α ∈ (−1, 1),

m2
12 = M2

Hsβcβ for tβ = 1.5, 7, 30 and m2
12 = 0 for tβ = 1.5.

Open Decays: H→ hh, A→ hZ, H±→ hW.

See Figure 277 for tanβ = 7 and m2
12 = M2

Hsβcβ

Example BP: MH = M
H
± = MA = 500 GeV, sβ−α = 0.96, tβ = 7, m12 = 187 GeV,
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Figure 274: σ × BR for gg → A → HZ (left) and gg → A → H±W∓ (right) for the mass hierarchy MH =

M
H
± < MA. We consider the alignment limit at tanβ = 1.5 and m2

12 = M2
Hsβsβ . We show contours in σ × BR

(dashed lines) and excluded regions (hatched and shaded area). The solid horizontal or vertical grey line indicates
the flavour constraints.
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Figure 275: σ × BR for gg → A → HZ (left) and gg → H+tb → HWtb (right) for the mass hierarchy
MH < MA = M

H
±. We consider the alignment limit at tanβ = 1.5 and m2

12 = M2
Hsβsβ . Lines and hatched

areas are the same as in Figure 274.

σ(gg → H) = 97 fb, σ(gg → A) = 205 fb, σ(gg → H±tb) = 10 fb,

BR(H→ hh) = 4%, BR(A→ hZ) = 65%, BR(H±→ hW) = 70%.

IV.4.3.c Benchmark pointsBP3

BP3: EW Cosmology Benchmarks for A→ H Z Decays

G. C. Dorsch, S. J. Huber, K. Mimasu and J. M. No [1262]

Physical MA −MH > MZ is a primary signature of a strong EW Phase Transition

Motivation in the 2HDM, potentially leading to successful EW Baryogenesis

BP3A
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Main Type I and II 2HDM, alignment limit cβ−α = 0

Features λ6 = λ7 = 0, no impact from µ2
12

Spectrum MH +MZ < MA = M
H
±

Particular A→ ZH, H→ bb (for MH < 340 GeV); H→ tt (for MH > 340 GeV)

Signatures See Figure 278(a) for Type I 2HDM with tβ = 3

Example: MA = M
H
± = 420 GeV, MH = 180 GeV, tβ = 3, µ = 100 GeV

BP3A1 Type I: σ(gg → A) = 2.369 pb, BR(A→ ZH) = 0.843, BR(H→ bb) = 0.711

Type II: σ(gg → A) = 2.405 pb, BR(A→ ZH) = 0.838, BR(H→ bb) = 0.899

Example: MA = M
H
± = 550 GeV, MH = 400 GeV, tβ = 3, µ = 210 GeV

BP3A2 Type I: σ(gg → A) = 0.548 pb, BR(A→ ZH) = 0.498, BR(H→ tt) = 0.992

Type II: σ(gg → A) = 0.570 pb, BR(A→ ZH) = 0.486, BR(H→ tt) = 0.866

BP3B

Main Type I 2HDM, non-alignment
∣∣cβ−α

∣∣ > 0.1

Features Type II 2HDM, non-alignment sβ+α ∼ 1 (tβ ≥ 3)

λ6 = λ7 = 0, µ2 = M2
Hsβcβ

Spectrum MH +MZ < MA = M
H
±

Particular A→ ZH, H→W+W−

Signatures See Figure 278(b) for Type II 2HDM with tβ = 3

Example: MA = M
H
± = 420 GeV, MH = 200 GeV, tβ = 3, cβ−α = 0.3, µ = 110 GeV

BP3B1 Type I: σ(gg → A) = 2.369 pb

BR(A→ ZH) = 0.697, BR(H→W+W−) = 0.742

Example: mA0
= m

H
± = 420 GeV, mH = 200 GeV, tβ = 3, cβ−α = 0.5, µ = 110 GeV

BP3B2 Type II: σ(gg → A0) = 2.405 pb

BR(A→ ZH) = 0.517, BR(H→W+W−) = 0.662

IV.4.3.d Benchmark pointsBP4

BP4: Light Pseudoscalars

R. Aggleton, D. Barducci, S. Moretti, A. Nikitenko and C. Shepherd-Themistocleous

BP41

Main Features 2HDM Type I: light pseudoscalar (∼ 20 GeV) and substantial h→ ZA decay rate

Spectrum Mh ≈ 126 GeV, MA ≈ 20 GeV, MH ≈ 165 GeV,

M
H
± ≈ 444 GeV

Production cross sections and branching fractions

h→ ZA ggF(h) ≈ 38 pb (at 13 TeV), BR(h→ Za) ≈ 10%
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BR(A→ bb) ≈ 85%, BR(A→ ττ) ≈ 6%, BR(A→ µµ) ≈ 0.02%

Particular On shell Z from h→ ZA decay

signatures

Model Mh = 126.0 GeV, MH = 165.5 GeV, MA = 20.2 GeV, M
H
± = 444.7 GeV

Parameters tanβ = 1.9, λ6,7 = 0, m2
12 = 3891.5 GeV2, sin(β − α) = −0.99

BP42

Main Features 2HDM Type I: light pseudoscalar (∼ 60 GeV) and substantial h→ ZA decay rate

Spectrum Mh ≈ 126 GeV, MA ≈ 63 GeV, MH ≈ 153 GeV,

M
H
± ≈ 258 GeV

Production cross sections and branching fractions

h→ ZA ggF(h) ≈ 26 pb (at 13 TeV), BR(h→ Za) ≈ 3%

BR(A→ bb) ≈ 79%, BR(A→ ττ) ≈ 7%, BR(A→ µµ) ≈ 0.02%

Particular Off shell Z from h→ ZA decay

signatures

Model Mh = 126.0 GeV, MH = 153.4 GeV, MA = 63.4 GeV, M
H
± = 257.7 GeV

Parameters tanβ = 6.2, λ6,7 = 0, m2
12 = 2793.3 GeV2, sin(β − α) = −0.85

BP43

Main Features 2HDM Type II: light pseudoscalar (∼ 6 GeV) and substantial h→ ZA decay rate

Spectrum Mh ≈ 126 GeV, MA ≈ 6 GeV, MH ≈ 264 GeV,

M
H
± ≈ 308 GeV

Production cross sections and branching fractions

h→ ZA ggF(h) ≈ 51 pb (at 13 TeV), BR(h→ Za) ≈ 31%

BR(A→ bb) = 0%, BR(A→ ττ) ≈ 78%, BR(A→ µµ) ≈ 0.3%

Particular On shell Z from h→ ZA decay.

signatures Extremely light A, decay products will be very boosted

Model Mh = 126.0 GeV, MH = 263.7 GeV, MA = 6.3 GeV, M
H
± = 308.3 GeV

Parameters tanβ = 1.9, λ6,7 = 0, m2
12 = 2737.4 GeV2, sin(β − α) = 0.99

BP44

Main Features 2HDM Type II: light pseudoscalar (∼ 25 GeV) and substantial h→ ZA decay rate

Spectrum Mh ≈ 126 GeV, MA ≈ 25 GeV, MH ≈ 227 GeV,

M
H
± ≈ 227 GeV

Production cross sections and branching fractions

h→ ZA ggF(h) ≈ 52 pb (at 13 TeV), BR(h→ Za) ≈ 15%

BR(A→ bb) ≈ 92%, BR(A→ ττ) ≈ 6%, BR(A→ µµ) ≈ 0.02%

Particular On shell Z from h→ ZA decay.
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signatures

Model Mh = 126.2 GeV, MH = 227.1 GeV, MA = 24.7 GeV, M
H
± = 226.8 GeV

Parameters tanβ = 1.8, λ6,7 = 0, m2
12 = 3406.8 GeV2, sin(β − α) = 0.99

BP45

Main Features 2HDM Type II: light pseudoscalar (∼ 63 GeV) and substantial h→ ZA decay rate

Spectrum Mh ≈ 126 GeV, MA ≈ 63 GeV, MH ≈ 210 GeV,

M
H
± ≈ 333 GeV

Production cross sections and branching fractions

h→ ZA ggF(h) ≈ 57 pb (at 13 TeV), BR(h→ Za) ≈ 4%

BR(A→ bb) ≈ 92%, BR(A→ ττ) ≈ 7%, BR(A→ µµ) ≈ 0.03%

Particular Off shell Z from h→ ZA decay.

signatures

Model Mh = 125.2 GeV, MH = 210.2 GeV, MA = 63.06 GeV, M
H
± = 333.5 GeV

Parameters tanβ = 2.4, λ6,7 = 0, m2
12 = 4791.9 GeV2, sin(β − α) = 0.7

IV.4.3.e Benchmark pointsBP5

BP5: Benchmarks for the Inert Doublet Model

Agnieszka Ilnicka, Maria Krawczyk, Tania Robens [1205]

Main Features IDM, two SU(2)× U(1) doublet model

with SM-like Higgs boson h and dark matter candidate H

Floating parameters masses of scalars MH, MA, M
H
±

MH > 45 GeV, mass degeneracy

Fixed parameters Mh = 125.1 GeV

Irrelevant parameters λ2; λ345 (if kept within allowed ranges); λ2 ∈ [0; 4.2]

BR (A→ ZH) 1

BR (H±→W±H) dominant

comment dark scalars (H, A, H±) have to be produced in pairs

signature: always Emiss
T from H H in final states

Production cross sections and branching fractions

BP5A

Main Features Low mass H [MH < Mh/2]

Spectrum MH=57.5 GeV, MA=113.0 GeV, M
H
±=123.0 GeV, ‖λ345‖ ∈ [0.002, 0.015]

σ(pp→ HA) 0.371(4) [pb]

σ(pp→ H+H) 0.3071(4) [pb]
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σ(pp→ H+A) 0.1267(1) [pb]

σ(pp→ H+H−) 0.097(1) [pb]

BR(H+→W+H) >0.99

BR(H+→W+A) <0.01

BP5B

Main Features Low mass H [Mh/2 < MH < Mh]

Spectrum MH=85.5 GeV, MA=111.0 GeV, M
H
±=140.0 GeV, ‖λ345‖ < 0.015

σ(pp→ HA) 0.226(2) [pb]

σ(pp→ H+H) 0.1439(2) [pb]

σ(pp→ H+A) 0.1008(1) [pb]

σ(pp→ H+H−) 0.0605(9) [pb]

BR(H+→W+H) 0.96

BR(H+→W+A) 0.04

BP5C

Main Features Low mass H [MH ∼Mh]

Spectrum MH=128.0 GeV, MA=134.0 GeV, M
H
±=176.0 GeV, ‖λ345‖ < 0.05

σ(pp→ HA) 0.0765(7) [pb]

σ(pp→ H+H) 0.04985(5) [pb]

σ(pp→ H+A) 0.04653(5) [pb]

σ(pp→ H+H−) 0.0259(3) [pb]

BR(H+→W+H) 0.66

BR(H+→W+A) 0.34

BP5D

Main Features High mass H [MH > Mh]; degeneracy

Spectrum MH=363.0 GeV, MA=374.0 GeV, M
H
±=374.0 GeV, ‖λ345‖ < 0.25

σ(pp→ HA) 0.00122(1) [pb]

σ(pp→ H+H) 0.001617(2) [pb]

σ(pp→ H+A) 0.001518(2) [pb]

σ(pp→ H+H−) 0.00124(1) [pb]

BR(H+→W+H) 1

BP5E

Main Features High mass H [MH > Mh]

Spectrum MH=311.0 GeV, MA=415.0 GeV, M
H
±=447.0 GeV, ‖λ345‖ < 0.19

σ(pp→ HA) 0.00129(1) [pb]

σ(pp→ H+H) 0.001402(2) [pb]

σ(pp→ H+A) 0.0008185(8) [pb]

σ(pp→ H+H−) 0.000553(7) [pb]

BR(H+→W+H) >0.99

BR(H+→W+A) <0.01



562 IV.4.3. Benchmark points

 [GeV]+H = mHm
0 100 200 300 400 500 600 700 800 900 1000

 [
G

eV
]

A
m

0

100

200

300

400

500

600

700

800

900

1000

1−10

1

10

210

310

410

510

π| > 811Λ |Unitarity:

ττττ → AH LEP:

ττ → A LHC:
 AZ→ H LHC:

=1.5β=0, tan2
12m

AZ) [fb]→ BR(H×(ggH) σ

L
H

C
 H

IG
G

S 
X

S 
W

G
 2

01
6

 [GeV]+H = mHm
0 100 200 300 400 500 600 700 800 900 1000

 [
G

eV
]

A
m

0

100

200

300

400

500

600

700

800

900

1000

1−10

1

10

210

310

410

510

π| > 811Λ |Unitarity:

ττττ → AH LEP:

ττ → A LHC:
 AZ→ H LHC:

=1.5β=0, tan2
12m

) [fb]±AW→± BR(H×tb) ±(Hσ

L
H

C
 H

IG
G

S 
X

S 
W

G
 2

01
6

 [GeV]+H = mHm
0 100 200 300 400 500 600 700 800 900 1000

 [
G

eV
]

A
m

0

100

200

300

400

500

600

700

800

900

1000

1−10

1

10

210

310

410

510

π| > 811Λ |Unitarity:

ττττ → AH LEP:

ττ → A LHC:
 AZ→ H LHC:

=1.5β=0, tan2
12m

AA) [fb]→ BR(H×(ggH) σ

L
H

C
 H

IG
G

S 
X

S 
W

G
 2

01
6

Figure 276: σ × BR for gg → H → AZ (top-left), gg → H+tb → AWtb (top-right) and gg → H → AA

(bottom-left) for the mass hierarchy MA < MH = M
H
±. We consider the alignment limit at tanβ = 1.5 and

m2
12 = 0. Lines and hatched areas are the same as in Figure 274.
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Figure 277: σ×BR for gg → H→ hh (top-left), gg → A→ hZ (top-right) and gg → H+tb→ hWtb (bottom-
left) for the mass hierarchy Mh < MH = MA = M

H
±. We consider the non-alignment case at tanβ = 1.5 and

m2
12 = M2

Hsβsβ . Lines and hatched areas are the same as in Figure 274.

Figure 278: Example planes for BP3. (a) (left) σ× BR for gg → A→ ZH (H→ f f ) in 2HDM Type I for tβ = 3

and the alignment limit cβ−α = 0. For MH < 340 GeV (> 340 GeV), f f = bb (= tt). The black-hatched
region corresponds to the exclusion from CMS-PAS-HIG-15-001 [1263]. (b) (right) σ× BR for gg → A → ZH

(H → W+W−) in 2HDM Type II for tβ = 3 away from the alignment limit (sβ+α ∼ 1). See Table IV.4.3.c for
more details.
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IV.4.3.f Benchmark pointsBP6

BP6: Fermiophobic heavy Higgs

D. López-Val [464]

Benchmark setup

Main Features •SM-like light Higgs boson

•Fermiophobic heavy neutral Higgs boson

•⇒ Relatively light, yet very elusive Higgs companion

•⇒Warning sign: lack of signal should not rule out the model too early

Spectrum Mh= 125 GeV, MH = 200 GeV, MA = 500 GeV, M
H
± = 500 GeV

Model parameters (physical basis) Type I Yukawas, sinα = 0, tanβ = 20, m2
12 = 2000 GeV2

Production cross sections and branching fractions

leading signatures Light Higgs phenomenology essentially unaffected

Heavy Higgs sharp resonance into WW/ZZ

σ(pp→ HA) ' 1.91 fb (13 TeV)

σ(pp→ HH±) ' 0.88 fb (13 TeV)

Heavy Higgs boson total width Γ(H) = 3.39× 10−3 GeV

Heavy Higgs boson branching fractions BR(H→ ZZ) = 0.742

BR(H→WW) = 0.258

BR(H→ γγ) < 10−4

BR(H→ Zγ) < 10−4

BR(H→ f f ) = 0

Benchmark planes

Floating parameters MH, mass splitting ∆M

Fixed parameters sinα = 0 (by construction)

MA = MH + ∆M , M
H
± = MH + ∆M , m2

12 = M2
H/ tanβ

Fiducial tanβ choices tanβ = 40 (mild departure from alignment, coupling shifts of O(2%))

tanβ = 20 (moderate departure, coupling shifts of O(5%))

tanβ = 10 (large departure, coupling shifts of O(10%))

IV.4.3.g Benchmark pointsBP7

As proposed in [1264,1265], CP-violation in the scalar sector can be found in the interactions with gauge
bosons in a very simple way. Assuming CP is conserved, any decay h i→ h jZ would imply opposite CP
parities for h i and h j. Moreover, assuming only Lagrangian terms up to dimension four, any scalar h i

decaying into ZZ would be CP even IV.21.
IV.21There are CP conserving terms of dimension higher than four that can mediate the decay of a pseudoscalar into two vector

bosons. A calculation performed in the framework of the 2HDM has shown [1266] that the loop mediated decays of the type
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In Table 135 we define five classes of CP-violation with the respective decays. Classes C1-C4

represent CP-violation, regardless of the origin of the neutral scalars. Class C5 does not represent nec-
essarily CP-violation in models other than the 2HDM. There are other classes of decays that constitute a

Table 135: Classes of combined measurements guaranteed to probe CP-violation in 2HDMs.

Classes C1 C2 C3 C4 C5

h 3→ h 2Z h 2→ h 1Z h 3→ h 1Z h 3→ h 2Z h 3→ ZZ

Decays h 2→ h 1Z h 1→ ZZ h 1→ ZZ h 2→ ZZ h 2→ ZZ

h 3→ h 1Z h 2→ ZZ h 3→ ZZ h 3→ ZZ h 1→ ZZ

sign of CP-violation with at least one process where a scalar decays to two other scalars. Some of them
involve the decay h 3→ h 2h 1 which is not present in the CP-conserving version of the 2HDM. The two
remaining classes are presented in table 136.

Table 136: Classes of combined measurements guaranteed to probe CP-violation.

Classes C6 C7

h 3→ h 2h 1 h 2,3→ h 1h 1

Decays h 3→ h 2Z h 2,3→ h 1Z

h 1→ ZZ h 1→ ZZ

Finally, other combinations like h 3→ h 1h 1(h 2h 2), h 2→ h 1h 1 and h 1→ ZZ are not possible in
a CP-conserving 2HDM but are possible in the C2HDM and can also serve to determine the CP-quantum
numbers of other extensions of the scalar sector.

BP71 Benchmarks for the Complex Two Higgs Doublet Model

D. Fontes, J.C. Romão, R. Santos, João P. Silva [1267]

Benchmark setup

Main Features • lightest Higgs boson at 125 GeV

• CP violation through scalar-pseudoscalar mixing

• CP violation detected by the simultaneous existence

of three decay channels (see classes C1-C7 in the text)

Benchmark point 1C2HDM

Model Type Type II

Higgs boson masses Mh 1
= 125 GeV, Mh 2

= 288 GeV, Mh 3
= 445 GeV, M

H
± = 481 GeV

Other point parameters Rem2
12 = 1.2× 104 GeV2, tanβ = 1.66,

α1 = 0.986, α2 = −0.008, α3 = 0.006

Production cross sections times branching ratios

C1: σ3 × BR(h3→ h2Z) = 1844 fb

h i→ ZZ are several orders of magnitude smaller than the tree-level ones.
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Class C1 C1: σ2 × BR(h2→ h1Z) = 20 fb

C1: σ3 × BR(h3→ h1Z) = 18 fb

C2: σ2 × BR(h2→ h1Z) = 20 fb

Class C2 C2: σ1 × BR(h1→ ZZ) = 971 fb

C2: σ2 × BR(h2→ ZZ) = 611 fb

C6: σ3 × BR(h3→ h2h1) = 0.024 fb

Class C6 C6: σ3 × BR(h3→ h2Z) = 1844 fb

C6: σ1 × BR(h1→ ZZ) = 971 fb

C7a: σ2 × BR(h2→ h1h1) = 0.441 fb

Class C7a C7a: σ2 × BR(h2→ h1Z) = 20 fb

C7a: σ1 × BR(h1→ ZZ) = 971 fb

C7b: σ3 × BR(h3→ h1h1) = 0.142 fb

Class C7b C7b: σ3 × BR(h3→ h1Z) = 18 fb

C7b: σ1 × BR(h1→ ZZ) = 971 fb

Heavy Higgs boson total width Γ(h2) = 2.85× 10−2 GeV Γ(h3) = 10.87 GeV

Heavy Higgs boson branching fractions BR(h2→ ττ) = 5.38× 10−2 BR(h3→ ττ) = 2.36× 10−4

BR(h2→ bb) = 4.55× 10−1 BR(h3→ bb) = 1.97× 10−3

BR(h2→WW) = 2.91× 10−1 BR(h3→WW) = 1.36× 10−4

BR(h2→ ZZ) = 1.27× 10−1 BR(h3→ ZZ) = 6.44× 10−5

BR(h2→ γγ)= 1.49× 10−4 BR(h2→ γγ) = 8.81× 10−6

BP72 Benchmarks for the Complex Two Higgs Doublet Model

D. Fontes, J.C. Romão, R. Santos, João P. Silva [1267]

Benchmark setup

Main Features • lightest Higgs boson at 125 GeV

• CP violation through scalar-pseudoscalar mixing

• CP violation detected by the simultaneous existence

of three decay channels (see classes C1-C7 in the text)

Benchmark point 2C2HDM

Model Type Type II

Higgs boson masses Mh 1
= 125 GeV, Mh 2

= 442 GeV, Mh 3
= 446 GeV, M

H
± = 484 GeV

Other point parameters Rem2
12 = 4.85× 104 GeV2, tanβ = 3.49,

α1 = −1.349, α2 = −0.0007, α3 = 0.772

Production cross sections times branching ratios

C2: σ2 × BR(h2→ h1Z) = 254 fb

Class C2 C2: σ1 × BR(h1→ ZZ) = 1274 fb

C2: σ2 × BR(h2→ ZZ) = 156 fb

C3: σ3 × BR(h3→ h1Z) = 265 fb

Class C3 C3: σ1 × BR(h1→ ZZ) = 1274 fb
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C3: σ3 × BR(h3→ ZZ) = 146 fb

C5: σ3 × BR(h3→ ZZ) = 146 fb

Class C3 C5: σ2 × BR(h2→ ZZ) = 156 fb

C5: σ1 × BR(h1→ ZZ) = 1274 fb

C7a: σ2 × BR(h2→ h1h1) = 24 fb

Class C7a C7a: σ2 × BR(h2→ h1Z) = 254 fb

C7a: σ1 × BR(h1→ ZZ) = 1274 fb

C7b: σ3 × BR(h3→ h1h1) = 25 fb

Class C7b C7b: σ3 × BR(h3→ h1Z) = 265 fb

C7b: σ1 × BR(h1→ ZZ) = 1274 fb

Heavy Higgs boson total width Γ(h2) = 7.49 GeV Γ(h3) = 7.71 GeV

Heavy Higgs boson branching fractions BR(h2→ ττ) = 1.52× 10−3 BR(h3→ ττ) = 1.49× 10−3

BR(h2→ bb) = 1.27× 10−2 BR(h3→ bb) = 1.25× 10−2

BR(h2→WW) = 3.67× 10−1 BR(h3→WW) = 3.51× 10−4

BR(h2→ ZZ) = 1.73× 10−1 BR(h3→ ZZ) = 1.66× 10−1

BR(h2→ γγ)= 3.15× 10−6 BR(h2→ γγ) = 3.04× 10−6

BP73 Benchmarks for the Complex Two Higgs Doublet Model

D. Fontes, J.C. Romão, R. Santos, João P. Silva [1267]

Benchmark setup

Main Features • lightest Higgs boson at 125 GeV

• CP violation through scalar-pseudoscalar mixing

• CP violation detected by the simultaneous existence

of three decay channels (see classes C1-C7 in the text)

Benchmark point 3C2HDM

Model Type Flipped

Higgs boson masses Mh 1
= 125 GeV, Mh 2

= 278 GeV, Mh 2
= 475 GeV, M

H
± = 483 GeV

Other point parameters Rem2
12 = 3.44× 104 GeV2, tanβ = 4.27,

α1 = −1.353, α2 = −0.007, α3 = 0.832

Production cross sections times branching ratios

C1: σ3 × BR(h3→ h2Z) = 187 fb

Class C1 C1: σ2 × BR(h2→ h1Z) = 313 fb

C1: σ3 × BR(h3→ h1Z) = 69 fb

C2: σ2 × BR(h2→ h1Z) = 313 fb

Class C2 C2: σ1 × BR(h1→ ZZ) = 1062 fb

C2: σ2 × BR(h2→ ZZ) = 267 fb

C3: σ3 × BR(h3→ h1Z) = 69 fb

Class C3 C3: σ1 × BR(h1→ ZZ) = 1062 fb
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C3: σ3 × BR(h3→ ZZ) = 50 fb

C4: σ3 × BR(h3→ h2Z) = 187 fb

Class C4 C4: σ2 × BR(h2→ ZZ) = 267 fb

C4: σ3 × BR(h3→ ZZ) = 50 fb

C5: σ3 × BR(h3→ ZZ) = 50 fb

Class C5 C5: σ2 × BR(h2→ ZZ) = 267 fb

C5: σ1 × BR(h1→ ZZ) = 1062 fb

C7a: σ2 × BR(h2→ h1h1) = 32 fb

Class C7a C7a: σ2 × BR(h2→ h1Z) = 313 fb

C7a: σ1 × BR(h1→ ZZ) = 1062 fb

C7b: σ3 × BR(h3→ h1h1) = 33 fb

Class C7b C7b: σ3 × BR(h3→ h1Z) = 69 fb

C7b: σ1 × BR(h1→ ZZ) = 1062 fb

Heavy Higgs boson total width Γ(h2) = 0.81 GeV Γ(h3) = 14.36 GeV

Heavy Higgs boson branching fractions BR(h2→ ττ) = 3.67× 10−5 BR(h3→ ττ) = 3.71× 10−6

BR(h2→ bb) = 1.11× 10−1 BR(h3→ bb) = 1.05× 10−2

BR(h2→WW) = 4.44× 10−1 BR(h3→WW) = 2.18× 10−1

BR(h2→ ZZ) = 1.93× 10−1 BR(h3→ ZZ) = 1.04× 10−1

BR(h2→ γγ)= 1.45× 10−5 BR(h2→ γγ) = 1.16× 10−6

BP74 Benchmarks for the Complex Two Higgs Doublet Model

D. Fontes, J.C. Romão, R. Santos, João P. Silva [1267]

Benchmark setup

Main Features • lightest Higgs boson at 125 GeV

• CP violation through scalar-pseudoscalar mixing

• CP violation detected by the simultaneous existence

of three decay channels (see classes C1-C7 in the text)

Benchmark point 4C2HDM

Model Type Type I

Higgs boson masses Mh 1
= 125 GeV, Mh 2

= 259 GeV, Mh 3
= 364 GeV, M

H
± = 409 GeV

Other point parameters Rem2
12 = 4.18× 103 GeV2, tanβ = 2.45,

α1 = 1.167, α2 = −0.139, α3 = 0.247

Production cross sections times branching ratios

C1: σ3 × BR(h3→ h2Z) = 724 fb

Class C1 C1: σ2 × BR(h2→ h1Z) = 1252 fb

C1: σ3 × BR(h3→ h1Z) = 66 fb

C2: σ2 × BR(h2→ h1Z) = 1252 fb

Class C2 C2: σ1 × BR(h1→ ZZ) = 1093 fb



Chapter IV.4. Extended Scalar Sector 569

C2: σ2 × BR(h2→ ZZ) = 271 fb

C3: σ3 × BR(h3→ h1Z) = 66 fb

Class C3 C3: σ1 × BR(h1→ ZZ) = 1093 fb

C3: σ3 × BR(h3→ ZZ) = 304 fb

C4: σ3 × BR(h3→ h2Z) = 724 fb

Class C4 C4: σ2 × BR(h2→ ZZ) = 271 fb

C4: σ3 × BR(h3→ ZZ) = 304 fb

C5: σ3 × BR(h3→ ZZ) = 304 fb

Class C5 C5: σ2 × BR(h2→ ZZ) = 271 fb

C5: σ1 × BR(h1→ ZZ) = 1093 fb

C7a: σ2 × BR(h2→ h1h1) = 417 fb

Class C7a C7a: σ2 × BR(h2→ h1Z) = 1252 fb

C7a: σ1 × BR(h1→ ZZ) = 1093 fb

C7b: σ3 × BR(h3→ h1h1) = 303 fb

Class C7b C7b: σ3 × BR(h3→ h1Z) = 66 fb

C7b: σ1 × BR(h1→ ZZ) = 1093 fb

Heavy Higgs boson total width Γ(h2) = 3.4× 10−2 GeV Γ(h3) = 2.15 GeV

Heavy Higgs boson branching fractions BR(h2→ ττ) = 3.29× 10−3 BR(h3→ ττ) = 5.46× 10−5

BR(h2→ bb) = 2.79× 10−2 BR(h3→ bb) = 4.59× 10−4

BR(h2→WW) = 2.34× 10−1 BR(h3→WW) = 9.37× 10−2

BR(h2→ ZZ) = 9.98× 10−2 BR(h3→ ZZ) = 4.3× 10−2

BR(h2→ γγ)= 3.09× 10−5 BR(h2→ γγ) = 1.80× 10−5

BP75 Benchmarks for the Complex Two Higgs Doublet Model

D. Fontes, J.C. Romão, R. Santos, João P. Silva [1267]

Benchmark setup

Main Features • lightest Higgs boson at 125 GeV

• CP violation through scalar-pseudoscalar mixing

• CP violation detected by the simultaneous existence

of three decay channels (see classes C1-C7 in the text)

Benchmark point 5C2HDM

Model Type Lepton Specific

Higgs boson masses Mh 1
= 125 GeV, Mh 2

= 276 GeV, Mh 3
= 277 GeV, M

H
± = 338 GeV

Other point parameters Rem2
12 = 3.19× 104 GeV2, tanβ = 1.82,

α1 = 1.016, α2 = −0.0095, α3 = 0.863

Production cross sections times branching ratios

C2: σ2 × BR(h2→ h1Z) = 385 fb

Class C2 C2: σ1 × BR(h1→ ZZ) = 1080 fb
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C2: σ2 × BR(h2→ ZZ) = 636 fb

C3: σ3 × BR(h3→ h1Z) = 653 fb

Class C3 C3: σ1 × BR(h1→ ZZ) = 1080 fb

C3: σ3 × BR(h3→ ZZ) = 487 fb

C5: σ3 × BR(h3→ ZZ) = 487 fb

Class C5 C5: σ2 × BR(h2→ ZZ) = 636 fb

C5: σ1 × BR(h1→ ZZ) = 1080 fb

C7a: σ2 × BR(h2→ h1h1) = 3661 fb

Class C7a C7a: σ2 × BR(h2→ h1Z) = 385 fb

C7a: σ1 × BR(h1→ ZZ) = 1080 fb

C7b: σ3 × BR(h3→ h1h1) = 2780 fb

Class C7b C7b: σ3 × BR(h3→ h1Z) = 653 fb

C7b: σ1 × BR(h1→ ZZ) = 1080 fb

Heavy Higgs boson total width Γ(h2) = 3.7× 10−2 GeV Γ(h3) = 2.8× 10−2 GeV

Heavy Higgs boson branching fractions BR(h2→ ττ) = 5.04× 10−2 BR(h3→ ττ) = 6.55× 10−2

BR(h2→ bb) = 4.39× 10−2 BR(h3→ bb) = 5.67× 10−2

BR(h2→WW) = 2.00× 10−1 BR(h3→WW) = 1.78× 10−1

BR(h2→ ZZ) = 8.67× 10−2 BR(h3→ ZZ) = 7.73× 10−2

BR(h2→ γγ)= 1.96× 10−4 BR(h2→ γγ) = 2.21× 10−4

IV.4.3.h Benchmark pointsBP8

BP8: Controlled Higgs flavour changing couplings

F. Botella, G.C. Branco, M. Nebot & M.N. Rebelo [1268]

Main Features Higgs flavour changing decays,

can be probed at the 14 TeV LHC

BP81 BGL model (b, τ)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH
± >∼ 600 GeV

cos(α− β) ≤ 0.17

tanβ 25− 100

Flavour changing Higgs boson decay branching fractions

BR(t→ hc) up to 10−2

Non-SM flavour conserving Higgs boson decay branching fractions

BR(h→ ττ) 0.06 to 0.10

BR(h→ bb) 0.46 to 0.64

BP82 BGL model (t, ν2)
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Spectrum: Mh = 125 GeV, MH ≈MA ≈MH
± >∼ 250 GeV

cos(α− β) ≤ 0.5

tanβ 0.5− 3.5

Flavour changing Higgs boson decay branching fractions

BR(h→ bs) up to 10−3

BR(h→ µτ) up to 10−2

Non-SM flavour conserving Higgs boson decay branching fractions

BR(h→ ττ) 0.06 to 0.10

BR(h→ bb) 0.42 to 0.66

BP83 BGL model (b, ν2)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH
± ≈ 600 GeV

cos(α− β) ≤ 0.17

tanβ 1− 25

Flavour changing Higgs boson decay branching fractions

BR(t→ hc) up to 10−3

BR(h→ µτ) up to 10−2

Non-SM flavour conserving Higgs boson decay branching fractions

BR(h→ ττ) 0.06 to 0.10

BR(h→ bb) 0.42 to 0.66

IV.4.4 Georgi-Machacek model
Extensions of the Standard Model (SM) Higgs sector that contain scalars in triplet or larger isospin repre-
sentations and that preserve the custodial symmetry in the scalar sector generically contain fermiophobic
scalars that transform as a fiveplet under the custodial symmetry. These custodial-fiveplet scalars play an
essential role in the unitarity of vector boson scattering amplitudes [1269–1271]. The coupling strength
of the custodial-fiveplet scalars to VV is proportional to the vacuum expectation value (vev) carried by
the higher-isospin representation(s). While many scenarios with scalars in larger isospin representations
are severely constrained by the electroweak ρ parameter, preservation of the custodial symmetry renders
these models viable.

The experiments at the CERN Large Hadron Collider (LHC) have sensitivity to the production
and decay of the fermiophobic custodial-fiveplet states,

H++
5 ,H+

5 ,H
0
5,H

−
5 ,H

−−
5 , (IV.4.16)

through their tree-level couplings to W and Z boson pairs. This states offer several interesting features,
including a tree-level H±5 W∓Z interaction, H±±5 decays to like-sign W bosons, and H0

5 decays to W+W−

and ZZ in a different ratio than appears in the SM. The production of H±5 via vector boson fusion (VBF)
followed by decays to W±Z has already been studied by ATLAS in Run 1 of the LHC [1272].

As a prototype model containing a custodial fiveplet of scalars, we consider the Georgi-Machacek
(GM) model [1273, 1274], in which the SM Higgs sector is extended by two isospin triplets while pre-
serving custodial SU(2) symmetry. The phenomenology of these scalars is dramatically different from
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that of the additional Higgs bosons found in two Higgs doublet models (2HDMs) or singlet extensions
of the SM. They do not couple to fermions and hence cannot be produced in gluon fusion or in as-
sociation with a top quark. The singly-charged scalars H±5 couple to W±Z at tree level, in contrast
to the charged scalar of the 2HDM for which this coupling appears only at one loop. The relative
coupling strengths of H0

5 to W+W− and ZZ are different than those of the SM Higgs boson, lead-
ing to Γ(H0

5 → WW)/Γ(H0
5 → ZZ) → 1/2 in the high-mass limit in contrast to the SM relation

Γ(hSM → WW)/Γ(hSM → ZZ) → 2. The presence of a doubly-charged Higgs boson with decays
to like-sign W bosons is a dramatic indication of isospin representations larger than doublets that con-
tribute to electroweak symmetry breaking. A comprehensive tree-level phenomenological study of the
production of H0

5, H±5 , and H±±5 at the LHC via VBF with decays to W+W−/ZZ, W±Z, and W±W±

respectively, with the gauge bosons decaying leptonically, was performed in [1275].

In this section we define the H5plane benchmark for the GM model, in which the two free pa-
rameters most relevant for H0

5 searches can be varied. The benchmark plane specification is designed to
be compatible with the spectrum calculator GMCALC [1276]. We also provide tables of cross sections for
H0

5, H±5 , and H±±5 production in VBF for the 13 TeV LHC, and well as their decay widths to vector
boson pairs. The cross section recommendations include QCD corrections at next-to-next-to-leading or-
der (NNLO) and were generated using the VBF@NNLO code [263,264]. The decay widths were calculated
at tree level using the code GMCALC 1.2.0 [1276], and include doubly-offshell effects. We concentrate
on H0

5 masses in the range 200–2000 GeV. For H0
5 masses below 200 GeV, decays to off-shell vector

bosons and other final states need to be considered, which changes the experimental analysis.

A fully differential study including next-to-leading order (NLO) QCD matrix elements interfaced
to the parton shower has recently been undertaken in [1277] using the MG5_aMC@NLO technology [54,
555], and the corresponding model file made public. The largest remaining theoretical uncertainties in
the cross section and decay width predictions are due to NLO electroweak corrections. A calculation of
these corrections would require the full one-loop electroweak renormalization of the Georgi-Machacek
model. This is unlikely to be undertaken by hand in the few-years timescale, but might become feasible
using automated NLO technology [555].

In the next subsection we give a brief summary of the GM model. We specify the H5plane bench-
mark in Section IV.4.4.b. The VBF production cross sections are tabulated in Section IV.4.4.c and the
total widths of the H0

5 states are tabulated in Section IV.4.4.d.

IV.4.4.a Model parameterization
The scalar sector of the GM model [1273, 1274] consists of the usual complex isospin doublet (φ+, φ0)
with hyperchargeIV.22 Y = 1, a real triplet (ξ+, ξ0, ξ−) with Y = 0, and a complex triplet (χ++, χ+, χ0)
with Y = 2. The doublet is responsible for the fermion masses as in the SM.

The scalar potential is chosen by hand to preserve a global SU(2)L×SU(2)R symmetry. This
ensures ρ = 1 at tree level. In order to make the global SU(2)L×SU(2)R symmetry explicit, we write
the doublet in the form of a bidoublet Φ and combine the triplets to form a bitriplet X:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
, X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0


 . (IV.4.17)

The vacuum expectation values (vevs) are defined by 〈Φ〉 =
vφ√

2
I2×2 and 〈X〉 = vχI3×3, where I is the

unit matrix. The Fermi constant GF fixes the combination of vevs,

v2
φ + 8v2

χ ≡ v2 =
1√

2GF
≈ (246 GeV)2. (IV.4.18)

IV.22We normalize the hypercharge operator such that Q = T
3

+ Y/2.
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The most general gauge-invariant scalar potential involving these fields that conserves custodial
SU(2) is given, in the conventions of Ref. [1278], by

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2 + λ2Tr(Φ†Φ)Tr(X†X)

+λ3Tr(X†XX†X) + λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)

−M1Tr(Φ†τaΦτ b)(UXU †)ab −M2Tr(X†taXtb)(UXU †)ab. (IV.4.19)

Here the SU(2) generators for the doublet representation are τa = σa/2 with σa being the Pauli matrices,
the generators for the triplet representation are

t1 =
1√
2




0 1 0

1 0 1

0 1 0


 , t2 =

1√
2




0 −i 0

i 0 −i
0 i 0


 , t3 =




1 0 0

0 0 0

0 0 −1


 , (IV.4.20)

and the matrix U , which rotates X into the Cartesian basis, is given by [1279]

U =




− 1√
2

0 1√
2

− i√
2

0 − i√
2

0 1 0


 . (IV.4.21)

We decompose the neutral fields into real and imaginary parts according to

φ0 → vφ√
2

+
φ0,r + iφ0,i

√
2

, χ0 → vχ +
χ0,r + iχ0,i

√
2

, ξ0 → vχ + ξ0. (IV.4.22)

The physical fields can then be organized by their transformation properties under the custodial
SU(2) symmetry into a fiveplet, a triplet, and two singlets. The custodial-fiveplet states are given by

H++
5 = χ++, H+

5 =

(
χ+ − ξ+

)

√
2

, H0
5 =

√
2

3
ξ0 −

√
1

3
χ0,r. (IV.4.23)

Because the states in the custodial fiveplet contain no doublet field content, they do not couple to
fermions.

The custodial-triplet states are given by

H+
3 = −sHφ

+ + cH

(
χ+ + ξ+

)

√
2

, H0
3 = −sHφ

0,i + cHχ
0,i, (IV.4.24)

where the vevs are parameterized by

cH ≡ cos θH =
vφ
v
, sH ≡ sin θH =

2
√

2 vχ
v

. (IV.4.25)

The quantity s2
H represents the fraction of the gauge boson masses-squaredM2

W andM2
Z that is generated

by the vev of the triplets, while c2
H represents the fraction generated by the usual Higgs doublet.

The states of the custodial fiveplet (H±±5 , H±5 , H0
5) have a common mass m5 and the states of the

custodial triplet (H±3 , H0
3) have a common mass m3. These masses can be written (after eliminating µ2

2
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and µ2
3 in favor of the vevs) asIV.23

m2
5 =

M1

4vχ
v2
φ + 12M2vχ +

3

2
λ5v

2
φ + 8λ3v

2
χ, (IV.4.27)

m2
3 =

M1

4vχ
(v2
φ + 8v2

χ) +
λ5

2
(v2
φ + 8v2

χ) =

(
M1

4vχ
+
λ5

2

)
v2. (IV.4.28)

The two custodial-singlet mass eigenstates are given by

h = cosαφ0,r − sinαH0′
1 , H = sinαφ0,r + cosαH0′

1 , (IV.4.29)

where

H0′
1 =

√
1

3
ξ0 +

√
2

3
χ0,r. (IV.4.30)

The mixing angle and masses are given by

sin 2α =
2M2

12

M2
H −M2

h

, cos 2α =
M2

22 −M2
11

M2
H −M2

h

, (IV.4.31)

m2
h,H =

1

2

[
M2

11 +M2
22 ∓

√(
M2

11 −M2
22

)2
+ 4

(
M2

12

)2
]
, (IV.4.32)

where we choose Mh < MH, and

M2
11 = 8λ1v

2
φ,

M2
12 =

√
3

2
vφ
[
−M1 + 4 (2λ2 − λ5) vχ

]
,

M2
22 =

M1v
2
φ

4vχ
− 6M2vχ + 8 (λ3 + 3λ4) v2

χ. (IV.4.33)

The fiveplet states couple to vector bosons according to the following Feynman rules [1191,1275,
1278]:

H0
5W

+
µW−

ν :

√
2

3
ig2vχgµν = 2i

M2
W

v

(
sH√

3

)
gµν = 2(

√
2GF )1/2M2

W

(
−
sH√

3

)
(−igµν),

H0
5ZµZν :−

√
8

3
i
g2vχ

c2
W

gµν = 2i
M2

Z

v

(
−

2sH√
3

)
gµν = 2(

√
2GF )1/2M2

Z

(
2sH√

3

)
(−igµν),

H+
5 W−

µZν :−
√

2i
g2vχ
cW

gµν = 2i
MWMZ

v

(
−sH

)
gµν = 2(

√
2GF )1/2MWMZ

(
sH

)
(−igµν),

H++
5 W−

µW−
ν :2ig2vχgµν = 2i

M2
W

v

(√
2sH

)
gµν = 2(

√
2GF )1/2M2

W

(
−
√

2sH

)
(−igµν),(IV.4.34)

where we write the coupling in multiple forms to make contact with the notation of Refs. [264, 1275].
The triplet vev vχ is called v′ in [1275], and the factors FVV in Eq. (5.2) of Ref. [264] correspond in this
model to

F
W

+
W
− = −

sH√
3

(H0
5 production),

IV.23Note that the ratio M1/vχ can be written using the minimization condition ∂V/∂vχ = 0 as

M1

vχ
=

4

v
2
φ

[
µ

2
3 + (2λ2 − λ5)v

2
φ + 4(λ3 + 3λ4)v

2
χ − 6M2vχ

]
, (IV.4.26)

which is finite in the limit vχ → 0.
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Table 139: Specification of the H5plane benchmark for the Georgi-Machacek model. These input parameters
correspond to INPUTSET = 4 in GMCALC [1276].

Fixed parameters Variable parameters Dependent parameters

GF = 1.1663787× 10−5 GeV−2 m5 ∈ [200, 3000] GeV λ2 = 0.4(m5/1000 GeV)

Mh = 125 GeV sH ∈ (0, 1) M1 =
√

2sH(m2
5 + v2)/v

λ3 = −0.1 M2 = M1/6

λ4 = 0.2

FZZ =
2sH√

3
(H0

5 production),

F
W
±

Z
= sH (H±5 production),

F
W
±

W
± = −

√
2sH (H±±5 production). (IV.4.35)

Note in particular that, for H0
5, one cannot simply rescale the vector boson fusion cross section of the SM

Higgs boson because the ratio of WW to ZZ couplings is different than in the SM (for SM Higgs boson
production, F

W
+

W
− = FZZ = −1).

The VBF production cross sections for a single H0
5 state depend only on the two parameters m5

and sH. If the spectrum is such that decays of H0
5 to H3V or H3H3 are kinematically inaccessible, the

total decay widths of the H0
5 states to vector boson pairs also depend only on m5 and sH.

IV.4.4.b H5plane benchmark
The purpose of the H5plane benchmark is to facilitate searches for the H5 states over the m5–sH plane.
The other parameters are chosen so that m3 > m5 (thereby forbidding decays of H5 → H3V or H3H3)
and so that the largest possible parameter region is allowed by theoretical constraints for 200 GeV <
m5 < 3000 GeV.

The benchmark is defined as follows. The nine parameters of the GM model scalar potential in
Eq. (IV.4.19) are fixed in terms of the input parameters GF , Mh, m5, sH, λ2, λ3, λ4, M1, and M2, i.e.,
the input parameters of INPUTSET = 4 in GMCALC. The values are given in Table 139.

Perturbative unitarity of VV → VV scattering amplitudes constrains [1280]

s2
H <

3

5

(16πv2 − 5M2
h)

(4m2
5 + 5M2

h)
, or s2

H .
(

667 GeV
m5

)2

, (IV.4.36)

for m5 � MW , MZ, Mh. This implies that Γ(H5 → VV) . 0.15m5 for each of the H5 states. The
full set of perturbative unitarity constraints [1278,1279] constrain the model a little more tightly, leading
to Γ(H5 → VV) . 0.10m5. These constraints are implemented in GMCALC, which will return an error
message if they are violated.

The H5plane benchmark has the following features:

– It populates nearly all of the theoretically-allowed region of them5–sH plane form5 ∈ [200, 3000]
GeV, except for a small corner at low m5 and high sH which is already excluded by the cross
section for like-sign W boson pair production in VBF [1281] (this limits the maximum allowed
production cross section for VBF→ H±±5 → W±W±, and hence sets an upper bound on sH as a
function of m5).
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– Constraints from b → sγ (see Ref. [1282]) eliminate only points that are already excluded by the
cross section for like-sign W boson pair production in VBF [1281].

– The benchmark is not unreasonably constrained by coupling measurements of the 125 GeV Higgs
boson: the region of the m5–sH plane in which |κh

i − 1| < 0.1, with i = f ,V, γ , is essentially the
same in the H5plane benchmark as in a full parameter scan.

– It has m3 & m5 + 10 GeV over the whole benchmark plane, so that the Higgs-to-Higgs boson
decays H5 → H3H3 and H5 → H3V are kinematically forbidden, leaving only the decays H5 →
VV at tree level; i.e., to a very good approximation,

BR(H0
5→W+W−,ZZ) = BR(H±5 →W±Z) = BR(H±±5 →W±W±) = 1. (IV.4.37)

– It has MH & m5 + 12 GeV over the whole benchmark plane, except for a few points at sH >
0.7 which are already excluded by the cross section for like-sign W boson pair production in
VBF [1281]. However, there is a large region of parameter space covering m5 & 600 GeV and
0.07 . sH . 0.6 in which the total decay widths of H0

5 and H are larger than the mass splitting
between these two states. In this region, a dedicated study of the lineshape and interference effects
of the two resonances in VBF→ (H0

5, H)→WW,ZZ will be required.

IV.4.4.c Vector boson fusion production cross sections of the H5 states
The total cross sections for production of H0

5, H±5 , and H±±5 in VBF can be computed up to NNLO accu-
racy using the VBF@NNLO code [263,264,1283], via the structure-function approach. This approach [265]
consists in considering the VBF process as a double deep-inelastic scattering (DIS) attached to the
colourless pure electroweak vector-boson fusion into a Higgs boson. According to this approach one
can include next-to-leading order (NLO) QCD corrections to the VBF process employing the standard
DIS structure functions Fi(x,Q

2); i = 1, 2, 3 at NLO [266] or similarly the corresponding structure
functions at NNLO [267–270].

Although the effective factorization underlying the structure-function approach holds to a very
good approximation up to NNLO, it formally does not include all types of contributions. At leading order
(LO) an additional contribution arises from the interference between identical final-state quarks (e.g.,
uu → Huu) or between processes where either a W or a Z boson can be exchanged (e.g., ud → Hud).
These LO contributions are known to be extremely small (less than 0.1% of the total cross-section).
Apart from such contributions, the structure-function approach is exact up to NLO. At NNLO, however,
several types of diagrams violate the underlying factorization. Their impact on the total rate has been
computed or estimated in [264] and found to be negligible. Some of them are colour and kinematically
suppressed [261, 271, 272], and others have been shown in [273] to be small enough not to produce a
significant deterioration of the VBF signal.

NLO electroweak corrections are known for SM Higgs boson production in VBF [256, 257], but
not for any beyond-the-SM scenario, and therefore are not included in the numbers shown here.

To produce the numbers shown in this chapter, we have used the following electroweak parameters:

GF = 1.1663787 · 10−5 GeV−2, MW = 80.385 GeV, MZ = 91.1876 GeV,

ΓW = 2.085 GeV, ΓZ = 2.4952 GeV. (IV.4.38)

The H5VV vertices have the form given in Eq. (IV.4.34), and we have set sH = 1. The production cross
sections for other values of sH are conveniently obtained using the relation

σNNLO(VBF→ H5) = s2
Hσ

NNLO
1 (VBF→ H5), (IV.4.39)

where σNNLO
1 represents the NNLO cross section for sH = 1. The values of σNNLO

1 computed for the
13 TeV LHC for H0

5, H+
5 , and H−5 are shown in Tables 140–141, and for H++

5 and H−−5 are shown in
Tables 142–143.
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We have employed the PDF4LHC NNLO parton distribution function [35] with 30 sets (Hes-
sian error estimate) plus 2 sets to estimate the αs systematic uncertainties. For the NNLO PDF set,
αs(MZ) = 0.118. As is the case of the SM, the systematic uncertainty from αs is rather small for
VBF. The renormalization and factorization scales have been set to MW . Scale uncertainties have been
computed by varying the two scales independently by a factor in the range [1/2, 2].

As for SM Higgs boson production in VBF, the impact of QCD corrections is well under control:
with our setup, and using PDF sets with QCD evolution consistent with the perturbative order of the
cross-section, NLO QCD corrections increase the LO cross-section by 6−7% and NNLO corrections
contribute at most another 1% to the cross-section. The inclusion of NNLO corrections reduces the
QCD scale uncertainties to the 1% level or below, while PDF uncertainties are at the level of 2% of the
cross-section.

For the uncertainty due to uncalculated NLO electroweak corrections, we suggest to adopt a frac-
tional uncertainty of ±7%. This encompasses the size of the NLO electroweak correction to the SM
Higgs VBF cross section [9] for SM Higgs boson masses below 700 GeV, where tree-level perturba-
tive unitarity constraints in 2 → 2 gauge and Higgs boson scattering are satisfied. This same tree-level
perturbativity requirement results in the upper bound on sH given in Eq. (IV.4.36).

IV.4.4.d Decay widths of the H5 states

We computed the tree-level decay partial widths Γ(H±±5 → W±W±), Γ(H± → W±Z), Γ(H0
5 →

W+W−), and Γ(H0
5 → ZZ) using GMCALC 1.2.0 [1276]. In the H5plane benchmark, BR(H5 →

VV) = 1, so that these partial widths correspond to the total widths of the H5 scalars. The decay cal-
culation includes the effects of both of the final-state gauge bosons off-shell. The numerical calculation
has been benchmarked against HDECAY 6.42 [69] with agreement to within 1%. We use the electroweak
input parameters given in Eq. (IV.4.38) and scale all decay widths to sH = 1. For H±±5 and H±5 , the decay
width is the same for the charge-conjugate process. The total widths of the H5 states are given in Ta-
bles 144–145 for H±±5 , H±5 and H0

5 in the H5plane benchmark, for which BR(H5→ VV) = 1. We also
give BR(H0

5→W+W−). The branching ratio BR(H0
5→ ZZ) is then equal to 1−BR(H0

5→W+W−).
So long as BR(H5→ VV) = 1, these decay widths depend only on m5 and sH. The branching ratios of
H0

5 to WW and ZZ depend only on m5.

The decay widths for other values of sH are conveniently obtained using the relation

Γ(H5→ VV) = s2
HΓ1(H5→ VV), (IV.4.40)

where Γ1 represents the decay width for sH = 1 as given in Tables 144–145.

The widths given here were computed at tree level. For the uncertainty due to uncalculated NLO
electroweak corrections, we suggest to adopt a fractional uncertainty on each partial width of±12%. This
encompasses the size of the NLO electroweak correction to the SM Higgs boson decay partial widths to
WW and ZZ [72] for SM Higgs boson masses below 700 GeV, where tree-level perturbative unitarity
constraints in 2 → 2 gauge and Higgs boson scattering are satisfied. This same tree-level perturbativity
requirement results in the upper bound on sH given in Eq. (IV.4.36).

For H0
5 we take the electroweak uncertainty on the total width to be also ±12%, corresponding

to fully correlated variations of Γ(H0
5 → W+W−) and Γ(H0

5 → ZZ). We compute the electroweak
uncertainty on BR(H0

5→W+W−) by assuming fully anticorrelated variations of Γ(H0
5→W+W−) and

Γ(H0
5 → ZZ); we give these latter uncertainties in Tables 144–145. This is the maximally conservative

approach to combining the theory uncertainties on the two contributing decay widths.
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Table 140: VBF production cross sections for H0
5, H+

5 and H−5 in the GM model, computed for sH = 1 at the√
s = 13 TeV LHC. The first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF

uncertainty, and the third is the αs uncertainty. The uncertainty from uncalculated NLO electroweak corrections
should be taken as ±7%. The relative Monte Carlo numerical integration error is below 5× 10−4 in all cases.

m5 [ GeV] σNNLO
1 (H0

5) [fb] σNNLO
1 (H+

5 ) [fb] σNNLO
1 (H−5 ) [fb]

200. 1375.+0.35%
−0.20% ± 1.8%± 0.51% 1770.+0.30%

−0.18% ± 1.6%± 0.46% 1148.+0.36%
−0.21% ± 2.2%± 0.54%

210. 1288.+0.33%
−0.19% ± 1.8%± 0.49% 1662.+0.28%

−0.17% ± 1.7%± 0.45% 1073.+0.34%
−0.21% ± 2.2%± 0.53%

220. 1209.+0.30%
−0.18% ± 1.8%± 0.48% 1564.+0.26%

−0.17% ± 1.7%± 0.44% 1004.+0.32%
−0.20% ± 2.2%± 0.52%

230. 1136.+0.28%
−0.17% ± 1.8%± 0.47% 1473.+0.25%

−0.16% ± 1.7%± 0.43% 940.9+0.31%
−0.19% ± 2.2%± 0.51%

240. 1069.+0.26%
−0.17% ± 1.8%± 0.46% 1388.+0.25%

−0.15% ± 1.7%± 0.42% 883.0+0.29%
−0.18% ± 2.3%± 0.50%

250. 1006.+0.27%
−0.16% ± 1.8%± 0.46% 1311.+0.25%

−0.14% ± 1.7%± 0.41% 829.6+0.27%
−0.17% ± 2.3%± 0.49%

260. 948.9+0.27%
−0.15% ± 1.8%± 0.45% 1239.+0.25%

−0.14% ± 1.7%± 0.40% 780.4+0.27%
−0.17% ± 2.3%± 0.48%

270. 895.7+0.27%
−0.15% ± 1.8%± 0.44% 1172.+0.25%

−0.13% ± 1.7%± 0.39% 734.9+0.27%
−0.16% ± 2.3%± 0.48%

280. 846.3+0.27%
−0.14% ± 1.8%± 0.43% 1110.+0.25%

−0.13% ± 1.7%± 0.38% 692.8+0.28%
−0.15% ± 2.3%± 0.47%

290. 800.5+0.27%
−0.14% ± 1.8%± 0.42% 1052.+0.26%

−0.12% ± 1.7%± 0.37% 653.8+0.28%
−0.14% ± 2.3%± 0.46%

300. 757.8+0.27%
−0.13% ± 1.8%± 0.41% 997.7+0.26%

−0.11% ± 1.7%± 0.37% 617.5+0.28%
−0.14% ± 2.3%± 0.45%

310. 718.0+0.28%
−0.12% ± 1.8%± 0.40% 947.3+0.26%

−0.10% ± 1.7%± 0.36% 583.9+0.28%
−0.13% ± 2.4%± 0.45%

320. 680.9+0.28%
−0.12% ± 1.8%± 0.40% 900.3+0.26%

−0.10% ± 1.7%± 0.35% 552.6+0.28%
−0.13% ± 2.4%± 0.44%

330. 646.3+0.28%
−0.11% ± 1.8%± 0.39% 856.2+0.27%

−0.09% ± 1.7%± 0.34% 523.4+0.28%
−0.13% ± 2.4%± 0.43%

340. 614.0+0.28%
−0.11% ± 1.9%± 0.38% 815.0+0.27%

−0.09% ± 1.7%± 0.33% 496.1+0.28%
−0.12% ± 2.4%± 0.42%

350. 583.7+0.28%
−0.10% ± 1.9%± 0.37% 776.3+0.27%

−0.08% ± 1.7%± 0.32% 470.7+0.28%
−0.12% ± 2.4%± 0.42%

360. 555.2+0.28%
−0.10% ± 1.9%± 0.37% 739.9+0.27%

−0.08% ± 1.7%± 0.31% 446.9+0.28%
−0.11% ± 2.4%± 0.41%

370. 528.6+0.28%
−0.09% ± 1.9%± 0.36% 705.8+0.27%

−0.08% ± 1.7%± 0.31% 424.6+0.28%
−0.10% ± 2.5%± 0.41%

380. 503.6+0.28%
−0.09% ± 1.9%± 0.35% 673.7+0.27%

−0.07% ± 1.7%± 0.30% 403.7+0.28%
−0.10% ± 2.5%± 0.40%

390. 480.0+0.28%
−0.08% ± 1.9%± 0.34% 643.4+0.27%

−0.06% ± 1.7%± 0.29% 384.1+0.28%
−0.09% ± 2.5%± 0.39%

400. 457.9+0.28%
−0.07% ± 1.9%± 0.34% 614.9+0.27%

−0.06% ± 1.7%± 0.28% 365.7+0.28%
−0.09% ± 2.5%± 0.39%

410. 437.1+0.28%
−0.07% ± 1.9%± 0.33% 588.0+0.27%

−0.05% ± 1.7%± 0.28% 348.4+0.28%
−0.08% ± 2.5%± 0.38%

420. 417.4+0.28%
−0.06% ± 1.9%± 0.32% 562.6+0.27%

−0.05% ± 1.7%± 0.27% 332.1+0.28%
−0.07% ± 2.5%± 0.38%

430. 398.9+0.28%
−0.06% ± 1.9%± 0.32% 538.5+0.27%

−0.04% ± 1.7%± 0.26% 316.8+0.29%
−0.06% ± 2.5%± 0.37%

440. 381.4+0.28%
−0.06% ± 1.9%± 0.31% 515.8+0.27%

−0.06% ± 1.7%± 0.25% 302.3+0.29%
−0.06% ± 2.6%± 0.36%

450. 364.9+0.28%
−0.05% ± 1.9%± 0.30% 494.3+0.27%

−0.07% ± 1.7%± 0.24% 288.7+0.28%
−0.06% ± 2.6%± 0.36%

460. 349.2+0.28%
−0.05% ± 1.9%± 0.30% 473.9+0.27%

−0.08% ± 1.7%± 0.24% 275.9+0.28%
−0.06% ± 2.6%± 0.35%

470. 334.4+0.28%
−0.06% ± 1.9%± 0.29% 454.6+0.27%

−0.09% ± 1.7%± 0.23% 263.7+0.28%
−0.06% ± 2.6%± 0.35%

480. 320.4+0.28%
−0.07% ± 1.9%± 0.28% 436.3+0.28%

−0.10% ± 1.7%± 0.22% 252.2+0.28%
−0.07% ± 2.6%± 0.34%

490. 307.1+0.28%
−0.08% ± 1.9%± 0.28% 418.9+0.28%

−0.12% ± 1.7%± 0.22% 241.4+0.28%
−0.08% ± 2.6%± 0.34%

500. 294.5+0.28%
−0.10% ± 2.0%± 0.27% 402.4+0.28%

−0.13% ± 1.7%± 0.21% 231.1+0.28%
−0.09% ± 2.7%± 0.33%

550. 240.4+0.28%
−0.15% ± 2.0%± 0.24% 331.0+0.28%

−0.18% ± 1.8%± 0.18% 187.0+0.28%
−0.15% ± 2.7%± 0.31%

600. 198.0+0.28%
−0.20% ± 2.0%± 0.21% 274.8+0.28%

−0.24% ± 1.8%± 0.14% 152.9+0.28%
−0.21% ± 2.8%± 0.29%

650. 164.5+0.28%
−0.26% ± 2.1%± 0.19% 230.0+0.28%

−0.29% ± 1.8%± 0.11% 126.1+0.28%
−0.26% ± 2.9%± 0.27%

700. 137.7+0.29%
−0.32% ± 2.1%± 0.16% 193.8+0.28%

−0.34% ± 1.8%± 0.08% 104.8+0.28%
−0.32% ± 3.0%± 0.25%

750. 115.9+0.29%
−0.36% ± 2.1%± 0.14% 164.3+0.29%

−0.39% ± 1.8%± 0.05% 87.64+0.28%
−0.37% ± 3.1%± 0.23%

800. 98.20+0.29%
−0.41% ± 2.2%± 0.11% 140.1+0.29%

−0.43% ± 1.8%± 0.02% 73.75+0.29%
−0.42% ± 3.2%± 0.21%

850. 83.60+0.29%
−0.46% ± 2.2%± 0.09% 120.0+0.29%

−0.48% ± 1.8%± 0.00% 62.39+0.29%
−0.47% ± 3.2%± 0.20%

900. 71.50+0.29%
−0.51% ± 2.2%± 0.07% 103.3+0.29%

−0.53% ± 1.9%± 0.03% 53.03+0.29%
−0.52% ± 3.3%± 0.18%
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Table 141: Continuation of Table 140.

m5 [ GeV] σNNLO
1 (H0

5) [fb] σNNLO
1 (H+

5 ) [fb] σNNLO
1 (H−5 ) [fb]

950. 61.41+0.29%
−0.55% ± 2.3%± 0.05% 89.21+0.29%

−0.57% ± 1.9%± 0.06% 45.27+0.29%
−0.57% ± 3.4%± 0.17%

1000. 52.94+0.30%
−0.60% ± 2.3%± 0.03% 77.35+0.29%

−0.62% ± 1.9%± 0.08% 38.80+0.29%
−0.62% ± 3.5%± 0.16%

1050. 45.79+0.30%
−0.64% ± 2.4%± 0.01% 67.28+0.30%

−0.66% ± 1.9%± 0.11% 33.38+0.29%
−0.67% ± 3.6%± 0.15%

1100. 39.74+0.30%
−0.69% ± 2.4%± 0.00% 58.70+0.30%

−0.71% ± 1.9%± 0.13% 28.81+0.30%
−0.72% ± 3.7%± 0.14%

1150. 34.58+0.31%
−0.74% ± 2.4%± 0.02% 51.34+0.30%

−0.75% ± 1.9%± 0.15% 24.93+0.30%
−0.77% ± 3.8%± 0.13%

1200. 30.17+0.30%
−0.79% ± 2.5%± 0.04% 45.03+0.30%

−0.80% ± 2.0%± 0.17% 21.64+0.30%
−0.81% ± 3.9%± 0.12%

1250. 26.39+0.31%
−0.83% ± 2.5%± 0.05% 39.58+0.33%

−0.84% ± 2.0%± 0.20% 18.83+0.32%
−0.86% ± 4.0%± 0.11%

1300. 23.13+0.34%
−0.87% ± 2.6%± 0.07% 34.86+0.35%

−0.88% ± 2.0%± 0.22% 16.43+0.33%
−0.91% ± 4.1%± 0.11%

1350. 20.32+0.36%
−0.92% ± 2.6%± 0.08% 30.77+0.37%

−0.92% ± 2.0%± 0.24% 14.36+0.36%
−0.95% ± 4.2%± 0.10%

1400. 17.88+0.38%
−0.96% ± 2.7%± 0.09% 27.20+0.39%

−0.97% ± 2.0%± 0.26% 12.58+0.38%
−1.00% ± 4.3%± 0.10%

1450. 15.77+0.40%
−1.00% ± 2.7%± 0.11% 24.09+0.41%

−1.01% ± 2.1%± 0.28% 11.04+0.40%
−1.04% ± 4.4%± 0.10%

1500. 13.92+0.43%
−1.05% ± 2.7%± 0.12% 21.37+0.43%

−1.05% ± 2.1%± 0.30% 9.704+0.43%
−1.09% ± 4.5%± 0.09%

1550. 12.32+0.45%
−1.09% ± 2.8%± 0.13% 18.98+0.45%

−1.10% ± 2.1%± 0.32% 8.545+0.46%
−1.14% ± 4.6%± 0.09%

1600. 10.91+0.47%
−1.14% ± 2.8%± 0.14% 16.89+0.47%

−1.14% ± 2.1%± 0.34% 7.536+0.48%
−1.19% ± 4.7%± 0.09%

1650. 9.677+0.50%
−1.18% ± 2.9%± 0.15% 15.04+0.50%

−1.19% ± 2.1%± 0.36% 6.656+0.50%
−1.23% ± 4.8%± 0.09%

1700. 8.594+0.51%
−1.23% ± 2.9%± 0.16% 13.41+0.52%

−1.23% ± 2.2%± 0.37% 5.886+0.53%
−1.28% ± 4.9%± 0.09%

1750. 7.641+0.54%
−1.28% ± 3.0%± 0.17% 11.97+0.54%

−1.28% ± 2.2%± 0.39% 5.211+0.55%
−1.33% ± 5.0%± 0.09%

1800. 6.802+0.56%
−1.33% ± 3.0%± 0.18% 10.70+0.55%

−1.33% ± 2.2%± 0.41% 4.620+0.57%
−1.38% ± 5.1%± 0.09%

1850. 6.061+0.58%
−1.38% ± 3.1%± 0.19% 9.571+0.58%

−1.37% ± 2.2%± 0.43% 4.100+0.60%
−1.43% ± 5.3%± 0.09%

1900. 5.405+0.61%
−1.41% ± 3.1%± 0.20% 8.568+0.60%

−1.42% ± 2.2%± 0.44% 3.642+0.62%
−1.48% ± 5.4%± 0.10%

1950. 4.826+0.64%
−1.46% ± 3.2%± 0.20% 7.678+0.63%

−1.47% ± 2.2%± 0.46% 3.239+0.65%
−1.53% ± 5.5%± 0.10%

2000. 4.312+0.67%
−1.51% ± 3.3%± 0.21% 6.885+0.66%

−1.51% ± 2.3%± 0.47% 2.883+0.67%
−1.58% ± 5.7%± 0.11%

2050. 3.856+0.69%
−1.55% ± 3.3%± 0.22% 6.179+0.68%

−1.56% ± 2.3%± 0.49% 2.568+0.71%
−1.63% ± 5.8%± 0.11%

2100. 3.450+0.71%
−1.60% ± 3.4%± 0.22% 5.549+0.70%

−1.61% ± 2.3%± 0.50% 2.289+0.73%
−1.68% ± 5.9%± 0.12%

2150. 3.090+0.73%
−1.65% ± 3.4%± 0.23% 4.986+0.73%

−1.65% ± 2.3%± 0.52% 2.043+0.75%
−1.72% ± 6.1%± 0.13%

2200. 2.769+0.76%
−1.70% ± 3.5%± 0.23% 4.484+0.76%

−1.71% ± 2.3%± 0.53% 1.824+0.78%
−1.78% ± 6.2%± 0.13%

2250. 2.483+0.79%
−1.75% ± 3.6%± 0.24% 4.034+0.78%

−1.76% ± 2.4%± 0.55% 1.629+0.80%
−1.83% ± 6.4%± 0.14%

2300. 2.228+0.82%
−1.80% ± 3.6%± 0.24% 3.632+0.81%

−1.80% ± 2.4%± 0.56% 1.457+0.83%
−1.88% ± 6.5%± 0.15%

2350. 2.000+0.85%
−1.85% ± 3.7%± 0.24% 3.271+0.83%

−1.86% ± 2.4%± 0.58% 1.303+0.86%
−1.92% ± 6.7%± 0.16%

2400. 1.796+0.87%
−1.90% ± 3.8%± 0.25% 2.947+0.86%

−1.90% ± 2.4%± 0.59% 1.166+0.88%
−1.98% ± 6.9%± 0.17%

2450. 1.614+0.90%
−1.95% ± 3.8%± 0.25% 2.656+0.88%

−1.94% ± 2.5%± 0.60% 1.044+0.91%
−2.03% ± 7.0%± 0.18%

2500. 1.451+0.92%
−2.00% ± 3.9%± 0.25% 2.395+0.91%

−1.99% ± 2.5%± 0.62% 0.9357+0.94%
−2.08% ± 7.2%± 0.20%

2550. 1.305+0.95%
−2.05% ± 4.0%± 0.25% 2.161+0.93%

−2.03% ± 2.5%± 0.63% 0.8387+0.97%
−2.13% ± 7.4%± 0.21%

2600. 1.174+0.97%
−2.10% ± 4.1%± 0.25% 1.950+0.95%

−2.09% ± 2.5%± 0.64% 0.7522+1.00%
−2.18% ± 7.6%± 0.22%

2650. 1.057+1.00%
−2.15% ± 4.2%± 0.25% 1.760+0.98%

−2.14% ± 2.5%± 0.66% 0.6748+1.03%
−2.24% ± 7.8%± 0.24%

2700. 0.9512+1.03%
−2.19% ± 4.2%± 0.25% 1.590+1.00%

−2.18% ± 2.6%± 0.67% 0.6057+1.05%
−2.29% ± 8.0%± 0.25%

2750. 0.8566+1.06%
−2.24% ± 4.3%± 0.25% 1.436+1.03%

−2.24% ± 2.6%± 0.68% 0.5437+1.09%
−2.33% ± 8.2%± 0.27%

2800. 0.7718+1.08%
−2.30% ± 4.4%± 0.25% 1.297+1.06%

−2.29% ± 2.6%± 0.69% 0.4883+1.12%
−2.38% ± 8.4%± 0.29%

2850. 0.6955+1.11%
−2.35% ± 4.5%± 0.25% 1.172+1.10%

−2.34% ± 2.6%± 0.70% 0.4387+1.14%
−2.45% ± 8.6%± 0.30%

2900. 0.6268+1.14%
−2.39% ± 4.6%± 0.25% 1.059+1.13%

−2.39% ± 2.7%± 0.71% 0.3943+1.18%
−2.49% ± 8.8%± 0.32%

2950. 0.5652+1.17%
−2.45% ± 4.7%± 0.25% 0.9579+1.14%

−2.45% ± 2.7%± 0.73% 0.3543+1.21%
−2.54% ± 9.0%± 0.34%

3000. 0.5096+1.19%
−2.50% ± 4.8%± 0.25% 0.8662+1.18%

−2.51% ± 2.7%± 0.74% 0.3186+1.22%
−2.59% ± 9.3%± 0.36%
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Table 142: VBF production cross sections for H++
5 and H−−5 in the GM model, computed for sH = 1 at the√

s = 13 TeV LHC. The first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF
uncertainty, and the third is the αs uncertainty. The uncertainty from uncalculated NLO electroweak corrections
should be taken as ±7%. The relative Monte Carlo numerical integration error is below 5× 10−4 in all cases.

m5 [ GeV] σNNLO
1 (H++

5 ) [fb] σNNLO
1 (H−−5 ) [fb]

200. 2511.+0.24%
−0.14% ± 1.9%± 0.40% 1070.+0.33%

−0.21% ± 2.9%± 0.54%

210. 2364.+0.24%
−0.14% ± 1.9%± 0.39% 997.0+0.31%

−0.20% ± 2.9%± 0.53%

220. 2229.+0.23%
−0.13% ± 1.9%± 0.38% 930.3+0.29%

−0.19% ± 3.0%± 0.52%

230. 2104.+0.24%
−0.13% ± 1.9%± 0.37% 869.2+0.27%

−0.19% ± 3.0%± 0.51%

240. 1988.+0.24%
−0.12% ± 1.9%± 0.35% 813.3+0.25%

−0.18% ± 3.0%± 0.51%

250. 1881.+0.24%
−0.11% ± 1.9%± 0.34% 762.0+0.25%

−0.18% ± 3.1%± 0.50%

260. 1781.+0.24%
−0.10% ± 1.9%± 0.33% 714.8+0.25%

−0.18% ± 3.1%± 0.49%

270. 1689.+0.25%
−0.09% ± 1.9%± 0.32% 671.3+0.25%

−0.17% ± 3.1%± 0.49%

280. 1602.+0.25%
−0.09% ± 1.9%± 0.31% 631.2+0.25%

−0.16% ± 3.1%± 0.48%

290. 1522.+0.24%
−0.09% ± 1.9%± 0.30% 594.1+0.26%

−0.15% ± 3.2%± 0.47%

300. 1447.+0.25%
−0.08% ± 1.9%± 0.29% 559.8+0.26%

−0.14% ± 3.2%± 0.47%

310. 1377.+0.25%
−0.07% ± 1.9%± 0.28% 527.9+0.26%

−0.14% ± 3.2%± 0.46%

320. 1311.+0.25%
−0.06% ± 1.9%± 0.28% 498.4+0.26%

−0.13% ± 3.3%± 0.45%

330. 1249.+0.25%
−0.06% ± 1.9%± 0.27% 471.0+0.26%

−0.13% ± 3.3%± 0.45%

340. 1192.+0.25%
−0.06% ± 1.9%± 0.26% 445.4+0.26%

−0.12% ± 3.3%± 0.44%

350. 1137.+0.25%
−0.05% ± 1.9%± 0.25% 421.6+0.26%

−0.12% ± 3.3%± 0.44%

360. 1086.+0.25%
−0.05% ± 1.9%± 0.24% 399.4+0.26%

−0.11% ± 3.4%± 0.43%

370. 1038.+0.25%
−0.07% ± 1.9%± 0.23% 378.7+0.26%

−0.10% ± 3.4%± 0.43%

380. 992.6+0.25%
−0.08% ± 2.0%± 0.22% 359.3+0.26%

−0.10% ± 3.4%± 0.42%

390. 949.8+0.25%
−0.09% ± 2.0%± 0.21% 341.1+0.25%

−0.10% ± 3.5%± 0.42%

400. 909.3+0.25%
−0.11% ± 2.0%± 0.21% 324.1+0.26%

−0.09% ± 3.5%± 0.41%

410. 871.1+0.25%
−0.12% ± 2.0%± 0.20% 308.1+0.26%

−0.09% ± 3.5%± 0.41%

420. 835.0+0.25%
−0.13% ± 2.0%± 0.19% 293.1+0.26%

−0.08% ± 3.6%± 0.41%

430. 800.8+0.25%
−0.14% ± 2.0%± 0.18% 279.0+0.26%

−0.07% ± 3.6%± 0.40%

440. 768.4+0.26%
−0.16% ± 2.0%± 0.17% 265.8+0.26%

−0.07% ± 3.6%± 0.40%

450. 737.7+0.26%
−0.17% ± 2.0%± 0.16% 253.3+0.26%

−0.08% ± 3.6%± 0.39%

460. 708.5+0.26%
−0.18% ± 2.0%± 0.16% 241.5+0.27%

−0.10% ± 3.7%± 0.39%

470. 680.9+0.26%
−0.19% ± 2.0%± 0.15% 230.5+0.27%

−0.11% ± 3.7%± 0.39%

480. 654.5+0.26%
−0.20% ± 2.0%± 0.14% 220.0+0.27%

−0.13% ± 3.7%± 0.38%

490. 629.5+0.26%
−0.21% ± 2.0%± 0.13% 210.2+0.26%

−0.14% ± 3.8%± 0.38%

500. 605.7+0.26%
−0.22% ± 2.0%± 0.13% 200.8+0.27%

−0.15% ± 3.8%± 0.38%

550. 502.4+0.26%
−0.27% ± 2.0%± 0.09% 161.1+0.27%

−0.21% ± 3.9%± 0.36%

600. 420.3+0.26%
−0.33% ± 2.0%± 0.05% 130.6+0.27%

−0.28% ± 4.1%± 0.35%

650. 354.3+0.27%
−0.38% ± 2.0%± 0.02% 106.9+0.26%

−0.33% ± 4.3%± 0.34%

700. 300.7+0.27%
−0.43% ± 2.1%± 0.01% 88.12+0.26%

−0.39% ± 4.4%± 0.33%

750. 256.7+0.27%
−0.48% ± 2.1%± 0.05% 73.17+0.27%

−0.45% ± 4.6%± 0.32%

800. 220.3+0.27%
−0.53% ± 2.1%± 0.08% 61.13+0.27%

−0.50% ± 4.7%± 0.31%

850. 189.9+0.27%
−0.57% ± 2.1%± 0.11% 51.36+0.27%

−0.56% ± 4.9%± 0.31%

900. 164.4+0.28%
−0.62% ± 2.1%± 0.14% 43.37+0.27%

−0.61% ± 5.0%± 0.30%
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Table 143: Continuation of Table 142.

