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ABSTRACT: We study the phenomenology of a supersymmetric left-right model, assum-
ing minimal supergravity boundary conditions. Both left-right and (B-L) symmetries are
broken at an energy scale close to, but significantly below the GUT scale. Neutrino data
is explained via a seesaw mechanism. We calculate the RGEs for superpotential and soft
parameters complete at 2-loop order. At low energies lepton flavour violation (LFV) and
small, but potentially measurable mass splittings in the charged scalar lepton sector ap-
pear, due to the RGE running. Different from the supersymmetric “pure seesaw” models,
both, LF'V and slepton mass splittings, occur not only in the left- but also in the right slep-
ton sector. Especially, ratios of LF'V slepton decays, such as Br(7z — ux})/Br(7r — ux?)
are sensitive to the ratio of (B-L) and left-right symmetry breaking scales. Also the model
predicts a polarization asymmetry of the outgoing positrons in the decay put — etr,
A ~ [0,1], which differs from the pure seesaw “prediction” A = 1. Observation of any
of these signals allows to distinguish this model from any of the three standard, pure
(mSugra) seesaw setups.
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The most popular explanation for the observed smallness of neutrino masses is certainly

the seesaw mechanism [1-6]. Literally hundreds of theoretical papers based on “the see-

saw” have been published since the discovery of neutrino oscillations [7-9]. The seesaw

can be implemented at tree-level in exactly three realizations [10]: exchange of a fermionic

singlet, a.k.a. the right-handed neutrino (type-I) [1-4]; of a scalar triplet (type-1I) [4-6]; or

of a fermionic triplet (type-III) [11]. In any of these “seesaw mechanisms” neutrino masses

are given by m, ~ v?/A, where v is the Higgs vacuum expectation value (vev) and A the
scale of the seesaw. For coefficients O(1) and A ~ (10'%-10'%) GeV one finds neutrinos



with sub-eV masses, just as experimental data demands. Unfortunately, attractive as this
idea might appear from the theoretical point of view, this estimate also implies that “the
seesaw” will never be directly tested.

This situation might change slightly, if supersymmetry (SUSY) is found at the LHC,
essentially because scalar leptons provide potentially additional information about seesaw
parameters. Assuming SUSY gets broken at a high energy scale, the seesaw parameters
leave their imprint on the soft parameters in the Renormalization Group Equation (RGE)
running. Then, at least in principle, indirect tests of the seesaw become possible.! In-
deed, this has been pointed out already in [12], where it was shown that lepton flavour
violating (LFV) off-diagonal mass terms for sleptons are automatically generated in seesaw
(type-I), even if SUSY breaking is completely flavour blind at the GUT scale as in minimal
supergravity (mSugra).?

Motivated by the above arguments, many authors have then studied LFV in SUSY
models. For the seesaw type-I, low energy LF'V decays such as [; — [;v and [; — 3l; have
been calculated in [13-22]; u—e conversion in nuclei has been studied in [23, 24]. The type-II
seesaw has received much less attention, although it has actually fewer free parameters than
type-1. The latter implies that ratios of LF'V decays of leptons can actually be predicted
as a function of neutrino angles in mSugra, as has been shown in [25, 26]. Finally, for
completeness we mention that LEV in SUSY seesaw type-III has been studied in [27].

Measurements at colliders, once SUSY is discovered, can provide additional informa-
tion. LFV decays of left sleptons within mSugra have been studied for type-I in [28] and
for type-II in [26, 29]. Precise mass measurements might also show indirect effects of the
seesaw [30-32]. Most prominently, type-IT and type-III seesaw contain non-singlet super-
fields, so gauge couplings run differently from pure MSSM. One then expects that sparticle
spectra show a characteristic “deformation” with respect to mSugra predictions. From
different combinations of masses one can form “invariants”, i.e. numbers which to leading
order depend only on the seesaw scale [33], although there are important corrections at
2-loop [26, 27], which have to be included before any quantitative analysis can be done.
Experimentally interesting is also that at the LHC the mass splitting between selectrons
and smuons may be constrained down to O(10~%) for 30 fb~! of integrated luminosity [34].
In mSugra, one expects this splitting to be unmeasurably tiny, whereas in mSugra plus
seesaw significantly different masses can be generated, as has been shown for type-I in [35].

Interestingly, in pure seesaw models with flavour blind SUSY boundary conditions all
of the effects discussed above show up only in the left slepton sector. Naturally one expects
that in a supersymmetric model with an intermediate left-right symmetric stage, also the
right sleptons should contain some indirect information about the high energy parameters.
This simple observation forms the main motivation for the current paper. Before entering
in the details of our calculation, let us first briefly discuss left-right symmetric models.

'Tn the general minimal supersymmetric extension of the standard model (MSSM) all soft terms are free
parameters, fixed at the electroweak scale and nothing can be learned about the high energy world.

It might be technically more correct to call this setup the “constrained MSSM” (CMSSM). We will
stick to the terminology mSugra.



Quite a large number of different left-right (LR) symmetric models have been dis-
cussed in the literature. Originally LR models were introduced to explain the observed
left-handedness of the weak interaction as a consequence of symmetry breaking [36-38].
However, LR models offer other advantages as well. First, the particle content of LR models
contains automatically the right-handed neutrino and thus the ingredients for generating a
(type-I) seesaw mechanism.? Second, the gauge group SU(3). x SU(2), x SU(2) g x U(1)p_1,
is one of the possible chains through which SO(10) [39, 40] can be broken to the standard
model gauge group.* In addition, it has been shown that they provide technical solutions
to the SUSY CP and strong CP problems [41] and they give an understanding of the
U(1) charges of the standard model fermions. Interesting only for the supersymmetric ver-
sions of LR models, (B-L) is gauged and thus, potentially, the low energy theory conserves
R-parity [42, 43].

This last argument requires possibly some elaboration. R-parity, defined as Rp =
(—=1)3(B=L)+2s (where B and L stand for baryon and lepton numbers and s for the spin
of the particle), is imposed in the MSSM to avoid dangerous baryon and lepton number
violating operators. However, the origin of Rp is not explained within the MSSM. In
early LR models SU(2)r doublets were used to break the gauge symmetry. The non-
supersymmetric model proposed in references [37, 38| introduced two additional scalar
doublets x7, and xg, where xr = xr(1,2,1,1) and xr = xr(1,1,2,—1) under SU(3), x
SU(2)r, xSU(2)gxU(1)p_r,. Parity conservation implies that both, x 1, and x g, are needed.
When the neutral component of xp gets a vev, (X%> # 0, the gauge symmetry is broken
down to the SM gauge group. However, yr is odd under U(1)g_;, and thus, in the SUSY
versions of this setup, Rp is broken at the same time.® A possible solution to this problem
is to break the gauge symmetry by SU(2)g fields with even charge under U(1)g_y, i.e. by
triplets. For a SUSY LR model, this was in fact proposed in reference [45], where four
triplets were added to the MSSM spectrum: A(1,3,1,2), A%(1,1,3,-2), A(1,3,1,—2) and
A°(1,1,3,2). Breaking the symmetry by the vev of A¢ produces at the same time a right-
handed neutrino mass via the operator L°A°L¢, leading to a type-I seesaw mechanism.
Depending on whether or not A gets a vev, also a type-1I seesaw can be generated [46].

However, whether R-parity is conserved in this setup is not clear. The reason is that
the minimum of the potential might prefer a solution in which also the right-handed scalar
neutrino gets a vev, thus breaking Rp, as has been claimed to be the case in [47]. Later [48]
calculated some 1-loop corrections to the scalar potential, concluding that Rp conserving
minima can be found. On the other hand, as first noted in [49] and later showed by
Aulakh and collaborators [50, 51], by the addition of two more triplets, ©(1,3,1,0) and
Q°(1,1,3,0), with zero lepton number one can achieve LR breaking with conserved Rp
guaranteed already at tree-level. Lacking a general proof that the model [45] conserves Rp
we will follow [50, 51] as the setup for our numerical calculations.

3Breaking the LR symmetry with triplets can generate also a type-II [4].

4Not all SO(10) breaking chains contain a seesaw. Neither does SU(5). Tt is, of course, straightforward
to add a seesaw to SU(5).

®This could be solved by imposing additional discrete symmetries on the model that forbid the dangerous
Rpoperators [44], but this cannot be regarded as automatic R-parity conservation.



Finally, for completeness we mention the existence of left-right models with R-parity
violation. For example, if the left-right symmetry is broken with the vevs of right-handed
sneutrinos R-parity gets broken as well and the resulting phenomenology is totally different,
as shown in [52, 53].

Compared to the long list of papers about indirect tests of the seesaw, surprisingly little
work on the “low-energy” phenomenology of SUSY LR models has been done. One loop
RGEs for two left-right SUSY models have been calculated in [54]. These two models are
(with one additional singlet): (a) breaking LR by doublets a la [37, 38] and (b) by triplets
following [45], but no numerical work at all was done in this paper. The possibility that
right sleptons might have flavour violating decays in the left-right symmetric SUSY model
of [45] was mentioned in [55]. A systematic study of all the possible signals discussed above
for the seesaw case is lacking and to our knowledge there is no publication of any calculation
of these signals for the model of [50, 51]. (For completeness we would like to mention that
in GUTs based on SU(5) one can have the situation the LFV occurs only in the right
slepton sector, as pointed out in [56]. However, this model [56] is in a different class from
all the models discussed above, since it does not contain non-zero neutrino masses.)

