
b

s main

mentarity
t bounds
Physics Letters B 625 (2005) 234–244

www.elsevier.com/locate/physlet

Pair production of heavyQ = 2/3 singlets at LHC

J.A. Aguilar-Saavedra

Departamento de Física and CFTP, Instituto Superior Técnico, P-1049-001 Lisboa, Portugal

Received 27 June 2005; received in revised form 15 August 2005; accepted 16 August 2005

Available online 29 August 2005

Editor: N. Glover

Abstract

We examine the LHC discovery potential for newQ = 2/3 quark singletsT in the processgg,qq → T T̄ → W+bW−b̄,
with oneW boson decaying hadronically and the other one leptonically. A particle-level simulation of this signal and it
backgrounds is performed, showing that heavy quarks with masses of 500 GeV or lighter can be discovered at the 5σ level after
a few months of running, when an integrated luminosity of 3 fb−1 is collected. With a luminosity of 100 fb−1, this process
can signal the presence of heavy quarks with masses up to approximately 1 TeV. Finally, we discuss the comple
amongT T̄ , Tj production and indirect constraints from precise electroweak data in order to discover a new quark or se
on its mass.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Large Hadron Collider (LHC) will be a pow
erful tool to explore energies up to the scale of a f
TeV. It is expected to provide some striking eviden
of new physics, for instance, of a light Higgs boso
in its first months of operation[1,2]. Among many
promising possibilities for the discovery of new par
cles, LHC will offer an ideal environment for the pro
duction of heavy quarks. New quarks of either cha
can be copiously produced in pairs through QCD in
actions, namely via gluon fusion and quark–antiqu
annihilation, if there is available phase space[3,4].

E-mail address: jaas@ist.utl.pt(J.A. Aguilar-Saavedra).
0370-2693/$ – see front matter 2005 Elsevier B.V. All rights reserved
doi:10.1016/j.physletb.2005.08.062
Up-type quarksT can also be produced in associati
with light jets, e.g., in the processesqb → q ′T , q̄ ′b →
q̄T (here and throughout this Letterq = u, c, q ′ =
d, s), provided their mixing with the bottom quark
sizeable. New interactions may also bring about
ther production mechanisms. The prospects for he
quark detection depend on the production proce
(with their respective cross sections) as well as on
decay modes (and their relevant backgrounds), wh
are distinctive of the Standard Model (SM) extens
considered.

The presence of a fourth sequential generatio
disfavoured by naturalness arguments1 and precision

1 For a fourth quark generation, anomaly cancellation requires
simultaneous presence of a lepton doublet. LEP measurement
.
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electroweak data, which leave a small window for
new quark masses consistent with the experime
measurement of the S, T, U parameters[5]. On the
other hand, heavy SU(2)L quark singlets with charge
Q = 2/3 orQ = −1/3 can exist with a moderate mix
ing of order 10−2–10−1 with the SM quarks. Here w
are concerned with the first possibility. Models w
large extra dimensions with, for example,tR in the
bulk predict the existence of a tower ofQ = 2/3 sin-
gletsT

(n)
L,R . If there is multilocalisation the lightest on

T
(1)
L,R can have a mass of 300 GeV or larger, an

sizeable mixing with the top quark[6]. (The class of
extra-dimensional models having a lightQ = 2/3 sin-
glet mixing with the top quark is enlarged when co
rections localised on the branes to the kinetic term
fermions and bosons are taken into account[7].) Little
Higgs models[8] include in their additional spectrum
an up-type singlet, which is expected to have a m
of 1 TeV or larger. Quark singlets also appear in so
grand unified theories[4,9]. Their effects in low en-
ergy and top physics have already been studied[10]. In
this Letter we address their direct observation at L
through pair productiongg,qq → T T̄ [11].