m5 [ GeV] σNNLO
1 (H++

5 ) [fb] σNNLO
1 (H−−5 ) [fb]

950. 142.8+0.28%
−0.67% ± 2.2%± 0.17% 36.79+0.28%

−0.66% ± 5.2%± 0.30%

1000. 124.5+0.28%
−0.71% ± 2.2%± 0.20% 31.33+0.28%

−0.72% ± 5.4%± 0.30%

1050. 108.9+0.28%
−0.76% ± 2.2%± 0.23% 26.79+0.29%

−0.78% ± 5.5%± 0.30%

1100. 95.49+0.30%
−0.80% ± 2.2%± 0.25% 22.98+0.27%

−0.84% ± 5.7%± 0.30%

1150. 83.95+0.32%
−0.84% ± 2.3%± 0.28% 19.78+0.30%

−0.88% ± 5.9%± 0.30%

1200. 73.98+0.34%
−0.89% ± 2.3%± 0.31% 17.07+0.33%

−0.93% ± 6.0%± 0.31%

1250. 65.33+0.36%
−0.94% ± 2.3%± 0.34% 14.77+0.34%

−0.98% ± 6.2%± 0.31%

1300. 57.81+0.38%
−0.98% ± 2.3%± 0.36% 12.81+0.37%

−1.04% ± 6.4%± 0.32%

1350. 51.24+0.39%
−1.02% ± 2.4%± 0.39% 11.14+0.40%

−1.09% ± 6.6%± 0.32%

1400. 45.50+0.42%
−1.07% ± 2.4%± 0.41% 9.706+0.43%

−1.14% ± 6.8%± 0.33%

1450. 40.46+0.44%
−1.11% ± 2.4%± 0.44% 8.474+0.45%

−1.19% ± 6.9%± 0.34%

1500. 36.04+0.46%
−1.16% ± 2.4%± 0.46% 7.412+0.48%

−1.24% ± 7.1%± 0.35%

1550. 32.14+0.48%
−1.21% ± 2.5%± 0.48% 6.493+0.50%

−1.29% ± 7.3%± 0.36%

1600. 28.70+0.50%
−1.25% ± 2.5%± 0.51% 5.698+0.53%

−1.34% ± 7.5%± 0.38%

1650. 25.66+0.52%
−1.30% ± 2.5%± 0.53% 5.008+0.55%

−1.40% ± 7.7%± 0.39%

1700. 22.97+0.54%
−1.34% ± 2.5%± 0.56% 4.408+0.57%

−1.45% ± 8.0%± 0.41%

1750. 20.57+0.57%
−1.39% ± 2.6%± 0.58% 3.885+0.60%

−1.50% ± 8.2%± 0.42%

1800. 18.45+0.59%
−1.43% ± 2.6%± 0.60% 3.428+0.62%

−1.56% ± 8.4%± 0.44%

1850. 16.56+0.62%
−1.48% ± 2.6%± 0.62% 3.028+0.65%

−1.61% ± 8.6%± 0.46%

1900. 14.88+0.64%
−1.53% ± 2.7%± 0.65% 2.678+0.68%

−1.66% ± 8.9%± 0.48%

1950. 13.37+0.66%
−1.58% ± 2.7%± 0.67% 2.371+0.70%

−1.72% ± 9.1%± 0.50%

2000. 12.03+0.69%
−1.63% ± 2.7%± 0.69% 2.101+0.73%

−1.77% ± 9.4%± 0.52%

2050. 10.83+0.71%
−1.67% ± 2.8%± 0.71% 1.863+0.76%

−1.83% ± 9.6%± 0.54%

2100. 9.756+0.74%
−1.72% ± 2.8%± 0.73% 1.654+0.79%

−1.87% ± 9.9%± 0.57%

2150. 8.793+0.76%
−1.77% ± 2.8%± 0.75% 1.469+0.82%

−1.93% ± 10.2%± 0.59%

2200. 7.930+0.78%
−1.82% ± 2.9%± 0.77% 1.306+0.85%

−1.99% ± 10.4%± 0.62%

2250. 7.155+0.80%
−1.88% ± 2.9%± 0.80% 1.162+0.88%

−2.04% ± 10.7%± 0.64%

2300. 6.459+0.83%
−1.92% ± 2.9%± 0.82% 1.035+0.90%

−2.09% ± 11.0%± 0.67%

2350. 5.833+0.86%
−1.98% ± 3.0%± 0.84% 0.9221+0.94%

−2.15% ± 11.3%± 0.70%

2400. 5.270+0.89%
−2.03% ± 3.0%± 0.86% 0.8222+0.96%

−2.21% ± 11.6%± 0.73%

2450. 4.763+0.92%
−2.08% ± 3.1%± 0.88% 0.7334+0.99%

−2.26% ± 11.9%± 0.76%

2500. 4.306+0.95%
−2.12% ± 3.1%± 0.90% 0.6545+1.02%

−2.32% ± 12.3%± 0.80%

2550. 3.895+0.96%
−2.18% ± 3.1%± 0.92% 0.5844+1.05%

−2.37% ± 12.6%± 0.83%

2600. 3.524+1.00%
−2.23% ± 3.2%± 0.94% 0.5221+1.08%

−2.43% ± 12.9%± 0.86%

2650. 3.189+1.02%
−2.28% ± 3.2%± 0.96% 0.4666+1.12%

−2.47% ± 13.3%± 0.90%

2700. 2.886+1.05%
−2.33% ± 3.3%± 0.98% 0.4172+1.14%

−2.53% ± 13.6%± 0.94%

2750. 2.613+1.07%
−2.38% ± 3.3%± 1.00% 0.3732+1.18%

−2.57% ± 14.0%± 0.97%

2800. 2.367+1.10%
−2.44% ± 3.3%± 1.02% 0.3340+1.22%

−2.63% ± 14.4%± 1.01%

2850. 2.144+1.14%
−2.49% ± 3.4%± 1.04% 0.2990+1.24%

−2.69% ± 14.8%± 1.05%

2900. 1.942+1.17%
−2.54% ± 3.4%± 1.06% 0.2677+1.27%

−2.74% ± 15.2%± 1.09%

2950. 1.760+1.19%
−2.61% ± 3.5%± 1.07% 0.2398+1.30%

−2.80% ± 15.6%± 1.14%

3000. 1.594+1.21%
−2.65% ± 3.5%± 1.09% 0.2149+1.33%

−2.86% ± 16.0%± 1.18%
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Table 144: Tree-level total decay widths for H±±5 , H±5 , and H0
5 in the GM model, rescaled to sH = 1 and assuming

that BR(H5 → VV) = 1. The uncertainty on the total widths from uncalculated NLO electroweak corrections
should be taken as ±12%. We also give BR(H0

5 → W+W−), assuming that BR(H0
5 → W+W−) + BR(H0

5 →
ZZ) = 1, and its uncertainty from the uncalculated NLO electroweak corrections.

m5 [ GeV] Γtot
1 (H±±5 ) [ GeV] Γtot

1 (H±5 ) [ GeV] Γtot
1 (H0

5) [ GeV] BR(H0
5→W+W−)

200. 1.006 0.8608 0.8008 0.4187+14.%
−14.%

210. 1.275 1.118 1.071 0.3969+15.%
−14.%

220. 1.578 1.410 1.362 0.3863+15.%
−14.%

230. 1.921 1.737 1.686 0.3799+15.%
−14.%

240. 2.307 2.105 2.051 0.3749+15.%
−15.%

250. 2.739 2.516 2.459 0.3714+16.%
−15.%

260. 3.219 2.975 2.912 0.3685+16.%
−15.%

270. 3.750 3.484 3.414 0.3661+16.%
−15.%

280. 4.333 4.045 3.968 0.3640+16.%
−15.%

290. 4.972 4.660 4.577 0.3621+16.%
−15.%

300. 5.666 5.332 5.241 0.3604+16.%
−15.%

310. 6.420 6.063 5.965 0.3588+16.%
−15.%

320. 7.235 6.854 6.748 0.3574+16.%
−15.%

330. 8.112 7.708 7.595 0.3560+16.%
−15.%

340. 9.054 8.627 8.506 0.3548+16.%
−15.%

350. 10.06 9.612 9.483 0.3537+16.%
−15.%

360. 11.14 10.67 10.53 0.3526+16.%
−15.%

370. 12.29 11.79 11.65 0.3517+16.%
−15.%

380. 13.51 12.99 12.83 0.3508+16.%
−15.%

390. 14.80 14.26 14.10 0.3499+16.%
−15.%

400. 16.17 15.60 15.44 0.3491+16.%
−15.%

410. 17.62 17.03 16.85 0.3484+16.%
−15.%

420. 19.14 18.53 18.35 0.3477+16.%
−15.%

430. 20.75 20.12 19.93 0.3471+16.%
−15.%

440. 22.45 21.79 21.59 0.3465+16.%
−15.%

450. 24.23 23.55 23.34 0.3459+16.%
−15.%

460. 26.09 25.39 25.18 0.3454+16.%
−15.%

470. 28.05 27.33 27.10 0.3449+16.%
−15.%

480. 30.09 29.35 29.12 0.3445+16.%
−15.%

490. 32.24 31.47 31.23 0.3440+16.%
−15.%

500. 34.47 33.68 33.44 0.3436+16.%
−15.%

550. 47.15 46.25 45.97 0.3419+16.%
−15.%

600. 62.49 61.48 61.16 0.3406+16.%
−15.%

650. 80.74 79.63 79.27 0.3395+16.%
−15.%

700. 102.1 100.9 100.5 0.3387+17.%
−15.%

750. 126.9 125.6 125.2 0.3380+17.%
−15.%

800. 155.4 153.9 153.5 0.3375+17.%
−15.%

850. 187.7 186.1 185.6 0.3370+17.%
−15.%

900. 224.1 222.4 221.9 0.3367+17.%
−15.%
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Table 145: Continuation of Table 144.

m5 [ GeV] Γtot
1 (H±±5 ) [ GeV] Γtot

1 (H±5 ) [ GeV] Γtot
1 (H0

5) [ GeV] BR(H0
5→W+W−)

950. 264.9 263.1 262.5 0.3363+17.%
−15.%

1000. 310.3 308.4 307.8 0.3361+17.%
−15.%

1050. 360.5 358.5 357.8 0.3358+17.%
−15.%

1100. 415.8 413.7 413.0 0.3356+17.%
−15.%

1150. 476.5 474.2 473.4 0.3355+17.%
−15.%

1200. 542.7 540.3 539.5 0.3353+17.%
−15.%

1250. 614.7 612.2 611.3 0.3352+17.%
−15.%

1300. 692.7 690.1 689.2 0.3350+17.%
−15.%

1350. 777.1 774.3 773.4 0.3349+17.%
−15.%

1400. 868.0 865.1 864.1 0.3348+17.%
−15.%

1450. 965.7 962.6 961.6 0.3347+17.%
−15.%

1500. 1070. 1067. 1066. 0.3347+17.%
−15.%

1550. 1182. 1179. 1178. 0.3346+17.%
−15.%

1600. 1302. 1298. 1297. 0.3345+17.%
−15.%

1650. 1429. 1425. 1424. 0.3345+17.%
−15.%

1700. 1564. 1560. 1559. 0.3344+17.%
−15.%

1750. 1708. 1704. 1702. 0.3344+17.%
−15.%

1800. 1860. 1855. 1854. 0.3343+17.%
−15.%

1850. 2020. 2016. 2014. 0.3343+17.%
−15.%

1900. 2190. 2185. 2184. 0.3342+17.%
−15.%

1950. 2369. 2364. 2362. 0.3342+17.%
−15.%

2000. 2557. 2552. 2550. 0.3342+17.%
−15.%

2050. 2755. 2750. 2748. 0.3341+17.%
−15.%

2100. 2962. 2957. 2956. 0.3341+17.%
−15.%

2150. 3180. 3175. 3173. 0.3341+17.%
−15.%

2200. 3409. 3403. 3401. 0.3341+17.%
−15.%

2250. 3648. 3642. 3640. 0.3340+17.%
−15.%

2300. 3898. 3892. 3890. 0.3340+17.%
−15.%

2350. 4159. 4153. 4151. 0.3340+17.%
−15.%

2400. 4431. 4425. 4423. 0.3340+17.%
−15.%

2450. 4716. 4709. 4707. 0.3340+17.%
−15.%

2500. 5011. 5005. 5002. 0.3339+17.%
−15.%

2550. 5319. 5312. 5310. 0.3339+17.%
−15.%

2600. 5640. 5633. 5630. 0.3339+17.%
−15.%

2650. 5973. 5965. 5963. 0.3339+17.%
−15.%

2700. 6319. 6311. 6308. 0.3339+17.%
−15.%

2750. 6678. 6669. 6667. 0.3339+17.%
−15.%

2800. 7050. 7041. 7039. 0.3339+17.%
−15.%

2850. 7435. 7427. 7424. 0.3338+17.%
−15.%

2900. 7835. 7826. 7823. 0.3338+17.%
−15.%

2950. 8249. 8239. 8236. 0.3338+17.%
−15.%

3000. 8676. 8667. 8664. 0.3338+17.%
−15.%
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IV.4.5 Singlet
IV.4.5.a Introduction

The simplest extension of the SM where a resonant di-Higgs final state would be detectable is the one
where an extra real or complex spin-zero gauge singlet is added to its field content. This is also the
minimal model for dark matter [1284–1294] and for electroweak baryogenesis by allowing a strong
first-order phase transition during the era of EWSB [1295–1299]. Although minimal, this extension
provides a rich collider phenomenology leading to some distinctive signatures that can be tested at the
LHC [477, 1300–1306]. There is also some discussion about the singlet model in Chapter I.7 of this
document.

In this section we present the real (RxSM) and the complex (CxSM) singlet extensions of the SM.
The minimal versions of these models that we will discuss can have at least two phases. A Z2-symmetric
phase, with one dark matter candidate, and a broken phase, where the singlet component(s) mix with the
neutral Higgs field fluctuation of the SM Higgs doublet. Both models can be used as simple benchmarks
for resonant double Higgs boson production pp→ H→ hh, with MH > 2Mh. Furthermore, the CxSM
is the simplest extension that also provides a scenario where a heavy scalar h 3 may decay into two other
scalars h 1, h 2 with different masses, h 3→ h 2h 1.

The CxSM is an extension of the SM where a complex singlet field

S = S + iA , (IV.4.41)

with hypercharge zero, is added to the SM field content. The most general renormalizable scalar potential
with a U(1) global symmetry that is softly broken by terms with mass dimension up to two, is given by

VCxSM =
m2

2
H†H +

λ

4
(H†H)2 +

δ2

2
H†H|S|2 +

b2
2
|S|2 +

d2

4
|S|4 +

(
b1
4
S2 + a1S + c.c.

)
. (IV.4.42)

The soft breaking terms in Eq. (IV.4.42) are shown in parenthesis. The doublet and the complex singlet
are

H =
1√
2

(
G+

v + h + iG0

)
and S =

1√
2

[
vS + s + i(vA + a)

]
, (IV.4.43)

respectively. Here v ≈ 246 GeV and vS and vA are the real and imaginary parts of the complex singlet
field VEV, respectively.

The various phases of the model were discussed in [1220]. A number of models can be obtained
with the same field content by imposing extra symmetries on the potential. For example the exact U(1)-
symmetric potential has a1 = b1 = 0, leading to either one or to two dark matter candidates depending on
the pattern of symmetry breaking. Here we will focus on the version of the model where the potential is
symmetric under S→ S∗, or, equivalently symmetric under a Z2 symmetry for the imaginary component
A. In this case both the soft breaking terms, {a1, b1}, and the other parameters, {m,λ, δ2, b2, d2}, have
to be real. Under these conditions there are two phases, namely,

– vA = 0 and vS 6= 0 - mixing between the doublet field h and the real component s of the singlet;
the imaginary component A ≡ a becomes a dark matter candidate. We call it the symmetric or
dark matter phase.

– vS 6= 0 and vA 6= 0 - no dark matter candidate and mixing among all scalars. We call it the broken
phase.

The model phases are summarized in table 146.

In order to obtain the couplings of the scalars to the SM particles one first defines the mass eigen-
states h i (i= 1, 2, 3). These are obtained from the gauge eigenstates h, s and a through the mixing
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Table 146: Phase classification for the version of the CxSM with the S→ S∗ symmetry.

Phase Scalar content VEVs at global minimum

Symmetric (dark) 2 mixed + 1 dark 〈S〉 6= 0 and 〈A〉 = 0

Broken (�Z2 ) 3 mixed 〈S〉 6= 0 and 〈A〉 6= 0

matrix R 


h 1

h 2

h 3


 = R




h

s

a


 , (IV.4.44)

with
RM2RT = diag

(
m2

1,m
2
2,m

2
3

)
. (IV.4.45)

Here m1 ≤ m2 ≤ m3 are the masses of the neutral Higgs particles. The mixing matrix R is parameter-
ized as

R =




c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3


 (IV.4.46)

with si ≡ sinαi and ci ≡ cosαi (i = 1, 2, 3) and

− π/2 < αi ≤ π/2 . (IV.4.47)

All scalar couplings to the SM particles are modified by the same matrix element Ri1, which is
independent of the SM particle. This means that for any SM coupling λ(p)

hSM
, where p runs over all SM

fermions and gauge bosons, the corresponding coupling in the singlet model, for the scalar hi, is given
by

λ
(p)
i = Ri1λ

(p)
hSM

. (IV.4.48)

The self interactions are presented in [486] and in the code sHDECAY. In the particular case of the dark
matter phase,Ri1 = (R11, R21, 0). The state i = 3 (i.e. A) then corresponds to the dark matter candidate
which does not couple to any of the remaining SM particles. The model has seven free parameters which
are chosen to be {α1, α2, α3, v, vS,m1,m3} for the broken phase and {α1, v, vS, a1,m1,m2,m3 ≡
MA} for the dark matter phase.

The real singlet model, RxSM, is obtained with the addition of a real singlet S with a Z2 symmetry
(S→ −S) to the SM. The most general renormalizable potential then reads

VRxSM =
m2

2
H†H +

λ

4
(H†H)2 +

λHS

2
H†HS2 +

m2
S

2
S2 +

λS

4!
S4 , (IV.4.49)

where m, λ, λHS, mS and λS are real and

H =
1√
2

(
G+

v + h + iG0

)
and S = vS + s . (IV.4.50)

Here, again, v ≈ 246 GeV is the SM Higgs VEV, and vS is the singlet VEV. The benchmarks presented
for this model are for the broken phase, vS 6= 0, where m1 and m2 are the mass-ordered scalar states.
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The mixing matrix has the same form as the sub-block responsible for the mixing in the dark phase of
the CxSM, i.e. when α1 ≡ α and α2 = α3 = 0. In the symmetric phase of the RxSM, which we will not
discuss here, one of the scalars is the SM-like Higgs boson while the other is the dark matter candidate.

The model has five independent parameters. Two different sets of parameters were proposed.
Common to both sets are the particle masses, {m1,m2}, the angle α1 ≡ α (or sinα) and the SM VEV
v, which is determined from the Fermi constant GF . The remaining independent parameter is chosen to
be vS or tanβ = v/vS.

The renormalization of the RxSM has recently been addressed in [479,1307]. It was found [1307]
that the electroweak corrections to Higgs bosons decays to gauge bosons and fermions are at most of the
order of 1% and this maximal value is attained in the limit where the theory becomes indistinguishable
from the SM. In [479] it was found that the corrections to the triple scalar vertex (Hhh) are small,
typically of a few per cent, once all theoretical and experimental constraints are taken into account.

The issue of interference in beyond the SM scenarios has been raised in [528] for the particular
case of a real singlet extension of the SM. Although these interference effects can be large, it was shown
in [527] for the process gg → h∗,H(∗) → ZZ→ 4` at 8 TeV, that judicious kinematical cuts can be used
in the analysis to reduce the interference effects to O(10%). Interference effects were also studied for
gg → h∗,H(∗) → hh at next-to-leading order (NLO) in QCD [485]. It was found that the interference
effects distort the double Higgs boson invariant mass distributions. Depending on the heavier Higgs
boson mass value, they can either decrease by 30% or increase by 20%. Furthermore, it was shown
that the NLO QCD corrections are large and can significantly distort kinematic distributions near the
resonance peak. This means that any experimental analysis to be performed in the future should take
these effects into account.

IV.4.5.a.i Constraints Applied to the Singlet Models

To restrict the parameter space of the singlet models various theoretical and phenomenological con-
straints have been applied. These have been described in detail in [482–484, 1308] for the first set of
benchmarks and in [1220, 1309] for the second set. Here we will only discuss them briefly.

Theoretical constraints

The following theoretical constraints are applied both to the CxSM and to the RxSM: : i) the potential
must be bounded from below; ii) the vacuum is the global minimum and iii) perturbative unitarity holds.

The first set of benchmarks also demands perturbativity of the couplings. These are imposed using
one-loop RGEs [1310]. The perturbativity and minimization conditions i), ii) are required to hold at a
scale of ∼ 1010 GeV.

For the second set of benchmarks, the conditions that the potential is bounded from below and
that the couplings remain perturbative were required to hold at higher scales with the two-loop RGE
evolution of the couplings, as discussed in [1309].

Dark matter constraints

In the dark phase of the CxSM, the relic density ΩAh
2 is computed using micrOMEGAS [1311] and

points in parameter space are excluded if ΩAh
2 is larger than Ωch

2 + 3σ. Here Ωch
2 = 0.1199 ±

0.0027 is the combined result from the WMAP and Planck satellites [1312, 1313] and σ is the standard
deviation. Direct detection bounds are imposed with the spin-independent scattering cross section of
weakly interacting massive particles (WIMPs) on nucleons also with micrOMEGAS with the procedure
described in [1220]. Points are rejected if the cross section is larger than the upper bound obtained by
the LUX2013 collaboration [1258].
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Electroweak precision observables

A 95% exclusion limit is applied from the electroweak precision observables S, T, U [1233, 1314]. The
first set of benchmarks also takes explicit limits from a higher order calculation of the W-boson mass
[483] into account.

Collider constraints

The strongest phenomenological constraints come from collider data and in particular from the the LHC
data. Whichever the model or phase under discussion, one of the scalars has to match the observed
signal for a Higgs boson with a mass of ' 125 GeV. The remaining scalars must be compatible with
the exclusion limits set by the Tevatron, LEP and LHC searches. 95% C.L. exclusion limits were applied
using HiggsBounds [1239]. As for consistency with the Higgs boson signal measurements, we test the
global signal strength of the 125 GeV Higgs boson with the latest combination of the ATLAS and the
CMS LHC Run 1 datasets, i.e. µ125 = 1.09± 0.11 [6].

In the first set of benchmark points HiggsSignals [1240] is used to explore the Higgs boson
signal rate constraints in the mass range 100−150 GeV. This way a potential signal overlap of the two
Higgs states in the LHC signal rate measurement can approximately be taken into account.

HiggsBounds [1315–1317] computes internally various experimental quantities such as the signal
rates

µh i
=
σNew(h i)BRNew (h i→ XSM)

σSM(h i)BRSM (h i→ XSM)
. (IV.4.51)

Here σNew denotes the production cross section of the Higgs boson h i in the new model under consider-
ation and σSM the SM production cross section of a Higgs boson with the same mass. Similarly, BRNew

is the branching ratio in the new model for h i to decay into a final state with SM particles XSM. BRSM

is the corresponding SM quantity for a Higgs boson with the same mass. In singlet models, at leading
order (and also at higher order in QCD), the cross section ratios are all simply given by the suppression
factor squared, R2

i1, see Eq. (IV.4.48).

IV.4.5.b Tools

Cross sections for Higgs boson production via gluon fusion were calculated with the programs SusHi [135]
and HIGLU [133] at next-to-next-to-leading order (NNLO) QCD and with higher order electroweak cor-
rections consistently turned off. All other cross sections were rescaled from the SM ones by HiggsBounds
using its internal tables.

The points for the first set are all obtained from the rescaled SM ones except for the width for
H→ hh which was calculated at LO.

The points for the second set of benchmarks were obtained with the ScannerS code [1220, 1318]
where all the constraints previously described are either in-built or interfaced with other codes. The
branching ratios for the new scalars were calculated with the new implementation of the CxSM and
RxSM in HDECAY [69, 71] called sHDECAYIV.24 [486].

IV.4.5.c Benchmarks

In this section benchmark points for the real and complex singlet extensions are presented. For each
set of points, plane or scenario a physical motivation is given together with the main features of the
benchmark.

IV.24The code sHDECAY is available at http://www.itp.kit.edu/~maggie/sHDECAY/.

http://www.itp.kit.edu/~maggie/sHDECAY/
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IV.4.5.c.i Benchmark Points and Planes for the RxSM
IV.4.5.c.i.1 Benchmark Points BP1

See Tables 147-149.

IV.4.5.c.i.2 Benchmark planes

See Tables 150 and 151.

As input parameters, we have three independent parameters,

m ≡ mH/h, sinα, tanβ

where the latter affects the collider phenomenology only via the additional decay channel H→ hh.
Note that from a collider perspective, for cases where the decay mode H → hh is kinematically allowed,
the third input variable could be replaced by either the total width of the heavier state, the branching ratio
BR (H → hh), or the partial decay width into this channel respectively, such that
{
m ≡MH/h, sinα, tanβ

}
;
{
m ≡MH/h, sinα, Γ(H)

}
;
{
m ≡MH/h, sinα, BR(H→ hh)

}

are all viable parameter choices.

IV.4.5.d Benchmark points for the CxSM and RxSM
In the numbers presented we have set the SM-like Higgs boson mass to 125.1 GeV which is the central
valueIV.25 of the ATLAS/CMS combination reported in [5].

IV.4.5.d.i Benchmark Points for the CxSM and RxSM
The benchmark points to be presented were chosen as to cover different physical situations. The first
goal is to maximize the number of scalars being produced while preserving consistency with the LHC
Run 1 measurements. Hence we require to be consistent with the global signal strength obtained by the
combination of the ATLAS and CMS data from the LHC Run 1, within at most 3σ. In most scenarios
we find points satisfying the required properties within 2σ.

Besides phenomenological requirements, whenever possible, we choose points for which the
model remains stable up to a large cutoff scale µ, where the theory reaches a Landau pole or the scalar
potential develops a runaway direction (a detailed two-loop analysis can be found in [1309]). In the dark
matter phase, we require that the dark matter relic density predicted by the model, ΩAh

2, is within 3σ of
the central value for the WMAP and Planck combination quoted in Section IV.4.5.a.i.

IV.4.5.d.ii CxSM Broken Phase
In Tables 152 and 153 we show a sample of various kinematically allowed set-ups for the three mixing
scalars of the broken phase of the CxSM. The first, Table 152, contains the parameters which define the
chosen benchmark points and the production rates of the lightest and next-to-lightest Higgs bosons h 1

and h 2 in the various final states. The corresponding values for h 3 are listed in Table 153. For h 2 and h 3

the tables contain, in particular, the Higgs-to-Higgs boson decay rates. We also give the signal rates Mh i

(i= 1, 2, 3) as defined in Eq. (IV.4.51). An interesting feature is that there are points which stabilize the
model up to a large cutoff scale, log10(µ/ GeV), as shown for example for CxSM.B3 and CxSM.B4 in
Table 153. Most points are such that the cross sections for the indirect decay channels of the new scalars
can compete with the direct decays. In particular, in most cases, we have tried to maximize h 3 → h 2h 1

where all three scalars could be observed at once. We have furthermore chosen points with large cross
sections for the new scalars, so that they can also be detected directly in their decays.

Regarding the various kinematical possibilities, we have chosen:
IV.25The reported value with the experimental errors is Mh = 125.09± 0.21(stat)± 0.11(syst) GeV.
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– Two points where the SM-like Higgs boson is the lightest scalar (CxSM.B1 and CxSM.B2): For
CxSM.B1 all Higgs-to-Higgs boson decay channels are open apart from h 3 → h 2h 2.IV.26 and it
has a large ratio µCh125

/µTh125
. The latter measures the importance of the production of the SM-like

Higgs boson in the chain decay of a heavier scalar, µCh125
, compared to the total rate µTh125

– see
also [486]. The additional Higgs-to-Higgs boson decays, e.g. h 2,3→ h 1h 1→ bbττ, have rates of
a few fb, suggesting that all new scalars are expected to be observed. On the other hand, CxSM.B2
has a lighter Higgs boson mass spectrum since only the h 3 → h125h125 Higgs-to-Higgs boson
decay is open. This has a large branching ratio of ∼ 48% and allows for the largest fraction of
chain decays, µCh125

/µTh125
' 4%, of all the five benchmark points. In addition to the direct decays

to SM particles (mostly into massive vector bosons), the scalar h 3 should also be accessible in the
chain decays into a pair of h125 bosons (4b, 2b2τ or 2b2W final states), whereas h 2 would be
visible in its direct decays (also mostly into massive vector bosons).

– Two points where the SM-like Higgs boson is the next-to-lightest scalar (CxSM.B3 and CxSM.B4):
For CxSM.B3 all kinematic situations for the scalar decays are available while the spectrum re-
mains light. Both the Higgs-to-Higgs boson decays for h 2,3 and the direct decays of h 1 have been
maximized so that all scalars may be discovered either in chain decays (where the cross-sections
can be of the order of 10−100 [fb]) or through their direct decays. The most significant difference
in CxSM.B4 is the larger h 1 mass so that the channel h 2→ h 1h 1 is kinematically closed.

– One point where the SM-like Higgs boson is the heaviest scalar (CxSM.B5): This does not allow for
SM-like Higgs boson production through chain decays and, since h 3 ≡ h125, the overall spectrum
is very light. This point was chosen to have large branching fractions for the Higgs-to-Higgs boson
decays h 3 → h 1h 1 or h 3 → h 1h 2 (h 2 → h 1h 1 is closed), which can reach up to ∼ 500 fb and
∼ 100 fb respectively, in the bbττ final state. The lightest Higgs boson h 1 can also be observed
directly, for example in decays to bb or ττ, and so can h 2 (though with smaller rates).

IV.4.5.d.iii CxSM Dark Phase

For the first two points, CxSM.D1 and CxSM.D2, the lightest of the two visible scalars is the SM-like
Higgs boson and, except for h 1 in CxSM.D2, all visible scalars have large invisible decay branching
ratios. The branching ratios for the Higgs-to-Higgs boson decays h 2 → h 1h 1 are large with 18.4% for
CxSM.D1 and 28% for CxSM.D2, and the cross sections for the direct production of h 2 are also large,
so that it can be discovered in its direct decays into SM particles. An attractive feature of these two
points is that the new heavy scalar h 2 can stabilize the theory up to a high scale as can be inferred from
log10(µ/ GeV) in the last row of the table.

In the scenarios CxSM.D3 and CxSM.D4 the SM-like Higgs boson is the heaviest of the two
visible Higgs bosons. The overall spectrum is lighter and the theory must have a UV completion above
∼ 103 TeV. Point CxSM.D3 represents a case with no invisible decays, and in CxSM.D4 decays of the
SM-like Higgs boson h 2 into a lighter Higgs boson pair are forbidden while allowing for a large invisible
decay into the dark matter state A. In CxSM.D3 µh 2

is at the edge of compatibility with the LHC data,
while allowing for the light Higgs state h 1 to be discovered in the chain decay of the SM-like Higgs
boson h 2 into an h 1 pair or through its direct production (compare for example the 4b and the bbττ final
state with the direct production).

CxSM.D4, represents the challenging case where the non-SM-like light h 1 has a mass close to the
SM-like Higgs boson and a very large invisible decay. This point is only accessible in its direct decays
into SM particles with largest rates in the bb and ττ final states.

IV.26In this scenario we do not present a case with all channels open because the spectrum would be even heavier and more
difficult to be tested.
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IV.4.5.d.iv RxSM Broken Phase
Table 155 contains four benchmark points for the two possible kinematic configurations in this model.

For the points RxSM.B1 and RxSM.B2 the SM-like Higgs boson is the lightest of the two scalar
states. Benchmark RxSM.B1 allows a relatively large σ2×BR(h 2→ h 1h 1), comparable to the direct h 2

production cross section, and in particular the bbττ final state reaches 72 fb. For RxSM.B2 the decay into
scalars is kinematically closed, but instead various direct decay channels of h 2 are enhanced compared
to RxSM.B1, most notably the WW final state but also bb, ττ and γγ .

The points RxSM.B3 and RxSM.B4 feature a SM-like Higgs boson which is the heaviest of the
two scalars. RxSM.B3 is such that the non-SM-like Higgs boson h 1 can be found directly or in the decay
h 2→ h 1h 1. One should note the large rates for the direct h 1 production and decay into the bb and also
ττ final states and compare with the indirect processes h 2 → h 1h 1 → bb + bb and bb + ττ, where the
magnitude of the latter two is comparable to the former two. RxSM.B4 represents the situation where
the indirect channel is closed but the cross section for direct h 1 production is larger. While this allows
for larger rates into the bb and ττ final states its discovery would be challenging since its mass is very
close to the Z boson resonance.
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Table 147: Benchmarks for fixed masses and | sinα|, floating tanβ (between scenarios a and b)

Benchmarks for the Real Singlet

Tania Robens, Tim Stefaniak

Reference: Eur.Phys.J. C76 (2016) no.5, 268 [484]

Main Features real singlet extension, with two VEVs and no hidden sector interaction

with heavy Higgs boson H and light Higgs boson h

Fixed parameters Mh = 125.1 GeV or MH = 125.1 GeV

Irrelevant parameters tanβ when channel H → hh not accessible

(LO, factorized production and decay)

additional comments a,b signify maximal and minimal BR for H → hh decay; for b, sinα < 0.

any values for tanβ between scenario a and b are allowed

BR (H → SM) needs to be rescaled by 1− BR (H → hh)

for SM final states.

Production cross sections at 14 TeV [pb] and branching fractions

BHM300 a,b

Spectrum MH=300 GeV, | sinα| = 0.31, tanβ(a) = 0.79, tanβ(b) = 0.79

σ(gg → h) 44.91

σ(gg → H) 1.09

BR(H→ hh) 0.41 (a), 0.17 (b)

BR(H→WW) 0.41 (a), 0.57 (b)

BR(H→ ZZ) 0.18 (a), 0.25 (b)

BHM400a,b

Spectrum MH=400 GeV, | sinα| = 0.26, tanβ(a) = 0.58, tanβ(b) = 0.59

σ(gg → h) 46.32

σ(gg → H) 0.76

BR(H→ hh) 0.32 (a), 0.20 (b)

BR(H→WW) 0.40 (a), 0.47 (b)

BR(H→ ZZ) 0.18 (a), 0.22 (b)

BR(H→ tt) 0.10 (a), 0.12 (b)

BHM500a,b

Spectrum MH=500 GeV, | sinα| = 0.24, tanβ(a) = 0.46, tanβ(b) = 0.47

σ(gg → h) 46.82

σ(gg → H) 0.31

BR(H→ hh) 0.26 (a), 0.19 (b)

BR(H→WW) 0.41 (a), 0.44 (b)

BR(H→ ZZ) 0.19 (a), 0.21 (b)

BR(H→ tt) 0.14 (a), 0.16 (b)
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Table 148: Benchmarks for fixed masses and | sinα|, floating tanβ (between scenarios a and b)

BHM600a,b

Spectrum MH=600 GeV, | sinα| = 0.22, tanβ(a) = 0.38, tanβ(b) = 0.38

σ(gg → h) 47.28

σ(gg → H) 0.12

BR(H→ hh) 0.25 (a), 0.19 (b)

BR(H→WW) 0.41 (a), 0.45 (b)

BR(H→ ZZ) 0.21 (a), 0.22 (b)

BR(H→ tt) 0.13 (a), 0.14 (b)

BHM700a,b

Spectrum MH=700 GeV, | sinα| = 0.21, tanβ(a) = 0.31, tanβ(b) = 0.32

σ(gg → h) 47.49

σ(gg → H) 0.050

BR(H→ hh) 0.24 (a), 0.19 (b)

BR(H→WW) 0.44 (a), 0.47 (b)

BR(H→ ZZ) 0.22 (a), 0.23 (b)

BR(H→ tt) 0.10 (a), 0.11 (b)

BHM800a,b

Spectrum MH=800 GeV, | sinα| = 0.2, tanβ(a) = 0.25, tanβ(b) = 0.27

σ(gg → h) 47.46

σ(gg → H) 0.022

BR(H→ hh) 0.23 (a), 0.19 (b)

BR(H→WW) 0.46 (a), 0.48 (b)

BR(H→ ZZ) 0.23 (a), 0.24 (b)

BR(H→ tt) 0.08 (a), 0.09 (b)

BHM200

Spectrum MH=200 GeV, | sinα| = 0.29, tanβ = 1.19

σ(gg → h) 45.50

σ(gg → H) 1.74

BR(H→ SM) as a 200 GeV SM Higgs boson
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Table 149: Benchmarks for fixed masses and | sinα|, floating tanβ (between scenarios a and b). In scenario b
tanβ = − cot α. Low mass cross sections are courtesy of M. Grazzini

BHM60a,b

Spectrum Mh=60 GeV, | sinα| = 0.9997, tanβ(a) = 3.48, tanβ(b) = 0.025

σ(gg → h) 0.10

σ(gg → H) 49.65

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)

BHM50a,b

Spectrum Mh=50 GeV, | sinα| = 0.9998, tanβ(a) = 3.25, tanβ(b) = 0.020

σ(gg → h) 0.098

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)

BHM40a,b

Spectrum Mh=40 GeV, | sinα| = 0.9998, tanβ(a) = 3.13, tanβ(b) = 0.020

σ(gg → h) 0.16

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)

BHM30a,b

Spectrum Mh=30 GeV, | sinα| = 0.9998, tanβ(a) = 3.16, tanβ(b) = 0.020

σ(gg → h) 0.31

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)

BHM20a,b

Spectrum Mh=20 GeV, | sinα| = 0.9998, tanβ(a) = 3.23, tanβ(b) = 0.020

σ(gg → h) 0.90

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)

BHM10a,b

Spectrum Mh=10 GeV, | sinα| = 0.9998, tanβ(a) = 3.29, tanβ(b) = 0.020

σ(gg → h) 2.98

BR(H→ hh) 0.26 (a), 0. (b)

BR(H→ SM) rescaled by 0.74 (a), as in SM (b)
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Table 150: Benchmark points for mass ranges where the onshell decay H → hh is kinematically forbidden.
Maximal values of tanβ were calculated at the maximal mixing angle, and should be applied for consistency
reasons. H decays the same way a SM-like Higgs boson of the same mass would decay, and the production cross
sections need to be rescaled by sin2 α with respect to SM predictions for the heavy and cos2 α for the light Higgs
boson. Production cross sections range from 8.21 pb (for MH = 130 GeV) to 1.8 pb (for MH = 245 GeV).

MH [ GeV] | sinα|max tanβmax MH[ GeV] | sinα|max tanβmax

130 0.42 1.79 195 0.28 1.22

135 0.38 1.73 200 0.29 1.19

140 0.36 1.69 210 0.28 1.14

145 0.35 1.62 215 0.33 1.12

150 0.34 1.57 220 0.34 1.10

160 0.36 1.49 230 0.35 1.05

180 0.30 1.32 235 0.34 1.03

185 0.27 1.28 240 0.31 1.00

190 0.29 1.26 245 0.28 0.98



Chapter IV.4. Extended Scalar Sector 595

Table 151: Maximal and minimal allowed branching ratios, taken at the maximal allowed value of | sinα|. Note
that minimal values for the BR stem from sinα ≤ 0. Decay branching ratios correspond to the BRs of a SM
Higgs boson of the same mass, rescaled by 1− BR(H → hh). Production cross sections range from 1.71 pb (for
MH = 250 GeV) to 0.004 pb (for MH = 1 TeV).

MH[ GeV] | sinα|max BR(H→ hh)min BR(H→ hh)max

255 0.31 0.09 0.27

260 0.34 0.11 0.33

265 0.33 0.13 0.36

280 0.32 0.17 0.40

290 0.31 0.18 0.40

305 0.30 0.20 0.40

325 0.29 0.21 0.40

345 0.28 0.22 0.39

365 0.27 0.21 0.36

395 0.26 0.20 0.32

430 0.25 0.19 0.30

470 0.24 0.19 0.28

520 0.23 0.19 0.26

590 0.22 0.19 0.25

665 0.21 0.19 0.24

770 0.20 0.19 0.23

875 0.19 0.19 0.22

920 0.18 0.19 0.22

975 0.17 0.19 0.21

1000 0.17 0.19 0.21
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Table 152: Benchmark points for the CxSM broken phase: The parameters of the theory that we take as input
values are denoted with a star (?). The cross sections are for

√
s ≡ 13 TeV.

Benchmarks for the CxSM – Broken phase

Raul Costa, Margarete Mühlleitner, Marco O. P.Sampaio, Rui Santos

Reference: [486] (see also [1309])

CxSM.B1 CxSM.B2 CxSM.B3 CxSM.B4 CxSM.B5

? Mh1 ( GeV) 125.1 125.1 57.83 86.79 33.17

Mh 2
( GeV) 260.6 228 125.1 125.1 64.99

? Mh 3
( GeV) 449.6 311.3 299 291.8 125.1

? α1 −0.04375 0.05125 −1.102 −1.075 1.211

? α2 0.4151 −0.4969 1.136 0.8628 −1.319

? α3 −0.6983 −0.5059 −0.02393 −0.0184 1.118

? vS ( GeV) 185.3 52.3 376.9 241.9 483.2

vA ( GeV) 371.3 201.6 236.3 286.1 857.8

λ 1.148 1.018 0.869 0.764 0.5086

δ2 −0.9988 1.158 −0.4875 −0.4971 0.01418

d2 1.819 3.46 0.6656 0.9855 0.003885

m
2 ( GeV2) 5.118× 10

4 −5.597× 10
4

2.189× 10
4

1.173× 10
4 −2.229× 10

4

b2 ( GeV2) −3.193× 10
4 −5.147× 10

4 −3.484× 10
4 −3.811× 10

4
1362

b1 ( GeV2) 9.434× 10
4

5.864× 10
4

1.623× 10
4

1.599× 10
4

3674

a1 ( GeV3) −1.236× 10
7 −2.169× 10

6 −4.325× 10
6 −2.735× 10

6 −1.255× 10
6

µ
C
h 1
/µ

T
h 1

0.0127 0.0407 0.365 0.117 0.687

µh 1
0.836 0.771 0.0362 0.0958 0.00767

σ1 ≡ σ(gg → h1) 36.1 [pb] 33.3 [pb] 6.42 [pb] 8.03 [pb] 4.61 [pb]

σ1 × BR(h1→WW) 7.55 [pb] 6.96 [pb] 0.345 [fb] 10.3 [fb] < 0.01 [fb]

σ1 × BR(h1→ ZZ) 944 [fb] 871 [fb] 0.106 [fb] 2.44 [fb] < 0.01 [fb]

σ1 × BR(h1→ bb) 21.3 [pb] 19.6 [pb] 5.48 [pb] 6.6 [pb] 4.01 [pb]

σ1 × BR(h1→ ττ) 2.29 [pb] 2.11 [pb] 501 [fb] 659 [fb] 323 [fb]

σ1 × BR(h1→ γγ) 83.7 [fb] 77.2 [fb] 2.87 [fb] 9.13 [fb] 0.617 [fb]

µ
C
h 2
/µ

T
h 2

0.0958 0 0.0128 0.0104 0.353

µh 2
0.0752 0.0759 0.782 0.785 0.0106

BR(h2→ XSM) % 87.9 100 96.2 100 100

σ2 ≡ σ(gg → h2) 1.01 [pb] 1.11 [pb] 35.1 [pb] 33.9 [pb] 1.51 [pb]

σ2 × BR(h2→WW) 618 [fb] 784 [fb] 7.06 [pb] 7.09 [pb] 0.185 [fb]

σ2 × BR(h2→ ZZ) 265 [fb] 319 [fb] 883 [fb] 887 [fb] 0.0553 [fb]

σ2 × BR(h2→ bb) 0.83 [fb] 1.66 [fb] 19.9 [pb] 20 [pb] 1.27 [pb]

σ2 × BR(h2→ ττ) 0.103 [fb] 0.201 [fb] 2.14 [pb] 2.15 [pb] 120 [fb]

σ2 × BR(h2→ γγ) 0.0189 [fb] 0.0373 [fb] 78.3 [fb] 78.6 [fb] 0.873 [fb]

BR(h2→ h1h1) % 12.1 0 3.82 0 0

σ2 × BR(h2→ h1h1) 122 [fb] 0 1.34 [pb] 0 0

σ2 × BR(h2→ h1h1→ bbbb) 42.5 [fb] 0 977 [fb] 0 0

σ2 × BR(h2→ h1h1→ bbττ) 9.13 [fb] 0 179 [fb] 0 0

σ2 × BR(h2→ h1h1→ bbWW) 30.1 [fb] 0 0.123 [fb] 0 0

σ2 × BR(h2→ h1h1→ bbγγ) 0.334 [fb] 0 1.02 [fb] 0 0

σ2 × BR(h2→ h1h1→ ττττ) 0.491 [fb] 0 8.16 [fb] 0 0
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Table 153: CxSM broken phase benchmarks (continuation of Table 152)

CxSM.B1 CxSM.B2 CxSM.B3 CxSM.B4 CxSM.B5

µh 3
0.0558 0.0791 0.0788 0.0491 0.855

BR(h3→ XSM) % 71 51.6 52.2 41.2 87.1

σ3 ≡ σ(gg → h3) 520 [fb] 1.46 [pb] 1.48 [pb] 1.2 [pb] 42.4 [pb]

σ3 × BR(h3→WW) 201 [fb] 519 [fb] 536 [fb] 344 [fb] 7.72 [pb]

σ3 × BR(h3→ ZZ) 95 [fb] 232 [fb] 238 [fb] 152 [fb] 966 [fb]

σ3 × BR(h3→ bb) 0.0569 [fb] 0.401 [fb] 0.468 [fb] 0.323 [fb] 21.8 [pb]

σ3 × BR(h3→ ττ) < 0.01 [fb] 0.0513 [fb] 0.0594 [fb] 0.0408 [fb] 2.34 [pb]

σ3 × BR(h3→ γγ) < 0.01 [fb] < 0.01 [fb] 0.0105 [fb] < 0.01 [fb] 85.6 [fb]

BR(h3→ h1h1) % 8.53 48.4 29.5 35.4 11.0

σ3 × BR(h3→ h1h1) 44.3 [fb] 706 [fb] 438 [fb] 426 [fb] 4.66 [pb]

σ3 × BR(h3→ h1h1→ bbbb) 15.4 [fb] 246 [fb] 319 [fb] 289 [fb] 3.52 [pb]

σ3 × BR(h3→ h1h1→ bbττ) 3.32 [fb] 52.8 [fb] 58.2 [fb] 57.6 [fb] 567 [fb]

σ3 × BR(h3→ h1h1→ bbWW) 10.9 [fb] 174 [fb] 0.0401 [fb] 0.897 [fb] 0.011 [fb]

σ3 × BR(h3→ h1h1→ bbγγ) 0.121 [fb] 1.93 [fb] 0.334 [fb] 0.798 [fb] 1.08 [fb]

σ3 × BR(h3→ h1h1→ ττττ) 0.178 [fb] 2.84 [fb] 2.66 [fb] 2.88 [fb] 22.9 [fb]

BR(h3→ h1h2) % 20.5 0 5.98 17.2 1.93

σ3 × BR(h3→ h1h2) 107 [fb] 0 88.8 [fb] 207 [fb] 820 [fb]

σ3 × BR(h3→ h1h2→ bbbb) 0.0518 [fb] 0 43 [fb] 100 [fb] 603 [fb]

σ3 × BR(h3→ h1h2→ bbττ) 0.012 [fb] 0 8.55 [fb] 20.8 [fb] 105 [fb]

σ3 × BR(h3→ h1h2→ bbWW) 38.6 [fb] 0 15.2 [fb] 35.8 [fb] 0.0883 [fb]

σ3 × BR(h3→ h1h2→ bbγγ) < 0.01 [fb] 0 0.191 [fb] 0.534 [fb] 0.506 [fb]

σ3 × BR(h3→ h1h2→ ττττ) < 0.01 [fb] 0 0.422 [fb] 1.08 [fb] 4.56 [fb]

BR(h3→ h2h2) % 0 0 12.3 6.24 0

σ3 × BR(h3→ h2h2) 0 0 182 [fb] 75.2 [fb] 0

σ3 × BR(h3→ h2h2→ bbbb) 0 0 58.7 [fb] 26.2 [fb] 0

σ3 × BR(h3→ h2h2→ bbττ) 0 0 12.6 [fb] 5.63 [fb] 0

σ3 × BR(h3→ h2h2→ bbWW) 0 0 41.6 [fb] 18.5 [fb] 0

σ3 × BR(h3→ h2h2→ bbγγ) 0 0 0.462 [fb] 0.206 [fb] 0

σ3 × BR(h3→ h2h2→ ττττ) 0 0 0.679 [fb] 0.303 [fb] 0

log10

(
µ

GeV

)
9.40 6.05 19.3 15.7 6.64
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Table 154: Benchmark points for the CxSM dark phase: The parameters of the theory that we take as input values
are denoted with a star (?). The cross-sections are for

√
s ≡ 13 TeV.

Benchmarks for the CxSM – Dark phase

Raul Costa, Margarete Mühlleitner, Marco O. P.Sampaio, Rui Santos, Reference: [486] (see also [1309])

CxSM.D1 CxSM.D2 CxSM.D3 CxSM.D4

? Mh 1
( GeV) 125.1 125.1 56.12 121.2

? Mh 2
( GeV) 335.2 341.4 125.1 125.1

? MA ( GeV) 52.46 93.97 139.3 51.96

? α 0.4587 −0.4156 1.507 1.358

? vS ( GeV) 812.5 987.5 177.9 909.7

λ 1.142 1.059 0.5146 0.5149

δ2 −0.3839 0.3066 −0.0362 −0.001764

d2 0.2669 0.164 0.1653 0.03508

m
2 ( GeV2) 9.21× 10

4 −1.816× 10
5 −1.503× 10

4 −1.488× 10
4

b2 ( GeV2) −6.838× 10
4 −6.027× 10

4
1.848× 10

4 −1.154× 10
4

b1 ( GeV2) 2570 1.132× 10
4 −1.883× 10

4 −2479

? a1 ( GeV3) −3.057× 10
6 −1.407× 10

7 −7.362× 10
4 −1.418× 10

5

µ
C
h 1
/µ

T
h 1

0.019 0.0235 0.97 0

µh 1
0.804 0.837 0.00404 0.0444

BR(h1→ XSM) % 70.5 100 100 1.56

σ1 ≡ σ(gg → h1) 34.7 [pb] 36.2 [pb] 759 [fb] 2.03 [pb]

σ1 × BR(h1→WW) 5.12 [pb] 7.56 [pb] 0.0331 [fb] 4.81 [fb]

σ1 × BR(h1→ ZZ) 640 [fb] 945 [fb] 0.0103 [fb] 0.561 [fb]

σ1 × BR(h1→ bb) 14.4 [pb] 21.3 [pb] 649 [fb] 20.4 [fb]

σ1 × BR(h1→ ττ) 1.55 [pb] 2.29 [pb] 58.9 [fb] 2.18 [fb]

σ1 × BR(h1→ γγ) 56.8 [fb] 83.8 [fb] 0.317 [fb] 0.0723 [fb]

σ1 × BR(h1→ AA) 10.2 [pb] 0 0 2.00 [pb]

µh 2
0.138 0.108 0.710 0.834

BR(h2→ XSM) % 70.3 66.1 71.3 87.3

σ2 ≡ σ(gg → h2) 1.83 [pb] 1.55 [pb] 43 [pb] 41.3 [pb]

σ2 × BR(h2→WW) 886 [fb] 704 [fb] 6.41 [pb] 7.54 [pb]

σ2 × BR(h2→ ZZ) 402 [fb] 320 [fb] 802 [fb] 943 [fb]

σ2 × BR(h2→ bb) 0.553 [fb] 0.417 [fb] 18.1 [pb] 21.3 [pb]

σ2 × BR(h2→ ττ) 0.0717 [fb] 0.0542 [fb] 1.95 [pb] 2.29 [pb]

σ2 × BR(h2→ γγ) 0.012 [fb] < 0.01 [fb] 71.1 [fb] 83.6 [fb]

BR(h2→ h1h1) % 18.4 28 28.7 0

σ2 × BR(h2→ h1h1) 337 [fb] 436 [fb] 12.3 [pb] 0

σ2 × BR(h2→ h1h1→ bbbb) 58.3 [fb] 152 [fb] 9.02 [pb] 0

σ2 × BR(h2→ h1h1→ bbττ) 12.5 [fb] 32.6 [fb] 1.64 [pb] 0

σ2 × BR(h2→ h1h1→ bbWW) 41.3 [fb] 107 [fb] 0.92 [fb] 0

σ2 × BR(h2→ h1h1→ bbγγ) 0.458 [fb] 1.19 [fb] 8.81 [fb] 0

σ2 × BR(h2→ h1h1→ ττττ) 0.675 [fb] 1.75 [fb] 74.3 [fb] 0

σ2 × BR(h2→ AA) 207 [fb] 91.3 [fb] 0 5.23 [pb]

ΩAh
2

0.118 0.123 0.116 0.125

log10

(
µ

GeV

)
14.9 17.1 6.69 6.69
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Table 155: Benchmark points for the RxSM broken phase: The parameters of the theory that we take as input
values are denoted with a star (?). The cross sections are for

√
s ≡ 13 TeV.

Benchmarks for the RxSM – Broken phase

Raul Costa, Margarete Mühlleitner, Marco O. P.Sampaio, Rui Santos

Reference: [486]

RxSM.B1 RxSM.B2 RxSM.B3 RxSM.B4

? Mh 1
( GeV) 125.1 125.1 55.26 92.44

? Mh 2
( GeV) 265.3 172.5 125.1 125.1

? α −0.4284 −0.4239 1.376 1.156

? vS ( GeV) 140.3 94.74 591 686.1

λ 0.828 0.595 0.5007 0.4782

λHS 0.599 0.2268 −0.01646 −0.01552

λS 9.294 9.149 0.03029 0.06182

m
2 ( GeV2) −3.688× 10

4 −2.007× 10
4 −9426 −7190

m
2
S ( GeV2) −4.863× 10

4 −2.056× 10
4 −1265 −4380

µ
C
h 1
/µ

T
h 1

0.051 0 0.557 0

µh 1
0.827 0.831 0.0376 0.163

σ1 ≡ σ(gg → h1) 35.7 [pb] 35.9 [pb] 7.26 [pb] 12.2 [pb]

σ1 × BR(h1→WW) 7.47 [pb] 7.5 [pb] 0.285 [fb] 35.4 [fb]

σ1 × BR(h1→ ZZ) 935 [fb] 938 [fb] 0.0887 [fb] 6.17 [fb]

σ1 × BR(h1→ bb) 21.1 [pb] 21.2 [pb] 6.21 [pb] 9.9 [pb]

σ1 × BR(h1→ ττ) 2.27 [pb] 2.28 [pb] 562 [fb] 1 [pb]

σ1 × BR(h1→ γγ) 82.8 [fb] 83.2 [fb] 2.93 [fb] 16.1 [fb]

µh 2
0.0887 0.169 0.857 0.837

σ2 ≡ σ(gg → h2) 1.97 [pb] 4.06 [pb] 41.6 [pb] 36.2 [pb]

σ2 × BR(h2→WW) 708 [fb] 3.9 [pb] 7.73 [pb] 7.56 [pb]

σ2 × BR(h2→ ZZ) 305 [fb] 112 [fb] 967 [fb] 946 [fb]

σ2 × BR(h2→ bb) 0.897 [fb] 30.5 [fb] 21.8 [pb] 21.3 [pb]

σ2 × BR(h2→ ττ) 0.111 [fb] 3.48 [fb] 2.35 [pb] 2.29 [pb]

σ2 × BR(h2→ γγ) 0.0204 [fb] 0.582 [fb] 85.8 [fb] 83.9 [fb]

BR(h2→ h1h1) % 48.6 0 11 0

σ2 × BR(h2→ h1h1) 960 [fb] 0 4.57 [pb] 0

σ2 × BR(h2→ h1h1→ bbbb) 334 [fb] 0 3.35 [pb] 0

σ2 × BR(h2→ h1h1→ bbττ) 71.8 [fb] 0 605 [fb] 0

σ2 × BR(h2→ h1h1→ bbWW) 237 [fb] 0 0.307 [fb] 0

σ2 × BR(h2→ h1h1→ bbγγ) 2.62 [fb] 0 3.16 [fb] 0

σ2 × BR(h2→ h1h1→ ττττ) 3.86 [fb] 0 27.4 [fb] 0
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Chapter IV.5

NMSSM

U. Ellwanger, M. Mühlleitner, F. Staub, D. Strom, R. Yohay (Eds.) R. Aggleton, B. Allanach, M. Badziak,
D. Barducci, G. Bélanger, C. Beskidt, N.E. Bomark, N. Christensen, W. de Boer, H.E. Haber, C. Han,

T. Han, C. Hugonie, D. Kazakov, S. Liebler, Z. Liu, S. Moretti, S. Munir, R. Nevzorov, C.T. Potter,
A. Pukhov, C.H. Shepherd-Themistocleous, A.M. Teixeira, S. Wayand, G. Weiglein, R. Ziegler

IV.5.1 Introduction
The Next-to-Minimal Supersymmetric Standard Model (NMSSM) [1319–1333] shares the benefits of
supersymmetric extensions of the Standard Model (SM) with the MSSM: the hierarchy problem can be
strongly reduced, the presence of dark matter can be explained, and the running gauge couplings are
automatically consistent with a Grand Unified Theory (GUT).

In addition, the Z3-invariant version of the NMSSM (with a scale invariant superpotential) solves
the µ-problem of the MSSM [1334]. Both, the general and the Z3-invariant versions of the NMSSM,
render more natural the mass of ∼ 125 GeV of the SM-like Higgs boson [1335–1345] and the non-
observation of sparticles like squarks and gluinos at the Run 1 of the LHC [1346]. For these reasons the
NMSSM has become more and more appealing in the recent years.

The field content of the NMSSM differs from the MSSM by an additional gauge singlet superfield
Ŝ which contains a Majorana fermion (the singlino), a CP-even, and a CP-odd scalar. The couplings of
the components of Ŝ to the MSSM-like Higgs fields Hu, Hd and sparticles are proportional to a dimen-
sionless coupling λ, and the self couplings of the components of Ŝ are proportional to a dimensionless
coupling κ. With these conventions, the general, renormalizable and R-parity conserving superpotential
for the model reads

WS =WYukawa +
1

3
κŜ3 + (µ+ λŜ)ĤuĤd +

1

2
µsŜ

2 + tsŜ . (IV.5.1)

Here,WYukawa contains the Yukawa part which is the same as in the MSSM, and the superfields contain-
ing the Higgs doublets are called Ĥu, Ĥd. In the scale invariant version of the model, µ = µs = ts = 0
holds. Assuming the absence of a Landau singularity for the running coupling λ up to the GUT scale
imposes

√
κ2 + λ2 . 0.7 at the weak (SUSY) scale, and κ satisfies typically κ . λ. The soft SUSY

breaking terms in the Higgs and singlet sector are

Vsoft =m2
s|S|2 +m2

Hu
|Hu|2 +m2

Hd
|Hd|2+

(
BµHuHd +

1

2
BsSS + χsS +AλλSHuHd +

1

3
AκκS

3 + h.c.

)
, (IV.5.2)

where S is the scalar component of Ŝ, and Bµ = Bs = χs = 0 in the scale invariant version.

After electroweak symmetry breaking the components of S mix with the neutral components of
Hu, Hd. If CP is conserved, the CP-even sector of the NMSSM contains three states Hi, i = 1, 2, 3,
which are ordered in mass. Typically, two of them have the properties of the MSSM-like states h (mostly
SM-like) and H, and a third state HS is mostly singlet-like. The CP-odd sector of the NMSSM contains
two states Ai, i = 1, 2, ordered in mass, one of which has typically the properties of the MSSM-like state
A, and a second state AS is mostly singlet-like. Past and present searches for Higgs bosons at LEP, the
Tevatron and the LHC do not exclude masses of HS and/or AS below 125 GeV. These masses depend on
unknown parameters, like the NMSSM couplings λ and κ, soft SUSY breaking mass terms, the trilinear
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couplings Aλ and Aκ and tanβ, the ratio of the two vacuum expectation values (VEVs) of the Higgs
doublets, as well as on the VEV of the singlet, [1332]. A charged Higgs boson H± remains present as in
the MSSM, but with slightly modified relations among the masses of H±, H and A.

The singlino Majorana fermion mixes after electroweak symmetry breaking with the four neutrali-
nos (bino, neutral wino and two Higgsinos) of the MSSM. Like in the scalar sector, the mixing angle
is proportional to the coupling λ. The mostly singlet-like neutralino can well be the lightest supersym-
metric particle (LSP) and a good candidate for dark matter with a relic density consistent with present
results from Planck and WMAP, with a mass from below a GeV to hundreds of GeV depending on the
unknown parameters.

The NMSSM with an enlarged Higgs sector and an additional singlino-like neutralino leads to
a plethora of interesting signatures. On the one hand these can be more challenging for the discovery
of physics beyond the SM (BSM). This is because the components of Ŝ have no couplings to the SM
so that all states in the Higgs and neutralino sectors which mix with components of Ŝ have reduced
production cross sections compared to the MSSM. On the other hand there may be exotic signatures like
Higgs-to-Higgs cascade decays e.g. with striking BSM signatures of multi-fermion and/or photon final
states [1347, 1348]. It is the target of this document to point out, which signatures allow to test which
regions of the parameter space of the NMSSM in future runs of the LHC, which ones are clear signs
of BSM physics and which may serve to distinguish between different new physics models. In fact, in
the decoupling limit of the NMSSM λ → 0 (with a fixed ratio κ/λ . 1), the phenomenology of the
NMSSM turns into the phenomenology of the MSSM up to a possible additional singlino-like LSP. The
solution of the µ-problem can be maintained in the decoupling limit, but not the naturalness of the mass
of the SM-like Higgs boson.

In order to test the NMSSM, in a first step its parameters have to be translated into physical
quantities: the masses, couplings, production cross sections, and decay branching fractions of all states.
Including the presently known radiative corrections, this task can be undertaken only with the help of
numerical codes. In Section IV.5.2 we present the currently publicly available codes (tools) which allow
to compute the physical quantities in terms of the parameters in the Lagrangian for different versions of
the NMSSM: the Z3-invariant NMSSM, the general NMSSM, the NMSSM without or with explicit CP
violation, the NMSSM with general soft SUSY breaking terms at the SUSY scale, or high-scale scenarios
as minimal supergravity (mSUGRA) or gauge mediated SUSY breaking (GMSB). Some of these tools
allow, in addition, to verify present constraints on the Higgs, heavy flavour and/or dark matter sectors.

With these tools at hand NMSSM-specific signatures can be searched for that are in accordance
with present data and can be tested during future runs of the LHC. Ideally, in the case of a discovery,
these should also allow to distinguish the NMSSM from the MSSM (outside the decoupling limit). In
Section IV.5.3 we present such signatures and a list of benchmark points in the parameter space of the
NMSSM. Some of these points lead to NMSSM mass spectra, that could be discovered via different pro-
cesses. Practically, all of these processes involve an NMSSM specific scalar or pseudoscalar. Production
cross sections and branching fractions are provided, while more details can be found in the indicated
original publications. In some cases these references include proposals for cuts and estimates of SM
backgrounds. Of course, the masses, production cross sections and branching fractions of the involved
particles can vary sometimes over wide ranges, but the benchmark points represent useful targets for
desirable sensitivities to BSM signatures.

IV.5.2 Tools for the NMSSM
IV.5.2.a Calculation of the spectrum and of the branching fractions

A precise determination of the full SUSY and Higgs spectrum in the NMSSM is a difficult task. In
particular, for the Higgs state which is associated with the SM-like boson with a mass of about 125 GeV,
it is very well known that radiative corrections are crucial. Today, full one-loop corrections of the Higgs
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boson masses including the contributions from all states and the momentum dependence are known
in the DR [1349, 1350] and on-shell (OS) scheme [1351–1353]. At the two-loop level the dominant
corrections involving the strong coupling constant are known: For the real case [1349] results for the
corrections O(αs(αb + αt)) exist , while for complex parameters the corrections O(αsαt) have been
calculated [1354]. Other two-loop corrections involving only superpotential couplings such as Yukawa
and singlet interactions have been derived in Ref. [1355].

There are several numerical codes available which calculate the mass spectrum for different ver-
sions of the NMSSM making use of these results. A detailed comparison of the calculations of the
NMSSM Higgs boson masses in the DR scheme is given in Ref. [1356]. We summarize in the following
the main features of the codes in the order in which the tools became availableIV.27.

IV.5.2.a.i NMSSMTools

NMSSMTools is a collection of the codes NMHDECAY [1357,1358], NMSPEC [1359] and NMGMSB and can be
downloaded from http://www.th.u-psud.fr/NMHDECAY/nmssmtools.html. NMSSMTools allows
to study the NMSSM with or without Z3 symmetry, without or with Grand Unification of its gauge
couplings and soft SUSY breaking terms. So far NMSSMTools is restricted to the real NMSSM, but a
version to support also CP violation at one-loop level is under construction [1360].

NMSSMTools allows to calculate the Higgs boson masses for a parameter point with three differ-
ent options. The most precise calculation makes use of the NMSSM corrections of Ref. [1349]. This
provides a full one-loop calculation of the Higgs boson masses including all contributions and the mo-
mentum dependence. At two-loop the corrections O(αs(αb + αt)) and the corrections known from the
MSSM at O((αt + αb)2 + ατ (ατ + αb)) [1052–1055, 1361] are included.

Other calculations performed by NMSSMTools are the SUSY spectrum at the one-loop level, Higgs
and sparticle decay branching fractions ( [1362], based on HDECAY [69] and SDECAY [1363], respec-
tively). B-physics observables and the muon anomalous magnetic moment (g − 2)µ are computed fol-
lowing Refs. [1364, 1365]. An NMSSM-version of MicrOmegas [1366] is included which allows to
determine the dark matter relic density, direct and indirect detection rates. All these can be compared to
present constraints. Bounds on the Higgs boson couplings from LEP [1367] and on the signal rates of
the SM-like Higgs boson from the LHC Run 1 (from Ref. [1368]) are implemented.

IV.5.2.a.ii SPheno and SARAH

A SPheno [1369, 1370] version for the NMSSM can be generated by the Mathematica code SARAH
[1371–1375]. Both tools are available at hepforge: http://spheno.hepforge.org/ and at http:
//sarah.hepforge.org/. By default, SPheno has included a GUT scenario based on minimal super-
gravity, but other SUSY breaking mechanism can be implemented via the SARAH interface.

SPheno calculates the full one-loop corrections to all Higgs and SUSY masses, including the entire
momentum dependence [1350]. At two-loop all corrections in the gaugeless limit with vanishing external
momenta are calculated for the real and complex NMSSM [1376,1377], including the NMSSM-specific
corrections of O(αλ(αλ + ακ + αt)) even in the case of CP violation [1355, 1378]

SPheno also computes the most important quark-flavour violating observables (B and K decays,
∆MBd,s

/∆MK , εK) at one-loop using the FlavourKit functionality [1379], and calculations for (g −
2)l, δρ as well as electromagnetic dipole moments are included. Moreover, all two- and three-body
decays of SUSY particles, and two-body decays of the Higgs scalars are calculated. The sparticle decays
are purely tree-level, while for the Higgs bosons the next-to-leading order (NLO) QCD corrections to
decays in two quarks, photons and gluons are included. Also decays in virtual vector bosons are taken
into account. SPheno writes all necessary input files to test points with HiggsBounds [1239,1315,1316]

IV.27A public version of FeynHiggs for the NMSSM, based on Ref. [1353], is in preparation.

http://www.th.u-psud.fr/NMHDECAY/nmssmtools.html
http://spheno.hepforge.org/
http://sarah.hepforge.org/
http://sarah.hepforge.org/
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and HiggsSignals [1240].

IV.5.2.a.iii NMSSMCALC

The Fortran code NMSSMCALC [1380] allows the computation of the Higgs boson masses and branching
fractions both in the CP-conserving and CP-violating NMSSM. It can be downloaded from http://www.
itp.kit.edu/~maggie/NMSSMCALC/ and comes together with an NMSSM extension of HDECAY
[69, 71, 1381] for the Higgs boson decays.

NMSSMCALC makes use of mixed DR–OS renormalization conditions for the computation of the
Higgs boson masses. The Higgs boson mass calculation at one-loop level is performed including the full
momentum dependence and all possible contributions [1351, 1352]. At the two-loop level the O(αsαt)
corrections are included [1354]. They include theO(αsαt) part relating the vacuum expectation value to
physical observables, which is missing so far in the other spectrum generators.

Decays are calculated in the CP-conserving and CP-violating NMSSM including the dominant
higher-order QCD, SUSY-QCD and SUSY-electroweak (EW) corrections: The neutral Higgs boson de-
cays into quarks include the fully massive NLO corrections near threshold [1135–1139] and massless
O(α4

s ) corrections far above threshold [1140–1148]. Large logarithms are resummed by taking into
account the running of the quark masses and the strong coupling constant. The charged Higgs boson
decay into a heavy quark pair includes the QCD corrections given in [1382–1384] and taken over to the
NMSSM case. By adapting the results from the MSSM, the decays of the neutral Higgs bosons into a
bottom pair include SUSY-QCD [1035, 1078–1082, 1385, 1386] and the approximate SUSY-EW correc-
tions [1083–1085]. For the decays into gluons the QCD corrections to quark loops have been included up
to N3LO in the limit of heavy quark masses [67,99,115,136,865,883,894,895,895–897] and NLO QCD
corrections to the squark loops in the heavy squark mass limit [866,1387]. In the photon decays the QCD
corrections to quark [136,864,867,1388–1392] and squark loops have been taken into account including
the full mass dependence both for the quarks and the squarks. All two-body decays into SUSY particles
have been implemented [1393,1394]. For the CP-conserving case the decays into stop and sbottom pairs
come with the SUSY-QCD corrections [90, 1395–1398]. Finally, all relevant off-shell decays into two
massive gauge boson final states [1399], into gauge and Higgs boson final states [70, 1400–1402], into
Higgs boson pairs as well as into heavy quark pairs are included [1400, 1401].

Recently, the electric dipole moments (EDMs) with NMSSM contributions [656,1403–1420] have
been implemented in NMSSMCALC [1421] allowing to check for the compatibility of CP-violating phases
with the experimental constraints on the EDMs [1254,1422–1424]. The output file contains furthermore
the necessary couplings to test points with HiggsBounds.

IV.5.2.a.iv SoftSUSY

The NMSSM version of SoftSUSY includes different high-scale scenarios like mSUGRA-inspired semi-
constrained NMSSM and a general high-scale boundary condition which allows one to set all soft param-
eters independently. The users may also easily create their own boundary conditions. For the determina-
tion of the parameters at the SUSY/weak scale, SoftSUSY uses the full three-family one- and two-loop
RGEs for the NMSSM.

The homepage of SoftSUSY is http://softsusy.hepforge.org/.

The one-loop self-energies and tadpole corrections for the Higgs boson masses were extended to
the NMSSM using the expressions in Refs. [1349, 1350]. The NMSSM extension also includes the two-
loop corrections at orderO(αs(αt+αb)) from Ref. [1349] and uses the MSSM results from Refs. [1052–
1055, 1361].

Higgs and sparticle decays may be obtained by interfacing SoftSUSY with NMHDECAY [1357,1358]
and NMSDECAY [1362], which is based upon Ref. [1363]. These are both distributed as part of the

http://www.itp.kit.edu/~maggie/NMSSMCALC/
http://www.itp.kit.edu/~maggie/NMSSMCALC/
http://softsusy.hepforge.org/


Chapter IV.5. NMSSM 605

NMSSMTools package, and SoftSUSY provides a script to do the interface with this package automat-
ically.

IV.5.2.a.v FlexibleSUSY

FlexibleSUSY [1425] is a Mathematica and C++ package, which also makes use of SARAH to obtain
model-dependent details. It can be downloaded from http://flexiblesusy.hepforge.org/. The
boundary conditions on the model parameters at different scales, as well as spectrum-generator specific
configuration details can be specified in a FlexibleSUSY model file.

FlexibleSUSY computes the Higgs spectrum employing the full two-loop RGEs and one-loop
corrections. At the two-loop level it makes use of Higgs boson mass corrections available in the literature.
In the case of the NMSSM FlexibleSUSY uses the αs(αt + αb) corrections given in Ref. [1349]. In
addition, the MSSM two-loop corrections can be used as SoftSUSY does.

IV.5.2.b Check for the vacuum stability
A valid spectrum obtained with one of the mentioned spectrum generators necessarily has a local min-
imum of the scalar potential where the electroweak symmetry is broken such that the electroweak data
like the Z boson mass are fulfilled. However, none of the above described codes performs an exhaustive
check if this is also the global minimum. Possible scenarios where deeper minima arise are given in the
following situations: (i) In the case of light stops and a large mixing to accommodate the Higgs boson
mass as in the MSSM, it can happen that at the global minimum charge and colour are broken by VEVs
for the stops [1426–1430]. (ii) In the case of large Aλ and Aκ deeper minima with different numerical
values for the singlet and the two doublet VEVs can exist [1431–1433]. Both possibilities are disastrous
and the corresponding parameter points are ruled out if the local minimum with correct EWSB is short-
lived on cosmological times scales.
The software package Vevacious [1434] addresses these issues and performs a numerical check of the
vacuum stability. Given a model file and a parameter point in the SLHA format, Vevacious checks for
the global minimum of the one-loop effective potential including also finite temperature effects. If nec-
essary, it calculates the life-time for the input minimum using Cosmotransitions [1435]. Vevacious
includes model files not only to check the possibility of stop, but also of stau VEVs in addition to the
Higgs and singlet VEVs. Model files for other scenarios can be generated with SARAH.