The rest of this paper is organized as follows. In the next section we define the
model [50, 51] and discuss its particle content and main features at each symmetry break-
ing scale. We have calculated the RGEs for each step complete at the 2-loop level following
the general description by [57] using the Mathematica package SARAH [58-60]. A sum-
mary is given in the appendix, the complete set of equations and the SARAH model files
can be found at [61]. Neutrino masses can be fitted to experimental data via a type-I seesaw
mechanism and we discuss different ways to implement the fit. We then turn to the numer-
ical results. The output of SARAH has been passed to the program package SPheno [62]
for numerical evaluation. We calculate the SUSY spectra and LF'V slepton decays, such as
TL/R — px! and TL/R — ex) and Xy — euxy, as well as low-energy decays [; — L~y for some
sample points as a function of the LR and (B-L) scales. Potentially measurable signals are
found in both, left and right slepton sectors, if (a) the seesaw scale is above (very roughly)
10'3 GeV and (b) if the scale of LR breaking is significantly below the GUT scale. Since we
find sizable LFV soft masses in both slepton sectors, also the polarization in u — ey is dif-
ferent from the pure seesaw expectation. We then close with a short summary and outlook.

2 Left-right supersymmetric model

In this section we define the model, its particle content and give a description of the different
symmetry breaking steps. The fit to neutrino masses and its connection to LFV violation
in the slepton sector is discussed in some detail, to prepare for the numerical results given
in the next section. We summarize briefly the free parameters of the theory.

The model essentially follows [50, 51]. We have not attempted to find a GUT com-
pletion. We will, however, assume that gauge couplings and soft SUSY parameters can be
unified, i.e. implicitly assume that such a GUT model can indeed be constructed.
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Superfield generations SU(3).

Q 3 3 2 1 3

Q° 3 3 1 2 —3
L 3 1 2 1 -1
L 3 1 1 2 1

P 2 1 2 2 0

A 1 1 3 1 2

A 1 1 3 1 -2
A° 1 1 1 3 -2
A° 1 1 1 3 2

Q 1 1 3 1 0

Qe 1 1 1 3

Table 1. Matter content between the GUT scale and the SU(2)r breaking scale.

2.1 Step 1: From GUT scale to SU(2)r breaking scale

Just below the GUT scale the gauge group of the model is SU(3). x SU(2), x SU(2)r X
U(1)p—r. In addition it is assumed that parity is conserved, see below. The matter content
of the model is given in table 1. Here ), Q¢, L and L¢ are the quark and lepton superfields
of the MSSM with the addition of (three) right-handed neutrino(s) v°.

Two & superfields, bidoublets under SU(2);, x SU(2)g, are introduced. They contain
the standard Hy and H,, MSSM Higgs doublets. In this model, two copies are needed for a
non-trivial CKM matrix. Although there are known attempts to build a realistic LR model
with only one bidoublet generating the quark mixing angles at the loop level [63], we will
not rely on such a mechanism. Finally, the rest of the superfields in table 1 are introduced
to break the LR symmetry, as explained above.

Table 1 shows also the gauge charges for the matter content in the model. In particular,
the last column shows the B — L value for the different superfields. However, the following
definition for the electric charge operator will be used throughout this paper
- L

) (2.1)

B
Q= I31 +I3r +

and thus the U(1)p_1, charge is actually
With the representations in table 1, the most general superpotential compatible with

B—-L
9 -

the gauge symmetry and parity is
W = YoQPQ" + YLLOLE — g<1><1> + fLAL + f*L°A°L*
+aAQA + a*AQ°AC + QPP 4 a QDD
+MAAA + MAACA® + MaQQ + MEQQ° . (2.2)

Note that this superpotential is invariant under the parity transformations @ < (Q°)*,
L« (L)%, ® « &, A — (A%)*, A — (A%*, Q « (Q°)*. This discrete symmetry fixes,



for example, the L°A°L¢ coupling to be f*, the complex conjugate of the LAL coupling,
thus reducing the number of free parameters of the model.

Family and gauge indices have been omitted in eq. (2.2), more detailed expressions can
be found in [50]. Yy and Y7, are quark and lepton Yukawa couplings. However, with two
bidoublets there are two copies of them, and thus there are four 3x 3 Yukawa matrices. Con-
servation of parity implies that they must be hermitian. p is a 2x2 symmetric matrix, whose
entries have dimensions of mass, f is a 3 x 3 (dimensionless) complex symmetric matrix,
and « is a 2 X 2 antisymmetric matrix, and thus it only contains one (dimensionless) com-
plex parameter, a1o. The mass parameters Mg and Ma can be exchanged for vg and vgy,
the vacuum expectation values of the scalar fields that break the LR symmetry, see below.

The soft terms of the model are

— Lot = mAHQTQ +mpeQe' Qe+ m3 LT L + m2. L' e
+m3®T® + mAATA + mQAATA + micATAC + mQACACTAC
+m3 Q10 + md.0°70° + ; [MiBB° + My(W W, + WrWg) + M3§g + h.c.]
+[ToQPQC + TLLOLe + Ty LAL + TFLeA°Le
+T,AQA + T AQAC + TLQPD + THQPP + hec.
+[Bu®® + Bay AA + B, "A°A° + B, QQ + By, *Q°Q° + heel] . (2.3)

Again, family and gauge indices have been omitted for the sake of simplicity. The LR model
itself does not, of course, fix the values of the soft SUSY breaking terms. In the numerical
evaluation of the RGEs we will resort to mSugra-like boundary conditions, i.e. mgngg =
m = mhe = m3, = mle, MiTaxs = my, m3 = mi = mi = mi. = md, = md = m,
M1/2 == M1 = M2 == Mg, TQ = A()YQ,TL == AQYL,Tf = Aof,Ta = Aoa,Ta = A()Oé,
B, = By,By, = BoMa, By, = BoMgq. The superpotential couplings f, Y and Y, are
fixed by the low-scale fermion masses and mixing angles. Their values at the GUT scale
are obtained by RGE running. This will be discussed in more detail in section 2.4.

The breaking of the LR gauge group to the MSSM gauge group takes place in two
steps: SU(2)gr x U(l)p—r, — U(l)g x U(1l)p—r. — U(1)y. In the first step the neutral

component of the triplet 2 takes a vev:

Qo) = ' 2.4

(o) = % 2.0
which breaks SU(2)g. However, since I3z (2°?) = 0 there is a U(1)z symmetry left over.
Next, the group U(1)g x U(1)p_z, is broken by

ACOy = UBL Ac0y — UBL 2.5
a0y =" qac) = (25)
The remaining symmetry is now U(1)y with hypercharge defined as Y = I3 + BEL .
The tadpole equations do not link ¢, A€ and A€ with their left-handed counterparts,
due to supersymmetry. Thus, the left-handed triplets can have vanishing vevs [50] and the
model produces only a type-I seesaw.



Superfield generations SU(3). SU(2); U(l)r U(l)p_L
Q 3 3 2 0 3
de 3 3 1 5 -3
u® 3 3 1 - é —é

3 1 2 0 ~1
e 3 1 1 ) 1
Ve 3 1 1 - 1
Hy 1 1 2 - 0
H, 1 1 2 5 0
A< 1 1 1 1 -2
AcO 1 1 1 -1 2
Q 1 1 3 0 0
Qco 1 1 1 0 0

Table 2. Matter content from the SU(2)r breaking scale to the U(1)p_1 breaking scale.

Although a “hierarchy” between the two breaking scales may exist, vgy, < vg, one
cannot neglect the effects of the second breaking stage on the first one, since mass terms of
Q) and A enter in both tadpole equations. If we assume vgy, = vgy, the tadpole equations
of the model can be written

ov 1 1
= 4|Mq|*vr + _|a|*vi vr — _vd [a*(Ma + Mq) +c.c] =0, (2.6)
OvR 2 2
ov. 2 1 2,9 2 1 % _
Bonr. | Ma|“vBr, + 4|a| (vBy, + vR)VBL — 2UBLUR [a*(Ma + Mgq) 4+ c.c) =0. (2.7)

In these equations (small) soft SUSY breaking terms have been neglected. Similarly, at this
stage there are no electroweak symmetry breaking vevs vy and v,. From equations (2.6)
and (2.7) one sees that, in fact, there is an inverse hierarchy between the vevs and the
superpotential masses Ma, Mq, given by

2Ma

2
VR= UBL = a(2MAMQ)1/2 : (2.8)

And so, vpy, < vR requires Ma > Mg, as has already been discussed in [50].

2.2 Step 2: From SU(2)yr breaking scale to U(1)p_; breaking scale

At this step the gauge group is SU(3). x SU(2)r, x U(1)g x U(1) g—r. The particle content of
the model from the SU(2) g breaking scale to the U(1)p_, breaking scale is given in table 2.