We note that for heavy quark massesmT � 800
GeV and a coupling to the bottom quarkVT b of the
size suggested by the experimental measureme
the T parameter, singleT productionpp → Tj has a
larger cross section than pair production and can t
explore larger mass scales[12,13]. Therefore,Tj pro-
duction will eventually set more stringent limits (albe
dependent onVT b) on heavy quark masses if a po
itive signal is not observed. However, two importa
points have to be remarked: (i) theTj cross section
is proportional to|VT b|2, hence for small mixings thi
process becomes less relevant; (ii) pair production
the best sensitivity to the presence of new quarks h
ing masses of several hundreds of GeV. If new qua
exist in this mass range,T T̄ production would allow
to observe a signal in a rather short time.

In the following we briefly review the mixing o
the new quark, its interactions and decay modes.
ter summarising the relevant aspects of the signal
background generation, we will present our results

Z invisible width sets the number of light neutrino species to th
and additional neutrinos must be heavier than 45 GeV[5], in sharp
contrast with the smallness of the light neutrino massesmν � 1 eV.
f

quark masses of 500 GeV and 1 TeV. Finally, the
lation betweenT T̄ , Tj production and indirect con
straints from the T parameter will be discussed.

2. SM extensions with Q = 2/3 singlets

The addition of two SU(2)L singlet fieldsT 0
L,R to

the quark spectrum modifies the weak and scalar in
actions involvingQ = 2/3 quarks. (We denote wea
eigenstates with a zero superscript, to distinguish th
from mass eigenstates which do not bear superscri
Using standard notation, these interactions read

LW = − g√
2

[
ūγ µV PLdW+

µ + d̄γ µV †PLuW−
µ

]
,

LZ = − g

2cW

ūγ µ

[
XPL − 4

3
s2
W14×4

]
uZµ,

(1)LH = g

2MW

ū
[
MuXPL + XMuPR

]
uH,

whereu = (u, c, t, T ), d = (d, s, b) andPR,L = (1 ±
γ5)/2. The extended Cabibbo–Kobayashi–Maska
(CKM) matrix V is of dimension 4× 3, X = V V †

is a non-diagonal 4× 4 matrix andMu is the 4× 4
diagonal up-type quark mass matrix. The new m
eigenstateT is expected to couple mostly with thir
generation quarkst , b, becauseT 0

L , T 0
R preferably mix

with t0
L, t0

R , respectively, due to the large top qua
mass.VT b is mainly constrained by the contributio
of the new quark to the T parameter[10,14],

T = Nc

16πs2
Wc2

W

{|VT b|2
[
θ+(yT , yb) − θ+(yt , yb)

]

(2)− |XtT |2θ+(yT , yt )
}
,

whereNc = 3 is the number of colours,yi = (m̄i/

MZ)2, m̄i being theMS mass of the quarki at the
scaleMZ , |XtT |2 � |VT b|2(1− |VT b|2) and[14]

(3)θ+(y1, y2) = y1 + y2 − 2y1y2

y1 − y2
log

y1

y2
.

The experimental measurement T= 0.12± 0.10 [15],
obtained setting U= 0, implies T� 0.28 with a 95%
confidence level (CL), and the corresponding lim
|VT b| � 0.26–0.18 formT = 500–1000 GeV (see als
Ref.[16]).2 Mixing of T 0

L with u0
L, c0

L, especially with

2 The new quark contribution to U is much smaller, of order 10−2

[10], thus it makes sense using this value for T. If we take T=
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the latter, is very constrained by parity violation exp
iments and the measurement ofRc andA

0,c
FB at LEP,

respectively[17,18], implying smallXuT , XcT . The
charged current couplings withd, s must be small as
well, |VT d |, |Vts | ∼ 0.05, because otherwise the ne
quark would give large loop contributions to kaon a
B physics observables[10]. Therefore,|VT d |, |VT s | �
|VT b| and |XuT |, |XcT | � |XtT |. In specific models
there may be additional interactions, e.g., mediated
new gauge bosons, giving further contributions to
perimental observables. These extra terms might (
tially) cancel the ones from the new quark, loosen
the constraints on its couplings. Although new int
actions may modify the allowed range forVT b, it is
unlikely that they alter the above hierarchy. Then,
relevant decays of the new quark areT → W+b, Zt ,
Ht , with partial widths

Γ (T → W+b)