IV.5.2.c Calculation of the neutral Higgs boson production cross sections
The essential features of Higgs boson production in the NMSSM can directly be adapted from the ones
of the MSSM which were broadly analysed in the previous reports [7–9]. Thus, when we subsequently
discuss the production of the five neutral Higgs bosons we mainly elaborate on the most prominent
differences with respect to the MSSM.

The dominant production mechanism for neutral Higgs bosons is gluon fusion (ggF) [97, 99, 136,
1066] mediated through loops involving the third generation quarks, top and bottom, as in the SM. In
SUSY also the squarks of the third generation, stops and sbottoms, contribute, but are typically sup-
pressed by the ratio m2

Z/m
2
q̃ at leading order (LO) QCD. The NLO QCD contributions are important

and have been provided with full quark mass dependence [136, 140]. The next-to-next-to leading or-
der (NNLO) QCD corrections to the top quark loops have been calculated in the heavy top quark mass
limit [100–102, 869, 870, 1069] and with finite top-quark mass effects [103–106, 234, 235, 1069, 1070].
Partial NNNLO QCD corrections to the top-quark contribution were provided in Refs. [94, 95, 117, 119,
155,1071]. The QCD corrections to top- and bottom-quark loops can be taken over to the NMSSM case.
Moreover, even though tanβ is mostly chosen small in the NMSSM, non-decoupling ∆b terms [1081–
1085], i.e. the tanβ-enhanced resummed SUSY corrections to the Higgs-bottom coupling, are known in
the NMSSM [1380] and can be included in the NMSSM Higgs Yukawa coupling to the bottom quarks.

http://flexiblesusy.hepforge.org/
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The code SusHi [135], starting with version 1.5.0, allows for the inclusion of the above mentioned
higher order quark contributions for the NMSSM Higgs bosons as well [1436], but additionally takes
into account genuine SUSY contributions, namely stop and sbottom contributions up to NLO QCD in
the expansion of heavy SUSY masses [874,877,878]. Furthermore, for the Higgs bosons of the NMSSM
there exists a private version of the code HIGLU [133, 1342, 1348]. It takes into account the NLO QCD
corrections to the quark and squark loops including the full mass dependence, see Refs. [136, 140] and
Refs. [142, 143, 867], respectively.

Electroweak contributions mediated by light quarks [107,1086] can be added in SusHi for the CP-
even Higgs bosons of the NMSSM, while they are absent for the CP-odd Higgs bosons. They are known
to capture the dominant fraction of the full SM electroweak correction factor [107, 108, 145, 149, 1086]
for the SM-like Higgs boson with a mass of ∼ 125 GeV.

The discussion of theory uncertainties for the gluon fusion process applies to large extent to the
case of the MSSM. We therefore refer to the detailed discussion of theory uncertainties in Refs. [9,1098].
In order to mimic next-to-next-to-leading-log (NNLL) resummation [116–118] of large logarithms for
the top-quark induced contributions, central scales of mφ/2 for the renormalization and factorization
scale are advisable, where mφ generically denotes the mass of the Higgs boson under consideration.
The scale uncertainties can then be obtained through a combination of five different scale choices, as
presented in Refs. [1098, 1436]. PDF+αs uncertainties were found to be mostly a function of the mass
mφ of the Higgs boson involved [1098,1436]. Thus, the relative PDF+αs uncertainties can be taken from
the ggF cross section of a SM Higgs boson with mass mφ. Since tanβ is usually chosen small in the
NMSSM, the uncertainties which stem from missing contributions to ∆b and from the renormalization
prescription taken for the bottom-quark Yukawa coupling are not as relevant as in the MSSM. In contrast,
the negligence of NNLO stop contributions to Higgs boson production can be important for pseudo-
scalars, where the couplings to quarks can vanish for a CP-odd singlet-like state [1436].

The other production mechanisms can be treated in a similar fashion as in the MSSM. Thus,
vector-boson fusion (VBF) [1437–1439] and top-quark associated production (ttH) [1440–1444] can
be reweighted with the effective couplings of the Higgs boson under consideration to the heavy gauge
bosons Z,W and the top quark, respectively. In the MSSM SUSY-QCD corrections are known to be
small for vector-boson fusion [1445, 1446] and moderate for top-quark associated production [1447–
1450], and thus - as a first approximation - are neglected in the NMSSM. Similarly, bottom-quark asso-
ciated production (bbH), which is relevant for large values of tanβ and can either be described in the
four-flavour scheme [1087, 1088] at NLO QCD accuracy or the five-flavour scheme [567, 1089, 1153]
at NNLO QCD accuracy, can be adjusted to the NMSSM by reweighting the SM predictions with the
effective coupling of the Higgs boson under consideration to the bottom quark. Again non-decoupling
∆b terms should be added to the effective Higgs-bottom coupling. SusHi provides the effective cou-
pling to bottom quarks and also the bottom-quark annihilation cross sections (5FS) directly. As a first
approximation Higgs-strahlung (VH) [1451,1452] can be adjusted from the SM to the NMSSM through
a proper reweighting with the Higgs to gauge boson couplings. However gluon induced contributions to
Higgs-strahlung, which contributeO(10%) [300] to the inclusive cross section and are mediated through
top-quark or bottom-quark loops, need to be treated differently. Moreover s-channel Higgs induced
contributions can arise in Higgs sectors with more than one Higgs doublet. SUSY-QCD corrections to
Higgs-strahlung in the MSSM are known to be small [1445]. A code, which reweights the individual
contributions to VH according to the quark and gauge boson couplings in the NMSSM and which adds
s-channel Higgs induced contributions, is desirable.

The relative couplings of the Higgs boson under consideration to quarks, the heavy gauge bosons,
gluons and photons with respect to an SM Higgs boson of identical mass can also be obtained with
the different spectrum generators presented in Section IV.5.2.a: In NMSSMTools the relative coupling to
a pair of bottom quarks includes ∆b corrections and the relative coupling to gluons and photons take
into account the LO one-loop induced contributions with the full NMSSM particle spectrum. SPheno
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includes in addition the NLO QCD corrections in the coupling of the scalars to a pair of gluons.

Of large relevance for the phenomenology of Higgs bosons are their transverse momentum (pT )
distributions in gluon fusion. We refer to the MSSM section, see Section IV.1.4, for a detailed discussion
of their knowledge in the SM and beyond. Neglecting squark contributions, the top-quark, bottom-quark
and the top-bottom-interference contributions can be reweighted from the SM to the NMSSM as depicted
in the MSSM section for the example of a 2HDM. For this purpose the 2HDM/MSSM implementa-
tions [240] of the gluon fusion process in the POWHEG-BOX [81] or the two codes MoRe-SusHi [231,1122]
and aMCSusHi [1119] can be used, which all allow to extract the three mentioned quark contributions
individually and reweight them with the corresponding Yukawa couplings of the NMSSM Higgs boson
under consideration. An extension of the codes MoRe-SusHi and aMCSusHi from the MSSM to the
NMSSM to directly obtain pT distributions for the five neutral Higgs bosons in gluon fusion is planned.

IV.5.3 NMSSM benchmark points
IV.5.3.a NMSSM specific processes
The benchmark points presented here cover various possible NMSSM specific processes to be searched
for during the ongoing and future runs of the LHC. The focus is on possible discovery scenarios, as
adequate at the present and foreseen LHC energies and luminosities. Additionally, the benchmark points
can also be exploited to test specific features of the NMSSM Higgs bosons and be used to distinguish the
NMSSM from other SUSY extensions like e.g. the MSSM.

The production mechanisms for NMSSM Higgs bosons are given by the same mechanisms as
for an SM-like Higgs boson, i.e. ggF, VBF, VH and associated production bbH or ttH with, however,
reduced cross sectionsIV.28. Alternatively, NMSSM specific Higgs states can appear in decay cascades of
heavier (MSSM-like or NMSSM-like) Higgs states, or in sparticle decay cascades. Likewise, NMSSM
specific Higgs states can decay into the same final states as an SM-like Higgs boson and additionally, if
kinematically allowed, into pairs of other Higgs states, other Higgs states and a Z or W boson, or pairs
of SUSY particles.

With the here presented benchmark points designed to be potential search and discovery modes
for the NMSSM Higgs states, it is useful to start with their classification according to production mech-
anisms and decay chains. This is summarized in Tables 156–160 below, together with the corresponding
combinations that appear for the various benchmark points described in the next subsection. We choose
the following notation: the mostly SM-like Higgs boson is denoted by H125, the dominantly MSSM-like
CP-even and CP-odd scalars are given by H and A, respectively, and the mostly NMSSM-like CP-even
and CP-odd scalars by HS and AS each. Note that the latter two can be lighter or heavier than all other
scalars. Neutralinos are indicated by χ̃0

i (i = 1, ..., 5) where, in most considered cases, χ̃0
1 is mostly

singlino-like and can have a very small mass. The c.m. energy
√
s used by the authors of the various

benchmark points has been set to either 13 or 14 TeV, namely we have
√
s = 13 TeV in BP1, BP2 ,BP3,

BP4, BP5, BP7 and
√
s = 14 TeV in BP6, BP8, BP9. Note that the gluon fusion cross section increases,

depending on the Higgs boson mass value, by ∼10-20% when increasing the c.m. energy from 13 to 14
TeV.

DirectH125 Production and Decays

The set I of signatures given in Table 156 summarizes scenarios that feature a directly produced SM-like
Higgs boson H125 that decays into lighter singlet-like Higgs boson pair or neutralino final states. The
branching fractions corresponding to the NMSSM-specific H125 decays listed in Table 156 are (or will
be) limited by the presently (or prospectively) measured signal rates of H125 decays into SM channels.
These indirect constraints on NMSSM-specific H125 decays can be stronger than the limits from direct

IV.28With the exception of production processes where tanβ enhanced couplings to b-quarks are involved.
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Table 156: Summary of NMSSM-specific H125 decays and their signatures. The last column indicates the bench-
mark points in which the scenarios are realized.

I Direct H125 production and decays

Process Signatures Comments BM points

a H125 → HS +HS or Combinations of decays Notably AS can BP2_1, BP4_1,2,
H125 → AS +AS into bb, τ+τ−, µ+µ−, γ γ be very light BP9_1

b H125 → HS +HS Combinations of decays AS can be very BP4_2
→ 4AS into bb, τ+τ−, µ+µ−, γ γ light

c H125 → χ̃0
1 + χ̃0

2, HS decay products +Emiss
T Not necessary

χ̃0
2→ χ̃0

1 +HS

Table 157: NMSSM-specific HS/AS production and decays as well as the corresponding collider signatures. The
last column indicates the benchmark points in which the scenarios are realized.

II Direct HS/AS production and decays

Process Signatures Comments BM points

a ggF(HS/AS) bb, τ+τ−, µ+µ−, γ γ BP1_1,2, BP4_1,2,
BP7_1,2, BP8_1,2,
BP9_1,2

b ggF(HS)→ ASAS Combinations of decays AS can be BP2_1,2, BP3, BP4_2,
into bb, τ+τ−, µ+µ−, γ γ very light BP7_2, BP9_2

c ggF(HS)→ H125H125 BP9_2

d ggF(AS)→ ZHS Z + bb BP8_1,2

e ggF(HS/AS)→ χ̃0
1χ̃0

1 BP4_1,2, BP8_2, BP9_2

searches of the corresponding final states. Some benchmark points lead also to MSSM-like decays
H125 → invisible. Here and in the following MSSM-like decays have been omitted for simplicity.

Direct LightHS/AS Production and Decays

In set II, cf. Table 157, we collect signatures stemming from direct production of singlet-like CP-even
Higgs boson HS and AS . These may decay into SM particle final states, into lighter NMSSM Higgs
boson pairs, among which also the H125 is possible, into a gauge boson and an NMSSM Higgs boson or
into a lightest neutralino pair. The production cross sections for HS/AS in Table 157 are proportional to
the singlet-doublet mixing angles (squared) and can be very small.
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Table 158: NMSSM-specific H/A production and decays as well as the corresponding collider signatures. The
last column indicates the benchmark points in which the scenarios are realized.

III Direct H/A production and decays

Process Signatures Comments BM points

a ggF(H)→ HS +HS bb + bb, AS can be BP7_1,2,
ggF(H)→ AS +AS bb + τ+τ−, very light BP8_2
ggF(A)→ HS +AS bb + γγ , 4γ

b ggF(H)→ H125 +HS bb + bb, bb + τ+τ−, AS can be BP7_1,2,
ggF(A)→ H125 +AS bb + γγ , 4γ very light BP8_1,2

c ggF(H)→ H125 +H125 bb + bb, bb + γγ , τ+τ− + γγ BP7_2

d ggF(H)→ H125 +HS bb + bb + bb, bb + bb + τ+τ−, BP7_2
→ H125 +AS +AS bb + bb + γγ , bb + τ+τ− + γγ ,

ggF(A)→ AS +HS bb + 4γ , τ+τ− + 4γ

→ AS +AS +AS

e ggF(H)→ Z +AS `+`− + bb, `+`− + τ+τ−, `+`− from BP2_2,
ggF(A)→ Z +HS `+`− + γγ Z decays BP7_1,

BP8_1,2

f ggF(A)→ Z +HS `+`− + bb + bb `+`− from
→ Z +AS +AS Z decays BP7_2

DirectH/A Production and Decays
The production cross sections of set III for direct MSSM-like Higgs boson, H, A, production in Table 158
are dominated by ggF for low values of tanβ, which are typical for the NMSSM. Some benchmark points
lead also to MSSM-like decays H/A → H125 + H125, H/A → invisible, H/A → tt, H/A → χ̃+χ̃−,
H/A → χ̃0

iχ̃
0
j , which have been omitted. The decays IIIe), IIIf) including Z bosons occur only if

HS/AS have doublet components through mixing, and if other channels are suppressed.

Higgs Bosons in Squark/Chargino/Neutralino decays, Singlino-Like LSP
Set IV is dedicated to NMSSM Higgs boson production through squark/chargino/neutralino decay cas-
cades. They are given in Table 159 and the NMSSM-specific features consist in the appearance of the 5th
singlino-like lightest SUSY particle (LSP), which couples weakly to all other sparticles. Hence sparticle
decay cascades end up provisionally in the next-to-lightest SUSY particle (NLSP), e.g. the one that is
mostly bino-like, which finally decays into the LSP plus H125 or HS , depending on MHS

and the avail-
able phase space. If the LSP is light and the phase space is narrow, the LSP carries little energy and the
Emiss

T can become very small.

Displaced vertices
Displaced vertices as given by set V in Table 160 can occur as in the MSSM in models with light
Gravitinos, like in gravity mediated SUSY breaking (GMSB) for instance, but also for very weakly
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Table 159: NMSSM-specific squark/chargino/neutralino decay cascades as well as the corresponding collider
signatures. The last column indicates the benchmark points in which the scenarios are realized.

IV Higgs bosons in squark/chargino/neutralino decays, singlino-like LSP

Process Signatures Comments BM points

a χ̃0
2→ χ̃0

1 +H125 Jets + H125 +H125 + Emiss
T BP1_2

H125 → bb, τ+τ− or γ γ

b χ̃0
2→ χ̃0

1 +H125 Jets + H125 +H125 χ̃0
1 very light, BP5_1,2

H125 → bb, τ+τ− or γ γ little Emiss
T

c χ̃0
2→ χ̃0

1 +HS Jets + HS +HS + Emiss
T BP1_2

HS → bb, τ+τ− or γ γ

d χ̃0
3→ χ̃0

1 +HS , Jets + Emiss
T BP3

HS → AS +AS + up to 4AS

e χ̃0
i → χ̃0

1 +AS Trileptons + Emiss
T AS very light BP6

Table 160: Processes which can cause displaced vertices, their collider signatures and corresponding benchmark
points

V Displaced vertices

Process Signatures BM points

a Squark/gluino production Jets + displaced vertices BP1_1,2
b chargino/slepton production Leptons + displaced vertices BP1_1,2

coupled singlino-like LSPs.

IV.5.3.b Benchmark points
In this section we present (pairs of) benchmark points which are aimed to cover most of the NMSSM-
specific processes and final states, that have been presented in Tables 156–160. The benchmark points
BP1–9_1,2 have been provided by different author groups and are classified accordingly.

For better readability and easy identification of the striking features and signatures, we give only
the main features, i.e. the relevant parts of the spectra and the signatures. For more information we
refer the reader to the publications, on which the points are based and which are given in the follow-
ing tables, as well as to the TWiki page: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCHXSWGNMSSM. Here detailed information on the benchmark spectra, the production cross sections, the
branching ratios and the rates to be expected can be found. Furthermore, the program codes with which
the benchmark points have been generated are specified, so that they can be reproduced. Since, in contrast
to other BSM theories like the MSSM or the 2HDM, there is no official recommendation for NMSSM
tools yet, the various authors of the benchmark points chose different tools. Note, that the numbers pre-
sented here and on the TWiki page sometimes differ from the ones of the originally proposed points in

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGNMSSM
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGNMSSM
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the given references. This is due to the following reasons: (i) The SM input parameters have been unified
according to the official proposal of Ref. [144]. (ii) Some benchmarks use NMSSMTools to calculate the
Higgs boson mass spectrum. If not done before, the highest precision available in NMSSMTools is now
used throughout. (iii) Parameters were tweaked to resurrect scenarios ruled out by previous LHC runs.

The corresponding publications contain typically more benchmark points with similar features and
sometimes proposals for search strategies including cuts and estimates of the background.

All benchmark points have been chosen such that they are not in conflict with previous searches at
the Run 1 of the LHC, and use the SM parameters recommended by the LHC-HXSWG, see Ref. [144]
and Chapter I.1.

BP1: GMSB combined with Z3-invariant NMSSM

B. Allanach, M. Badziak, C. Hugonie and R. Ziegler

from Phys. Rev. D92 (2015) 015006, arXiv:1502.05836 [1453]

Main Features GMSB combined with Z3-invariant NMSSM (gravitino G̃ LSP)

χ̃0
1: singlino-like NLSP

BP1_1

Spectrum MH125
≈ 123 GeV, MAS

≈ 26 GeV, MHS
≈ 93 GeV, MH ≈ 895 GeV,

MA ≈ 895 GeV, Mχ̃0
1
≈ 103 GeV, Mτ̃−1

≈ 332 GeV (NNLSP)

Production cross sections (at 13 TeV) and branching fractions

HS via ggF ≈ 16 pb, BR(HS → bb) ≈ 83%, BR(HS → τ+τ−) ≈ 8%

AS via ggF ≈ 11 fb, BR(AS → bb) ≈ 91%, BR(AS → τ+τ−) ≈ 8%

χ̃0
1 BR(χ̃0

1→ G̃+AS) = 100%, displaced vertex (mostly inside the detector)

τ̃−1 BR(̃τ−1 → τ− + χ̃0
1) = 100%

Particular AS appears at the end of every sparticle decay chain

signatures HS potentially observable via direct production

BP1_2

Spectrum MH125
≈ 124 GeV, MAS

≈ 32 GeV, MHS
≈ 94 GeV, MH ≈ 1.4 TeV,

MA ≈ 1.4 TeV, Mχ̃0
1
≈ 105 GeV, Mχ̃0

2
≈ 397 GeV (NNLSP)

Production cross sections (at 13 TeV) and branching fractions

HS via ggF ≈ 17 pb, BR(HS → bb) ≈ 83%, BR(HS → τ+τ−) ≈ 8%

AS via ggF ≈ 0.1 fb, BR(AS → bb) ≈ 91%, BR(AS → τ+τ−) ≈ 9%

χ̃0
1 BR(χ̃0

1→ G̃+AS) = 100%, displaced vertex (mostly outside the detector)

χ̃0
2 BR(χ̃0

2→ χ̃0
1 +HS) ≈ 24%, BR(χ̃0

2→ χ̃0
1 +H125) ≈ 76%

Particular HS or H125 appear at the end of every sparticle decay chain

signatures HS potentially observable via direct production

BP2: Light Pseudoscalars

R. Aggleton, D. Barducci, N-E. Bomark, S. Moretti,
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A. Nikitenko, C. Shepherd-Themistocleous, L. Roszkowski

from JHEP 1502 (2015) 044, arXiv:1409.8393 [1454], and J. Phys. G43 (2016) 105003, arXiv:1503.04228 [1455]

BP2_1

Main Features A light pseudoscalar with MAS
≈ 9 GeV

Spectrum MH125
≈ 123.3 GeV, MAS

≈ 8.6 GeV, MHS
≈ 480 GeV,

MH ≈ 2254 GeV, MA ≈ 2255 GeV

Production cross sections (at 13 TeV) and branching fractions

HS → ASAS ggF(HS) ≈ 43.2 pb, BR(HS → AS +AS) ≈ 9.7%

BR(AS → τ+τ−) ≈ 88.4%, BR(AS → µ+µ−) ≈ 0.34%

ggF(HS)→ AS +AS → 4τ ≈ 3.27 pb,

ggF(HS)→ AS +AS → 2τ + 2µ ≈ 0.0254 pb

Particular Considerable cross-section for very light pseudoscalar boson production

signatures with 4τ final signature state, with possibility for 2τ + 2µ final state,

free from Upsilon contamination

BP2_2

Main Features GMSB, lightest scalar SM-like, light pseudoscalar just above MH125
/2.

Spectrum MH125
≈ 125.9 GeV, MHS

≈ 201 GeV, MAS
≈ 65 GeV,

MH ≈ 448 GeV, MA ≈ 440 GeV

Production cross sections (at 13 TeV) and branching fractions

HS → ASAS ggF(HS) ≈ 0.86 pb, BR(HS → AS +AS) ≈ 91%

BR(AS → bb) ≈ 91%, BR(AS → τ+τ−) ≈ 8.8%

ggF(HS)→ AS +AS → 4b ≈ 0.641 pb

ggF(HS)→ AS +AS → 2b + 2τ ≈ 0.124 pb

ggF(HS)→ AS +AS → 4τ ≈ 6 fb

H→ Z +AS ggF(H) ≈ 1.254 pb(at 13 TeV), BR(H → Z +AS) ≈ 3.8%

ggF(H)→ Z +AS → `+`− + bb ≈ 2.88 fb

Particular H→ Z +AS of particular interest,

signatures could potentially use fat b-jet techniques for AS → bb

BP3: Discovery Through Stop to Electroweakinos

C.T. Potter

from Eur. Phys. J. C76 (2016) 44, arXiv:1505.05554 [1456]

Main Features Natural NMSSM with discovery potential at LHC13 via stop t̃1

to electroweakinos: light HS , AS , singlino-like χ̃0
1, wino-like χ̃0

3

Spectrum MH125
≈ 123 GeV, MHS

≈ 55.7 GeV, MAS
≈ 10.0 GeV,

MH ≈ 1062 GeV, MA ≈ 1061 GeV

Mt̃1
≈ 336 GeV, Mχ̃0

3
≈ 122 GeV
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Production cross sections (at 13 TeV) and branching fractions

Stop pair pp→ t̃1t̃1 ≈ 5 pb, BR(̃t1→ χ̃+
2 + b) ≈ 75%, BR(χ̃+

2 → χ̃0
3 + W+) ≈ 38%

production BR(̃t1→ χ̃0
3 + t) ≈ 15%, BR(χ̃0

3→ χ̃0
1 +HS) ≈ 80%

BR(HS → AS +AS) ≈ 72%

BR(AS → τ+τ−) ≈ 80%, BR(AS → µ+µ−) ≈ 0.3%

Particular At least two tops and up to 4AS as final states

signatures

BP4: nMSSM Scenarios

D. Barducci, G. Belanger, C. Hugonie and A. Pukhov

from JHEP 1601 (2016) 050, arXiv:1510.00246 [1457]

Main Features nMSSM (κ = 0, not Z3-invariant), very light singlino-like LSP

BP4_1

Spectrum MH125
≈ 122 GeV, MHS

≈ 37 GeV, MAS
≈ 7 GeV,

MH ≈ 2.1 TeV, MA ≈ 2.1 TeV, Mχ̃0
1
≈ 3 GeV

Production cross sections (at 13 TeV) and branching fractions

AS ggF(AS) ≈ 117 pb, BR(AS → χ̃0
1χ̃0

1) ≈ 73%, BR(AS → τ+τ−) ≈ 25%

HS ggF(HS) ≈ 13 pb, BR(HS → bb) ≈ 85%,

BR(HS → τ+τ−) ≈ 7%, BR(HS → χ̃0
1χ̃0

1) ≈ 7%

H125 BR(H125 → ASAS) ≈ 9%, BR(H125 → χ̃0
1χ̃0

1) ≈ 12%

Particular Two additional light Higgs states AS and HS can be visible

signatures AS potentially visible in H125 decays

BP4_2

Spectrum MH125
≈ 122 GeV, MHS

≈ 44 GeV, MH ≈ 2.4 TeV,

MAS
≈ 7 GeV, MA ≈ 2.4 TeV, Mχ̃0

1
≈ 3 GeV

Production cross sections (at 13 TeV) and branching fractions

AS ggF(AS) ≈ 116 pb, BR(AS → χ̃0
1χ̃0

1) ≈ 73%, BR(AS → τ+τ−) ≈ 25%

HS ggF(HS) ≈1.7 pb, BR(HS → bb) ≈ 66%,

BR(HS → τ+τ−) ≈ 6%, BR(HS → ASAS) ≈ 26%

H125 BR(H125 → HSHS) ≈ 8%, BR(H125 → χ̃0
1χ̃0

1) ≈ 13%

Particular Two additional light Higgs states AS and HS can be visible

signatures HS potentially visible in H125 decays

BP5: Light Singlino LSPs

U. Ellwanger and A. M. Teixeira

from JHEP 1410 (2014) 113, arXiv:1406.7221 [1346] and JHEP 1504 (2015) 172, arXiv:1412.6394 [1458]

BP5_1
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Main Features Light singlino-like LSP, all sparticle decay cascades end with

χ̃0
2→ χ̃0

1 +H125, the LSP carries little Emiss
T

Spectrum MH125
≈ 125 GeV, MHS

≈ 91.8 GeV,

Mχ̃0
1
≈ 3.3 GeV, Mχ̃0

2
≈ 130 GeV,

Msquarks ≈ 1.5 TeV, Mg̃ ≈ 1.3 TeV, Mt̃ ≈ 2 TeV

Production cross sections (at 13 TeV) and branching fractions

Squark + gluino Jets + H125 +H125 → Jets + 2bb: 63.1 fb

production Jets + H125 +H125 → Jets + bb + τ+τ−: 13.9 fb

Jets + H125 +H125 → Jets + γγ +X: 0.8 fb

Particular Hard jets, little Emiss
T ,

signatures invariant masses of bb , τ+τ−, γ γ peak at 125 GeV

BP5_2

Main Features Light singlino-LSP, all sparticle decay cascades end with

χ̃0
2→ χ̃0

1 +HS , the LSP carries little Emiss
T

Spectrum MH125
≈ 125 GeV, MHS

≈ 82.3 GeV,

Mχ̃0
1
≈ 5.3 GeV, Mχ̃0

2
≈ 88.7 GeV,

Msquarks ≈ 1.1 TeV, Mg̃ ≈ 900 GeV, Mt̃ ≈ 2 TeV

Production cross sections (at 13 TeV) and branching fractions

Squark + gluino Jets + HS +HS → Jets + 2bb: 1.341 pb

production Jets + HS +HS → Jets + bb + τ+τ−: 272 fb

Jets + HS +HS → Jets + γγ +X: 3.7 fb

Particular Hard jets, little Emiss
T ,

signatures invariant masses of bb , τ+τ−, γ γ peak at ≈ 82 GeV

BP6: Light Singlino LSP and Singlet-like Pseudoscalar, good Relic Density

C. Han, D. Kim, S. Munir and M. Park

from JHEP 1507 (2015) 002, arXiv:1504.05085 [1459]

Main Features Good relic density, light singlino-like LSP, singlet-like pseudoscalar,

can be probed at the 14 TeVLHC in the di-muon decay channel

Spectrum MH125
≈ 123.7 GeV, MHS

≈ 14.8 GeV, MAS
≈ 3.0 GeV,

MH ≈ 1504 GeV, MA ≈ 1504 GeV, Mχ̃0
1
≈ 1.34 GeV,

Mχ̃0
2
≈ 131.7 GeV, Mχ̃0

3
≈ 166.8 GeV, Mχ̃±1

≈ 147.2 GeV

Production cross sections (at 14 TeV) and branching fractions

χ̃0
2,3 + χ̃±1 pp→ χ̃0

2,3 + χ̃±1 → AS + χ̃0
1 + W± + χ̃0

1

production → µ+µ− + χ̃0
1 + `± + νl + χ̃0

1: 3.16 fb

After cuts: 0.126 fb, 38 events/300 fb−1, S/B ≈ 8

Particular significance via AS much larger than in standard trilepton channel
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signatures

BP7: Natural NMSSM and Cascade Higgs-to-Higgs Decays

S.F. King, M. Muhlleitner, R. Nevzorov and K. Walz

from Nucl. Phys. B870 (2013) 323, arXiv:1211.5074 [1342]

and Phys. Rev. D90 (2014) 095014, arXiv:1408.1120 [1348]

BP7_1

Main Features natural NMSSM: overall light Higgs spectrum testable at LHC13

Spectrum MH125
≈ 124.4 GeV, MHS

≈ 95.6 GeV, MAS
≈ 108 GeV,

MH ≈ 299 GeV, MA ≈ 298 GeV

Production cross sections (at 13 TeV) and branching fractions

ggF(HS): 3.34 pb, HS → bb: 2.5 pb, HS → τ+τ−: 0.26 pb, HS → γγ: 13 fb

ggF(H): 4.63 pb, H→W+W−: 54.5 fb, H→ ZZ: 24.2 fb

ggF(H)→ ZAS → Z + bb: 614 fb,→ Z + τ+τ−: 64.2 fb,→ Z + γγ: 0.48 fb

ggF(H)→ HSHS → 4b: 310 fb,→ bb + ττ: 63.7 fb,→ 4τ: 3.27 fb,→ bb + γγ: 3.21 fb

ggF(H)→ H125HS → 4b: 187 fb,→ bb + ττ: 39.4 fb,→ 4τ: 2.08 fb,→ bb + γγ: 1.63 fb

ggF(H)→ χ̃χ̃ → χ̃0
1χ̃0

1: 1662 fb,→ χ̃0
1χ̃0

2: 336 fb,→ χ̃0
2χ̃0

2: 575 fb,→ χ̃+
1 χ̃−1 : 195 fb

ggF(AS) 2.41 pb, AS → bb: 2.1 pb, HS → τ+τ−: 0.22 pb, HS → γγ: 1.63 fb

ggF(A) 11.18 pb, A→ bb: 57.5 fb, A→ τ+τ−: 7.43 fb

ggF(A)→ HSAS → 4b: 878 fb,→ bb + ττ: 182 fb,→ 4τ: 9.44 fb,→ bb + γγ: 5.23 fb

ggF(A)→ H125AS → 4b: 703 fb,→ bb + ττ: 149 fb,→ 4τ: 7.93 fb,→ bb + γγ: 3.04 fb

ggF(A)→ ZHS → Z + bb: 392 fb,→ Z + ττ+: 40.3 fb,→ Z + γγ: 2.03 fb

ggF(A)→ χ̃χ̃ → χ̃0
1χ̃0

1: 3.7 pb,→ χ̃0
1χ̃0

2: 2.8 pb,→ χ̃0
2χ̃0

2: 1.0 pb,→ χ̃+
1 χ̃−1 : 3.1 pb

Particular Large Higgs-to-Higgs, Higgs-to-gauge+Higgs boson decay rates

signatures

BP7_2

Main Features cascade Higgs-to-Higgs boson decays, spectacular signatures

Spectrum MH125
≈ 126.6 GeV, MHS

≈ 172 GeV, MAS
≈ 85.9 GeV,

MH ≈ 316.8 GeV, MA ≈ 306.7 GeV

Production cross sections (at 13 TeV) and branching fractions

ggF(HS) 90 fb,→ bb: 6.15 fb,→ τ+τ−: 0.69 fb,→WW: 61.5 fb,→ ZZ: 1.7 fb

ggF(HS)→ ASAS → 4b: 13.3 fb,→ bb + ττ: 1.82 fb,→ bb + γγ: 4.12 fb,→ 4γ: 0.32 fb

ggF(H) 3 pb,→ bb: 165 fb,→ τ+τ−: 21.4 fb,→WW: 91.6 fb,→ ZZ: 41.1 fb

ggF(H)→ χ̃χ̃ → χ̃0
1χ̃0

1: 391 fb,→ χ̃+
1 χ̃−1 : 337 fb
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ggF(H)→ H125HS → bb + 4γ: 2.41 fb,→ 4b+ 2γ: 29.7 fb,→ ττ + 4γ: 0.25 fb,

→ H125 +AS +AS → 4τ + γγ: 0.21 fb,→ 6γ: 0.012 fb,→ bb + ττ + γγ: 5.15 fb

ggF(H)→ H125H125 → 4b: 203.7 fb,→ bb + γγ: 2.14 fb,→ ττ + γγ: 0.23 fb

ggF(H)→ ASAS → 4b: 6.78 fb,→ bb + γγ: 2.10 fb,→ 4γ: 0.16 fb

ggF(AS) 7.71 fb,→ bb: 6.25 fb,→ τ+τ−: 0.43 fb,→ γγ: 0.97 fb

ggF(A) 8.80 pb,→ bb: 289.4 fb,→ τ+τ−: 36.9 fb

ggF(A)→ χ̃χ̃ → χ̃0
1χ̃0

1: 3.46 pb,→ χ̃+
1 χ̃−1 : 997 fb

ggF(A)→ HSAS → 6γ: 0.68 fb,→ bb + 4γ: 13.1 fb,→ 4b+ γγ: 84.8 fb

→ ASASAS → ττ + 4γ: 0.90 fb,→ bb + ττ + γγ: 11.6 fb,→ 4τ + γγ: 0.40 fb

ggF(A)→ H125AS → 4b: 210 fb,→ bb + γγ: 33.6 fb,→ ττ + γγ: 3.51 fb

ggF(A)→ ZHS

→ bb +AS +AS → bb + 4γ: 0.97 fb,→ 4b+ γγ: 12.5 fb,→ bb + ττ + γγ: 0.85 fb

ggF(A)→ ZHS → ``/ττ + 4γ: 0.21 fb,

→ ``/ττ +AS +AS → ``/ττ + bb + γγ: 2.78 fb,→ ``/ττ + ττ + γγ: 0.19 fb

Particular Cascade Higgs-to-Higgs boson decays lead to multi-photon

signatures and multi-fermion final states

BP8: Light Higgs Spectrum, Higgs-to-Higgs Decays

C. Beskidt, W. de Boer, D. Kazakov and S. Wayand

from Phys. Lett. B759 (2016) 141-148, arXiv:1602.08707 [1460]

BP8_1

Main Features Light Higgs spectrum with heavier Higgs bosons just above tt

threshold, so main decay into tt (absent in CMSSM)

Spectrum MH125
≈ 125.2 GeV, MHS

≈ 100.0 GeV, MAS
≈ 300.0 GeV,

MH ≈ 450.0 GeV, MA ≈ 444.9 GeV

Production cross sections (at 14 TeV) and branching fractions

ggF(HS) 0.42 pb,→ bb: 0.38 pb,→ τ+τ−: 0.040 pb

ggF(H) 1.44 pb,→ tt: 0.79 pb,→WW: 2.20 fb,→ ZZ: 1.04 fb

ggF(H)→ H125HS 366 fb

ggF(H)→ ASZ 18.7 fb

ggF(H)→ χ̃χ̃ → χ̃0
1χ̃0

1: 117 fb,→ χ̃0
1χ̃0

2: 10.6 fb,→ χ̃0
1χ̃0

3: 59.9 fb,→ χ̃+
1 χ̃−1 : 26.7 fb

ggF(AS) 102 fb,→ bb: 14.6 fb,→ τ+τ−: 1.86 fb

ggF(AS)→ HSZ 85 fb

ggF(A) 3.38 pb,→ tt: 2.16 pb,→ bb: 20.7 fb,→ τ+τ−: 2.72 fb

ggF(A)→ HSZ 436 fb
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ggF(A)→ χ̃χ̃ → χ̃0
1χ̃0

1: 407 fb,→ χ̃+
1 χ̃−1 : 111 fb

Particular H , A produced simultaneously, decay mostly into tt → large fraction

signatures of tt final states,→ search for broad bump around 450 GeV in tail of

tt invariant mass spectrum, AS decays largely into Z +HS

→ events with two Z bosons and HS of 100 GeV with practically

SM decay modes

BP8_2

Main Features Light Higgs spectrum, can be tested at LHC14,

Higgs-to-Higgs boson decays

Spectrum MH125
≈ 125.2 GeV, MHS

≈ 100.0 GeV, MAS
≈ 300 GeV,

MH ≈ 350 GeV, MA ≈ 342 GeV

Production cross sections (at 14 TeV) and branching fractions

ggF(HS) 0.55 pb,→ bb: 0.50 pb,→ τ+τ−: 0.052 pb

ggF(H) 2.77 pb,→ bb: 97 fb,→ τ+τ−: 12.7 fb,

→WW: 29.8 fb,→ ZZ: 13.7 fb

ggF(H)→ H125HS 1.88 pb

ggF(H)→ HSHS 169 fb

ggF(H)→ χ̃χ̃ → χ̃0
1χ̃0

1: 205 fb,→ χ̃+
1 χ̃−1 : 147.6 fb

ggF(AS) 61 fb

ggF(AS)→ HSZ 0.2 fb

ggF(AS)→ χ̃χ̃ → χ̃0
1χ̃0

1: 60.8 fb

ggF(A) 11.14 pb,→ bb: 325 fb,→ τ+τ−: 41.0 fb,

ggF(A)→ HSZ 5.50 pb

ggF(A)→ χ̃χ̃ → χ̃0
1χ̃0

1: 3.97 pb,→ χ̃0
1χ̃0

2: 40.1 fb,→ χ̃+
1 χ̃−1 : 1.17 fb

Particular H , A produced simultaneously, H decays mostly (68%) into H125HS ,

signatures A decays (49%) into HS + Z

remaining decay modes mostly into gauginos

BP9: Singlino-Like and Bino-Like LSP Scenario

N. Christensen, T. Han, Z. Liu and S. Su

from JHEP 1308 (2013) 019, arXiv:1303.2113 [1461] and JHEP 1408 (2014) 093, arXiv:1406.1181 [1462]

BP9_1

Main Features ≈ 30 GeV singlino-like LSP (good DM candidate),

two singlet-like Higgs states below 100 GeV decay mainly into bb ,

H125 can decay into HSHS with >∼ 10% BR

Spectrum MH125
≈ 126 GeV, MHS

≈ 19.1 GeV, MAS
≈ 73.2 GeV,
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Mχ̃0
1
≈ 36.7 GeV, MH ≈ 2340 GeV, MA ≈ 2340 GeV

Production cross sections and branching fractions

H125 BR(H125 → HSHS) ≈ 13%, BR(H125 → χ̃0
1χ̃0

1) ≈ 1%

HS BR(HS → bb) ≈ 89%, BR(HS → τ+τ−) ≈ 7.7%

AS BR(AS → bb) ≈ 90%, BR(AS → τ+τ−) ≈ 9.4%

BP9_2

Main Features ≈ 30 GeV bino-like LSP (good DM candidate),

one singlet-like Higgs state below 100 GeV, decays mainly into bb .

H125 can decay into χ̃0
1χ̃0

1 with ≈ 10% BR

Spectrum MH125
≈ 125 GeV, MHS

≈ 430 GeV, MAS
≈ 65.7 GeV,

Mχ̃0
1
≈ 32.3 GeV, MH ≈ 2480 GeV, MA ≈ 2480 GeV

Production cross sections (at 14 TeV) and branching fractions

H125 BR(H125 → χ̃0
1χ̃0

1) ≈ 10%

HS ggF(HS) ≈ 0.90 fb, BR(HS → tt) ≈ 1.8%,

BR(HS →WW) ≈ 5.7%, BR(HS → ZZ) ≈ 2.7%

HS → AS AS BR(HS → AS AS) ≈ 85%

HS → H125 H125 BR(HS → H125 H125) ≈ 3.5%

AS BR(AS → bb) ≈ 88%, BR(AS → τ+τ−) ≈ 9.0%, BR(AS → χ̃0
1χ̃0

1) ≈ 2.7%
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Exotic Higgs Decays

S. Bressler, S. Gori, A. Mohammadi, J. Shelton (Eds.) F. Bishara, L. Caminada, R. Caminal Armadans,
D. Curtin, G. Isidori, Z. Liu, V.I. Martinez Outschoorn, M. Neubert, K. Nikolopoulos, T. Orimoto,

M. Pelliccioni, F. Petriello, M.J. Strassler, R. Teixeira de Lima, M. Trott, J. Zupan

IV.6.1 Introduction and motivation

As the program to characterize the properties of the observed Standard Model (SM)-like Higgs boson
advances, one of the major new discovery opportunities it offers is potential new physics (NP) revealed
in the Higgs boson’s rare and exotic decays. For any newly-discovered particle, a comprehensive char-
acterization of its decay modes is imperative; rare decays of SM particles are prime places to search for
signs of new physics, and the Higgs boson is no exception. It is worth emphasizing, however, that among
the SM particles the Higgs is unique in its sensitivity to new physics. The tiny SM width of the Higgs,
Γ(h) = 4.08 MeV ± 3.9% [9] for a mh = 125.09 GeV Higgs boson [6], combined with the ease with
which the Higgs can couple to physics beyond the SM (BSM), make exotic decays of the SM Higgs a
natural and often leading signature of a broad class of theories of physics beyond the SM. Within the
SM, the observation of rare exclusive decay modes involving mesons would provide either confirmation
or disproof of the SM origin of mass for light quarks, which would otherwise remain out of reach at the
LHC. This chapter discusses both these rare decays to exclusive mesonic final states as well as exotic
decays involving on-shell BSM particles.

Run 1 measurements of the discovered Higgs boson properties limit the exotic branching fraction
of the Higgs boson to be Br(h → BSM) < 34% at 95% confidence level [6] assuming that κV ≤ 1,
but allowing for the potential influence of new physics on the Higgs boson couplings with gluons and
photons, κg, κγ . Thus substantial potential branching fractions of the Higgs to new BSM particles are
allowed by current data. The anticipated LHC data set, 3000 fb−1 at 13 TeV, will contain O(108) Higgs
bosons, allowing branching ratios as small as. 10−7 to be probed, given a sufficient detection efficiency
as well as sufficient separation between the signal and the standard model background. For exotic decays,
this enormous sample of Higgs bosons translates into potential sensitivity to very small Higgs-BSM
couplings: e.g., for a fermionic state, an effective Yukawa coupling of order 10−3 smaller than the bottom
Yukawa, and for a vector boson, a loop-induced coupling of order 10−2 times the effective coupling of
the Higgs to gluon pairs. For rare SM Higgs boson decays, this data set offers the prospect of measuring
many exclusive decay modes such as h → J/Ψγ, h → ργ, and h → φγ, for which the predicted SM
branching fractions are O(10−5 − 10−6). This program builds on the pioneering Run 1 searches for
h → J/Ψγ [1463, 1464], which were for the first time able to exclude couplings of the Higgs to charm
quarks at the level of 220 times the SM charm Yukawa coupling [1465], and extends it to yield insights
into the strange, up, and down Yukawas, which have remained almost entirely untested to date.

Exotic Higgs boson decays are a generic prediction of many well-motivated theories of physics
beyond the SM. They occur frequently in theories with extended Higgs sectors, as demanded by (e.g.)
the NMSSM [1466–1471] or theories with a first-order electroweak phase transition [1297, 1472]; in
models of dark matter [1284, 1473–1476]; in theories of neutral naturalness [1477–1479]; and, more
broadly, represent a generic signature of physics beyond the Standard Model [1480, 1481]. In many
cases, e.g. [1473,1476,1478–1480], exotic Higgs boson decays together withO(5%) deviations in Higgs
boson properties may be the only observable signal of new physics at the LHC.

In this chapter, we first cover rare exclusive mesonic decays of the Higgs boson in Section IV.6.2.
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We give recommendations for predicted SM branching ratios for these modes, present the predictions of
a broad set of NP models that give rise to enhanced mesonic branching ratios, and discuss experimental
prospects. Next, we present our overarching recommendations for a successful search program for exotic
Higgs boson decays at the LHC in Section IV.6.3. In Section IV.6.4, we discuss the decay topology
h → XX → 2Y 2Y ′ where X is a NP particle and Y, Y ′ are SM particles. In particular, we study the
kinematics of this final state as realized in the prototypical decay h → aa → 4b, compare predictions
from different Monte Carlo generators, and highlight the relatively low pT objects in the final state;
these studies provide a guide for trigger and analysis strategies for decays with this overall topology.
In Section IV.6.5, we focus on prompt Higgs boson decays containing missing energy, and perform a
sensitivity study for Higgs boson decays into two (resonant or non-resonant) photons plus missing energy.
This study provides a careful examination of the interplay of different possible trigger and reconstruction
strategies for decays of the Higgs to electroweak objects in combination with missing energy. Finally, in
Section IV.6.6, we discuss theoretical motivations and experimental prospects for searches for displaced
Higgs boson decays, together with recommendations for presenting results in such searches.

IV.6.2 Exclusive mesonic and flavour-violating Higgs boson decays
Rare exclusive decays of the SM-like Higgs boson to mesonic final states provide a unique window
onto light quark Yukawa couplings. We discuss the SM predictions for the branching ratio for Higgs
boson decays into a meson plus a photon in Section IV.6.2.a and for Higgs boson decay to a meson plus
a massive gauge boson in Section IV.6.2.b. In Section IV.6.2.c we summarize the impact of different
frameworks for physics beyond the SM on these exclusive branching ratios, and in Section IV.6.2.d we
discuss prospects for their detection at the LHC.

IV.6.2.a Theoretical predictions: photon plus a meson IV.29

The SM predictions that the Higgs boson couplings to heavy gauge bosons and fermions are given by
2m2

W,Z/v and mf/v, where v ≈ 246 GeV is the Higgs vacuum expectation value, have been con-
firmed within experimental uncertainties for the W and Z bosons and for the third-generation fermions.
However, no direct measurements of the Higgs boson couplings to the light fermions of the first two
generations are available at present. As discussed in Section IV.6.2.c of this report, in several BSM mod-
els these couplings can deviate significantly from those predicted in the SM. Indeed, this is a generic
prediction in many models trying to explain the hierarchies seen in the spectrum of fermion masses and
mixing angles. Probing the Higgs boson couplings to light fermions is thus of paramount importance.
This includes both flavour-diagonal and flavour-changing interactions.

The measurement of the rare exclusive decays h→Mγ, whereM denotes a vector meson, would
allow a unique probe of the Higgs boson coupling to light quarks at the LHC. While the absolute value
of the bottom-quark Yukawa coupling can be accessed by measuring b-tagged jets in the associated pro-
duction of the Higgs boson with a W or Z boson, this method becomes progressively more difficult for
the lighter-quark couplings. Advanced charm-tagging techniques may allow some access to the charm-
quark Yukawa coupling [1482], but no other way of directly measuring even lighter-quark couplings is
currently known. The tiny branching ratios for these exclusive decays renders them inaccessible at future
e+e− colliders. The program of measuring these decay modes is therefore only a possibility for the LHC
and future hadron-collider facilities.

The possibility of measuring rare exclusive Higgs boson decays was first pointed out in [1483,
1484] and in more modern discussions in [1485,1486], and the theoretical framework for their prediction
was further developed in [1487–1489]. Our discussion follows closely the techniques introduced in
Refs. [1485–1489], and we only summarize the salient features here. We begin our discussion of the

IV.29Author(s): M. Neubert, F. Petriello.
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theoretical predictions for these modes by introducing the effective Yukawa Lagrangian

L = −
∑

q

κq
mq

v
H q̄LqR −

∑

q 6=q′

yqq′√
2
H q̄Lq

′
R + h.c. , (IV.6.1)

where in the SM κq = 1 while the flavour-changing Yukawa couplings yqq′ vanish. The effective La-
grangian leads to two categories of exclusive Higgs boson decays: flavour-conserving decays involving
the κq couplings, where M = ρ, ω, φ, J/ψ,Υ(nS), and flavour-violating decays involving the yqq′

couplings, where M = B∗0s , B
∗0
d ,K

∗0, D∗0. In view of the very strong indirect bounds on flavour off-
diagonal Higgs boson couplings to light quarks [1490], the flavour-violating decays h→Mγ are bound
to be very strongly suppressed. We will therefore restrict our discussion here to flavour-conserving pro-
cesses.

The exclusive decays H → Mγ are mediated by two distinct mechanisms, which interfere de-
structively.

– In the indirect process, the Higgs boson decays (primarily through loops involving heavy top
quarks or weak gauge bosons) to a real photon γ and a virtual γ∗ or Z∗ boson, which then converts
into the vector meson M . This contribution only occurs for the flavour-conserving decay modes.
The effect of the off-shellness of the photon and the contribution involving the hγZ∗ coupling are
suppressed by m2

M/m
2
h, with mM the mass of the meson, and hence are very small [1489].

– In the direct process, the Higgs boson decays into a quark and an antiquark, one of which radiates
off a photon. This process introduces the dependence of the decay amplitude on the κq parame-
ters. The formation of the vector meson out of the quark-antiquark pair involves some non-trivial
hadronic dynamics.

The relevant lowest-order Feynman diagrams contributing to the direct and indirect processes are shown
in Figure 279 (left-middle and right panel, respectively).

h

γ

h

γ

h

γ

γ/Z

Figure 279: Direct (left and centre) and indirect (right) contributions to the h→Mγ decay amplitude. The blob
represents the non-perturbative meson wave function. The crossed circle in the third diagram denotes the off-shell
h→ γγ∗ and h→ γZ∗ amplitudes, which in the SM arise first at one-loop order.

We begin by outlining the calculation of the indirect amplitude. The virtual photon or Z boson
couples to the vector meson through the matrix element of a local current, which can be parameterized
in terms of a single hadronic parameter: the vector-meson decay constant fM . This quantity can be
obtained directly from experimental data. In particular, the leptonic decay rate of the vector meson can
be written as

Γ(M → l+l−) =
4πQ2

Mf
2
M

3mM
α2(mM ) , (IV.6.2)

where QM is the relevant combination of quark electric charges. The effective hγγ∗ and HγZ∗ vertices,
which appear in the indirect amplitude, can be calculated with high accuracy in the SM. The by far
dominant contributions involve loop diagrams containing heavy top quarks or W bosons. The two-loop
electroweak and QCD corrections to this amplitude are known, and when combined shift the leading
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Table 162: Theoretical predictions for the h→Mγ branching ratios in the SM, obtained using different theoret-
ical approaches.

Mode Branching Fraction [10−6]

Method NRQCD [1487] LCDA LO [1486] LCDA NLO [1489]

Br(h→ ργ) – 19.0± 1.5 16.8± 0.8

Br(h→ ωγ) – 1.60± 0.17 1.48± 0.08

Br(h→ φγ) – 3.00± 0.13 2.31± 0.11

Br(h→ J/ψ γ) – 2.79 +0.16
−0.15 2.95± 0.17

Br(h→ Υ(1S) γ) (0.61 +1.74
−0.61) · 10−3 – (4.61 + 1.76

− 1.23) · 10−3

Br(h→ Υ(2S) γ) (2.02 +1.86
−1.28) · 10−3 – (2.34 + 0.76

− 1.00) · 10−3

Br(h→ Υ(3S) γ) (2.44 +1.75
−1.30) · 10−3 – (2.13 + 0.76

− 1.13) · 10−3

one-loop expression by less than 1% for the measured value of the Higgs boson mass [1491]. However,
physics beyond the SM could affect these couplings in a non-trivial way, either through modifications of
the htt̄ and hW+W− couplings or by means of loops containing new heavy particles. The measurement
of the light-quark couplings to the Higgs should therefore be considered together with the extraction of
the effective hγγ coupling. As pointed out in [1489], by taking the ratio of the h → Mγ and h → γγ
branching fractions one can remove this sensitivity to unknown new contributions to the hγγ coupling.

We now consider the theoretical prediction for the direct amplitude. This quantity cannot be
directly related to data, unlike the indirect amplitude. Two theoretical approaches have been used to cal-
culate this contribution. The hierarchy mh � mM implies that the vector meson is emitted at very high
energy EM � mM in the Higgs boson rest frame. The partons making up the vector meson can thus be
described by energetic particles moving collinear to the direction of M . This kinematic hierarchy allows
the QCD factorization approach [1492,1493] to be utilized. Up to corrections of order (ΛQCD/mh)2 for
light mesons, and of order (mM/mh)2 for heavy vector mesons, this method can be used to express the
direct contribution to the h → Mγ decay amplitude as a perturbatively calculable hard-scattering coef-
ficient convoluted with the leading-twist light-cone distribution amplitude (LCDA) of the vector meson.
This approach was pursued in [1489], where the full next-to-leading order (NLO) QCD corrections were
calculated and large logarithms of the form [αs ln(mh/mM )]n were resummed at NLO, and in [1486],
where an initial LO analysis was performed. The dominant theoretical uncertainties remaining after
this calculation are parametric uncertainties associated with the non-perturbative LCDAs of the vector
mesons. Thanks to the high value µ ∼ mh of the factorization scale, however, the LCDAs are close to
the asymptotic form φM (x, µ) = 6x(1 − x) attained for µ → ∞, and hence the sensitivity to not yet
well-known hadronic parameters turns out to be mild. For the heavy vector mesons M = J/ψ,Υ(nS),
the quark and antiquark which form the meson are slow-moving in the M rest frame. This allows the
non-relativistic QCD framework (NRQCD) [711] to be employed to facilitate the calculation of the di-
rect amplitude. This approach was pursued in [1487], where the NLO corrections in the velocity v of
the quarks in the M rest frame, the next-to-leading order corrections in αs, and the leading-logarithmic
resummation of collinear logarithms were incorporated into the theoretical predictions. The dominant
theoretical uncertainties affecting the results for h → J/ψ γ and h → Υ(nS) γ after the inclusion of
these corrections are the uncalculated O(v4) and O(αsv

2) terms in the NRQCD expansion.

Table 162 collects theoretical predictions for the various h→Mγ branching fractions in the SM.
The inclusion of NLO QCD corrections and resummation help to reduce the theoretical uncertainties.
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There is in general good agreement between the results obtained by different groups. The h → φγ
branching ratio obtained in [1489] is lower than that found in [1486] because of an update of the φ-meson
decay constant performed in the former work. Also, in [1489] the effects of ρ–ω–φ mixing are taken into
account. One observes that the h → Mγ branching fractions are typically of order few times 10−6,
which makes them very challenging to observe. The most striking feature of the results shown in the
table concerns the h → Υ(nS) γ modes, whose branching fractions are very strongly suppressed. This
suppression results from an accidental and almost perfect cancellation between the direct and indirect
amplitudes. In the case of h → Υ(1S) γ the cancellation is so perfect that the small imaginary part of
the direct contribution induced by one-loop QCD corrections gives the leading contribution to the decay
amplitude. The fact that this imaginary part was neglected in [1487] explains why a too small branching
fraction for this mode was obtained there.

Figure 280: h → φγ and H → J/ψ γ branching ratios, normalized to the h → γγ branching fraction, as
functions of the real part of κs,c/κγ . The SM values are indicated by the red arrows.

The main purpose of searching for the decays h → Mγ is to use them for probing the light-
quark Yukawa couplings. In order to eliminate possible new physics effects in the h → γγ rate, it
is of advantage to consider the ratio RMγ = Br(h → Mγ)/Br(h → γγ) [1489], where in the SM
BR(h → γγ) = (2.28 ± 0.11) · 10−3 [9]. In the limit where the CP-violating contributions to the
h → γγ amplitude are neglected (the dominant such contributions would likely arise from the top-
quark loop, but Electric Dipole Moment (EDM) constraints limit the imaginary part of κt to be less than
1% [637]), one finds [1489]

RMγ =
8πα2(mM )

α

Q2
Mf

2
M

m2
M

(
1− m2

M

m2
h

)2 (∣∣1−∆M

∣∣2 +
∣∣∆̃M

∣∣2
)
. (IV.6.3)

The parameters ∆M (∆̃M ) are proportional to the real (imaginary) part of the relevant κq parameter
and can be calculated using the QCD factorization approach, as described earlier. For all mesons other
than the Υ(nS) states the interference of the direct amplitude with the dominant indirect one is a small
effect, and hence the ratioRMγ is to excellent approximation a linear function of the real part of the ratio
κq/κγ , where κγ is the new physics modification of the entire h → γγ matrix element. This quantity
is known to be close to its SM value 1. Figure 280 shows theoretical predictions for the ratios Rφγ and
RJ/ψ γ (times 103) obtained in [1489]. The width of the bands reflects the theoretical uncertainties. The
corresponding predictions for the lighter mesons ρ and ω suffer from significant hadronic uncertainties
due to ρ–ω–φ mixing.

In the case of the h→ Υ(nS) γ decay modes the SM branching ratios are so small that a discovery
at the LHC (or any other conceivable collider) is all but elusive. The direct contributions are no longer a
small correction, and hence the quadratic terms in κb are important. On the other hand, the almost perfect
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Figure 281: Ratio RΥ(1S)γ as a function of the real and imaginary parts of κb/κγ . In the left plot the imaginary
part is set to zero. The right plot shows contour lines of 103RΥ(1S)γ in the complex κb/κγ plane. The black dot
and the arrow indicate the SM values. Coupling parameters inside the dashed white circle are preferred by the
current LHC data on h→ bb̄.

cancellation between the direct and indirect amplitudes no longer holds in the presence of new physics.
The left plot in Figure 281 shows the dependence of the ratioRΥ(1S)γ on the real part of κb/κγ , assuming
that the CP-violating imaginary part vanishes. It is evident that the SM value accidentally coincides with
the minimum of the curve, while significantly larger branching fractions are possible when new physics
alters the value of κb. As an interesting benchmark for LHC experiments, we consider the case where
κb = −1, while κγ takes its SM value of 1. This benchmark is and will be in great agreement with LHC
Higgs boson coupling fits, since Higgs boson coupling measurements cannot probe the sign of κb. We
then obtain the branching fractions

Br(h→ Υ(1S) γ) = (0.98± 0.06) · 10−6 ,

Br(h→ Υ(2S) γ) = (0.45± 0.03) · 10−6 , (κb = −1)

Br(h→ Υ(3S) γ) = (0.33± 0.03) · 10−6 ,

(IV.6.4)

more than two orders of magnitude larger than in the SM. The right plot in Figure 281 shows contours
of 103RΥ(1S)γ in the complex κb/κγ plane. The dashed white circle indicates the current upper bound
on the combination λbγ = |κb/κγ |, which to an excellent approximation measures the deviation of the
ratio Br(h → bb̄)/Br(h → γγ) from its SM value. The Higgs bosons must be produced via the same
production mechanism in both cases, so that possible new physics effects in Higgs boson production
cancel out. Since the h → bb̄ mode is measured at the LHC in the rare V H and tt̄H associated-
production channels, at present no accurate direct measurements of λbγ are available. However, from
the model-independent global analyses of Higgs boson couplings, in which all couplings to SM particles
(including the effective couplings to photons and gluons) are rescaled by corresponding κi parameters
and also invisible Higgs boson decays are allowed, one obtains λbγ = 0.63 ± 0.27 for CMS [758] and
λbγ = 0.67± 0.32 for ATLAS [757]. At 95% CL this implies λbγ < 1.3. Within this allowed region, the
h→ Υ(1S) branching ratio varies by more than two orders of magnitude and can take values as large as
1.3 · 10−6, which may be within reach of the high-luminosity run at the LHC.

The decays h → Υ(nS) γ provide a golden opportunity to probe new-physics effects on the
bottom-quark Yukawa couplings. Any measurement of such a decay would be a clear signal of new
physics. A combined measurement of the two ratios Br(h → Υ(nS) γ)/Br(h → γγ) and BR(h →
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bb̄)/Br(h→ γγ) can provide complementary information on the real and imaginary parts of the b-quark
Yukawa coupling. We can think of no other way in which one can probe the magnitudes and signs of the
real and imaginary parts of κb separately.

IV.6.2.b h→ V P and h→ V P ? IV.30

In this section, we discuss decays of the form h→ VM where V is a massive on-shell SM vector boson
(V = Z,W ) and M is an associated meson (vector or pseudoscalar) produced in the decay of the h
particle.

We will focus on the decay of the Higgs, assuming a narrow width approximation to factorize the
decay and production mechanisms. The decays we will discuss are very rare decays in the SM, with
extremely small branching ratios. Despite these small rates, it is still important to search for such rare
decays, to learn experimentally about the properties of the discovered h state robustly. It was pointed out
in Ref. [768] that such rare exclusive decays of the h particle with an associated massive vector boson
offer complementary information about the properties of this state, and how it couples to the SM fields.
This information is complementary to what can be determined experimentally from more inclusive h
decay modes. Reaching the experimental sensitivity required to observe such extremely rare decays,
with any associated V = {γ, Z,W}, is extremely challenging but worth the effort.

Given the strong suppression of such exclusive decay modes, the theoretical predictions of the
corresponding decay rates are subject to an irreducible uncertainty due to the limited knowledge of the
h dominant decay modes, both within and, especially, beyond the SM. In particular, the total uncertainty
in the width of the h particle (Γh) feeds into the uncertainty in the predicted Br(h→ i) as

δBR(h→ i) = BR(h→ i)

(
δΓh→i
Γh→i

+
δΓh
Γh
− 2

∆iΓh

Γh→iΓh

)1/2

, (IV.6.5)

using simple Gaussian error propagation, where δ indicates a 1σ error. Here ∆iΓh
is the covariance of the

total width and the decay channel h→ i. Although possible tests of the decay width—within the SM—
have been proposed in the literature [501–503] and carried out by the experimental collaborations [508,
509], the corresponding constraint on the decay width does not hold in an EFT generalization of the
SM [504]. Indeed, as emphasized in Ref. [504], the uncertainty in µggF and µZZ directly feeds into such
a measurement. When we discuss theoretical uncertainties for the rare modes in Tables 163 and 164,
we report theoretical uncertainties of the form δΓh→i/Γh→i for the SM, added in quadrature to the total
theoretical width defined as Γh = 4.08 MeV with a±3.9% relative error. We neglect the unknown ∆iΓh
in this estimate.

IV.6.2.b.i SM predictions, dominant electroweak dependence
The SM prediction for the decay proceeds dominantly through the diagrams shown in Figure 282. Defin-
ing the SM currents coupling to the massive vector bosons as

LJ =
e√

2 sin θW
J±µW

µ
± +

e

sin θW cos θW
J0
µZ

µ, (IV.6.6)

and the pseudoscalar (P ) and vector meson (P ?) decay constants with the following normalizations

〈P (q)|Jµ(q)|0〉0 =
1

2
FP qµ, 〈P ?(q)|Jµ(q)|0〉 =

1

2
F ?P m

?
p εµ, (IV.6.7)

then the tree-level (Figure 282a) SM contribution is [768],

BSM(h→ V P ) =
m3
hG

2
F

8π

|CV FP |2
(Γh)SM

λ3(1, ρ, q̂2), (IV.6.8)

IV.30Author(s): G. Isidori, M. Trott.
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where CV = {1/
√

2, 1} for the cases W and Z respectively. Here ρ = m2
V /m

2
h and q̂2 = m2

P /m
2
h

and λ(a, b, c) =

√
a2 + b2 + c2 − 2(ab+ ac+ bc). GF is the fermi constant and (Γh)SM is the SM

Higgs boson decay width. The case of a decay to a vector meson through a Z?, for example h→ J/ψZ,
through Figure 282a gives a branching ratio [950]

BSM(h→ V J/Ψ) =
m3
hG

2
F

8π

∣∣F ?J/Ψ
∣∣2

(Γh)SM

√
λ(1, ρ, q̂2)

(1− q̂2/ρ)2


(1− ρ)2

(
1− q̂2

1− ρ

)2

+ 8 q̂2 ρ


 . (IV.6.9)

The tree-level contribution in Figure 282a is usually largely dominant but for the case of charmonium
vector resonances (J/ψ, ψ′, . . .). In the latter case the accidental suppression of the Z-boson vector
coupling to charm makes the formally subleading (one-loop induced) h→ Z γ amplitude (Figure 282b)
compete with the tree-level one [1485,1494]. The full SM expression including this contribution and the
interference term can be found in Ref. [1494]IV.31. The SM predictions of pseudoscalar decays are given
in Table 163. We use the value CSMZγ = −5.540 for the Wilson coefficient of this operator, consistent
with the normalization of the operator defined in Ref. [1494, 1496].

Z(W )

Z?(W ?)

(a)

Z

γ?

(b)

Z(W )

(c)

Figure 282: Direct contributions to exclusive decay modes of the form h → V P and h → V P ?. Diagram (a) is
generally the dominant contribution in the SM, while diagram (b) can also contribute significantly for narrow light
vector mesons. Diagram (c) is generally negligible in the SM, but can be significantly enhanced in beyond the SM
scenarios.

IV.6.2.b.ii SM predictions, subdominant Yukawa dependence
In the SM branching ratios reported in Tables 163 and 164 the contribution from Figure 282c is neglected,
being suppressed by a small Yukawa coupling. This is always a good approximation in the SM if the
associated vector meson is a Z or a W , i.e. when there is a tree-level contribution not suppressed by
small Yukawa couplings.

The Yukawa amplitude is not necessarily negligible in the radiative modes (V = γ), when the tree-
level amplitude is absent. The possibility of determining this contribution in the modes V = γ has been
already discussed in. Section IV.6.2.a. However, as we briefly illustrate below, this goal is extremely
challenging for the SM values of κq = 1, given that the Yukawa contribution is typically subleading.

New physics in the Higgs sector at some high scale can induce large deviations of the light-quark
Yukawa couplings from their SM values even when the cut-off scale is parametrically greater than the
electroweak scale. Indeed the corresponding amplitudes scale as

A(ψ̄ ψ →WLWL) =
mψ

√
s

v2 (1− κψ κW ). (IV.6.10)

IV.31See Ref. [1495] for the latest computation using the QCD factorization approach. A future LHC HXSWG note will contain
updated predictions.
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Due to the presence of a small fermion (ψ) mass scale, large deviations in κψ still allow the cut-off
scale of the theory to remain parametrically separated from the scale v. While such enhancements would
generally occur along with other deviations in Higgs phenomenology, including deviations in the elec-
troweak couplings present in Figure 282a and Figure 282b, some classes of BSM models can predict
parametrically large enhancements to κψ while leaving other Higgs boson couplings largely unaffected,
as discussed in SectionIV.6.2.c. It is important to bear in mind that in BSM models which do yield large
deviations in other Higgs boson couplings, the extraction of any information on the sub-leading Yukawa
contribution could be out of reach.

As a specific example, consider the results quoted in Ref. [1486], and discussed in Section IV.6.2.a,
for the γ-tagged decays:

Br(h→ φγ)

Br(h→ bb̄)
' κγ

[
(3.0± 0.13)κγ − 0.02κs

]

0.57κ2
b

× 10−6,

Br(h→ ρ γ)

Br(h→ bb̄)
'
κγ

[
(1.9± 0.15)κγ − 1× 10−4 κu − 1× 10−4 κd

]

0.57κ2
b

× 10−5,

Br(h→ ω γ)

Br(h→ bb̄)
'
κγ

[
(1.6± 0.17)κγ − 3× 10−4 κu − 3× 10−4κd

]

0.57κ2
b

× 10−6. (IV.6.11)

The only modification here compared to Ref. [1486] is to utilize κq factors normalized to the light quark
masses, consistent with standard usage. Recall that currently κγ = 0.92+0.12

−0.11 when BrBSM is assumed
to be 0 in the ATLAS/CMS coupling fit combination [6]. While enhancements of κs,u,d by O(100) may
thus be measurable (see Section IV.6.2.a), Eq. IV.6.11 demonstrates that a very large reduction in the
uncertainties of the tree-level couplings of the h state, and the effective one-loop couplings of this state
(i.e. κγ), would be required for these rare decays to be sensitive to light quark Yukawa couplings of
O(10) their SM values or smaller.

IV.6.2.b.iii SM Theory errors
The dominant theoretical errors in the branching ratios are due to the lattice (or experimental) errors on
the meson decay constants FP (ranging between few % and 10%), which are combined in quadrature
with the uncertainties on the elements of the Cabibbo-Kobayashi-Maskawa mixing matrix (VCKM). This
uncertainty is given in column three of the branching ratio tables. This theoretical error, combined with
the theoretical error on the Higgs boson total width (∼ 4% [1497]) dictates the error given in the fifth
column of the tables.

IV.6.2.c NP benchmarks for enhanced branching ratios IV.32

The Higgs boson couplings to the SM fermions, f , can differ from their SM values due to NP. We
describe the size of the modification using a generalized κ framework,

Leff = −κf
mf

v
f̄fh− iκ̃f

mf

v
f̄γ5fh−

[(
κff ′ + iκ̃ff ′

)
f̄Lf

′
Rh+ h.c.

]
, (IV.6.12)

where a sum over f = t, b, c, s, d, u, τ, µ, e is understood. The first two terms are flavour-diagonal with
the first term CP-conserving and the second CP-violating. The terms in square brackets are flavour
violating. The real (imaginary) part of the coefficient is CP conserving (violating). In the SM, we have
κf = 1 while κ̃f = κff ′ = κ̃ff ′ = 0.

The Higgs boson production and decay strengths measured at the LHC constrain the flavour-
diagonal CP-conserving Yukawa couplings to be [6, 1465, 1486] (for future prospects see also [1463,
IV.32Author(s): F. Bishara, J. Zupan.
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Table 163: SM branching ratios BSM for selected h → V P decays. The decay constants are defined as F
π
0 =

fπ/
√

2, F
K
± = Vus fK F

π
± = Vudfπ , F

D
± = VcdfD, FDs

= VcsfDs
, F

B
± = VubfB , F

B
±
c

= VcbfB , and
Fηc = fηc/2, where fP are the standard meson decay constants reported in [1497–1499] for Nf = 2 + 1 (when
available) and the CKM parameters are PDG values [1497]. The theoretical errors quoted are 1σ values.

V P mode P mass FP BSM Th. Error

W−π+ 139.57018 ± 0.00035 MeV 126.6 ± 1.4 MeV 0.42× 10−5 ±5%

W−K+ 493.677 ± 0.016 MeV 35.2 ± 0.3 MeV 0.33× 10−6 ±4%

W−D+
s 1968.30 ± 0.11 MeV 248.6 ± 2.4 MeV 1.6× 10−5 ±4%

W−D+ 1869.61 ± 0.09 MeV 47.07 ± 2.4 MeV 0.58× 10−6 ±11%

W−B+ 5279.29 ± 0.15 MeV 0.79 ± 0.10 MeV 1.6× 10−10 ±26%

W−B+
c 6275.1 ± 1.0 MeV 7.82 ± 0.42 MeV 1.6× 10−8 ±11%

Zπ0 134.9766 ± 0.0006 MeV 92.1 ± 1.0 MeV 0.23× 10−5 ±5%

Zηc 2984.3 ± 0.84 MeV 197.4 ± 0.30 MeV 1.0× 10−5 ±5%

Table 164: SM branching ratios for selected h → V P ? decays. The normalizations are defined as in the case of
the pseudoscalar mesons. We use F ?B/FB = 1.02±0.08 [1500]. The theoretical errors quoted are 1σ values. Total
errors quoted at & 4% do not have a decay constant theoretical error assigned.

V P ? mode P ? mass F ?P /2 BSM Th. Error

W−ρ+ 775.26 ± 0.25 MeV 210 ± 5.5 MeV [1501] 1.5× 10−5 ±6%

W−K?+ 891.66 ± 0.026 MeV 35.8 ± 0.3 MeV 4.3× 10−7 ±4%

W−D+ 2010.26 ± 0.07 MeV 61.1 ± 0.6 MeV 1.3× 10−6 ±6%

W−D?+
s 2112.1 ± 0.4 MeV 320.5 ± 3.1 MeV 3.5× 10−5 ±6%

W−B?+ 5325.2 ±0.4 MeV 194.3 ± 15.8 MeV [1500] 1.3× 10−5 ±17%

ZJ/Ψ(1S) 3096.916 ± 0.011 MeV 405 ± - MeV 3.2× 10−6 & 4%

ZJ/Ψ(2S) 3686.109 ± 0.013 MeV 290 ± - MeV 1.5× 10−6 & 4%

ZΥ(1S) 9460.30 ± 0.26 MeV 680 ± - MeV 1.7× 10−5 & 4%

ZΥ(2S) 10023.26 ± 0.31 MeV 485 ± - MeV 8.9× 10−6 & 4%

ZΥ(3S) 10355.2 ± 0.5 MeV 420 ± - MeV 6.7× 10−6 & 4%

Zρ0 775.26 ± 0.25 MeV 216 ± 5.5 MeV [1501] 1.4× 10−5 ±6%

Zω0 782.65 ± 0.12 MeV 216 ± 5.5 MeV 1.6× 10−6 ±6%

Zφ0 1019.461 ± 0.019 MeV 233 ± 5 MeV [1502] 4.2× 10−6 ±6%
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1482, 1485, 1487, 1489, 1503])

κt = 1.43± 0.23, κb = 0.60± 0.18, κc . 6.2, (IV.6.13)

κs < 65, κd < 1.4 · 103, κu < 3.0 · 103, (IV.6.14)

κτ = 0.88± 0.13, κµ = 0.2+1.2
−0.2, κe . 630. (IV.6.15)

Here, κt,b,c,s,d,u,τ constraints have been obtained by allowing BSM particles to modify the h → gg
and h → γγ couplings, i.e. δκg,γ were floated, while assuming that there are no new decay channels,
BRBSM = 0. The κµ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, δκg,γ were set to zero. The upper bounds on κc,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, κ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on κτµ, κµτ , κτe, κeτ
are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h→ τµ [1507, 1508].

In the rest of the section we review the expected sizes of κi in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h→ τµ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, κf , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/Λ2, where Λ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),

LEFT =
Y ′u
Λ2 Q̄LH

cuR(H†H) +
Y ′d
Λ2 Q̄LHdR(H†H) +

Y ′`
Λ2 L̄LH`R(H†H) + h.c. , (IV.6.16)

which correct the SM Yukawa interactions, YuQ̄LH
cuR + YdQ̄LHdR + Y`L̄LH`R. Here Λ is the NP

scale and Hc = iσ2H
∗. The fermion mass matrices and Yukawa couplings after EWSB are

Mf =
v√
2

(
Yf + Y ′f

v2

2Λ2

)
, yf = Yf + 3Y ′f

v2

2Λ2 , f = u, d, ` . (IV.6.17)

Because Yf and Y ′f appear in two different combinations in Mf and in the physical Higgs Yukawa
couplings, yf , the two, in general, cannot be made diagonal in the same basis and will lead to flavour-
violating Higgs boson couplings.
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Table 165: Predictions for the flavour-diagonal up-type Yukawa couplings in a sample of NP models (see text for
details).