Some comments might be in order. Despite Ma being of the order of vy (or larger),
see eq.(2.8), not all components of the A superfields receive large masses. The neutral
components of A¢ and A° lie at the vpy, scale. One can easily check that the F-term
contributions to their masses vanish in the minimum of the scalar potential eq. (2.8).



Moreover, 2¢ does not generate D-terms contributions to their masses. Therefore, contrary
to the other components of the A triplets, they only get masses at the vpy, scale. On the
other hand, one might guess that all components in the €2,Q2¢ superfields should be retained
at this stage, since their superpotential mass Mg is required to be below vg,. However,
some of their components get contributions from SU(2)p breaking, and thus they become
heavy. The charged components of Q¢ do develop large masses, in the case of the scalars
through D-terms, while in the case of the fermions due to their mixing with the charged
gauginos Wi, which have masses proportional to vg. However, the neutral components of
Q¢ do not get SU(2)r breaking contributions, since they have I3z(Q¢%) = 0, and then they
must be included in this energy regime. See reference [51] for a more quantitative discussion.

After SU(2)r breaking the two bidoublets ®; and @5 get split into four SU(2)z dou-
blets. Two of them must remain light, identified with the two Higgs doublets of the MSSM,
responsible for EW symmetry breaking, while, at the same time, the other two get masses
of the order of vg. This strong hierarchy can be only obtained by imposing a fine-tuning
condition on the parameters involved in the bidoublet sector.

The superpotential terms mixing the four SU(2);, doublets can be rewritten as
Wir = (H)T My HI (2.9)

where Hé[ = (H},H?) and Hi = (H!, H2) are the flavour eigenstates. In this basis reads
the matrix

+ a9 M
My = H11 H12 1244R 7 (2.10)
p12 — a1oMp 22

where the relations p;; = pj; and «;; = —aj; have been used and Mp = UQR has been
defined. In order to get two light doublets we impose the fine-tuning condition [51]

Det(Mp) = piipas — (uiz — oy M7) = 0. (2.11)

The result of eq. (2.11) is to split the two Higgs bidoublets into two pairs of doublets
(Hgq,Hy,)r, and (Hgy, H,)R, where (Hy, H,)1, is the light pair that appears in table 2, and
(Hg, Hy) R a heavy pair with mass of order of vg. In practice, equation (2.11) implies that
one of the superpotential parameters must be chosen in terms of the others. Since this
fine-tuning condition is not protected by any symmetry, the RGEs do not preserve it, and
one must impose it at the SU(2) g breaking scale. In our computation we chose to compute
w11 in terms of the free parameters pi1s, 22, a1o and vg.

In order to compute the resulting couplings for the light Higgs doublets one must
rotate the original fields into their mass basis. Since My is not a symmetric matrix (unless
a12 = 0) one has to rotate independently HL{ and H{:, ie. HL{ =DH], Hf: = UH]", where
D and U are orthogonal matrices and H7' = (HY, HE) and H™ = (HL, HI) are the mass
eigenstates. This way one finds

Wi = (HD)TMyH! = (H?)T DT MyUH? = (H) My H? (2.12)



where My is a diagonal matrix, with eigenvalues
2
MH71 — 0 5

N 1
M12{,2 = 2 (0/112Mf4% + 205, M (155 — 139) + (13 + M%z)Q) . (2.13)
22

The D and U rotations are, in general, different and we parametrize them as

D— cos 0, sinb; ’ 7= cos Oy sinfs (2.14)
—sin 0y cos 6 —sin 0y cos 0y

and get

H} = cos01 HY +sinf HE |
H? = —sin@, HY + cos 0, HI (2.15)

and similar for H,. In general the angles 6, and 6y are different. However, they are
connected to the same matrix My and can be calculated by diagonalizing My (Mp)T or
(My)T My and one finds

_ K2 + a19Mp

tan 91,2
22

(2.16)
In these expressions Det(Mp) = 0 has been used to simplify the result. Exact Det(Mpy) =0
implies that the p-term of the MSSM is zero, so this condition can only be true up to
small corrections, see the discussion below. Note that there are two interesting limits.
First, pi1s > aijaMp: this implies tan0; = tanfy and therefore D = U. This is as ex-
pected, since that limit makes My symmetric. And, second, p12 < ajaMp: this implies
tan#; = — tan @y and therefore D = U™
The superpotential at this stage is

W = YoQHu + YyQHyd® + YoLHye + Y, LH, v + pHy Hy
—i—fchI/cAco + Mi ACOACO + alACOACOQCO
c ¢ c
+bQH H, + b HyH, + MoQQ + MaeQ°00c0, (2.17)

Particles belonging to the same SU(2)r gauge multiplets split due to their different U(1)g

charges. At this stage both the LR group, that symmetrizes the SU(2);, and SU(2)r gauge

interactions, and the discrete parity symmetry that we imposed on the couplings are broken.
The soft terms are

— Loon = mBHQTQ + m2eiehic 4 m2odede + m3 ETE + m2éetee 4 m2pel e
—|—m%{uH;£Hu + m%{ngHd + mZAcOACOTACO + m%cOACOTACO
1 O I ~ o~
+mEHQTQ+md. Q0T 0+ ) (M B B+ MWW+ MWW+ Msgg+h.c.]
+[T.QH e + TyQHyde + T.LHye® + T, LH,v* (2.18)



+T} veve A + Ty AOQCAO + TIOH H, + Ty Q" HyH,y, + h.c.]
+[ByHy,Hq+ BM&ACOACO + Buo Q2 + B 7000 + heel]
Again we suppress gauge and family indices.

We must impose matching conditions at the SU(2)g breaking scale. These are for
superpotential parameters given by

Y, = Yé cos 07 — YQ2 sin 61 , Y, = —Yé cos 0y + YQ2 sin 6y ,
Y., = YL1 cos 01 — YL2 sin# , Y, = —YLl cos 0y + YL2 sin 6y ,
a*
fcl:_f*, ai:_\/Qa
MA. = M}, Mqe = Mg,
b=2aR, be = V2a*R, (2.19)

where R = sin(; — 03). For the soft masses we have

Mie =mie = mpe, (2.20)
mzc — m?jc — m%(: 5

2 2
mACO - mAc7

2
mAc?

2
mQCO - ch7

My = Mgp = M,.

Soft trilinears matching follow corresponding conditions. In addition, one has
m%{d = cos® 6, (mé)n + sin? 01(m

2
my,

)aa — sin 6 cos 6y [(mé)u + (m%)m] )

BIN BN

cos? Bz(m3)11 + sin? Oy (m3 )y — sin By cos 6 [(m?p)u + (m%)gl] ,

as obtained when the operator m?b(I)J“@ is projected into the light Higgs doublets operators
(HEYTHE and (HL)THE. Gauge couplings are matched as g, = gr = go.

2.3 Step 3: From U(1)p_; breaking scale to EW/SUSY scale

We mention this stage only for completeness, since the last regime is just the usual MSSM.
We need matching conditions in the gauge sector. Since U(1)r x U(1)p_y, breaks to U(1)y,
the MSSM gauge coupling g will be a combination of gr and gpr,. The resulting relation-

ship is
5
. V59rgEL (2.21)
\/ 29% + 393,
Analogously, the following condition holds for gaugino masses
2g% My + 395, M
M, (MSSM) = IR T o0 MR (2.22)

2g% + 3934,
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parameter best fit 2-0

Am3,[107%eV?]  7.59152%%  7.22 - 8.03

|AmZ|[1073eV?] 240701 2.18 — 2.64

sin? 015 0.31870012  0.29 —0.36
sin? fa3 0.50506  0.39 —0.63
sin? 03 0.013709% < 0.039

Table 3. Best-fit values with 1-0 errors and 2-o intervals (1 d.o.f.) taken from the reference [64],
which is updated continuously on the web.

Note that in the last two equations the gauge couplings are GUT-normalized. Electroweak
symmetry breaking occurs as in the MSSM. We take the Higgs doublet vevs
Vd UV

V2 V2

as free parameters and then solve the tadpole equations to find unssyv and B, unvssm

(Hg) = (H,) = (2.23)

must be different from zero, that is Det(M) can not be exactly zero. Instead the tun-
ing must be exact up to Det(My) = O(u3gqn)- As usual tan 3 = vy is used as a free
parameter. Also the sign of unrgsy is not constrained as usual.

2.4 Neutrino masses, LFV and Yukawa couplings

Neutrino masses are generated after U(1)p_1, breaking through a type-I seesaw mechanism.
The matrix f! leads to Majorana masses for the right-handed neutrinos once A°? gets a
vev. We define the seesaw scale as the lightest eigenvalue of

Mg = flogp, . (2.24)

As usual, we can always rotate the fields to a basis where Mg is diagonal. However,
this will introduce lepton flavour violating entries in the Y7, Yukawas, see discussion below.
As mentioned above, contrary to non-supersymmetric LR models [4], there is no type-II
contribution to neutrino masses.