= α

16s2
W

|VT b|2 m3
T

M2
W

[
1− 3

M4
W

m4
T

+ 2
M6

W

m6
T

]
,

Γ (T → Zt)

= α

16s2
Wc2

W

|XtT |2 m2
T

M2
Z

f (mT ,mt ,MZ)

×
[
1+ M2

Z

m2
T

− 2
m2

t

m2
T

− 2
M4

Z

m4
T

+ m4
t

m4
T

+ M2
Zm2

t

m4
T

]
,

Γ (T → Ht)

= α

16s2
W

|XtT |2 m2
T

M2
W

f (mT ,mt ,MH )

×
[
1+ 3

4

mt

mT

− 1

2

m2
t

m2
T

− M2
H

m2
T

(4)+ 3

4

m3
t

m3
T

+ m4
t

m4
T

− m2
t M

2
H

m4
T

]
.

The kinematical function

f (mT ,mt ,M) ≡ 1

2mT

(
m4

T + m4
t + M4 − 2m2

T m2
t

(5)− 2m2
T M2 − 2m2

t M
2)1/2

approximately equalsmT /2 for mT � mt,M . For a
heavyT and a light Higgs, we have Br(T → W+b) �

−0.17± 0.12 [5] the limits obtained are much stronger, T� 0.027
and thus|VT b| � 0.08–0.06 formT = 500–1000 GeV. We will con-
sider both possibilities in our analysis.
0.5, Br(T → Zt) � 0.25, Br(T → Ht) � 0.25. To
our knowledge, there are not experimental searc
for new Q = 2/3 quarks giving lower bounds fo
their masses. However, for the expected produc
cross sections and decay branching ratios, it seems
quarks with masses around 200 GeV ought to be v
ble with present Tevatron Run II data[19].

The decaysT → Zt → �+�−W+b, � = e,µ give a
cleaner final state thanT → W+b, but with a branch-
ing ratio 30 times smaller. It has already been fou
that the channelT → W+b (T̄ → W−b̄), with W →
�ν, gives the best discovery potential in singleT pro-
duction [12]. In T T̄ production we select the fina
statesT T̄ → W+bW−b̄, with one W boson decay
ing leptonically and the other one hadronically. T
larger cross section in this decay mode allows to
tain a better statistical significance for the signal, wh
the backgrounds can be greatly reduced with kinem
ical cuts.

3. Signal and background simulation

The main backgrounds for theT T̄ signal

gg,qq → T T̄ → W+bW−b̄ → �+νbq̄q ′b̄,

(6)� = e,µ,

are given byt t̄ , Wbb̄jj , Zbb̄jj andt b̄j production,

gg,qq → t t̄ → W+bW−b̄ → �+νbq̄q ′b̄,

pp → Wbb̄jj → �νbb̄jj,

pp → Zbb̄jj → �+�−bb̄jj,

(7)pp → t b̄j → W+bb̄j → �+νbb̄j.

The charge conjugate processes are understood
summed in all cases. In the background evalua
we do not consider final states withτ leptons (which
can decay leptonicallyτ → eντ ν̄e, τ → µντ ν̄µ) be-
cause the electrons and muons produced inτ decays
are softer, and in our analysis we eventually requ
e,µ with high transverse momenta.Wjjjj andZjjjj

production are reduced to negligible levels with t
requirement of twob tags, which suppresses their co
tributions by a factor∼10−4. The signal and thet t̄ ,
t b̄j backgrounds are evaluated with our own Mo
Carlo generators, including all finite width and spin
fects. We calculate the matrix elements usingHELAS
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[20] with running coupling constants evaluated at
scale of the heavy quarkT or t . Wbb̄jj andZbb̄jj

are calculated withALPGEN [21]. The bottom quark
massmb = 4.8 GeV is kept in all cases, and we ta
MH = 115 GeV. We use structure functions CTEQ
[22], with Q2 = ŝ for T T̄ , t t̄ and t b̄j , and Q2 =
M2

