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Abstract It has been pointed out that supersymmetric ex-
tensions of the Standard Model can induce significant
changes to the theoretical prediction of the ratio I'(K —
ev)/I"(K — uv) = Rk, through lepton flavour violating
couplings. In this work we carry out a full computation of
all one-loop corrections to the relevant v¢H + vertex, and
discuss the new contributions to Rg arising in the con-
text of different constrained (minimal supergravity-inspired)
models which succeed in accounting for neutrino data, fur-
ther considering the possibility of accommodating a near-
future observation of a u — ey transition. We also re-
evaluate the prospects for Rg in the framework of uncon-
strained supersymmetric models. In all cases, we address
the question of whether it is possible to saturate the cur-
rent experimental sensitivity on Rgx while in agreement
with the recent limits on B-meson decay observables (in
particular BR(By — ut ™) and BR(B, — tv)), as well as
BR(t — ey) and available collider constraints. Our findings
reveal that in view of the recent bounds, and even when en-
hanced by effective sources of flavour violation in the right-
handed e — 7 sector, constrained supersymmetric (seesaw)
models typically provide excessively small contributions
to Rg. Larger contributions can be found in more general
settings, where the charged Higgs mass can be effectively
lowered, and even further enhanced in the unconstrained
MSSM. However, our analysis clearly shows that even in
this last case SUSY contributions to Rg are still unable to
saturate the current experimental bounds on this observable,
especially due to a strong tension with the B, — 7v bound.

1 Introduction

Neutrino oscillations have provided the first experimental
manifestation of flavour violation in the lepton sector, fu-
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elling the need to consider extensions of the Standard Model
(SM) that succeed in explaining the smallness of neutrino
masses and the observed pattern of their mixings [1-5].
In addition to the many facilities dedicated to study neu-
tral leptons, there is currently a great experimental effort to
search for signals of flavour violation in the charged lep-
ton sector (cLFV), since such an observation would provide
clear evidence for the existence of new physics beyond the
SM (trivially extended to accommodate massive neutrinos).
The quest for the origin of the underlying mechanism of
flavour violation in the lepton sector has been actively pur-
sued in recent years, becoming even more challenging as the
MEG experiment is continually improving the sensitivity to
u — ey decays [6], thus opening the door for a possible
measurement (observation) in the very near future. The cur-
rent bounds on other radiative decays (i.e. £; — £;y), or
three-body decays (¢; — 3¢;) are already impressive [7],
and are expected to be further improved in the future.
Supersymmetric (SUSY) extensions of the SM offer new
sources of CP and flavour violation, in both quark and lep-
ton sectors. Given the strong experimental constraints, es-
pecially on CP and flavour violating observables involv-
ing the strongly interacting sector, phenomenological anal-
yses in general favour the so-called “flavour-blind” mech-
anisms of SUSY breaking, where universality of the soft-
breaking terms is assumed at some high-energy scale: in
these constrained scenarios, the only sources of flavour
violation (FV) are the quark and charged lepton Yukawa
couplings. In order to accommodate current neutrino data,
mechanisms of neutrino mass generation, such as the see-
saw (in its different realisations—for a review of the lat-
ter, see for instance [8, 9]), are often implemented in the
framework of (constrained) SUSY models: in the case of the
so-called “SUSY-seesaw”, radiatively induced flavour vio-
lation in the slepton sector [10] can provide sizable contri-
butions to cLFV observables. The latter have been exten-
sively studied, both at high and low energies, over the past
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years (see e.g. [11]). Flavour violation can be also incorpo-
rated in a more phenomenological approach, where at low
energies new sources of FV are present in the soft SUSY
breaking terms. However, these are severely constrained by
a large number of observables (see, e.g. [12] and references
therein).

In addition to the above mentioned rare lepton decays,
leptonic and semi-leptonic meson decays also offer a rich
testing ground for cLFV. Here we will be particularly in-
terested in leptonic K decays, which (as is also the case
of leptonic 7 decays) constitute very good probes of vio-
lation of lepton universality. The potential of these observ-
ables, especially regarding SUSY extensions of the SM, was
firstly noticed in [13], and later investigated in greater detail
in [14-16].