Global fits to all available experimental data provide values for the parameters involved
in neutrino oscillations, see table 3 for updated results and ref. [65, 66] for experimental
results. As first observed in [67], these data imply that the neutrino mass matrix can be

diagonalized to a good approximation by the so-called tri-bimaximal mixing pattern:

2 1
V3o
1 1 1

UeM = | = )5 /s — (2.25)
111
V6 V3 V2

The matrix product Y, - (f})~!-Y,! is constrained by this particular structure. LFV entries
can be present in both Y, and f!, see also the discussion about parameter counting in the
next subsection. However, in the numerical section we will consider only two specific kinds

of fits:
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e Y, -fit: flavour structure in Y, and diagonal f!.
e f-fit: flavour structure in f! and diagonal V,,.

While at first it may seem either way of doing the fit is equivalent, f} and Y, in our setup
can leave different traces in the soft slepton mass parameters if vgy, < vgr. This last con-
dition is essential to distinguish between both possibilities, because otherwise one obtains
the straightforward prediction that LE'V entries in left and right slepton are equal, due to
the assumed LR symmetry above vpg.

These two types of fit were already discussed in reference [68], which investigates low
energy LFV signatures in a supersymmetric seesaw model where the right-handed neu-
trino mass is generated from a term of the form fA“v¢. When the scalar component of
A° acquires a vev a type-I seesaw is obtained, generating masses for the light neutrinos.
Therefore, this model has the ingredients to accommodate a Y,-fit, named as Dirac LFV
in [68], or a f-fit, named as Majorana LFV. Note, however, that the left-right symmetry,
central in our work, is missing in this reference, thus implying different signatures at the
electroweak scale.

The difference in phenomenology of the two fits can be easily understood considering
approximated expressions for the RGEs for m% and m2.. In the first step, from the GUT
scale to the vp scale RGEs at 1-loop order can be written in leading-log approximation
as [55]

1 m
2 _ (k)y (k) T 2 2 GUT
am? = -, (351 + Y] )(3m0+A0)ln< o > ,
1 m
2 _ (k) Tv-(k) 2 2 GUT
Amie = -, , <3fo+YL Y, ) (3m3 +A0)ln< o > . (2.26)

Of course, also the A parameters develop LF'V off-diagonals in the running. We do not give
the corresponding approximated equations for brevity. After parity breaking at the vy scale
the Yukawa coupling Y7, splits into Y., the charged lepton Yukawa, and Y,, the neutrino
Yukawa. The later contributes to LE'V entries in the running down to the vgy, scale. Thus,

1 VR
LY g + A2 ()

Am?. ~ 0, (2.27)

Am?2 ~ —
mry, 8

where m%]vR is the matrix m% at the scale vg and Az]vR is defined as T, = Y. A, and also
has to be taken at vr. In order to understand the main difference between the two fits, let
us first consider the f-fit. This assumes that Y, is diagonal at the seesaw scale and thus
the observed low energy mismatch between the neutrino and charged lepton sectors is due
to a non-trivial flavour structure in f!. Of course, non-diagonal entries in f generate in
the running also non-diagonal entries in Y, and Y., but these can be neglected in first ap-
proximation. In this case, equations (2.26) and (2.27) show that the LR symmetry makes
m% and m?2 run with the same flavour structure and the magnitudes of their off-diagonal
entries at the SUSY scale are similar. If, on the other hand, Y, is non-trivial (Y, -fit), while
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f is diagonal, the running from the GUT scale to the vy scale induces again the same
off-diagonal entries in m% and m%c. However, from vg to vpr, the off-diagonals entries in
m% continue to run, while those in m?2. do not. This effect, generated by the right-handed
neutrinos via the Y, Yukawas, induces additional flavour violating effects in the L sector
compared to the R sector. Seeing LFV in both left and right slepton sectors thus allows us
to indirectly learn about the high energy theory. We will study this in some detail in the

numerical section below.

2.5 Parameter counting

Let us briefly summarize the free parameters of the model. With the assumption of mSugra
(or better: mSugra-like) boundary conditions, in the SUSY breaking sector we only have the
standard parameters mq, M /2, Ao, tan 3, sign(unssm). Thus, we count 4+1 parameters in
the soft terms. We note in passing that the soft terms of the heavy sector, of course, do not
have to follow strictly the conditions outlined in equation (2.3), as long as these parameters
are small compared to vgy, there are no changes compared to the above discussion.

In the superpotential we have a, o, u, Ma and Mq. This leaves, at first sight, 7 param-
eters free. However, we can reduce them to 4+2 parameters as follows. Since a;; = —ay;,
« only contains one free parameter: ajs. The matrix p has 3 entries, but one of them,
pa1, is fixed by the fine-tuning condition Det(Mpy) = O(uigqy)- This leaves two free
parameters, (12, too. We have traded Ma and Mg, for the vevs vg, vpy, since ln(:B"L ) and
ln(”f};T) enter into the RGEs and thus can, at least in principle, be determined from low-
energy spectra. There are then in summary 6 parameters, four independent of low-energy
constraints and two which could be fixed from LFV data, see below.

In addition, in the superpotential we have the Yukawa matrices Yg,, Y7, and f. Let’s
consider the quark sector first. Since we can always go to a basis in which one of the Yy,
is diagonal with only real entries, there are 12 parameters. Ten of them are fixed by six
quark masses, three CKM angles and the CKM phase, leaving two phases undetermined.

In the lepton sector we have the symmetric matrices, Y7, and Yz,. As with the quark
sector, a basis change shows that there are only 12 free parameters. f is symmetric and thus
counts as another 9 parameters. Going to a basis in which f is diagonal does not reduce
the number of free parameters, since in this basis we can no longer assume one of the Y7,
to be diagonal. In summary there are thus free 21 parameters in these three matrices.

In the simple, pure seesaw type-I with three generations of right-handed neutrinos the
number of free parameters is 21. Only 12 of them can be fixed from low-energy data: three
neutrino and three charged lepton masses, three leptonic mixing angles and three phases
(two Majorana and one Dirac phase). However, as pointed out in [15], in principle, m?
contains 9 observable entries and thus, if the normalization (i.e. mg, Ao, tan 3 etc.) is known
from other sfermion measurements, one could re-construct the type-I seesaw parameters.5

How does the SUSY LR model compare to this? We have, as discussed above, also
21 parameters in the three coupling matrices, but neutrino masses depend also on wvgy,.

50f course, this discussion is slightly academic, since at least one of the Majorana phases will never be
measured in praxis.
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However, in principle, we have 9 more observables in m2., assuming again that the soft
SUSY breaking terms can be extracted from other measurements. Since in the RGEs also
vR appears we have in total 23 parameters which need to be determined. The number of
observables, on the other hand is fixed to 30 in total, as we have 12 (low-energy lepton
sector) plus 9 (left sleptons) plus 9 (right sleptons) possible measurements.

3 Numerical results

3.1 Procedure for numerics

All necessary, analytical expressions were calculated with SARAH. For this purpose, two
different model files for the model above the two threshold scales were created and used to
calculate the full set of 2-loop RGEs. SARAH calculates the RGEs using the generic ex-
pressions of [57] in the most general form respecting the complete flavour structure. These
RGEs were afterwards exported to Fortran code and implemented in SPheno. As starting
point for the RGE running, the gauge and Yukawa couplings at the electroweak scale are
used. In the calculation of the gauge and Yukawa couplings we follow closely the procedure
described in ref. [62]: the values for the Yukawa couplings giving mass to the SM fermions
and the gauge couplings are determined at the scale Mz based on the measured values for
the quark, lepton and vector boson masses as well as for the gauge couplings. Here, we have
included the 1-loop corrections to the mass of W- and Z-boson as well as the SUSY contri-
butions to dyp for calculating the gauge couplings. Similarly, we have included the complete
1-loop corrections to the self-energies of SM fermions [69]. Moreover, we have resummed
the tan 8 enhanced terms for the calculation of the Yukawa couplings of the b-quark and the
7-lepton as in [62]. The vacuum expectation values vg and v, are calculated with respect
to the given value of tan 8 at M. Since we are working with two distinct threshold scales,
not all heavy fields are integrated out at their mass and the corresponding 1-loop boundary
conditions at the threshold scales are needed. It is known that these particles cause a finite
shift in the gauge couplings and gaugino masses. The general expressions are [70]

1 : M?

o= 0 (1% gt (1)) (3.1)
1 4 M?