Model κt κc(u)/κt κ̃t/κt κ̃c(u)/κt

SM 1 1 0 0

MFV 1 + Re(auv
2
+2bum

2
t )

Λ
2 1− 2 Re(bu)m

2
t

Λ
2

Im(auv
2
+2bum

2
t )

Λ
2

Im(auv
2
)

Λ
2

NFC Vhu v/vu 1 0 0

MSSM cosα/ sinβ 1 0 0

FN 1 +O
(
v

2

Λ
2

)
1 +O

(
v

2

Λ
2

)
O
(
v

2

Λ
2

)
O
(
v

2

Λ
2

)

GL2 cosα/ sinβ ' 3(7) 0 0

RS 1−O
(

v
2

m
2
KK

Ȳ 2
)

1 +O
(

v
2

m
2
KK

Ȳ 2
)

O
(

v
2

m
2
KK

Ȳ 2
)

O
(

v
2

m
2
KK

Ȳ 2
)

pNGB 1 +O
(
v

2

f
2

)
+O

(
y2
∗λ

2 v
2

M
2
∗

)
1 +O

(
y2
∗λ

2 v
2

M
2
∗

)
O
(
y2
∗λ

2 v
2

M
2
∗

)
O
(
y2
∗λ

2 v
2

M
2
∗

)

Table 166: Same as Table 165 but for down-type Yukawa couplings.

Model κb κs(d)/κb κ̃b/κb κ̃s(d)/κb

SM 1 1 0 0

MFV 1 + Re(adv
2
+2cdm

2
t )

Λ
2 1− 2 Re(cd)m

2
t

Λ
2

Im(adv
2
+2cdm

2
t )

Λ
2

Im(adv
2
+2cd|Vts(td)|2m2

t )

Λ
2

NFC Vhd v/vd 1 0 0

MSSM − sinα/ cosβ 1 0 0

FN 1 +O
(
v

2

Λ
2

)
1 +O

(
v

2

Λ
2

)
O
(
v

2

Λ
2

)
O
(
v

2

Λ
2

)

GL2 − sinα/ cosβ ' 3(5) 0 0

RS 1−O
(

v
2

m
2
KK

Ȳ 2
)

1 +O
(

v
2

m
2
KK

Ȳ 2
)

O
(

v
2

m
2
KK

Ȳ 2
)

O
(

v
2

m
2
KK

Ȳ 2
)

pNGB 1 +O
(
v

2

f
2

)
+O

(
y2
∗λ

2 v
2

M
2
∗

)
1 +O

(
y2
∗λ

2 v
2

M
2
∗

)
O
(
y2
∗λ

2 v
2

M
2
∗

)
O
(
y2
∗λ

2 v
2

M
2
∗

)

In Tables 165-168 we show the resulting κf assuming MFV, i.e., that the flavour breaking in the
NP sector is only due to the SM Yukawas [699,700,1519–1523]. This gives Y ′u = auYu + buYuY

†
uYu +

cuYd Y
†
d Yu + · · · , and similarly for Y ′d with u↔ d, while aq, bq, cq ∼ O(1) and are in general complex.

For leptons we follow [1512] and assume that the SM Y` is the only flavour-breaking spurion even for
the neutrino mass matrix (see also [701]). Then Y ′` and Y` are diagonal in the same basis and there are
no flavour-violating couplings. The flavour-diagonal κ` are given in Table 167.

Multi-Higgs-doublet model with natural flavour conservation (NFC). Natural flavour conservation
in multi-Higgs-doublet models is an assumption that only one doublet,Hu, couples to the up-type quarks,
only one Higgs doublet, Hd, couples to the down-type quarks, and only one doublet, H` couples to lep-
tons (it is possible that any of these coincide, as in the SM where H = Hu = Hd = H`) [1193, 1194].
The neutral scalar components of Hi are (vi + hi)/

√
2, where v2 =

∑
i v

2
i . The dynamical fields hi are

a linear combination of the neutral Higgs boson mass eigenstates (and include hu and hd). We thus have
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Table 167: Same as Table 165 but for lepton Yukawa couplings. NP effects in the pNGB model are negligible and
therefore we do not report them here.

Model κτ κµ(e)/κτ κ̃τ/κτ κ̃µ(e)/κτ

SM 1 1 0 0

MFV 1 + Re(a`)v
2

Λ
2 1− 2 Re (b`)m

2
τ

Λ
2

Im(a`)v
2

Λ
2

Im(a`)v
2

Λ
2

NFC Vh` v/v` 1 0 0

MSSM − sinα/ cosβ 1 0 0

FN 1 +O
(
v

2

Λ
2

)
1 +O

(
v

2

Λ
2

)
O
(
v

2

Λ
2

)
O
(
v

2

Λ
2

)

GL2 − sinα/ cosβ ' 3(5) 0 0

RS 1 +O
(
Ȳ 2 v

2

m
2
KK

)
1 +O

(
Ȳ 2 v

2

m
2
KK

)
O
(
Ȳ 2 v

2

m
2
KK

)
O
(
Ȳ 2 v

2

m
2
KK

)

Table 168: Same as Table 165 but for flavour-violating up-type Yukawa couplings. In the SM, NFC and the tree-
level MSSM the Higgs Yukawa couplings are flavour diagonal. The CP-violating κ̃ff ′ are obtained by replacing
the real part, Re, with the imaginary part, Im. All the other models predict a zero contribution to these flavour
changing couplings.

Model κct(tc)/κt κut(tu)/κt κuc(cu)/κt

MFV
Re
(
cum

2
bV

(∗)
cb

)

Λ
2

√
2mt(c)
v

Re
(
cum

2
bV

(∗)
ub

)

Λ
2

√
2mt(u)

v

Re
(
cum

2
bVub(cb)V

∗
cb(ub)

)

Λ
2

√
2mc(u)

v

FN O
(
vmt(c)

Λ
2 |Vcb|±1

)
O
(
vmt(u)

Λ
2 |Vub|±1

)
O
(
vmc(u)

Λ
2 |Vus|±1

)

GL2 ε(ε2) ε(ε2) ε3

RS ∼ λ(−)2mt(c)
v Ȳ 2 v

2

m
2
KK

∼ λ(−)3mt(u)

v Ȳ 2 v
2

m
2
KK

∼ λ(−)1mc(u)

v Ȳ 2 v
2

m
2
KK

pNGB O(y2
∗
mt
v

λL(R),2λL(R),3m
2
W

M
2
∗

) O(y2
∗
mt
v

λL(R),1λL(R),3m
2
W

M
2
∗

) O(y2
∗
mc
v

λL(R),1λL(R),2m
2
W

M
2
∗

)

hi = Vhih + . . ., where Vhi are elements of the unitary matrix V that diagonalizes the neutral-Higgs
boson mass terms and we only write down the contribution of the lightest Higgs, h. NFC means that
there are no tree-level Flavour Changing Neutral Currents (FCNCs) and no CP violation in the Yukawa
interactions κqq′ = κ̃qq′ = 0 , κ̃q = 0.

There is a universal shift in all up-quark Yukawa couplings, κu = κc = κt = Vhuv/vu. Simi-
larly there is a (different) universal shift in all down-quark Yukawa couplings and in all lepton Yukawa
couplings, see Tables 165 - 167.

Higgs sector of the MSSM at tree level. The MSSM tree-level Higgs potential and the couplings to
quarks are the same as in the type-II two-Higgs-doublet model, see, e.g., [1524]. This is an example of a
2HDM with natural flavour conservation in which vu = sinβ v, vd = cosβ v. The mixing of hu,d into
the Higgs boson mass-eigenstates h andH is given by hu = cosαh+sinαH , hd = − sinαh+cosαH ,
where h is the observed SM-like Higgs. The up-quark Yukawa couplings are rescaled universally, κu =
κc = κt = cosα/ sinβ, and similarly the down-quark Yukawas, κd = κs = κb = − sinα/ cosβ. The
flavour-violating and CP-violating Yukawas are zeroIV.33. In Tables 165-167 we limit ourselves to the
IV.33Note that beyond the tree level, in fine-tuned regions of parameter space the loops of sfermions and gauginos can lead to
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Table 169: Same as Table 168 but for flavour-violating down-type Yukawa couplings.

Model κbs(sb)/κb κbd(db)/κb κsd(ds)/κb

MFV
Re
(
cdm

2
tV

(∗)
ts

)

Λ
2

√
2ms(b)
v
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2
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)
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Table 170: Same as Table 168 but for flavour-violating lepton Yukawa couplings.

Model κτµ(µτ)/κτ κτe(eτ)/κτ κµe(eµ)/κτ

FN O
(
vmµ(τ)

Λ
2 |U23|∓1

)
O
(
vme(τ)

Λ
2 |U13|∓1

)
O
(
vme(µ)

Λ
2 |U12|∓1

)

GL2 ε2(ε) ε ε2(ε3)
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√
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mτ(e)
Ȳ 2 v

2

m
2
KK

∼
√

me(µ)

mµ(e)
Ȳ 2 v

2

m
2
KK

tree-level expectations, which are a good approximation for a large part of the MSSM parameter space.

In the alignment limit, β − α = π/2 [488, 1197, 1526–1530], the Yukawa couplings tend toward
their SM value, κi = 1. The global fits to Higgs data in type-II 2HDM already constrain β − α to
be not to far from π/2 [1531–1533] so that the couplings of the light Higgs are also constrained to be
close to their SM values. Note that the decoupling limit of the 2HDM, where the heavy Higgs bosons
become much heavier than the SM Higgs, implies the alignment limit while the reverse is not necessarily
true [1526].

A single Higgs doublet with Froggatt-Nielsen mechanism (FN). The Froggatt-Nielsen [1514] mech-
anism provides a simple explanation of the size and hierarchy of the SM Yukawa couplings. In the sim-
plest realization this is achieved by a U(1)H horizontal symmetry under which different generations of
fermions carry different charges. The U(1)H is broken by a spurion, εH . The entries of the SM Yukawa
matrix are then parametrically suppressed by powers of εH as, for example, in the lepton sector

(
Y`
)
ij
∼ εH(Li)−H(ej)

H , (IV.6.18)

where H(e, L) are the FN charges of the right- and left-handed charged lepton, respectively. The di-
mension 6 operators in (IV.6.16) due to electroweak NP have similar flavour suppression,

(
Y ′`
)
ij
∼

ε
H(ej)−H(Li)

H v2/Λ2 [1510, 1512]. After rotating to the mass eigenbasis, the lepton masses and mixing
angles are then given by [1534, 1535]

m`i
/v ∼ ε|H(Li)−H(ei)|

H , |Uij | ∼ ε
|H(Li)−H(Lj)|
H , (IV.6.19)

substantial corrections to these expressions [1525].
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giving the Higgs Yukawa couplings in Tables 167 and 170 in the row labelled ‘FN’ [1510]. Similarly for
the quarks, after rotating to the mass eigenbasis, the masses and the mixings are given by [1534]

mui(di)
/v ∼ ε|H(Qi)−H(ui(di))|

H , |Vij | ∼ ε
|H(Qi)−H(Qj)|
H , (IV.6.20)

where V is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and H(u, d,Q) are the FN charges
of the right-handed up and down and the left-handed quark fields, respectively.

Higgs-dependent Yukawa couplings (GL2) In the model of quark masses introduced by Giudice
and Lebedev [1515], the quark masses, apart from the top mass, are small because they arise from
higher dimensional operators. The original GL proposal is ruled out by data, while the straightforward
modification to a 2HDM (GL2) is

Lf = cuij

(
H†1H1

M2

)nuij
Q̄L,iuR,jH1 + cdij

(
H†1H1

M2

)ndij
Q̄L,idR,jH2 +

c`ij

(
H†1H1

M2

)n`ij
L̄L,ieR,jH2 + h.c. ,

(IV.6.21)

whereM is the mass scale of the mediators. In the original GL modelH2 is identified with the SM Higgs,
H2 = H , while H1 = Hc. Taking cu,dij ∼ O(1), the ansatz nu,dij = ai + bu,dj with a = (1, 1, 0), bd =
(2, 1, 1), and bu = (2, 0, 0) then reproduces the hierarchies of the observed quark masses and mixing
angles for ε ≡ v2/M2 ≈ 1/60. The Yukawa couplings are of the form yu,dij = (2nu,dij + 1)(yu,dij )SM. The

SM Yukawas are diagonal in the same basis as the quark masses, while the yu,dij are not. Because the
bottom Yukawa is largely enhanced, κb ' 3, this simplest version of the GL model is already excluded
by the Higgs data. Its modification, GL2, is still viable, though [1509]. For v1/v2 = tanβ ∼ 1/ε one
can use the same ansatz for nu,dij as before, modifying only bd, so that bd = (1, 0, 0), with the results
shown in Tables 165-170. For leptons we use the same scalings as for right-handed quarks. Note that
the H†1H1 is both a gauge singlet and a flavour singlet. From symmetry point of view it is easier to build
flavour models, if H1H2 acts as a spurion in (IV.6.21), instead of H†1H1. This possibility is severely
constrained phenomenologically, though [1513, 1536].

Randall-Sundrum models (RS). The Randall-Sundrum warped extra-dimensional model has been
proposed to address the hierarchy problem and simultaneously explain the hierarchy of the SM fermion
masses [1516, 1537–1540]. Integrating out the Kaluza-Klein (KK) modes of mass mKK , and working
in the limit of a brane-localized Higgs, keeping only terms of leading order in v2/m2

KK , the SM quark
mass matrices are given by [1541] (see also [1542–1550], and Ref. [1551] for a bulk Higgs scenario)

M
d(u)
ij =

[
FqY

5D
1(2)Fd(u)

]
ij
v . (IV.6.22)

The Fq,u,d are 3 × 3 matrices of fermion wave-function overlaps with the Higgs and are diagonal and
hierarchical. Assuming flavour anarchy, the 5D Yukawa matrices, Y 5D

1,2 , are general 3 × 3 complex
matrices with Ȳ ∼ O(1) entries, but usually Ȳ . 4, see, e.g., [1545]. At leading order in v2/m2

KK

the Higgs Yukawas are aligned with the quark masses, i.e., Mu,d = yu,dv/
√

2 + O(v2/m2
KK). The

misalignments are generated by tree-level KK quark exchanges, giving

[
yu(d)

]
ij
−
√

2

v

[
Mu,d

]
ij
∼ −1

3
Fqi Ȳ

3Fuj(dj)
v2

m2
KK

. (IV.6.23)

For the charged leptons, there are two choices for generating the hierarchy in the masses [1541]. If
left- and right-handed fermion profiles are both hierarchical (and taken to be similar) then the misalign-

ment between the masses and Yukawas is ∼
√
mimj/v

2 × O
(
Ȳ 2v2/m2

KK

)
. If only the right-handed
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profiles are hierarchical the misalignment is given by (see also Tables 167 and 170)

[
y`
]
ij
−
√

2

v

[
M`

]
ij
∼ −1

3
Ȳ 2 v2

m2
KK

m`
j

v
. (IV.6.24)

The Higgs mediated FCNCs are suppressed by the same zero-mode wave-function overlaps that
also suppress the quark masses, (IV.6.22), giving rise to the RS GIM mechanism [1552–1554]. Using the
fact that the CKM matrix elements are given by Vij ∼ Fqi/Fqj for i < j, Eq. (IV.6.23), one can rewrite
the κi as in Tables 165-169. The numerical analysis of Ref. [1541] found that for diagonal Yukawas
typically κi < 1, with deviations in κt(b) up to 30%(15%), and in κs,c(u,d) up to ∼ 5%(1%). For the
charged leptons one obtains deviations in κτµ(µτ) ∼ 1(5)× 10−5 [1541]. These estimates were obtained
fixing the mass of the first KK gluon excitation to 3.7 TeV, above the present ATLAS bound [1555].

Composite pseudo-Goldstone Higgs (pNGB). Finally, we assume that the Higgs is a pseudo-Goldstone
boson arising from the spontaneous breaking of a global symmetry in a strongly coupled sector, and cou-
ples to the composite sector with a typical coupling y∗ [769,770,772,1517] (for a review, see [689]). As-
suming partial compositeness, the SM fermions couple linearly to composite operatorsOL,R, λqL,iQ̄L,iO

i
R+

λuR,j ūR,jO
j
L+h.c. , where i, j are flavour indices [1556]. This is the 4D dual of fermion mass generation

in 5D RS models. The SM masses and Yukawa couplings arise from expanding the two-point functions
of the OL,R operators in powers of the Higgs field [1557].

The new ingredient compared to the EFT analysis in (IV.6.16) is that the shift symmetry due
to the pNGB nature of the Higgs dictates the form of the higher-dimensional operators. The flavour
structure and the composite Higgs coset structure completely factorize if the SM fields couple to only
one composite operator. The general decomposition of Higgs boson couplings then becomes [1557] (see
also [471, 1558, 1559])

YuQ̄LHuR + Y ′uQ̄LHuR
(H†H)

Λ2 + . . . → cuij P (h/f) Q̄iLHu
j
R , (IV.6.25)

and similarly for the down quarks. Here f & v is the equivalent of the pion decay constant, while
P (h/f) = a0 + a2(H†H/f2) + . . . is an analytic function whose form is fixed by the pattern of the
spontaneous breaking and the embedding of the SM fields in the global symmetry of the strongly coupled
sector. In (IV.6.25) the flavour structure of Yu and Y ′u is the same. The resulting corrections to the quark
Yukawa couplings are therefore strictly diagonal,

κq ∼ 1 +O
(
v2/f2). (IV.6.26)

For example, for the models based on the breaking of SO(5) to SO(4), the diagonal Yukawa couplings

can be written as κq = (1 + 2m − (1 + 2m + n)(v/f)2)/

√
1− (v/f)2, where n,m are positive

integers [1560]. The MCHM4 model corresponds to m = n = 0, while MCHM5 is given by m =
0, n = 1.

The flavour-violating contributions to the quark Yukawa couplings arise only from corrections to
the quark kinetic terms [1557],

q̄Li /DqL
H†H

Λ2 , ūRi /DuR
H†H

Λ2 , . . . , (IV.6.27)

due to the exchanges of composite vector resonances with typical mass M∗ ∼ Λ. After using the
equations of motion these give (neglecting relative O(1) contributions in the sum) [1557, 1559, 1561],

κuij ∼ 2y2
∗
v2

M2
∗

(
λqL,iλ

q
L,j

muj

v
+ λuR,iλ

u
R,j

mui

v

)
, (IV.6.28)
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and similarly for the down quarks. If the strong sector is CP violating, then κ̃u,dij ∼ κ
u,d
ij .

The exchange of composite vector resonances also contributes to the flavour-diagonal Yukawa
couplings, shifting the estimate (IV.6.26) by ∆κqi ∼ 2y2

∗
v

2

M
2
∗

[(
λqL,i

)2
+
(
λuR,i

)2] . This shift can be
large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y∗ ∼ 4π, and these resonances are relatively light, M∗ ∼ 4πv ∼ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., λqL,3 ∼ λuR,3 ∼ 1). In the anarchic flavour scenario, one expects the remaining quarks to
be mostly elementary (so the remaining λi � 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.

IV.6.2.c.ii Models with large flavour-violating Higgs boson decays

In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
dictions share several common features. If the scale of NP is well above the weak scale, Λ � v, the
deviations from the SM expectations become increasingly small.

Flavour-violating Higgs Yukawa couplings to quarks are significantly constrained by meson mix-
ing constraints [1490, 1504]. If the tree-level Higgs exchange is the dominant NP contribution, the con-
straints from D− D̄, Bd− B̄d, Bs− B̄s and K− K̄ mixing translate to Br(h→ cū+uc̄) < 3.7×10−6,
Br(h→ bd̄+ db̄) < 1.7× 10−5, Br(h→ bs̄+ sb̄) < 1.3× 10−3, and Br(h→ sd̄+ ds̄) < 4.2× 10−7

at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h → b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, κtc,tu and κct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the

flavour-violating top decays at the LHC, t→ hc, hu, giving
√
κ2
tc + κ2

ct < 0.13 and
√
κ2
tu + κ2

ut < 0.13

[1569–1571].The D − D̄ mixing also constrains combinations of the couplings, |κutκct|, |κtuκtc| <
7.6× 10−3, |κtuκct|, |κutκtc| < 2.2× 10−3, |κutκctκtuκtc|1/2 < 0.9× 10−3 [1490].

Similarly, the flavour-violating Yukawa couplings involving the τ lepton are relatively loosely
constrained. The most stringent constraints come from direct searches for h→ τµ, τe at the LHC [1506–

1508], giving
√
κ2
τµ + κ2

µτ < 3.6 × 10−3 [1508],
√
κ2
τe + κ2

eτ < 2.4 × 10−3 [1506]. These numbers

should be compared to the indirect constraints from searches for τ → µγ and τ → eγ:
√
κ2
τµ + κ2

µτ <

0.016,
√
κ2
τe + κ2

eτ < 0.014 [1490, 1504].

In contrast, the most stringent constraint on κµe is due to µ → eγ, giving
√
κ2
µe + κ2

eµ < 3.6 ×
10−6 [1490] to be compared with the bound from the direct search h → eµ which is two orders of

magnitude less stringent,
√
κ2
τe + κ2

eτ < 5.4× 10−4 [1506].

The bounds from indirect constraints also limit the relative sizes of h→ τµ and h→ τe branching
ratios. Since µ→ eγ and µ→ e conversion provide complementary information on the relevant Yukawa
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couplings, it is possible to write a relation [1572]

Br(h→ τµ)×Br(h→ τe) = 7.95×10−10
(Br(µ→ eγ)

10−13

)
+3.15×10−4

(Br(µ→ e)Au

10−13

)
, (IV.6.29)

where the present experimental limits are Br(µ → eγ) < 5.7 × 10−13 [1573] and Br(µ → e)Au <
7 × 10−13 [1574]. This relation will become phenomenologically interesting once the sensitivity of the
µ→ e conversion experiments is improved. Using the central value of the experimental hint for nonzero
h→ τµ, BR(h→ τµ) = (0.84±0.38)% [1508], Eq. (IV.6.29) gives at present only a very loose bound,
Br(h→ τe) < 26% compared to the direct constraint BR(h→ τe) < 0.69%.

An interesting question is what kind of models could explain the relatively large BR(h→ τµ) =
(0.84 ± 0.38)%, if this hint were to become statistically significant. In terms of Yukawa couplings this

hint is
√
|κτµ|2 + |κµτ |2 = (2.6 ± 0.6) · 10−3. For κµτ ∼ κτµ this measurement would imply that

the product of off-diagonal Yukawa couplings is of the same order of magnitude as the product of the
diagonal ones, κµτ ∼ √mτmµ/v. In particular, the off-diagonal couplings should not be additionally
suppressed by powers of v2/Λ2, unlike what we found for the models considered in Section IV.6.2.c.i.

A potential obstacle to any viable model of large κτµ couplings is that the same type of NP that
generates κτµ,µτ will also generate τ → µγ. Let us take for instance a model for which κτµ is generated
at one-loop, with NP particles running in the loop. Attaching a photon anywhere in the loop will then
produce the τ → µγ transition. It is instructive to attempt a naive dimensional analysis (NDA) estimate
of this transition, assuming that the Higgs is the only source of electroweak symmetry breaking gener-
ating the charged lepton masses, i.e. that in the limit v → 0 also mτ ,mµ → 0. The NDA then gives
a Br(τ → µγ) that is four orders above the experimental bound, if one is to explain the present central
value of Br(h → τµ) [1575]. One is therefore led to conclude that an observation of h → τµ at the
present level would strongly suggest that there is an additional source of charged lepton masses (another
option is that the NDA estimate is badly violated, for instance by large slepton mass hierarchies in the
MSSM [1525] or by ad-hoc cancellations [1572]).

A well-motivated possibility is that the Higgs is predominantly responsible for the masses of the
third generation charged fermions, while the masses of the first two generations fermions are generated
from a new source of electroweak symmetry breaking [1575, 1576]. This second contribution is a sub-
leading correction, explaining the approximate U(2) symmetry of the charged fermion masses (i.e. that
mµ,e � mτ ) [1576]. The lepton mass matrix is then of the form

M` =M`
0 + ∆M`, (IV.6.30)

where a rank 1 matrixM`
0 is due to the vev of a scalar doublet Φ1 (the primary component of the Higgs),

and accounts for the bulk of the third generation mass, mτ . The matrix ∆M` is due to an additional
source of EWSB, can be rank 2 or 3, and accounts for first and second generation masses, me and mµ.
Note that the above mass matrix M` in general does not imply anything about the texture of neutrino
masses, which can still come from the see-saw at or close to the GUT scale.

The simplest example is a 2HDM where M`
0 is due to Φ1 and ∆M` due to an extra doublet

Φ2 [1575, 1576] (for other considerations in the context of 2HDM see [1577–1580]). This version of
2HDM is quite different from type II 2HDM covered in Section IV.6.2.c.i.

Note that the off-diagonal entries in ∆M` can lead to the current central value for BR(h → τµ)
without violating the τ → µγ bound (the above mentioned NDA scaling fails since one always pays
an extra charged lepton Yukawa insertion). Scans over a reasonable range of ∆M` entries predict that
|κµ/κτ | < 1 is preferred, with κτ − 1 ∼ O(few 10%) typical [1575].

Another realization of (IV.6.30) are models in which ∆M` comes from strong dynamics, and is
due to a condensate of a new set of strongly interacting fermions that also carry electroweak quantum
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numbers [1575, 1576]. In that case the τ → µγ constraint is avoided if the NP scale is & 8 TeV. In both
examples it is straightforward to construct the correct texture of the mass matrix using flavour models,
e.g. using the FN mechanism, so that a large enough Br(h→ τµ) is obtained [1575]. It is also possible
to apply the same principle to the quark sector, so that the bottom and top quark masses are due to
the Higgs, while the light quark masses are due to a new source of EWSB. In that case a deviation in
Bs → µµ , as well as signals in BR(Bs → τµ), BR(B → K(∗)τµ) ∼ O(10−7) are expected [1575].

IV.6.2.d Experimental status and prospects IV.34

In the SM, the charged fermions obtain mass (mf ) via a direct Yukawa coupling to the Higgs field,
which, following electroweak symmetry breaking, results in fermion mass terms and a fermion-Higgs
boson interaction with a strength proportional tomf . This is the most economic way to generate fermion
masses, but it is not imposed by any fundamental symmetry principle. Several viable models of physics
beyond the SM predict modifications of these couplings, as discussed in Section IV.6.2.c.

To date, the only direct experimental evidence of the Yukawa mechanism for fermion mass genera-
tion is the Higgs boson coupling to third generation fermions. The ATLAS and CMS Collaborations have
reported evidence for the observation of the Higgs boson decays to a pair of τ -leptons, h→ τ+τ−, in line
with the SM expectation [1581, 1582]. For Higgs boson decays to b-quark pairs, h → bb̄, the Tevatron
experiments have reported evidence [1583], complemented by indications at the LHC [311, 312]. CMS
has also reported the strong evidence for the direct coupling of the 125 GeV Higgs boson to down-type
fermions (combining Higgs boson decays to pair of tau leptons and b-quark) [1584]. Higgs boson decays
to top-quark pairs are kinematically forbidden, thus the associated production of a Higgs boson with a
top-quark pair, tt̄h, is exploited: several final states have been analysed [757, 1585], and the sensitivity
begins to approach the SM expectation. The muon Yukawa coupling is probed through the h → µ+µ−

decay, yielding 95% confidence level upper limits of 7-10 times the predicted SM rate [1586, 1587].
Higgs boson decays to an electron-positron pair have been also searched for [1587], although the re-
sulting bound is many orders of magnitude larger than the predicted SM value, which is anticipated to
remain out of reach even at the HL-LHC [638]. Flavour-violating Higgs boson interactions have been
searched for in top-quark decays [1569, 1588] and via h→ e±µ∓, h→ τ±e∓ h→ τ±µ∓ [1507, 1508],
yielding an intriguing excess in the latter.

The Yukawa couplings of the first and second generation quarks are among the most challenging
of the SM couplings to test experimentally. Indirect constraints are sparse, with some specifically derived
for flavour-violating interactions via meson-anti-meson mixing [1490, 1504]. These Yukawa couplings
have been, generally, considered beyond the reach of the LHC experiments. Recently, the possibility to
probe these couplings using rare exclusive decays of the Higgs boson to a vector meson and a photon has
resurfacedIV.35, initially for the charm quark, and subsequently for all the light quarks, including flavour-
violation (see Section IV.6.2.a for details). The rare exclusive decays of a Higgs boson to a meson
and massive vector boson, h → MV , and their potential in clarifying the nature of the Higgs boson
have also been considered (see Section IV.6.2.b). These developments prompted significant interest,
with theoretical investigations towards precise estimates of the relevant SM predictions, as detailed in
Sections IV.6.2.a–IV.6.2.b, and phenomenological sensitivity studies, e.g. Ref. [1482].

Currently, these exclusive decays constitute the only available method to probe the Higgs boson
interactions with first and second generation quarks. Recently, charm-quark specific suggestions regard-
ing the feasibility of the h → cc̄ channel [1561], using charm-tagging techniques [1589], and of the
associated production of a Higgs boson with a charm quark [1503], were made and are under investiga-
tion.

Similar exclusive decays of the W± and Z bosons have also attracted interest [1488, 1590, 1591],

IV.34Author(s): L. Caminada, K. Nikolopoulos.
IV.35Such rare decays were considered as a discovery channel for a light Higgs boson [1483] but then abandoned.
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offering a physics programme in precision quantum chromodynamics (QCD), electroweak physics, and
physics beyond the SM.

Using 20.3 fb−1 of 8 TeV proton-proton collision data, the ATLAS Collaboration has performed
a search for Higgs and Z boson decays to J/ψ γ or and Υ(nS) γ (n = 1, 2, 3) [1463]. No signifi-
cant excess has been observed and 95% confidence level upper limits where placed on the respective
branching ratios. In the J/ψ γ final state the limits are 1.5 × 10−3 and 2.6 × 10−6 for the Higgs and Z
boson decays, respectively, while in the Υ(1S, 2S, 3S) γ final states the limits are (1.3, 1.9, 1.3)× 10−3

and (3.4, 6.5, 5.4) × 10−6, respectively. The CMS Collaboration has placed a 95% C.L. upper limit of
1.5× 10−3 on the h→ J/ψ γ branching ratio [1464]. Using 2.7 fb−1 of 13 TeV proton-proton collision
data, the ATLAS Collaboration has recently performed a search for Higgs and Z boson decays to φγ,
that yielded 95% confidence level upper limits of 1.4×10−3 and 8.3×10−6 on the respective branching
ratios [1592]. In all cases, an SM production rate for the observed Higgs boson is assumed. Currently,
no other direct experimental constraint on these decays is available.

Looking to the future, the ATLAS Collaboration estimated the expected sensitivity for Higgs and
Z boson decays to a J/ψ and a photon, assuming up to 3000 fb−1 of data collected with the ATLAS
detector at the centre-of-mass energy of 14 TeV [1593], during the operation of the High Luminosity
LHC. The expected sensitivity for the h → J/ψ γ branching ratio, assuming 300 and 3000 fb−1 at
14 TeV, is 153 × 10−6 and 44 × 10−6, respectively [1593]. The corresponding sensitivities for the
Z → J/ψ γ branching ratios are 7 × 10−7 and 4.4 × 10−7, respectively [1593]. In this analysis, the
same overall detector performance as in LHC Run 1 is assumed, while an analysis optimization has
been performed and a multivariate discriminant using the same kinematic information as the published
analysis [1463] has been introduced. As the search sensitivity approaches the SM expectation for the
h → J/ψ γ branching ratio, the contribution from h → µµγ decays, with a non-resonant dimuon pair,
needs to be included. These can be separated statistically from the h→ J/ψ γ signal using dimuon mass
information.

 [GeV]
T

Transverse Momentum, p

0 10 20 30 40 50 60 70 80 90 100

A
rb

it
ra

ry
 U

n
it
s

0

0.01

0.02

0.03

0.04

0.05  = 14 TeVs

γ


K
+

 K→ γφ →h 

 Kaon
T

Leading p

 Kaon
T

Subleading p

Photon

Figure 283: Transverse momentum distribution of decay
products in h→ φγ → K+K−γ decays [1594].

Regarding the Higgs boson coupling to the
strange-quark, the h → φγ decay is a potential
probe. The subsequent φ → K+K− decay fea-
tures a large branching ratio of about 49% and
gives access to a simple final state of a hard photon
recoiling against two collimated high transverse
momentum tracks, as can be seen in Figure 283.
With the SM branching ratio prediction presented
in Table 162, about 6.5 events are expected to be
produced with 100 fb−1 at 14 TeV. For the first
generation quarks, the h → ωγ and h → ργ are
being considered, followed by the ω → π+π−π0

and ρ→ π+π− decays, both with large branching
ratios of about 89% and 100%, respectively. The
corresponding expected number of events, assum-
ing the SM branching ratios for these decays, are
about 7.6 and 96, respectively. The experimental
acceptance for these decays, assuming reasonable
geometrical acceptance and transverse momentum requirements, is expected to range between 40 and
70% [1594].

These rare decays to a vector meson and a photon feature very interesting and experimentally
challenging boosted topologies. The signature is distinct, but the QCD backgrounds require careful
consideration. A primary challenge arises from the trigger availability to collect the required datasets.
In the considered cases, the decay signature is a photon of large transverse momentum that is isolated
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from hadronic activity, recoiling against a narrow hadronic jet. Triggering on such signatures, espe-
cially under pile-up, will benefit from the upcoming detector upgrades, such as the ATLAS Fast TracKer
(FTK) [1595] that will provide rapid track finding and reconstruction in the inner detector for every event
that passes the level-1 trigger. The search for the final states ωγ and ργ is complicated further due to the
large natural width of the ρ meson and the ω-ρ interference.

In the following, as an example of a potentially interesting target rare decay for the high-statistics
proton-proton collision data at a centre-of-mass energy of 14 TeV, the search for the Higgs boson decay to
WD is presented in some detail. This is an interesting experimental target due to its clean experimental
signature. The decay signature includes a high transverse momentum lepton from the W -boson decay,
which gives the trigger for the event, and a displaced vertex from the charmed meson decay. Since the
branching ratio of the Higgs boson decay to WD(∗)

s is more than an order of magnitude larger than the
branching ratio to WD(∗) (see Table 163), the discussion here focuses on the former.

The search for this rare Higgs boson decay utilizes the dominant Higgs boson production mecha-
nisms at the LHC, namely gluon-gluon fusion (ggF) and vector boson fusion (VBF). The cross section
for VBF Higgs boson production is about an order of magnitude smaller compared to ggF, but features
distinct event kinematics, with two jets in the forward regions of the detector that can be used to tag the
event. The main challenge in the search for H → WD(∗)

s is to suppress the large background from W
bosons produced in association with charm quarks fragmenting into Ds mesons. In order to estimate
the sensitivity of the search signal and background events have been produced using the PYTHIA event
generator. The W -boson is required to decay leptonically to either an electron or a muon. Based on
the detector acceptance and trigger requirements, the fiducial region is defined by lepton pT > 30 GeV,
|η| < 2.5 and neutrino pT > 25 GeV. Since the transverse momentum of the Ds meson in signal events
peaks at higher values compared to background events, a requirement of Ds pT > 30 GeV, |η| < 2.1 is
applied. The acceptance of these requirements is 18% and 22% for ggF and VBF Higgs boson produc-
tion, respectively, while 0.6% of the background events fulfil these requirements.

The D(∗)
s meson is identified by reconstructing displaced vertices from its hadronic decay to

charged pions or kaon, in particular Ds → K+K−π+(π0). The excited D∗s state decays almost ex-
clusively to Ds + γ/π0 and is tagged by the subsequent Ds decay. The measurements of the SM W + c
production at the LHC [1596, 1597] demonstrate that hadronic charm decay signatures can be recon-
structed in the detector with reasonable efficiency of 30% to 40%. Combinatorial background in the
charm reconstruction is largely rejected by exploiting the charge correlation between the W boson and
the charmed meson. However, the major background from W + c production also predominantly yields
opposite sign signatures and therefore is not reduced by this requirement.

The main discriminating variable against the non-resonant W + Ds background is the Higgs bo-
son mass as reconstructed from the W -boson and Ds meson four-momenta. Since an excellent mass
resolution of about 1% is achieved for the Ds meson, the Higgs boson mass resolution is dominated by
the measurement of the missing transverse energy in the detector which has a resolution of about 10%
to 30% in the kinematic region relevant for this study. Requiring the reconstructed mass to be within a
window of 20 GeV centred around the Higgs boson mass reduces the background by about a factor of 6.

A further distinct characteristic of the signal events is the isolation of theDs meson. In background
events the Ds meson originates from charm-quark fragmentation and is thus seen within a particle jet
in the detector. By applying isolation criteria in the reconstruction of the Ds meson about 80% of
the background events are rejected. In order to tag VBF events, two jets with an invariant mass of
mjj > 500 GeV and separated by ∆η > 3 are required.

About 12 signal events and 16000 background events can be expected in the ggF channel assuming
an integrated luminosity of L = 3000 fb−1 and the Standard Model branching ratio for H → WD(∗)

s .
For the VBF channel predicted numbers of 1 signal event and 120 background events are obtained. Since
the branching ratio of this decay can be significantly enhanced in many scenarios beyond the Standard
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Model (see Section IV.6.2.c of this report for a review), setting upper limits on the decay branching ratio
is of considerable interest in exploring the phase space of these models. Based on these results an upper
limit of 7× 10−4 on the branching ratio of H →WD(∗)

s can be achieved.

IV.6.3 Recommendations for searches for exotic Higgs boson decays
In Run 2 of the LHC, the programmatic search for exotic Higgs boson decays will increasingly become
an important topic of study. To help guide this experimental program, in this section we provide a set of
recommendations for searches for the production of exotic particles in the decays of the Higgs boson.

A signature-based search program for exotic decays:

We recommend that the search program for exotic Higgs boson decays take a signature-based approach,
targeting individual signatures rather than specific BSM models. A model that gives rise to exotic decays
of the Higgs boson will typically lead to many different possible final states. For instance, a model
containing a light pseudo-scalar with Yukawa-weighted decays will yield, in addition to the dominant
h → aa → 4b decay, the much rarer but cleaner h → aa → bbµµ decay [1598]. Combining the
results of searches for both exotic modes can substantially boost overall sensitivity to the overall exotic
branching fraction h→ aa [1481]. On the other hand, a single given final state, such as h→ 4b, may be
predicted by a wide range of different theories; for a detailed discussion of this point, see Ref. [1481].

Presentation of results:

We recommend that searches for specific signatures quote their results in terms of σ × Br. This model-
independent prescription allows for more flexible interpretation of results in a broad range of theories,
and facilitates the ultimate combination of results obtained in different final states to achieve the best
sensitivity to a specific model.

Production cross-sections:

The SM Higgs boson width is dominated by the small b-quark Yukawa coupling and is accidentally
small, which means that even small couplings of the Higgs to BSM physics can generate exotic branching
fractions of order the current upper bound, BR(h → BSM) ∼ 30%. However, Higgs boson production
cross-sections are controlled by the much larger electroweak and top couplings, and are thus substantially
less affected by small couplings of the Higgs to new physics. As a simple example, consider the case of
a real scalar s which mixes with the SM Higgs boson through a small Higgs portal interaction, Lint =
−ε/2 |H|2s2, after both H and s acquire vacuum expectation values, v and 〈s〉, respectively. The Higgs
boson production cross-section then receives corrections at the orderO(θ2), where θ = ε〈s〉v/(m2

h−m2
s)

is the s-h mixing angle. However, the values of θ that induce Br(h → ss) ∼ 20% are O(10−2) IV.36.
Thus, corrections to Higgs boson production cross-sections are subleading in theories yielding exotic
Higgs boson decays consistent with Run 1 data. As these corrections are model-dependent, and as
many different models can yield the same Higgs boson decay final states, to maximize the flexibility
and utility of experimental searches for exotic decays we recommend that searches for exotic Higgs
boson decays assume SM Higgs boson production cross-sections. In the event that an exotic decay mode
is discovered, it will then be of high interest to consider how possible effects of specific related new
physics models would affect Higgs boson properties and production cross-sections. However, to institute
and support a broad program of searches for direct production of exotic particles in Higgs boson decays,
we recommend that SM Higgs boson production be used as the baseline for generating signal events and
performing searches.

IV.36In this model, a given exotic branching fraction does not uniquely determine the mixing angle; these numbers are obtained
in the generic regime 〈s〉 ∼ ms.
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Signal event generation:
Apart from the special cases of decays with detector-stable or highly-displaced objects, exotic Higgs
boson decays result in at least three objects in the final state. Since the Higgs itself is not heavy with
respect to the LHC’s centre-of-mass (CM) energy, one generic feature of exotic Higgs boson decays is
thus that the particles in the final state tend to be soft. The spectrum of the Higgs boson decay products is
a major factor in determining signal acceptance. Consequently, in carrying out searches for exotic Higgs
boson decays, it is important to model Higgs boson production and in particular the Higgs boson pT
spectrum with some degree of care. On the other hand, the ease and flexibility with which BSM models
can be implemented in MadGraph is also of practical importance to support a broad search program
capable of covering the vast number of possible BSM decays.

Our baseline recommendation for signal event generation in searches for BSM particles produced
in exotic Higgs boson decays is to use MadGraph5 [364], followed by showering and hadronization in
Pythia [318]. This recommendation is supported by the studies in the following section, where we com-
pare kinematic distributions for the Higgs and its decay products in the prototypical decay h→ aa→ 4b
as predicted by MadGraph+Pythia to those predicted by POWHEG [81,342,343]+Pythia, demonstrating
good agreement overall. For gluon fusion production in MadGraph, Higgs boson production should be
matched to at least one jet; see Section IV.6.4 for further relevant settings. For VBF and VH produc-
tion, Higgs boson production is well-modeled in MadGraph without matching. In all cases the inclusive
Higgs boson production cross-section should be normalized to the predictions from I.4.1.a. For searches
that dominantly rely on gluon fusion production, the Higgs boson pT spectrum should be reweighted
according to the (N)NLO predictions following the recommendations of I.4.1.a.

Mass ranges:
While the primary focus of searches for exotic Higgs boson decays is and should remain the decays of
the discovered 125 GeV SM-like Higgs boson, analyses should keep in mind the possibility of extending
the search to cover other possible masses for the parent particle, particularly but not exclusively lower
masses. This extends the sensitivity of searches to include cases where the originating 125 GeV Higgs
boson decay includes small amounts of missing energy [1481] as well as the potential direct production
of BSM Higgs bosons.

IV.6.4 Partonic distributions for the prompt decay topology h→ XX → 2Y 2Y
′ IV.37

IV.6.4.a Introduction
In this section we study the decay topology where the Higgs boson decays to two exotic particles of the
same mass, each of which then undergoes a prompt two-body decay to visible SM particles Y, Y ′: h→
XX → 2Y 2Y ′. This decay topology is naturally realized in many well-motivated BSM frameworks. In
particular, extensions of the Higgs sector by an additional, possibly complex, singlet scalar can naturally
have Higgs boson decays to (pseudo-)scalars as one of their leading signatures. These (pseudo-)scalars
decay mainly to fermions, with preference for heavy flavour. Signals of this class of models, SM+S
and 2HDM+S, are described in detail in [1481]. The NMSSM is one of the best-studied examples of
this type of extended Higgs sector. It has a large portion of parameter space where an approximate
R-symmetry yields a SM-like Higgs boson with appreciable branching ratio into a pair of light pseudo-
scalars a [1466–1468,1470,1471]. Other motivations for singlet-extended Higgs sectors include models
of first-order electroweak phase transitions [1297, 1472] and thermal dark matter [1284, 1473, 1475,
1476]. In composite Higgs models, a symmetry-protected light pseudo-scalar in the spectrum may be
fermiophobic, with dominant decays to gluon or photon pairs, thus yielding the exotic decay modes
h → aa → 4g, 2γ2g, 4γ [1599–1603]. Another well-studied extension of the SM is a Higgsed dark
U(1) that kinetically mixes with SM hypercharge [1604–1606], in which case the Higgs boson decay
IV.37Author(s): R. Caminal Armadans, Z. Liu, V. Martinez Outschoorn.
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h → ZDZD → 2f2f ′ yields final states weighted by gauge couplings, rather than Yukawa couplings,
giving relatively leptophilic signatures [1607–1611]. All these exotic decays have very similar parton-
level kinematics IV.38.

As discussed in Section IV.6.3, exotic Higgs boson decays are characterized by low pT objects
in the final state. Thus, object acceptance becomes one of the main limiting factors in recording and
reconstructing many exotic Higgs boson decays. Consequently, a good understanding of the parent Higgs
boson and resulting decay product kinematics is necessary to assess realistic triggering opportunities and
analysis strategies.

Here we study the (parton-level) kinematics of the final state particles in the prototypical exotic
decay h → aa → 4b in depth, considering gluon fusion, VBF, and WH associated production modes.
In addition, we compare the predictions of LO and NLO generators, showing results for Higgs boson
production using both MadGraph [364] and POWHEG [81, 342, 343].

IV.6.4.b Signal model and event generation
We consider augmenting the SM with a singlet pseudo-scalar a, which obtains interactions with SM
fermions through mixing with the pseudo-scalar stateA0 in a 2HDM. After electroweak symmetry break-
ing, the relevant interaction terms are

LBSM ⊃ iyab ab̄γ5b+
1

2
λaHha

2 +
1

2
m2
aa

2, (IV.6.31)

where ma < mh/2 is the mass of the pseudo-scalar, the effective Yukawa coupling yab controls the
singlet’s decay into bb̄ pairs, and the trilinear coupling λaH determines the partial width for the Higgs
boson decay into pairs of pseudo-scalars. A discussion of how these parameters depend on the couplings
in the full 2HDM+S Lagrangian can be found in [1481]. The trilinear coupling and the pseudo-scalar
mass can be independently adjusted, making the pseudo-scalar mass and the Higgs boson branching
fraction Br(h → aa) independent parameters. We assume that yab is large enough to yield prompt
decays; displaced decays are discussed in Section IV.6.6.

The exotic Higgs boson decay mode h → aa(ss) → bb̄bb̄ will be the leading signature of a
broad class of SM+S, 2HDM+S theories. Here we explore the kinematics of the final state b-partons in
this decay for a range of pseudo-scalar masses ma = 20, 30, 40, 50 and 60 GeV. The kinematics for a
scalar field s decaying to bottom quark pairs are identical. We consider three Higgs boson production
channels: gluon fusion (ggF); W -boson associated (WH) production; and weak vector-boson-fusion
(VBF) production. In each production channel, we compare the differential predictions from events
generated at LO (Madgraph5+ Pythia) to those generated at NLO (Powheg+Pythia). We find that
predictions for the b-parton kinematics from Madgraph and Powheg event generators agree very well
overall, justifying the use of LO signal event generation for BSM signal models.

We use the CTEQ6L1 [1612] PDF set for MadGraph 5 [54] signal samples, with the factorization
and renormalization scales set to MadGraph default. The signal model is implemented using a modifi-
cation of MadGraph’s heft model to include an additional pseudo-scalar. For ggF production we match
events to one jet using the MLM matching scheme [1613] with matching parameters xqcut = 15 GeV
and QCUT = 20 GeV; Pythia6 [339] is used for showering. In all three production modes, the final state
is generated inclusively except for the forward tagging jets in VBF, where cuts of |η| < 5 and pT > 20
GeV are applied.

In Powheg-Box v2 [81, 342–344], signal samples for all three production modes are generated
using the CT10 PDF set [29]. The events are interfaced with Pythia 8.186 which is used to decay the
Higgs boson into a pair of pseudo-scalars a, which are themselves decayed to a pair of b-quarks with
Br(a→ bb̄) = 1. Event generation is fully inclusive for all three production modes.
IV.38Angular correlations present in the decay h → ZDZD → 4f will modify the final state fermion distributions relative to

the decay h→ ss(aa)→ 4f , but the (pseudo-)scalar decays are still a good guide to the overall kinematics.
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IV.6.4.c Results
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Figure 284: Left panels: the pT distribution of the Higgs boson at LHC 13 TeV from different production modes:
ggF (top), VBF (centre) and WH (bottom) using MadGraph 5 (blue) and Powheg (red). Right panels: same, but
for the pT distribution of the leading b-parton, for the pseudo-scalar mass ma = 60 GeV.

We begin with the Higgs boson pT distribution for ggF, WH and VBF Higgs boson production
at the 13 TeV LHC, shown in the left panels of Figure 284. For VBF production, we show the Higgs
boson pT distribution in events containing two jets with pT > 20 GeV and |η| < 5. The Higgs boson
pT spectrum is a key quantity that affects all subsequent decay product distributions. Overall we find
good agreement between the predictions of the two event generators, MadGraph and Powheg. For VBF
and WH, the pT spectra from the two generators are in excellent agreement. The greatest differences are
seen in ggF, where Powheg predicts a slightly harder spectrum than does MadGraph; however, even here
the pT distributions are quite similar, with good agreement in the tail and in the peak. As discussed in
Section IV.6.3, we recommend that searches that rely on ggF for the bulk of their sensitivity reweight
the Higgs boson pT distribution according to the recommendations of WG1. In the right panels of
Figure 284, we compare predictions for the pT spectrum of the leading b-parton in the same set of
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events, for the case ma = 60 GeV. Good agreement is shown for VBF and WH production modes, while
in ggF the spectrum predicted by MadGraph is slightly softer than the spectrum predicted by Powheg.

We further show various parton-level differential distributions, as generated in Powheg, for masses
of the pseudo-scalar a ranging between 20 to 60 GeV in steps of 10 GeV. In these plots no cuts are applied
to the final state particles; in particular, no cuts on VBF jets have been imposed. In Figure 285 we show

Figure 285: The angular separation ∆R between the two pseudo-scalars from Higgs boson decay (left panels),
and between the bb̄ pairs from a pseudo-scalar a decay (right panels) as computed by Powheg at LHC 13 TeV,
normalized to unity. The upper, middle and lower panels correspond to Higgs boson production modes of ggF,
WH and VBF, respectively.

the angular separation ∆R between the two pseudo-scalars a and between the bb̄ pair originating from
the same pseudo-scalar a decay for various Higgs boson production modes. From the left panels of this
figure, we can see that heavy a’s are less separated than lighter a’s, as they are less boosted in the Higgs
rest frame. Similarly, from the right panels we can see that the bb̄ pairs from heavier a’s are more back-
to-back. The higher average Higgs boson pT s in the VBF and WH production channels result in more
collimated decay products. We have checked that the MadGraph samples agree well with the Powheg
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samples in modelling these distributions. Figure 286 shows the pT spectrum of the leading b-parton for
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Figure 286: The pT spectrum of the leading b-parton, as computed by Powheg at LHC 13 TeV, normalized to
unity, for ggF (left, upper panel), VBF (right upper panel), and WH (lower panel).

various Higgs boson production modes. The broader distributions for lighter a masses reflect the bigger
boost of those a’s in the Higgs rest frame. Again, we have checked that the MadGraph samples agree
well with the Powheg samples in modelling these distributions in VBF and WH production modes, while
in ggF there are minor differences comparable to those in Figure 284.

Figure 287: Fraction of events having Nb = 2, 3, 4 partons above a given pT threshhold and |η| < 2.5, as
computed by Powheg at LHC 13 TeV, for ggF (left), VBF (centre), and WH (right). No other cuts are applied.
Results are shown for both ma = 20 GeV and ma = 60 GeV.

In Figure 287 we show the fraction of events which have Nb = 2, 3, 4 partons above a given pT
for models with heavy (ma = 60 GeV) and light (ma = 20 GeV) pseudoscalars. Here the b-quarks are
required to have |η| < 2.5, but no further cuts are applied. These plots quantify the overall softness of
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the final state particles. In all three production modes, the efficiency drops quickly with the pT threshold.
For the light (heavy) pseudoscalar, the efficiency reaches the level of 30% around a threshold of ∼ 10
(17) GeV for Nb = 4, ∼ 20(25) GeV for Nb = 3, and 35(35) GeV for Nb = 2. Again, ggF gives rise to
an overall softer b spectrum. The broader pT distribution produced by the lighter pseudo-scalar results
in a more rapid falloff of efficiency with increasing pT .

IV.6.5 Prospects for prompt decays with MET: h→ 2γ + E/T test case IV.39

IV.6.5.a Introduction

In this section, we discuss exotic Higgs boson decays to two photons together with missing transverse
energy (Emiss

T ). This decay is an example of an interesting class of semi-invisible decays, where visible
objects in the final state are accompanied by one or more detector-stable particles. Decays featuring
multiple electroweak objects together with Emiss

T generally have good prospects at the LHC [1481], and
present an obvious target for Run 2. However, this class of signatures poses some questions for analysis
design. First, the multiple possible topologies that can contribute to any specific final state raise the
question of how to design an analysis strategy capable of providing good coverage to more than one
signal model. Second, such decays offer several possible trigger strategies. The presence of electroweak
objects in the final state can potentially make it possible to trigger on the large population of Higgs
bosons produced through gluon fusion, significantly enhancing the statistical reach. On the other hand,
the relative softness of these electroweak objects can mean that weak vector boson-associated or vector
boson fusion production modes offer better sensitivity given realistic trigger thresholds. Which trigger
strategy offers the best sensitivity to a given decay mode is generally not immediately obvious, and will
depend in detail on the mass spectrum of the BSM particles produced in the Higgs boson decay.

Here, to illustrate these general points and to begin to answer these questions, we consider two
simplified models yielding Higgs boson decays to a final state consisting of two photons and Emiss

T . In
the first, non-resonant, case, the photons arise from opposite sides of an initial two-body decay: h →
XX,X → γY , where Y is a stable neutral particle. Such a decay can occur for instance within gauge-
mediated supersymmetry breaking (GMSB) SUSY models, in which the X corresponds to a neutralino
next-to-lightest supersymmetric particle (NLSP) with mass less than half the Higgs boson mass, and the
Y corresponds to a gravitino LSP [1614–1616]. In the second, resonant, case, the photons are produced
through an intermediate resonance: h→ S1S2, with S1 → γγ on one side of the decay, while S2 escapes
detection, appearing asEmiss

T in the detector. This signal can arise in e.g. hidden valley scenarios [1480].
The resonant signal benefits from a peak in the diphoton invariant mass spectrum. The Feynman diagrams
for the non-resonant and resonant decays can be seen in Figure 288.

Previous searches for the γγ + Emiss
T final state in the low energy regime include searches for the

non-resonant Higgs boson decay in the supersymmetric scenario described above. The current bounds
on this decay mode come from searches using both gluon fusion and ZH production for CMS [1617],
and using vector boson fusion for ATLAS [1618]. Both the CMS and ATLAS analyses directly search
for the decay h → γ + E/T , which can be sensitive to the decay h → 2γ + E/T when one of the
photons is not reconstructed. The CMS search sets a 95% CL limit on branching ratios larger than 8%-
10% on this decay, with the neutralino mass ranging between 1 and 60 GeV, and assuming SM Higgs
boson production and depending on the assumed topology of the decay; ATLAS sets a 95% CL limit of
20%-30% under the same assumptions.

In this study, we devise a search strategy for the γγ + Emiss
T final state, motivated by the exotic

decays of the Higgs described above. We estimate the sensitivity of this search for 100 fb−1 of
√
s = 14

TeV pp data from the LHC.

IV.39Author(s): T. Orimoto, R. Teixeira De Lima.
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Figure 288: Feynman diagrams for (left) the non-resonant and (right) the resonant signal scenarios.

IV.6.5.b Methodology
IV.6.5.b.i Simulation Samples
Signal and background Monte Carlo (MC) samples were generated with MadGraph 5 [364] and hadronized
with Pythia 8 [318], with the detector simulation provided by DELPHES 3 [1619]. The samples were
produced at

√
s = 14 TeV. The object reconstruction and identification are performed with DELPHES,

according to the information provided in the detector configuration card. For photon reconstruction and
identification, we assume an efficiency of 95% in the electromagnetic calorimeter barrel (|η| < 1.5) and
85% in the endcap (1.5 < |η| < 2.5). We also impose an isolation cut on the photons by requiring all
tracks, neutral hadrons and photons reconstructed by DELPHES within a cone of ∆R < 0.3 of the photon
candidate to have an energy ratio less than 0.1 with respect to the photon candidate. For muons, we
assume an efficiency of 95% for the whole detector acceptance (|η| < 2.5). An isolation cut similar to
the photons is also applied. Jets are reconstructed with the anti-kT algorithm with jet radius R = 0.4.

Signal Monte Carlo. The signal for the non-resonant case was based on the supersymmetric cascade
decay of the Higgs boson into two neutralinos, which subsequently decay into two gravitinos and two
photons (Figure 288, left). This class of models has been implemented in FeynRules [1620] and gener-
ated using MadGraph. We assume a gravitino mass close to zero, which is consistent with gauge mediated
low-scale SUSY breaking models with

√
f ≈ TeV [1616]. We simulate neutralino masses in the range

10 GeV ≤ mχ ≤ 60 GeV in steps of 5 GeV, with 100,000 events per mass point.

For the resonant case, we assume the Higgs boson decays into two scalar particles, S1 and S2

(Figure 288, right). One of the scalars then decays into two photons, while the other escapes detection.
For this study, we assume the masses of these two particles are the same; this choice was made for
simplicity, but for detailed studies, more combinations should be investigated. We generate samples with
M1 = M2 in the range 10 GeV ≤M1 ≤ 60 GeV, in steps of 5 GeV, with 100,000 events per mass point.

We investigate the production of the Higgs boson through both gluon fusion (ggF) and associated
production with a Z boson (ZH), with the Z boson decaying to two muons. The inclusion of the di-
electron decay of the Z can also be considered for future studies. A branching ratio of Br(h → γγ +
Emiss

T ) = 10% is assumed for the signal. This value of the branching ratio was chosen to be within the
current bounds on the Higgs boson width, yet close to the 8 TeV limits from the search for Higgs boson
decays to the monophoton final state (h→ γ + Emiss

T ) [1617].

Background Monte Carlo. Although this analysis is not guaranteed to be entirely free from QCD
multi-jet backgrounds, it has been shown in similar analyses primarily targeting h → γ + Emiss

T (such
as [1617]) that it is possible to reduce QCD backgrounds to a sub-dominant contribution. As we require
two photons for most aspects of this analysis, we expect that multi-jet backgrounds will typically be less
important than in Ref. [1617]. For this reason, no pure QCD sample was produced for this study. As
such, the remaining backgrounds for this analysis arise predominantly from single boson (γ/Z/W ) plus
jets and diboson processes.

Backgrounds were modeled using the Snowmass LHE simulation samples [1621]. These consist



648 IV.6.5. Prospects for prompt decays with MET: h→ 2γ + E/T test case

of single boson samples (γ/Z/W ) with at least one jet and inclusive diboson (γγ/Zγ/Wγ/WW/ZZ/WZ)
samples. The samples include both hadronic and leptonic decays of the W and Z bosons. The cross
sections used for normalizing the single boson samples were estimated with MCFM [535], assuming an
efficiency of 15% for the one jet requirement (as obtained with MadGraph). For the diboson samples,
the cross sections used were estimated from Ref. [288]. The cross sections and number of events in the
samples are shown in Table 172.

IV.6.5.b.ii Event Selection

Trigger Projections.
For the ZH channel, the trigger strategy is expected to be straightforward and can be based on the

decay of the Z to two muons. On the other hand, triggering is one of the main challenges for the ggF
channel, since the final state consists of two soft photons plus (a relatively small amount of) missing
energy. The standard triggers used for h → γγ analyses in CMS typically have a diphoton invariant
mass cut which makes it incompatible with the low energy spectrum of this analysis. However, we have
identified three possible trigger strategies for this channel, based on unprescaled triggers used by the
CMS experiment in Run 2:

– Asymmetric Diphoton Trigger: This trigger requires two photons with different ET and trigger-
level identification requirements, plus a diphoton invariant mass cut. This type of trigger usually
has a non-negligible turn-on curve in the leading and subleading photon ET .

– Symmetric Diphoton Trigger: This trigger requires two photons with the same ET requirement,
without any extra requirements.

– γ+Emiss
T Trigger: This trigger requires only one barrel photon passing identification requirements

and a ET requirement that is usually higher than the previous two triggers. In addition, there is
a calorimetric Emiss

T requirement. We expect non-negligible turn-on curves with respect to both
photon and Emiss

T for this trigger.

The three triggers described here represent different selection strategies that were investigated and will
be described below.

Offline Selection. In the ggF analysis, events are triggered based on the properties of the photons, and
the selection cuts must reflect the chosen trigger strategy, while maintaining a good signal efficiency. The
ZH-produced signal events are tagged through the decay of the Z boson to muons, minimizing the largest
backgrounds. The photon selection is chosen to maximize the signal acceptance in the ZH case, with ET
thresholds as low as possible. The final event selection requirements for the ggF and ZH channels are
summarized in Table 171. In this table, we use the following definitions for transverse mass:

MT (γγ,Emiss
T ) =

√
2ET (γγ)Emiss

T (1− cos(∆φ(γγ,Emiss
T )), (IV.6.32)

MT (γγ + Emiss
T , µµ) =

√
2ET (γγ + Emiss

T )pT (µµ)(1− cos(∆φ(γγ + Emiss
T , µµ)). (IV.6.33)

To exploit the topology of the resonant signature, we apply an additional requirement of a ±10
GeV mass window, in the diphoton invariant mass distribution (M(γγ)), around the signal mass (M1).
The efficiencies for each individual process and the different searches, after the full selection (without
the M(γγ) mass window requirement), are shown in Table 172.

For the ZH case, we also explore the strategy performed by CMS in their Run 1 result [1617], in
which one or more photons are required in the event, instead of two or more. In this case, we gain back
the efficiency that is lost due to the inefficiency in reconstructing the subleading photon, which can have
very low ET . The selection is similar to what is described in Table 171, but without the M(γγ) cut or
the mass window requirement for the non-resonant topology. The other variables that use the diphoton
information are instead reconstructed using only the leading photon in the event. Plots of some of the



Chapter IV.6. Exotic Higgs Decays 649

Table 171: Analysis selection for the ggF channel (for each trigger scenario) and the ZH channel.

ggF ZH

Variable Asymmetric γγ Symmetric γγ γ + Emiss
T

Number of photons > 1 > 1 > 1 > 1

pT (γ1) > 45 GeV > 40 GeV > 55 GeV > 20 GeV

|η(γ1)| < 2.5 < 2.5 < 1.4 < 2.5

pT (γ2) > 30 GeV > 40 GeV > 20 GeV > 20 GeV

|η(γ2)| < 2.5 < 2.5 < 2.5 < 2.5

M(γγ) ∈ [15, 100] GeV < 100 GeV < 100 GeV < 100 GeV

Emiss
T > 90 GeV > 90 GeV > 90 GeV > 60 GeV

MT (γγ,Emiss
T ) < 140 GeV < 140 GeV < 140 GeV < 140 GeV

∆φ(γγ,Emiss
T ) < 1.5 < 1.5 < 1.5 < 1.5

Number of leptons < 1 < 1 < 1 2 muons

pT (µ1,2) - - - > 20 GeV

|η(µ1,2)| - - - < 2.5

M(µµ) - - - ∈ [75, 115] GeV

MT (γγ + Emiss
T , µµ) - - - > 400 GeV

discriminating variables are available at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCHXSWGExoticDecayYR4ExtraMaterials.

IV.6.5.b.iii Background Estimation for Misidentified Photons
Background processes with misidentified (or “fake”) photons, such as jets and electrons erroneously
reconstructed as photons, that pass the final selection generally have very low efficiency at the LHC.
Nonetheless, such backgrounds may be non-negligible since the production cross-sections can be large.
Such mis-identification rates are typically measured with data-driven methods at the LHC. Although this
study was limited by MC statistics in measuring fake photon backgrounds, a method was developed to
mitigate this problem, which we describe below.

The object reconstruction and selection is done at DELPHES level, where, given the photon identi-
fication requirements described in Section IV.6.5.b.i, we obtain an associated fake rate. These fake rates
are accounted for in the overall efficiencies in Table 172. In order to bypass the efficiency loss due to the
small fake rates, we select jets and electrons to be redesignated as fake photon candidates. For the back-
ground processes with one prompt photon (γ+jets, Wγ and Zγ), we select one fake photon candidate.
For the processes with no prompt photons (W/Z+jets, WW , WZ and ZZ), we select two fake photon
candidates. No fake photon selection is done for the γγ+jets sample.

With the assumption of a flat fake rate for both jets and electrons, the fake photon candidates are
randomly selected from the jets and electrons that passed the photon acceptance requirements. One extra
assumption is that the electron-to-photon fake rate is set to be one order of magnitude larger than the jets-
to-photon fake rate. Therefore, electrons are set to have a probability of being selected to be redesignated
as a photon that is ten times higher than for jets.

After the choice of fake photon candidates, we calculate weights for the individual samples based
on the ET spectrum of the selected photons (prompt and fake) to match the spectrum found with the

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecayYR4ExtraMaterials
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecayYR4ExtraMaterials
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Table 172: Cross-sections, numbers of events generated per process, and selection efficiencies for background
processes and signal points, for ggF and ZH production mechanisms. Signal cross-sections are quoted for a 10%
branching ratio.

Process σ (pb) NGenerated
ggF

ZH
Asymmetric γγ Symmetric γγ γ + Emiss

T

Backgrounds

γ + Jets 1.0× 105 5425448 1.9× 10−6 4.7× 10−7 8.9× 10−7 ≈ 0

Z + Jets 0.94× 104 1888446 5.6× 10−4 1.5× 10−4 5.0× 10−5 ≈ 0

W + Jets 2.96× 104 5263872 6.2× 10−4 1.9× 10−4 2.7× 10−5 ≈ 0

γγ 10.8× 101 4268781 3.1× 10−5 1.0× 10−5 1.1× 10−5 ≈ 0

Zγ 6.30× 102 3406151 4.3× 10−4 1.4× 10−4 5.7× 10−5 ≈ 0

Wγ 1.03× 103 5258034 1.4× 10−4 4.6× 10−5 5.4× 10−5 ≈ 0

WW 1.24× 102 8059829 2.6× 10−1 8.4× 10−2 9.8× 10−5 8.2× 10−8

ZZ 1.8× 101 1101611 1.4× 10−2 4.7× 10−3 6.7× 10−4 7.3× 10−6

WZ 5.1× 101 3319770 3.6× 10−1 1.2× 10−1 2.5× 10−4 2.9× 10−6

Signals

Res., M = 10 GeV 10.8× 101 4268781 2.5× 10−4 2.2× 10−4 1.7× 10−4 5.7× 10−4

Res., M = 40 GeV 6.30× 102 3406151 8.7× 10−3 5.7× 10−3 5.0× 10−3 6.9× 10−3

Res., M = 60 GeV 1.03× 103 5258034 1.6× 10−2 1.1× 10−2 1.1× 10−2 9.2× 10−3

Non-Res., M = 10 GeV 1.24× 102 8059829 1.5× 10−3 9.5× 10−4 1.1× 10−3 1.1× 10−3

Non-Res., M = 40 GeV 1.8× 101 1101611 8.0× 10−3 5.5× 10−3 5.2× 10−3 6.3× 10−3

Non-Res., M = 60 GeV 5.1× 101 3319770 1.1× 10−2 7.6× 10−3 6.9× 10−3 8.1× 10−3
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photon candidates reconstructed directly from DELPHES. This reweighting is done on the sum of ET of
the two leading photons for samples with at least one prompt photon, and on theET of the leading photon
for samples with no prompt photon. An independent reweighting is also done in η. Both reweightings
reflect the different reconstruction efficiencies and energy resolutions of objects that are not reconstructed
as photons (i.e., electrons and jets). After applying the weights, we observe good agreement between
the kinematic distributions of interest arising from photons reconstructed by DELPHES, and in particular
from events with two photons reconstructed by DELPHES in samples containing only one prompt photon
at truth level, and from our fake photon candidates.

IV.6.5.c Results

We present the expected sensitivity of this search in terms of the necessary h → γγ + Emiss
T branching

ratio to reach a 5σ sensitivity for an assumed integrated luminosity of 100 fb−1 at
√
s = 14 TeV, with

the sensitivity defined as:

S =
NSignal√
NBackground

. (IV.6.34)

In Figure 289, we show the sensitivity plot for the different trigger scenarios of the ggF case. This
plot shows that, after the full selection, the performance of the different trigger strategies is comparable.
Although it is safe to assume that a diphoton trigger with a low M(γγ) cut will be present in the future
trigger menus of CMS and ATLAS, we choose to perform the analysis in the γ + Emiss

T case. We make
this choice as an effort to make the case for the existence of such a trigger strategy for the future LHC
runs. While the diphoton triggers are designed with specific usages that are already well established, the
h→ γγ + Emiss

T analysis could be viewed as a benchmark for the γ + Emiss
T trigger for three reasons:

– It is a trigger that is already present at the LHC experiments, but can be retuned with a specific
analysis as benchmark;

– A dedicated trigger for this analysis requiring two photons might not be as efficient at trigger level,
given the soft spectrum of the second photon;

– This trigger can also be used for other exotic searches, such as the extension to low energies of the
dark matter searches in the monophoton channel.

In Figure 290, on the left, we show the branching ratio of h→ γγ+Emiss
T needed for a significance

of 5σ, assuming the Standard Model Higgs cross section, for the ggF analysis (assuming the γ + Emiss
T

trigger strategy and selection). On the right, we show the branching ratio h → γγ + Emiss
T needed

for a significance of 2σ, which represents the 95% confidence level for exclusion, assuming SM ZH
production. For the ZH case, we show the results for the strategies requiring at least one (Nγ ≥ 1) and
at least two (Nγ ≥ 2) photons.

IV.6.5.c.i Systematic Uncertainties

While the uncertainties in the ZH channel are expected to be dominated by statistics, the ggF channel is
very sensitive to the systematic uncertainties associated with the background predictions. We estimate
the effect of these uncertainties by parameterizing the sensitivity as:

Ssys =
NSignal√

N Background + σsys ×NBackground
, (IV.6.35)

with σsys representing a source of uncertainty that does not scale with the amount of statistics. Figure
290 shows the effect on the 5σ branching ratios due to the addition of a 10% systematic uncertainty
according to Eq. (IV.6.35).
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Figure 289: Statistical significance corresponding to different trigger scenarios in the gluon fusion analysis, for a
reference signal branching ratio of Br(h→ γγ + Emiss

T ) = 10%.
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Figure 290: (Left) 5σ branching ratios for the ggF channel, for resonant (in red) and non-resonant (in black) final
states, using the γ + Emiss

T trigger. (Right) Branching ratios for 95% confidence level exclusion in the ZH case,
resonant and non-resonant topologies, requiring at least one photon (Nγ ≥ 1, in green and blue, respectively)
and at least two photons (Nγ ≥ 2 in black and red, respectively). The shaded areas correspond to a variation in
systematic uncertainties up to 10%.
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IV.6.6 Long lived particles from Higgs boson decays IV.40

IV.6.6.a Overview and motivation

Long-lived particles (LLPs), specifically meta-stable particles with proper lifetimes cτ & µm, arise in a
large variety of BSM scenarios. Such particles, once produced at the LHC or other colliders, can decay
within the detector volume with measurable displacement from the interaction point. For experimental
searches, this represents both a challenge and an opportunity. On the one hand, the ATLAS and CMS
detectors were not specifically optimized for displaced decays, which can make triggering and recon-
struction challenging. On the other hand, events with displaced decays are spectacular and relatively
background-free. This makes LLP searches enticing discovery avenues for new physics, especially in
light of null results from prompt BSM searches at the LHC Run 1.

LLP’s often arise as a part of hidden sectors, which make exotic Higgs boson decays a very
promising production mechanism [1481]. One simple toy model that realizes this possibility involves
the Higgs boson coupling to two (pseudo)scalars X which decay back to the SM, resulting in the decay
chain h → XX → SM. The X couplings to SM particles may be inherited from mixing with the SM-
like Higgs (and with any additional doublets, if present), which gives them Yukawa-weighted branching
fractions that prefer third-generation fermion final states like X → b̄b or τ+τ−. Due to this preference
for heavy-flavour final states, we will call this scenario “hXX-HF.” For prompt X-decays this toy model
arises as part of the NMSSM [1468] or more generally the SM+S or 2HDM+S models described in
[1598]. This toy model is also commonly relevant in Hidden Valley models [1480,1622–1624]. Perhaps
the most compelling motivation for this type of decay is the connection to Neutral Naturalness, where
models like the Fraternal Twin Higgs [1478] or Folded SUSY [1477] give rise to this decay (as well as
others) through the structure of their hidden sectors.

Although we will not address most of them here, there are many other possible scenarios for LLPs
arising from exotic Higgs boson decays. For example, the Higgs might decay to spin-one bosons with
displaced decays [1622]. Ref. [1611] studied the well-motivated scenario where the Higgs boson decays
to two dark photons via mixing with a dark Higgs. The dark photons can then decay with long-lifetimes
via a small kinetic mixing with SM hypercharge. This also realizes a h→ XX → SM signal model, but
now with gauge-ordered branching fractions of X , yielding lepton-rich final states. This scenario (hXX-
GO) may be even easier to discover, and is already more constrained [1625, 1626] than is hXX-HF.IV.41

Other examples can arise naturally within weak-scale extensions of the SM. For instance, models with
weak-scale right-handed (RH) neutrinos can feature Higgs boson decays into RH neutrino pairs, with the
RH neutrinos generically long-lived and decaying via W (∗)` or Z(∗)ν [1627–1630]. The MSSM offers
many ways to obtain LLPs, which can result in displaced Higgs boson decays. For instance, the Higgs can
decay to a pair of bino-like neutralinos with a displaced R-parity-violating decay [1631, 1632]. Another
example, which we study in Section IV.6.6.c, occurs in models with gauge-mediated SUSY-breaking,
where the initial Higgs boson decay to neutralinos is followed by the displaced decay of the neutralino
to a gravitino and a photon [1470, 1615].

The simplicity and motivation of the hXX-HF scenario makes it an obvious starting point to ex-
plore this class of signals. In fact, several experimental searches looking for hXX-HF have already been
conducted [1633, 1634], and these kinds of analyses will have significant power to probe scenarios like
Neutral Naturalness at LHC Run 2. The success of these studies is highly encouraging, and prompts us
to examine how to improve and broaden their reach for new physics.

In the course of this discussion, we find it useful to carefully define the following:

– Associated Object (AO): Any conventional detector object, such as leptons, VBF jets, or a hard

IV.40Author(s): D. Curtin, M. Strassler.
IV.41There is some overlap of the issues that displaced dilepton searches [1625, 1626] and searches for the hXX-HF scenario

have to contend with. However, since triggering on displaced leptons, especially muons, is generally much easier than triggering
on displaced jets, we do not discuss the case of displaced dileptons further.
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initial state radiation (ISR) jet, that is produced in the same event as the LLP(s).
– Displaced Object (DO): An LLP decaying into visible SM particles in the detector with a poten-

tially measurable displacement from the primary interaction point. Importantly, a DO is a “truth-
level” definition, and does not necessarily imply the object can be detected or reconstructed.

– Triggerable Displaced Object (tDO): A DO which can, in principle, be triggered upon, either by
itself or in conjunction with an AO.

– Displaced Vertex (DV): an off-line reconstructed displaced vertex in the tracker or the ATLAS
muon system.

The most obvious strategy for improving the experimental reach is to include searches which
only require a single DO, but have a low trigger threshold. In this context, background reduction and
triggering usually require the presence of an AO arising from Higgs boson production. Compared to what
is possible in current searches, these searches would give access to long-lived Higgs daughters that have
shorter lifetimes (and thus decay only in the tracker) or lower masses (where the LLP’s decay products
are insufficient to pass trigger thresholds). They may also in some cases increase trigger efficiencies.
Crucially, such searches are also sensitive to more general classes of signals, e.g. h→ XX ′ where only
X decays in the detector. Timing may also be an important search strategy for heavier X .

Below, in Section IV.6.6.b we consider displaced objects arising in the hXX-HF scenario from
exotic Higgs boson decays. In Section IV.6.6.c we consider signals that give rise to displaced photons.