By themselves, these decays are heavily hampered by
hadronic uncertainties and, in order to reduce the latter (and
render these decays an efficient probe of new physics), one
usually considers the ratio

_ T'(KT —etv[y])
T I(Kt = ptlyD)’

Rk (H
since in this case the hadronic uncertainties cancel to a very
good approximation. As a consequence, the SM prediction
can be computed with high precision [17-19]. The most re-
cent analysis has provided the following value [19]:

RM = (2.477£0.001) x 1075, )

On the experimental side, the NA62 collaboration has re-
cently obtained very stringent bounds [20]:

RYY = (2488 £0.010) x 1077, (3)

which should be compared with the SM prediction (Eq. (2)).
In order to do so, it is often useful to introduce the following
parametrisation:

RYY = RM(1+ Ar), Ar=Rg/RM -1, 4)
where Ar is a quantity denoting potential contributions aris-
ing from scenarios of new physics (NP). Comparing the the-
oretical SM prediction to the current bounds (i.e., Egs. (2),
(3)), one verifies that observation is compatible with the SM
(at 10) for

Ar=(4+4)x 1073, 5)

Previous analyses have investigated supersymmetric con-
tributions to Rg in different frameworks, as for instance
low-energy SUSY extensions of the SM (i.e. the uncon-
strained Minimal Supersymmetric Standard Model (MSSM))
[13, 14, 16], or non-minimal grand unified models (where
higher dimensional terms contribute to fermion masses) [15].
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These studies have also considered the interplay of Rg with
other important low-energy flavour observables, magnetic
and electric lepton moments and potential implications for
leptonic CP violation. Distinct computations, based on an
approximate parametrisation of flavour violating effects—
the Mass Insertion Approximation (MIA) [21]—allowed to
establish that SUSY LFV contributions can induce large
contributions to the breaking of lepton universality, as
parametrised by Ar. The dominant FV contributions are
in general associated to charged-Higgs-mediated processes,
being enhanced due to non-holomorphic effects—the so-
called “HRS” mechanism [22]—, and require flavour viola-
tion in the R R block of the charged slepton mass matrix. It is
important to notice that these Higgs contributions have been
known to have an impact on numerous observables, and can
become especially relevant for the large tan 8 regime [22—
33].

In the present work, we re-evaluate the potential of a
broad class of supersymmetric extensions of the SM to sat-
urate the current measurement of Rg. Contrary to previous
studies, we conduct a full computation of the one-loop cor-
rections to the v€H ™ vertex, taking into account the impor-
tant contributions from non-holomorphic effective Higgs-
mediated interactions. When possible we establish a bridge
between our results and approximate analytical expressions
in the literature, and we stress the potential enhancements
to the total SUSY contributions. In our numerical analy-
sis we re-investigate the prospects regarding Rgx of a con-
strained MSSM onto which several seesaw realisations are
embedded (type I [34-38] and II [39-45], as well as the in-
verse seesaw [46]), also briefly addressing L—R symmet-
ric models [47-51]. We then consider more relaxed scenar-
ios, such as non-universal Higgs mass (NUHM) models at
high-scale (which are known to enhance this class of observ-
ables [15] due to potentially lighter charged Higgs boson
masses), and discuss the general prospects of unconstrained
low-energy SUSY models. In all cases, we revisit the Rg
observable in the light of new experimental data: in addi-
tion to LHC bounds' on the sparticle spectrum [56-63, 65—
79] and a number of low-energy flavour-related bounds [6,
7], we implement the very recent LHCD results concerning
the BR(B; — ™) [80]. As we discuss here, the increas-
ing tension with low-energy observables, in particular with
B, — tv, precludes sizable SUSY contributions to Rx even
in the context of otherwise favoured candidate models as is
the case of semi-constrained and unconstrained SUSY mod-
els.

'In our numerical analysis we do not require the lightest Higgs to be in
strict agreement with recent LHC search results [52-55]: while in the
general the case (especially for constrained (seesaw) models), we only
favour regimes where its mass is larger than 118 GeV, when consid-
ering semi-constrained and unconstrained models, a significant part of
the studied region does indeed comply with mj ~ 125 GeV.
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This document is organised as follows. Section 2 is de-
voted to the computation of the 1-loop MSSM prediction
for Rx. We compare our (full) result to the approximations
in the literature by means of the mass insertion approxima-
tion (among other simplifications), and discuss the dominant
sources of flavour violation, and the implications to other
observables. Our results for a number of models are col-
lected in Sect. 3. Further discussion and concluding remarks
are given in Sect. 4. In the appendices, we detail the compu-
tation of the renormalised charged lepton—neutrino—charged
Higgs vertex, and summarise the key features of two super-
symmetric seesaw realisations (types I and II) used in the
numerical analysis.