M; — M; <1 + 6 g2 Is(r) In <M%>> : (3.2)

Ii(r) is the Dynkin index of a field transforming as representation r with respect to the
gauge group belonging to the gauge coupling g;, M is the mass of this particle and My
is the threshold scale. When evaluating the RGEs from the low to the high scale, the
contribution is positive, when running down, it is negative. The different masses used for
calculating the finite shifts are the eigenvalues of the full tree-level mass matrix of the
charged, heavy particles removed from the spectrum. The correct mass spectrum is calcu-
lated in an iterative way. The GUT scale is defined as the scale at which gpr, = g2 = gguT
holds. Generally, there is difference with g3 to ggur in the percent range, the actual nu-
merical mismatch depending on the scales vgr, and vg and being larger for lower values
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of vpy, and vg. It has been stressed in particular in [71] that within supersymmetric LR
models, the LR symmetry breaking scale has to be close to the GUT scale, otherwise this
mismatch will grow too large. However, several solutions are known. In [72] it was pointed
out that GUT thresholds - unknown unless the GUT model, including the complete Higgs
sector used to break the GUT symmetry, is specified - can lead to important corrections,
accounting for this apparent non-unification (for a discussion of these effects in the context
of SU(5) see [73]). Another possibility is the addition of new particles to the spectrum. For
example, reference [74] pointed out that new coloured superfields, charged under SU(3).
but singlet under the other gauge subgroups, can easily lead to gauge coupling unification.
Nevertheless, we simply use ggr, = g2 = gour and attribute departures from complete
unification to (unknown) thresholds and/or the existence of additional coloured particles
below mgur. After applying the GUT scale boundary conditions, the RGEs are evaluated
down to the low scale and the mass spectrum of the MSSM is calculated. The MSSM
masses are, in general, calculated at the 1-loop level in the DR scheme using on-shell ex-
ternal momenta. For the Higgs fields also the most important 2-loop contributions are
taken into account. We note that the corresponding Fortran routines are also written by
SARAH but they are equivalent to the routines included in the public version of SPheno
based on [69]. The iteration stops when the largest change in the calculation of the SUSY

and Higgs boson masses at mgysy is below one per-mille between two iterations.

3.2 Mass spectrum

The appearance of charged particles at scales between the electroweak scale and the GUT
scale leads to changes in the beta functions of the gauge couplings [25, 33]. This does not
only change the evolution of the gauge couplings but also the evolution of the gaugino and
scalar mass parameters [26, 33]. The LR model contains additional triplets, and similar to
what is observed in the seesaw models [27] the mass spectrum at low energies is shifted with
respect to mSugra expectations. Two examples of this behaviour are shown in figure 1. In
this figure we show the two lightest neutralino masses and the masses of the left and right
smuons versus vgy, (left side) and vy (right side). We note that also all other sfermion and
gaugino masses show the same dependence and in general smaller values are obtained for
lower values of vpy, and vy. One finds that gaugino masses depend stronger on vpy, and vp
than sfermion masses and that right sleptons are the sfermions for which the sensitivity to
these vevs is smallest.

The change in the low energy spectrum, however, maintains to a good degree the
standard mSugra expectation for the ratios of gaugino asses, as shown in figures 2 and 3.
Here, figure 2 shows the ratios M;/Msy and My/Ms versus vpy, while figure 3 shows the
same ratios versus vr. Shown are the results for three different SUSY points, which in
the limit of vg,vp, — mgur approach the standard SPS points SPS1a’ [75], SPS3 and
SPS5 [76]. For example, the ratio M /M, is expected to be (5/3) tan?fy, ~ 0.5 at 1-loop
order in mSugra. The exact ratio, however, depends on higher order corrections, and thus
on the SUSY spectrum. The LR model will thus appear rather mSugra like, if these ratios
are measured. Only with very high precision on mass measurements, possible only at a
linear collider, can one hope to find any (indirect) dependence on vpy, and vg.
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Figure 1. Example of spectra at the SUSY scale and its dependence on vpy, (left side) and vr
(right side). The masses of four states are shown: Y? (blue line), ¥ (blue dashed line), jir (red
line) and fir, (red dashed line). In both panels the mSugra parameters have been taken as in the
SPS3 benchmark point.
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Figure 2. Gaugino mass ratios as a function of vgy, for the fixed value vg = 10'® GeV. To the left,
My /My, whereas to the right Ms/Ms. In both figures the three coloured lines correspond to three
mSugra benchmark points: SPS1a’ (blue), SPS3 (green) and SPS5 (red). Note the small variation
in the numbers on the Y axis.

3.3 LFYV of leptons

Lepton flavour violation in charged lepton decays has attracted a lot of attention for
decades. Processes like g — ey are highly suppressed in the standard model (plus non-
zero neutrino masses) due to the GIM mechanism [77], and thus the observation of these
rare decays would imply new physics. The MEG experiment [78]” is currently the most

"Documents and status at http://meg.web.psi.ch/, for a status report see for example [79].
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Figure 3. Gaugino mass ratios as a function of vy for the fixed value vpy, = 10'* GeV. To the left,
My /Ms, whereas to the right Ms/Ms. In both figures the three coloured lines correspond to three
mSugra benchmark points: SPS1a’ (blue), SPS3 (green) and SPS5 (red). Note the small variation
in the numbers on the Y axis.

advanced experimental setup in the search for u+ — e*~. This rare decay will be observed
if its branching ratio is above the MEG expected sensitivity, around Br(u — ey) ~ 10713,
LFV decays like [; — [;7v are induced by 1-loop diagrams with the exchange of neu-
tralinos and sleptons. They can be described by the effective Lagrangian, see for example

the review [80],
Lo = e’giz}awFW(AigPL + AU PR); + hc. | (3.3)

Here P g = %(1 F15) are the usual chirality projectors and therefore the couplings Ay,
and Ag are generated by loops with left and right sleptons, respectively. In our numerical
calculation we use exact expressions for Ay, and Ar. However, for an easier understanding
of the numerical results, we note that the relation between these couplings and the slepton
soft masses is very approximately given by

2 2
AzLj ~ ( 4L)Z] ’ Ag ~ (nZeC)ZJ , (3.4)
mgyusy mgyusy

where mgugy is a typical supersymmetric mass. Here it has been assumed that (a)
chargino/neutralino masses are similar to slepton masses and (b) A-terms mixing left-
right transitions are negligible. Therefore, due to the negligible off-diagonal entries in m?2.,
a pure seesaw model predicts Agp ~ 0.

The branching ratio for [; — ;7 can be calculated from the previous formulas. The

result is
4873 v

G
Figure 4 shows two examples for Br(u — ev) in the mg, M; /2 plane. Here, we have
fixed vy, = 10 GeV and v = 10" GeV and show to the left Mg = 10'2 GeV, whereas

Br(l; — 1) = <|AiLj|2 v |Ajg|2) Br(l; — L) . (3.5)
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Figure 4. Contours of Br(u — ev) in the mq, M 5 plane for v, = 10 GeV and vp = 10'° GeV.
To the left Mg = 10'2 GeV, whereas to the right Mg = 103 GeV. Neutrino oscillation data have
been fitted with the Y, fit.

to the right Mg = 10'3 GeV. Here we have assumed a degenerate spectrum right-handed
neutrinos which we denote by Mg = Mpg;. Once Yukawas are fitted to explain the observed
neutrino masses, the branching ratio shows an approximately quadratic dependence on the
seesaw scale, with lower Mg giving smaller Br(u — e7). As expected, the branching ratio
also strongly decreases as mg and/or M, increase. This is because the superparticles in
the loops leading to i — ey become heavier in these directions, suppressing the decay rate.
In fact, from equations (3.4) and (3.5) one easily finds the dependence

4873 v (m%,éc)z?j

; (3.6)
G% mgUSY

Br(p— ey) ~

which shows that Br(u — ey) decreases as mggsy.

It is also remarkable that for a given seesaw scale, Br(u — e7) is sizeably larger in
the LR model than in a pure seesaw type-I model, see for example [29]. The explanation
of this is that right sleptons contribute significantly in the LR model to Br(u — e7y) and
these contributions are absent in seesaw models.

As already discussed, a pure seesaw model predicts simply Ar ~ 0. However, in the LR
model we expect a more complicated picture. Left-right symmetry implies that, above the
parity breaking scale, non-negligible flavour violating entries are generated in m2.. There-
fore, Ar # 0 is obtained at low energy. The angular distribution of the outgoing positron
at, for example, the MEG experiment could be used to discriminate between left- and
right-handed polarized states [81, 82]. If MEG is able to measure the positron polarization
asymmetry, defined as

_|AL]? = |AgP?

A + L eth) = :

(3.7)
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Figure 5. Contours of A(u™ — eT) in the mg, M /2 plane. To the left Mg = 10'* GeV, whereas
to the right Mg = 10'2 GeV. The parameters have been chosen as in figure 4.

there will be an additional observable to distinguish from minimal seesaw models. In
a pure seesaw model one expects A ~ +1 to a very good accuracy. However, the LR
model typically leads to significant departures from this expectation, giving an interesting
signature of the high energy restoration of parity.

Figure 5 shows contours for A(u™ — e+) in the mg, M; /2 Plane. For the corresponding
branching ratios see figure 4. Note the rather strong dependence on mg. The latter can be
understood as follows. Since vpy, in these examples is one order of magnitude smaller than
vR, and the Y}, fit has been used, the LF'V mixing angles in the left slepton sector are larger
than the corresponding LF'V entries in the right sleptons. At very large values of mg, were
the masses of right and left sleptons are of comparable magnitude, therefore “left” LFV is
more important and the model approaches the pure seesaw expectation. At smaller values
of mg, right sleptons are lighter than left sleptons, and due to the strong dependence of
i — ey on the sfermion masses entering the loop calculation, see eq. (3.4), Ar and Ap,
can become comparable, despite the smaller LF'V entries in right slepton mass matrices.
In the limit of very small right slepton masses the model then approaches A ~ 0. We have
not explicitly searched for regions of parameter space with A < 0, but one expects that
negative values for A are possible if vpy, is not much below vr and sleptons are light at the
same time, i.e. small values of mg and M;/,. Note that, again due to the LR symmetry
above to vg, the model can never approach the limit A = —1 exactly.