IV.6.6.b Displaced objects
We now consider DOs produced in Higgs boson decays. For brevity we consider only the hXX-HF
scenario. In Section IV.6.6.b.i we define a simplified model for this scenario, and show how to simulate
this signal in Madgraph. Section IV.6.6.b.ii gives a review of Neutral Naturalness and how it generates
the hXX-HF scenario. An overview of present experimental searches is given in Section IV.6.6.b.iii.
Finally, we suggest new searches for the future years of the LHC in Section IV.6.6.b.iv, and supply
some benchmark points to aid in the design of DO searches that cover the most theoretically motivated
parameter space of the hXX-HF scenario.

IV.6.6.b.i A simplified model for the hXX-HF scenario
The easiest way to parameterize the hXX-HF scenario is by introducing a small mixing between a scalar
X and the Higgs. (For the purpose of signal event generation the distinction between scalar and pseu-
doscalar X is immaterial). However, the coupling which controls the h → XX decay does not arise
from this mixing, so that the exotic Higgs boson decay branching fraction Br(h → XX) and the X
decay length cτX are independently adjustable. A simple Lagrangian to realize this possibility after
electroweak symmetry breaking is the following:

L ⊃ 1

2
(∂µX)2 − 1

2
m2
XX

2 − gXvhXX − εvv2 hX , (IV.6.36)

The three important parameters are

(a) the mass mX of the long-lived particle,
(b) Br(h→ XX), which is controlled by the effective coupling gX , and
(c) the decay length cτX = 1/ΓX , which is controlled by the small mixing parameter εv. (Displaced

decays of X require εv . 10−4, and so εv has a negligible effect on mh and on h branching
fractions to SM particles.)

Madgraph implementation
The hXX-HF scenario can be realized by repurposing the SM + dark vector + dark Higgs MadGraph
model of [1611] available at http://insti.physics.sunysb.edu/~curtin/hahm_mg.html. In this

http://insti.physics.sunysb.edu/~curtin/hahm_mg.html
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model, X is identified with the dominantly singlet scalar state hs, with mX corresponding to the model
parameter MHSinput. The singlet hs decays to SM fermions via its mixing with the SM-like Higgs h,
which is controlled by the model parameter kap. This MadGraph model includes the couplings between
the Higgs and SM gauge bosons, including the gluons via an effective operator. X therefore inherits the
same couplings, and decays like X → V (∗)V (∗) can also be generated.

For a given Br(h → XX), ΓX = 1/(cτX) and mX , the procedure for generating h → XX →
SM events is the following:

1. Switch off dark photon effects (by setting the epsilon and mZDinput parameters to, say, 10e-09
and 1000e+00 respectively.)

2. Set the parameter MHSinput to the desired mX .
3. Event generation will depend on how LLPs are handled, specifically whether X is decayed in

MadGraph or e.g. in Pythia. In the former case, one could generate the processes
p p > hs hs, hs > b b˜
p p > hs hs, hs > ta+ ta-
p p > hs hs, hs > ta+ ta-, hs > b b˜
separately (for the most important bb̄ and τ+τ− final states), then manually displace the decays.
In the latter case, X can be left undecayed in MadGraph. The lifetime can then be written to the
LHE file before running through Pythia.
Another possibility is to produce events with the X decay implemented directly in Pythia. In that
case the lifetime can be written to the SLHA file.

4. Each sample can then be rescaled to the desired σh×Br(h→ XX)×BR(XX → ff̄f ′f̄ ′). Here
σh is the inclusive Higgs boson production cross section, and BR(X → ff̄) can be computed for a
SM-like Higgs boson of mass mX using HDECAY 6.42 [69]. This method ensures that important
NLO QCD and threshold effects are handled accurately, which is not guaranteed if using LO
branching fractions generated internally by Madgraph or Pythia. Higher-order differential effects
in Higgs boson production can be taken into account by reweighing events using Higgs boson pT
spectra according to the recommendations of Secs. IV.6.3 and IV.6.4.

IV.6.6.b.ii Neutral naturalness

Perturbative solutions to the hierarchy problem introduce top partners that cancel the quadratically di-
vergent one-loop Higgs boson mass contribution of the top quark. In most theories, this top partner is
related to the top quark by a continuous symmetry like supersymmetry, and carries SM colour charge. In
models of Neutral Naturalness the symmetry relating the top to its partner includes a discrete group like
Z2, and does not commute with SM colour. This leads to the possibility of colour-neutral top partners.

Moreover, a hidden QCD gauge group is usually required in Neutral Naturalness theories. Without
it, the top partner’s coupling to the Higgs and the SM top Yukawa coupling will run differently, ruining
the cancellation between the top loop and the top partner loop. Neutral Naturalness therefore realizes
a Hidden Valley scenario, where hidden gluons couple to the Higgs via top partner loops. This allows
hidden hadrons to be produced in exotic Higgs boson decays, as shown in Figure 291. The same coupling
then allows hidden glueballs and hidden quarkonia to decay back to the SM via an off-shell Higgs,
producing DO signatures. Neutral Naturalness is therefore one of the best motivated scenarios producing
the h→ XX → SM displaced vertex signature [1478].

Here we describe two archetypal examples of Neutral Naturalness. The first is Folded SUSY
(FSUSY) [1477] which features a hidden sector of sparticles carrying SM electroweak quantum numbers
but charged under the hidden QCD. The hidden QCD confines at a (few–10) GeV, and since LEP limits
generically forbid EW-charged particles below ∼ 100 GeV, the lightest new particles are always hidden
glueballs.

The second example is the Twin Higgs [1635] featuring SM-singlet fermionic top partners which
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are part of a hidden sector containing copies of all SM particles and gauge forces. The original mirror
Twin Higgs model has several cosmological problems due to an abundance of light invisible hidden
states. A simple modification which satisfies all cosmological constraints is the Fraternal Twin Higgs
(FTH) model [1478], which only duplicates the third generation in the hidden sector. In that case, the
hadrons of hidden QCD can be made up of hidden glueballs, hidden quarkonia, or a mixture of both.

We now discuss Higgs boson decays to hidden hadrons, following [1478] and [1479], with addi-
tional results from [1636].

Figure 291: Production of hidden hadrons in exotic Higgs boson decays, and their decay back to the SM, in the
Fraternal Twin Higgs model. Figure from [1478].

Hidden Glueballs
In the absence of light hidden matter, the lightest states in the hidden sector are glueballs. A pure
SU(3) gauge theory has ∼12 stable low-energy states [1637], which can decay on detector timescales
when Higgs portal interactions [1638] are present. The lightest state is the 0++ state, G0, with mass
m0 ≈ 7ΛQCD; the heaviest has order twice this mass. We concentrate on G0 since it has a potentially
detectable lifetime and is kinematically the easiest to produce.IV.42 One can show using RG arguments
[1478, 1479] that FSUSY and FTH prefer glueballs in the ∼ (10− 60)GeV mass range. This motivates
the study of hidden glueball production in exotic Higgs boson decays.

Hidden gluons couple to |H|2 via a dimension-6 operator, allowing G0 to decay via its mixing
with h. For m0 & 2mb and top partner mass mT , the decay length is approximately

cτ ≈
( mT

400 GeV

)4
(

20 GeV
m0

)7

×
{

(35cm) [FSUSY]

(8.8cm) [FTH]
(IV.6.37)

where we assume mT � mt/2 for FTH and degenerate unmixed stops for FSUSY. As shown in Fig-
ure 292 (left) for FSUSY, these decay lengths can range fromO(10µm) toO(km) and more, motivating
searches for displaced vertices in all detector subsystems.

The rate for inclusive production of hidden glueballs from exotic Higgs boson decays can be
estimated by rescaling the Br(h→ gluons) which is of the order of ∼ 8% in the SM

Br(h→ hidden glue) ≈ 10−3

(
400 GeV
mT

)4

×
{

1 [FSUSY]

4 [FTH]
(IV.6.38)

IV.42There is a second 0
++ state, heavier and shorter-lived, which may be phenomenologically relevant. In Folded SUSY, the

0
−+ state can also decay through mixing with the SM Z-boson; the lifetime and branching fractions of this state are still under

study [1639]. Note also that all formulas in this section have order-one uncertainties due to RG effects, lattice uncertainties,
etc.
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Figure 292: (a) Contours show log10(cτ/1m), where cτ is the proper decay length of the lightest hidden glueball
state G0. The blue bands correspond to the shift of the contours resulting from the 25% uncertainty in the total G0

width [1479]. (b) Estimate of the decay length of the hidden bottomonium χ0 state, Eq. (IV.6.41), for m0 = 20 (in
purple) and 50GeV (in orange). Uncertainties are not shown.

Nonperturbative effects could in some regimes reduce or enhance this by a factor of order one [1478];
meanwhile RG effects on the hidden QCD coupling at scale mh can increase the branching ratio by a
factor of two [1479].

In the FTH model this branching fraction can be greatly enhanced if the hidden bottom quark
B has a mass in the range m0 . mB < mh/2. In this case h → B̄B is possible, but any hidden
bottomonium states annihilate to hidden glueballs. The effect is to enhance the inclusive twin glueball
rate to

Br(h→ hidden glue) ≈ (h→ B̄B) ≈ 0.15
( mB

12 GeV

)2
(

400 GeV
mT

)4

, (mB < mh/2)

(IV.6.39)
which can be as large as current limits on the branching ratio into exotics. From Eq. (IV.6.38) and
Eq. (IV.6.39), we expect at least 104 and up to 106 such decays at Run 2 with 300 fb−1 data, giving the
LHC experiments an attractive target.

Since only a fraction of hidden glueballs may be G0 states, explicit signal estimates for DO
searches require an estimate of exclusive G0 production, and thus of G0 production in hidden hadroniza-
tion. A conservative assumption is that G0 are produced only in two-body decays h → G0G0, which
is the hXX-HF scenario. This probably underestimates the signal, since light glueballs (which are very
long-lived) are likely produced at greater multiplicities and lower boost, effects which increase the num-
ber of observable DOs. Introducing κ as a nuisance parameter that encapsulates our uncertainty of hidden
hadronization, we can write the exclusive branching ratio as

Br(h→ G0G0) = Br(h→ hidden glue) · κ ·
√

1− 4m2
0

m2
h

, (IV.6.40)

where the phase space factor ensures the branching ratio goes to zero for m0 → mh/2. We adopt
two benchmark values for κ which bracket the range of likely physical outcomes. The most optimistic
estimate is that all glueballs produced are G0 pairs, giving κmax = 1. Conversely, a reasonable lower
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bound on κ is to assume democratic production of the light C-even glueballs 0++, 2++, 0−+, 2−+ with

masses mi, i = 1, . . . , 4. In terms of phase space factors P(mi) ≡
√

1− 4m2
i /m

2
h, we then define

κmin = P(m0)/
∑

i niP(mi) with ni = 1, 4 for spin 0, 2 glueballs, which ranges from κmin ≈ 1/12 for
light glueballs to 1 for heavier glueballs.

The authors of [1479] performed signal estimates for displaced glueballs from exotic Higgs boson
decay for the two benchmark values κ = 1, 1

12 , which are reproduced in Section IV.6.6.b.iv. The LHC
can probeG0 lifetimes corresponding to values ofmT up to the TeV scale with a variety of DO searches.

We should emphasize that there are certain non-perturbative effects and special regimes where this
minimal parameterization may not be sufficient, or where 1 > κ > 1/12 may not be broad enough. For
the near term, however, we recommend these subtleties be ignored in designing searches.

Additional complications may arise when many DO’s are clustered in the same region of the
detector, or are not isolated from prompt objects. That being said, these difficulties are unlikely to be
prohibitive for DO’s decaying in the tracker.

Hidden Bottomonia

In the FTH, if mB < m0/2, then G0 (and all other hidden glueballs) will decay to hidden bottomonium.
The hidden bottomonium spectrum also contains a 0++ state, χ0, which can decay via mixing with the
SM-like Higgs. The lifetime of this state is

Γχ0→Y Y ∼ 2× 10−3

(
v

f

)4 m11/3
χ0

m
10/3
0

v2mh(m2
h −m2

χ0
)2 Γh→Y Y (mh) , (IV.6.41)

assuming there are no light twin neutrinos which could short-circuit this decay mode. The corresponding
proper lifetime for m0 = 20 and 50 GeV is shown in the (mχ0

,mT ) - plane in Figure 292 (b). The
phenomenology of exotic Higgs boson decays and resulting search strategies are broadly similar to the
glueball case discussed above, with two notable differences:

1. The rate of hidden bottomonium production is approximately given by the exotic Higgs boson
decay rate to B̄B, see Eq. (IV.6.39), and can be much larger than the direct Higgs boson decay to
glueballs; however, χ0 itself may not be commonly produced in the subsequent hadronization of
the mirror bottom quark pair.

2. Hidden bottomonia can have much shorter decay lengths at low masses mχ0
� mh/2 than glue-

balls of the same mass. (In some cases the decay can be prompt, which makes the decay harder to
detect.) This motivates searches for low mass DOs at small displacement.

IV.6.6.b.iii Experimental analyses

At the time of writing, two experimental searches by the ATLAS collaboration have significant sensitivity
to the hXX-HF scenario discussed here. Ref. [1634] used a dedicated trigger sensitive to tDOs in the
muon system (MS). In addition to the triggered decay, an additional DV in either the muon system or the
inner tracker (IT) was required. This stringent requirement made the search effectively background-free,
giving it good sensitivity for X’s which live long enough to reach the MS. An earlier search using the
HCAL utilized a similar strategy [1633] but is not as sensitive as the search in the MS.

CMS conducted a search [1640] for heavy particles decaying to at least one long-lived daughter, as
arises in e.g. SUSY with R-parity violation (RPV). A HT > 300 GeV preselection requirement makes
this search inefficient to the DOs arising from decays of the relatively light Higgs. A recast of this
search [1636] estimates hXX-HF limits on Br(h→ XX) of order 10%. This is considerably better than
indirect constraints from coupling fits. However, it is only marginally sensitive to Neutral Naturalness,
see Eq. (IV.6.38), though it does encroach upon the parameter space for the Higgs boson decaying to
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mirror bottomonia, see Eq. (IV.6.39). As we discuss below, a different version of this search, with a
trigger on VBF jets plus a displaced or trackless jet, could potentially be much more sensitive.

IV.6.6.b.iv Suggested searches and benchmarks
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Figure 293: Summary of discovery potential at LHC14 with 300 fb−1 (left panel) and HL-LHC (right panel) from
looking for (i) one DV in the muon system and one additional DV in either the MS or the inner tracker, (ii) one DV
at least 4 cm from beam line and VBF jets (blue) and (iii) one DV with at least 50µm from beam line and a single
lepton (orange). Assuming negligible backgrounds and 10 events for discovery, which is likely more realistic for
the MS search with two DVs than the IT searches with one DV. Electroweak top partners (Folded SUSY, Quirky
Little Higgs) motivate glueball masses in the 10–60 GeV range. See [1479] for details. Note different scaling of
vertical axes. For comparison, the inclusive TLEP h → invisible limit, as applied to the perturbative prediction
for Br(h → all glueballs), is shown for future searches as well, which serves as a pessimistic estimate of TLEP
sensitivity. Lighter and darker shading correspond to the optimistic (pessimistic) signal estimates κ = κmax,
(κmin), under the assumption that h decays dominantly to two glueballs, see Eq. (IV.6.40). The effect of glueball
lifetime uncertainty is small and not shown. m0 is the mass of the lightest glueballG0; the vertical axes correspond
to hidden stop mass in FSUSY and hidden top mass in FTH and Quirky Little Higgs. Vertical solid (dashed) lines
show where κ might be enhanced (suppressed) due to non-perturbative mixing effects, see [1479] for details
and [1478] for additional discussion.

Suggested searches
In the context of this discussion we carefully use the terms DO, tDO and DV as defined at the end of
Section IV.6.6.a.

The above existing searches can be categorized into two classes. The ATLAS searches require
a tDO in the Muon System or HCAL for triggering, as well as an additional DV or tDO in offline
reconstruction. The CMS search triggers on a high-threshold associated object (AO) at L1 (HT ) and on
a (tDO + high-threshold AO) at higher trigger level, where the tDO refers to the displaced jets in the
tracker.

Our central recommendation is that, in addition to existing methods, searches be added that require
only a single DO across all lifetimes, with thresholds that maintain sensitivity to production of LLPs in
exotic Higgs boson decays.

For longer lifetimes, recent progress has been made in demonstrating how existing ATLAS triggers
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Figure 294: (a) Projected bounds for the 13 TeV LHC with 20 fb−1 of data, from [1636]. The dashed lines
represent CMS searches for single displaced vertices in the tracker, where different search and trigger strategies
were separately considered. The best sensitivities are achieved using VBF or (VBF + displaced jet) triggers.
The solid lines are projections of the ATLAS searches for displaced decays in the HCAL and muon systems
[1633,1634]. (b) Application of those bounds to Neutral Naturalness theories, shown in the same top partner mass
(mT ) vs. lightest glueball mass m0 = mπv

as in Figure 293. This assumes κ = κmax = 1, i.e. all exotic Higgs
boson decays to hidden glue give h→ G0G0, and so may not be accurate at low m0.

could be used to search for exotic Higgs boson decay events with a single DO in the Muon System [1641].
The data-driven methods used in that work to control backgrounds in searches featuring a single DO are
general and may be of use for other searches as well. For shorter lifetimes, triggering and background
suppression may require the presence of an AO that accompanies the Higgs, namely VBF jets or an
associated Z/W . This allows the probing of shorter lifetimes and lower masses for X , while making the
searches more inclusive to other final states outside the hXX-HF framework. In the short term, progress
can be achieved by some very simple extensions of current analyses.

Specifically, we suggest searches which at off-line reconstruction level look for AO + tDO or
AO + DV (since the tracker is crucial to detect shorter lifetimes). The most useful AO’s for Higgs
boson production are VBF jets, ISR jets, ISR jet plus MET, and leptons. These searches can utilize the
following trigger strategies:

– a pure AO trigger, in particular VBF jets, leptons, or jets + MET (where MET comes from an
undecayed or partially invisibly decaying LLP, and the jet arises from ISR);

– a tDO + AO trigger, such as the VBF + displaced dijet trigger explored for CMS in [1636];
– a pure tDO trigger, which though not currently possible for decays in the tracker, has been used by

ATLAS for decays in the HCAL and muon system.

Furthermore, all existing searches focus on lifetimes longer than about a mm. In many scenarios, espe-
cially for relatively heavy LLP’s, the lifetime can be much shorter. Therefore, in order to cover the entire
naturally motivated parameter space, we also suggest study of

– DVs at very short displacements from the interaction point, as low as ∼ 50µm if possible.

Implementing these search strategies may give much greater coverage of Neutral Naturalness sce-
narios. In [1479] it was demonstrated that such a search program, even with pessimistically extrapolated
signal yields using current ATLAS DV reconstruction efficiencies, allows discovery for colourless top
partners with mass of O(TeV): see Figure 293 for the LHC14 ATLAS reach with 300 and 3000 fb−1

of data.IV.43 These projections are consistent with recasts of [1640], which suggest that reach can be

IV.43This study used a slightly different definition of κmin than used here, but this does not significantly affect the results.
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improved by including a VBF + displaced dijet trigger [1636]. The projected sensitivities with just
20 fb−1 of 13 TeV data are shown in Figure 294, and cover uncoloured top partner masses of several
hundred GeV. These searches will have even greater reach if the Higgs boson decays directly to mirror
bottomonia, which increases the exotic branching fraction as shown in Eq. (IV.6.39).

We now elaborate on the reasoning behind these suggestions. First, triggering on an AO is rela-
tively independent of the Higgs boson decay final state, and certain tDO trigger thresholds can be lowered
if an AO is also present in the trigger path, in compensation for events lost because they lack an AO.

An important motivation for DO + AO searches is their sensitivity to regions of the hXX-HF
model, and to other models, in which the typical exotic h decay has only one observable DO. Single
DO events may be common because it is rare for two LLPs to be produced together (in some regimes
of Neutral Naturalness models, the probability to produce one G0 in hadronization may be much larger
than to produce two). They may also be common because the LLPs are very long-lived, and so it is rare
for two of them to decay before exiting the detector. This particularly motivates the use of an ISR jet +
MET as the AO.

Another important motivation is that low-mass DO’s in the tracker can not currently be triggered
on. This is unfortunate because offline reconstruction of tracker DVs can be efficient. By triggering on
an AO (and perhaps the DO as well), the overall efficiency for signal events will increase. Backgrounds
may also be controllable, since one may employ a standard “matrix” or “ABCD” method, examining
events with and without an AO, and with and without a DV.

Finally, of course, requiring two reconstructed DOs reduces signal efficiency sharply. Efficient
searches that require only one should have better reach, as long as backgrounds are under control and the
price of requiring an AO is not too high.

No matter what search strategy is adopted, there are also significant challenges to be overcome on
the level of reconstructing any single DV.

– Existing searches focus on mX & 15 GeV. It is important to understand how light X can be while
still being efficiently reconstructed as a DV in different detector systems. Small opening angles
and small numbers of tracks from the DV can make reconstruction challenging, though [1626]
was able to study displaced photons with masses of a few 100 MeV. (An extreme case was studied
in [1642], where long-lived dark photons with masses below 100 MeV were considered.) DV
or AO reconstruction criteria could be loosened for mX . 15 GeV to maintain efficiency, but
backgrounds would have to be carefully studied. In principle, there is no qualitative obstacle to the
reconstruction of lower-mass DVs [1633, 1634, 1636].

– WhenmX is fairly heavy (close to half the Higgs boson mass, or more for asymmetric Higgs boson
decays), the slow-moving X may have to be reconstructed out-of-time with the rest of the event.
This can make analyses more complicated, but could also provide a handle to reject backgrounds.

– Independent of triggering issues, what is the shortest lifetime that could be reconstructed and
distinguished from prompt background? Going below cm or mm decay lengths opens up very
well-motivated parameter space in theories of Neutral Naturalness. Maximizing the rejection of
B-meson related backgrounds will be a high priority for such a search.

Benchmarks

In order to help develop these searches with full coverage we suggest 12 benchmark points, given in
Table 173. They span the range of well-motivated X masses that yield the b̄b and τ+τ− final states,
and the range of lifetimes that can be realized in Neutral Naturalness and potentially reconstructed as
a displaced decay. Of the light benchmarks, long7 is most motivated for hidden glueballs, since their
lifetime increases sharply above the bb̄ threshold; short7 and medium7 can be realized for hidden bot-
tomonia, which have potentially much shorter lifetimes. Each lifetime requires a different search strategy
to optimally constrain Br(h → XX). Dealing with time-of-flight issues may be particularly challeng-
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Table 173: Displaced h → XX → SM simplified model benchmarks to give efficient coverage of Neutral
Naturalness. Recall that X decays via its mixing with the SM-like Higgs, and thus dominantly to b̄b and τ+τ−.

cτX (m)

5 · 10−5 10−1 10

mX (GeV)

7 short7 medium7 long7

15 short15 medium15 long15

40 short40 medium40 long40

55 short55 medium55 long55

ing (or fruitful) for the long55 benchmark point, while short decay length reconstruction is yet to be
demonstrated for the short benchmarks. The sensitivity of LHCb to these decays also deserves future
study – in some cases it might be superior to ATLAS or CMS, despite the reduced luminosity available
for analysis, because of its special triggering and reconstruction capabilities.

Presentation of limits

Conventionally, in searches for DOs from exotic Higgs boson decays, results are represented by plotting
excluded σh×Br/σSM, as a function of decay length cτX , for different discrete benchmark values of the
long-lived particle mass mX . This is shown, for example, in Figure 294 (a). We strongly recommend
continuation of this model-independent presentation.

We also recommend an additional means of presenting results for the hXX-HF signal model. This
method of presentation would allow constraints to be directly applied to the Neutral Naturalness scenario
where the Higgs can decay to mirror glueballs, which decay back to the SM via Higgs mixing. This is
the case for FSUSY, and can occur in Twin Higgs models.

Consider a search that is sensitive to LLPs X produced in the decay h → XX , setting bounds
on Br(h → XX) as a function of mX and cτX . In the above scenario where X is the glueball G0, its
lifetime is almost uniquely determined in the (m0,mT ) plane, where m0,mT are the G0 and top partner
masses. Therefore, the search gives a constraint on Br(h→ G0G0) as a function of m0 and mT .IV.44

We can now make use of the known inclusive exotic Higgs boson decay branching fraction
Br(h → hidden glue), see Eq. (IV.6.38), even if the exclusive branching fraction to a given number
of G0’s cannot be computed. Clearly, if the limit on Br(h → G0G0) is much larger than Br(h →
hidden glue) then the search has no sensitivity to this Neutral Naturalness scenario. Similarly, since we
expect a sizeable fraction of the produced glueballs to be the lightest G0, if the limit on Br(h→ G0G0)
is orders of magnitude smaller than Br(h→ hidden glue), then this scenario can effectively be excluded
for a given (m0,mT ). This reasoning can be most easily articulated by defining the parameter

κG0G0(m0,mT ) ≡ σh × Br(h→ G0G0)

σSM × Br(h→ hidden glue)
. (IV.6.42)

The denominator is completely determined in the (m0,mT ) plane, while the numerator can be con-
strained by the search. Bounds on κG0G0 can therefore be shown in the (m0,mT ) plane and constrain

IV.44Similar reasoning applies to searches for one LLP that set bounds on Br(h→ X + . . .).
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the fraction of glueballs that are in the G0 state. Regions with κG0G0 < 0.1 (> 1) are likely (not) ex-
cluded. In regions with intermediate values of κex, the bounds are sensitive to pure-glue hadronization
assumptions.

IV.6.6.c Higgs boson decays to displaced photons and missing energy from Supersymmetry IV.45

Here we discuss one realization of displaced Higgs boson decays within the MSSM, consistent with
current experimental constraints. In models of gauge-mediated supersymmetry breaking (GMSB), the
next-to-lightest Standard Model superpartner (NLSP) will decay to a gravitino LSP, which is stable in
the presence of R-parity, together with one or more SM states. This decay becomes displaced as the
supersymmetry-breaking scale is raised. In particular, in generalized GMSB models, for gauge messen-
ger masses of O(100) TeV, it is possible to have the decay h → χ̃1χ̃1 → γG̃ γG̃ with a long-lived
Bino-like lightest neutralino, χ̃1. While the first stage of this decay is prompt with a possibly sizeable
branching ratio, the second decay occurs with a branching ratio of one, and the lifetime of the neutralino
can be evaluated as [1615]

cτ = 48π
m2

3/2M
2
Pl

m
χ̃

5
1

1

|P1γ |2
(IV.6.43)

with P1γ = N11 cos θW + N12 sin θW given in terms of the neutralino mixing matrix N . Here N11

and N12 are the Bino and Wino χ̃1 components, respectively. The gravitino mass m3/2 is at or below
the level of eV, and MPl is the Planck mass. Thus neutralino decay lengths of up to one meter or
even more can be obtained, depending on the choice of parameters and in particular on the neutralino
mass mχ̃1

. As an illustrative example, in Figure 295, we present the branching ratio for this process,
i.e. BR(h → χ̃1χ̃1 → γγ + G̃G̃) and the lifetime of the neutralino as a function of the Bino mass
M1 and tanβ, having fixed the µ parameter, as well as the Wino mass, M2, to 400 GeV. The other
parameters are chosen as in the mmod+

h scenario [91]. We note that this benchmark has not been probed
by multi-lepton searches for electroweak production of Higgsinos and Winos at Run 1 LHC (see for
example [1643–1645]). One can see that the branching ratio depends mainly on tanβ, and can reach
∼ O(10%) or larger at small values of tanβ. The lifetime, on the other hand, depends mainly on M1.
The smallest values of M1 . 10 GeV lead to decay lengths of 1 m or more, while values larger than
∼ 25 GeV lead to decay lengths below 1 cm. This shows that this particular scenario, depending on
choice of parameters, offers the full spectrum of collider-relevant decay lengths and the corresponding
phenomenological opportunities and challenges.

IV.45Author(s): S. Heinemeyer.
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Appendix A

Tables of branching ratios

In this appendix we complete the listing of the branching fractions of the Standard Model Higgs boson
discussed in Section I.3.1.a
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Table 174: SM Higgs boson branching ratios for H→ bb and H→ τ+τ−, corresponding theoretical uncertainties
(THU) and parametric uncertainties from the quark masses (PU(mq)) and the strong coupling (PU(αs)) (expressed
in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ bb THU [%] PU(mq) [%] PU(αs) [%] H→ τ+τ− THU [%] PU(mq) [%] PU(αs) [%]

120.0 6.536·10
−1 +0.58 -0.58 +0.60 -0.63 +0.67 -0.68 6.981·10

−2 +1.16 -1.16 +1.10 -1.09 +0.71 -0.69
120.5 6.472·10

−1 +0.59 -0.59 +0.60 -0.64 +0.68 -0.70 6.918·10
−2 +1.17 -1.16 +1.09 -1.09 +0.71 -0.68

121.0 6.406·10
−1 +0.59 -0.59 +0.62 -0.65 +0.69 -0.71 6.854·10

−2 +1.17 -1.16 +1.07 -1.09 +0.68 -0.68
121.5 6.338·10

−1 +0.60 -0.60 +0.63 -0.66 +0.70 -0.72 6.787·10
−2 +1.17 -1.16 +1.06 -1.07 +0.68 -0.67

122.0 6.269·10
−1 +0.61 -0.61 +0.64 -0.67 +0.71 -0.73 6.718·10

−2 +1.17 -1.16 +1.07 -1.06 +0.68 -0.65
122.5 6.198·10

−1 +0.61 -0.61 +0.66 -0.68 +0.72 -0.74 6.648·10
−2 +1.17 -1.16 +1.04 -1.06 +0.66 -0.65

123.0 6.126·10
−1 +0.62 -0.62 +0.67 -0.69 +0.73 -0.75 6.576·10

−2 +1.17 -1.16 +1.02 -1.04 +0.66 -0.64
123.5 6.052·10

−1 +0.63 -0.63 +0.68 -0.70 +0.75 -0.75 6.502·10
−2 +1.17 -1.16 +1.02 -1.02 +0.64 -0.65

124.0 5.978·10
−1 +0.63 -0.63 +0.68 -0.72 +0.75 -0.78 6.427·10

−2 +1.17 -1.16 +1.02 -1.00 +0.63 -0.62
124.1 5.962·10

−1 +0.63 -0.63 +0.69 -0.72 +0.76 -0.77 6.411·10
−2 +1.17 -1.16 +1.01 -1.00 +0.64 -0.63

124.2 5.947·10
−1 +0.64 -0.64 +0.69 -0.72 +0.75 -0.78 6.396·10

−2 +1.17 -1.16 +1.00 -1.00 +0.63 -0.62
124.3 5.932·10

−1 +0.64 -0.64 +0.70 -0.72 +0.76 -0.77 6.381·10
−2 +1.17 -1.16 +1.00 -1.00 +0.63 -0.61

124.4 5.916·10
−1 +0.64 -0.64 +0.70 -0.73 +0.76 -0.79 6.366·10

−2 +1.17 -1.16 +0.99 -1.00 +0.62 -0.63
124.5 5.901·10

−1 +0.64 -0.64 +0.70 -0.73 +0.76 -0.79 6.349·10
−2 +1.17 -1.16 +1.00 -0.99 +0.63 -0.61

124.6 5.886·10
−1 +0.64 -0.64 +0.71 -0.73 +0.77 -0.78 6.335·10

−2 +1.17 -1.16 +0.98 -1.00 +0.62 -0.62
124.7 5.870·10

−1 +0.64 -0.64 +0.70 -0.73 +0.76 -0.79 6.318·10
−2 +1.17 -1.16 +0.99 -0.98 +0.63 -0.61

124.8 5.855·10
−1 +0.64 -0.64 +0.71 -0.74 +0.77 -0.79 6.303·10

−2 +1.17 -1.16 +0.99 -0.99 +0.63 -0.60
124.9 5.839·10

−1 +0.65 -0.64 +0.71 -0.75 +0.77 -0.79 6.286·10
−2 +1.17 -1.16 +1.00 -0.97 +0.64 -0.60

125.0 5.824·10
−1 +0.65 -0.65 +0.72 -0.74 +0.78 -0.80 6.272·10

−2 +1.17 -1.16 +0.98 -0.99 +0.62 -0.62
125.09 5.809·10

−1 +0.65 -0.65 +0.72 -0.74 +0.77 -0.79 6.256·10
−2 +1.17 -1.16 +0.98 -0.98 +0.62 -0.60

125.1 5.807·10
−1 +0.65 -0.65 +0.72 -0.74 +0.78 -0.79 6.256·10

−2 +1.17 -1.16 +0.98 -0.98 +0.61 -0.61
125.2 5.792·10

−1 +0.65 -0.65 +0.72 -0.74 +0.78 -0.79 6.240·10
−2 +1.17 -1.16 +0.96 -0.98 +0.60 -0.61

125.3 5.776·10
−1 +0.65 -0.65 +0.72 -0.75 +0.77 -0.80 6.223·10

−2 +1.17 -1.16 +0.98 -0.97 +0.61 -0.60
125.4 5.760·10

−1 +0.65 -0.65 +0.73 -0.75 +0.78 -0.80 6.208·10
−2 +1.17 -1.16 +0.97 -0.99 +0.61 -0.61

125.5 5.744·10
−1 +0.65 -0.65 +0.73 -0.75 +0.79 -0.80 6.192·10

−2 +1.17 -1.16 +0.95 -0.97 +0.60 -0.61
125.6 5.728·10

−1 +0.66 -0.65 +0.73 -0.75 +0.79 -0.81 6.175·10
−2 +1.17 -1.16 +0.98 -0.96 +0.62 -0.59

125.7 5.713·10
−1 +0.66 -0.66 +0.73 -0.76 +0.79 -0.81 6.159·10

−2 +1.17 -1.16 +0.96 -0.96 +0.60 -0.60
125.8 5.696·10

−1 +0.66 -0.66 +0.73 -0.76 +0.79 -0.81 6.143·10
−2 +1.17 -1.16 +0.95 -0.96 +0.60 -0.60

125.9 5.681·10
−1 +0.66 -0.66 +0.74 -0.77 +0.79 -0.82 6.126·10

−2 +1.17 -1.16 +0.97 -0.95 +0.60 -0.59
126.0 5.664·10

−1 +0.66 -0.66 +0.74 -0.76 +0.79 -0.82 6.109·10
−2 +1.17 -1.16 +0.97 -0.94 +0.60 -0.57

126.5 5.583·10
−1 +0.67 -0.67 +0.76 -0.77 +0.81 -0.82 6.027·10

−2 +1.17 -1.16 +0.93 -0.96 +0.58 -0.58
127.0 5.501·10

−1 +0.68 -0.67 +0.77 -0.79 +0.82 -0.84 5.943·10
−2 +1.17 -1.16 +0.92 -0.92 +0.57 -0.57

127.5 5.417·10
−1 +0.68 -0.68 +0.78 -0.79 +0.83 -0.85 5.857·10

−2 +1.17 -1.16 +0.90 -0.92 +0.57 -0.56
128.0 5.332·10

−1 +0.69 -0.69 +0.79 -0.82 +0.84 -0.87 5.770·10
−2 +1.17 -1.16 +0.90 -0.89 +0.57 -0.53

128.5 5.246·10
−1 +0.70 -0.70 +0.82 -0.82 +0.86 -0.87 5.681·10

−2 +1.17 -1.16 +0.89 -0.89 +0.56 -0.52
129.0 5.160·10

−1 +0.70 -0.70 +0.83 -0.85 +0.86 -0.89 5.592·10
−2 +1.16 -1.16 +0.86 -0.88 +0.54 -0.51

129.5 5.073·10
−1 +0.71 -0.71 +0.84 -0.86 +0.87 -0.90 5.502·10

−2 +1.16 -1.16 +0.86 -0.86 +0.52 -0.51
130.0 4.985·10

−1 +0.72 -0.72 +0.86 -0.87 +0.90 -0.90 5.411·10
−2 +1.16 -1.16 +0.84 -0.85 +0.51 -0.51
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Table 175: SM Higgs boson branching ratios for H→ µ+µ− and H→ cc , corresponding theoretical uncertainties
(THU) and parametric uncertainties from the quark masses (PU(mq)) and the strong coupling (PU(αs)) (expressed
in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ µ+µ− THU [%] PU(mq) [%] PU(αs) [%] H→ cc THU [%] PU(mq) [%] PU(αs) [%]

120.0 2.423·10
−4 +1.23 -1.23 +1.07 -1.09 +0.69 -0.70 3.244·10

−2 +1.20 -1.20 +5.27 -1.08 +1.14 -1.18
120.5 2.401·10

−4 +1.23 -1.23 +1.09 -1.10 +0.71 -0.70 3.212·10
−2 +1.20 -1.20 +5.26 -1.06 +1.17 -1.19

121.0 2.378·10
−4 +1.23 -1.23 +1.10 -1.07 +0.71 -0.67 3.180·10

−2 +1.20 -1.20 +5.25 -1.05 +1.17 -1.20
121.5 2.355·10

−4 +1.23 -1.23 +1.06 -1.08 +0.68 -0.68 3.147·10
−2 +1.20 -1.20 +5.23 -1.06 +1.15 -1.21

122.0 2.331·10
−4 +1.23 -1.23 +1.08 -1.04 +0.68 -0.64 3.112·10

−2 +1.20 -1.20 +5.26 -1.03 +1.20 -1.20
122.5 2.307·10

−4 +1.23 -1.23 +1.05 -1.06 +0.64 -0.69 3.077·10
−2 +1.20 -1.20 +5.26 -1.01 +1.18 -1.21

123.0 2.282·10
−4 +1.23 -1.23 +1.01 -1.07 +0.66 -0.65 3.041·10

−2 +1.20 -1.20 +5.28 -0.99 +1.23 -1.22
123.5 2.256·10

−4 +1.23 -1.23 +1.02 -1.04 +0.66 -0.62 3.005·10
−2 +1.20 -1.20 +5.23 -1.00 +1.20 -1.24

124.0 2.230·10
−4 +1.23 -1.23 +0.99 -1.01 +0.62 -0.63 2.968·10

−2 +1.20 -1.20 +5.22 -1.02 +1.21 -1.25
124.1 2.224·10

−4 +1.23 -1.23 +1.05 -1.00 +0.67 -0.63 2.960·10
−2 +1.20 -1.20 +5.24 -0.98 +1.22 -1.25

124.2 2.219·10
−4 +1.23 -1.23 +1.00 -1.00 +0.63 -0.62 2.953·10

−2 +1.20 -1.20 +5.23 -0.98 +1.20 -1.26
124.3 2.214·10

−4 +1.23 -1.23 +0.99 -1.02 +0.62 -0.63 2.945·10
−2 +1.20 -1.20 +5.26 -1.00 +1.22 -1.27

124.4 2.208·10
−4 +1.23 -1.23 +1.00 -0.96 +0.63 -0.59 2.937·10

−2 +1.20 -1.20 +5.28 -0.95 +1.23 -1.24
124.5 2.203·10

−4 +1.23 -1.23 +1.00 -1.01 +0.63 -0.63 2.930·10
−2 +1.20 -1.20 +5.26 -0.99 +1.24 -1.27

124.6 2.198·10
−4 +1.23 -1.23 +0.96 -1.03 +0.59 -0.64 2.922·10

−2 +1.20 -1.20 +5.24 -0.97 +1.24 -1.27
124.7 2.192·10

−4 +1.23 -1.23 +1.01 -0.97 +0.64 -0.58 2.914·10
−2 +1.20 -1.20 +5.25 -0.96 +1.25 -1.24

124.8 2.187·10
−4 +1.23 -1.23 +0.96 -1.03 +0.59 -0.64 2.907·10

−2 +1.20 -1.20 +5.23 -0.97 +1.21 -1.28
124.9 2.181·10

−4 +1.23 -1.23 +0.98 -0.97 +0.64 -0.59 2.899·10
−2 +1.20 -1.20 +5.24 -0.97 +1.26 -1.28

125.0 2.176·10
−4 +1.23 -1.23 +0.97 -0.99 +0.59 -0.64 2.891·10

−2 +1.20 -1.20 +5.26 -0.98 +1.25 -1.25
125.09 2.171·10

−4 +1.23 -1.23 +0.97 -0.99 +0.60 -0.64 2.884·10
−2 +1.20 -1.20 +5.27 -0.94 +1.26 -1.25

125.1 2.170·10
−4 +1.23 -1.23 +0.98 -0.99 +0.65 -0.60 2.883·10

−2 +1.20 -1.20 +5.28 -0.95 +1.25 -1.25
125.2 2.165·10

−4 +1.23 -1.23 +0.97 -1.00 +0.59 -0.65 2.876·10
−2 +1.20 -1.20 +5.23 -0.98 +1.22 -1.30

125.3 2.159·10
−4 +1.23 -1.23 +0.99 -0.98 +0.60 -0.59 2.868·10

−2 +1.20 -1.20 +5.26 -0.97 +1.23 -1.29
125.4 2.153·10

−4 +1.23 -1.23 +0.98 -0.95 +0.65 -0.60 2.860·10
−2 +1.20 -1.20 +5.24 -0.95 +1.23 -1.26

125.5 2.148·10
−4 +1.23 -1.23 +0.93 -0.99 +0.61 -0.61 2.852·10

−2 +1.20 -1.20 +5.25 -0.95 +1.27 -1.27
125.6 2.142·10

−4 +1.23 -1.23 +0.99 -0.95 +0.61 -0.60 2.844·10
−2 +1.20 -1.20 +5.28 -0.96 +1.28 -1.27

125.7 2.137·10
−4 +1.23 -1.23 +0.94 -1.01 +0.60 -0.61 2.836·10

−2 +1.20 -1.20 +5.25 -0.92 +1.27 -1.28
125.8 2.131·10

−4 +1.23 -1.23 +0.94 -0.96 +0.61 -0.61 2.828·10
−2 +1.20 -1.20 +5.26 -0.93 +1.28 -1.28

125.9 2.125·10
−4 +1.23 -1.23 +0.95 -0.96 +0.60 -0.57 2.820·10

−2 +1.20 -1.20 +5.28 -0.93 +1.28 -1.29
126.0 2.119·10

−4 +1.23 -1.23 +1.01 -0.91 +0.61 -0.55 2.812·10
−2 +1.20 -1.20 +5.27 -0.93 +1.30 -1.29

126.5 2.092·10
−4 +1.23 -1.22 +0.91 -0.99 +0.56 -0.57 2.772·10

−2 +1.20 -1.20 +5.21 -0.95 +1.27 -1.32
127.0 2.061·10

−4 +1.23 -1.22 +0.93 -0.88 +0.58 -0.54 2.731·10
−2 +1.20 -1.20 +5.26 -0.91 +1.28 -1.32

127.5 2.032·10
−4 +1.23 -1.22 +0.88 -0.97 +0.53 -0.59 2.690·10

−2 +1.20 -1.20 +5.22 -0.91 +1.27 -1.36
128.0 2.002·10

−4 +1.22 -1.22 +0.85 -0.91 +0.55 -0.59 2.648·10
−2 +1.20 -1.19 +5.26 -0.87 +1.30 -1.33

128.5 1.971·10
−4 +1.22 -1.22 +0.87 -0.89 +0.55 -0.55 2.606·10

−2 +1.20 -1.19 +5.18 -0.89 +1.31 -1.35
129.0 1.940·10

−4 +1.22 -1.22 +0.88 -0.90 +0.56 -0.51 2.563·10
−2 +1.20 -1.19 +5.23 -0.87 +1.34 -1.38

129.5 1.909·10
−4 +1.22 -1.22 +0.84 -0.86 +0.52 -0.52 2.520·10

−2 +1.19 -1.19 +5.20 -0.84 +1.32 -1.40
130.0 1.877·10

−4 +1.22 -1.21 +0.86 -0.82 +0.52 -0.47 2.476·10
−2 +1.19 -1.19 +5.25 -0.82 +1.35 -1.39
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Table 176: SM Higgs boson branching ratios for H → gg and H → γγ , corresponding theoretical uncertainties
(THU) and parametric uncertainties from the quark masses (PU(mq)) and the strong coupling (PU(αs)) (expressed
in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ gg THU [%] PU(mq) [%] PU(αs) [%] H→ γγ THU [%] PU(mq) [%] PU(αs) [%]

120.0 8.409·10
−2 +3.39 -3.40 +1.24 -1.26 +3.80 -3.72 2.218·10

−3 +1.73 -1.73 +1.08 -1.10 +0.71 -0.72
120.5 8.401·10

−2 +3.39 -3.40 +1.23 -1.24 +3.80 -3.70 2.226·10
−3 +1.73 -1.73 +1.08 -1.05 +0.72 -0.71

121.0 8.390·10
−2 +3.39 -3.40 +1.23 -1.23 +3.81 -3.69 2.235·10

−3 +1.73 -1.73 +1.03 -1.05 +0.71 -0.72
121.5 8.376·10

−2 +3.39 -3.40 +1.21 -1.22 +3.79 -3.68 2.242·10
−3 +1.73 -1.73 +1.03 -1.05 +0.71 -0.71

122.0 8.358·10
−2 +3.39 -3.40 +1.22 -1.19 +3.78 -3.66 2.248·10

−3 +1.73 -1.73 +1.03 -1.04 +0.71 -0.71
122.5 8.339·10

−2 +3.39 -3.41 +1.18 -1.20 +3.75 -3.66 2.253·10
−3 +1.73 -1.73 +1.03 -0.99 +0.70 -0.66

123.0 8.315·10
−2 +3.39 -3.41 +1.18 -1.19 +3.75 -3.64 2.258·10

−3 +1.73 -1.73 +1.02 -0.99 +0.67 -0.65
123.5 8.288·10

−2 +3.39 -3.41 +1.16 -1.16 +3.74 -3.64 2.262·10
−3 +1.73 -1.72 +0.97 -0.99 +0.65 -0.66

124.0 8.258·10
−2 +3.40 -3.41 +1.15 -1.16 +3.72 -3.63 2.266·10

−3 +1.73 -1.72 +0.98 -0.99 +0.66 -0.66
124.1 8.251·10

−2 +3.40 -3.41 +1.17 -1.14 +3.73 -3.62 2.266·10
−3 +1.73 -1.72 +0.98 -0.99 +0.66 -0.66

124.2 8.244·10
−2 +3.40 -3.41 +1.17 -1.14 +3.73 -3.60 2.266·10

−3 +1.73 -1.72 +0.98 -0.98 +0.66 -0.65
124.3 8.238·10

−2 +3.40 -3.41 +1.14 -1.16 +3.71 -3.63 2.268·10
−3 +1.73 -1.72 +0.96 -1.00 +0.61 -0.66

124.4 8.231·10
−2 +3.40 -3.41 +1.14 -1.15 +3.72 -3.62 2.268·10

−3 +1.73 -1.72 +0.97 -0.99 +0.66 -0.66
124.5 8.224·10

−2 +3.40 -3.41 +1.14 -1.13 +3.71 -3.61 2.267·10
−3 +1.73 -1.72 +0.97 -0.94 +0.66 -0.61

124.6 8.217·10
−2 +3.40 -3.41 +1.14 -1.14 +3.71 -3.62 2.269·10

−3 +1.73 -1.72 +0.97 -1.00 +0.66 -0.66
124.7 8.209·10

−2 +3.40 -3.41 +1.14 -1.12 +3.72 -3.60 2.268·10
−3 +1.73 -1.72 +0.98 -0.94 +0.66 -0.61

124.8 8.203·10
−2 +3.40 -3.41 +1.13 -1.13 +3.71 -3.62 2.269·10

−3 +1.73 -1.72 +0.97 -0.94 +0.66 -0.62
124.9 8.194·10

−2 +3.40 -3.41 +1.14 -1.12 +3.72 -3.60 2.270·10
−3 +1.73 -1.72 +0.94 -0.99 +0.62 -0.65

125.0 8.187·10
−2 +3.40 -3.41 +1.12 -1.13 +3.69 -3.61 2.270·10

−3 +1.73 -1.72 +0.93 -0.99 +0.61 -0.62
125.09 8.180·10

−2 +3.40 -3.41 +1.12 -1.14 +3.70 -3.59 2.270·10
−3 +1.73 -1.72 +0.97 -0.94 +0.66 -0.61

125.1 8.179·10
−2 +3.40 -3.41 +1.12 -1.13 +3.70 -3.60 2.270·10

−3 +1.73 -1.72 +0.98 -0.94 +0.66 -0.62
125.2 8.172·10

−2 +3.40 -3.41 +1.12 -1.12 +3.70 -3.61 2.270·10
−3 +1.73 -1.72 +0.97 -0.94 +0.65 -0.62

125.3 8.163·10
−2 +3.40 -3.41 +1.12 -1.11 +3.70 -3.59 2.270·10

−3 +1.73 -1.72 +0.98 -0.93 +0.66 -0.61
125.4 8.154·10

−2 +3.40 -3.41 +1.12 -1.11 +3.70 -3.59 2.270·10
−3 +1.73 -1.72 +0.97 -0.94 +0.66 -0.62

125.5 8.147·10
−2 +3.40 -3.41 +1.11 -1.11 +3.69 -3.59 2.271·10

−3 +1.73 -1.72 +0.93 -0.99 +0.62 -0.66
125.6 8.139·10

−2 +3.40 -3.41 +1.10 -1.12 +3.68 -3.59 2.271·10
−3 +1.72 -1.72 +0.93 -0.95 +0.62 -0.66

125.7 8.130·10
−2 +3.40 -3.41 +1.10 -1.12 +3.68 -3.59 2.271·10

−3 +1.72 -1.72 +0.93 -0.95 +0.61 -0.66
125.8 8.121·10

−2 +3.40 -3.41 +1.10 -1.10 +3.69 -3.58 2.271·10
−3 +1.72 -1.72 +0.93 -0.95 +0.62 -0.66

125.9 8.112·10
−2 +3.40 -3.41 +1.11 -1.11 +3.69 -3.58 2.270·10

−3 +1.72 -1.72 +0.98 -0.90 +0.65 -0.62
126.0 8.102·10

−2 +3.40 -3.42 +1.12 -1.09 +3.68 -3.56 2.270·10
−3 +1.72 -1.72 +0.94 -0.89 +0.66 -0.60

126.5 8.056·10
−2 +3.40 -3.42 +1.08 -1.10 +3.65 -3.57 2.269·10

−3 +1.72 -1.72 +0.92 -0.92 +0.60 -0.57
127.0 8.006·10

−2 +3.41 -3.42 +1.08 -1.06 +3.66 -3.56 2.267·10
−3 +1.72 -1.72 +0.94 -0.89 +0.62 -0.58

127.5 7.953·10
−2 +3.41 -3.42 +1.05 -1.08 +3.63 -3.55 2.265·10

−3 +1.72 -1.72 +0.88 -0.92 +0.56 -0.62
128.0 7.896·10

−2 +3.41 -3.42 +1.04 -1.04 +3.63 -3.54 2.261·10
−3 +1.72 -1.72 +0.89 -0.85 +0.57 -0.57

128.5 7.836·10
−2 +3.41 -3.43 +1.03 -1.03 +3.61 -3.53 2.257·10

−3 +1.72 -1.71 +0.85 -0.91 +0.53 -0.57
129.0 7.774·10

−2 +3.42 -3.43 +1.01 -1.01 +3.60 -3.52 2.251·10
−3 +1.72 -1.71 +0.85 -0.86 +0.57 -0.53

129.5 7.707·10
−2 +3.42 -3.43 +0.99 -1.01 +3.59 -3.50 2.245·10

−3 +1.71 -1.71 +0.85 -0.83 +0.53 -0.53
130.0 7.638·10

−2 +3.42 -3.43 +0.98 -0.99 +3.57 -3.48 2.238·10
−3 +1.71 -1.71 +0.81 -0.82 +0.52 -0.53
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Table 177: SM Higgs boson branching ratios for H→ Zγ and H→WW, corresponding theoretical uncertainties
(THU) and parametric uncertainties from the quark masses (PU(mq)) and the strong coupling (PU(αs)) (expressed
in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ Zγ THU [%] PU(mq) [%] PU(αs) [%] H→WW THU [%] PU(mq) [%] PU(αs) [%]

120.0 1.100·10
−3 +5.72 -5.72 +1.09 -1.01 +0.72 -0.64 1.405·10

−1 +1.08 -1.08 +1.11 -1.11 +0.73 -0.73
120.5 1.143·10

−3 +5.72 -5.72 +1.05 -1.07 +0.70 -0.69 1.470·10
−1 +1.07 -1.07 +1.10 -1.09 +0.73 -0.71

121.0 1.186·10
−3 +5.72 -5.72 +1.10 -1.04 +0.76 -0.67 1.537·10

−1 +1.06 -1.06 +1.09 -1.08 +0.72 -0.71
121.5 1.229·10

−3 +5.72 -5.72 +1.06 -1.08 +0.73 -0.65 1.606·10
−1 +1.05 -1.05 +1.07 -1.07 +0.70 -0.70

122.0 1.272·10
−3 +5.72 -5.72 +1.11 -1.03 +0.70 -0.63 1.677·10

−1 +1.05 -1.04 +1.04 -1.07 +0.69 -0.69
122.5 1.316·10

−3 +5.72 -5.72 +0.99 -1.10 +0.60 -0.68 1.750·10
−1 +1.04 -1.04 +1.04 -1.06 +0.69 -0.68

123.0 1.359·10
−3 +5.72 -5.72 +1.03 -1.04 +0.67 -0.65 1.824·10

−1 +1.03 -1.03 +1.03 -1.05 +0.69 -0.69
123.5 1.402·10

−3 +5.72 -5.72 +1.00 -1.01 +0.63 -0.64 1.900·10
−1 +1.02 -1.02 +1.01 -1.03 +0.66 -0.66

124.0 1.447·10
−3 +5.72 -5.71 +0.97 -1.07 +0.62 -0.69 1.977·10

−1 +1.01 -1.01 +1.02 -0.99 +0.68 -0.65
124.1 1.454·10

−3 +5.72 -5.71 +1.04 -0.97 +0.69 -0.62 1.993·10
−1 +1.01 -1.01 +1.00 -1.01 +0.66 -0.65

124.2 1.464·10
−3 +5.72 -5.71 +0.97 -0.97 +0.62 -0.61 2.008·10

−1 +1.01 -1.00 +0.99 -1.00 +0.66 -0.64
124.3 1.472·10

−3 +5.72 -5.71 +1.01 -0.97 +0.67 -0.61 2.024·10
−1 +1.00 -1.00 +1.00 -1.01 +0.64 -0.65

124.4 1.481·10
−3 +5.72 -5.71 +1.02 -0.96 +0.67 -0.61 2.040·10

−1 +1.00 -1.00 +1.01 -0.99 +0.67 -0.65
124.5 1.490·10

−3 +5.72 -5.71 +0.94 -1.03 +0.60 -0.66 2.056·10
−1 +1.00 -1.00 +1.00 -0.99 +0.67 -0.63

124.6 1.498·10
−3 +5.72 -5.71 +1.01 -0.95 +0.67 -0.60 2.072·10

−1 +1.00 -1.00 +1.00 -1.00 +0.65 -0.64
124.7 1.507·10

−3 +5.72 -5.71 +1.00 -1.01 +0.60 -0.59 2.089·10
−1 +1.00 -0.99 +0.98 -0.99 +0.64 -0.63

124.8 1.516·10
−3 +5.72 -5.71 +0.93 -1.02 +0.59 -0.66 2.104·10

−1 +0.99 -0.99 +0.99 -0.99 +0.66 -0.64
124.9 1.524·10

−3 +5.72 -5.71 +1.00 -0.93 +0.66 -0.58 2.121·10
−1 +0.99 -0.99 +1.00 -0.98 +0.64 -0.63

125.0 1.533·10
−3 +5.71 -5.71 +0.98 -1.01 +0.58 -0.65 2.137·10

−1 +0.99 -0.99 +0.99 -0.98 +0.66 -0.63
125.09 1.541·10

−3 +5.71 -5.71 +0.91 -1.00 +0.58 -0.64 2.152·10
−1 +0.99 -0.99 +0.98 -0.98 +0.64 -0.62

125.1 1.541·10
−3 +5.71 -5.71 +0.98 -0.92 +0.65 -0.59 2.154·10

−1 +0.99 -0.99 +0.96 -0.98 +0.64 -0.63
125.2 1.550·10

−3 +5.71 -5.71 +0.97 -0.98 +0.64 -0.64 2.170·10
−1 +0.99 -0.98 +0.98 -0.98 +0.63 -0.63

125.3 1.558·10
−3 +5.71 -5.71 +0.98 -0.90 +0.64 -0.57 2.186·10

−1 +0.98 -0.98 +0.99 -0.96 +0.64 -0.61
125.4 1.567·10

−3 +5.71 -5.71 +0.96 -0.97 +0.64 -0.57 2.203·10
−1 +0.98 -0.98 +0.97 -0.97 +0.63 -0.62

125.5 1.576·10
−3 +5.71 -5.71 +0.95 -0.98 +0.57 -0.63 2.219·10

−1 +0.98 -0.98 +0.97 -0.97 +0.63 -0.62
125.6 1.584·10

−3 +5.71 -5.71 +0.95 -0.96 +0.63 -0.56 2.236·10
−1 +0.98 -0.98 +0.95 -0.97 +0.63 -0.64

125.7 1.593·10
−3 +5.71 -5.71 +0.94 -0.97 +0.56 -0.63 2.253·10

−1 +0.98 -0.97 +0.96 -0.96 +0.65 -0.62
125.8 1.601·10

−3 +5.71 -5.71 +0.94 -0.95 +0.63 -0.56 2.270·10
−1 +0.97 -0.97 +0.96 -0.96 +0.62 -0.62

125.9 1.610·10
−3 +5.71 -5.71 +0.94 -0.96 +0.55 -0.62 2.286·10

−1 +0.97 -0.97 +0.96 -0.95 +0.64 -0.62
126.0 1.618·10

−3 +5.71 -5.71 +0.94 -0.93 +0.62 -0.60 2.303·10
−1 +0.97 -0.97 +0.94 -0.97 +0.62 -0.62

126.5 1.660·10
−3 +5.71 -5.71 +0.96 -0.94 +0.59 -0.54 2.388·10

−1 +0.96 -0.96 +0.93 -0.95 +0.61 -0.61
127.0 1.702·10

−3 +5.71 -5.71 +0.95 -0.90 +0.59 -0.59 2.475·10
−1 +0.95 -0.95 +0.93 -0.93 +0.60 -0.59

127.5 1.744·10
−3 +5.71 -5.71 +0.92 -0.89 +0.56 -0.57 2.563·10

−1 +0.94 -0.93 +0.90 -0.92 +0.60 -0.58
128.0 1.785·10

−3 +5.71 -5.70 +0.90 -0.91 +0.56 -0.55 2.652·10
−1 +0.92 -0.92 +0.91 -0.90 +0.60 -0.56

128.5 1.825·10
−3 +5.70 -5.70 +0.89 -0.90 +0.54 -0.54 2.743·10

−1 +0.91 -0.91 +0.87 -0.90 +0.56 -0.58
129.0 1.864·10

−3 +5.70 -5.70 +0.86 -0.87 +0.52 -0.53 2.835·10
−1 +0.90 -0.90 +0.87 -0.87 +0.57 -0.55

129.5 1.903·10
−3 +5.70 -5.70 +0.84 -0.86 +0.52 -0.52 2.927·10

−1 +0.89 -0.89 +0.86 -0.86 +0.55 -0.54
130.0 1.941·10

−3 +5.70 -5.70 +0.83 -0.85 +0.50 -0.51 3.021·10
−1 +0.87 -0.87 +0.84 -0.84 +0.53 -0.54
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Table 178: SM Higgs boson branching ratios for H → ZZ and Higgs boson total width ΓH, corresponding theo-
retical uncertainties (THU) and parametric uncertainties from the quark masses (PU(mq)) and the strong coupling
(PU(αs)) (expressed in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ ZZ THU [%] PU(mq) [%] PU(αs) [%] ΓH [GeV] THU [%] PU(mq) [%] PU(αs) [%]

120.0 1.572·10
−2 +1.08 -1.08 +1.11 -1.11 +0.73 -0.73 3.527·10

−3 +0.73 -0.73 +1.12 -1.10 +0.71 -0.70
120.5 1.662·10

−2 +1.07 -1.07 +1.10 -1.09 +0.73 -0.71 3.574·10
−3 +0.73 -0.73 +1.10 -1.09 +0.69 -0.70

121.0 1.755·10
−2 +1.06 -1.06 +1.09 -1.08 +0.72 -0.71 3.622·10

−3 +0.73 -0.73 +1.09 -1.07 +0.69 -0.69
121.5 1.851·10

−2 +1.05 -1.05 +1.07 -1.07 +0.71 -0.70 3.673·10
−3 +0.73 -0.73 +1.08 -1.06 +0.67 -0.68

122.0 1.951·10
−2 +1.05 -1.04 +1.04 -1.07 +0.69 -0.69 3.725·10

−3 +0.73 -0.73 +1.09 -1.03 +0.67 -0.66
122.5 2.055·10

−2 +1.04 -1.04 +1.04 -1.06 +0.68 -0.67 3.779·10
−3 +0.73 -0.73 +1.08 -1.03 +0.65 -0.65

123.0 2.161·10
−2 +1.03 -1.03 +1.03 -1.05 +0.68 -0.69 3.836·10

−3 +0.73 -0.73 +1.06 -1.02 +0.66 -0.65
123.5 2.270·10

−2 +1.02 -1.02 +1.01 -1.03 +0.66 -0.66 3.896·10
−3 +0.73 -0.73 +1.04 -1.00 +0.64 -0.63

124.0 2.383·10
−2 +1.01 -1.01 +1.02 -0.99 +0.68 -0.65 3.957·10

−3 +0.73 -0.73 +1.00 -1.01 +0.63 -0.65
124.1 2.406·10

−2 +1.01 -1.01 +1.00 -1.01 +0.66 -0.65 3.969·10
−3 +0.73 -0.73 +1.02 -0.99 +0.63 -0.63

124.2 2.429·10
−2 +1.01 -1.00 +0.99 -1.00 +0.66 -0.64 3.982·10

−3 +0.73 -0.73 +1.01 -0.98 +0.62 -0.63
124.3 2.452·10

−2 +1.00 -1.00 +1.00 -1.01 +0.64 -0.65 3.995·10
−3 +0.73 -0.73 +1.02 -0.99 +0.62 -0.61

124.4 2.476·10
−2 +1.00 -1.00 +1.01 -0.99 +0.67 -0.65 4.008·10

−3 +0.73 -0.73 +1.00 -1.00 +0.62 -0.64
124.5 2.499·10

−2 +1.00 -1.00 +1.00 -0.99 +0.67 -0.63 4.021·10
−3 +0.73 -0.73 +1.00 -0.99 +0.61 -0.64

124.6 2.523·10
−2 +1.00 -1.00 +1.00 -1.00 +0.65 -0.64 4.034·10

−3 +0.73 -0.73 +1.01 -0.99 +0.62 -0.62
124.7 2.547·10

−2 +1.00 -0.99 +0.98 -0.99 +0.65 -0.63 4.047·10
−3 +0.73 -0.73 +1.00 -0.97 +0.61 -0.61

124.8 2.571·10
−2 +0.99 -0.99 +0.99 -0.99 +0.66 -0.64 4.061·10

−3 +0.73 -0.73 +1.00 -0.98 +0.61 -0.63
124.9 2.595·10

−2 +0.99 -0.99 +1.00 -0.98 +0.64 -0.63 4.074·10
−3 +0.73 -0.73 +0.99 -0.99 +0.60 -0.61

125.0 2.619·10
−2 +0.99 -0.99 +0.99 -0.98 +0.66 -0.63 4.088·10

−3 +0.73 -0.73 +0.99 -0.98 +0.61 -0.63
125.09 2.641·10

−2 +0.99 -0.99 +0.98 -0.98 +0.64 -0.62 4.100·10
−3 +0.73 -0.73 +0.99 -0.97 +0.60 -0.61

125.1 2.643·10
−2 +0.99 -0.99 +0.96 -0.98 +0.64 -0.63 4.101·10

−3 +0.73 -0.73 +0.99 -0.95 +0.61 -0.61
125.2 2.667·10

−2 +0.99 -0.98 +0.98 -0.98 +0.63 -0.63 4.115·10
−3 +0.73 -0.73 +0.99 -0.97 +0.60 -0.60

125.3 2.692·10
−2 +0.98 -0.98 +0.99 -0.96 +0.63 -0.62 4.129·10

−3 +0.73 -0.73 +0.97 -0.98 +0.59 -0.60
125.4 2.716·10

−2 +0.98 -0.98 +0.97 -0.97 +0.63 -0.63 4.143·10
−3 +0.73 -0.73 +0.98 -0.96 +0.60 -0.60

125.5 2.741·10
−2 +0.98 -0.98 +0.97 -0.97 +0.63 -0.62 4.156·10

−3 +0.73 -0.73 +0.97 -0.96 +0.60 -0.60
125.6 2.766·10

−2 +0.98 -0.98 +0.95 -0.97 +0.63 -0.64 4.170·10
−3 +0.73 -0.73 +0.97 -0.94 +0.61 -0.60

125.7 2.790·10
−2 +0.98 -0.97 +0.96 -0.96 +0.64 -0.62 4.185·10

−3 +0.73 -0.73 +0.97 -0.95 +0.59 -0.61
125.8 2.816·10

−2 +0.97 -0.97 +0.96 -0.96 +0.62 -0.62 4.199·10
−3 +0.73 -0.73 +0.97 -0.95 +0.59 -0.59

125.9 2.840·10
−2 +0.97 -0.97 +0.96 -0.95 +0.64 -0.62 4.214·10

−3 +0.73 -0.73 +0.96 -0.95 +0.59 -0.61
126.0 2.866·10

−2 +0.97 -0.97 +0.94 -0.97 +0.62 -0.62 4.228·10
−3 +0.73 -0.73 +0.98 -0.93 +0.60 -0.59

126.5 2.993·10
−2 +0.96 -0.96 +0.93 -0.95 +0.62 -0.60 4.303·10

−3 +0.73 -0.73 +0.96 -0.92 +0.58 -0.59
127.0 3.124·10

−2 +0.95 -0.95 +0.93 -0.93 +0.60 -0.59 4.381·10
−3 +0.72 -0.72 +0.94 -0.92 +0.57 -0.57

127.5 3.257·10
−2 +0.94 -0.93 +0.90 -0.92 +0.60 -0.58 4.463·10

−3 +0.72 -0.72 +0.92 -0.89 +0.56 -0.57
128.0 3.392·10

−2 +0.92 -0.92 +0.91 -0.89 +0.60 -0.56 4.548·10
−3 +0.72 -0.72 +0.90 -0.90 +0.54 -0.56

128.5 3.530·10
−2 +0.91 -0.91 +0.88 -0.90 +0.56 -0.58 4.635·10

−3 +0.72 -0.72 +0.91 -0.87 +0.55 -0.53
129.0 3.670·10

−2 +0.90 -0.90 +0.87 -0.87 +0.57 -0.55 4.728·10
−3 +0.72 -0.72 +0.88 -0.86 +0.52 -0.54

129.5 3.811·10
−2 +0.89 -0.89 +0.86 -0.86 +0.56 -0.54 4.824·10

−3 +0.72 -0.72 +0.87 -0.85 +0.51 -0.53
130.0 3.955·10

−2 +0.87 -0.87 +0.84 -0.84 +0.53 -0.54 4.923·10
−3 +0.72 -0.72 +0.85 -0.83 +0.52 -0.49
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Table 179: SM Higgs boson branching ratios for H → 4` and corresponding total uncertainty (expressed in
percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ `
+
`
−
`
+
`
−

H→ `
+
`
−
`
+
`
−

H→ e
+

e
−

e
+

e
−

H→ e
+

e
−µ+µ− ∆ BR[%]

` = e, µ, τ ` = e, µ

120.0 1.659·10
−4 7.524·10

−5 1.995·10
−5 3.533·10

−5 ±2.41

120.5 1.753·10
−4 7.950·10

−5 2.107·10
−5 3.735·10

−5 ±2.40

121.0 1.850·10
−4 8.387·10

−5 2.221·10
−5 3.946·10

−5 ±2.37

121.5 1.950·10
−4 8.837·10

−5 2.337·10
−5 4.162·10

−5 ±2.34

122.0 2.054·10
−4 9.304·10

−5 2.458·10
−5 4.388·10

−5 ±2.32

122.5 2.161·10
−4 9.785·10

−5 2.581·10
−5 4.622·10

−5 ±2.30

123.0 2.271·10
−4 1.028·10

−4 2.708·10
−5 4.863·10

−5 ±2.28

123.5 2.385·10
−4 1.079·10

−4 2.839·10
−5 5.110·10

−5 ±2.24

124.0 2.502·10
−4 1.131·10

−4 2.974·10
−5 5.365·10

−5 ±2.24

124.1 2.526·10
−4 1.142·10

−4 3.002·10
−5 5.417·10

−5 ±2.21

124.2 2.549·10
−4 1.153·10

−4 3.029·10
−5 5.469·10

−5 ±2.20

124.3 2.574·10
−4 1.164·10

−4 3.057·10
−5 5.522·10

−5 ±2.20

124.4 2.598·10
−4 1.174·10

−4 3.085·10
−5 5.575·10

−5 ±2.21

124.5 2.622·10
−4 1.185·10

−4 3.112·10
−5 5.628·10

−5 ±2.21

124.6 2.646·10
−4 1.196·10

−4 3.140·10
−5 5.681·10

−5 ±2.19

124.7 2.671·10
−4 1.207·10

−4 3.169·10
−5 5.735·10

−5 ±2.17

124.8 2.695·10
−4 1.218·10

−4 3.197·10
−5 5.788·10

−5 ±2.19

124.9 2.720·10
−4 1.229·10

−4 3.225·10
−5 5.843·10

−5 ±2.18

125.0 2.745·10
−4 1.240·10

−4 3.254·10
−5 5.897·10

−5 ±2.18

125.09 2.768·10
−4 1.251·10

−4 3.280·10
−5 5.947·10

−5 ±2.16

125.1 2.771·10
−4 1.252·10

−4 3.283·10
−5 5.953·10

−5 ±2.16

125.2 2.796·10
−4 1.263·10

−4 3.312·10
−5 6.007·10

−5 ±2.15

125.3 2.821·10
−4 1.274·10

−4 3.340·10
−5 6.062·10

−5 ±2.16

125.4 2.846·10
−4 1.286·10

−4 3.370·10
−5 6.118·10

−5 ±2.14

125.5 2.872·10
−4 1.297·10

−4 3.399·10
−5 6.174·10

−5 ±2.14

125.6 2.898·10
−4 1.309·10

−4 3.429·10
−5 6.230·10

−5 ±2.13

125.7 2.923·10
−4 1.320·10

−4 3.458·10
−5 6.285·10

−5 ±2.13

125.8 2.949·10
−4 1.332·10

−4 3.488·10
−5 6.342·10

−5 ±2.12

125.9 2.974·10
−4 1.343·10

−4 3.517·10
−5 6.398·10

−5 ±2.13

126.0 3.001·10
−4 1.355·10

−4 3.548·10
−5 6.455·10

−5 ±2.12

126.5 3.133·10
−4 1.414·10

−4 3.699·10
−5 6.743·10

−5 ±2.08

127.0 3.268·10
−4 1.475·10

−4 3.854·10
−5 7.038·10

−5 ±2.05

127.5 3.405·10
−4 1.536·10

−4 4.010·10
−5 7.338·10

−5 ±2.02

128.0 3.544·10
−4 1.599·10

−4 4.171·10
−5 7.644·10

−5 ±2.01

128.5 3.687·10
−4 1.662·10

−4 4.333·10
−5 7.956·10

−5 ±1.98

129.0 3.830·10
−4 1.726·10

−4 4.497·10
−5 8.270·10

−5 ±1.94

129.5 3.976·10
−4 1.792·10

−4 4.664·10
−5 8.590·10

−5 ±1.91

130.0 4.124·10
−4 1.858·10

−4 4.832·10
−5 8.914·10

−5 ±1.88



682

Table 180: SM Higgs boson branching ratios for H → 2`2ν and corresponding total uncertainty (expressed in
percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ `
+
`
−νν H→ `

+
`
−νν H→ e

+νee
−νe H→ e

+νeµ−νµ ∆ BR[%]
` = e, µ, τ ` = e, µ

ν =any ν = any

120.0 1.526·10
−2 6.864·10

−3 1.634·10
−3 1.656·10

−3 ±2.41

120.5 1.598·10
−2 7.190·10

−3 1.712·10
−3 1.733·10

−3 ±2.40

121.0 1.673·10
−2 7.528·10

−3 1.793·10
−3 1.812·10

−3 ±2.37

121.5 1.749·10
−2 7.874·10

−3 1.876·10
−3 1.894·10

−3 ±2.34

122.0 1.828·10
−2 8.230·10

−3 1.962·10
−3 1.977·10

−3 ±2.32

122.5 1.908·10
−2 8.594·10

−3 2.049·10
−3 2.063·10

−3 ±2.30

123.0 1.990·10
−2 8.967·10

−3 2.138·10
−3 2.150·10

−3 ±2.28

123.5 2.074·10
−2 9.349·10

−3 2.230·10
−3 2.240·10

−3 ±2.24

124.0 2.160·10
−2 9.739·10

−3 2.324·10
−3 2.331·10

−3 ±2.24

124.1 2.178·10
−2 9.819·10

−3 2.343·10
−3 2.350·10

−3 ±2.21

124.2 2.195·10
−2 9.898·10

−3 2.362·10
−3 2.368·10

−3 ±2.20

124.3 2.213·10
−2 9.978·10

−3 2.381·10
−3 2.387·10

−3 ±2.20

124.4 2.230·10
−2 1.006·10

−2 2.400·10
−3 2.405·10

−3 ±2.21

124.5 2.248·10
−2 1.014·10

−2 2.420·10
−3 2.424·10

−3 ±2.21

124.6 2.266·10
−2 1.022·10

−2 2.439·10
−3 2.443·10

−3 ±2.19

124.7 2.284·10
−2 1.030·10

−2 2.459·10
−3 2.462·10

−3 ±2.17

124.8 2.302·10
−2 1.038·10

−2 2.478·10
−3 2.481·10

−3 ±2.19

124.9 2.320·10
−2 1.046·10

−2 2.498·10
−3 2.500·10

−3 ±2.18

125.0 2.338·10
−2 1.055·10

−2 2.518·10
−3 2.519·10

−3 ±2.18

125.09 2.354·10
−2 1.062·10

−2 2.536·10
−3 2.537·10

−3 ±2.16

125.1 2.356·10
−2 1.063·10

−2 2.538·10
−3 2.539·10

−3 ±2.16

125.2 2.374·10
−2 1.071·10

−2 2.558·10
−3 2.558·10

−3 ±2.15

125.3 2.393·10
−2 1.080·10

−2 2.578·10
−3 2.578·10

−3 ±2.16

125.4 2.411·10
−2 1.088·10

−2 2.598·10
−3 2.597·10

−3 ±2.14

125.5 2.429·10
−2 1.096·10

−2 2.618·10
−3 2.617·10

−3 ±2.14

125.6 2.448·10
−2 1.105·10

−2 2.638·10
−3 2.636·10

−3 ±2.13

125.7 2.466·10
−2 1.113·10

−2 2.658·10
−3 2.656·10

−3 ±2.13

125.8 2.485·10
−2 1.122·10

−2 2.679·10
−3 2.676·10

−3 ±2.12

125.9 2.504·10
−2 1.130·10

−2 2.699·10
−3 2.695·10

−3 ±2.13

126.0 2.523·10
−2 1.139·10

−2 2.720·10
−3 2.716·10

−3 ±2.12

126.5 2.618·10
−2 1.182·10

−2 2.824·10
−3 2.816·10

−3 ±2.08

127.0 2.714·10
−2 1.226·10

−2 2.929·10
−3 2.918·10

−3 ±2.05

127.5 2.812·10
−2 1.270·10

−2 3.036·10
−3 3.022·10

−3 ±2.02

128.0 2.912·10
−2 1.316·10

−2 3.145·10
−3 3.127·10

−3 ±2.01

128.5 3.013·10
−2 1.362·10

−2 3.256·10
−3 3.235·10

−3 ±1.98

129.0 3.115·10
−2 1.408·10

−2 3.367·10
−3 3.342·10

−3 ±1.94

129.5 3.218·10
−2 1.455·10

−2 3.480·10
−3 3.452·10

−3 ±1.91

130.0 3.323·10
−2 1.503·10

−2 3.595·10
−3 3.562·10

−3 ±1.88
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Table 181: SM Higgs boson branching ratios for H → 2`2q, `ν2q, 2ν2q, 4q, 4f and corresponding total uncer-
tainty (expressed in percentage). Mass range around the Higgs boson resonance.