2 Supersymmetric contributions to Rx

In the SM, the decay widths of pseudoscalar mesons into
light leptons are given by

8 2

G2mpm? m2\?2
rM(p* & =)= ZE 220 Z0) 21y, 2, (6)
m
P

where P denotes 7r, K, D or B mesons, with mass m p and
decay constant fp, and where G is the Fermi constant,
my the lepton mass and V. the corresponding Cabibbo-
Kobayashi—-Maskawa (CKM) matrix element. These decays
are helicity suppressed (as can be seen from the factor m%
in Eq. (6)), and the prediction for their amplitude is thus
hampered by the hadronic uncertainties in the meson de-
cay constants. As mentioned in the Introduction, ratios of
these amplitudes are independent of fp to a very good ap-
proximation, and the SM prediction can then be computed
very precisely. Concerning the kaon decay ratio Ry, the SM
prediction (inclusive of internal bremsstrahlung radiation)
is [19]

2 2 2\2

m my —m

R2M=(—€) (—ZK ;) (14 8RqE), @)
m;,c mK—mM

where § Rqgp is a small electromagnetic correction account-
ing for internal bremsstrahlung and structure-dependent ef-
fects (8 Rgep = (—3.60 £ 0.04) % [19]).

In supersymmetric models, the extended Higgs sector can
play an important role in lepton flavour violating transitions
and decays (see [22-33]). The effects of the additional Higgs
are also sizable in meson decays through a charged Higgs
boson, as schematically depicted in Fig. 1. In particular, for
kaons, one finds [23]

I“(KjE —>£iv) = FSM(Ki—>£iv)

2 2
X (1 —tan2,3 mzK L) ; (8)
My ms +my

Fig. 1 Tree-level contributions to Rx—SM and charged Higgs

however, despite this new tree-level contribution, Rg is
unaffected, as the extra factor does not depend on the
(flavoured) leptonic part of the process.

New contributions to Rx only emerge at higher order: at
one-loop level, there are box and vertex contributions, wave
function renormalisation, which can be both lepton flavour-
conserving (LFC) and lepton flavour violating. Flavour-
conserving contributions arise from loop corrections to the
W= propagator, through heavy Higgs exchange (neutral
or charged) as well as from chargino/neutralino—sleptons
(in the latter case stemming from non-universal slepton
masses, i.e., a selectron—smuon mass splitting). As con-
cluded in [13], in the framework of SUSY models where lep-
ton flavour is conserved, the new contributions to ArSUSY
are too small to be within experimental reach.

On the other hand, Higgs-mediated LFV processes are
capable of providing an important contribution when the
kaon decays into a electron plus a tau-neutrino. For such
LFV Higgs couplings to arise, the leptonic doublet (L) must
couple to more than one Higgs doublet. However, at tree
level in the MSSM, L can only couple to Hj, and there-
fore such LFV Higgs couplings arise only at loop level, due
to the generation of an effective non-holomorphic coupling
between L and Hz*—the HRS mechanism [22]—which is
a crucial ingredient in enhancing the Higgs contributions to
LFV observables. In what follows, we address the impact of
these non-holomorphic terms for R .

2.1 LFV Higgs-mediated contributions to Rg

We consider as starting point the MSSM, defined by its su-
perpotential and soft-SUSY breaking Lagrangian. We detail
below the relevant terms for our discussion:

W=UY"QH, — D°Y*QH, — EY'LH, — uH H,, (9)
Vioit = —Lsoft = (Mo ViV +h.c.) +m}y HY H;
+ (BH H> +h.c.) + Z’gm%h + E’,}m%zR

+ (H1£7”1}AIZL +h.c.) +ee (10
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where M, denotes the soft-gaugino mass terms, ““- - - stand
for the squark terms, and we have omitted flavour indices.
For the SU(2) superfield products, we adopt the convention
1:11 I:IZ = 1’3111 ﬁ% — ﬁf ﬁzl (and likewise for similar cases).

From an effective theory approach, the HRS mechanism
can be accounted for by additional terms, corresponding to
the higher-order corrections to the Higgs-neutrino-charged
lepton interaction (schematically depicted in Fig. 2).