The positron polarization asymmetry is very sensitive to the high energy scales. Fig-
ure 6 shows A as a function of vg for Mg = 103 GeV, vpy, = 10" GeV and the mSugra
parameters as in the SPS3 benchmark point. The plot has been obtained using the Y, fit.
This example shows that as vg approaches mgyur the positron polarization A approaches
+1, which means A; dominates the calculation. This is because, in the Y, fit, the right-
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Figure 6. Positron polarization asymmetry A(ut — e™) as a function of vy for the parameter
choice Mg = 10" GeV and vpr, = 10'* GeV. The mSugra parameters have been taken as in the
SPS3 benchmark point and neutrino oscillation data have been fitted with the Y, fit, assuming
degenerate right-handed neutrinos.

handed LFV soft slepton masses, and thus the corresponding Agr coupling, only run from
mgaguT to VR.

A(pt — et) also has an important dependence on the seesaw scale. This is shown
in figure 7, where A is plotted as a function of the lightest right-handed neutrino mass.
This dependence can be easily understood from the seesaw formula for neutrino masses. It
implies that larger Mg requires larger Yukawa parameters in order to fit neutrino masses
which, in turn, leads to larger flavour violating soft terms due to RGE running. However,
note that, for very small seesaw scales all lepton flavour violating effects are negligible and
no asymmetry is produced, since Ay, ~ A ~ 0.

In addition, figure 7 shows again the relevance of vg, which determines the parity
breaking scale at which the LFV entries in the right-handed slepton sector essentially stop
running. Lighter colours indicate larger vg. As shown already in figure 6 for a particular
point, the positron polarization approaches +1 as vg is increased.

Below the SU(2) g breaking scale parity is broken and left and right slepton soft masses
evolve differently. The approximate solutions to the RGEs in equations (2.26) and (2.27)
show that, if neutrino data is fitted according to the Y, fit, the left-handed ones keep run-
ning from the SU(2)r breaking scale to the U(1)p_z, scale. In this case one expects larger
flavour violating effects in the left-handed slepton sector and a correlation with the ratio
vBL/VR, which measures the difference between the breaking scales. This correlation, only
present in the Y}, fit, is shown in figure 8. On the one hand, one finds that as vpy, and vp
become very different, vpr,/vr < 1, the positron asymmetry approaches A = +1. On the
other hand, when the two breaking scales are close, vpr,/vr ~ 1, this effect disappears and
the positron polarization asymmetry approaches A = 0. Note that the Y}, fit does not usu-
ally produce a negative value for A since the LE'V terms in the right slepton sector never run
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Figure 7. Positron polarization asymmetry A(u™ — e*+) as a function of the seesaw scale, defined
as the mass of the lightest right-handed neutrino, for the parameter choice vgy, = 10'° GeV and
vp € [1015,101°] GeV. Lighter colours mean higher values of vg. The mSugra parameters have been
taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted with the Y,
fit, assuming degenerate right-handed neutrinos.
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Figure 8. Positron polarization asymmetry A(u™ — e'v) as a function of the ratio vpr/vg.
The seesaw scale Mg has been fixed to 10'2 GeV, whereas vgr, and vg take values in the ranges
vpL € [10',10'°] GeV and vr € [10'°,10'6] GeV. Lighter colours indicate larger vgr,. The mSugra
parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have
been fitted with the Y, fit, assuming degenerate right-handed neutrinos.

more than the corresponding terms in the left-handed sector. The only possible exception
to this general rule is, as discussed above, in the limit of very small mg and vpy,/vg ~ 1.
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Figure 9. Positron polarization asymmetry A(ut™ — eTy) as a function of

log(vr/mgut)/log(vsL/mauTr). The parameters have been chosen as in figure 8.
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Figure 10. Positron polarization asymmetry A(u™ — e¥v) as a function of vg for three different
mSugra benchmark points: SPS1a’ (blue line), SPS3 (green line) and SPS5 (red line). In this figure
a fixed value vpy, = 10'* is taken. Neutrino oscillation data have been fitted with the f fit.

The determination of the ratio vpr,/vg from figure 8 is shown to be very inaccurate.
This is due to the fact that other parameters, most importantly mgur (which itself has an
important dependence on the values of vy, and vg), have a strong impact on the results.
Therefore, although it would be possible to constrain the high energy structure of the
theory, a precise determination of the ratio vpy,/vg will require additional input. Figure 9,

T) is much better

on the other hand, shows that the polarization asymmetry A(u™ — e
correlated with the quantity log(vg/mgur)/log(vprL/mgur). This is as expected from

equations (2.26) and (2.27) and confirms the validity of this approximation.
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We close our discussion on the positron polarization asymmetry with some comments
on the f fit. Since this type of fit leads to Am% ~ Am?2. ~ 0 in the vpy, — vy energy
region, there is little dependence on these symmetry breaking scales. This is illustrated in
figure 10, where the asymmetry A is plotted as a function of v for three different mSugra
benchmark points: SPS1a’ (blue line), SPS3 (green line) and SPS5 (red line). One clearly
sees that the dependence on vy is quite weak compared to the Y, fit. In fact, the variations
in this figure are mostly due to the changes in the low energy supersymmetric spectrum
due to different vg values. In the case of the f-fit one then typically finds A € [0.0 — 0.3].

3.4 LFV at LHC/ILC

Lepton flavour violation might show up at collider experiments as well. Although the
following discussion is focused on the LHC discovery potential for LFV signatures, let us
emphasize that a future linear collider will be able to determine the relevant observables
with much higher precision.

Figure 11 shows Br(7; — Xje) and Br(7; — X)) as a function of the seesaw scale. The
dashed lines correspond to 7 ~ 7 and the solid ones to 75 ~ 77,. As in the case of u — e,
see figure 4, lower seesaw scales imply less flavour violating effects due to smaller Yukawa
couplings. Moreover, figure 11 presents the same results for two different benchmark points,
SPS1a’ and SPS3. As already shown in figure 4, y — e+ is strongly dependent on the SUSY
spectrum. For lighter supersymmetric particles, as in the benchmark point SPS1a’, 4 — ey
is large, setting strong limits on the seesaw scale and thus on the possibility to observe LE'V
at colliders. In the case of heavier spectrums, as in SPS3, i — ey is still the most stringent
constraint, but larger values of the seesaw scale and thus LFV violating branching ratios
become allowed. Whether decays such as Br(7; — X} ) and Br(7; — X} p) are observable
at the LHC or not, thus depends very sensitively on the unknown mq, M/, and Mg.

Furthermore, the right panel of figure 11 also shows that right staus can also have
LFV decays with sizable rates. Of course, as emphasized already above, this is the main
novelty of the LR model compared to pure seesaw models. This is direct consequence of
parity restoration at high energies.

Moreover, as in our analysis of the positron polarization asymmetry, one expects to
find that if the difference between v and wvgy, is increased, the difference between the LEV
entries in the L and R sectors gets increased as well. This property of the Y, fit is shown in
figure 12, which shows branching ratios for the LE'V decays of the staus as a function of vpr,
for vr € [10'°,5 - 10'°] GeV. As the figure shows, the theoretical expectation is confirmed
numerically: the difference between Br(7r) and Br(7g) strongly depends on the difference
between v and vgy,.

The question arises whether one can determine the ratio vpr,/vg by measuring both
Br(71,) and Br(7g) at colliders. Figure 13 attempts to answer this. Here the ratio Br(7p —
We)/Br(7, — XV e) is plotted as a function of vpr,/vr. A measurement of both branching
ratios would allow to constrain the ratio vpp/vg and increase our knowledge on the high
energy regimes. For the sake of brevity we do not present here the analogous plots for
other LFV slepton decays and/or other lepton final states, since they show very similar
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Figure 11. Br(7; — xJe) and Br(7; — X)) as a function of the seesaw scale, defined as the mass of
the lightest right-handed neutrino, for the parameter choice vgr, = 10'® GeV and vg = 5-10'° GeV.
The dashed lines correspond to 7 ~ 7r and the solid ones to 75 ~ 77,. To the left, the mSugra
parameters have been taken as in the SPS1a’ benchmark point, whereas to the right as in the SPS3
benchmark point. In both figures neutrino oscillation data have been fitted according to the f fit,
with non-degenerate right-handed neutrinos. The blue shaded regions are excluded by u — e~.
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Figure 12. Br(7; — X} u) and Br(7r — XJ p) as a function of vy, for Mg = 103 GeV and
v € [10*,5 - 10 GeV. Red dots correspond to 71 ~ 7, whereas the blue ones correspond to
79 =~ 77,. The mSugra parameters have been taken as in the SPS3 benchmark point and neutrino
oscillation data have been fitted with the Y, fit, assuming degenerate right-handed neutrinos.

correlations with vpy, /vg. For example, in principle, one could also use the ratio Br(jig —
) 7)/Br(jip — XY 7) to determine the ratio between the two high scales.