W,Z + p2
TW,Z

for Wbb̄jj , Zbb̄jj , being
√

ŝ the par-
tonic centre of mass energy, andpTW,Z

the transverse
momentum of the gauge boson.3

The events are passed throughPYTHIA 6.228
[24] as external processes to perform hadronisa
and include initial and final state radiation (IS
FSR) and multiple interactions. We use the st
dard PYTHIA settings except forb fragmentation,
in which we use the Peterson parameterisation w
εb = −0.0035[25]. A fast detector simulationATL-
FAST 2.60 [26], with standard settings, is use
for the modelling of the ATLAS detector. We reco
struct jets using a standard cone algorithm with�R ≡√

(�η)2 + (�φ)2 = 0.4, whereη is the pseudorapid
ity andφ the azimuthal angle. We do not apply trigg
inefficiencies and assume a perfect charged lep
identification. The packageATLFASTB is used to re-
calibrate jet energies and performb tagging, for which
we select efficiencies of 60%, 50% for the low a
high luminosity LHC phases, respectively.

4. Numerical results

The hadronised events are required to fulfill the
two criteria: (a) the presence of one (and only one)
lated charged lepton, which must have transverse
mentumpt � 20 GeV and|η| � 2.5; (b) at least four
jets withpt � 20 GeV,|η| � 2.5, with exactly twob

tags. The cross sections times efficiency of the
processes after these pre-selection cuts are colle
in Table 1, using a 60%b tagging rate. The event
are produced without kinematical cuts at the gen
ator level in the case ofT T̄ , t t̄ , while for the other

3 We find thatT T̄ cross sections are 16–18% larger (formT =
500–1000 GeV) when evaluated with MRST 2004 structure fu
tions [23] and their corresponding value ofαs(MZ). Assuming
that background cross sections in the kinematical region of in
est (large transverse momenta and invariant masses) scale b
same rate, this would amount to a 8–9% increase in the statis
significance.
Table 1
Cross sections of theT T̄ signal (withmT = 500,1000 GeV) and its
backgrounds after pre-selection cuts

Process σ × eff

T T̄ (500) 44.9 fb
T T̄ (1000) 0.638 fb
t t̄ 18.8 pb
Wbb̄jj 1.23 pb
Zbb̄jj 246 fb
t b̄j 710 fb

processes we set some loose cuts, less restrictive
the ones used after hadronisation, which do not
the calculation. Fort b̄j we only require pseudorapid
ties |η| � 3 for b, j . For Wbb̄jj we setpt � 15 GeV
and|η| � 3 for the charged lepton, theb quarks and the
jets, and lego-plot separations�Rjj ,�Rbj ,�Rbb �
0.4, �R�b,�R�j � 0.2. For Zbb̄jj we requirept �
15 GeV,|η| � 3 for b quarks and jets,|η| � 10 for the
charged leptons, and�Rjj ,�Rbj ,�Rbb � 0.4.

The SM backgrounds are much larger than the
nal, but they concentrate in the low transverse m
menta region. To reduce them, it is useful to exa
ine their dependence on the transverse moment
the charged leptonplep

t , the fastest jetpj,max
t and

the fastestb jet p
b,max
t , as well as the missing tran

verse momentum/pt and the total transverse ener
Ht = ∑

j,�,γ pt + /pt . The kinematical distribution
of these variables are shown inFig. 1. We display a
weighted sum of theWbb̄jj andZbb̄jj processes s
as to reduce the number of histograms, while the o
backgrounds are shown separately.

TheT T̄ signal can be discovered by the presenc
peaks in the invariant mass distributions correspo
ing to the two decaying quarks. In order to reconstr
their momenta we first identify the two jetsj1, j2 from
theW decaying hadronically. The first onej1 is cho-
sen to be the highestpt non-b jet, and the second on
j2 as the non-b jet having withj1 an invariant mass
closest toMW . The missing transverse momentum
assigned to the undetected neutrino, and its long
dinal momentum and energy are found requiring t
the invariant mass of the charged lepton and the n
trino is theW mass,(p� + pν)

2 = M2
W . This equation

yields two possible solutions. In addition, there a
two different pairings of the twob jets to theW bosons
decaying hadronically and leptonically, giving fo
possibilities for the reconstruction of the heavy qu
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total
(a) (b)