MH [GeV] H→ `
+
`
−

qq H→ `
+
`
−

qq H→ `
+νlqq H→ ννqq H→ 4q H→ 4f ∆ BR[%]

` = e, µ, τ ` = e, µ ` = e, µ ν = any f=any fermion
q = u, d, c, s,b q = u, d, c, s, b q = u, d, c, s, b q = u,d, c, s, b q = u, d, c, s,b

120.0 2.200·10
−3 1.466·10

−3 2.060·10
−2 4.390·10

−3 7.076·10
−2 1.553·10

−1 ±2.41

120.5 2.325·10
−3 1.550·10

−3 2.155·10
−2 4.641·10

−3 7.413·10
−2 1.626·10

−1 ±2.40

121.0 2.456·10
−3 1.637·10

−3 2.254·10
−2 4.902·10

−3 7.762·10
−2 1.703·10

−1 ±2.37

121.5 2.591·10
−3 1.727·10

−3 2.355·10
−2 5.172·10

−3 8.119·10
−2 1.781·10

−1 ±2.34

122.0 2.732·10
−3 1.821·10

−3 2.459·10
−2 5.452·10

−3 8.488·10
−2 1.862·10

−1 ±2.32

122.5 2.877·10
−3 1.918·10

−3 2.565·10
−2 5.742·10

−3 8.866·10
−2 1.944·10

−1 ±2.30

123.0 3.026·10
−3 2.017·10

−3 2.674·10
−2 6.039·10

−3 9.254·10
−2 2.029·10

−1 ±2.28

123.5 3.179·10
−3 2.120·10

−3 2.785·10
−2 6.345·10

−3 9.650·10
−2 2.115·10

−1 ±2.24

124.0 3.337·10
−3 2.225·10

−3 2.898·10
−2 6.661·10

−3 1.005·10
−1 2.204·10

−1 ±2.24

124.1 3.370·10
−3 2.247·10

−3 2.921·10
−2 6.726·10

−3 1.014·10
−1 2.222·10

−1 ±2.21

124.2 3.402·10
−3 2.268·10

−3 2.944·10
−2 6.790·10

−3 1.022·10
−1 2.240·10

−1 ±2.20

124.3 3.435·10
−3 2.290·10

−3 2.967·10
−2 6.855·10

−3 1.030·10
−1 2.258·10

−1 ±2.20

124.4 3.467·10
−3 2.312·10

−3 2.991·10
−2 6.920·10

−3 1.039·10
−1 2.276·10

−1 ±2.21

124.5 3.500·10
−3 2.333·10

−3 3.014·10
−2 6.986·10

−3 1.047·10
−1 2.294·10

−1 ±2.21

124.6 3.534·10
−3 2.356·10

−3 3.038·10
−2 7.052·10

−3 1.055·10
−1 2.313·10

−1 ±2.19

124.7 3.567·10
−3 2.378·10

−3 3.061·10
−2 7.119·10

−3 1.064·10
−1 2.331·10

−1 ±2.17

124.8 3.601·10
−3 2.401·10

−3 3.085·10
−2 7.186·10

−3 1.072·10
−1 2.349·10

−1 ±2.19

124.9 3.635·10
−3 2.423·10

−3 3.108·10
−2 7.253·10

−3 1.081·10
−1 2.368·10

−1 ±2.18

125.0 3.668·10
−3 2.445·10

−3 3.132·10
−2 7.320·10

−3 1.089·10
−1 2.386·10

−1 ±2.18

125.09 3.699·10
−3 2.466·10

−3 3.154·10
−2 7.381·10

−3 1.097·10
−1 2.403·10

−1 ±2.16

125.1 3.703·10
−3 2.468·10

−3 3.157·10
−2 7.389·10

−3 1.098·10
−1 2.406·10

−1 ±2.16

125.2 3.737·10
−3 2.491·10

−3 3.181·10
−2 7.456·10

−3 1.106·10
−1 2.424·10

−1 ±2.15

125.3 3.771·10
−3 2.514·10

−3 3.204·10
−2 7.525·10

−3 1.115·10
−1 2.443·10

−1 ±2.16

125.4 3.806·10
−3 2.537·10

−3 3.229·10
−2 7.593·10

−3 1.124·10
−1 2.462·10

−1 ±2.14

125.5 3.840·10
−3 2.560·10

−3 3.253·10
−2 7.662·10

−3 1.132·10
−1 2.481·10

−1 ±2.14

125.6 3.875·10
−3 2.583·10

−3 3.277·10
−2 7.732·10

−3 1.141·10
−1 2.500·10

−1 ±2.13

125.7 3.909·10
−3 2.606·10

−3 3.302·10
−2 7.800·10

−3 1.150·10
−1 2.519·10

−1 ±2.13

125.8 3.945·10
−3 2.630·10

−3 3.327·10
−2 7.871·10

−3 1.159·10
−1 2.538·10

−1 ±2.12

125.9 3.980·10
−3 2.653·10

−3 3.351·10
−2 7.940·10

−3 1.167·10
−1 2.557·10

−1 ±2.13

126.0 4.016·10
−3 2.677·10

−3 3.376·10
−2 8.012·10

−3 1.176·10
−1 2.577·10

−1 ±2.12

126.5 4.196·10
−3 2.797·10

−3 3.501·10
−2 8.368·10

−3 1.221·10
−1 2.674·10

−1 ±2.08

127.0 4.379·10
−3 2.920·10

−3 3.628·10
−2 8.733·10

−3 1.266·10
−1 2.774·10

−1 ±2.05

127.5 4.565·10
−3 3.044·10

−3 3.757·10
−2 9.104·10

−3 1.313·10
−1 2.875·10

−1 ±2.02

128.0 4.756·10
−3 3.170·10

−3 3.887·10
−2 9.482·10

−3 1.360·10
−1 2.978·10

−1 ±2.01

128.5 4.950·10
−3 3.300·10

−3 4.021·10
−2 9.868·10

−3 1.408·10
−1 3.082·10

−1 ±1.98

129.0 5.145·10
−3 3.430·10

−3 4.154·10
−2 1.026·10

−2 1.456·10
−1 3.187·10

−1 ±1.94

129.5 5.344·10
−3 3.563·10

−3 4.290·10
−2 1.065·10

−2 1.505·10
−1 3.294·10

−1 ±1.91

130.0 5.545·10
−3 3.697·10

−3 4.428·10
−2 1.106·10

−2 1.554·10
−1 3.402·10

−1 ±1.88
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Table 182: SM Higgs boson partials widths and their relative parametric (PU) and theoretical (THU) uncertainties
for a selection of Higgs boson masses. For PU, all the single contributions are shown. For these four columns, the
upper percentage value (with its sign) refers to the positive variation of the parameter, while the lower one refers
to the negative variation of the parameter.

Channel MH [GeV] Γ [MeV] ∆αs ∆mb ∆mc ∆mt THU

124 2.37 −1.4%
+1.4%

+1.7%
−1.7%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H→ bb 125 2.38 −1.4%
+1.4%

+1.7%
−1.7%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

126 2.40 −1.4%
+1.4%

+1.7%
−1.7%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

124 2.54·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H→ τ+τ− 125 2.56·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

126 2.58·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

124 8.83·10
−4 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H→ µ+µ− 125 8.90·10
−4 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

126 8.96·10
−4 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

124 1.17·10
−1 −1.9%

+1.9%
−0.0%
−0.0%

+5.3%
−5.2%

+0.0%
−0.0%

+0.5%
−0.5%

H→ cc 125 1.18·10
−1 −1.9%

+1.9%
−0.0%
−0.0%

+5.3%
−5.2%

+0.0%
−0.0%

+0.5%
−0.5%

126 1.19·10
−1 −1.9%

+1.9%
−0.0%
−0.0%

+5.3%
−5.2%

+0.0%
−0.0%

+0.5%
−0.5%

124 3.27·10
−1 +3.0%

−3.0%
−0.2%
+0.1%

+0.0%
−0.0%

−0.1%
+0.1%

+3.2%
−3.2%

H→ gg 125 3.35·10
−1 +3.0%

−3.0%
−0.1%
+0.1%

+0.0%
−0.0%

−0.1%
+0.1%

+3.2%
−3.2%

126 3.43·10
−1 +3.1%

−3.0%
−0.1%
+0.2%

+0.0%
−0.0%

−0.1%
+0.1%

+3.2%
−3.2%

124 8.97·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

H→ γγ 125 9.28·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

126 9.60·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+1.0%
−1.0%

124 5.72·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+5.0%
−5.0%

H→ Zγ 125 6.27·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+5.0%
−5.0%

126 6.84·10
−3 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+5.0%
−5.0%

124 7.82·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H→WW 125 8.74·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

126 9.74·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

124 9.43·10
−2 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

H→ ZZ 125 1.07·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%

126 1.21·10
−1 +0.0%

−0.0%
+0.0%
−0.0%

+0.0%
−0.0%

+0.0%
−0.0%

+0.5%
−0.5%
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Table 183: SM Higgs boson partials widths (in GeV) for 2-fermion decay channels, predictions without elec-
troweak corrections. Low and intermediate mass range.

MH [GeV] ΓH→bb Γ
H→τ+τ− Γ

H→µ+µ− ΓH→cc

20 5.244·10
−4 3.949·10

−5 1.465·10
−7 2.936·10

−5

25 6.568·10
−4 5.024·10

−5 1.831·10
−7 3.437·10

−5

30 7.709·10
−4 6.086·10

−5 2.198·10
−7 3.921·10

−5

35 8.754·10
−4 7.139·10

−5 2.563·10
−7 4.390·10

−5

40 9.752·10
−4 8.193·10

−5 2.932·10
−7 4.851·10

−5

45 1.070·10
−3 9.234·10

−5 3.296·10
−7 5.297·10

−5

50 1.163·10
−3 1.028·10

−4 3.663·10
−7 5.738·10

−5

55 1.253·10
−3 1.132·10

−4 4.029·10
−7 6.172·10

−5

60 1.342·10
−3 1.237·10

−4 4.397·10
−7 6.601·10

−5

65 1.430·10
−3 1.341·10

−4 4.763·10
−7 7.025·10

−5

70 1.516·10
−3 1.445·10

−4 5.129·10
−7 7.442·10

−5

75 1.600·10
−3 1.549·10

−4 5.494·10
−7 7.851·10

−5

80 1.684·10
−3 1.653·10

−4 5.862·10
−7 8.258·10

−5

85 1.767·10
−3 1.756·10

−4 6.227·10
−7 8.662·10

−5

90 1.849·10
−3 1.860·10

−4 6.592·10
−7 9.063·10

−5

95 1.931·10
−3 1.964·10

−4 6.961·10
−7 9.460·10

−5

100 2.011·10
−3 2.068·10

−4 7.325·10
−7 9.852·10

−5

105 2.092·10
−3 2.172·10

−4 7.694·10
−7 1.024·10

−4

110 2.170·10
−3 2.275·10

−4 8.058·10
−7 1.063·10

−4

115 2.250·10
−3 2.379·10

−4 8.425·10
−7 1.101·10

−4

120 2.328·10
−3 2.483·10

−4 8.791·10
−7 1.140·10

−4

125 2.406·10
−3 2.587·10

−4 9.159·10
−7 1.178·10

−4

125.09 2.407·10
−3 2.589·10

−4 9.166·10
−7 1.179·10

−4

130 2.483·10
−3 2.690·10

−4 9.526·10
−7 1.216·10

−4

135 2.560·10
−3 2.794·10

−4 9.890·10
−7 1.253·10

−4

140 2.637·10
−3 2.898·10

−4 1.025·10
−6 1.290·10

−4

145 2.712·10
−3 3.002·10

−4 1.062·10
−6 1.327·10

−4

150 2.787·10
−3 3.105·10

−4 1.099·10
−6 1.364·10

−4

160 2.938·10
−3 3.313·10

−4 1.172·10
−6 1.438·10

−4

170 3.088·10
−3 3.521·10

−4 1.246·10
−6 1.511·10

−4

180 3.233·10
−3 3.728·10

−4 1.319·10
−6 1.582·10

−4

190 3.376·10
−3 3.935·10

−4 1.392·10
−6 1.652·10

−4

200 3.519·10
−3 4.144·10

−4 1.466·10
−6 1.723·10

−4

210 3.659·10
−3 4.349·10

−4 1.539·10
−6 1.790·10

−4

220 3.798·10
−3 4.557·10

−4 1.612·10
−6 1.859·10

−4

230 3.938·10
−3 4.765·10

−4 1.685·10
−6 1.927·10

−4

240 4.636·10
−3 5.657·10

−4 2.000·10
−6 2.269·10

−4

250 4.214·10
−3 5.178·10

−4 1.832·10
−6 2.062·10

−4
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Table 184: SM Higgs boson partials widths (in GeV) for 2-fermion decay channels, predictions without elec-
troweak corrections. High mass range.

MH [GeV] ΓH→bb Γ
H→τ+τ− Γ

H→µ+µ− ΓH→cc ΓH→tt

260 4.351·10
−3 5.384·10

−4 1.905·10
−6 2.129·10

−4 1.946·10
−7

270 4.487·10
−3 5.592·10

−4 1.978·10
−6 2.195·10

−4 1.235·10
−5

280 4.689·10
−3 5.885·10

−4 2.081·10
−6 2.294·10

−4 7.015·10
−5

290 4.756·10
−3 6.008·10

−4 2.125·10
−6 2.328·10

−4 2.247·10
−4

300 4.890·10
−3 6.215·10

−4 2.198·10
−6 2.393·10

−4 5.767·10
−4

310 5.023·10
−3 6.423·10

−4 2.271·10
−6 2.458·10

−4 1.317·10
−3

320 5.155·10
−3 6.629·10

−4 2.345·10
−6 2.522·10

−4 2.862·10
−3

330 5.288·10
−3 6.838·10

−4 2.418·10
−6 2.588·10

−4 6.306·10
−3

340 5.420·10
−3 7.046·10

−4 2.492·10
−6 2.653·10

−4 1.617·10
−2

350 5.549·10
−3 7.250·10

−4 2.564·10
−6 2.715·10

−4 2.420·10
−1

360 5.680·10
−3 7.459·10

−4 2.637·10
−6 2.780·10

−4 9.160·10
−1

370 5.810·10
−3 7.667·10

−4 2.711·10
−6 2.843·10

−4 1.705·10
0

380 5.939·10
−3 7.873·10

−4 2.784·10
−6 2.907·10

−4 2.550·10
0

390 6.067·10
−3 8.080·10

−4 2.856·10
−6 2.969·10

−4 3.426·10
0

400 6.195·10
−3 8.288·10

−4 2.931·10
−6 3.032·10

−4 4.315·10
0

410 6.324·10
−3 8.495·10

−4 3.004·10
−6 3.094·10

−4 5.206·10
0

420 6.449·10
−3 8.700·10

−4 3.077·10
−6 3.156·10

−4 6.093·10
0

430 6.578·10
−3 8.909·10

−4 3.150·10
−6 3.218·10

−4 6.975·10
0

440 6.703·10
−3 9.118·10

−4 3.224·10
−6 3.280·10

−4 7.843·10
0

450 6.829·10
−3 9.322·10

−4 3.297·10
−6 3.342·10

−4 8.701·10
0

460 6.954·10
−3 9.531·10

−4 3.370·10
−6 3.403·10

−4 9.545·10
0

470 7.082·10
−3 9.741·10

−4 3.444·10
−6 3.464·10

−4 1.038·10
1

480 7.204·10
−3 9.945·10

−4 3.517·10
−6 3.526·10

−4 1.119·10
1

490 7.327·10
−3 1.015·10

−3 3.590·10
−6 3.586·10

−4 1.199·10
1

500 7.452·10
−3 1.036·10

−3 3.663·10
−6 3.648·10

−4 1.278·10
1

550 8.070·10
−3 1.139·10

−3 4.029·10
−6 3.948·10

−4 1.651·10
1

600 8.677·10
−3 1.243·10

−3 4.395·10
−6 4.245·10

−4 1.994·10
1

650 9.281·10
−3 1.347·10

−3 4.764·10
−6 4.542·10

−4 2.314·10
1

700 9.874·10
−3 1.450·10

−3 5.128·10
−6 4.831·10

−4 2.613·10
1

750 1.046·10
−2 1.554·10

−3 5.493·10
−6 5.118·10

−4 2.898·10
1

800 1.105·10
−2 1.658·10

−3 5.861·10
−6 5.406·10

−4 3.169·10
1

850 1.163·10
−2 1.761·10

−3 6.229·10
−6 5.691·10

−4 3.430·10
1

900 1.221·10
−2 1.865·10

−3 6.594·10
−6 5.971·10

−4 3.681·10
1

950 1.278·10
−2 1.969·10

−3 6.962·10
−6 6.250·10

−4 3.926·10
1

1000 1.334·10
−2 2.072·10

−3 7.326·10
−6 6.528·10

−4 4.163·10
1
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Table 185: SM Higgs boson partials widths (in GeV) for 2-boson decay channels, predictions without electroweak
corrections. Low and intermediate mass range.

MH [GeV] ΓH→gg ΓH→γγ ΓH→Zγ ΓH→WW ΓH→ZZ

20 1.895·10
−5 2.861·10

−8 0.000·10
0 3.560·10

−11 3.100·10
−12

25 1.604·10
−5 5.592·10

−8 0.000·10
0 1.753·10

−10 3.760·10
−11

30 1.522·10
−5 9.586·10

−8 0.000·10
0 6.432·10

−10 1.586·10
−10

35 1.647·10
−5 1.512·10

−7 0.000·10
0 1.956·10

−9 5.108·10
−10

40 1.939·10
−5 2.246·10

−7 0.000·10
0 5.186·10

−9 1.407·10
−9

45 2.355·10
−5 3.191·10

−7 0.000·10
0 1.236·10

−8 3.456·10
−9

50 2.879·10
−5 4.380·10

−7 0.000·10
0 2.720·10

−8 7.734·10
−9

55 3.523·10
−5 5.850·10

−7 0.000·10
0 5.623·10

−8 1.594·10
−8

60 4.305·10
−5 7.642·10

−7 0.000·10
0 1.103·10

−7 3.129·10
−8

65 5.234·10
−5 9.800·10

−7 0.000·10
0 2.086·10

−7 5.954·10
−8

70 6.318·10
−5 1.237·10

−6 0.000·10
0 3.839·10

−7 1.080·10
−7

75 7.570·10
−5 1.541·10

−6 0.000·10
0 6.900·10

−7 1.889·10
−7

80 9.002·10
−5 1.898·10

−6 0.000·10
0 1.227·10

−6 3.257·10
−7

85 1.062·10
−4 2.316·10

−6 0.000·10
0 2.222·10

−6 5.504·10
−7

90 1.245·10
−4 2.805·10

−6 0.000·10
0 4.509·10

−6 9.188·10
−7

95 1.449·10
−4 3.373·10

−6 1.053·10
−8 1.076·10

−5 1.551·10
−6

100 1.674·10
−4 4.035·10

−6 1.226·10
−7 2.67·10

−5 2.775·10
−6

105 1.924·10
−4 4.804·10

−6 4.539·10
−7 6.218·10

−5 5.627·10
−6

110 2.198·10
−4 5.699·10

−6 1.114·10
−6 1.327·10

−4 1.234·10
−5

115 2.499·10
−4 6.746·10

−6 2.215·10
−6 2.613·10

−4 2.688·10
−5

120 2.827·10
−4 7.977·10

−6 3.881·10
−6 4.826·10

−4 5.536·10
−5

125 3.185·10
−4 9.428·10

−6 6.266·10
−6 8.489·10

−4 1.066·10
−4

125.09 3.191·10
−4 9.460·10

−6 6.313·10
−6 8.573·10

−4 1.078·10
−4

130 3.572·10
−4 1.116·10

−5 9.555·10
−6 1.442·10

−3 1.933·10
−4

135 3.992·10
−4 1.326·10

−5 1.403·10
−5 2.399·10

−3 3.335·10
−4

140 4.445·10
−4 1.584·10

−5 2.007·10
−5 3.963·10

−3 5.531·10
−4

145 4.933·10
−4 1.911·10

−5 2.832·10
−5 6.623·10

−3 8.900·10
−4

150 5.459·10
−4 2.347·10

−5 3.998·10
−5 1.159·10

−2 1.403·10
−3

160 6.629·10
−4 4.336·10

−5 9.587·10
−5 7.105·10

−2 3.402·10
−3

170 7.975·10
−4 5.812·10

−5 1.518·10
−4 3.466·10

−1 8.791·10
−3

180 9.509·10
−4 6.441·10

−5 1.864·10
−4 5.603·10

−1 3.694·10
−2

190 1.125·10
−3 7.011·10

−5 2.195·10
−4 7.758·10

−1 2.093·10
−1

200 1.325·10
−3 7.535·10

−5 2.512·10
−4 1.013·10

0 3.521·10
−1

210 1.549·10
−3 8.011·10

−5 2.810·10
−4 1.280·10

0 4.879·10
−1

220 1.804·10
−3 8.450·10

−5 3.093·10
−4 1.584·10

0 6.319·10
−1

230 2.093·10
−3 8.855·10

−5 3.360·10
−4 1.928·10

0 7.904·10
−1

240 2.754·10
−3 1.050·10

−4 4.108·10
−4 2.317·10

0 9.673·10
−1

250 2.792·10
−3 9.572·10

−5 3.849·10
−4 2.750·10

0 1.166·10
0
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Table 186: SM Higgs boson partials widths (in GeV) for 2-boson decay channels, predictions without electroweak
corrections. High mass range.

MH [GeV] ΓH→gg ΓH→γγ ΓH→Zγ ΓH→WW ΓH→ZZ

260 3.215·10
−3 9.890·10

−5 4.072·10
−4 3.232·10

0 1.386·10
0

270 3.699·10
−3 1.018·10

−4 4.282·10
−4 3.765·10

0 1.632·10
0

280 4.315·10
−3 1.061·10

−4 4.545·10
−4 4.351·10

0 1.904·10
0

290 4.894·10
−3 1.071·10

−4 4.665·10
−4 4.992·10

0 2.202·10
0

300 5.644·10
−3 1.094·10

−4 4.840·10
−4 5.690·10

0 2.529·10
0

310 6.529·10
−3 1.116·10

−4 5.004·10
−4 6.446·10

0 2.885·10
0

320 7.597·10
−3 1.137·10

−4 5.157·10
−4 7.264·10

0 3.271·10
0

330 8.934·10
−3 1.157·10

−4 5.304·10
−4 8.147·10

0 3.689·10
0

340 1.073·10
−2 1.177·10

−4 5.438·10
−4 9.091·10

0 4.139·10
0

350 1.363·10
−2 1.156·10

−4 5.537·10
−4 1.010·10

1 4.623·10
0

360 1.649·10
−2 1.072·10

−4 5.575·10
−4 1.118·10

1 5.140·10
0

370 1.908·10
−2 9.822·10

−5 5.587·10
−4 1.233·10

1 5.694·10
0

380 2.146·10
−2 8.922·10

−5 5.584·10
−4 1.356·10

1 6.285·10
0

390 2.367·10
−2 8.052·10

−5 5.567·10
−4 1.485·10

1 6.910·10
0

400 2.573·10
−2 7.226·10

−5 5.545·10
−4 1.623·10

1 7.574·10
0

410 2.764·10
−2 6.451·10

−5 5.516·10
−4 1.769·10

1 8.278·10
0

420 2.943·10
−2 5.730·10

−5 5.484·10
−4 1.922·10

1 9.022·10
0

430 3.112·10
−2 5.064·10

−5 5.450·10
−4 2.084·10

1 9.808·10
0

440 3.271·10
−2 4.447·10

−5 5.411·10
−4 2.254·10

1 1.064·10
1

450 3.420·10
−2 3.885·10

−5 5.369·10
−4 2.432·10

1 1.150·10
1

460 3.561·10
−2 3.373·10

−5 5.327·10
−4 2.620·10

1 1.242·10
1

470 3.694·10
−2 2.911·10

−5 5.287·10
−4 2.816·10

1 1.338·10
1

480 3.820·10
−2 2.495·10

−5 5.241·10
−4 3.022·10

1 1.438·10
1

490 3.938·10
−2 2.126·10

−5 5.196·10
−4 3.236·10

1 1.544·10
1

500 4.052·10
−2 1.802·10

−5 5.151·10
−4 3.460·10

1 1.654·10
1

550 4.539·10
−2 7.930·10

−6 4.925·10
−4 4.734·10

1 2.280·10
1

600 4.921·10
−2 7.031·10

−6 4.707·10
−4 6.274·10

1 3.039·10
1

650 5.243·10
−2 1.429·10

−5 4.508·10
−4 8.110·10

1 3.945·10
1

700 5.497·10
−2 2.905·10

−5 4.325·10
−4 1.026·10

2 5.010·10
1

750 5.711·10
−2 5.099·10

−5 4.173·10
−4 1.275·10

2 6.245·10
1

800 5.896·10
−2 7.996·10

−5 4.051·10
−4 1.561·10

2 7.663·10
1

850 6.050·10
−2 1.159·10

−4 3.961·10
−4 1.886·10

2 9.276·10
1

900 6.179·10
−2 1.587·10

−4 3.911·10
−4 2.252·10

2 1.110·10
2

950 6.293·10
−2 2.087·10

−4 3.899·10
−4 2.662·10

2 1.314·10
2

1000 6.392·10
−2 2.660·10

−4 3.932·10
−4 3.118·10

2 1.541·10
2
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SM gluon-gluon-fusion cross sections

In this appendix the recommended gluon-gluon fusion cross-sections are presented.
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Table 187: Inclusive ggF cross sections for a LHC CM energy of
√
s = 7 TeV, at N3LO QCD, together with

their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian
TH uncertainty is

interpreted as a one-sigma range.

MH[GeV] σggF [pb] ∆TH[%] ∆Gaussian
TH [%] ∆PDF⊕αs

[%] ∆PDF[%] ∆αs
[%]

120.0 18.31 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

120.5 18.16 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

121.0 18.00 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

121.5 17.85 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

122.0 17.71 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

122.5 17.56 +4.5
−7.0 ±4.1 ±3.3 ±1.9 ±2.7

123.0 17.41 +4.5
−7.0 ±4.1 ±3.3 ±1.9 ±2.7

123.5 17.27 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.0 17.13 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.1 17.10 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.2 17.07 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.3 17.04 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.4 17.02 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.5 16.99 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.6 16.96 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.7 16.93 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.8 16.90 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

124.9 16.88 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.0 16.85 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.1 16.82 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.09 16.82 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.2 16.79 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.3 16.77 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.4 16.74 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.5 16.71 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.6 16.68 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

125.7 16.66 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

125.8 16.63 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

125.9 16.60 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

126.0 16.58 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

126.5 16.44 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

127.0 16.31 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

127.5 16.18 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

128.0 16.05 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

128.5 15.92 +4.3
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

129.0 15.80 +4.3
−6.8 ±3.9 ±3.3 ±1.9 ±2.7

129.5 15.67 +4.3
−6.8 ±3.9 ±3.3 ±1.9 ±2.7

130.0 15.55 +4.3
−6.8 ±3.9 ±3.3 ±1.9 ±2.7
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Table 188: Inclusive ggF cross sections for a LHC CM energy of
√
s = 8 TeV, at N3LO QCD, together with

their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian
TH uncertainty is

interpreted as a one-sigma range.

MH[GeV] σggF [pb] ∆TH[%] ∆Gaussian
TH [%] ∆PDF⊕αs

[%] ∆PDF[%] ∆αs
[%]

120.0 23.22 +4.5
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

120.5 23.03 +4.5
−7.0 ±4.1 ±3.2 ±1.9 ±2.7

121.0 22.85 +4.5
−7.0 ±4.1 ±3.2 ±1.9 ±2.7

121.5 22.66 +4.5
−7.0 ±4.0 ±3.2 ±1.9 ±2.6

122.0 22.48 +4.5
−7.0 ±4.0 ±3.2 ±1.9 ±2.6

122.5 22.30 +4.5
−7.0 ±4.0 ±3.2 ±1.9 ±2.6

123.0 22.12 +4.5
−7.0 ±4.0 ±3.2 ±1.9 ±2.6

123.5 21.94 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.0 21.77 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.1 21.73 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.2 21.70 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.3 21.66 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.4 21.63 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.5 21.59 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.6 21.56 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.7 21.53 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.8 21.49 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

124.9 21.46 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.0 21.42 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.1 21.39 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.09 21.39 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.2 21.36 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.3 21.32 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.4 21.29 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.5 21.26 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.6 21.22 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.7 21.19 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.8 21.16 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

125.9 21.12 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

126.0 21.09 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

126.5 20.92 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

127.0 20.76 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

127.5 20.60 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

128.0 20.44 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

128.5 20.28 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

129.0 20.13 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

129.5 19.98 +4.4
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

130.0 19.82 +4.3
−6.7 ±3.9 ±3.2 ±1.9 ±2.6
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Table 189: Inclusive ggF cross sections for a LHC CM energy of
√
s = 13 TeV, at N3LO QCD, together with

their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian
TH uncertainty is

interpreted as a one-sigma range.

MH[GeV] σggF [pb] ∆TH[%] ∆Gaussian
TH [%] ∆PDF⊕αs

[%] ∆PDF[%] ∆αs
[%]

120.0 52.22 +4.7
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

120.5 51.84 +4.7
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

121.0 51.46 +4.6
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

121.5 51.08 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

122.0 50.71 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

122.5 50.35 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

123.0 49.98 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

123.5 49.63 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

124.0 49.27 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

124.1 49.20 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

124.2 49.13 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

124.3 49.06 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.4 48.99 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.5 48.92 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.6 48.85 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.7 48.78 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.8 48.71 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.9 48.64 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.0 48.58 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.1 48.52 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.09 48.51 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.2 48.44 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.3 48.37 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.4 48.30 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.5 48.23 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.6 48.16 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.7 48.10 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.8 48.03 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.9 47.96 +4.5
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

126.0 47.89 +4.5
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

126.5 47.56 +4.5
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

127.0 47.23 +4.5
−6.7 ±3.8 ±3.2 ±1.9 ±2.6

127.5 46.90 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

128.0 46.58 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

128.5 46.25 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

129.0 45.94 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

129.5 45.62 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

130.0 45.31 +4.5
−6.6 ±3.8 ±3.2 ±1.8 ±2.6
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Table 190: Inclusive ggF cross sections for a LHC CM energy of
√
s = 14 TeV, at N3LO QCD, together with

their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian
TH uncertainty is

interpreted as a one-sigma range.

MH[GeV] σggF [pb] ∆TH[%] ∆Gaussian
TH [%] ∆PDF⊕αs

[%] ∆PDF[%] ∆αs
[%]

120.0 58.71 +4.7
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

120.5 58.29 +4.7
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

121.0 57.87 +4.7
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

121.5 57.45 +4.7
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

122.0 57.04 +4.7
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

122.5 56.64 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

123.0 56.24 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

123.5 55.84 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

124.0 55.45 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.1 55.37 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.2 55.29 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.3 55.21 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.4 55.14 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.5 55.06 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.6 54.98 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.7 54.90 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.8 54.83 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

124.9 54.75 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.0 54.67 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.1 54.61 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.09 54.60 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.2 54.52 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.3 54.45 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.4 54.37 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.5 54.29 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.6 54.22 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.7 54.14 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.8 54.07 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

125.9 53.99 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

126.0 53.92 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

126.5 53.55 +4.6
−6.7 ±3.8 ±3.2 ±1.9 ±2.6

127.0 53.18 +4.6
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

127.5 52.82 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

128.0 52.46 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

128.5 52.10 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

129.0 51.75 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

129.5 51.40 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6

130.0 51.05 +4.5
−6.6 ±3.8 ±3.2 ±1.9 ±2.6
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Table 191: Energy scan of Inclusive ggF cross sections for a Higgs boson mass of 125 GeV, at N3LO QCD,
together with their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian

TH

uncertainty is interpreted as a one-sigma range.

√
s [TeV] σggF [pb] ∆TH[%] ∆Gaussian

TH [%] ∆PDF⊕αs
[%] ∆PDF[%] ∆αs

[%]

6.0 12.65 +4.4
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

6.5 14.70 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

7.0 16.85 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

7.5 19.09 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

8.0 21.42 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.7

8.5 23.84 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

9.0 26.33 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

9.5 28.89 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

10.0 31.53 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

10.5 34.22 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

11.0 36.97 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

11.5 39.79 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

12.0 42.66 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

12.5 45.59 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

13.0 48.57 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

13.5 51.59 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

14.0 54.67 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

14.5 57.79 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

15.0 60.95 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6
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Table 192: Energy scan of Inclusive ggF cross sections for a Higgs boson mass of 125.09 GeV, at N3LO QCD,
together with their uncertainties. The TH uncertainty is interpreted as a flat 100% confidence level. ∆Gaussian

TH

uncertainty is interpreted as a one-sigma range.

√
s [TeV] σggF [pb] ∆TH[%] ∆Gaussian

TH [%] ∆PDF⊕αs
[%] ∆PDF[%] ∆αs

[%]

6.0 12.63 +4.4
−7.1 ±4.1 ±3.3 ±1.9 ±2.7

6.5 14.68 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

7.0 16.83 +4.4
−7.0 ±4.0 ±3.3 ±1.9 ±2.7

7.5 19.07 +4.4
−6.9 ±4.0 ±3.3 ±1.9 ±2.7

8.0 21.39 +4.4
−6.9 ±4.0 ±3.2 ±1.9 ±2.7

8.5 23.80 +4.5
−6.9 ±4.0 ±3.2 ±1.9 ±2.6

9.0 26.29 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

9.5 28.85 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

10.0 31.48 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

10.5 34.18 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

11.0 36.93 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

11.5 39.75 +4.5
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

12.0 42.61 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

12.5 45.53 +4.6
−6.8 ±3.9 ±3.2 ±1.9 ±2.6

13.0 48.51 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

13.5 51.53 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

14.0 54.60 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

14.5 57.72 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6

15.0 60.87 +4.6
−6.7 ±3.9 ±3.2 ±1.9 ±2.6
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Appendix C

SM vector-boson-fusion cross sections

In this appendix the cross-section Tables 25 and 26 for the SM VBF cross sections shown in Sec-
tion I.5.1.c are expanded to a scan over SM Higgs boson masses.
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Table 193: Total VBF cross sections in the SM for a LHC CM energy of
√
s = 7 TeV, including QCD and EW

corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

120.0 1301.6(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1344.0(2) −4.5 17.6 668.7(2)

120.5 1295.5(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1337.6(2) −4.5 17.5 659.7(2)

121.0 1289.3(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1331.2(2) −4.5 17.5 650.9(2)

121.5 1283.2(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1324.8(2) −4.5 17.5 642.1(2)

122.0 1277.2(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1318.5(2) −4.5 17.4 633.5(2)

122.5 1271.1(2) +0.20
−0.22 ±2.1/± 0.4/± 2.2 1312.2(2) −4.4 17.4 624.9(2)

123.0 1265.1(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1305.9(2) −4.4 17.3 616.7(2)

123.5 1259.2(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1299.7(2) −4.4 17.3 608.4(2)

124.0 1253.2(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1293.5(2) −4.4 17.2 600.1(2)

124.1 1252.1(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1292.3(2) −4.4 17.2 598.6(2)

124.2 1250.9(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1291.0(2) −4.4 17.2 597.0(2)

124.3 1249.7(2) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1289.8(2) −4.4 17.2 595.4(2)

124.4 1248.5(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1288.6(2) −4.4 17.2 593.8(2)

124.5 1247.3(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1287.3(2) −4.4 17.2 592.2(2)

124.6 1246.2(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1286.1(2) −4.4 17.2 590.8(2)

124.7 1245.0(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1284.9(2) −4.4 17.2 589.0(2)

124.8 1243.8(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1283.7(2) −4.4 17.1 587.6(2)

124.9 1242.6(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1282.5(2) −4.4 17.1 586.0(2)

125.0 1241.5(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1281.2(2) −4.4 17.1 584.5(2)

125.09 1240.3(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1280.0(2) −4.4 17.1 582.8(2)

125.1 1240.3(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1280.0(2) −4.4 17.1 582.9(2)

125.2 1239.1(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1278.8(2) −4.4 17.1 581.2(2)

125.3 1238.0(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1277.6(2) −4.4 17.1 579.7(2)

125.4 1236.8(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1276.4(2) −4.4 17.1 578.1(2)

125.5 1235.7(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1275.2(2) −4.4 17.1 576.6(2)

125.6 1234.5(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1273.9(2) −4.4 17.1 575.2(2)

125.7 1233.3(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1272.7(2) −4.4 17.1 573.7(2)

125.8 1232.2(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1271.5(2) −4.4 17.1 572.1(2)

125.9 1231.0(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1270.3(2) −4.4 17.0 570.5(2)

126.0 1229.9(1) +0.19
−0.21 ±2.1/± 0.4/± 2.2 1269.1(2) −4.4 17.0 569.1(2)

126.5 1224.1(1) +0.18
−0.21 ±2.1/± 0.4/± 2.2 1263.1(2) −4.4 17.0 561.5(2)

127.0 1218.4(1) +0.18
−0.21 ±2.1/± 0.4/± 2.2 1257.2(2) −4.4 16.9 554.2(2)

127.5 1212.7(1) +0.18
−0.21 ±2.1/± 0.4/± 2.2 1251.2(2) −4.4 16.9 546.8(2)

128.0 1207.1(1) +0.18
−0.21 ±2.1/± 0.4/± 2.2 1245.3(2) −4.4 16.9 539.9(2)

128.5 1201.4(1) +0.18
−0.20 ±2.1/± 0.4/± 2.2 1239.5(2) −4.4 16.8 532.9(2)

129.0 1195.9(1) +0.18
−0.20 ±2.1/± 0.4/± 2.2 1233.7(2) −4.4 16.8 526.0(2)

129.5 1190.3(1) +0.17
−0.20 ±2.1/± 0.4/± 2.2 1227.9(1) −4.4 16.7 519.1(2)

130.0 1184.8(1) +0.17
−0.20 ±2.1/± 0.4/± 2.2 1222.1(1) −4.4 16.7 512.2(2)
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Table 194: Total VBF cross sections in the SM for a LHC CM energy of
√
s = 8 TeV, including QCD and EW

corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

120.0 1675.7(2) +0.26
−0.25 ±2.1/± 0.4/± 2.2 1733.7(2) −4.7 22.7 811.7(3)

120.5 1668.1(2) +0.26
−0.25 ±2.1/± 0.4/± 2.2 1725.8(2) −4.7 22.6 800.5(3)

121.0 1660.5(2) +0.26
−0.25 ±2.1/± 0.4/± 2.2 1717.8(2) −4.7 22.6 790.0(3)

121.5 1652.9(2) +0.26
−0.25 ±2.1/± 0.4/± 2.2 1709.9(2) −4.6 22.5 779.3(3)

122.0 1645.4(2) +0.26
−0.25 ±2.1/± 0.4/± 2.2 1702.1(2) −4.6 22.5 768.7(3)

122.5 1637.9(2) +0.26
−0.24 ±2.1/± 0.4/± 2.2 1694.3(2) −4.6 22.4 759.0(3)

123.0 1630.5(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1686.5(2) −4.6 22.3 748.9(2)

123.5 1623.2(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1678.8(2) −4.6 22.3 739.2(2)

124.0 1615.8(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1671.1(2) −4.6 22.2 729.3(3)

124.1 1614.4(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1669.6(2) −4.6 22.2 727.3(3)

124.2 1612.9(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1668.1(2) −4.6 22.2 725.5(3)

124.3 1611.4(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1666.6(2) −4.6 22.2 723.5(2)

124.4 1610.0(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1665.0(2) −4.6 22.2 721.8(3)

124.5 1608.5(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1663.5(2) −4.6 22.2 719.9(3)

124.6 1607.1(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1662.0(2) −4.6 22.2 717.9(3)

124.7 1605.6(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1660.5(2) −4.6 22.1 716.1(2)

124.8 1604.2(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1659.0(2) −4.6 22.1 714.2(3)

124.9 1602.8(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1657.5(2) −4.6 22.1 712.4(3)

125.0 1601.3(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1656.0(2) −4.6 22.1 710.4(3)

125.09 1599.8(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1654.4(2) −4.6 22.1 708.7(3)

125.1 1599.8(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1654.4(2) −4.6 22.1 708.7(3)

125.2 1598.4(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1652.9(2) −4.6 22.1 706.5(2)

125.3 1597.0(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1651.4(2) −4.6 22.1 704.8(3)

125.4 1595.5(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1649.9(2) −4.6 22.1 703.0(3)

125.5 1594.1(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1648.4(2) −4.6 22.1 701.2(3)

125.6 1592.7(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1646.9(2) −4.6 22.0 699.3(3)

125.7 1591.2(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1645.4(2) −4.6 22.0 697.5(3)

125.8 1589.8(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1643.9(2) −4.6 22.0 695.6(3)

125.9 1588.4(2) +0.25
−0.24 ±2.1/± 0.4/± 2.2 1642.4(2) −4.6 22.0 693.7(3)

126.0 1587.0(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1640.9(2) −4.6 22.0 692.0(3)

126.5 1579.8(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1633.5(2) −4.6 21.9 683.1(3)

127.0 1572.8(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1626.1(2) −4.6 21.9 674.2(3)

127.5 1565.7(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1618.7(2) −4.6 21.8 665.4(2)

128.0 1558.7(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1611.4(2) −4.6 21.8 656.9(2)

128.5 1551.7(2) +0.24
−0.24 ±2.1/± 0.4/± 2.2 1604.2(2) −4.6 21.7 648.5(2)

129.0 1544.8(2) +0.24
−0.23 ±2.1/± 0.4/± 2.2 1596.9(2) −4.6 21.7 640.2(2)

129.5 1537.9(2) +0.24
−0.23 ±2.1/± 0.4/± 2.2 1589.8(2) −4.6 21.6 631.9(2)

130.0 1531.1(2) +0.23
−0.23 ±2.1/± 0.4/± 2.2 1582.6(2) −4.6 21.5 623.7(2)



700

Table 195: Total VBF cross sections in the SM for a LHC CM energy of
√
s = 13 TeV, including QCD and EW

corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

120.0 3935.2(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4100.8(7) −5.3 53.0 1567.0(6)

120.5 3919.4(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4084.2(7) −5.3 52.9 1546.0(7)

121.0 3903.9(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4067.8(7) −5.3 52.8 1525.7(6)

121.5 3888.3(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4051.5(7) −5.3 52.7 1506.7(6)

122.0 3873.0(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4035.2(7) −5.3 52.5 1487.6(6)

122.5 3857.6(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 4019.0(7) −5.3 52.4 1468.2(6)

123.0 3842.3(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 4003.0(7) −5.3 52.3 1449.3(5)

123.5 3827.0(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3987.0(7) −5.3 52.2 1430.8(5)

124.0 3811.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3971.1(7) −5.3 52.1 1412.9(5)

124.1 3808.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3967.9(7) −5.3 52.1 1409.4(5)

124.2 3805.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3964.7(7) −5.3 52.0 1405.8(5)

124.3 3802.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3961.6(7) −5.3 52.0 1401.9(5)

124.4 3799.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3958.4(7) −5.3 52.0 1398.4(5)

124.5 3796.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3955.2(7) −5.3 52.0 1395.1(5)

124.6 3793.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3952.1(7) −5.3 51.9 1391.5(5)

124.7 3790.9(7) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3948.9(7) −5.3 51.9 1388.0(5)

124.8 3788.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3945.8(7) −5.3 51.9 1384.9(5)

124.9 3785.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3942.7(7) −5.3 51.9 1381.5(5)

125.0 3782.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3939.5(7) −5.3 51.9 1378.1(5)

125.09 3779.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3936.4(7) −5.3 51.8 1374.5(5)

125.1 3779.1(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3936.4(7) −5.3 51.8 1373.9(5)

125.2 3775.9(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3933.2(7) −5.3 51.8 1370.5(5)

125.3 3773.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3930.1(7) −5.3 51.8 1367.2(5)

125.4 3769.9(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3927.0(7) −5.3 51.8 1364.0(5)

125.5 3767.0(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3923.9(7) −5.3 51.7 1360.0(5)

125.6 3764.2(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3920.7(7) −5.3 51.7 1356.7(5)

125.7 3761.1(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3917.6(7) −5.3 51.7 1353.3(5)

125.8 3758.1(6) +0.43
−0.33 ±2.1/± 0.5/± 2.1 3914.5(7) −5.3 51.7 1349.8(5)

125.9 3755.1(6) +0.43
−0.32 ±2.1/± 0.5/± 2.1 3911.4(7) −5.3 51.6 1346.5(5)

126.0 3752.2(6) +0.43
−0.32 ±2.1/± 0.5/± 2.1 3908.3(7) −5.3 51.6 1343.2(5)

126.5 3737.5(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3892.8(7) −5.3 51.5 1326.4(5)

127.0 3723.0(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3877.4(7) −5.3 51.4 1310.2(5)

127.5 3708.4(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3862.1(7) −5.3 51.3 1293.4(5)

128.0 3693.9(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3846.8(7) −5.3 51.2 1277.6(5)

128.5 3679.5(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3831.7(7) −5.3 51.0 1261.8(5)

129.0 3665.1(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3816.6(7) −5.3 50.9 1246.4(5)

129.5 3650.8(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3801.6(7) −5.3 50.8 1231.0(5)

130.0 3636.7(6) +0.42
−0.32 ±2.1/± 0.5/± 2.1 3786.7(7) −5.3 50.7 1216.1(5)
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Table 196: Total VBF cross sections in the SM for a LHC CM energy of
√
s = 14 TeV, including QCD and EW

corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-channel[fb]

120.0 4448.4(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4640.4(8) −5.4 59.8 1722.3(6)

120.5 4430.8(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4622.1(8) −5.4 59.7 1700.5(7)

121.0 4413.6(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4603.8(8) −5.4 59.5 1678.6(6)

121.5 4396.3(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4585.6(8) −5.4 59.4 1657.0(6)

122.0 4379.0(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4567.6(8) −5.4 59.3 1636.0(6)

122.5 4362.0(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4549.6(8) −5.4 59.2 1615.1(6)

123.0 4345.0(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4531.8(8) −5.4 59.0 1594.4(6)

123.5 4328.3(8) +0.46
−0.34 ±2.1/± 0.5/± 2.1 4514.0(8) −5.4 58.9 1574.4(6)

124.0 4311.4(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4496.3(8) −5.4 58.8 1554.3(6)

124.1 4308.0(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4492.8(8) −5.4 58.7 1550.3(6)

124.2 4304.8(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4489.3(8) −5.4 58.7 1546.8(6)

124.3 4301.4(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4485.8(8) −5.4 58.7 1542.9(6)

124.4 4298.2(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4482.2(8) −5.4 58.7 1538.9(6)

124.5 4294.8(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4478.7(8) −5.4 58.6 1535.2(6)

124.6 4291.4(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4475.2(8) −5.4 58.6 1531.4(6)

124.7 4288.2(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4471.7(8) −5.4 58.6 1527.4(6)

124.8 4284.9(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4468.2(8) −5.4 58.6 1524.0(6)

124.9 4281.4(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4464.7(8) −5.4 58.5 1519.7(6)

125.0 4278.0(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4461.2(8) −5.4 58.5 1515.9(6)

125.09 4274.8(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4457.8(8) −5.4 58.5 1512.5(6)

125.1 4274.9(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4457.8(8) −5.4 58.5 1512.2(6)

125.2 4271.5(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4454.3(8) −5.4 58.5 1508.0(6)

125.3 4268.2(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4450.8(8) −5.4 58.4 1504.3(6)

125.4 4264.9(8) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4447.3(8) −5.4 58.4 1500.8(6)

125.5 4261.6(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4443.8(8) −5.4 58.4 1497.0(6)

125.6 4258.2(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4440.4(8) −5.4 58.4 1493.7(6)

125.7 4255.0(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4436.9(8) −5.4 58.3 1489.5(6)

125.8 4251.6(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4433.4(8) −5.4 58.3 1485.8(6)

125.9 4248.5(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4430.0(8) −5.4 58.3 1481.7(5)

126.0 4245.1(7) +0.45
−0.34 ±2.1/± 0.5/± 2.1 4426.5(8) −5.4 58.3 1478.5(6)

126.5 4228.8(7) +0.45
−0.33 ±2.1/± 0.5/± 2.1 4409.3(8) −5.4 58.1 1459.8(6)

127.0 4212.6(7) +0.45
−0.33 ±2.1/± 0.5/± 2.1 4392.2(8) −5.4 58.0 1441.8(6)

127.5 4196.4(7) +0.45
−0.33 ±2.1/± 0.5/± 2.1 4375.2(8) −5.4 57.9 1424.0(6)

128.0 4180.4(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4358.2(8) −5.4 57.8 1406.6(5)

128.5 4164.4(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4341.3(8) −5.4 57.6 1389.1(6)

129.0 4148.4(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4324.6(8) −5.4 57.5 1371.7(6)

129.5 4132.5(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4307.9(8) −5.4 57.4 1355.1(5)

130.0 4116.8(7) +0.44
−0.33 ±2.1/± 0.5/± 2.1 4291.3(8) −5.4 57.3 1338.8(6)
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Table 197: Fiducial VBF cross sections in the SM for a LHC CM energy of
√
s = 7 TeV, including QCD and

EW corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.
The numbers in the σDIS

NNLOQCD column have been obtained from a linear interpolation. The interpolation was
performed by fitting the cross section for MH = {120.0, 122.5, 125.0, 127.5, 130.0} GeV to a linear function.
The scale uncertainty in the column ∆scale was only computed for MH = 125.0 GeV.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-chan[fb]

120.0 625.8(9) +1.3
−1.6 ±2.3/± 0.3/± 2.3 655.7(10) −6.1 10.1 9.3

120.5 623.5(8) +1.3
−1.6 ±2.3/± 0.3/± 2.3 653.2(9) −6.1 10.1 9.2

121.0 621.2(8) +1.3
−1.6 ±2.3/± 0.3/± 2.3 650.7(8) −6.1 10.1 9.1

121.5 618.8(7) +1.3
−1.6 ±2.3/± 0.3/± 2.3 648.2(8) −6.1 10.1 9.0

122.0 616.4(7) +1.3
−1.6 ±2.3/± 0.3/± 2.3 645.7(7) −6.1 10.0 8.8

122.5 614.1(6) +1.3
−1.6 ±2.3/± 0.3/± 2.3 643.2(6) −6.1 10.0 8.7

123.0 611.7(6) +1.3
−1.6 ±2.3/± 0.3/± 2.3 640.7(6) −6.1 10.0 8.6

123.5 609.4(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 638.3(6) −6.1 10.0 8.5

124.0 607.1(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 635.8(5) −6.1 9.9 8.4

124.1 606.6(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 635.3(5) −6.1 9.9 8.4

124.2 606.2(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 634.8(5) −6.1 9.9 8.4

124.3 605.7(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 634.3(5) −6.1 9.9 8.4

124.4 605.2(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 633.8(5) −6.1 9.9 8.3

124.5 604.8(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 633.3(5) −6.1 9.9 8.3

124.6 604.3(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 632.8(5) −6.1 9.9 8.3

124.7 603.8(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 632.3(5) −6.1 9.9 8.3

124.8 603.4(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 631.8(5) −6.1 9.9 8.2

124.9 602.9(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 631.3(5) −6.1 9.9 8.2

125.0 602.4(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 630.8(5) −6.1 9.9 8.2

125.09 602.0(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 630.3(5) −6.1 9.9 8.2

125.1 602.0(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 630.3(5) −6.1 9.9 8.2

125.2 601.5(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 629.8(5) −6.1 9.9 8.2

125.3 601.1(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 629.3(5) −6.1 9.9 8.2

125.4 600.5(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 628.8(5) −6.1 9.9 8.1

125.5 600.1(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 628.3(5) −6.1 9.9 8.1

125.6 599.7(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 627.8(5) −6.1 9.9 8.1

125.7 599.2(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 627.3(5) −6.1 9.9 8.1

125.8 598.7(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 626.8(5) −6.1 9.9 8.1

125.9 598.2(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 626.3(5) −6.1 9.9 8.0

126.0 597.8(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 625.8(5) −6.1 9.9 8.0

126.5 595.4(5) +1.3
−1.6 ±2.3/± 0.3/± 2.3 623.3(6) −6.1 9.8 7.9

127.0 593.1(6) +1.3
−1.6 ±2.3/± 0.3/± 2.3 620.8(6) −6.0 9.8 7.8

127.5 590.8(6) +1.3
−1.6 ±2.3/± 0.3/± 2.3 618.4(6) −6.0 9.8 7.7

128.0 588.5(7) +1.3
−1.6 ±2.3/± 0.3/± 2.3 615.9(7) −6.0 9.8 7.6

128.5 586.1(7) +1.3
−1.6 ±2.3/± 0.3/± 2.3 613.4(8) −6.0 9.7 7.5

129.0 583.8(8) +1.3
−1.6 ±2.3/± 0.3/± 2.3 610.9(8) −6.0 9.7 7.5

129.5 581.5(8) +1.3
−1.6 ±2.3/± 0.3/± 2.3 608.4(9) −6.0 9.7 7.4

130.0 579.1(9) +1.3
−1.6 ±2.3/± 0.3/± 2.3 605.9(10) −6.0 9.7 7.3
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Table 198: Fiducial VBF cross sections in the SM for a LHC CM energy of
√
s = 8 TeV, including QCD and

EW corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.
The numbers in the σDIS

NNLOQCD column have been obtained from a linear interpolation. The interpolation was
performed by fitting the cross section for MH = {120.0, 122.5, 125.0, 127.5, 130.0} GeV to a linear function.
The scale uncertainty in the column ∆scale was only computed for MH = 125.0 GeV.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-chan[fb]

120.0 824.9(11) +1.3
−1.5 ±2.3/± 0.3/± 2.3 865.7(12) −6.3 13.4 12.4

120.5 821.9(11) +1.3
−1.5 ±2.3/± 0.3/± 2.3 862.6(11) −6.3 13.3 12.3

121.0 819.1(10) +1.3
−1.5 ±2.3/± 0.3/± 2.3 859.5(11) −6.3 13.3 12.2

121.5 816.2(9) +1.3
−1.5 ±2.3/± 0.3/± 2.3 856.4(10) −6.2 13.3 12.0

122.0 813.3(8) +1.3
−1.5 ±2.3/± 0.3/± 2.3 853.3(9) −6.2 13.2 11.9

122.5 810.4(8) +1.3
−1.5 ±2.3/± 0.3/± 2.3 850.2(8) −6.2 13.2 11.7

123.0 807.5(7) +1.3
−1.5 ±2.3/± 0.3/± 2.3 847.1(8) −6.2 13.2 11.6

123.5 804.7(7) +1.3
−1.5 ±2.3/± 0.3/± 2.3 844.1(7) −6.2 13.1 11.4

124.0 801.6(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 841.0(7) −6.2 13.1 11.3

124.1 801.1(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 840.3(7) −6.2 13.1 11.3

124.2 800.6(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 839.7(7) −6.2 13.1 11.2

124.3 799.9(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 839.1(7) −6.2 13.1 11.2

124.4 799.4(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 838.5(7) −6.2 13.1 11.2

124.5 798.9(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 837.9(7) −6.2 13.1 11.2

124.6 798.2(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 837.2(7) −6.2 13.1 11.1

124.7 797.6(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 836.6(7) −6.2 13.1 11.1

124.8 797.1(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 836.0(7) −6.2 13.1 11.1

124.9 796.6(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 835.4(7) −6.2 13.1 11.1

125.0 795.9(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 834.8(7) −6.2 13.1 11.1

125.09 795.4(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 834.1(7) −6.2 13.1 11.0

125.1 795.3(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 834.1(7) −6.2 13.1 11.0

125.2 794.8(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 833.5(7) −6.2 13.0 11.0

125.3 794.3(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 832.9(7) −6.2 13.0 11.0

125.4 793.6(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 832.3(7) −6.2 13.0 10.9

125.5 793.0(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 831.7(7) −6.2 13.0 10.9

125.6 792.4(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 831.1(7) −6.2 13.0 10.9

125.7 791.8(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 830.4(7) −6.2 13.0 10.8

125.8 791.2(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 829.8(7) −6.2 13.0 10.8

125.9 790.7(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 829.2(7) −6.2 13.0 10.8

126.0 790.1(6) +1.3
−1.5 ±2.3/± 0.3/± 2.3 828.6(7) −6.2 13.0 10.8

126.5 787.1(7) +1.3
−1.5 ±2.3/± 0.3/± 2.3 825.5(7) −6.2 13.0 10.7

127.0 784.3(7) +1.3
−1.5 ±2.3/± 0.3/± 2.3 822.4(8) −6.2 12.9 10.5

127.5 781.5(8) +1.3
−1.5 ±2.3/± 0.3/± 2.3 819.3(8) −6.2 12.9 10.4

128.0 778.5(8) +1.3
−1.5 ±2.3/± 0.3/± 2.3 816.2(9) −6.2 12.9 10.3

128.5 775.7(9) +1.3
−1.5 ±2.3/± 0.3/± 2.3 813.1(10) −6.2 12.8 10.2

129.0 772.8(10) +1.3
−1.5 ±2.3/± 0.3/± 2.3 810.0(11) −6.2 12.8 10.0

129.5 769.8(11) +1.3
−1.5 ±2.3/± 0.3/± 2.3 806.9(11) −6.2 12.8 9.9

130.0 766.9(11) +1.3
−1.5 ±2.3/± 0.3/± 2.3 803.8(12) −6.2 12.8 9.8



704

Table 199: Fiducial VBF cross sections in the SM for a LHC CM energy of
√
s = 13 TeV, including QCD and

EW corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.
The numbers in the σDIS

NNLOQCD column have been obtained from a linear interpolation. The interpolation was
performed by fitting the cross section for MH = {120.0, 122.5, 125.0, 127.5, 130.0} GeV to a linear function.
The scale uncertainty in the column ∆scale was only computed for MH = 125.0 GeV.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-chan[fb]

120.0 2038.9(45) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2152.8(48) −6.8 33.0 32.4

120.5 2032.3(41) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2145.9(44) −6.8 32.9 32.1

121.0 2026.3(36) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2139.1(39) −6.8 32.8 31.7

121.5 2020.0(32) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2132.2(35) −6.8 32.8 31.3

122.0 2013.4(28) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2125.4(30) −6.8 32.7 30.9

122.5 2007.1(24) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2118.5(26) −6.8 32.6 30.6

123.0 2000.5(20) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2111.7(21) −6.8 32.6 30.2

123.5 1994.5(16) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2104.8(17) −6.8 32.5 29.9

124.0 1987.9(13) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2097.9(14) −6.8 32.4 29.6

124.1 1986.9(12) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2096.6(13) −6.8 32.4 29.5

124.2 1985.3(12) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2095.2(12) −6.8 32.4 29.5

124.3 1984.2(11) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2093.8(12) −6.8 32.4 29.4

124.4 1982.7(11) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2092.5(11) −6.8 32.4 29.3

124.5 1981.4(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2091.1(11) −6.8 32.4 29.2

124.6 1980.4(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2089.7(11) −6.8 32.4 29.2

124.7 1979.2(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2088.4(10) −6.8 32.4 29.1

124.8 1977.6(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2087.0(10) −6.8 32.3 29.0

124.9 1976.4(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2085.6(10) −6.8 32.3 29.0

125.0 1975.4(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2084.2(10) −6.8 32.3 29.0

125.09 1974.0(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2082.9(10) −6.8 32.3 28.9

125.1 1974.1(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2082.9(10) −6.8 32.3 28.9

125.2 1972.8(9) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2081.5(10) −6.8 32.3 28.8

125.3 1971.4(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2080.1(10) −6.8 32.3 28.7

125.4 1970.1(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2078.8(11) −6.8 32.3 28.7

125.5 1968.8(10) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2077.4(11) −6.8 32.2 28.6

125.6 1967.6(11) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2076.0(11) −6.8 32.2 28.5

125.7 1966.2(11) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2074.6(12) −6.8 32.2 28.5

125.8 1965.1(12) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2073.3(12) −6.8 32.2 28.4

125.9 1963.6(12) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2071.9(13) −6.8 32.2 28.4

126.0 1962.6(13) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2070.5(14) −6.8 32.2 28.3

126.5 1956.2(16) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2063.7(17) −6.8 32.1 27.9

127.0 1949.7(20) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2056.8(21) −6.8 32.1 27.6

127.5 1943.5(24) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2050.0(26) −6.8 32.0 27.4

128.0 1937.2(28) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2043.1(30) −6.7 31.9 27.1

128.5 1930.7(32) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2036.3(35) −6.7 31.9 26.8

129.0 1924.4(36) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2029.4(39) −6.7 31.8 26.5

129.5 1917.7(41) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2022.6(44) −6.8 31.7 26.2

130.0 1911.5(45) +1.3
−1.2 ±2.1/± 0.4/± 2.2 2015.7(48) −6.7 31.7 25.9
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Table 200: Fiducial VBF cross sections in the SM for a LHC CM energy of
√
s = 14 TeV, including QCD and

EW corrections and their uncertainties for different Higgs boson masses MH. For more details see Section I.5.1.c.
The numbers in the σDIS

NNLOQCD column have been obtained from a linear interpolation. The interpolation was
performed by fitting the cross section for MH = {120.0, 122.5, 125.0, 127.5, 130.0} GeV to a linear function.
The scale uncertainty in the column ∆scale was only computed for MH = 125.0 GeV.

MH[GeV] σVBF[fb] ∆scale[%] ∆PDF/αs/PDF⊕αs
[%] σDIS

NNLOQCD[fb] δEW[%] σγ[fb] σs-chan[fb]

120.0 2301.6(48) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2432.4(51) −6.9 37.4 37.0

120.5 2294.9(45) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2425.4(48) −6.9 37.3 36.6

121.0 2288.6(41) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2418.3(44) −6.9 37.2 36.2

121.5 2282.0(38) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2411.3(41) −6.9 37.1 35.8

122.0 2275.5(35) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2404.3(38) −6.9 37.1 35.4

122.5 2269.1(33) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2397.3(35) −6.9 37.0 35.0

123.0 2262.8(31) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2390.3(33) −6.9 36.9 34.6

123.5 2256.0(29) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2383.2(31) −6.9 36.9 34.2

124.0 2249.8(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2376.2(29) −6.9 36.8 33.8

124.1 2248.5(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2374.8(29) −6.9 36.8 33.7

124.2 2247.3(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2373.4(29) −6.9 36.8 33.7

124.3 2245.9(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2372.0(29) −6.9 36.7 33.6

124.4 2244.2(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2370.6(28) −6.9 36.7 33.5

124.5 2243.1(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2369.2(28) −6.9 36.7 33.4

124.6 2241.9(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2367.8(28) −6.9 36.7 33.4

124.7 2240.5(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2366.4(28) −6.9 36.7 33.3

124.8 2239.0(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2365.0(28) −6.9 36.7 33.2

124.9 2237.5(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2363.6(28) −6.9 36.7 33.1

125.0 2236.6(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2362.2(28) −6.9 36.7 33.1

125.09 2235.3(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2360.8(28) −6.9 36.6 33.0

125.1 2235.2(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2360.8(28) −6.9 36.6 33.0

125.2 2233.8(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2359.4(28) −6.9 36.6 32.9

125.3 2232.6(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2358.0(28) −6.9 36.6 32.9

125.4 2231.4(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2356.6(28) −6.9 36.6 32.8

125.5 2230.0(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2355.2(28) −6.9 36.6 32.7

125.6 2228.6(26) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2353.8(28) −6.9 36.6 32.6

125.7 2227.5(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2352.4(29) −6.9 36.6 32.6

125.8 2226.1(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2351.0(29) −6.9 36.5 32.5

125.9 2224.7(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2349.6(29) −6.9 36.5 32.4

126.0 2223.5(27) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2348.2(29) −6.9 36.5 32.3

126.5 2217.0(29) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2341.1(31) −6.9 36.4 32.0

127.0 2210.3(31) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2334.1(33) −6.9 36.4 31.6

127.5 2204.0(33) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2327.1(35) −6.9 36.3 31.3

128.0 2197.6(35) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2320.1(38) −6.8 36.2 30.9

128.5 2190.9(38) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2313.1(41) −6.8 36.2 30.6

129.0 2184.5(41) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2306.0(44) −6.8 36.1 30.3

129.5 2177.9(45) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2299.0(48) −6.8 36.0 29.9

130.0 2171.5(48) +1.5
−1.3 ±2.1/± 0.4/± 2.1 2292.0(51) −6.8 35.9 29.6
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Table 201: Inclusive VBF cross sections for a LHC CM energy of
√
s = 7 TeV, at NNLO QCD, with an on shell

Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For more
details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

120.0 1339 1353 1.0 +0.2
−0.2 ±1.9 ±0.4 ±1.9

120.5 1332 1346 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

121.0 1326 1340 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

121.5 1320 1334 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

122.0 1313 1327 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

122.5 1307 1321 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

123.0 1301 1315 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

123.5 1295 1309 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.0 1288 1303 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.1 1287 1302 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.2 1286 1301 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.3 1285 1299 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.4 1283 1298 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.5 1282 1297 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.6 1281 1296 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.7 1280 1295 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.8 1279 1293 1.1 +0.2
−0.2 ±1.9 ±0.4 ±1.9

124.9 1277 1292 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.0 1276 1291 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.09 1275 1290 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.1 1275 1290 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.2 1274 1289 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.3 1272 1288 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.4 1271 1286 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.5 1270 1285 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.6 1269 1284 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.7 1268 1283 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.8 1266 1282 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

125.9 1265 1280 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

126.0 1264 1279 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

126.5 1258 1273 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

127.0 1252 1268 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

127.5 1247 1262 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

128.0 1240 1256 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

128.5 1235 1250 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

129.0 1229 1244 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

129.5 1223 1239 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

130.0 1217 1233 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9
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Table 202: Inclusive VBF cross sections for a LHC CM energy of
√
s = 8 TeV, at NNLO QCD, with an on shell

Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For more
details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

120.0 1727 1748 1.2 +0.3
−0.2 ±1.9 ±0.5 ±1.9

120.5 1719 1741 1.3 +0.2
−0.2 ±1.9 ±0.5 ±1.9

121.0 1711 1733 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

121.5 1704 1725 1.2 +0.2
−0.2 ±1.9 ±0.5 ±1.9

122.0 1695 1717 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

122.5 1688 1710 1.3 +0.2
−0.2 ±1.9 ±0.5 ±1.9

123.0 1680 1702 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

123.5 1673 1695 1.3 +0.2
−0.2 ±1.9 ±0.5 ±1.9

124.0 1665 1687 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.1 1663 1685 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.2 1662 1684 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.3 1660 1682 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.4 1659 1681 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.5 1657 1679 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.6 1656 1678 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.7 1654 1676 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.8 1653 1675 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

124.9 1651 1673 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.0 1650 1672 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.09 1648 1670 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.1 1648 1670 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.2 1647 1669 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.3 1645 1667 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.4 1644 1666 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.5 1642 1664 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.6 1641 1663 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.7 1639 1661 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.8 1638 1660 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

125.9 1636 1659 1.4 +0.3
−0.2 ±1.9 ±0.5 ±1.9

126.0 1635 1657 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

126.5 1628 1650 1.4 +0.2
−0.2 ±1.9 ±0.5 ±1.9

127.0 1620 1643 1.4 +0.2
−0.2 ±1.9 ±0.4 ±1.9

127.5 1613 1635 1.4 +0.2
−0.2 ±1.9 ±0.4 ±1.9

128.0 1605 1629 1.5 +0.2
−0.2 ±1.9 ±0.4 ±1.9

128.5 1599 1621 1.4 +0.2
−0.2 ±1.9 ±0.4 ±1.9

129.0 1591 1614 1.4 +0.2
−0.2 ±1.9 ±0.4 ±1.9

129.5 1584 1607 1.5 +0.2
−0.2 ±1.9 ±0.4 ±1.9

130.0 1577 1600 1.5 +0.2
−0.2 ±1.9 ±0.4 ±1.9
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Table 203: Inclusive VBF cross sections for a LHC CM energy of
√
s = 13 TeV, at NNLO QCD, with an on shell

Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For more
details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

120.0 4086 4162 1.9 +0.5
−0.2 ±1.8 ±0.6 ±1.9

120.5 4072 4148 1.9 +0.4
−0.3 ±1.8 ±0.6 ±1.9

121.0 4053 4130 1.9 +0.5
−0.2 ±1.8 ±0.6 ±1.9

121.5 4039 4110 1.8 +0.4
−0.3 ±1.8 ±0.6 ±1.9

122.0 4020 4098 1.9 +0.5
−0.2 ±1.8 ±0.6 ±1.9

122.5 4007 4082 1.9 +0.4
−0.3 ±1.8 ±0.6 ±1.9

123.0 3988 4068 2.0 +0.5
−0.2 ±1.8 ±0.6 ±1.9

123.5 3975 4054 2.0 +0.4
−0.3 ±1.8 ±0.6 ±1.9

124.0 3957 4041 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.1 3953 4038 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.2 3950 4034 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.3 3947 4029 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.4 3944 4026 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.5 3941 4024 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.6 3938 4021 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.7 3935 4021 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.8 3931 4017 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.9 3928 4015 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.0 3925 4013 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.09 3922 4006 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.1 3922 4005 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.2 3919 4005 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.3 3916 4000 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.4 3913 4000 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.5 3910 3997 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.6 3906 3994 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.7 3903 3991 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.8 3900 3988 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.9 3897 3985 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

126.0 3894 3982 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

126.5 3881 3968 2.2 +0.4
−0.3 ±1.8 ±0.6 ±1.9

127.0 3863 3954 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

127.5 3851 3939 2.3 +0.4
−0.3 ±1.8 ±0.6 ±1.9

128.0 3833 3924 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

128.5 3820 3911 2.4 +0.4
−0.3 ±1.8 ±0.6 ±1.9

129.0 3803 3895 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

129.5 3790 3882 2.4 +0.4
−0.3 ±1.8 ±0.6 ±1.9

130.0 3773 3868 2.5 +0.4
−0.2 ±1.8 ±0.6 ±1.9
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Table 204: Inclusive VBF cross sections for a LHC CM energy of
√
s = 14 TeV, at NNLO QCD, with an on shell

Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For more
details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

120.0 4623 4718 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

120.5 4608 4700 2.0 +0.4
−0.3 ±1.8 ±0.6 ±1.9

121.0 4587 4687 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

121.5 4572 4673 2.2 +0.4
−0.3 ±1.8 ±0.6 ±1.9

122.0 4551 4651 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

122.5 4536 4634 2.2 +0.4
−0.3 ±1.8 ±0.6 ±1.9

123.0 4515 4605 2.0 +0.5
−0.2 ±1.8 ±0.6 ±1.9

123.5 4501 4590 2.0 +0.4
−0.3 ±1.8 ±0.6 ±1.9

124.0 4480 4577 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.1 4476 4572 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.2 4473 4569 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.3 4469 4563 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.4 4466 4562 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.5 4462 4561 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.6 4459 4559 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.7 4455 4556 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.8 4452 4552 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

124.9 4448 4549 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.0 4445 4547 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.09 4442 4543 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.1 4441 4542 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.2 4438 4540 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.3 4434 4538 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.4 4431 4536 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.5 4428 4533 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.6 4424 4531 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.7 4421 4528 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.8 4417 4525 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

125.9 4414 4522 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

126.0 4410 4519 2.5 +0.5
−0.2 ±1.8 ±0.6 ±1.9

126.5 4396 4505 2.5 +0.4
−0.3 ±1.8 ±0.6 ±1.9

127.0 4376 4488 2.6 +0.5
−0.2 ±1.8 ±0.6 ±1.9

127.5 4362 4472 2.5 +0.4
−0.3 ±1.8 ±0.6 ±1.9

128.0 4342 4454 2.6 +0.5
−0.2 ±1.8 ±0.6 ±1.9

128.5 4329 4438 2.5 +0.4
−0.3 ±1.8 ±0.6 ±1.9

129.0 4309 4423 2.6 +0.5
−0.2 ±1.8 ±0.6 ±1.9

129.5 4295 4407 2.6 +0.4
−0.3 ±1.8 ±0.6 ±1.9

130.0 4276 4388 2.6 +0.5
−0.2 ±1.8 ±0.6 ±1.9
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Table 205: Inclusive VBF cross sections for a Higgs boson mass of MH = 125 GeV, at NNLO QCD, with an on
shell Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For
more details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

6.0 938 947 0.9 +0.2
−0.1 ±1.9 ±0.4 ±2.0

6.5 1102 1114 1.1 +0.2
−0.1 ±1.9 ±0.4 ±1.9

7.0 1276 1291 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

7.5 1459 1477 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

8.0 1650 1672 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

8.5 1848 1873 1.4 +0.3
−0.2 ±1.9 ±0.5 ±1.9

9.0 2054 2083 1.4 +0.3
−0.2 ±1.8 ±0.5 ±1.9

9.5 2267 2300 1.5 +0.3
−0.2 ±1.8 ±0.5 ±1.9

10.0 2487 2529 1.7 +0.4
−0.2 ±1.8 ±0.5 ±1.9

10.5 2713 2758 1.7 +0.4
−0.2 ±1.8 ±0.5 ±1.9

11.0 2944 2997 1.8 +0.4
−0.2 ±1.8 ±0.5 ±1.9

11.5 3182 3240 1.8 +0.4
−0.2 ±1.8 ±0.5 ±1.9

12.0 3424 3486 1.8 +0.4
−0.2 ±1.8 ±0.6 ±1.9

12.5 3672 3740 1.9 +0.4
−0.2 ±1.8 ±0.6 ±1.9

13.0 3925 4013 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

13.5 4183 4276 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

14.0 4445 4547 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

14.5 4711 4823 2.4 +0.5
−0.2 ±1.8 ±0.6 ±1.9

15.0 4982 5079 1.9 +0.5
−0.3 ±1.8 ±0.6 ±1.9
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Table 206: Inclusive VBF cross sections for a Higgs boson mass of MH = 125.09 GeV, at NNLO QCD, with an
on shell Higgs or with off-shell effects included in the complex-pole scheme, together with their uncertainties. For
more details see Section I.5.1.a.iv.