However, as observed also in the polarization asymmetry for u — ey there is an
important dependence on other parameters of the model, especially the exact value of
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Figure 14. Br(7r — X\ e)/Br(7z — XJ e) as a function of log(vr/maut)/ log(veL/mauT). The
parameters have been chosen as in figure 13.

mgut. This implies a theoretical uncertainty in the determination of vpy,/vr. Again, as for
A, a much better correlation with log(vr/mgur)/log(vpL/mgur) is found, see figure 14.

In conclusion, to the determine vy, and vg individually more theoretical input is
needed, such as the GUT scale thresholds, which are needed to fix the value of mguyr.
Recall, that we did not specify the exact values of these thresholds in our numerical calcu-
lation. This leads to a “floating” value of mguT when vg and wvgy, are varied. Also more
experimental data is needed to make more definite predictions. Especially SUSY mass
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spectrum measurements, which may or may not be very precise at the LHC, depending on
the SUSY point realized in nature, will be of great importance. Recall that, if in reach of
a linear collider, slepton mass and branching ratio measurements can be highly precise.

So far only slepton decays have been discussed. This served to illustrate the most
interesting signatures of the model, namely, lepton flavour violation in the right slepton
sector. However, LHC searches for lepton flavour violation usually concentrate on the decay
chain [83-85]

9 — IFIF — XUET

This well known signature has been widely studied due to the accurate information it

can provide about the particle spectrum [86-90]. Note that in this decay one assumes
usually that the Y9 themselves stem from the decay chain ¢, — ¢x3. If the mass or-

X X
m2(1T17) = (p;+ + p;-)?, has an edge structure with a prominent kinematical endpoint at

dering mgo > My > Mo is realized, the dilepton invariant mass [88, 91|, defined as

m Pooa (3.8)

[m2(l+l7)] max 121 2 ’

where the masses of the charged leptons have been neglected. The position of this edge
can be measured with impressively high precision at the LHC [86-88], implying also an
accurate determination of the intermediate slepton masses.

In fact, if two different sleptons l~1,2 have sufficiently high event rates for 3 — l%QZ;_F —
)Z(l)lzil;c and their masses allow these chains to be on-shell, two different dilepton edge
distributions are expected [34, 92]. This presents a powerful tool to measure slepton mass
splittings, which in turn allows to discriminate between the standard mSugra expectation,
with usually negligible mass splittings for the first two generations, and extended models
with additional sources of flavour violation.

The relation between the slepton mass splitting and the variation in the position of

the kinematical is edge is found to be [34]

2 2 -4
Amy  Am; MgMg = M 20
= (2 2 V(2 2.y (3.9)
my m; (ml~ - mfc?)(mi - m)zg)

Here Amy (i, j) = myy, —my;; is the difference between two edge positions, Am; = my —mg,
the difference between slepton masses and my; and m; average values of the corresponding
quantities. Note that higher order contributions of Am";[ have been neglected in equa-
tion (3.9).

A number of studies about the dilepton mass distribution have been performed [86-88],
concluding that the position of the edges can be measured at the LHC with an accuracy
up to 1073, Moreover, as shown in reference [34], this can be generally translated into a
similar precision for the relative € — ji mass splitting, with some regions of parameter space
where values as small as 10~% might be measurable. Since this mass splitting is usually
negligible in a pure mSugra scenario, it is regarded as an interesting signature of either
lepton flavour violation or non-universality in the soft terms. Furthermore, in the context
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Figure 15. Aﬁ’;;” (left-hand side) and nfl (right-hand side) as a function of the seesaw scale,
my

defined as the mass of the lightest right-handed neutrino, for the parameter choice vgy, = 10'° GeV
and vp € [10'°,101%] GeV. Blue dots correspond to the mass distribution generated by intermediate
left sleptons whereas red dots correspond to the mass distribution generated by the right ones. The
mSugra parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data
have been fitted according to the Y, fit, with degenerate right-handed neutrinos.

of this paper, it is important to emphasize that pure seesaw models can have this signature
only in the left slepton sector [35].

Figure 15 shows our results for the observables Af:?l” and f as a function of the
seesaw scale. Large values for Mg lead to sizable deviations from the mSugra expectation,
with a distinctive multi-edge structure in the dilepton mass distribution. Moreover, this
effect is found in both left- and right- mediated decays. Observing this affect would clearly
point towards a non-minimal seesaw model, such as the LR model we discuss.

As expected, these observables are correlated with other LFV signals [35, 93]. Fig-
ure 16 shows Br(u — e7y) as a function of (AW?Z“)L (mass distribution with intermediate L

sleptons) and <Am7’?lll) (mass distribution with intermediate R sleptons). Again, the main
novelty with respect ?0 the usual seesaw implementations is the correlation in the right
sector, not present in the minimal case [35].

Furthermore, the process Y3 — X1l l might provide additional LFV signatures if
the rate for decays with [; # [; is Sufﬁ(nently high. Reference [94] has investigated this
possibility in great detail, performing a complete simulation of the CMS detector in the

LHC for the decay X3 — X{eu. The result is given in terms of the quantity

Br(x3 — Xien)

K
7 Br(y — ee) + Br(x3 — WVup)

(3.10)

which parametrizes the amount of flavour violation in ¥ decays. The study, focused on

the CMS test point LM1 (mg = 60GeV, M, = 250GeV, Ay = 0GeV, tan3 = 10,
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Figure 17. K., as a function of the lightest right-handed neutrino mass, for the parameter
choice vpr, = 10'® GeV and vy = 5 - 10'° GeV. The blue curve corresponds to contributions from
intermediate L sleptons, whereas the red one corresponds to intermediate R sleptons. The mSugra
parameters have been taken as in the SPS3 benchmark point, which satisfies m(x3) > m(l;) >
m(x}), and thus the intermediate L and R sleptons can be produced on-shell. Neutrino oscillation
data have been fitted according to the f fit, with non-degenerate right-handed neutrinos. The blue
shaded region is excluded by u — evy.

sign(p) = +) [89], concludes that LFV can be discovered at the LHC at 50 level with an
integrated luminosity of 10 fb~1 if K, > Kg;n = 0.04.
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Figure 17 shows our computation of K., as a function of the lightest right-handed
neutrino mass, for the parameter choice vgy, = 10'® GeV and vgp = 5-10 GeV. The results
are shown splitting the contributions from intermediate left (blue) and right (red) sleptons.
Although the selected mSugra parameters belong to the SPS3 point, and not to LM1 as in
reference [94], a similar sensitivity for K g;}n is expected.® This is because the reduction in
the cross-section due to the slightly heavier supersymmetric spectrum is possibly partially
compensated by the corresponding reduction in the SM background and thus a limiting
value Kg;jn of a similar order is expected. Moreover, [94] uses 10 fb~! and with larger
integrated luminosities even smaller K™ should become accessible at the LHC.

The main result in figure 17 is that for large Mg values the rates for LFV X3 decays
are measurable for both left and right intermediate sleptons. In fact, for Mg > 1012 GeV
the parameter K., is above its minimum value for the 50 discovery of 9 — xleu. See
references [94, 95] for more details on the LHC discovery potential in the search for LEV
in this channel.

4 Conclusions

We have studied a supersymmetric left-right symmetric model. Our motivation for studying
this setup was twofold. First, LR models are theoretically attractive, since they contain all
the necessary ingredients to generate a seesaw mechanism, instead of adding it by hand as
is so often done. And, second, in a setup where the SUSY LR is supplemented by flavour
blind supersymmetry breaking boundary conditions, different from all pure seesaw setups,
lepton flavour violation occurs in both, the left and the right slepton sectors.

We have calculated possible low-energy signals of this SUSY LR model, using full 2-
loop RGEs for all parameters. We have found that low-energy lepton flavour violating
decays, such as u — ey are (a) expected to be larger than for the corresponding mSugra
points in parameter space of seesaw type-I models and (b) the polarization asymmetry A
of the outgoing positron is found to differ significantly from the pure seesaw prediction
of A = 41 in large regions of parameter space. We have also discussed possible collider
signatures of the SUSY LR model for LHC and a possible ILC. Mass splittings between
smuons and selectrons and LFV violating slepton decays should occur in both the left and
the right slepton sector, again different from the pure seesaw expectations.

We think therefore that the SUSY LR model is a good example of a “beyond” min-
imal, pure seesaw and offers many interesting novelties. For example, the impact of the
intermediate scales on dark matter relic density and on certain mass combinations and the
influence of the right-handed neutrino spectrum on low energy observables, are topics that
certainly deserve further studies.
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A RGEs

We present in the following appendices our results for the RGEs of the model above the
U(1)p—r, breaking scale. We will only show the [-functions for the gauge couplings and
the anomalous dimensions of all chiral superfields. We briefly discuss in this section how
these results were calculated. Furthermore, we show how they can be used to calculate the
other (-functions of the models and give as example the 1-loop results for the soft SUSY

breaking masses of the sleptons. The complete results are given online on this site
http://theorie.physik.uni-wuerzburg.de/ fnstaub/supplementary.html

In addition, the corresponding model files for SARAH are also given on this web page.