(c) (d)

(e)

Fig. 1. Transverse momentum of: (a) the fastest jet; (b) the fastestb jet; (c) the charged lepton. Missing transverse momentum (d);
transverse energy (e). The histograms are normalised to a total number of 2000 events.
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d to a total
(a) (b)

Fig. 2. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b). The histograms are normalise
number of 2000 events.
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momenta. We select the one giving closest invar
massesmhad

T , m
lep
T for the quarks decaying hadron

cally and semileptonically. Their kinematical distrib
tions are shown inFig. 2. In our calculations we hav
setVT b = 0.2,0.1 for mT = 500,1000 GeV, respec
tively, yielding the total widthsΓT = 2.80,6.16 GeV.
The cross sections are independent ofVT b and forΓT

of these sizes the broadness of the mass distribu
too.

We point out that in our signal calculation we ha
not included otherT production processes giving th
same experimental signature of one charged lep
four jets (with twob tags) plus missing energy. Suc
processes do not constitute a background (they are
sent in the SM) but instead increase the signal c
section. One example isT T̄ production in the deca
channelT T̄ → ZtW−b̄ → νν̄W+bW−b̄, with oneW

boson decaying hadronically and the other one
tonically. This process has a cross section 10 tim
smaller than the one in Eq.(6). Other possibleT T̄

decay channels areT T̄ → ZtW−b̄ → bb̄W+bW−b̄,
T T̄ → HtW−b̄ → bb̄W+bW−b̄ (assuming a ligh
Higgs boson) with twob quarks mistagged. The
contributions represent a∼7% and∼40% increase
respectively, in the total cross section. Neverthele
neither of the three processes mentioned yields p
in the mhad

T , m
lep
T invariant mass distributions, as r

constructed here for theT T̄ → W+bW−b̄ signal, and
their contributions are not likely to be detectable due
the uncertainty in the SM background normalisati
-

The same comments apply toT b̄j production with ra-
diation of an extra hard jet.

4.1. Results for mT = 500GeV

The large background cross sections make it con
nient to introduce further kinematical cuts at the g
erator level to reduce the number of events proces
with PYTHIA and ATLFAST. We require the pres
ence of a charged lepton withpt � 30 GeV, a jet with
pt � 200 GeV and, forWbb̄jj and Zbb̄jj , one b

quark withpt � 100 GeV. This last cut does not bi
the sample because in these two processes the
non-b jets mostly originate from light quarks and gl
ons, for which theb mistag probability is very low
Thus, theb-tagged jets correspond to theb quarks
most of the time. The kinematical cuts used to red
backgrounds are

p
j,max
t � 250 GeV, p

b,max
t � 150 GeV,

p
lep
t � 50 GeV, 50 GeV� /pt � 600 GeV,

(8)Ht � 1000 GeV.

The cut/pt � 600 GeV is useful becauset t̄ production
with large invariant masses is sometimes associate
very large/pt , in contrast with the signal. We also no
that with these requirements the charged lepton
the hardest jet provide a trigger in the low luminos
LHC phase. The cross sections at the generator l
are listed in the first column ofTable 2, mainly for in-
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Table 2
For each process: cross sectionsσ̃ including cuts at the generato
level; number of events simulatedN0; number of eventsNcut pass-
ing the selection criteria in Eq.(8); number of eventsNpeakpassing
the selection cuts which are in the peak regions

Process σ̃ N0 Ncut Npeak

T T̄ (500) 204 fb 2700 272 173
t t̄ 5590 fb 70000 1609 240
Wbb̄jj 928 fb 16000 287 65
Zbb̄jj 364 fb 7200 39 10
t b̄j 626 fb 8300 70 11

formative purposes. The second column represent
number of eventsN0 = KσL simulated, taking a lumi
nosity of 10 fb−1 and including the rescaling factorsK

as explained inAppendix A. The figures in these tw
columns corresponding to different processes sho
not be compared, since they are obtained with differ
initial cuts in the event generation. Instead, the nu
ber of eventsNcut surviving the selection criteria i
Eq. (8) reflect the relative size of the processes a
cuts. They are shown in the third column. (The size
the signals and backgrounds before cuts can be
from Table 1.)