MH[GeV] σVBF
OS [fb] σVBF

CPS [fb] δCPS ∆scale[%] ∆PDF[%] ∆αs
[%] ∆PDF⊕αs

[%]

6.0 937 946 0.9 +0.2
−0.1 ±1.9 ±0.4 ±2.0

6.5 1101 1113 1.1 +0.2
−0.1 ±1.9 ±0.4 ±1.9

7.0 1275 1290 1.2 +0.2
−0.2 ±1.9 ±0.4 ±1.9

7.5 1457 1476 1.3 +0.2
−0.2 ±1.9 ±0.4 ±1.9

8.0 1648 1670 1.3 +0.3
−0.2 ±1.9 ±0.5 ±1.9

8.5 1847 1872 1.4 +0.3
−0.2 ±1.9 ±0.5 ±1.9

9.0 2052 2081 1.4 +0.3
−0.2 ±1.8 ±0.5 ±1.9

9.5 2265 2299 1.5 +0.3
−0.2 ±1.8 ±0.5 ±1.9

10.0 2485 2527 1.7 +0.4
−0.2 ±1.8 ±0.5 ±1.9

10.5 2710 2759 1.8 +0.4
−0.2 ±1.8 ±0.5 ±1.9

11.0 2942 2992 1.7 +0.4
−0.2 ±1.8 ±0.5 ±1.9

11.5 3179 3232 1.7 +0.4
−0.2 ±1.8 ±0.5 ±1.9

12.0 3422 3480 1.7 +0.4
−0.2 ±1.8 ±0.6 ±1.9

12.5 3670 3740 1.9 +0.4
−0.2 ±1.8 ±0.6 ±1.9

13.0 3922 4006 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

13.5 4180 4267 2.1 +0.5
−0.2 ±1.8 ±0.6 ±1.9

14.0 4442 4543 2.3 +0.5
−0.2 ±1.8 ±0.6 ±1.9

14.5 4708 4813 2.2 +0.5
−0.2 ±1.8 ±0.6 ±1.9

15.0 4979 5093 2.3 +0.5
−0.3 ±1.8 ±0.6 ±1.9
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Appendix D

SM Higgs-strahlung cross sections

Here we expand Tables 27–30, which contain predictions for total and fiducial Higgs-strahlung cross
sections in the SM for MH = 125 GeV, to a scan over SM Higgs boson masses.
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Table 207: Total W+(→`+ν`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 7 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 46.85 +0.6
−0.9 ±1.8/± 0.6/± 1.9 48.90 0.47 −7.0 0.91+1.13

−0.11

120.5 46.22 +0.6
−1.0 ±1.8/± 0.6/± 1.9 48.24 0.46 −7.0 0.90+1.12

−0.11

121.0 45.57 +0.7
−0.9 ±1.9/± 0.6/± 1.9 47.56 0.46 −7.0 0.90+1.12

−0.10

121.5 44.95 +0.7
−0.9 ±1.9/± 0.6/± 2.0 46.92 0.45 −7.1 0.90+1.12

−0.10

122.0 44.38 +0.7
−0.9 ±1.9/± 0.6/± 2.0 46.32 0.45 −7.1 0.90+1.12

−0.10

122.5 43.80 +0.6
−0.9 ±1.9/± 0.6/± 2.0 45.72 0.44 −7.1 0.89+1.11

−0.10

123.0 43.22 +0.7
−0.9 ±1.9/± 0.6/± 2.0 45.11 0.44 −7.1 0.89+1.11

−0.10

123.5 42.63 +0.7
−0.9 ±1.9/± 0.6/± 2.0 44.50 0.43 −7.2 0.89+1.11

−0.10

124.0 42.07 +0.7
−0.8 ±1.9/± 0.7/± 2.0 43.91 0.43 −7.2 0.88+1.11

−0.10

124.1 41.96 +0.7
−0.8 ±1.9/± 0.7/± 2.0 43.80 0.43 −7.2 0.88+1.10

−0.10

124.2 41.84 +0.7
−0.8 ±1.9/± 0.7/± 2.0 43.67 0.42 −7.2 0.88+1.10

−0.10

124.3 41.75 +0.7
−0.9 ±1.9/± 0.7/± 2.0 43.58 0.42 −7.2 0.88+1.10

−0.10

124.4 41.65 +0.7
−0.9 ±1.9/± 0.7/± 2.0 43.47 0.42 −7.2 0.88+1.10

−0.10

124.5 41.54 +0.6
−0.9 ±1.9/± 0.7/± 2.0 43.36 0.42 −7.2 0.88+1.10

−0.10

124.6 41.45 +0.6
−1.0 ±1.9/± 0.7/± 2.0 43.26 0.42 −7.2 0.88+1.10

−0.10

124.7 41.32 +0.7
−0.9 ±1.9/± 0.7/± 2.0 43.13 0.42 −7.2 0.88+1.10

−0.10

124.8 41.21 +0.7
−0.9 ±1.9/± 0.7/± 2.0 43.01 0.42 −7.2 0.88+1.10

−0.10

124.9 41.10 +0.7
−0.9 ±1.9/± 0.7/± 2.0 42.90 0.42 −7.2 0.88+1.10

−0.10

125.0 40.99 +0.7
−0.9 ±1.9/± 0.7/± 2.0 42.78 0.42 −7.2 0.88+1.10

−0.10

125.09 40.88 +0.7
−0.8 ±1.9/± 0.7/± 2.0 42.68 0.42 −7.2 0.88+1.10

−0.10

125.1 40.89 +0.7
−0.9 ±1.9/± 0.7/± 2.0 42.67 0.42 −7.2 0.88+1.10

−0.10

125.2 40.79 +0.6
−0.9 ±1.9/± 0.7/± 2.0 42.57 0.42 −7.2 0.88+1.10

−0.10

125.3 40.68 +0.6
−0.9 ±1.9/± 0.7/± 2.0 42.46 0.42 −7.2 0.88+1.10

−0.10

125.4 40.56 +0.7
−0.9 ±1.9/± 0.7/± 2.0 42.34 0.42 −7.2 0.88+1.10

−0.10

125.5 40.47 +0.6
−0.9 ±1.9/± 0.7/± 2.0 42.24 0.41 −7.2 0.88+1.10

−0.10

125.6 40.36 +0.6
−0.9 ±1.9/± 0.7/± 2.0 42.13 0.41 −7.3 0.87+1.10

−0.10

125.7 40.26 +0.6
−0.9 ±1.9/± 0.7/± 2.0 42.02 0.41 −7.3 0.87+1.10

−0.10

125.8 40.15 +0.7
−0.9 ±1.9/± 0.7/± 2.0 41.90 0.41 −7.3 0.87+1.10

−0.10

125.9 40.03 +0.7
−0.9 ±1.9/± 0.7/± 2.0 41.78 0.41 −7.3 0.87+1.10

−0.10

126.0 39.93 +0.7
−0.9 ±1.9/± 0.7/± 2.0 41.68 0.41 −7.3 0.87+1.10

−0.10

126.5 39.41 +0.7
−0.9 ±1.9/± 0.7/± 2.0 41.14 0.40 −7.3 0.87+1.09

−0.10

127.0 38.91 +0.7
−0.9 ±1.9/± 0.7/± 2.0 40.61 0.40 −7.3 0.87+1.09

−0.10

127.5 38.40 +0.6
−0.9 ±1.9/± 0.7/± 2.0 40.08 0.40 −7.3 0.86+1.09

−0.10

128.0 37.91 +0.7
−0.9 ±1.9/± 0.6/± 2.0 39.57 0.39 −7.4 0.86+1.09

−0.10

128.5 37.42 +0.7
−0.9 ±1.9/± 0.6/± 2.0 39.06 0.39 −7.4 0.86+1.08

−0.10

129.0 36.94 +0.7
−0.9 ±1.9/± 0.6/± 2.0 38.56 0.38 −7.4 0.86+1.08

−0.10

129.5 36.48 +0.6
−1.0 ±1.9/± 0.6/± 2.0 38.08 0.38 −7.4 0.85+1.08

−0.10

130.0 36.01 +0.6
−0.9 ±1.9/± 0.6/± 2.0 37.59 0.37 −7.5 0.85+1.08

−0.09
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Table 208: Total W+(→`+ν`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 8 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 56.46 +0.6
−0.8 ±1.8/± 0.7/± 2.0 58.79 0.59 −7.0 1.21+1.44

−0.15

120.5 55.73 +0.5
−0.9 ±1.8/± 0.7/± 2.0 58.04 0.59 −7.1 1.21+1.43

−0.15

121.0 54.97 +0.6
−0.8 ±1.8/± 0.7/± 2.0 57.24 0.58 −7.1 1.21+1.43

−0.15

121.5 54.24 +0.6
−0.8 ±1.8/± 0.7/± 2.0 56.48 0.58 −7.1 1.20+1.42

−0.14

122.0 53.52 +0.6
−0.8 ±1.8/± 0.7/± 2.0 55.73 0.56 −7.1 1.20+1.41

−0.14

122.5 52.84 +0.6
−0.8 ±1.8/± 0.7/± 2.0 55.02 0.56 −7.2 1.20+1.41

−0.14

123.0 52.14 +0.6
−0.9 ±1.8/± 0.8/± 2.0 54.29 0.55 −7.2 1.19+1.40

−0.14

123.5 51.46 +0.6
−0.9 ±1.8/± 0.8/± 2.0 53.58 0.55 −7.2 1.19+1.39

−0.14

124.0 50.79 +0.7
−0.8 ±1.8/± 0.8/± 2.0 52.88 0.54 −7.2 1.19+1.39

−0.14

124.1 50.67 +0.6
−0.8 ±1.8/± 0.8/± 2.0 52.75 0.54 −7.2 1.19+1.39

−0.14

124.2 50.54 +0.6
−0.9 ±1.8/± 0.8/± 2.0 52.63 0.54 −7.2 1.18+1.39

−0.14

124.3 50.42 +0.6
−0.9 ±1.8/± 0.8/± 2.0 52.50 0.54 −7.2 1.18+1.38

−0.14

124.4 50.32 +0.5
−0.9 ±1.8/± 0.8/± 2.0 52.38 0.54 −7.2 1.18+1.38

−0.14

124.5 50.17 +0.6
−0.9 ±1.8/± 0.8/± 2.0 52.23 0.54 −7.2 1.18+1.38

−0.14

124.6 50.02 +0.6
−0.9 ±1.8/± 0.8/± 2.0 52.09 0.53 −7.3 1.18+1.38

−0.14

124.7 49.87 +0.7
−0.8 ±1.8/± 0.8/± 2.0 51.92 0.53 −7.3 1.18+1.38

−0.14

124.8 49.77 +0.6
−0.9 ±1.8/± 0.8/± 2.0 51.82 0.53 −7.3 1.18+1.38

−0.14

124.9 49.65 +0.6
−0.9 ±1.8/± 0.8/± 2.0 51.69 0.53 −7.3 1.18+1.38

−0.14

125.0 49.52 +0.6
−0.9 ±1.8/± 0.8/± 2.0 51.56 0.53 −7.3 1.18+1.38

−0.14

125.09 49.40 +0.7
−0.9 ±1.8/± 0.8/± 2.0 51.44 0.53 −7.3 1.18+1.38

−0.14

125.1 49.40 +0.6
−0.9 ±1.8/± 0.8/± 2.0 51.43 0.53 −7.3 1.18+1.37

−0.14

125.2 49.25 +0.7
−0.9 ±1.8/± 0.8/± 2.0 51.28 0.53 −7.3 1.18+1.37

−0.14

125.3 49.11 +0.7
−0.9 ±1.8/± 0.8/± 2.0 51.14 0.53 −7.3 1.18+1.37

−0.14

125.4 48.98 +0.7
−0.9 ±1.8/± 0.8/± 2.0 51.00 0.53 −7.3 1.18+1.37

−0.14

125.5 48.84 +0.7
−0.8 ±1.8/± 0.8/± 2.0 50.85 0.52 −7.3 1.18+1.37

−0.14

125.6 48.73 +0.6
−0.8 ±1.8/± 0.8/± 2.0 50.73 0.53 −7.3 1.18+1.37

−0.14

125.7 48.61 +0.6
−0.9 ±1.8/± 0.7/± 2.0 50.62 0.52 −7.3 1.17+1.37

−0.14

125.8 48.47 +0.7
−0.8 ±1.8/± 0.7/± 2.0 50.47 0.52 −7.3 1.17+1.37

−0.14

125.9 48.36 +0.6
−0.9 ±1.8/± 0.7/± 2.0 50.35 0.52 −7.3 1.17+1.37

−0.14

126.0 48.23 +0.6
−0.9 ±1.8/± 0.7/± 2.0 50.21 0.52 −7.3 1.17+1.37

−0.14

126.5 47.59 +0.7
−0.8 ±1.8/± 0.7/± 2.0 49.55 0.52 −7.3 1.17+1.37

−0.14

127.0 47.00 +0.6
−0.9 ±1.8/± 0.7/± 2.0 48.93 0.51 −7.4 1.17+1.36

−0.14

127.5 46.39 +0.7
−0.8 ±1.8/± 0.7/± 2.0 48.29 0.50 −7.4 1.16+1.36

−0.14

128.0 45.83 +0.6
−0.8 ±1.8/± 0.7/± 2.0 47.70 0.50 −7.4 1.16+1.36

−0.14

128.5 45.26 +0.6
−0.9 ±1.8/± 0.7/± 2.0 47.11 0.49 −7.4 1.16+1.35

−0.14

129.0 44.67 +0.6
−0.9 ±1.9/± 0.7/± 2.0 46.51 0.49 −7.5 1.15+1.35

−0.13

129.5 44.12 +0.6
−0.9 ±1.9/± 0.7/± 2.0 45.93 0.48 −7.5 1.15+1.35

−0.13

130.0 43.57 +0.6
−1.0 ±1.9/± 0.7/± 2.0 45.36 0.48 −7.5 1.15+1.34

−0.13



716

Table 209: Total W+(→`+ν`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 13 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 106.94 +0.6
−0.6 ±1.6/± 0.9/± 1.8 110.37 1.33 −7.2 3.16+3.39

−0.38

120.5 105.60 +0.5
−0.7 ±1.6/± 0.9/± 1.8 108.99 1.32 −7.2 3.15+3.39

−0.38

121.0 104.30 +0.5
−0.7 ±1.6/± 0.9/± 1.8 107.63 1.30 −7.2 3.15+3.38

−0.38

121.5 103.03 +0.4
−0.8 ±1.6/± 0.9/± 1.8 106.32 1.29 −7.3 3.14+3.37

−0.38

122.0 101.77 +0.3
−0.8 ±1.6/± 0.9/± 1.8 105.00 1.27 −7.3 3.13+3.37

−0.37

122.5 100.48 +0.5
−0.8 ±1.6/± 0.9/± 1.8 103.65 1.26 −7.3 3.13+3.36

−0.37

123.0 99.10 +0.6
−0.7 ±1.6/± 0.9/± 1.8 102.20 1.25 −7.3 3.12+3.35

−0.37

123.5 97.81 +0.6
−0.7 ±1.6/± 0.9/± 1.8 100.87 1.23 −7.3 3.11+3.35

−0.37

124.0 96.57 +0.6
−0.6 ±1.6/± 0.9/± 1.8 99.58 1.22 −7.4 3.11+3.34

−0.37

124.1 96.34 +0.5
−0.6 ±1.6/± 0.9/± 1.8 99.34 1.22 −7.4 3.10+3.34

−0.37

124.2 96.10 +0.5
−0.6 ±1.6/± 0.9/± 1.8 99.07 1.22 −7.4 3.10+3.34

−0.37

124.3 95.88 +0.6
−0.7 ±1.6/± 0.9/± 1.8 98.86 1.21 −7.4 3.10+3.34

−0.37

124.4 95.65 +0.6
−0.7 ±1.6/± 0.9/± 1.8 98.61 1.22 −7.4 3.10+3.34

−0.37

124.5 95.36 +0.6
−0.6 ±1.6/± 0.9/± 1.8 98.31 1.22 −7.4 3.10+3.33

−0.37

124.6 95.21 +0.5
−0.7 ±1.6/± 0.9/± 1.8 98.15 1.21 −7.4 3.10+3.33

−0.37

124.7 94.94 +0.6
−0.7 ±1.6/± 0.9/± 1.8 97.88 1.20 −7.4 3.10+3.33

−0.37

124.8 94.71 +0.6
−0.8 ±1.6/± 0.9/± 1.8 97.64 1.21 −7.4 3.09+3.33

−0.37

124.9 94.47 +0.6
−0.7 ±1.6/± 0.9/± 1.8 97.38 1.21 −7.4 3.09+3.33

−0.37

125.0 94.26 +0.5
−0.7 ±1.6/± 0.9/± 1.8 97.18 1.20 −7.4 3.09+3.33

−0.37

125.09 94.04 +0.5
−0.7 ±1.6/± 0.9/± 1.8 96.94 1.20 −7.4 3.09+3.33

−0.37

125.1 94.01 +0.6
−0.7 ±1.6/± 0.9/± 1.8 96.91 1.20 −7.4 3.09+3.33

−0.37

125.2 93.77 +0.6
−0.7 ±1.6/± 0.9/± 1.8 96.66 1.19 −7.4 3.09+3.33

−0.37

125.3 93.54 +0.6
−0.8 ±1.6/± 0.9/± 1.8 96.42 1.20 −7.4 3.09+3.32

−0.37

125.4 93.31 +0.6
−0.7 ±1.6/± 0.9/± 1.8 96.18 1.19 −7.4 3.09+3.32

−0.37

125.5 93.08 +0.6
−0.7 ±1.6/± 0.9/± 1.8 95.94 1.19 −7.4 3.09+3.32

−0.37

125.6 92.84 +0.5
−0.6 ±1.6/± 0.9/± 1.8 95.70 1.18 −7.4 3.08+3.32

−0.36

125.7 92.54 +0.6
−0.6 ±1.6/± 0.9/± 1.8 95.37 1.19 −7.4 3.08+3.32

−0.36

125.8 92.34 +0.7
−0.7 ±1.6/± 0.9/± 1.8 95.18 1.17 −7.5 3.08+3.32

−0.36

125.9 92.20 +0.6
−0.8 ±1.6/± 0.9/± 1.8 95.02 1.19 −7.5 3.08+3.32

−0.36

126.0 91.91 +0.6
−0.8 ±1.6/± 0.9/± 1.8 94.74 1.17 −7.5 3.08+3.32

−0.36

126.5 90.77 +0.6
−0.7 ±1.6/± 0.9/± 1.8 93.56 1.16 −7.5 3.07+3.31

−0.36

127.0 89.75 +0.5
−0.7 ±1.6/± 0.9/± 1.8 92.48 1.16 −7.5 3.06+3.31

−0.36

127.5 88.58 +0.6
−0.7 ±1.6/± 0.9/± 1.8 91.26 1.14 −7.5 3.06+3.30

−0.36

128.0 87.54 +0.5
−0.7 ±1.6/± 0.9/± 1.8 90.18 1.13 −7.6 3.05+3.30

−0.36

128.5 86.47 +0.6
−0.7 ±1.6/± 0.9/± 1.8 89.07 1.12 −7.6 3.04+3.29

−0.35

129.0 85.45 +0.5
−0.7 ±1.6/± 0.9/± 1.8 88.00 1.11 −7.6 3.04+3.29

−0.35

129.5 84.44 +0.5
−0.7 ±1.6/± 0.9/± 1.8 86.96 1.10 −7.6 3.03+3.28

−0.35

130.0 83.49 +0.4
−0.8 ±1.6/± 0.9/± 1.8 85.97 1.09 −7.7 3.02+3.28

−0.35
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Table 210: Total W+(→`+ν`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 14 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 117.37 +0.5
−0.6 ±1.5/± 0.9/± 1.8 120.96 1.48 −7.2 3.63+3.80

−0.43

120.5 115.95 +0.4
−0.7 ±1.5/± 0.9/± 1.8 119.46 1.48 −7.2 3.62+3.79

−0.43

121.0 114.51 +0.5
−0.7 ±1.5/± 0.9/± 1.8 117.96 1.47 −7.2 3.61+3.78

−0.43

121.5 112.91 +0.5
−0.6 ±1.5/± 0.9/± 1.8 116.32 1.44 −7.3 3.60+3.77

−0.43

122.0 111.56 +0.4
−0.6 ±1.5/± 0.9/± 1.8 114.90 1.44 −7.3 3.60+3.77

−0.43

122.5 110.21 +0.4
−0.8 ±1.5/± 0.9/± 1.8 113.50 1.42 −7.3 3.59+3.76

−0.43

123.0 108.86 +0.5
−0.8 ±1.5/± 0.9/± 1.8 112.10 1.40 −7.3 3.58+3.75

−0.43

123.5 107.39 +0.6
−0.6 ±1.5/± 0.9/± 1.8 110.56 1.39 −7.4 3.57+3.74

−0.43

124.0 106.19 +0.5
−0.7 ±1.5/± 0.9/± 1.8 109.32 1.38 −7.4 3.56+3.73

−0.43

124.1 105.94 +0.5
−0.7 ±1.5/± 0.9/± 1.8 109.06 1.38 −7.4 3.56+3.73

−0.43

124.2 105.73 +0.3
−0.7 ±1.5/± 0.9/± 1.8 108.84 1.37 −7.4 3.56+3.73

−0.43

124.3 105.47 +0.3
−0.8 ±1.5/± 0.9/± 1.8 108.56 1.37 −7.4 3.56+3.73

−0.43

124.4 105.12 +0.4
−0.6 ±1.5/± 0.9/± 1.8 108.20 1.37 −7.4 3.56+3.73

−0.43

124.5 104.93 +0.4
−0.8 ±1.5/± 0.9/± 1.8 108.01 1.36 −7.4 3.55+3.73

−0.43

124.6 104.62 +0.5
−0.7 ±1.5/± 0.9/± 1.8 107.70 1.36 −7.4 3.55+3.72

−0.43

124.7 104.44 +0.4
−0.8 ±1.5/± 0.9/± 1.8 107.51 1.36 −7.4 3.55+3.72

−0.43

124.8 104.10 +0.4
−0.7 ±1.5/± 0.9/± 1.8 107.15 1.35 −7.4 3.55+3.72

−0.43

124.9 103.93 +0.3
−0.8 ±1.5/± 0.9/± 1.8 106.97 1.35 −7.4 3.55+3.72

−0.43

125.0 103.63 +0.3
−0.8 ±1.5/± 0.9/± 1.8 106.65 1.36 −7.4 3.55+3.72

−0.43

125.09 103.40 +0.4
−0.8 ±1.5/± 0.9/± 1.8 106.42 1.35 −7.4 3.54+3.72

−0.43

125.1 103.37 +0.4
−0.8 ±1.5/± 0.9/± 1.8 106.39 1.35 −7.4 3.54+3.72

−0.43

125.2 103.06 +0.5
−0.7 ±1.5/± 0.9/± 1.8 106.06 1.34 −7.4 3.54+3.71

−0.43

125.3 102.91 +0.3
−0.9 ±1.5/± 0.9/± 1.8 105.91 1.34 −7.4 3.54+3.71

−0.43

125.4 102.56 +0.4
−0.7 ±1.5/± 0.9/± 1.8 105.56 1.33 −7.5 3.54+3.71

−0.43

125.5 102.31 +0.4
−0.7 ±1.5/± 0.9/± 1.8 105.27 1.34 −7.5 3.54+3.71

−0.43

125.6 101.97 +0.6
−0.6 ±1.5/± 0.9/± 1.8 104.91 1.34 −7.5 3.53+3.71

−0.42

125.7 101.78 +0.6
−0.7 ±1.5/± 0.9/± 1.8 104.73 1.33 −7.5 3.53+3.70

−0.42

125.8 101.60 +0.4
−0.7 ±1.5/± 0.9/± 1.8 104.54 1.33 −7.5 3.53+3.70

−0.42

125.9 101.32 +0.4
−0.7 ±1.5/± 0.9/± 1.8 104.27 1.32 −7.5 3.53+3.70

−0.42

126.0 101.08 +0.5
−0.7 ±1.5/± 0.9/± 1.8 104.01 1.33 −7.5 3.53+3.70

−0.42

126.5 99.82 +0.5
−0.7 ±1.5/± 0.9/± 1.8 102.70 1.31 −7.5 3.52+3.69

−0.42

127.0 98.61 +0.5
−0.7 ±1.5/± 0.9/± 1.8 101.44 1.30 −7.5 3.51+3.68

−0.42

127.5 97.44 +0.4
−0.7 ±1.5/± 0.9/± 1.8 100.23 1.28 −7.6 3.50+3.67

−0.42

128.0 96.21 +0.5
−0.7 ±1.5/± 0.9/± 1.8 98.95 1.27 −7.6 3.49+3.66

−0.42

128.5 95.11 +0.4
−0.8 ±1.5/± 0.9/± 1.8 97.81 1.26 −7.6 3.48+3.65

−0.41

129.0 94.00 +0.5
−0.8 ±1.5/± 0.9/± 1.8 96.67 1.25 −7.6 3.47+3.64

−0.41

129.5 92.83 +0.5
−0.7 ±1.5/± 0.9/± 1.8 95.44 1.24 −7.7 3.46+3.63

−0.41

130.0 91.71 +0.5
−0.7 ±1.5/± 0.9/± 1.8 94.30 1.22 −7.7 3.46+3.63

−0.41
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Table 211: Total W−(→`−ν̄`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 7 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 26.48 +0.6
−0.8 ±2.2/± 0.6/± 2.3 27.56 0.27 −6.8 0.52+0.72

−0.05

120.5 26.10 +0.6
−0.8 ±2.2/± 0.6/± 2.3 27.17 0.27 −6.8 0.52+0.72

−0.05

121.0 25.74 +0.6
−0.8 ±2.2/± 0.6/± 2.3 26.80 0.26 −6.9 0.52+0.72

−0.05

121.5 25.38 +0.6
−0.9 ±2.2/± 0.6/± 2.3 26.42 0.26 −6.9 0.52+0.71

−0.05

122.0 25.03 +0.7
−0.9 ±2.2/± 0.6/± 2.3 26.06 0.26 −6.9 0.52+0.71

−0.05

122.5 24.68 +0.6
−0.8 ±2.2/± 0.6/± 2.3 25.69 0.25 −6.9 0.52+0.71

−0.05

123.0 24.35 +0.6
−0.8 ±2.2/± 0.6/± 2.3 25.34 0.25 −7.0 0.51+0.70

−0.05

123.5 24.02 +0.6
−0.9 ±2.2/± 0.6/± 2.3 25.00 0.25 −7.0 0.51+0.70

−0.05

124.0 23.69 +0.5
−0.9 ±2.2/± 0.6/± 2.3 24.66 0.25 −7.0 0.51+0.70

−0.05

124.1 23.63 +0.5
−0.9 ±2.2/± 0.6/± 2.3 24.59 0.25 −7.0 0.51+0.70

−0.05

124.2 23.57 +0.5
−0.9 ±2.2/± 0.6/± 2.3 24.53 0.24 −7.0 0.51+0.69

−0.05

124.3 23.49 +0.6
−0.8 ±2.2/± 0.6/± 2.3 24.45 0.24 −7.0 0.51+0.69

−0.05

124.4 23.42 +0.6
−0.8 ±2.2/± 0.6/± 2.3 24.38 0.24 −7.0 0.51+0.69

−0.05

124.5 23.38 +0.5
−0.9 ±2.2/± 0.6/± 2.3 24.33 0.24 −7.0 0.51+0.69

−0.05

124.6 23.30 +0.6
−0.9 ±2.2/± 0.6/± 2.3 24.25 0.24 −7.0 0.51+0.69

−0.05

124.7 23.24 +0.6
−0.9 ±2.2/± 0.6/± 2.3 24.18 0.24 −7.0 0.51+0.69

−0.05

124.8 23.17 +0.6
−0.9 ±2.2/± 0.6/± 2.3 24.12 0.24 −7.0 0.51+0.69

−0.05

124.9 23.11 +0.6
−0.9 ±2.2/± 0.6/± 2.3 24.05 0.24 −7.0 0.51+0.69

−0.05

125.0 23.04 +0.6
−0.8 ±2.2/± 0.6/± 2.3 23.98 0.24 −7.0 0.51+0.69

−0.05

125.09 22.98 +0.6
−0.8 ±2.2/± 0.6/± 2.3 23.92 0.24 −7.0 0.51+0.69

−0.05

125.1 22.97 +0.6
−0.8 ±2.2/± 0.6/± 2.3 23.91 0.24 −7.1 0.51+0.69

−0.05

125.2 22.90 +0.7
−0.9 ±2.2/± 0.6/± 2.3 23.84 0.24 −7.1 0.51+0.69

−0.05

125.3 22.85 +0.6
−0.9 ±2.2/± 0.6/± 2.3 23.78 0.24 −7.0 0.51+0.69

−0.05

125.4 22.78 +0.6
−0.9 ±2.2/± 0.6/± 2.3 23.71 0.24 −7.1 0.51+0.69

−0.05

125.5 22.72 +0.6
−0.9 ±2.2/± 0.6/± 2.3 23.65 0.24 −7.1 0.51+0.69

−0.05

125.6 22.66 +0.6
−0.9 ±2.2/± 0.6/± 2.3 23.58 0.24 −7.1 0.51+0.69

−0.05

125.7 22.59 +0.6
−0.8 ±2.2/± 0.6/± 2.3 23.51 0.24 −7.1 0.50+0.69

−0.05

125.8 22.54 +0.6
−0.8 ±2.3/± 0.6/± 2.3 23.46 0.23 −7.1 0.50+0.68

−0.05

125.9 22.48 +0.6
−0.9 ±2.3/± 0.6/± 2.3 23.40 0.23 −7.1 0.50+0.68

−0.05

126.0 22.41 +0.7
−0.8 ±2.3/± 0.6/± 2.3 23.32 0.23 −7.1 0.50+0.68

−0.05

126.5 22.11 +0.6
−0.9 ±2.3/± 0.6/± 2.3 23.01 0.23 −7.1 0.50+0.68

−0.05

127.0 21.82 +0.6
−1.0 ±2.3/± 0.6/± 2.3 22.71 0.23 −7.1 0.50+0.68

−0.05

127.5 21.52 +0.6
−0.9 ±2.3/± 0.6/± 2.4 22.40 0.23 −7.2 0.50+0.68

−0.05

128.0 21.22 +0.7
−0.9 ±2.3/± 0.6/± 2.4 22.08 0.22 −7.2 0.50+0.67

−0.05

128.5 20.94 +0.7
−0.9 ±2.3/± 0.6/± 2.4 21.79 0.22 −7.2 0.49+0.67

−0.05

129.0 20.65 +0.6
−0.9 ±2.3/± 0.6/± 2.4 21.49 0.22 −7.2 0.49+0.67

−0.05

129.5 20.39 +0.6
−0.9 ±2.3/± 0.6/± 2.4 21.22 0.22 −7.2 0.49+0.66

−0.05

130.0 20.10 +0.7
−0.9 ±2.3/± 0.6/± 2.4 20.92 0.21 −7.3 0.49+0.66

−0.05
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Table 212: Total W−(→`−ν̄`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 8 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 32.88 +0.5
−0.9 ±2.1/± 0.6/± 2.2 34.15 0.35 −6.9 0.72+0.98

−0.07

120.5 32.41 +0.5
−0.8 ±2.1/± 0.6/± 2.2 33.66 0.35 −6.9 0.72+0.98

−0.07

121.0 31.96 +0.6
−0.8 ±2.1/± 0.6/± 2.2 33.20 0.34 −6.9 0.72+0.97

−0.07

121.5 31.51 +0.5
−0.8 ±2.1/± 0.6/± 2.2 32.73 0.34 −6.9 0.72+0.97

−0.07

122.0 31.09 +0.5
−0.8 ±2.1/± 0.6/± 2.2 32.29 0.34 −7.0 0.71+0.97

−0.07

122.5 30.67 +0.5
−0.8 ±2.1/± 0.6/± 2.2 31.85 0.33 −7.0 0.71+0.96

−0.07

123.0 30.23 +0.6
−0.8 ±2.1/± 0.6/± 2.2 31.39 0.33 −7.0 0.71+0.96

−0.07

123.5 29.81 +0.6
−0.8 ±2.1/± 0.6/± 2.2 30.96 0.32 −7.0 0.70+0.95

−0.07

124.0 29.44 +0.5
−0.8 ±2.1/± 0.6/± 2.2 30.57 0.32 −7.1 0.70+0.95

−0.07

124.1 29.34 +0.5
−0.8 ±2.1/± 0.6/± 2.2 30.48 0.32 −7.1 0.70+0.95

−0.07

124.2 29.27 +0.5
−0.9 ±2.1/± 0.6/± 2.2 30.40 0.32 −7.0 0.70+0.95

−0.07

124.3 29.20 +0.5
−0.9 ±2.1/± 0.6/± 2.2 30.32 0.32 −7.1 0.70+0.95

−0.07

124.4 29.12 +0.5
−0.9 ±2.1/± 0.6/± 2.2 30.24 0.32 −7.1 0.70+0.95

−0.07

124.5 29.03 +0.5
−0.8 ±2.1/± 0.6/± 2.2 30.14 0.32 −7.1 0.70+0.95

−0.07

124.6 28.96 +0.5
−0.8 ±2.1/± 0.6/± 2.2 30.07 0.32 −7.1 0.70+0.95

−0.07

124.7 28.87 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.98 0.32 −7.1 0.70+0.95

−0.07

124.8 28.79 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.90 0.31 −7.1 0.70+0.94

−0.07

124.9 28.70 +0.6
−0.8 ±2.1/± 0.6/± 2.1 29.80 0.31 −7.1 0.70+0.94

−0.07

125.0 28.62 +0.6
−0.8 ±2.1/± 0.6/± 2.1 29.71 0.31 −7.1 0.70+0.94

−0.07

125.09 28.55 +0.6
−0.7 ±2.1/± 0.6/± 2.1 29.64 0.31 −7.1 0.70+0.94

−0.07

125.1 28.55 +0.6
−0.7 ±2.1/± 0.6/± 2.1 29.64 0.31 −7.1 0.70+0.94

−0.07

125.2 28.48 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.57 0.31 −7.1 0.70+0.94

−0.07

125.3 28.41 +0.5
−0.8 ±2.1/± 0.6/± 2.2 29.50 0.31 −7.1 0.70+0.94

−0.07

125.4 28.32 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.40 0.31 −7.1 0.69+0.94

−0.07

125.5 28.24 +0.6
−0.7 ±2.1/± 0.6/± 2.2 29.33 0.31 −7.1 0.69+0.94

−0.07

125.6 28.16 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.24 0.31 −7.1 0.69+0.94

−0.07

125.7 28.09 +0.6
−0.8 ±2.1/± 0.6/± 2.2 29.17 0.31 −7.1 0.69+0.94

−0.07

125.8 28.01 +0.6
−0.7 ±2.1/± 0.6/± 2.2 29.08 0.31 −7.1 0.69+0.94

−0.07

125.9 27.94 +0.6
−0.7 ±2.1/± 0.6/± 2.2 29.00 0.31 −7.1 0.69+0.94

−0.07

126.0 27.87 +0.6
−0.8 ±2.1/± 0.6/± 2.2 28.93 0.31 −7.1 0.69+0.94

−0.07

126.5 27.52 +0.5
−0.8 ±2.1/± 0.6/± 2.2 28.57 0.30 −7.2 0.69+0.94

−0.07

127.0 27.14 +0.6
−0.8 ±2.1/± 0.6/± 2.2 28.18 0.30 −7.2 0.69+0.93

−0.07

127.5 26.79 +0.5
−0.8 ±2.1/± 0.6/± 2.2 27.81 0.30 −7.2 0.69+0.93

−0.07

128.0 26.43 +0.6
−0.9 ±2.1/± 0.6/± 2.2 27.44 0.29 −7.2 0.68+0.93

−0.07

128.5 26.06 +0.6
−0.8 ±2.1/± 0.6/± 2.2 27.06 0.29 −7.3 0.68+0.92

−0.07

129.0 25.74 +0.6
−0.8 ±2.1/± 0.6/± 2.2 26.71 0.29 −7.3 0.68+0.92

−0.06

129.5 25.39 +0.5
−0.8 ±2.1/± 0.6/± 2.2 26.36 0.28 −7.3 0.68+0.92

−0.06

130.0 25.05 +0.6
−0.8 ±2.1/± 0.6/± 2.2 26.01 0.28 −7.3 0.68+0.92

−0.06
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Table 213: Total W−(→`−ν̄`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 13 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 68.17 +0.4
−0.6 ±1.7/± 0.9/± 1.9 70.18 0.86 −7.0 2.05+2.38

−0.23

120.5 67.25 +0.5
−0.6 ±1.7/± 0.8/± 1.9 69.22 0.85 −7.0 2.05+2.37

−0.23

121.0 66.35 +0.5
−0.6 ±1.8/± 0.8/± 1.9 68.29 0.85 −7.1 2.04+2.37

−0.23

121.5 65.48 +0.5
−0.6 ±1.8/± 0.8/± 1.9 67.39 0.83 −7.1 2.04+2.37

−0.23

122.0 64.60 +0.6
−0.6 ±1.8/± 0.8/± 1.9 66.46 0.83 −7.1 2.03+2.36

−0.23

122.5 63.82 +0.4
−0.7 ±1.8/± 0.8/± 2.0 65.66 0.82 −7.1 2.03+2.36

−0.23

123.0 62.99 +0.5
−0.6 ±1.8/± 0.8/± 2.0 64.80 0.81 −7.2 2.02+2.36

−0.23

123.5 62.19 +0.5
−0.7 ±1.8/± 0.8/± 2.0 63.96 0.80 −7.2 2.02+2.35

−0.22

124.0 61.33 +0.6
−0.6 ±1.8/± 0.8/± 2.0 63.08 0.79 −7.2 2.01+2.35

−0.22

124.1 61.22 +0.5
−0.7 ±1.8/± 0.8/± 2.0 62.96 0.80 −7.2 2.01+2.35

−0.22

124.2 61.04 +0.5
−0.6 ±1.8/± 0.8/± 2.0 62.76 0.79 −7.2 2.01+2.35

−0.22

124.3 60.93 +0.5
−0.6 ±1.8/± 0.8/± 2.0 62.65 0.78 −7.2 2.01+2.35

−0.22

124.4 60.78 +0.4
−0.7 ±1.8/± 0.8/± 2.0 62.49 0.79 −7.2 2.01+2.35

−0.22

124.5 60.57 +0.6
−0.6 ±1.8/± 0.8/± 2.0 62.27 0.78 −7.2 2.01+2.35

−0.22

124.6 60.47 +0.4
−0.7 ±1.8/± 0.8/± 2.0 62.17 0.79 −7.2 2.01+2.35

−0.22

124.7 60.31 +0.4
−0.7 ±1.8/± 0.8/± 2.0 62.00 0.78 −7.2 2.01+2.35

−0.22

124.8 60.18 +0.4
−0.7 ±1.8/± 0.8/± 2.0 61.87 0.78 −7.2 2.01+2.34

−0.22

124.9 60.02 +0.3
−0.7 ±1.8/± 0.8/± 2.0 61.71 0.78 −7.2 2.01+2.34

−0.22

125.0 59.83 +0.4
−0.7 ±1.8/± 0.8/± 2.0 61.51 0.78 −7.3 2.00+2.34

−0.22

125.09 59.67 +0.4
−0.6 ±1.8/± 0.8/± 2.0 61.33 0.78 −7.2 2.00+2.34

−0.22

125.1 59.66 +0.4
−0.6 ±1.8/± 0.8/± 2.0 61.34 0.77 −7.3 2.00+2.34

−0.22

125.2 59.50 +0.5
−0.6 ±1.8/± 0.8/± 2.0 61.16 0.77 −7.3 2.00+2.34

−0.22

125.3 59.33 +0.5
−0.6 ±1.8/± 0.8/± 2.0 60.99 0.77 −7.3 2.00+2.34

−0.22

125.4 59.22 +0.5
−0.8 ±1.8/± 0.8/± 2.0 60.88 0.77 −7.3 2.00+2.34

−0.22

125.5 59.08 +0.4
−0.7 ±1.8/± 0.8/± 2.0 60.74 0.77 −7.3 2.00+2.34

−0.22

125.6 58.91 +0.4
−0.7 ±1.8/± 0.8/± 2.0 60.56 0.77 −7.3 2.00+2.33

−0.22

125.7 58.76 +0.3
−0.7 ±1.8/± 0.8/± 2.0 60.41 0.77 −7.3 2.00+2.33

−0.22

125.8 58.62 +0.4
−0.8 ±1.8/± 0.8/± 2.0 60.25 0.77 −7.3 2.00+2.33

−0.22

125.9 58.45 +0.4
−0.7 ±1.8/± 0.8/± 2.0 60.07 0.76 −7.3 1.99+2.33

−0.22

126.0 58.29 +0.5
−0.7 ±1.8/± 0.8/± 2.0 59.91 0.76 −7.3 1.99+2.33

−0.22

126.5 57.59 +0.5
−0.7 ±1.8/± 0.8/± 2.0 59.18 0.75 −7.3 1.99+2.32

−0.22

127.0 56.80 +0.5
−0.6 ±1.8/± 0.8/± 1.9 58.36 0.74 −7.3 1.98+2.32

−0.22

127.5 56.12 +0.5
−0.6 ±1.8/± 0.8/± 1.9 57.66 0.74 −7.4 1.98+2.31

−0.22

128.0 55.41 +0.4
−0.6 ±1.8/± 0.8/± 1.9 56.91 0.73 −7.4 1.97+2.30

−0.22

128.5 54.74 +0.4
−0.7 ±1.8/± 0.8/± 1.9 56.22 0.72 −7.4 1.97+2.29

−0.22

129.0 54.07 +0.4
−0.7 ±1.8/± 0.8/± 1.9 55.53 0.71 −7.4 1.96+2.29

−0.21

129.5 53.38 +0.5
−0.7 ±1.8/± 0.8/± 1.9 54.81 0.71 −7.5 1.96+2.28

−0.21

130.0 52.70 +0.5
−0.6 ±1.8/± 0.8/± 1.9 54.10 0.70 −7.5 1.95+2.27

−0.21
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Table 214: Total W−(→`−ν̄`)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 14 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [%] [fb]

120.0 75.77 +0.4
−0.6 ±1.7/± 0.8/± 1.9 77.89 0.97 −7.0 2.39+2.74

−0.26

120.5 74.76 +0.4
−0.6 ±1.7/± 0.8/± 1.9 76.82 0.98 −7.1 2.38+2.73

−0.26

121.0 73.78 +0.4
−0.6 ±1.7/± 0.8/± 1.9 75.82 0.96 −7.1 2.37+2.72

−0.26

121.5 72.89 +0.3
−0.7 ±1.7/± 0.8/± 1.9 74.91 0.95 −7.1 2.37+2.71

−0.26

122.0 71.93 +0.4
−0.7 ±1.7/± 0.8/± 1.9 73.90 0.94 −7.1 2.36+2.70

−0.26

122.5 71.01 +0.5
−0.7 ±1.7/± 0.8/± 1.9 72.94 0.93 −7.1 2.35+2.69

−0.26

123.0 70.10 +0.4
−0.7 ±1.7/± 0.8/± 1.9 71.99 0.92 −7.2 2.35+2.69

−0.26

123.5 69.18 +0.4
−0.7 ±1.7/± 0.8/± 1.9 71.04 0.91 −7.2 2.34+2.68

−0.26

124.0 68.29 +0.4
−0.6 ±1.7/± 0.8/± 1.9 70.12 0.90 −7.2 2.33+2.67

−0.26

124.1 68.11 +0.4
−0.6 ±1.7/± 0.8/± 1.9 69.94 0.90 −7.2 2.33+2.67

−0.26

124.2 67.91 +0.5
−0.6 ±1.7/± 0.8/± 1.9 69.72 0.90 −7.2 2.33+2.67

−0.26

124.3 67.76 +0.5
−0.6 ±1.7/± 0.8/± 1.9 69.57 0.90 −7.2 2.33+2.67

−0.26

124.4 67.60 +0.5
−0.6 ±1.7/± 0.8/± 1.9 69.40 0.89 −7.2 2.33+2.66

−0.26

124.5 67.42 +0.4
−0.7 ±1.7/± 0.8/± 1.9 69.22 0.89 −7.2 2.33+2.66

−0.26

124.6 67.31 +0.3
−0.8 ±1.7/± 0.9/± 1.9 69.10 0.89 −7.2 2.33+2.66

−0.26

124.7 67.07 +0.4
−0.6 ±1.7/± 0.9/± 1.9 68.85 0.89 −7.3 2.33+2.66

−0.26

124.8 66.84 +0.5
−0.6 ±1.7/± 0.9/± 1.9 68.61 0.89 −7.3 2.32+2.66

−0.26

124.9 66.67 +0.5
−0.5 ±1.7/± 0.9/± 1.9 68.44 0.89 −7.3 2.32+2.66

−0.26

125.0 66.49 +0.5
−0.6 ±1.7/± 0.9/± 1.9 68.24 0.89 −7.3 2.32+2.65

−0.26

125.09 66.33 +0.5
−0.5 ±1.7/± 0.9/± 1.9 68.09 0.88 −7.3 2.32+2.65

−0.26

125.1 66.31 +0.5
−0.5 ±1.7/± 0.9/± 1.9 68.07 0.88 −7.3 2.32+2.65

−0.26

125.2 66.23 +0.4
−0.7 ±1.7/± 0.9/± 1.9 67.98 0.88 −7.3 2.32+2.65

−0.26

125.3 66.02 +0.5
−0.6 ±1.7/± 0.9/± 1.9 67.75 0.88 −7.3 2.32+2.65

−0.26

125.4 65.86 +0.4
−0.6 ±1.7/± 0.9/± 1.9 67.60 0.88 −7.3 2.32+2.65

−0.26

125.5 65.72 +0.4
−0.6 ±1.7/± 0.9/± 1.9 67.46 0.87 −7.3 2.32+2.65

−0.26

125.6 65.55 +0.3
−0.6 ±1.7/± 0.9/± 1.9 67.28 0.87 −7.3 2.32+2.65

−0.26

125.7 65.42 +0.3
−0.7 ±1.7/± 0.9/± 1.9 67.13 0.87 −7.3 2.31+2.65

−0.26

125.8 65.22 +0.4
−0.7 ±1.7/± 0.9/± 1.9 66.92 0.87 −7.3 2.31+2.65

−0.26

125.9 65.07 +0.3
−0.7 ±1.7/± 0.9/± 1.9 66.77 0.87 −7.3 2.31+2.65

−0.25

126.0 64.93 +0.3
−0.7 ±1.7/± 0.9/± 1.9 66.62 0.87 −7.3 2.31+2.65

−0.25

126.5 64.09 +0.3
−0.7 ±1.7/± 0.9/± 1.9 65.76 0.85 −7.3 2.31+2.64

−0.25

127.0 63.21 +0.4
−0.6 ±1.7/± 0.9/± 1.9 64.84 0.85 −7.4 2.30+2.64

−0.25

127.5 62.50 +0.3
−0.7 ±1.7/± 0.9/± 1.9 64.10 0.84 −7.4 2.30+2.63

−0.25

128.0 61.68 +0.5
−0.7 ±1.7/± 0.9/± 1.9 63.25 0.83 −7.4 2.29+2.63

−0.25

128.5 60.85 +0.5
−0.7 ±1.7/± 0.9/± 1.9 62.39 0.82 −7.4 2.29+2.63

−0.25

129.0 60.11 +0.5
−0.6 ±1.7/± 0.9/± 1.9 61.62 0.82 −7.5 2.28+2.62

−0.24

129.5 59.39 +0.5
−0.7 ±1.7/± 0.9/± 1.9 60.87 0.80 −7.5 2.28+2.62

−0.24

130.0 58.70 +0.4
−0.7 ±1.7/± 0.9/± 1.9 60.16 0.80 −7.5 2.27+2.61

−0.24
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Table 215: Total Z(→`+`−)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 7 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 12.97 +2.5
−2.2 ±1.6/± 0.7/± 1.7 12.46 1.00 0.12 −5.1 0.03+0.04

−0.00

120.5 12.81 +2.4
−2.2 ±1.6/± 0.7/± 1.7 12.29 0.99 0.12 −5.1 0.03+0.04

−0.00

121.0 12.65 +2.5
−2.2 ±1.6/± 0.7/± 1.7 12.13 0.99 0.12 −5.1 0.03+0.04

−0.00

121.5 12.48 +2.5
−2.2 ±1.6/± 0.7/± 1.7 11.96 0.98 0.12 −5.1 0.03+0.04

−0.00

122.0 12.32 +2.6
−2.1 ±1.6/± 0.7/± 1.7 11.80 0.98 0.11 −5.1 0.03+0.04

−0.00

122.5 12.17 +2.6
−2.2 ±1.6/± 0.7/± 1.7 11.65 0.97 0.11 −5.1 0.03+0.04

−0.00

123.0 12.00 +2.7
−2.1 ±1.6/± 0.7/± 1.7 11.49 0.96 0.11 −5.1 0.03+0.04

−0.00

123.5 11.85 +2.6
−2.2 ±1.6/± 0.7/± 1.7 11.34 0.96 0.11 −5.1 0.03+0.04

−0.00

124.0 11.72 +2.6
−2.3 ±1.6/± 0.7/± 1.7 11.20 0.96 0.11 −5.1 0.03+0.04

−0.00

124.1 11.69 +2.6
−2.3 ±1.6/± 0.7/± 1.7 11.17 0.95 0.11 −5.1 0.03+0.04

−0.00

124.2 11.66 +2.5
−2.3 ±1.6/± 0.7/± 1.7 11.14 0.95 0.11 −5.1 0.03+0.04

−0.00

124.3 11.63 +2.6
−2.3 ±1.6/± 0.7/± 1.7 11.11 0.95 0.11 −5.1 0.03+0.04

−0.00

124.4 11.60 +2.5
−2.3 ±1.6/± 0.7/± 1.7 11.09 0.95 0.11 −5.1 0.03+0.04

−0.00

124.5 11.57 +2.7
−2.3 ±1.6/± 0.7/± 1.7 11.05 0.95 0.11 −5.2 0.03+0.04

−0.00

124.6 11.54 +2.6
−2.3 ±1.6/± 0.7/± 1.7 11.03 0.95 0.11 −5.2 0.03+0.04

−0.00

124.7 11.51 +2.6
−2.3 ±1.6/± 0.7/± 1.7 11.00 0.95 0.11 −5.2 0.03+0.04

−0.00

124.8 11.48 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.97 0.94 0.11 −5.2 0.03+0.04

−0.00

124.9 11.46 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.94 0.94 0.11 −5.2 0.03+0.04

−0.00

125.0 11.43 +2.6
−2.4 ±1.6/± 0.7/± 1.7 10.91 0.94 0.11 −5.2 0.03+0.04

−0.00

125.09 11.40 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.88 0.94 0.11 −5.2 0.03+0.04

−0.00

125.1 11.40 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.88 0.94 0.11 −5.2 0.03+0.04

−0.00

125.2 11.37 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.85 0.94 0.11 −5.2 0.03+0.04

−0.00

125.3 11.34 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.82 0.94 0.11 −5.2 0.03+0.04

−0.00

125.4 11.31 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.80 0.94 0.11 −5.2 0.03+0.04

−0.00

125.5 11.28 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.76 0.94 0.11 −5.2 0.03+0.04

−0.00

125.6 11.25 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.73 0.94 0.11 −5.2 0.03+0.04

−0.00

125.7 11.23 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.71 0.94 0.11 −5.2 0.03+0.04

−0.00

125.8 11.20 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.68 0.94 0.11 −5.2 0.03+0.04

−0.00

125.9 11.17 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.65 0.93 0.11 −5.2 0.03+0.04

−0.00

126.0 11.14 +2.6
−2.3 ±1.6/± 0.7/± 1.7 10.63 0.93 0.10 −5.2 0.03+0.04

−0.00

126.5 11.00 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.48 0.93 0.10 −5.2 0.03+0.04

−0.00

127.0 10.87 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.35 0.92 0.10 −5.2 0.03+0.04

−0.00

127.5 10.73 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.22 0.92 0.10 −5.2 0.03+0.04

−0.00

128.0 10.60 +2.7
−2.3 ±1.6/± 0.7/± 1.7 10.08 0.91 0.10 −5.2 0.03+0.04

−0.00

128.5 10.48 +2.7
−2.3 ±1.6/± 0.7/± 1.7 9.96 0.91 0.10 −5.2 0.03+0.04

−0.00

129.0 10.35 +2.7
−2.3 ±1.6/± 0.7/± 1.7 9.84 0.90 0.10 −5.2 0.03+0.04

−0.00

129.5 10.22 +2.7
−2.4 ±1.6/± 0.7/± 1.7 9.71 0.89 0.10 −5.2 0.03+0.04

−0.00

130.0 10.10 +2.7
−2.4 ±1.6/± 0.7/± 1.7 9.59 0.89 0.10 −5.2 0.03+0.04

−0.00
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Table 216: Total Z(→`+`−)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 8 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 16.06 +2.6
−2.4 ±1.5/± 0.8/± 1.7 15.24 1.41 0.15 −5.1 0.04+0.05

−0.00

120.5 15.85 +2.7
−2.3 ±1.5/± 0.8/± 1.7 15.03 1.40 0.15 −5.1 0.04+0.05

−0.00

121.0 15.66 +2.7
−2.3 ±1.5/± 0.8/± 1.7 14.84 1.39 0.15 −5.1 0.04+0.05

−0.00

121.5 15.47 +2.7
−2.3 ±1.5/± 0.8/± 1.7 14.65 1.38 0.15 −5.1 0.04+0.05

−0.00

122.0 15.28 +2.8
−2.4 ±1.5/± 0.8/± 1.7 14.46 1.38 0.15 −5.1 0.04+0.05

−0.00

122.5 15.09 +2.7
−2.4 ±1.5/± 0.8/± 1.7 14.27 1.37 0.14 −5.2 0.04+0.05

−0.00

123.0 14.90 +2.8
−2.4 ±1.5/± 0.8/± 1.7 14.08 1.36 0.14 −5.2 0.04+0.05

−0.00

123.5 14.71 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.90 1.35 0.14 −5.2 0.04+0.05

−0.00

124.0 14.54 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.72 1.35 0.14 −5.2 0.04+0.05

−0.00

124.1 14.50 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.68 1.34 0.14 −5.2 0.04+0.05

−0.00

124.2 14.46 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.65 1.34 0.14 −5.2 0.04+0.05

−0.00

124.3 14.43 +2.7
−2.4 ±1.5/± 0.8/± 1.7 13.62 1.34 0.14 −5.2 0.04+0.05

−0.00

124.4 14.40 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.58 1.34 0.14 −5.2 0.04+0.05

−0.00

124.5 14.36 +2.7
−2.5 ±1.5/± 0.8/± 1.7 13.55 1.34 0.14 −5.2 0.04+0.05

−0.00

124.6 14.32 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.51 1.34 0.14 −5.2 0.04+0.05

−0.00

124.7 14.28 +2.9
−2.4 ±1.5/± 0.8/± 1.7 13.47 1.33 0.14 −5.2 0.04+0.05

−0.00

124.8 14.25 +2.9
−2.4 ±1.5/± 0.8/± 1.7 13.43 1.33 0.14 −5.2 0.04+0.05

−0.00

124.9 14.21 +2.9
−2.4 ±1.5/± 0.8/± 1.7 13.40 1.33 0.14 −5.2 0.04+0.05

−0.00

125.0 14.18 +2.9
−2.4 ±1.5/± 0.8/± 1.7 13.36 1.33 0.14 −5.2 0.04+0.05

−0.00

125.09 14.15 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.34 1.33 0.14 −5.2 0.04+0.05

−0.00

125.1 14.15 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.34 1.33 0.14 −5.2 0.04+0.05

−0.00

125.2 14.11 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.30 1.33 0.14 −5.2 0.04+0.05

−0.00

125.3 14.07 +2.9
−2.4 ±1.5/± 0.8/± 1.7 13.26 1.33 0.14 −5.2 0.04+0.05

−0.00

125.4 14.04 +2.8
−2.4 ±1.5/± 0.8/± 1.7 13.23 1.32 0.14 −5.2 0.04+0.05

−0.00

125.5 14.01 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.20 1.32 0.14 −5.2 0.04+0.05

−0.00

125.6 13.98 +2.8
−2.5 ±1.5/± 0.8/± 1.7 13.16 1.32 0.13 −5.2 0.04+0.05

−0.00

125.7 13.94 +2.8
−2.5 ±1.5/± 0.7/± 1.7 13.13 1.32 0.14 −5.2 0.04+0.05

−0.00

125.8 13.91 +2.7
−2.6 ±1.5/± 0.7/± 1.7 13.10 1.32 0.14 −5.2 0.04+0.05

−0.00

125.9 13.88 +2.8
−2.6 ±1.5/± 0.7/± 1.7 13.07 1.32 0.14 −5.2 0.04+0.05

−0.00

126.0 13.84 +2.8
−2.5 ±1.5/± 0.7/± 1.7 13.03 1.32 0.13 −5.2 0.04+0.05

−0.00

126.5 13.67 +2.9
−2.5 ±1.5/± 0.7/± 1.7 12.86 1.31 0.13 −5.2 0.04+0.05

−0.00

127.0 13.51 +2.9
−2.5 ±1.5/± 0.7/± 1.7 12.70 1.30 0.13 −5.2 0.04+0.05

−0.00

127.5 13.35 +2.8
−2.6 ±1.5/± 0.7/± 1.7 12.54 1.29 0.13 −5.2 0.04+0.05

−0.00

128.0 13.19 +2.9
−2.6 ±1.5/± 0.7/± 1.7 12.38 1.29 0.13 −5.2 0.04+0.05

−0.00

128.5 13.02 +3.0
−2.5 ±1.5/± 0.7/± 1.7 12.22 1.28 0.13 −5.2 0.04+0.05

−0.00

129.0 12.87 +2.9
−2.6 ±1.5/± 0.7/± 1.7 12.07 1.27 0.13 −5.2 0.04+0.05

−0.00

129.5 12.72 +2.9
−2.6 ±1.5/± 0.7/± 1.7 11.92 1.26 0.13 −5.2 0.04+0.05

−0.00

130.0 12.56 +3.0
−2.6 ±1.5/± 0.7/± 1.7 11.77 1.25 0.12 −5.3 0.04+0.05

−0.00
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Table 217: Total Z(→`+`−)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 13 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 33.52 +3.4
−3.0 ±1.3/± 1.0/± 1.6 30.24 4.38 0.35 −5.2 0.11+0.13

−0.01

120.5 33.15 +3.4
−3.0 ±1.3/± 1.0/± 1.6 29.89 4.36 0.34 −5.2 0.11+0.13

−0.01

121.0 32.73 +3.5
−3.0 ±1.3/± 1.0/± 1.6 29.49 4.32 0.34 −5.2 0.11+0.13

−0.01

121.5 32.35 +3.6
−3.0 ±1.3/± 1.0/± 1.6 29.14 4.28 0.34 −5.2 0.11+0.13

−0.01

122.0 31.99 +3.6
−3.0 ±1.3/± 1.0/± 1.6 28.75 4.29 0.33 −5.2 0.11+0.13

−0.01

122.5 31.61 +3.6
−3.0 ±1.3/± 0.9/± 1.6 28.38 4.27 0.33 −5.2 0.11+0.12

−0.01

123.0 31.25 +3.6
−3.1 ±1.3/± 0.9/± 1.6 28.05 4.23 0.33 −5.2 0.11+0.12

−0.01

123.5 30.89 +3.5
−3.1 ±1.3/± 0.9/± 1.6 27.69 4.22 0.33 −5.2 0.11+0.12

−0.01

124.0 30.53 +3.6
−3.1 ±1.3/± 0.9/± 1.6 27.34 4.19 0.32 −5.2 0.11+0.12

−0.01

124.1 30.48 +3.7
−3.2 ±1.3/± 0.9/± 1.6 27.29 4.19 0.32 −5.3 0.11+0.12

−0.01

124.2 30.39 +3.8
−3.0 ±1.3/± 0.9/± 1.6 27.20 4.19 0.32 −5.3 0.11+0.12

−0.01

124.3 30.32 +3.7
−3.1 ±1.3/± 0.9/± 1.6 27.14 4.18 0.32 −5.3 0.11+0.12

−0.01

124.4 30.24 +3.7
−3.0 ±1.3/± 0.9/± 1.6 27.06 4.17 0.32 −5.3 0.11+0.12

−0.01

124.5 30.17 +3.8
−3.0 ±1.3/± 0.9/± 1.6 27.00 4.17 0.32 −5.3 0.11+0.12

−0.01

124.6 30.10 +3.8
−3.0 ±1.3/± 0.9/± 1.6 26.93 4.16 0.32 −5.3 0.11+0.12

−0.01

124.7 30.03 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.86 4.17 0.32 −5.3 0.11+0.12

−0.01

124.8 29.97 +3.7
−3.1 ±1.3/± 0.9/± 1.6 26.81 4.15 0.32 −5.3 0.11+0.12

−0.01

124.9 29.88 +3.9
−3.1 ±1.3/± 0.9/± 1.6 26.72 4.14 0.31 −5.3 0.11+0.12

−0.01

125.0 29.82 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.66 4.14 0.31 −5.3 0.11+0.12

−0.01

125.09 29.77 +3.8
−3.0 ±1.3/± 0.9/± 1.6 26.60 4.14 0.31 −5.3 0.11+0.12

−0.01

125.1 29.75 +3.9
−3.0 ±1.3/± 0.9/± 1.6 26.59 4.14 0.32 −5.3 0.11+0.12

−0.01

125.2 29.69 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.53 4.13 0.32 −5.3 0.11+0.12

−0.01

125.3 29.63 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.47 4.13 0.31 −5.3 0.11+0.12

−0.01

125.4 29.57 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.42 4.13 0.31 −5.3 0.11+0.12

−0.01

125.5 29.50 +3.7
−3.1 ±1.3/± 0.9/± 1.6 26.34 4.12 0.31 −5.3 0.11+0.12

−0.01

125.6 29.44 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.28 4.13 0.31 −5.3 0.11+0.12

−0.01

125.7 29.36 +3.8
−3.0 ±1.3/± 0.9/± 1.6 26.22 4.11 0.31 −5.3 0.11+0.12

−0.01

125.8 29.32 +3.7
−3.2 ±1.3/± 0.9/± 1.6 26.17 4.11 0.31 −5.3 0.11+0.12

−0.01

125.9 29.24 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.09 4.11 0.31 −5.3 0.11+0.12

−0.01

126.0 29.18 +3.8
−3.1 ±1.3/± 0.9/± 1.6 26.03 4.11 0.31 −5.3 0.11+0.12

−0.01

126.5 28.84 +3.7
−3.2 ±1.3/± 0.9/± 1.6 25.70 4.09 0.31 −5.3 0.11+0.12

−0.01

127.0 28.50 +3.7
−3.2 ±1.3/± 0.9/± 1.6 25.38 4.06 0.30 −5.3 0.11+0.12

−0.01

127.5 28.17 +3.8
−3.2 ±1.3/± 0.9/± 1.6 25.05 4.04 0.30 −5.3 0.11+0.12

−0.01

128.0 27.85 +3.9
−3.1 ±1.3/± 0.9/± 1.6 24.75 4.02 0.30 −5.3 0.11+0.12

−0.01

128.5 27.54 +3.9
−3.2 ±1.3/± 0.9/± 1.6 24.46 3.98 0.29 −5.3 0.11+0.12

−0.01

129.0 27.24 +3.8
−3.2 ±1.3/± 0.9/± 1.6 24.16 3.97 0.29 −5.3 0.10+0.12

−0.01

129.5 26.93 +3.9
−3.2 ±1.3/± 0.9/± 1.6 23.85 3.95 0.29 −5.3 0.10+0.12

−0.01

130.0 26.65 +3.9
−3.2 ±1.3/± 0.9/± 1.6 23.59 3.93 0.29 −5.3 0.10+0.12

−0.01
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Table 218: Total Z(→`+`−)H cross sections including QCD and EW corrections and their uncertainties for a
proton–proton collision energy

√
s = 14 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 37.31 +3.6
−3.0 ±1.3/± 1.0/± 1.7 33.39 5.14 0.39 −5.2 0.13+0.14

−0.01

120.5 36.90 +3.7
−3.1 ±1.3/± 1.0/± 1.7 32.99 5.12 0.39 −5.2 0.13+0.14

−0.01

121.0 36.46 +3.6
−3.1 ±1.3/± 1.0/± 1.7 32.57 5.08 0.38 −5.2 0.13+0.14

−0.01

121.5 36.06 +3.5
−3.1 ±1.3/± 1.0/± 1.7 32.17 5.07 0.38 −5.2 0.13+0.14

−0.01

122.0 35.64 +3.6
−3.1 ±1.3/± 1.0/± 1.7 31.77 5.03 0.38 −5.2 0.13+0.14

−0.01

122.5 35.25 +3.6
−3.2 ±1.3/± 1.0/± 1.7 31.39 5.00 0.37 −5.2 0.13+0.14

−0.01

123.0 34.82 +3.8
−3.1 ±1.3/± 1.0/± 1.6 30.97 4.97 0.37 −5.2 0.13+0.14

−0.01

123.5 34.41 +3.7
−3.1 ±1.3/± 1.0/± 1.6 30.58 4.94 0.37 −5.3 0.13+0.14

−0.01

124.0 34.03 +3.8
−3.2 ±1.3/± 1.0/± 1.6 30.20 4.93 0.36 −5.3 0.12+0.13

−0.01

124.1 33.95 +3.7
−3.2 ±1.3/± 1.0/± 1.6 30.13 4.92 0.36 −5.3 0.12+0.13

−0.01

124.2 33.86 +3.7
−3.1 ±1.3/± 1.0/± 1.6 30.04 4.91 0.36 −5.3 0.12+0.13

−0.01

124.3 33.80 +3.7
−3.2 ±1.3/± 1.0/± 1.6 29.97 4.92 0.36 −5.3 0.12+0.13

−0.01

124.4 33.70 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.89 4.90 0.36 −5.3 0.12+0.13

−0.01

124.5 33.65 +3.7
−3.3 ±1.3/± 1.0/± 1.6 29.84 4.90 0.36 −5.3 0.12+0.13

−0.01

124.6 33.55 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.75 4.89 0.36 −5.3 0.12+0.13

−0.01

124.7 33.49 +3.8
−3.3 ±1.3/± 1.0/± 1.6 29.68 4.89 0.36 −5.3 0.12+0.13

−0.01

124.8 33.40 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.61 4.87 0.36 −5.3 0.12+0.13

−0.01

124.9 33.32 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.52 4.87 0.36 −5.3 0.12+0.13

−0.01

125.0 33.27 +3.8
−3.3 ±1.3/± 1.0/± 1.6 29.47 4.87 0.36 −5.3 0.12+0.13

−0.01

125.09 33.19 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.39 4.87 0.36 −5.3 0.12+0.13

−0.01

125.1 33.18 +3.9
−3.3 ±1.3/± 1.0/± 1.6 29.39 4.86 0.36 −5.3 0.12+0.13

−0.01

125.2 33.11 +3.8
−3.2 ±1.3/± 1.0/± 1.6 29.31 4.87 0.35 −5.3 0.12+0.13

−0.01

125.3 33.04 +3.8
−3.3 ±1.3/± 1.0/± 1.6 29.25 4.86 0.35 −5.3 0.12+0.13

−0.01

125.4 32.96 +3.9
−3.2 ±1.3/± 1.0/± 1.6 29.17 4.85 0.35 −5.3 0.12+0.13

−0.01

125.5 32.88 +3.9
−3.2 ±1.3/± 1.0/± 1.6 29.10 4.84 0.35 −5.3 0.12+0.13

−0.01

125.6 32.82 +3.8
−3.3 ±1.3/± 1.0/± 1.6 29.04 4.84 0.35 −5.3 0.12+0.13

−0.01

125.7 32.73 +3.9
−3.3 ±1.3/± 1.0/± 1.6 28.95 4.84 0.35 −5.3 0.12+0.13

−0.01

125.8 32.65 +3.9
−3.2 ±1.3/± 1.0/± 1.6 28.87 4.83 0.35 −5.3 0.12+0.13

−0.01

125.9 32.58 +3.9
−3.2 ±1.3/± 1.0/± 1.6 28.81 4.82 0.35 −5.3 0.12+0.13

−0.01

126.0 32.48 +4.0
−3.2 ±1.3/± 1.0/± 1.6 28.71 4.82 0.35 −5.3 0.12+0.13

−0.01

126.5 32.14 +4.0
−3.3 ±1.3/± 1.0/± 1.6 28.39 4.79 0.35 −5.3 0.12+0.13

−0.01

127.0 31.79 +4.1
−3.3 ±1.3/± 1.0/± 1.6 28.04 4.77 0.34 −5.3 0.12+0.13

−0.01

127.5 31.44 +4.0
−3.3 ±1.3/± 1.0/± 1.6 27.71 4.74 0.34 −5.3 0.12+0.13

−0.01

128.0 31.07 +4.1
−3.2 ±1.3/± 1.0/± 1.6 27.36 4.71 0.34 −5.3 0.12+0.13

−0.01

128.5 30.76 +4.0
−3.4 ±1.3/± 1.0/± 1.6 27.06 4.69 0.34 −5.3 0.12+0.13

−0.01

129.0 30.44 +3.9
−3.4 ±1.3/± 1.0/± 1.6 26.75 4.66 0.33 −5.3 0.12+0.13

−0.01

129.5 30.08 +3.9
−3.4 ±1.3/± 1.0/± 1.6 26.41 4.64 0.33 −5.3 0.12+0.14

−0.01

130.0 29.72 +4.1
−3.4 ±1.3/± 1.0/± 1.6 26.07 4.60 0.32 −5.4 0.12+0.14

−0.01
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Table 219: Total Z(→νν̄)H cross sections including QCD and EW corrections and their uncertainties for a proton–
proton collision energy

√
s = 7 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 77.40 +2.5
−2.2 ±1.6/± 0.7/± 1.7 73.87 5.92 0.71 −4.2 0.00

120.5 76.43 +2.4
−2.2 ±1.6/± 0.7/± 1.7 72.90 5.89 0.70 −4.2 0.00

121.0 75.46 +2.5
−2.2 ±1.6/± 0.7/± 1.7 71.93 5.86 0.69 −4.2 0.00

121.5 74.48 +2.5
−2.2 ±1.6/± 0.7/± 1.7 70.95 5.83 0.69 −4.2 0.00

122.0 73.51 +2.6
−2.1 ±1.6/± 0.7/± 1.7 70.00 5.78 0.68 −4.2 0.00

122.5 72.59 +2.6
−2.2 ±1.6/± 0.7/± 1.7 69.08 5.76 0.67 −4.2 0.00

123.0 71.62 +2.7
−2.1 ±1.6/± 0.7/± 1.7 68.12 5.72 0.66 −4.2 0.00

123.5 70.73 +2.6
−2.2 ±1.6/± 0.7/± 1.7 67.24 5.68 0.66 −4.2 0.00

124.0 69.90 +2.6
−2.3 ±1.6/± 0.7/± 1.7 66.40 5.67 0.65 −4.2 0.00

124.1 69.73 +2.6
−2.3 ±1.6/± 0.7/± 1.7 66.23 5.66 0.65 −4.2 0.00

124.2 69.58 +2.5
−2.3 ±1.6/± 0.7/± 1.7 66.08 5.66 0.65 −4.2 0.00

124.3 69.37 +2.6
−2.3 ±1.6/± 0.7/± 1.7 65.88 5.64 0.65 −4.2 0.00

124.4 69.23 +2.5
−2.3 ±1.6/± 0.7/± 1.7 65.74 5.64 0.64 −4.2 0.00

124.5 69.01 +2.7
−2.3 ±1.6/± 0.7/± 1.7 65.52 5.63 0.64 −4.2 0.00

124.6 68.88 +2.6
−2.3 ±1.6/± 0.7/± 1.7 65.39 5.63 0.64 −4.2 0.00

124.7 68.69 +2.6
−2.3 ±1.6/± 0.7/± 1.7 65.21 5.61 0.64 −4.2 0.00

124.8 68.50 +2.6
−2.3 ±1.6/± 0.7/± 1.7 65.03 5.60 0.64 −4.3 0.00

124.9 68.35 +2.6
−2.3 ±1.6/± 0.7/± 1.7 64.87 5.60 0.64 −4.3 0.00

125.0 68.18 +2.6
−2.4 ±1.6/± 0.7/± 1.7 64.70 5.59 0.64 −4.3 0.00

125.09 68.02 +2.6
−2.3 ±1.6/± 0.7/± 1.7 64.53 5.60 0.63 −4.3 0.00

125.1 68.00 +2.6
−2.3 ±1.6/± 0.7/± 1.7 64.51 5.59 0.64 −4.3 0.00

125.2 67.82 +2.6
−2.3 ±1.6/± 0.7/± 1.7 64.34 5.59 0.64 −4.3 0.00

125.3 67.65 +2.7
−2.3 ±1.6/± 0.7/± 1.7 64.17 5.58 0.63 −4.3 0.00

125.4 67.49 +2.7
−2.3 ±1.6/± 0.7/± 1.7 64.02 5.57 0.63 −4.3 0.00

125.5 67.28 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.81 5.56 0.63 −4.3 0.00

125.6 67.13 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.65 5.56 0.63 −4.3 0.00

125.7 66.97 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.50 5.56 0.63 −4.3 0.00

125.8 66.83 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.35 5.55 0.63 −4.3 0.00

125.9 66.62 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.16 5.54 0.62 −4.3 0.00

126.0 66.48 +2.6
−2.3 ±1.6/± 0.7/± 1.7 63.02 5.53 0.62 −4.3 0.00

126.5 65.62 +2.7
−2.3 ±1.6/± 0.7/± 1.7 62.17 5.50 0.62 −4.3 0.00

127.0 64.82 +2.7
−2.3 ±1.6/± 0.7/± 1.7 61.38 5.47 0.61 −4.3 0.00

127.5 64.03 +2.7
−2.3 ±1.6/± 0.7/± 1.7 60.58 5.44 0.61 −4.3 0.00

128.0 63.24 +2.7
−2.3 ±1.6/± 0.7/± 1.7 59.80 5.40 0.60 −4.3 0.00

128.5 62.48 +2.7
−2.3 ±1.6/± 0.7/± 1.7 59.06 5.37 0.59 −4.3 0.00

129.0 61.72 +2.7
−2.3 ±1.6/± 0.7/± 1.7 58.32 5.33 0.59 −4.3 0.00

129.5 60.97 +2.7
−2.4 ±1.6/± 0.7/± 1.7 57.57 5.31 0.58 −4.3 0.00

130.0 60.22 +2.7
−2.4 ±1.6/± 0.7/± 1.7 56.84 5.27 0.58 −4.3 0.00
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Table 220: Total Z(→νν̄)H cross sections including QCD and EW corrections and their uncertainties for a proton–
proton collision energy

√
s = 8 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 95.81 +2.6
−2.4 ±1.5/± 0.8/± 1.7 90.37 8.35 0.90 −4.2 0.00

120.5 94.56 +2.7
−2.3 ±1.5/± 0.8/± 1.7 89.13 8.30 0.89 −4.2 0.00

121.0 93.41 +2.7
−2.3 ±1.5/± 0.8/± 1.7 87.99 8.26 0.88 −4.2 0.00

121.5 92.27 +2.7
−2.3 ±1.5/± 0.8/± 1.7 86.87 8.21 0.87 −4.2 0.00

122.0 91.12 +2.8
−2.4 ±1.5/± 0.8/± 1.7 85.72 8.17 0.86 −4.2 0.00

122.5 90.01 +2.7
−2.4 ±1.5/± 0.8/± 1.7 84.62 8.12 0.86 −4.2 0.00

123.0 88.85 +2.8
−2.4 ±1.5/± 0.8/± 1.7 83.48 8.07 0.85 −4.3 0.00

123.5 87.74 +2.8
−2.4 ±1.5/± 0.8/± 1.7 82.40 8.02 0.84 −4.3 0.00

124.0 86.69 +2.8
−2.4 ±1.5/± 0.8/± 1.7 81.35 7.98 0.83 −4.3 0.00

124.1 86.47 +2.8
−2.4 ±1.5/± 0.8/± 1.7 81.13 7.97 0.83 −4.3 0.00

124.2 86.27 +2.8
−2.4 ±1.5/± 0.8/± 1.7 80.94 7.96 0.82 −4.3 0.00

124.3 86.07 +2.7
−2.4 ±1.5/± 0.8/± 1.7 80.74 7.96 0.82 −4.3 0.00

124.4 85.87 +2.8
−2.5 ±1.5/± 0.8/± 1.7 80.54 7.94 0.83 −4.3 0.00

124.5 85.65 +2.7
−2.5 ±1.5/± 0.8/± 1.7 80.33 7.93 0.82 −4.3 0.00

124.6 85.42 +2.8
−2.5 ±1.5/± 0.8/± 1.7 80.09 7.92 0.83 −4.3 0.00

124.7 85.19 +2.9
−2.4 ±1.5/± 0.8/± 1.7 79.88 7.91 0.82 −4.3 0.00

124.8 84.97 +2.9
−2.4 ±1.5/± 0.8/± 1.7 79.66 7.90 0.81 −4.3 0.00

124.9 84.76 +2.9
−2.4 ±1.5/± 0.8/± 1.7 79.46 7.89 0.81 −4.3 0.00

125.0 84.56 +2.9
−2.4 ±1.5/± 0.8/± 1.7 79.25 7.89 0.81 −4.3 0.00

125.09 84.40 +2.8
−2.4 ±1.5/± 0.8/± 1.7 79.09 7.89 0.81 −4.3 0.00

125.1 84.40 +2.8
−2.5 ±1.5/± 0.8/± 1.7 79.08 7.89 0.81 −4.3 0.00

125.2 84.16 +2.8
−2.5 ±1.5/± 0.8/± 1.7 78.86 7.87 0.81 −4.3 0.00

125.3 83.94 +2.9
−2.4 ±1.5/± 0.8/± 1.7 78.64 7.86 0.81 −4.3 0.00

125.4 83.73 +2.8
−2.4 ±1.5/± 0.8/± 1.7 78.44 7.85 0.81 −4.3 0.00

125.5 83.56 +2.8
−2.5 ±1.5/± 0.8/± 1.7 78.26 7.84 0.81 −4.3 0.00

125.6 83.36 +2.8
−2.5 ±1.5/± 0.8/± 1.7 78.07 7.84 0.80 −4.3 0.00

125.7 83.13 +2.8
−2.5 ±1.5/± 0.7/± 1.7 77.84 7.83 0.80 −4.3 0.00

125.8 82.98 +2.7
−2.6 ±1.5/± 0.7/± 1.7 77.70 7.82 0.80 −4.3 0.00

125.9 82.79 +2.8
−2.6 ±1.5/± 0.7/± 1.7 77.49 7.82 0.80 −4.3 0.00

126.0 82.54 +2.8
−2.5 ±1.5/± 0.7/± 1.7 77.26 7.80 0.80 −4.3 0.00

126.5 81.53 +2.9
−2.5 ±1.5/± 0.7/± 1.7 76.27 7.75 0.79 −4.3 0.00

127.0 80.54 +2.9
−2.5 ±1.5/± 0.7/± 1.7 75.29 7.71 0.78 −4.3 0.00

127.5 79.60 +2.8
−2.6 ±1.5/± 0.7/± 1.7 74.36 7.67 0.78 −4.3 0.00

128.0 78.67 +2.9
−2.6 ±1.5/± 0.7/± 1.7 73.44 7.63 0.77 −4.3 0.00

128.5 77.63 +3.0
−2.5 ±1.5/± 0.7/± 1.7 72.45 7.57 0.76 −4.3 0.00

129.0 76.75 +2.9
−2.6 ±1.5/± 0.7/± 1.7 71.57 7.54 0.75 −4.3 0.00

129.5 75.82 +2.9
−2.6 ±1.5/± 0.7/± 1.7 70.66 7.49 0.74 −4.3 0.00

130.0 74.90 +3.0
−2.6 ±1.5/± 0.7/± 1.7 69.77 7.43 0.73 −4.4 0.00
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Table 221: Total Z(→νν̄)H cross sections including QCD and EW corrections and their uncertainties for a proton–
proton collision energy

√
s = 13 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 199.71 +3.4
−3.0 ±1.3/± 1.0/± 1.6 179.34 26.00 2.07 −4.3 0.00

120.5 197.49 +3.4
−3.0 ±1.3/± 1.0/± 1.6 177.22 25.85 2.04 −4.3 0.00

121.0 195.02 +3.5
−3.0 ±1.3/± 1.0/± 1.6 174.89 25.64 2.02 −4.3 0.00

121.5 192.73 +3.6
−3.0 ±1.3/± 1.0/± 1.6 172.77 25.40 2.01 −4.3 0.00

122.0 190.57 +3.6
−3.0 ±1.3/± 1.0/± 1.6 170.51 25.45 1.98 −4.3 0.00

122.5 188.29 +3.6
−3.0 ±1.3/± 0.9/± 1.6 168.30 25.31 1.97 −4.3 0.00

123.0 186.15 +3.6
−3.1 ±1.3/± 0.9/± 1.6 166.32 25.10 1.93 −4.3 0.00

123.5 184.00 +3.5
−3.1 ±1.3/± 0.9/± 1.6 164.18 25.02 1.93 −4.3 0.00

124.0 181.88 +3.6
−3.1 ±1.3/± 0.9/± 1.6 162.15 24.86 1.92 −4.3 0.00

124.1 181.59 +3.7
−3.2 ±1.3/± 0.9/± 1.6 161.86 24.87 1.91 −4.4 0.00

124.2 181.01 +3.8
−3.0 ±1.3/± 0.9/± 1.6 161.32 24.82 1.89 −4.4 0.00

124.3 180.60 +3.7
−3.1 ±1.3/± 0.9/± 1.6 160.91 24.80 1.89 −4.4 0.00

124.4 180.13 +3.7
−3.0 ±1.3/± 0.9/± 1.6 160.49 24.74 1.89 −4.4 0.00

124.5 179.72 +3.8
−3.0 ±1.3/± 0.9/± 1.6 160.10 24.71 1.89 −4.4 0.00

124.6 179.27 +3.8
−3.0 ±1.3/± 0.9/± 1.6 159.68 24.67 1.88 −4.4 0.00

124.7 178.90 +3.8
−3.1 ±1.3/± 0.9/± 1.6 159.26 24.70 1.88 −4.4 0.00

124.8 178.51 +3.7
−3.1 ±1.3/± 0.9/± 1.6 158.96 24.61 1.88 −4.4 0.00

124.9 178.00 +3.9
−3.1 ±1.3/± 0.9/± 1.6 158.47 24.58 1.86 −4.4 0.00

125.0 177.62 +3.8
−3.1 ±1.3/± 0.9/± 1.6 158.10 24.57 1.85 −4.4 0.00

125.09 177.30 +3.8
−3.0 ±1.3/± 0.9/± 1.6 157.77 24.55 1.86 −4.4 0.00

125.1 177.22 +3.9
−3.0 ±1.3/± 0.9/± 1.6 157.70 24.54 1.87 −4.4 0.00

125.2 176.81 +3.8
−3.1 ±1.3/± 0.9/± 1.6 157.34 24.47 1.87 −4.4 0.00

125.3 176.48 +3.8
−3.1 ±1.3/± 0.9/± 1.6 157.00 24.48 1.86 −4.4 0.00

125.4 176.15 +3.8
−3.1 ±1.3/± 0.9/± 1.6 156.67 24.46 1.87 −4.4 0.00

125.5 175.68 +3.7
−3.1 ±1.3/± 0.9/± 1.6 156.21 24.44 1.86 −4.4 0.00

125.6 175.36 +3.8
−3.1 ±1.3/± 0.9/± 1.6 155.85 24.48 1.85 −4.4 0.00

125.7 174.88 +3.8
−3.0 ±1.3/± 0.9/± 1.6 155.47 24.36 1.85 −4.4 0.00

125.8 174.63 +3.7
−3.2 ±1.3/± 0.9/± 1.6 155.18 24.40 1.85 −4.4 0.00

125.9 174.16 +3.8
−3.1 ±1.3/± 0.9/± 1.6 154.74 24.36 1.83 −4.4 0.00

126.0 173.80 +3.8
−3.1 ±1.3/± 0.9/± 1.6 154.36 24.37 1.83 −4.4 0.00

126.5 171.76 +3.7
−3.2 ±1.3/± 0.9/± 1.6 152.40 24.23 1.81 −4.4 0.00

127.0 169.73 +3.7
−3.2 ±1.3/± 0.9/± 1.6 150.49 24.07 1.79 −4.4 0.00

127.5 167.75 +3.8
−3.2 ±1.3/± 0.9/± 1.6 148.56 23.94 1.78 −4.4 0.00

128.0 165.85 +3.9
−3.1 ±1.3/± 0.9/± 1.6 146.74 23.81 1.77 −4.4 0.00

128.5 164.02 +3.9
−3.2 ±1.3/± 0.9/± 1.6 145.06 23.62 1.75 −4.4 0.00

129.0 162.22 +3.8
−3.2 ±1.3/± 0.9/± 1.6 143.28 23.55 1.73 −4.4 0.00

129.5 160.33 +3.9
−3.2 ±1.3/± 0.9/± 1.6 141.45 23.44 1.72 −4.4 0.00

130.0 158.65 +3.9
−3.2 ±1.3/± 0.9/± 1.6 139.88 23.29 1.70 −4.4 0.00
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Table 222: Total Z(→νν̄)H cross sections including QCD and EW corrections and their uncertainties for a proton–
proton collision energy

√
s = 14 TeV.