At tree level, the Lagrangian describing the v¢ H* inter-
action is given by

LH =y, Y g H* +hee.
= (24G*)tan v M R HT +hec., (11)

with M! = diag(me, m,, m;). At loop level, two new terms
are generated: ULA+ERH2+ — ZLAOERHS + h.c. The sec-
ond one, with A, forces a redefinition of the charged lep-
ton Yukawa couplings, Y = 1111/1_11 - Yl ]ZI—I] - A0 tan g,
which in turn implies a redefinition of the charged lepton
propagator; the term with A corrects the Higgs-neutrino-
charged lepton vertex.” Once these terms are taken into ac-
count, the interaction Lagrangian, Eq. (11), becomes

LH" = (234G tan Bop Mg HY
+cos v, (AT — A%tan? B) g H +h.c. (12)

Since in the SU(2), -preserving limit At = A, it is rea-
sonable to assume that, after electroweak (EW) symmetry
breaking, both terms remain approximately of the same or-
der of magnitude. Hence, it is clear that the contribution as-
sociated with A? (the loop contribution to the charged lepton
mass term) will be enhanced by a factor of tan?> 8 when com-
pared to the one associated with AT . This simple discussion
allows to understand the origin of the dominant SUSY con-
tribution? to Rg.

As we proceed to discuss, a quantitative assessment of the
corrections to AT and A requires considering the higher-
order effects on the vertex v, Z# ¢ H (see also [82]). The

L j L

HT H* Ht

- —+ --->-- + --->--

v v v

Fig. 2 Corrections to the v£H ™ vertex, as discussed in the text

2 An extensive discussion on the radiatively induced couplings which
are at the origin of the HRS effect can be found in [81].

3There are additional corrections to the gg'H* vertex, which are
mainly due to a similar modification of the quark Yukawa couplings—
especially that of the strange quarks. This amounts to a small multi-
plicative effect on Ar which we will not discuss here (see [16] for
details).

@ Springer

ZH matrix depends on the following (loop-induced) quanti-
ties:

- ni and n; (corrections to the kinetic terms of £, and v );
- nfn (correction to the charged lepton mass term);
- nH (correction to the v£H vertex).

The expressions for the distinct n-parameters can be found
in Appendix A. Instead of Z#!, which includes both tree and
loop level effects, it proves to be more convenient to use the
following combination:

2
tan 8 mg my Hovn—=1
ey 1/2( ) V4 (M) =ecl+ A, (13)
23/ GF mpg+ mg +my

where
mpg 2 m
6:—tan2ﬁ< ) - (14)
mpy+ mg +my
l v H
nr nr n ¢ -1
A=¢|=—-—= _— M . (15
6[2 2 +<23/4G}9/2tan/3 Um)( ) :| (1

In the above, € encodes the tree-level Higgs-mediated am-
plitude (which does not change the SM prediction for Rg),
while A, a matrix in lepton flavour space, encodes the 1-loop
effects. The main contribution is expected to arise from 1.

The Ar observable is then related to € and A as follows:

.
e R [+ FZD) A+ 159)]ee
RY [+ AD A+ 2]

—1. (16)

If the slepton mixing is sufficiently large, this expression can
be approximated as

Ar ~2Re(Age) + (AT 4) 17)

ee
In the above, the first (linear) term on the right hand-side
is due to an interference with the SM process, and is thus
lepton flavour conserving. As shown in [13], this contribu-
tion can be enhanced through both large RR and L L slepton
mixing. On the other hand, the quadratic term (A" A),, can
be augmented mainly through a large LFV contribution from
A¢e, which can only be obtained in the presence of signifi-
cant RR slepton mixing.

2.2 Generating Ar: sources of flavour violation and
experimental constraints

In order to understand the dependence of Ar on the SUSY
parameters, and the origin of the dominant contributions
to this observable, an approximate expression for A is re-
quired. Firstly, we notice that the previous discussion, lead-
ing to Eq. (12), suggests that the n’, term is responsible for
the dominant contributions to Ar. Thus, in what follows,
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and for the purpose of obtaining simple analytical expres-
sions, we shall neglect the contributions of the other terms
(although these are included in the numerical analysis of
Sect. 3). A fairly simple analytical insight can be obtained
when working in the limit in which the virtual particles in
the loops (sleptons and gauginos) are assumed to have sim-
ilar masses, so that their relative mass splittings are indeed
small. In this limit, one can Taylor-expand the loop functions
entering 17£1 (see Appendix A); working to third order in this
expansion, and keeping only the terms enhanced by a fac-
tor of m tan 8 msgfv‘{ (where msysy, mew denote the SUSY

m
breaking scale and EW scale, respectively), we obtain

9 6 T
Ar~ |1+ X I—Bmg (mI:)et -1
X

3 ur42M2\7?
+ x| 2483 =E 220 | (18)
10 mZX"

where w, M; and (m%)er denote the low-energy values
of the Higgs bilinear term, bino soft-breaking mass, and
off-diagonal entry of the soft-breaking left-handed slepton
mass matrix, respectively. We have also introduced m%xo =