These kinematical cuts allow to detect the prese
of the new quark in the invariant mass distributio
mhad

T , m
lep
T as can be observed inFig. 3. The number

of events in the peak regions

340 GeV� mhad
T � 660 GeV,
(9)340 GeV� m
lep
T � 660 GeV

are displayed in the fourth column ofTable 2. They
give a statistical significanceS/

√
B = 9.6. A 5σ sig-

nificance, needed to claim discovery, can be achie
with a luminosityL � 2.7 fb−1. These numbers onl
consider statistical uncertainties, assuming that
SM background can be normalised with the cross s
tion measurements outside the peak region in Eq.(9).
Additionally, the trigger and charged lepton detect
efficiencies must be taken into account, what redu
the statistical significance by a factor∼0.95.

4.2. Results for mT = 1 TeV

We repeat the same analysis for a heavy quark w
mT = 1 TeV, in this case choosing ab tagging rate
of 50% at the high luminosity phase. The genera
cuts are raised topt � 150 GeV for the charged lepton
pt � 250 GeV for the hardest jet andpt � 150 GeV
for the hardestb quark, the latter cut only forWbb̄jj

andZbb̄jj production. The parton-level cross sectio
for the five processes are listed inTable 3, together
with the number of simulated eventsN0, correspond-
ing to an integrated luminosity of 300 fb−1. The selec-
tion criteria used to reduce backgrounds are

p
j,max
t � 400 GeV, p

b,max
t � 300 GeV,

p
lep
t � 200 GeV, 50 GeV� /pt � 400 GeV,

(10)Ht � 1800 GeV.
q.
(a) (b)

Fig. 3. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b), after the selection cuts in E(8). The
dashed lines correspond to the SM predictions, while the full lines represent the SM plus a new 500 GeV quark.
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Table 3
For each process: cross sectionsσ̃ including cuts at the generato
level; number of events simulatedN0; number of eventsNcut pass-
ing the selection criteria in Eq.(10); number of eventsNpeakpassing
the selection cuts which are in the peak regions

Process σ̃ N0 Ncut Npeak

T T̄ (1000) 2.89 fb 1330 70 48
t t̄ 778 fb 294000 208 10
Wbb̄jj 66.8 fb 34000 132 15
Zbb̄jj 48.0 fb 28500 19 1
t b̄j 44.1 fb 17500 3 0

With these cuts the charged lepton and hardest jet
vide a trigger for the event. The peak regions in t
case are defined as

800 GeV� mhad
T � 1200 GeV,

(11)800 GeV� m
lep
T � 1200 GeV.

The invariant mass distributionsmhad
T , m

lep
T after the

cuts in Eq.(10) are shown inFig. 4. The excess o
events in the peak regions amounts to 9.4 standard
deviations of the expected SM background. A 5σ sig-
nificance would be achieved with an integrated lum
nosityL � 85 fb−1. With a simple rescaling it can b
estimated that masses up tomT = 1.1 TeV can be dis-
covered with 5σ significance forL= 300 fb−1 and, if
no signal is found, the 95% CL limitmT � 1.3 TeV
can be set.
5. Summary and discussion

Up-type quark singlets with chargeQ = 2/3 are
predicted in some SM extensions, with masses ran
from few hundreds of GeV to several TeV. Their o
servation would represent not only a clear new phy
signal but also an important confirmation for the
models. We have shown that formT = 500 GeV a 5σ
statistical significance would be attained already w
3 fb−1 of integrated luminosity, which can be collect
after few months of LHC operation in its first phas
For new quarks in this mass range,T T̄ production
provides the best signal of their presence, allowin
prompt discovery if they exist. With an integrated
minosity of 300 fb−1, T T̄ production may discover
new quark withmT � 1.1 TeV, or set a 95% CL boun
mT > 1.3 TeV, independent ofVT b, if no signal is ob-
served.