MH σ ∆scale ∆PDF/αs/PDF⊕αs
σDY

NNLOQCD σ
ggZH
NLO+NLL σt-loop δEW σγ

[GeV] [fb] [%] [%] [fb] [fb] [fb] [%] [fb]

120.0 222.28 +3.6
−3.0 ±1.3/± 1.0/± 1.7 198.00 30.48 2.33 −4.3 0.00

120.5 219.82 +3.7
−3.1 ±1.3/± 1.0/± 1.7 195.63 30.34 2.29 −4.3 0.00

121.0 217.19 +3.6
−3.1 ±1.3/± 1.0/± 1.7 193.16 30.10 2.27 −4.3 0.00

121.5 214.80 +3.5
−3.1 ±1.3/± 1.0/± 1.7 190.76 30.04 2.25 −4.3 0.00

122.0 212.29 +3.6
−3.1 ±1.3/± 1.0/± 1.7 188.38 29.84 2.23 −4.3 0.00

122.5 209.94 +3.6
−3.2 ±1.3/± 1.0/± 1.7 186.16 29.64 2.22 −4.3 0.00

123.0 207.36 +3.8
−3.1 ±1.3/± 1.0/± 1.6 183.66 29.50 2.19 −4.3 0.00

123.5 204.93 +3.7
−3.1 ±1.3/± 1.0/± 1.6 181.35 29.29 2.19 −4.4 0.00

124.0 202.68 +3.8
−3.2 ±1.3/± 1.0/± 1.6 179.10 29.24 2.15 −4.4 0.00

124.1 202.20 +3.7
−3.2 ±1.3/± 1.0/± 1.6 178.68 29.16 2.15 −4.4 0.00

124.2 201.67 +3.7
−3.1 ±1.3/± 1.0/± 1.6 178.16 29.13 2.15 −4.4 0.00

124.3 201.31 +3.7
−3.2 ±1.3/± 1.0/± 1.6 177.75 29.18 2.13 −4.4 0.00

124.4 200.70 +3.8
−3.2 ±1.3/± 1.0/± 1.6 177.24 29.06 2.13 −4.4 0.00

124.5 200.38 +3.7
−3.3 ±1.3/± 1.0/± 1.6 176.93 29.04 2.14 −4.4 0.00

124.6 199.83 +3.8
−3.2 ±1.3/± 1.0/± 1.6 176.43 28.98 2.12 −4.4 0.00

124.7 199.45 +3.8
−3.3 ±1.3/± 1.0/± 1.6 176.03 29.00 2.12 −4.4 0.00

124.8 198.90 +3.8
−3.2 ±1.3/± 1.0/± 1.6 175.57 28.90 2.11 −4.4 0.00

124.9 198.43 +3.8
−3.2 ±1.3/± 1.0/± 1.6 175.07 28.91 2.12 −4.4 0.00

125.0 198.12 +3.8
−3.3 ±1.3/± 1.0/± 1.6 174.77 28.88 2.11 −4.4 0.00

125.09 197.64 +3.8
−3.2 ±1.3/± 1.0/± 1.6 174.28 28.86 2.12 −4.4 0.00

125.1 197.58 +3.9
−3.3 ±1.3/± 1.0/± 1.6 174.25 28.85 2.11 −4.4 0.00

125.2 197.16 +3.8
−3.2 ±1.3/± 1.0/± 1.6 173.81 28.86 2.10 −4.4 0.00

125.3 196.76 +3.8
−3.3 ±1.3/± 1.0/± 1.6 173.44 28.82 2.10 −4.4 0.00

125.4 196.26 +3.9
−3.2 ±1.3/± 1.0/± 1.6 172.97 28.77 2.09 −4.4 0.00

125.5 195.81 +3.9
−3.2 ±1.3/± 1.0/± 1.6 172.56 28.72 2.10 −4.4 0.00

125.6 195.44 +3.8
−3.3 ±1.3/± 1.0/± 1.6 172.22 28.68 2.09 −4.4 0.00

125.7 194.93 +3.9
−3.3 ±1.3/± 1.0/± 1.6 171.70 28.68 2.08 −4.4 0.00

125.8 194.42 +3.9
−3.2 ±1.3/± 1.0/± 1.6 171.22 28.63 2.08 −4.4 0.00

125.9 194.00 +3.9
−3.2 ±1.3/± 1.0/± 1.6 170.82 28.60 2.08 −4.4 0.00

126.0 193.44 +4.0
−3.2 ±1.3/± 1.0/± 1.6 170.28 28.56 2.08 −4.4 0.00

126.5 191.38 +4.0
−3.3 ±1.3/± 1.0/± 1.6 168.33 28.40 2.05 −4.4 0.00

127.0 189.28 +4.1
−3.3 ±1.3/± 1.0/± 1.6 166.30 28.28 2.03 −4.4 0.00

127.5 187.21 +4.0
−3.3 ±1.3/± 1.0/± 1.6 164.34 28.10 2.02 −4.4 0.00

128.0 185.00 +4.1
−3.2 ±1.3/± 1.0/± 1.6 162.26 27.92 2.00 −4.4 0.00

128.5 183.14 +4.0
−3.4 ±1.3/± 1.0/± 1.6 160.44 27.82 1.99 −4.4 0.00

129.0 181.22 +3.9
−3.4 ±1.3/± 1.0/± 1.6 158.65 27.66 1.95 −4.4 0.00

129.5 179.09 +3.9
−3.4 ±1.3/± 1.0/± 1.6 156.62 27.50 1.94 −4.4 0.00

130.0 176.91 +4.1
−3.4 ±1.3/± 1.0/± 1.6 154.61 27.27 1.92 −4.5 0.00
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Table 223: Energy scan of Inclusive WH cross sections including QCD and EW corrections for a Higgs boson
mass of 125 GeV, together with their corresponding uncertainties.

√
s [TeV] σWH [fb] ∆scale [%] PDF⊕ αs[%] PDF [%] αs[%] σW

+
H [fb] σW

−
H [fb]

6.0 456.00 +0.7
−1.0 ±2.2 ±2.1 ±0.6 295.80 160.20

6.5 515.90 +0.7
−0.9 ±2.2 ±2.1 ±0.6 332.40 183.50

7.0 577.30 +0.7
−0.9 ±2.1 ±2.0 ±0.6 369.60 207.70

7.5 639.40 +0.6
−0.9 ±2.1 ±2.0 ±0.7 407.20 232.20

8.0 702.50 +0.6
−0.9 ±2.0 ±1.9 ±0.7 445.30 257.20

8.5 766.40 +0.6
−0.8 ±2.0 ±1.9 ±0.7 483.20 283.20

9.0 831.50 +0.5
−0.8 ±2.0 ±1.9 ±0.7 522.10 309.50

9.5 897.20 +0.5
−0.8 ±2.0 ±1.8 ±0.8 561.10 336.10

10.0 963.10 +0.5
−0.8 ±2.0 ±1.8 ±0.8 599.90 363.10

10.5 1030.00 +0.6
−0.7 ±2.0 ±1.8 ±0.8 639.30 390.30

11.0 1097.00 +0.5
−0.7 ±1.9 ±1.8 ±0.8 678.90 418.60

11.5 1166.00 +0.4
−0.7 ±1.9 ±1.7 ±0.8 719.00 446.80

12.0 1235.00 +0.4
−0.7 ±1.9 ±1.7 ±0.8 759.80 475.40

12.5 1304.00 +0.5
−0.7 ±1.9 ±1.7 ±0.9 800.00 504.10

13.0 1373.00 +0.5
−0.7 ±1.9 ±1.7 ±0.9 840.20 532.50

13.5 1443.00 +0.4
−0.7 ±1.8 ±1.6 ±0.9 881.90 561.40

14.0 1514.00 +0.4
−0.7 ±1.8 ±1.6 ±0.9 922.40 591.10

14.5 1583.00 +0.5
−0.6 ±1.8 ±1.6 ±0.9 961.80 621.30

15.0 1656.00 +0.4
−0.7 ±1.8 ±1.6 ±0.8 1004.00 652.30
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Table 224: Energy scan of Inclusive WH cross sections including QCD and EW corrections for a Higgs boson
mass of 125.09 GeV, together with their corresponding uncertainties.

√
s [TeV] σWH [fb] ∆scale [%] PDF⊕ αs[%] PDF [%] αs[%] σW

+
H [fb] σW

−
H [fb]

6.0 454.90 +0.7
−1.0 ±2.2 ±2.1 ±0.6 295.20 159.70

6.5 514.70 +0.7
−0.9 ±2.2 ±2.1 ±0.6 331.70 183.10

7.0 575.90 +0.7
−0.8 ±2.1 ±2.0 ±0.6 368.70 207.10

7.5 637.50 +0.6
−0.9 ±2.1 ±2.0 ±0.7 405.90 231.60

8.0 700.80 +0.6
−0.8 ±2.0 ±1.9 ±0.7 444.20 256.60

8.5 764.60 +0.6
−0.8 ±2.0 ±1.9 ±0.7 482.00 282.60

9.0 829.40 +0.6
−0.8 ±2.0 ±1.9 ±0.7 520.70 308.70

9.5 895.40 +0.5
−0.8 ±2.0 ±1.8 ±0.8 559.90 335.50

10.0 960.90 +0.5
−0.8 ±2.0 ±1.8 ±0.8 598.50 362.40

10.5 1028.00 +0.5
−0.8 ±2.0 ±1.8 ±0.8 638.20 389.70

11.0 1095.00 +0.6
−0.7 ±1.9 ±1.8 ±0.8 677.20 417.50

11.5 1163.00 +0.5
−0.7 ±1.9 ±1.7 ±0.8 717.40 445.80

12.0 1233.00 +0.4
−0.8 ±1.9 ±1.7 ±0.8 758.30 474.40

12.5 1302.00 +0.5
−0.8 ±1.9 ±1.7 ±0.9 798.40 503.10

13.0 1370.00 +0.5
−0.7 ±1.9 ±1.7 ±0.9 838.20 531.60

13.5 1439.00 +0.5
−0.7 ±1.8 ±1.6 ±0.9 879.40 559.90

14.0 1510.00 +0.4
−0.7 ±1.8 ±1.6 ±0.9 920.40 589.60

14.5 1580.00 +0.4
−0.6 ±1.8 ±1.6 ±0.9 959.80 620.00

15.0 1653.00 +0.5
−0.7 ±1.8 ±1.6 ±0.8 1002.00 650.50
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Table 225: Energy scan of Inclusive ZH cross sections including QCD and EW corrections for a Higgs boson
mass of 125 GeV, together with their corresponding uncertainties.

√
s [TeV] σZH [fb] ∆scale [%] PDF⊕ αs[%] PDF [%] αs[%] σggZH [fb]

6.0 262.50 +2.3
−2.2 ±1.7 ±1.6 ±0.6 18.53

6.5 300.30 +2.5
−2.2 ±1.7 ±1.6 ±0.6 23.08

7.0 339.10 +2.6
−2.4 ±1.7 ±1.6 ±0.7 28.08

7.5 379.50 +2.7
−2.4 ±1.7 ±1.6 ±0.7 33.58

8.0 420.70 +2.9
−2.4 ±1.7 ±1.5 ±0.8 39.62

8.5 463.10 +2.9
−2.5 ±1.7 ±1.5 ±0.8 46.08

9.0 507.00 +3.0
−2.6 ±1.7 ±1.5 ±0.8 52.96

9.5 551.00 +3.2
−2.6 ±1.7 ±1.5 ±0.8 60.23

10.0 596.20 +3.3
−2.7 ±1.7 ±1.4 ±0.8 68.12

10.5 642.30 +3.4
−2.7 ±1.6 ±1.4 ±0.8 76.36

11.0 689.70 +3.4
−2.9 ±1.6 ±1.4 ±0.9 84.92

11.5 736.80 +3.6
−2.9 ±1.6 ±1.4 ±0.9 93.95

12.0 785.30 +3.6
−3.0 ±1.6 ±1.3 ±0.9 103.40

12.5 834.10 +3.6
−3.0 ±1.6 ±1.3 ±0.9 113.50

13.0 883.70 +3.8
−3.1 ±1.6 ±1.3 ±0.9 123.30

13.5 934.60 +3.7
−3.2 ±1.6 ±1.3 ±0.9 134.10

14.0 985.80 +3.8
−3.3 ±1.6 ±1.3 ±1.0 145.00

14.5 1037.00 +3.9
−3.3 ±1.6 ±1.3 ±1.0 156.30

15.0 1088.00 +4.1
−3.3 ±1.6 ±1.3 ±1.0 167.80
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Table 226: Energy scan of Inclusive ZH cross sections including QCD and EW corrections for a Higgs boson
mass of 125.09 GeV, together with their corresponding uncertainties.

√
s [TeV] σZH [fb] ∆scale [%] PDF⊕ αs[%] PDF [%] αs[%] σggZH [fb]

6.0 261.80 +2.3
−2.2 ±1.7 ±1.6 ±0.6 18.51

6.5 299.60 +2.5
−2.3 ±1.7 ±1.6 ±0.6 23.04

7.0 338.30 +2.6
−2.3 ±1.7 ±1.6 ±0.7 28.08

7.5 378.40 +2.7
−2.4 ±1.7 ±1.6 ±0.7 33.53

8.0 419.90 +2.8
−2.4 ±1.7 ±1.5 ±0.8 39.58

8.5 462.30 +2.9
−2.5 ±1.7 ±1.5 ±0.8 46.08

9.0 505.90 +3.0
−2.6 ±1.7 ±1.5 ±0.8 52.94

9.5 550.00 +3.1
−2.7 ±1.7 ±1.5 ±0.8 60.19

10.0 595.20 +3.2
−2.8 ±1.7 ±1.4 ±0.8 68.15

10.5 641.00 +3.4
−2.8 ±1.6 ±1.4 ±0.8 76.26

11.0 687.80 +3.4
−2.9 ±1.6 ±1.4 ±0.9 84.80

11.5 735.40 +3.5
−2.9 ±1.6 ±1.4 ±0.9 93.84

12.0 783.10 +3.6
−2.9 ±1.6 ±1.3 ±0.9 103.30

12.5 832.90 +3.6
−3.0 ±1.6 ±1.3 ±0.9 113.30

13.0 882.10 +3.8
−3.0 ±1.6 ±1.3 ±0.9 123.20

13.5 933.10 +3.8
−3.2 ±1.6 ±1.3 ±0.9 133.90

14.0 983.50 +3.8
−3.2 ±1.6 ±1.3 ±1.0 144.90

14.5 1035.00 +4.0
−3.3 ±1.6 ±1.3 ±1.0 156.00

15.0 1087.00 +4.0
−3.3 ±1.6 ±1.3 ±1.0 168.00
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Appendix E

tt̄H and tH cross sections

In this appendix the cross-sections for tt̄H and tH productions are expanded to a scan over SM Higgs
boson masses.
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Table 227: SM-like tt̄H cross section at the LHC with
√
s = 7 TeV.

MH[GeV] σNLO
QCD[fb] σNLO

QCD+EW[fb] KQCD δEW[%] Scale[%] αs[%] PDF[%] PDF+αs[%]

120.0 97.69 100.54 1.19 2.9 + 3.6 - 9.3 ±2.2 ±3.9 ±4.5

120.5 96.54 99.36 1.19 2.9 + 3.6 - 9.3 ±2.2 ±3.9 ±4.5

121.0 95.22 98.00 1.19 2.9 + 3.6 - 9.3 ±2.2 ±3.9 ±4.5

121.5 94.05 96.79 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

122.0 93.00 95.72 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

122.5 91.86 94.55 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

123.0 90.71 93.35 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

123.5 89.57 92.16 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.0 88.51 91.07 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.1 88.27 90.84 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

124.2 88.03 90.60 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.3 87.86 90.42 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.4 87.64 90.18 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.5 87.54 90.07 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.6 87.19 89.72 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.7 87.05 89.57 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.8 86.78 89.30 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

124.9 86.61 89.12 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.0 86.29 88.78 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

125.09 86.15 88.64 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.1 86.25 88.73 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.2 85.94 88.41 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.3 85.76 88.25 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

125.4 85.47 87.94 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.5 85.37 87.83 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

125.6 85.18 87.61 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.7 84.97 87.42 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

125.8 84.69 87.14 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

125.9 84.59 87.03 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

126.0 84.30 86.74 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

126.5 83.31 85.71 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

127.0 82.41 84.77 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

127.5 81.36 83.69 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

128.0 80.34 82.62 1.19 2.8 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

128.5 79.41 81.67 1.19 2.8 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

129.0 78.50 80.73 1.19 2.8 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

129.5 77.53 79.73 1.19 2.8 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

130.0 76.67 78.82 1.19 2.8 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5
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Table 228: SM-like tt̄H cross section at the LHC with
√
s = 8 TeV.

MH[GeV] σNLO
QCD[fb] σNLO

QCD+EW[fb] KQCD δEW[%] Scale[%] αs[%] PDF[%] PDF+αs[%]

120.0 146.1 150.1 1.20 2.7 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

120.5 144.6 148.5 1.20 2.7 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

121.0 142.6 146.5 1.20 2.7 + 4.1 - 9.3 ±2.1 ±3.7 ±4.3

121.5 140.9 144.7 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

122.0 139.3 143.1 1.20 2.7 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

122.5 137.6 141.3 1.20 2.7 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

123.0 135.8 139.5 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

123.5 134.3 137.9 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.0 132.8 136.3 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.1 132.6 136.1 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.2 132.0 135.5 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.3 131.7 135.2 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.4 131.4 134.9 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.5 131.1 134.6 1.20 2.7 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.6 130.8 134.3 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.7 130.5 133.9 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.8 130.1 133.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

124.9 130.0 133.4 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.0 129.6 133.0 1.20 2.6 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

125.09 129.1 132.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.1 129.2 132.7 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.2 129.0 132.4 1.20 2.6 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

125.3 128.7 132.1 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.4 128.3 131.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.5 128.0 131.4 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.6 127.6 131.0 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.7 127.3 130.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.8 127.1 130.5 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

125.9 126.8 130.2 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

126.0 126.6 129.9 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

126.5 125.0 128.2 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

127.0 123.5 126.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

127.5 122.1 125.3 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

128.0 120.6 123.7 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

128.5 119.3 122.4 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

129.0 117.8 120.8 1.20 2.5 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

129.5 116.4 119.4 1.20 2.5 + 3.9 - 9.2 ±2.1 ±3.7 ±4.3

130.0 115.2 118.1 1.20 2.5 + 4.0 - 9.2 ±2.2 ±3.7 ±4.3
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Table 229: SM-like tt̄H cross section at the LHC with
√
s = 13 TeV.

MH[GeV] σNLO
QCD[fb] σNLO

QCD+EW[fb] KQCD δEW[%] Scale[%] αs[%] PDF[%] PDF+αs[%]

120.0 559.8 569.7 1.25 1.8 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

120.5 552.9 562.5 1.25 1.8 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

121.0 547.2 556.8 1.25 1.8 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

121.5 540.8 550.2 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

122.0 534.5 543.8 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

122.5 528.3 537.5 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

123.0 522.4 531.5 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

123.5 517.0 525.9 1.25 1.7 + 5.9 - 9.2 ±2.0 ±3.0 ±3.6

124.0 510.6 519.3 1.25 1.7 + 5.9 - 9.2 ±2.0 ±3.0 ±3.6

124.1 509.2 517.9 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

124.2 508.1 516.7 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

124.3 507.4 516.1 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

124.4 505.7 514.3 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

124.5 504.6 513.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

124.6 503.7 512.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

124.7 503.0 511.5 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

124.8 501.4 510.0 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

124.9 500.1 508.6 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.0 498.7 507.1 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.09 498.0 506.5 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.1 497.6 506.0 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

125.2 496.8 505.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.3 495.9 504.3 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.4 494.9 503.3 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

125.5 493.9 502.3 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

125.6 492.3 500.7 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.7 491.0 499.3 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.8 489.9 498.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

125.9 488.9 497.1 1.25 1.7 + 5.9 - 9.3 ±2.0 ±3.0 ±3.6

126.0 488.2 496.4 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

126.5 482.7 490.9 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

127.0 477.0 485.1 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

127.5 471.9 479.9 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

128.0 466.4 474.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

128.5 461.2 468.9 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

129.0 456.3 463.9 1.25 1.7 + 5.8 - 9.3 ±2.0 ±3.0 ±3.6

129.5 451.1 458.6 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

130.0 446.5 453.9 1.25 1.7 + 5.8 - 9.3 ±2.0 ±3.0 ±3.6
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Table 230: SM-like tt̄H cross section at the LHC with
√
s = 14 TeV.

MH[GeV] σNLO
QCD[fb] σNLO

QCD+EW[fb] KQCD δEW[%] Scale[%] αs[%] PDF[%] PDF+αs[%]

120.0 677.4 688.8 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

120.5 669.8 681.2 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

121.0 661.1 672.2 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

121.5 654.4 665.6 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

122.0 647.6 658.4 1.26 1.7 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

122.5 640.0 650.8 1.26 1.7 + 6.1 - 9.3 ±1.9 ±3.0 ±3.5

123.0 632.1 642.6 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

123.5 624.9 635.3 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.0 617.7 627.9 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.1 616.7 626.8 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.2 615.7 625.8 1.26 1.6 + 6.2 - 9.3 ±1.9 ±2.9 ±3.5

124.3 614.8 625.0 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.4 612.9 623.0 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

124.5 611.6 621.7 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

124.6 609.3 619.3 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.7 608.5 618.6 1.26 1.7 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.8 606.9 616.9 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

124.9 605.3 615.2 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

125.0 603.7 613.7 1.26 1.7 + 6.0 - 9.2 ±1.9 ±2.9 ±3.5

125.09 603.0 612.8 1.26 1.6 + 6.0 - 9.2 ±1.9 ±2.9 ±3.5

125.1 602.8 612.7 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

125.2 602.2 612.1 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

125.3 600.2 610.0 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

125.4 599.1 608.9 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

125.5 597.8 607.5 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

125.6 595.9 605.6 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

125.7 594.7 604.4 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

125.8 593.9 603.5 1.26 1.6 + 6.1 - 9.3 ±1.9 ±2.9 ±3.5

125.9 592.5 602.2 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

126.0 591.2 600.9 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

126.5 584.4 593.8 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

127.0 578.2 587.4 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

127.5 571.5 580.7 1.26 1.6 + 6.0 - 9.2 ±1.9 ±2.9 ±3.5

128.0 565.9 574.8 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

128.5 558.6 567.3 1.26 1.6 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

129.0 552.9 561.3 1.26 1.5 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

129.5 546.8 555.1 1.26 1.5 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5

130.0 540.5 548.6 1.26 1.5 + 6.1 - 9.2 ±1.9 ±2.9 ±3.5
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Table 231: tt̄H cross section for MH = 125 GeV and different collider energies.

√
s [TeV] σQCD [fb] σREF [fb] KQCD δEW[%] Scale[%] αs[%] PDF PDF+αs[%]

6.0 52.86 55.58 1.18 3.5 + 3.1 - 9.2 ±2.3 ±4.2 ±4.7

6.5 68.49 70.97 1.18 3.2 + 3.3 - 9.2 ±2.2 ±4.0 ±4.6

7.0 86.29 88.78 1.19 2.9 + 3.4 - 9.2 ±2.2 ±3.9 ±4.5

7.5 106.7 109.5 1.19 2.8 + 3.7 - 9.2 ±2.2 ±3.8 ±4.4

8.0 129.5 133.0 1.20 2.6 + 4.1 - 9.2 ±2.1 ±3.7 ±4.3

8.5 154.9 158.5 1.21 2.4 + 4.2 - 9.2 ±2.1 ±3.6 ±4.2

9.0 182.7 186.9 1.21 2.3 + 4.5 - 9.2 ±2.1 ±3.5 ±4.1

9.5 213.0 217.9 1.22 2.2 + 4.6 - 9.2 ±2.1 ±3.5 ±4.0

10.0 246.3 251.4 1.22 2.1 + 4.9 - 9.3 ±2.1 ±3.4 ±4.0

10.5 282.0 287.6 1.23 2.0 + 5.1 - 9.3 ±2.0 ±3.3 ±3.9

11.0 320.1 326.4 1.23 1.9 + 5.2 - 9.2 ±2.0 ±3.3 ±3.8

11.5 360.9 367.7 1.24 1.9 + 5.4 - 9.2 ±2.0 ±3.2 ±3.8

12.0 404.6 411.7 1.24 1.8 + 5.6 - 9.2 ±2.0 ±3.1 ±3.7

12.5 450.7 458.2 1.25 1.8 + 5.7 - 9.3 ±2.0 ±3.1 ±3.6

13.0 498.7 507.2 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

13.5 550.5 559.2 1.26 1.7 + 6.0 - 9.3 ±2.0 ±3.0 ±3.5

14.0 603.7 613.7 1.26 1.7 + 6.0 - 9.2 ±1.9 ±2.9 ±3.5

14.5 660.8 670.5 1.26 1.6 + 6.2 - 9.2 ±1.9 ±2.9 ±3.5

15.0 719.5 730.0 1.27 1.6 + 6.2 - 9.2 ±1.9 ±2.8 ±3.4
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Table 232: tt̄H cross section for MH = 125.09 GeV and different collider energies.

√
s [TeV] σQCD[fb] σREF[fb] KQCD δEW[%] Scale[%] αs[%] PDF PDF+αs[%]

6.0 52.76 55.49 1.18 3.3 + 3.1 - 9.2 ±2.3 ±4.2 ±4.7

6.5 68.30 70.82 1.18 3.1 + 3.2 - 9.2 ±2.2 ±4.0 ±4.6

7.0 86.15 88.64 1.19 2.9 + 3.5 - 9.2 ±2.2 ±3.9 ±4.5

7.5 106.6 109.3 1.20 2.8 + 3.8 - 9.2 ±2.2 ±3.8 ±4.4

8.0 129.1 132.6 1.20 2.6 + 4.0 - 9.2 ±2.1 ±3.7 ±4.3

8.5 154.5 158.1 1.21 2.5 + 4.2 - 9.2 ±2.1 ±3.6 ±4.2

9.0 182.2 186.5 1.21 2.3 + 4.5 - 9.2 ±2.1 ±3.5 ±4.1

9.5 212.6 217.4 1.22 2.2 + 4.6 - 9.2 ±2.1 ±3.5 ±4.0

10.0 245.7 250.9 1.22 2.1 + 4.9 - 9.2 ±2.1 ±3.4 ±4.0

10.5 281.3 287.0 1.23 2.0 + 5.1 - 9.3 ±2.0 ±3.3 ±3.9

11.0 319.6 325.8 1.23 2.0 + 5.3 - 9.2 ±2.0 ±3.3 ±3.8

11.5 360.2 367.1 1.24 1.9 + 5.4 - 9.2 ±2.0 ±3.2 ±3.8

12.0 403.7 411.0 1.24 1.8 + 5.5 - 9.2 ±2.0 ±3.1 ±3.7

12.5 449.5 457.5 1.25 1.8 + 5.7 - 9.3 ±2.0 ±3.1 ±3.6

13.0 498.0 506.5 1.25 1.7 + 5.8 - 9.2 ±2.0 ±3.0 ±3.6

13.5 549.5 558.4 1.26 1.7 + 6.0 - 9.3 ±2.0 ±3.0 ±3.5

14.0 603.0 612.8 1.26 1.6 + 6.0 - 9.2 ±1.9 ±2.9 ±3.5

14.5 659.1 669.7 1.26 1.6 + 6.2 - 9.2 ±1.9 ±2.9 ±3.5

15.0 719.0 729.2 1.27 1.5 + 6.3 - 9.2 ±1.9 ±2.8 ±3.4
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Table 233: Cross sections for t-channel tH and t̄H production at the 7 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 12.89 1.12 +7.6 −16.6 ±1.5 ±4.7 ±4.9 8.88 4.00

120.5 12.81 1.12 +7.5 −16.5 ±1.5 ±4.7 ±4.9 8.83 3.97

121.0 12.73 1.12 +7.6 −16.5 ±1.5 ±4.7 ±4.9 8.78 3.95

121.5 12.67 1.13 +7.5 −16.6 ±1.5 ±4.7 ±4.9 8.73 3.93

122.0 12.60 1.13 +7.5 −16.6 ±1.5 ±4.7 ±4.9 8.69 3.92

122.5 12.54 1.13 +7.5 −16.8 ±1.5 ±4.7 ±4.9 8.63 3.89

123.0 12.47 1.13 +7.5 −16.7 ±1.5 ±4.7 ±4.9 8.60 3.88

123.5 12.41 1.13 +7.4 −16.8 ±1.5 ±4.7 ±4.9 8.55 3.86

124.0 12.36 1.13 +7.4 −17.0 ±1.5 ±4.7 ±4.9 8.51 3.84

124.1 12.35 1.13 +7.4 −16.9 ±1.5 ±4.7 ±4.9 8.51 3.84

124.2 12.35 1.13 +7.4 −17.0 ±1.5 ±4.7 ±4.9 8.50 3.83

124.3 12.33 1.13 +7.4 −17.0 ±1.5 ±4.7 ±4.9 8.50 3.83

124.4 12.31 1.13 +7.4 −17.0 ±1.5 ±4.7 ±4.9 8.50 3.83

124.5 12.28 1.13 +7.4 −16.9 ±1.5 ±4.7 ±4.9 8.46 3.82

124.6 12.28 1.13 +7.4 −16.8 ±1.5 ±4.7 ±4.9 8.47 3.82

124.7 12.26 1.13 +7.4 −16.8 ±1.5 ±4.7 ±4.9 8.47 3.81

124.8 12.25 1.13 +7.4 −16.8 ±1.5 ±4.7 ±4.9 8.44 3.81

124.9 12.23 1.13 +7.4 −16.8 ±1.5 ±4.7 ±4.9 8.43 3.80

125.0 12.26 1.14 +7.3 −17.2 ±1.5 ±4.7 ±4.9 8.43 3.80

125.09 12.23 1.13 +7.4 −17.0 ±1.5 ±4.7 ±5.0 8.42 3.80

125.1 12.23 1.13 +7.4 −17.0 ±1.5 ±4.7 ±5.0 8.42 3.80

125.2 12.22 1.13 +7.3 −16.9 ±1.5 ±4.7 ±5.0 8.41 3.80

125.3 12.21 1.13 +7.4 −16.9 ±1.5 ±4.7 ±5.0 8.41 3.79

125.4 12.17 1.13 +7.4 −16.8 ±1.5 ±4.7 ±5.0 8.40 3.79

125.5 12.19 1.14 +7.4 −17.0 ±1.5 ±4.7 ±5.0 8.40 3.79

125.6 12.18 1.14 +7.3 −17.1 ±1.5 ±4.7 ±5.0 8.39 3.78

125.7 12.16 1.13 +7.3 −17.0 ±1.5 ±4.7 ±5.0 8.38 3.78

125.8 12.14 1.13 +7.4 −16.8 ±1.5 ±4.7 ±5.0 8.36 3.78

125.9 12.13 1.13 +7.3 −17.0 ±1.5 ±4.7 ±5.0 8.35 3.77

126.0 12.13 1.14 +7.3 −17.0 ±1.5 ±4.7 ±5.0 8.34 3.77

126.5 12.07 1.14 +7.3 −17.1 ±1.5 ±4.7 ±5.0 8.32 3.75

127.0 11.99 1.14 +7.3 −17.1 ±1.5 ±4.7 ±5.0 8.27 3.74

127.5 11.97 1.14 +7.3 −17.1 ±1.5 ±4.7 ±5.0 8.24 3.72

128.0 11.90 1.14 +7.2 −17.2 ±1.5 ±4.7 ±5.0 8.20 3.70

128.5 11.85 1.14 +7.2 −17.5 ±1.5 ±4.8 ±5.0 8.16 3.69

129.0 11.78 1.14 +7.3 −17.2 ±1.5 ±4.8 ±5.0 8.12 3.67

129.5 11.74 1.14 +7.2 −17.4 ±1.5 ±4.8 ±5.0 8.08 3.66

130.0 11.67 1.14 +7.2 −17.4 ±1.5 ±4.8 ±5.0 8.04 3.65
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Table 234: Cross sections for t-channel tH and t̄H production at the 8 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 19.59 1.14 +7.4 −16.0 ±1.4 ±4.4 ±4.6 13.37 6.22

120.5 19.49 1.14 +7.4 −16.0 ±1.4 ±4.4 ±4.6 13.30 6.19

121.0 19.38 1.14 +7.4 −16.0 ±1.4 ±4.4 ±4.6 13.25 6.16

121.5 19.29 1.14 +7.4 −16.1 ±1.4 ±4.4 ±4.6 13.15 6.13

122.0 19.21 1.14 +7.4 −16.1 ±1.4 ±4.4 ±4.6 13.10 6.11

122.5 19.11 1.14 +7.4 −16.3 ±1.4 ±4.4 ±4.6 13.02 6.08

123.0 19.02 1.14 +7.3 −16.3 ±1.4 ±4.4 ±4.6 12.99 6.05

123.5 18.92 1.14 +7.3 −16.2 ±1.4 ±4.4 ±4.6 12.93 6.03

124.0 18.87 1.15 +7.3 −16.4 ±1.4 ±4.4 ±4.6 12.86 5.99

124.1 18.82 1.15 +7.3 −16.3 ±1.4 ±4.4 ±4.6 12.84 5.99

124.2 18.81 1.15 +7.3 −16.4 ±1.4 ±4.4 ±4.6 12.85 6.00

124.3 18.78 1.15 +7.3 −16.4 ±1.4 ±4.4 ±4.6 12.84 5.99

124.4 18.76 1.15 +7.3 −16.3 ±1.4 ±4.4 ±4.6 12.82 5.97

124.5 18.78 1.15 +7.2 −16.4 ±1.4 ±4.4 ±4.6 12.81 5.97

124.6 18.75 1.15 +7.3 −16.4 ±1.4 ±4.4 ±4.6 12.78 5.97

124.7 18.75 1.15 +7.3 −16.5 ±1.4 ±4.4 ±4.6 12.78 5.96

124.8 18.71 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.76 5.95

124.9 18.70 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.77 5.95

125.0 18.69 1.15 +7.3 −16.5 ±1.4 ±4.4 ±4.6 12.73 5.95

125.09 18.66 1.15 +7.3 −16.6 ±1.4 ±4.4 ±4.6 12.72 5.95

125.1 18.66 1.15 +7.3 −16.6 ±1.4 ±4.4 ±4.6 12.72 5.95

125.2 18.66 1.15 +7.3 −16.6 ±1.4 ±4.4 ±4.6 12.74 5.94

125.3 18.64 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.70 5.92

125.4 18.62 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.69 5.93

125.5 18.62 1.15 +7.2 −16.6 ±1.4 ±4.4 ±4.6 12.68 5.92

125.6 18.57 1.15 +7.2 −16.6 ±1.4 ±4.4 ±4.6 12.66 5.92

125.7 18.55 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.66 5.91

125.8 18.56 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.64 5.90

125.9 18.54 1.15 +7.2 −16.5 ±1.4 ±4.4 ±4.6 12.65 5.90

126.0 18.52 1.15 +7.2 −16.6 ±1.4 ±4.4 ±4.7 12.62 5.90

126.5 18.44 1.15 +7.2 −16.8 ±1.4 ±4.4 ±4.7 12.56 5.87

127.0 18.36 1.15 +7.2 −16.4 ±1.4 ±4.4 ±4.7 12.49 5.85

127.5 18.28 1.15 +7.1 −16.8 ±1.4 ±4.4 ±4.7 12.45 5.82

128.0 18.20 1.15 +7.1 −16.8 ±1.4 ±4.4 ±4.7 12.42 5.79

128.5 18.13 1.16 +7.1 −16.8 ±1.4 ±4.5 ±4.7 12.36 5.79

129.0 18.04 1.16 +7.1 −16.8 ±1.4 ±4.5 ±4.7 12.30 5.75

129.5 17.96 1.16 +7.1 −16.8 ±1.4 ±4.5 ±4.7 12.26 5.72

130.0 17.87 1.16 +7.1 −16.9 ±1.4 ±4.5 ±4.7 12.19 5.71
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Table 235: Cross sections for t-channel tH and t̄H production at the 13 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 77.31 1.19 +6.7 −14.6 ±1.2 ±3.5 ±3.7 50.86 26.43

120.5 77.11 1.19 +6.7 −14.8 ±1.2 ±3.5 ±3.7 50.71 26.33

121.0 76.84 1.19 +6.7 −14.7 ±1.2 ±3.5 ±3.7 50.47 26.23

121.5 76.48 1.19 +6.6 −14.7 ±1.2 ±3.5 ±3.7 50.24 26.13

122.0 76.14 1.19 +6.7 −14.7 ±1.2 ±3.5 ±3.7 50.11 26.02

122.5 75.81 1.19 +6.6 −14.6 ±1.2 ±3.5 ±3.7 49.85 25.90

123.0 75.52 1.19 +6.6 −14.8 ±1.2 ±3.5 ±3.7 49.72 25.84

123.5 75.23 1.19 +6.6 −14.9 ±1.2 ±3.5 ±3.7 49.47 25.75

124.0 74.99 1.19 +6.6 −15.1 ±1.2 ±3.5 ±3.7 49.30 25.60

124.1 74.71 1.19 +6.6 −14.6 ±1.2 ±3.5 ±3.7 49.35 25.59

124.2 74.77 1.19 +6.6 −14.7 ±1.2 ±3.5 ±3.7 49.25 25.58

124.3 74.81 1.19 +6.5 −14.9 ±1.2 ±3.5 ±3.7 49.15 25.56

124.4 74.77 1.20 +6.6 −14.9 ±1.2 ±3.5 ±3.7 49.18 25.57

124.5 74.59 1.19 +6.6 −14.9 ±1.2 ±3.5 ±3.7 49.14 25.53

124.6 74.52 1.19 +6.6 −14.7 ±1.2 ±3.5 ±3.7 49.04 25.49

124.7 74.48 1.19 +6.6 −14.8 ±1.2 ±3.5 ±3.7 49.01 25.49

124.8 74.48 1.20 +6.6 −14.9 ±1.2 ±3.5 ±3.7 48.98 25.46

124.9 74.47 1.20 +6.6 −15.1 ±1.2 ±3.6 ±3.7 48.94 25.42

125.0 74.25 1.20 +6.5 −14.9 ±1.2 ±3.5 ±3.7 48.89 25.42

125.09 74.26 1.19 +6.5 −14.7 ±1.2 ±3.5 ±3.7 48.89 25.40

125.1 74.26 1.19 +6.5 −14.7 ±1.2 ±3.5 ±3.7 48.89 25.40

125.2 74.32 1.20 +6.5 −15.0 ±1.2 ±3.5 ±3.7 48.87 25.40

125.3 74.30 1.20 +6.6 −14.9 ±1.2 ±3.6 ±3.8 48.81 25.38

125.4 74.14 1.20 +6.6 −14.9 ±1.2 ±3.6 ±3.7 48.79 25.34

125.5 74.07 1.20 +6.6 −15.0 ±1.2 ±3.5 ±3.7 48.77 25.34

125.6 74.09 1.20 +6.5 −15.2 ±1.2 ±3.6 ±3.7 48.75 25.32

125.7 74.01 1.20 +6.5 −15.0 ±1.2 ±3.6 ±3.7 48.70 25.31

125.8 73.90 1.20 +6.5 −15.0 ±1.2 ±3.6 ±3.7 48.65 25.30

125.9 73.70 1.20 +6.6 −14.8 ±1.2 ±3.5 ±3.7 48.57 25.30

126.0 73.75 1.19 +6.5 −15.0 ±1.2 ±3.6 ±3.7 48.58 25.27

126.5 73.53 1.20 +6.5 −14.9 ±1.2 ±3.6 ±3.8 48.37 25.16

127.0 73.29 1.20 +6.5 −15.1 ±1.2 ±3.6 ±3.8 48.20 25.11

127.5 73.04 1.20 +6.5 −15.1 ±1.2 ±3.6 ±3.8 48.07 24.99

128.0 72.77 1.20 +6.5 −15.1 ±1.2 ±3.6 ±3.8 47.93 24.91

128.5 72.44 1.20 +6.4 −15.0 ±1.2 ±3.6 ±3.8 47.65 24.81

129.0 72.23 1.20 +6.4 −15.1 ±1.2 ±3.6 ±3.8 47.55 24.74

129.5 72.03 1.20 +6.4 −15.2 ±1.2 ±3.6 ±3.8 47.34 24.66

130.0 71.84 1.20 +6.4 −15.3 ±1.2 ±3.6 ±3.8 47.23 24.59
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Table 236: Cross sections for t-channel tH and t̄H production at the 14 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 93.64 1.20 +6.6 −14.4 ±1.2 ±3.4 ±3.6 61.29 32.31

120.5 93.30 1.20 +6.6 −14.4 ±1.2 ±3.4 ±3.6 61.10 32.17

121.0 92.98 1.20 +6.5 −14.4 ±1.2 ±3.4 ±3.6 60.80 32.07

121.5 92.39 1.20 +6.5 −14.3 ±1.2 ±3.4 ±3.6 60.56 31.92

122.0 92.26 1.20 +6.5 −14.4 ±1.2 ±3.4 ±3.6 60.28 31.83

122.5 91.78 1.20 +6.5 −14.4 ±1.2 ±3.4 ±3.6 60.04 31.69

123.0 91.48 1.20 +6.5 −14.3 ±1.2 ±3.4 ±3.6 59.86 31.60

123.5 90.94 1.20 +6.5 −14.4 ±1.2 ±3.4 ±3.6 59.72 31.49

124.0 90.83 1.20 +6.5 −14.6 ±1.2 ±3.4 ±3.6 59.43 31.34

124.1 90.81 1.20 +6.5 −14.6 ±1.2 ±3.4 ±3.6 59.34 31.35

124.2 90.62 1.20 +6.5 −14.6 ±1.2 ±3.4 ±3.6 59.35 31.33

124.3 90.54 1.20 +6.4 −14.6 ±1.2 ±3.4 ±3.6 59.27 31.30

124.4 90.55 1.20 +6.5 −14.8 ±1.2 ±3.4 ±3.6 59.23 31.24

124.5 90.38 1.20 +6.4 −14.4 ±1.2 ±3.4 ±3.6 59.18 31.22

124.6 90.35 1.20 +6.4 −14.6 ±1.2 ±3.4 ±3.6 59.15 31.21

124.7 90.38 1.20 +6.5 −14.6 ±1.2 ±3.4 ±3.6 59.17 31.20

124.8 90.29 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 59.07 31.17

124.9 90.21 1.20 +6.5 −14.7 ±1.2 ±3.4 ±3.6 59.11 31.11

125.0 90.10 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 59.07 31.12

125.09 90.12 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.96 31.11

125.1 90.12 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.96 31.11

125.2 89.98 1.20 +6.4 −14.6 ±1.2 ±3.4 ±3.6 58.92 31.09

125.3 89.94 1.20 +6.4 −14.6 ±1.2 ±3.4 ±3.6 58.83 31.07

125.4 89.88 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.98 31.02

125.5 89.76 1.20 +6.4 −14.6 ±1.2 ±3.4 ±3.6 58.81 31.04

125.6 89.72 1.20 +6.4 −14.8 ±1.2 ±3.4 ±3.6 58.70 31.00

125.7 89.73 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.78 30.99

125.8 89.62 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.72 30.93

125.9 89.58 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.66 30.96

126.0 89.50 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 58.59 30.95

126.5 89.11 1.20 +6.4 −14.8 ±1.2 ±3.4 ±3.6 58.38 30.83

127.0 88.86 1.20 +6.4 −14.8 ±1.2 ±3.5 ±3.7 58.19 30.72

127.5 88.44 1.20 +6.4 −14.5 ±1.2 ±3.4 ±3.6 57.94 30.62

128.0 88.28 1.20 +6.4 −14.9 ±1.2 ±3.4 ±3.6 57.76 30.51

128.5 87.91 1.20 +6.3 −14.8 ±1.2 ±3.5 ±3.6 57.52 30.42

129.0 87.62 1.21 +6.3 −14.8 ±1.2 ±3.5 ±3.6 57.35 30.28

129.5 87.44 1.21 +6.3 −15.1 ±1.2 ±3.5 ±3.7 57.17 30.17

130.0 87.10 1.21 +6.3 −14.9 ±1.2 ±3.5 ±3.7 56.92 30.06
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Table 237: Cross sections for t-channel tH and t̄H production for a Higgs boson mass of 125 GeV and 6 TeV ≤√
s ≤ 15 TeV.

√
s [TeV] σtH+t̄H [fb] KQCD Scale+FS [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

6.0 7.31 1.12 +7.5 −17.5 ±1.6 ±5.1 ±5.4 5.10 2.20

6.5 9.58 1.12 +7.4 −17.3 ±1.5 ±4.9 ±5.1 6.64 2.94

7.0 12.26 1.14 +7.3 −17.2 ±1.5 ±4.7 ±4.9 8.43 3.80

7.5 15.26 1.14 +7.3 −16.7 ±1.4 ±4.6 ±4.8 10.46 4.80

8.0 18.69 1.15 +7.3 −16.5 ±1.4 ±4.4 ±4.6 12.73 5.95

8.5 22.47 1.15 +7.2 −16.3 ±1.4 ±4.3 ±4.5 15.26 7.23

9.0 26.71 1.16 +7.1 −16.2 ±1.3 ±4.2 ±4.4 18.02 8.66

9.5 31.28 1.17 +7.1 −16.0 ±1.3 ±4.1 ±4.3 21.05 10.23

10.0 36.28 1.17 +6.9 −15.8 ±1.3 ±4.0 ±4.2 24.32 11.94

10.5 41.62 1.18 +6.9 −15.6 ±1.3 ±3.9 ±4.1 27.82 13.85

11.0 47.47 1.18 +6.8 −15.5 ±1.2 ±3.8 ±4.0 31.57 15.88

11.5 53.55 1.18 +6.8 −15.2 ±1.2 ±3.7 ±3.9 35.54 18.01

12.0 60.08 1.19 +6.7 −15.2 ±1.2 ±3.7 ±3.9 39.80 20.38

12.5 67.08 1.19 +6.6 −15.1 ±1.2 ±3.6 ±3.8 44.26 22.85

13.0 74.25 1.20 +6.5 −14.9 ±1.2 ±3.5 ±3.7 48.89 25.42

13.5 82.03 1.20 +6.5 −14.8 ±1.2 ±3.5 ±3.7 53.83 28.20

14.0 90.10 1.20 +6.4 −14.7 ±1.2 ±3.4 ±3.6 59.07 31.12

14.5 98.65 1.21 +6.4 −14.8 ±1.2 ±3.4 ±3.6 64.32 34.20

15.0 107.2 1.21 +6.3 −14.4 ±1.1 ±3.3 ±3.5 69.98 37.41
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Table 238: Cross sections for s-channel tH and t̄H production at the 7 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 1.028 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.709 0.319

120.5 1.018 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.703 0.315

121.0 1.008 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.696 0.311

121.5 1.000 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.689 0.309

122.0 0.987 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.682 0.305

122.5 0.978 1.19 +2.8 −2.5 ±0.0 ±3.0 ±3.0 0.676 0.302

123.0 0.969 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.669 0.299

123.5 0.960 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.663 0.296

124.0 0.949 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.655 0.293

124.1 0.947 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.654 0.292

124.2 0.943 1.19 +2.8 −2.5 ±0.0 ±3.0 ±3.0 0.653 0.291

124.3 0.943 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.652 0.291

124.4 0.941 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.651 0.290

124.5 0.939 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.650 0.290

124.6 0.937 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.648 0.289

124.7 0.935 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.647 0.288

124.8 0.934 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.645 0.288

124.9 0.933 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.644 0.287

125.0 0.930 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.642 0.287

125.09 0.929 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.642 0.286

125.1 0.929 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.642 0.286

125.2 0.925 1.19 +2.8 −2.5 ±0.0 ±3.0 ±3.0 0.641 0.285

125.3 0.925 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.640 0.285

125.4 0.922 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.638 0.284

125.5 0.921 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.638 0.284

125.6 0.919 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.636 0.283

125.7 0.917 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.634 0.283

125.8 0.916 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.633 0.282

125.9 0.914 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.632 0.281

126.0 0.912 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.630 0.280

126.5 0.903 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.625 0.278

127.0 0.894 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.619 0.275

127.5 0.885 1.19 +2.9 −2.6 ±0.0 ±3.0 ±3.0 0.613 0.272

128.0 0.875 1.19 +2.9 −2.5 ±0.0 ±3.1 ±3.1 0.607 0.270

128.5 0.869 1.19 +2.9 −2.6 ±0.0 ±3.1 ±3.1 0.601 0.267

129.0 0.860 1.19 +2.9 −2.6 ±0.0 ±3.1 ±3.1 0.595 0.264

129.5 0.852 1.19 +2.9 −2.6 ±0.0 ±3.1 ±3.1 0.589 0.262

130.0 0.843 1.19 +2.9 −2.6 ±0.0 ±3.1 ±3.1 0.585 0.259
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Table 239: Cross sections for s-channel tH and t̄H production at the 8 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 1.339 1.19 +2.8 −2.4 ±0.1 ±2.8 ±2.8 0.913 0.426

120.5 1.326 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.903 0.422

121.0 1.313 1.19 +2.8 −2.3 ±0.0 ±2.8 ±2.8 0.895 0.418

121.5 1.301 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.887 0.413

122.0 1.287 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.878 0.409

122.5 1.274 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.870 0.405

123.0 1.263 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.862 0.401

123.5 1.251 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.854 0.397

124.0 1.238 1.19 +2.7 −2.3 ±0.0 ±2.8 ±2.8 0.845 0.393

124.1 1.235 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.843 0.392

124.2 1.233 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.842 0.391

124.3 1.232 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.841 0.390

124.4 1.228 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.839 0.390

124.5 1.225 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.838 0.388

124.6 1.224 1.19 +2.7 −2.4 ±0.0 ±2.8 ±2.8 0.836 0.388

124.7 1.221 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.834 0.387

124.8 1.219 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.832 0.386

124.9 1.216 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.831 0.385

125.0 1.214 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.829 0.385

125.09 1.211 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.828 0.384

125.1 1.211 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.828 0.384

125.2 1.209 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.827 0.383

125.3 1.208 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.825 0.383

125.4 1.204 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.824 0.381

125.5 1.202 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.822 0.381

125.6 1.200 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.820 0.380

125.7 1.198 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.818 0.379

125.8 1.195 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.817 0.379

125.9 1.193 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.815 0.378

126.0 1.191 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.814 0.377

126.5 1.179 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.806 0.373

127.0 1.167 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.798 0.370

127.5 1.158 1.19 +2.7 −2.3 ±0.0 ±2.8 ±2.8 0.791 0.366

128.0 1.146 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.784 0.363

128.5 1.134 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.777 0.359

129.0 1.126 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.770 0.356

129.5 1.115 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.763 0.352

130.0 1.103 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.755 0.348
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Table 240: Cross sections for s-channel tH and t̄H production at the 13 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 3.158 1.21 +2.4 −1.8 ±0.3 ±2.2 ±2.2 2.060 1.095

120.5 3.124 1.20 +2.4 −1.8 ±0.3 ±2.2 ±2.2 2.042 1.083

121.0 3.101 1.21 +2.4 −1.8 ±0.3 ±2.2 ±2.2 2.022 1.073

121.5 3.068 1.20 +2.4 −1.8 ±0.3 ±2.2 ±2.2 2.006 1.063

122.0 3.045 1.21 +2.4 −1.8 ±0.3 ±2.2 ±2.2 1.989 1.052

122.5 3.007 1.20 +2.4 −1.8 ±0.3 ±2.2 ±2.2 1.971 1.043

123.0 2.988 1.20 +2.4 −1.8 ±0.3 ±2.2 ±2.2 1.953 1.033

123.5 2.960 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.935 1.023

124.0 2.932 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.915 1.014

124.1 2.928 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.916 1.012

124.2 2.920 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.912 1.010

124.3 2.918 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.906 1.008

124.4 2.908 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.904 1.006

124.5 2.907 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.902 1.004

124.6 2.901 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.897 1.003

124.7 2.900 1.21 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.892 1.000

124.8 2.895 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.891 0.998

124.9 2.886 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.888 0.996

125.0 2.879 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.882 0.996

125.09 2.875 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.881 0.993

125.1 2.875 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.881 0.993

125.2 2.871 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.876 0.991

125.3 2.861 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.874 0.989

125.4 2.860 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.871 0.988

125.5 2.857 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.868 0.987

125.6 2.851 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.863 0.983

125.7 2.845 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.859 0.982

125.8 2.842 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.858 0.980

125.9 2.835 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.855 0.979

126.0 2.826 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.849 0.977

126.5 2.802 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.837 0.967

127.0 2.780 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.820 0.959

127.5 2.752 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.804 0.950

128.0 2.726 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.788 0.941

128.5 2.705 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.771 0.933

129.0 2.683 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.755 0.924

129.5 2.657 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.742 0.916

130.0 2.633 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.728 0.908
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Table 241: Cross sections for s-channel tH and t̄H production at the 14 TeV LHC.

MH[GeV] σtH+t̄H [fb] KQCD Scale [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

120.0 3.558 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.310 1.248

120.5 3.523 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.289 1.235

121.0 3.490 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.267 1.225

121.5 3.457 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.246 1.213

122.0 3.429 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.226 1.201

122.5 3.395 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.206 1.190

123.0 3.363 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.188 1.179

123.5 3.335 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.168 1.168

124.0 3.307 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.148 1.159

124.1 3.298 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.146 1.154

124.2 3.294 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.138 1.153

124.3 3.286 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.136 1.149

124.4 3.280 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.136 1.148

124.5 3.274 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.131 1.147

124.6 3.273 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.128 1.145

124.7 3.261 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.122 1.143

124.8 3.261 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.119 1.141

124.9 3.251 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.117 1.138

125.0 3.249 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.110 1.137

125.09 3.240 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.104 1.134

125.1 3.240 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.104 1.134

125.2 3.234 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.102 1.130

125.3 3.227 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.102 1.129

125.4 3.222 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.098 1.128

125.5 3.219 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.094 1.126

125.6 3.215 1.21 +2.4 −1.7 ±0.3 ±2.1 ±2.1 2.091 1.124

125.7 3.205 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.086 1.122

125.8 3.202 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.083 1.119

125.9 3.195 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.080 1.118

126.0 3.191 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.074 1.115

126.5 3.160 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.058 1.106

127.0 3.133 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.040 1.095

127.5 3.104 1.20 +2.4 −1.7 ±0.3 ±2.1 ±2.1 2.023 1.085

128.0 3.079 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.001 1.073

128.5 3.053 1.20 +2.4 −1.7 ±0.3 ±2.1 ±2.1 1.987 1.065

129.0 3.025 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.2 1.969 1.054

129.5 2.998 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.2 1.953 1.047

130.0 2.971 1.20 +2.3 −1.7 ±0.3 ±2.1 ±2.2 1.937 1.037
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Table 242: Cross sections for s-channel tH and t̄H production for a Higgs boson mass of 125 GeV and 6 TeV ≤√
s ≤ 15 TeV.

√
s [TeV] σtH+t̄H [fb] KQCD Scale [%] αS [%] PDF [%] PDF+αS [%] σtH [fb] σt̄H [fb]

6.0 0.669 1.19 +3.0 −2.8 ±0.1 ±3.3 ±3.3 0.470 0.200

6.5 0.796 1.19 +2.9 −2.7 ±0.1 ±3.2 ±3.2 0.555 0.242

7.0 0.930 1.19 +2.9 −2.5 ±0.0 ±3.0 ±3.0 0.642 0.287

7.5 1.070 1.19 +2.8 −2.5 ±0.0 ±2.9 ±2.9 0.735 0.334

8.0 1.214 1.19 +2.8 −2.4 ±0.0 ±2.8 ±2.8 0.829 0.385

8.5 1.363 1.19 +2.7 −2.3 ±0.1 ±2.7 ±2.7 0.927 0.437

9.0 1.517 1.19 +2.7 −2.2 ±0.1 ±2.6 ±2.6 1.025 0.492

9.5 1.676 1.19 +2.7 −2.2 ±0.1 ±2.6 ±2.6 1.127 0.549

10.0 1.838 1.19 +2.6 −2.1 ±0.1 ±2.5 ±2.5 1.231 0.608

10.5 2.004 1.19 +2.6 −2.0 ±0.2 ±2.4 ±2.4 1.338 0.668

11.0 2.173 1.20 +2.5 −2.0 ±0.2 ±2.4 ±2.4 1.444 0.731

11.5 2.345 1.20 +2.5 −1.9 ±0.2 ±2.3 ±2.3 1.550 0.794

12.0 2.519 1.20 +2.5 −1.9 ±0.2 ±2.3 ±2.3 1.661 0.859

12.5 2.703 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.772 0.928

13.0 2.879 1.20 +2.4 −1.8 ±0.2 ±2.2 ±2.2 1.882 0.996

13.5 3.060 1.20 +2.4 −1.7 ±0.3 ±2.2 ±2.2 1.997 1.065

14.0 3.249 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.110 1.137

14.5 3.439 1.21 +2.3 −1.7 ±0.3 ±2.1 ±2.1 2.227 1.207

15.0 3.623 1.21 +2.3 −1.6 ±0.3 ±2.1 ±2.1 2.343 1.281
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Appendix F

bb̄H cross sections

In this appendix the cross-sections for bb̄H production are expanded to a scan over SM Higgs boson
masses as discussed in Section IV.2.2.
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Table 243: Inclusive bbH cross sections for a LHC CM energy of
√
s = 7 TeV, obtained using Santander Matching

with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

MH[GeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

120.0 178.20 +21.0 −22.8

120.5 176.20 +21.0 −22.8

121.0 173.50 +20.9 −22.7

121.5 171.00 +20.9 −22.7

122.0 168.80 +20.9 −22.7

122.5 166.30 +20.8 −22.6

123.0 163.40 +20.7 −22.5

123.5 161.90 +20.7 −22.5

124.0 159.70 +20.8 −22.6

124.1 159.10 +20.8 −22.6

124.2 158.60 +20.8 −22.6

124.3 158.30 +20.8 −22.7

124.4 157.90 +20.9 −22.7

124.5 157.30 +20.7 −22.5

124.6 157.20 +20.8 −22.5

124.7 156.40 +20.8 −22.5

124.8 155.70 +20.8 −22.6

124.9 155.50 +20.8 −22.6

125.0 155.20 +20.7 −22.4

125.1 154.50 +20.7 −22.5

125.09 154.70 +20.8 −22.5

125.2 154.30 +20.8 −22.5

125.3 153.80 +20.8 −22.5

125.4 153.20 +20.8 −22.6

125.5 152.70 +20.7 −22.4

125.6 152.40 +20.6 −22.4

125.7 152.10 +20.7 −22.5

125.8 151.40 +20.7 −22.5

125.9 151.00 +20.8 −22.5

126.0 150.80 +20.7 −22.3

126.5 148.60 +20.6 −22.3

127.0 146.70 +20.6 −22.3

127.5 144.60 +20.5 −22.2

128.0 142.50 +20.4 −22.2

128.5 140.60 +20.4 −22.2

129.0 138.90 +20.4 −22.1

129.5 137.00 +20.4 −22.1

130.0 135.10 +20.3 −22.1
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Table 244: Inclusive bbH cross sections for a LHC CM energy of
√
s = 8 TeV, obtained using Santander Matching

with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

MH[GeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

120.0 231.50 +20.8 −22.8

120.5 228.90 +20.8 −22.8

121.0 225.00 +20.7 −22.7

121.5 222.40 +20.8 −22.7

122.0 219.00 +20.6 −22.6

122.5 216.10 +20.7 −22.5

123.0 213.20 +20.7 −22.5

123.5 210.40 +20.7 −22.4

124.0 207.10 +20.6 −22.4

124.1 206.90 +20.7 −22.4

124.2 206.20 +20.6 −22.5

124.3 205.60 +20.7 −22.6

124.4 205.20 +20.8 −22.6

124.5 204.50 +20.6 −22.4

124.6 204.30 +20.7 −22.5

124.7 203.60 +20.7 −22.5

124.8 202.80 +20.6 −22.5

124.9 202.40 +20.7 −22.5

125.0 202.10 +20.7 −22.3

125.1 201.50 +20.6 −22.4

125.09 200.80 +20.6 −22.3

125.2 200.80 +20.7 −22.4

125.3 200.50 +20.7 −22.4

125.4 199.80 +20.7 −22.5

125.5 199.30 +20.6 −22.3

125.6 199.30 +20.6 −22.3

125.7 198.80 +20.7 −22.4

125.8 198.20 +20.7 −22.4

125.9 197.40 +20.8 −22.5

126.0 196.80 +20.6 −22.3

126.5 193.60 +20.6 −22.1

127.0 191.40 +20.5 −22.2

127.5 188.20 +20.4 −22.1

128.0 186.40 +20.4 −22.1

128.5 183.30 +20.3 −22.0

129.0 181.10 +20.3 −22.0

129.5 178.60 +20.4 −22.0

130.0 176.30 +20.3 −21.9
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Table 245: Inclusive bbH cross sections for a LHC CM energy of
√
s = 13 TeV, obtained using Santander

Matching with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

MH[GeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

120.0 553.40 +20.3 −24.4

120.5 547.10 +20.3 −24.4

121.0 541.40 +20.4 −24.3

121.5 534.30 +20.5 −24.3

122.0 526.80 +20.4 −24.3

122.5 520.00 +20.2 −24.2

123.0 512.40 +21.2 −24.1

123.5 506.60 +20.1 −24.0

124.0 499.90 +20.1 −24.0

124.1 498.50 +20.1 −24.0

124.2 497.60 +20.3 −24.1

124.3 495.50 +20.2 −24.1

124.4 495.00 +20.3 −24.1

124.5 493.00 +20.0 −23.9

124.6 491.80 +20.1 −24.0

124.7 491.90 +20.6 −24.1

124.8 489.90 +20.2 −24.0

124.9 489.10 +20.3 −24.1

125.0 488.00 +20.2 −23.9

125.1 486.30 +20.1 −23.9

125.09 486.00 +20.5 −23.9

125.2 485.00 +20.1 −24.0

125.3 483.30 +20.1 −24.0

125.4 482.20 +20.2 −24.0

125.5 480.90 +20.1 −23.8

125.6 479.20 +20.1 −23.9

125.7 478.90 +20.1 −23.9

125.8 476.80 +20.1 −23.9

125.9 475.70 +20.2 −24.0

126.0 476.00 +20.2 −23.8

126.5 469.50 +20.0 −23.7

127.0 463.50 +20.0 −23.7

127.5 458.00 +20.0 −23.6

128.0 451.30 +19.9 −23.6

128.5 446.30 +19.9 −23.5

129.0 441.60 +20.0 −23.4

129.5 435.80 +19.9 −23.4

130.0 430.40 +19.9 −23.3
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Table 246: Inclusive bbH cross sections for a LHC CM energy of
√
s = 14 TeV, obtained using Santander

Matching with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

MH[GeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

120.0 628.80 +20.4 −24.7

120.5 620.40 +20.3 −24.6

121.0 610.50 +20.2 −24.5

121.5 603.20 +20.2 −24.4

122.0 596.10 +20.2 −24.4

122.5 588.40 +20.2 −24.3

123.0 580.10 +20.0 −24.2

123.5 574.50 +20.1 −24.2

124.0 567.20 +23.4 −24.2

124.1 565.60 +20.1 −24.2

124.2 564.20 +20.1 −24.2

124.3 562.10 +20.1 −24.2

124.4 560.80 +20.1 −24.3

124.5 559.60 +20.1 −24.1

124.6 557.70 +20.0 −24.1

124.7 556.30 +20.1 −24.2

124.8 555.10 +20.2 −24.2

124.9 554.50 +20.3 −24.2

125.0 552.90 +20.0 −24.0

125.1 552.20 +20.1 −24.1

125.09 552.10 +20.2 −24.1

125.2 550.10 +23.0 −24.0

125.3 548.10 +20.1 −24.2

125.4 547.40 +20.6 −24.1

125.5 545.30 +19.9 −24.0

125.6 544.80 +20.6 −24.0

125.7 542.20 +20.0 −24.0

125.8 541.50 +20.8 −24.1

125.9 539.80 +20.0 −24.1

126.0 538.40 +19.9 −23.9

126.5 534.20 +20.0 −23.9

127.0 526.00 +19.9 −23.8

127.5 520.00 +19.8 −23.7

128.0 512.40 +19.8 −23.7

128.5 506.20 +19.8 −23.7

129.0 500.20 +19.7 −23.6

129.5 494.30 +19.7 −23.6

130.0 487.80 +21.4 −23.5
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Table 247: Energy scan of Inclusive bbH cross sections for a Higgs boson mass of 125 GeV, obtained using
Santander Matching with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

√
s [TeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

6.0 112.70 +20.9 −22.5

6.5 133.50 +20.8 −22.5

7.0 155.20 +20.7 −22.4

7.5 177.90 +20.6 −22.4

8.0 202.10 +20.7 −22.3

8.5 226.70 +20.5 −22.3

9.0 252.50 +20.4 −22.5

9.5 280.00 +20.5 −22.7

10.0 306.90 +20.4 −22.8

10.5 335.60 +20.4 −23.0

11.0 363.90 +20.2 −23.1

11.5 394.40 +20.3 −23.2

12.0 424.30 +20.2 −23.4

12.5 455.70 +20.1 −23.6

13.0 488.00 +20.2 −23.9

13.5 520.00 +20.1 −24.0

14.0 552.90 +20.0 −24.0

14.5 588.00 +20.1 −24.2

15.0 620.30 +20.0 −24.4
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Table 248: Energy scan of Inclusive bbH cross sections for a Higgs boson mass of 125.09 GeV, obtained using
Santander Matching with 5FS (NNLO) and 4FS (NLO), together with their total uncertainties.

√
s [TeV] σbbH [fb] +QCD scale⊕ PDF⊕ αs[%] −QCD scale⊕ PDF⊕ αs[%]

6.0 112.50 +20.8 −22.5

6.5 133.40 +20.8 −22.5

7.0 154.50 +20.7 −22.5

7.5 177.40 +20.6 −22.4

8.0 201.50 +20.6 −22.4

8.5 226.30 +20.5 −22.4

9.0 252.00 +20.4 −22.5

9.5 279.20 +20.5 −22.7

10.0 306.60 +20.4 −22.8

10.5 334.60 +20.4 −23.0

11.0 362.80 +20.3 −23.1

11.5 393.00 +20.3 −23.2

12.0 423.50 +20.2 −23.4

12.5 454.30 +20.1 −23.5

13.0 486.30 +20.1 −23.9

13.5 518.30 +20.1 −24.0

14.0 552.20 +20.1 −24.1

14.5 584.80 +20.0 −24.2

15.0 618.60 +19.8 −24.4
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