A.1 Calculation of supersymmetric RGEs

For a general N = 1 supersymmetric gauge theory with superpotential
L i Ly ijk
W(0) = ,uit; + (Y oi o (A1)
the soft SUSY-breaking scalar terms are given by
v B 1 bij 1 hijk 2\% * A2
soft = | o ¢ipj + 6 Gidjdr +c.c. | + (m”)" ;0] . (A.2)
The anomalous dimensions are given by [57]
m; _1 Jjpa 3 20 ¢
Yi :2Y;pqy - 26i g 02(2) ) (A3)

7

1 = YoV Yy Y™ 4 Yo YIP[2C5(p) — ()]
+ 267 g1 [Co (i) S(R) + 2C5(i)? — 3Co(G)Ca(i)] (A.4)

and the §-functions for the gauge couplings are given by

B =g* [S(R) — 3C2(G)] (A.5)
B =5 {~6[Co(G)]? +2Co(G)S(R) + 4S(R)Ca(R)} — ¢*YIFY;jCo(k) /d(G) . (A.6)
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Here, Cs(i) is the quadratic Casimir for a specific superfield and Cs(R),C2(G) are the
quadratic Casimirs for the matter and adjoint representations, respectively. d(G) is the
dimension of the adjoint representation.

The S-functions for the superpotential parameters can be obtained by using superfield
technique. The obtained expressions are [96, 97].

E = yPlig R, (A7)
B = ppliyd) (A.8)

The (..) in the superscripts denote symmetrization. Most of the §-functions of the models
can be derived from these results using the procedure given in [98] based on the spurion
formalism [99]. In the following, we briefly summarize the basic ideas of this calculation
for completeness.

The exact results for the soft 3-functions are given by [98]:

By = 20 [ig} , (A.9)

BIF = Uk, — 2y lOky D),
By = b nd) — 2l ),

(Bm2) "5 = AY'5. (A.10)
where we defined
0 0
— 2 _ 3lmn
O = Mg 042 h gytmn (A.11)
(1) = Oy, (A.12)
A—2(9(9*+2MM*2a + [ylmn 0 +c.c +Xa (A.13)

Here, M is the gaugino mass and Y% = (m?2)" Y7 - (m?2)7, Y 1 (m?)* V4!, Eqs. (A.9)-
(A.10) hold in a class of renormalization schemes that includes the DRED'-one [100]. We
take the known contributions of X from [101]:

XPRED'(M) — _943¢ (A.14)
XPRED'R) — (29)~1g3tr[WCo(R)] — 4g°Co(G)S — 2¢°Co(G)QMM* ,  (A.15)

where

S = r~trm2Cy(R)] — MM*Cy(G) , (A.16)
1 n j Ly, n i pr

- QYZ’qupq (m?)75 + QYJquPW(WQ) i + 2Yipg VP ()4,

+hipgh'P1 — 8g* MM*Cy(R); . (A.17)

With @ = T'(R) —3C%(G), and T'(R) = tr [C2(R)], r being the number of group generators.
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A.2 From GUT scale to SU(2)r breaking scale

In the following sections we will use the definitions
Y =vyi* Y =y (A.18)
Qr — ~Q Ly — L )

and in the same way T, gk and T ijk We will also assume summation of repeated indices.

A.2.1 Anomalous dimensions

’yg) =2V} Y& 112 <18g§ + 3297 + g]23L> 1 (A.19)
75 =+ |, (12804 + 205298 + 289, + 3603 (3203 + g1 ) + 6493930 )1

+ 75, (6936mn + 247Tr<aa*)6mn —ome(vg, Y2, ) - 6 (Y555, ) )YE,

— 32y V) ¥o,Y5 (A.20)
Yo =2Y4, Yo, - 112 (1895 + 3293 + 91%L> 1 (A.21)
Yo =+ 1411 o (12863 + 205203 + 28991y, + 3663 (3203 + 9By, ) + 64939h )1

+ 8, (6936mn + 247Tr<aa*)6mn —ome(vg, Y2, ) - 6T (v5,Y5, ) ) Ya.

- 32V} Yo, Y3 Y5, (A.22)
A a(arr i) - () a2

(2 _ 3

= 1 (1263030 + 7093 + 999k, )1+ 3f1F (= 3laf — 4Tx(£17) + 69y, + 843
27
Y7 <Gg§5mn +, T (aa*>5mn - 2Tr<YL*nYLTm) - 6Tr<YQ*nYQTm>

~ 11fo5mn> vE —avy vy vE - 2f*<17ffT v 3YLkY£k>f

i

—61Vy, fYT, (A.24)
. 3
) =2(38f1 4 Y] ve, ) - (203 + g )1 (A.25)
5 3
7 = <12g§g]%L + 763 + 99g§L> 1+ 3ff*< — 3laf* — 4Tr (ff*) + 6gy, + 895)

+ 7], (6930 + 247Tr (a0 )omn — 2T (vi V) = 6Tx(¥5, Y3, )
- 11ffT5mn>YLn —av} v V] Vi - 2f (17fo + 3Y£ng)fT
—6Y, Vi, fff (A.26)
(ch))ij = —3¢51 — ; <aa* + a*a) + 6imbjn (3Tr <YQ*ngn) + Tr <YL*mYL7;)) (A.27)
(Wc(;))ij —=33g51 — 9<2(aaa*a* + afafaa) + 3(aataa” + a*aa*a))

— 24(aa” 4+ ") (Zg% + 2Tr<aa*> - \a!2>
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;’ (ayma, + afmein ) (310(v5, Y8, ) + T (vg, V1))
- ;@-mam( — 3 Tr (Vi YE ) - (3203 + g3) T (¥5, Y3
+2(5me(frhve, ) ) + e (e YE ) + o (v, YE )
+a(ere(v) v YEvg )+ (v v, YAz ) + (Y v v vi )
+12(2me (Y4, Ve, Y35, ) + (Y4, Ve, Y3 Y5,
+ (Y4, Ya.Y5,75,.)) ) (A.28)
7y =2Tr<fff) — 3931, — 495 + ;\alz (A.29)
V) =484 + 2493031, + Slgiy,

3 7
+ P (43 + Tr (a0 ) = lal?) — (263 + 398 ) (1)

— UTy ( Frr ) - 6Tr< fft YLkng> —OTy ( FYEYE g ) (A.30)
20 =~ 33, — 493 + olaP (4.31)
7 :i <4<169§‘ +27ghy, + 89%9%L)

+laf? (21 (a0 ) = 3Te( £ 1) = 7laf* + 863) ) (A.32)
A0 =21 (771) ~ 393, — 493+, lal? (4.33)

2
) =484 + 249303, + 81y

+ 1o (43 + Tr(00) — TJaP) — (263 + 363, ) e (1)

— 2Ty ( Frrrt ) - 8Tr< FYEYE ff ) (A.34)
3
) = = 3gh — 493 + laf? (A.35)
) 3
7D = (4(1693 + 279k, + 86391 )

+ |a|2<2Tr<aa*> —3Tr(ffT) — 7laf? +8g§)) (A.36)

7§ =2lal? — 463 (A.37)
& :3Tr<a(aa* - a*a)a*> + 483 + |a)? (129123L - 3Tr< f fT) — 6laf® + sgg) (A.38)
75) =2af? - 463 (A.39)
(A.40)

75%23 :3Tr<a(aa* - oz*oz)a*) + 48¢5 + |al? (129123L - 3Tr<ffT> — 6lal* + 8g§> A.40

Note that the previous formulas are totally general and can be applied with any number
of bidoublets. Nevertheless, if two bidoublets are considered aa®™ = a*a and further

simplifications are possible.
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A.2.2 Beta functions for soft breaking masses of sleptons

Using the procedure explained in section A.1, we can calculate the soft breaking masses

for the sleptons. The results are

16w2jtm% = 6ffTm? + 12fm2 fT + 6m2 ff1 + 12mA ff1
+2Vp, Y] mi +2miyy, Y] +4vimi.v]
A3 YLV T 4 12T T 4 4Ty, T
(3030 + 630+ S

mie = 6erfm%c + 12erm%cf + Gm%chf + 12m2Achrf
+2v] Yi,mie +2mi. Y] Vi, +4v] mivy,
A3 Y 1Y 4 12T 1Ty + 4T Ty,

3
—(3gBL|M1[* + 6g3| Ma|* — 2.9}23L51)1

where
Si = 3(ma —m% — mAc + m%.)
+ Z [(mQQ)mn - (szC)mn - (m%)mn + (m%C)mn]
m,n
A.2.3 Beta functions for gauge couplings
1) _oy3

Bie, =24g81
1

I :Qg%L< —192[af? — 93Tr <ffT> + 2(115g]23L 416242
— 2 (vp, 5 ) - 6T (vE, V) +863))

50 =sqt

1
AR =" g (66095 +144¢2 + 16263, — 192af? + 108Tr (aa*> 73Ty < Fff )

92 6
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In these expressions we have defined

Fo=frfi frple+ p 04 fH gl (A.74)

A.3.2 Beta functions for soft breaking masses of sleptons

Again, the results for the slepton soft SUSY breaking masses at 1-loop are shown. The
beta functions read

d
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A.3.3 Beta functions for gauge couplings
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