We point out that if a fourth quark generatio
(T ,B) exists withmT < mB the dominant decay o
the up-type quark isT → Wb, giving the same signa
studied here. (T → Zt,Ht are forbidden at the tre
level by the vanishing of the flavour-changing neut
couplingXtT .) The results obtained for an up-type s
glet can then be straightforwardly applied to a fou
generation quark, multiplying the statistical sign
cances in Section4 by a factor of four. IfmT < mB , a
fourth generation quarkT with mT � 1.3 TeV could
be discovered with 300 fb−1 of integrated luminos
ity, and the 95% CL boundmT > 1.5 TeV could be
.

(a) (b)

Fig. 4. Reconstructed masses of the heavy quarks decaying hadronically (a) and semileptonically (b), after the selection cuts in Eq(10). The
dashed lines correspond to the SM predictions, while the full lines represent the SM plus a new 1 TeV quark.
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iggs
(a) (b)

Fig. 5. (a) Cross sections forT T̄ production (full line) andTj production, in the latter case forVT b = 0.1 (dotted line), and forVT b derived
from the T parameter (dashed line). (b) Upper bounds on|VT b| and values suggested by the T parameter (black line) and the Little H
relationV = m /m (grey line).
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set if they are not observed. IfB is lighter thanT ,
the decayT → W+B, with W on its mass shell i
mT > mB + MW , is open. Hence, the branching ra
of T → Wb depends onVT b, and model-independen
predictions cannot be made. We also remark tha
case that a new quarkT is discovered without aQ =
−1/3 partner, the experimental search for the dec
T → Zt,Ht can determine ifT is a SU(2)L singlet
or belongs to a doublet (in which case its partneB

should be heavier and undetected).
New Q = 2/3 quark singlets can be produc

in association with light jets as well, mainly in th
processesub → dT , db̄ → uT̄ . The cross section
for Tj production are quadratic in|Vtb|, but on the
other hand they do not decrease withmT as quickly
as for T T̄ . We plot in Fig. 5(a) the cross section
for T T̄ andTj production for different heavy quar
masses. ForTj we select a fixed couplingVT b = 0.1
as well as anmT -dependent coupling suggested
the experimental central value T= 0.12 (obtained for
U = 0) and Eq.(2). The VT b values derived from
T = 0.12 are shown inFig. 5(b). Of course, in model
beyond the SM there may be additional contributio
to oblique corrections, thus we take the experime
measurement of T only as a hint on the size ofVT b.
In Fig. 5(b) we also plot the Little Higgs model rela
tion VT b = mt/mT and the two 95% CL upper limit
on |VT b| obtained from

T � 0.28 (95% CL,U = 0),
(12)T � 0.027 (95% CL, U arbitrary),

respectively. We note that the assumptionVT b =
mt/mT potentially conflicts with the T paramete
measurement formT < 900 GeV, even using the les
restrictive boundT � 0.28.

The discovery potential ofTj production can be
estimated from existing analyses. This process, w
T → Wb → �νb, gives a 21.5σ significance formT =
1 TeV andVT b = mt/mT � 0.175 [13]. We make
the reasonable assumption that for differentT masses
the signal to background ratioS/B in the kinemat-
ical region of interest (with highpt and invariant
masses∼ mT ) remains approximately constant (obv
ously keeping equal CKM factors|VT b|2 for the sig-
nal).4 Requiring a statistical significanceS/

√
B = 5

sets a lower limit on the couplingVT b for eachmT

value. These limits are plotted inFig. 6(a), together
with the discovery limitmT � 1.1 TeV forT pair pro-
duction. We also include the 95% CL bounds fro
the T parameter in Eq.(12). We point out that if
T � 0.027 is enforced the discovery reach ofT T̄ pro-
duction is higher than forTj , since formT � 700 GeV
the VT b values needed for 5σ discovery inTj pro-

4 This assumption is justified by the decrease of the tails in
transverse momenta and invariant mass distributions of the
background. More optimistic extrapolations of the SM backgro
cross section, e.g., assuming that it decreases faster than theTj sig-
nal, would lead to higher discovery limits onT masses, as the one
given in Ref.[12].



J.A. Aguilar-Saavedra / Physics Letters B 625 (2005) 234–244 243

mbined
C.
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Fig. 6. (a) 5σ discovery limits for the new quark (full lines), and indirect bounds from the T parameter, explained in the text. (b) Co
95% CL bounds onmT , |VT b| (shaded area) fromT T̄ , Tj production and the T parameter, ifQ = 2/3 quark singlets are not observed at LH
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duction are not allowed. Assuming the less restric
limit T � 0.28, there is a region (light shaded area
the figure) where the new quark can be discovere
singleT but not inT pair production. Conversely, i
the dark shaded area the new quark can be discov
in T T̄ production but not in singleT processes.

The discovery of a newQ = 2/3 quark singlet
would certainly be a rather important achievement
wards the understanding of the flavour structure
the SM, and might help explain the largeness of
top quark mass[8,27]. On the other hand, the non
observation of new quarks at LHC would also be int
esting on its own. In such case, the combined bou
obtained from single andT pair production and the
T parameter would restrictmT , |VT b| to lie in the
shaded area inFig. 6(b). (If we use the more restric
tive bound in Eq.(12) the allowed region is somewh
smaller, as can be seen in the figure.) In this a
we havemT � 1.3 TeV and |VT b| � 0.13, the lat-
ter implying |Vtb| � 0.991. FormT � 600 GeV, the
couplingsVT d , VT s are already very constrained b
kaon andB physics measurements[10]. Therefore, the
non-observation of a new quark would significan
improve the indirect limits on CKM matrix elemen
Vtd , Vts , Vtb within this class of models.
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Appendix A. Signal and background
normalisation

In addition to the processes listed in Eqs.(6), (7)
there are other higher order processes contributin
the signal and backgrounds, namely, final states
cluding extra jets from QCD radiation. Indeed,t b̄j

production only yields three jets at the partonic lev
and the fourth one required to pass our pre-selec
criteria must be originated by radiation. These high
order processes are approximately accounted fo
PYTHIA showering, which generates hard extra j
by FSR. For example, inWbb̄jj production some
fraction of the events, when passed throughPYTHIA
showering, are converted intoWbb̄jjj or Wbb̄jjjj

events, the additional jets with a high (� 50 GeV)
transverse momentum.

One possible method to take higher order proce
into account is to generate them at the parton le
forbidding PYTHIA to radiate hard extra jets t
avoid double counting[28] but allowing the soft and
collinear ones. Instead, our approach is to norma
the numbers of events simulatedN0 by approximate
correction factorsK so that these figures correspo
to the processes in Eqs.(6), (7)plus higher order ones
The number of events simulated for a given proc
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is thenN0 = KσL, beingσ the cross section of th
process andL the luminosity. The correction factorK
is calculated in theWbb̄jj example as follows:

1. We generateWbb̄jj events requiring high trans
verse momentapt � 100 GeV for jets at the gen
erator level, and a large separation�R � 0.6
among all partons.

2. These events are passed twice throughPYTHIA
and ATLFAST, including FSR and without in
cluding it. In both cases ISR, multiple interactio
and energy smearing are turned off, because
want to isolate the effect of FSR.

3. We examine the number of events with four-j
(corresponding to the four initial partons) wi
pt � 80 GeV in both samples. Let us call the
numbersn0

4, nFSR
4 , respectively.K is then defined

as the ratio between them,K = n0
4/nFSR

4 .

With this rescaling factor definition, the number
four-jet events after FSR corresponds to the
present at the parton level. The value ofK depends on
the cut values for the event generation (100 GeV)
the jet counting (80 GeV), and therefore this proced
is approximate. However, for our purposes this sim
and fastK-factor prescription seems sufficient. F
theT T̄ signal we obtainK(T T̄ ) � 1.3, K(T T̄ ) � 1.5
for heavy masses of 500 GeV and 1 TeV, respectiv
and for the backgroundsK(t t̄) � 1.3, K(tb̄j) � 1.3,
K(Wbb̄jj) � 1.7, K(Zbb̄jj) � 2.0.
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