%( (m%) + (mio)), the average mass squared of sleptons and

neutralinos (& méUSY), and § = %((m%) — (mio)), the cor-
responding splitting. The quantity X is given by

2
tan’ B my (mé)re

2 —2 ’
mH+ ne (mZX0)3

2 2
mg8

1
X = T (19)

and it illustrates in a transparent (albeit approximate) way
the origin of the terms contributing to the enhancement of
Rg: in addition to the factor tan’ 8 /m%#, usually asso-
ciated with Higgs exchanges, the crucial flavour violating
source emerges from the off-diagonal (te) entry of the right-
handed slepton soft-breaking mass matrix.

Using the above analytical approximation, one easily re-
covers the results in the literature, usually obtained using the

MIA. For instance, Eq. (11) of Ref. [13] amounts to
2
Ar ~2X(m3), + X*(m3), + X8, (20)

which stems from having kept the dominant (crucial) sec-
ond and third order contributions in the expansion: X%82 and
2X (mzi)e, +X 2(m%)gr, respectively.

Regardless of the approximation considered, it is thus
clear that the LFV effects on kaon decays into a ev or pv
pair can be enhanced in the large tan 8 regime (especially in
the presence of low values of m y+), and via a large R R slep-
ton mixing (m%)w. Although the latter is indeed the privi-
leged source, notice that, as can be seen from Eq. (20), a
strong enhancement can be obtained from sizable flavour vi-

olating entries of the left-handed slepton soft-breaking mass,

(mzi)e,. This is in fact a globally flavour-conserving ef-
fect (which can also account for negative contributions to
Rk). Previous experimental measurements of Rx appeared
to favour values smaller than the SM theoretical estimation,
thus motivating the study of regimes leading to negative val-
ues of Ar [13], but these regimes have now become dis-
favoured in view of the present bounds, Eq. (5).

Clearly, these Higgs-mediated exchanges, as well as the
FV terms at the origin of the strong enhancement to Ry,
will have an impact on a number of other low-energy ob-
servables, as can be easily inferred from the structure of
Egs. (18)—(20). This has been extensively addressed in the
literature [13—16], and here we will only briefly discuss the
most relevant observables: electroweak precision data on the
anomalous electric and magnetic moments of the electron,
as well as the naturalness of the electron mass, directly con-
strain the nfn corrections (and ni, n™); low-energy cLFV
observables, such as t — ¢y and T — 3¢ decays are also
extremely sensitive probes of Higgs-mediated exchanges,
and in the case of T — e transitions, depend on the same
flavour violating entries. It has been suggested that positive
and negative values of Ar can be of the order of 1 %, still
in agreement with data on the electron’s electric dipole mo-
ment and on T — £y [13-15]. Finally, other meson decays,
such as B — ¢¢ (and B — ¢v), exhibit a similar depen-
dence on tan g, tan” B/my+* [83, 84] (n ranging from 2
to 6, depending on the other SUSY parameters), and may
also lead to indirect bounds on Ar. In particular, the strict
bounds on BR(B, — tv) [7] and the very recent limits on
BR(Bs; — ut ™) [80] might severely constrain the allowed
regions in SUSY parameter space for large tan §. Although
we will come to this issue in greater detail when discussing
the numerical results, it is clear that the similar nature of
the K™ — ¢v and B, — tv processes (easily inferred from
a generalisation of Eq. (8), see e.g. [23, 85]) will lead to a
tension when light charged Higgs masses are considered to
saturate the bounds on Rg.

Supersymmetric models of neutrino mass generation
(such as the SUSY seesaw) naturally induce sizable cLFV
contributions, via radiatively generated off-diagonal terms
in the LL (and to a lesser extent L R) slepton soft-breaking
mass matrices [10]. In addition to explaining neutrino
masses and mixings, such models can also easily account
for values of BR(u — ey), within the reach of the MEG
experiment. In view of the recent confirmation of a large
value for the Chooz angle (013 ~ 8.8°) [3-5] and on the im-
pact it might have on (mzz)gr, in the numerical analysis of
the following section we will also consider different reali-
sations of the SUSY seesaw (type I [34-38], II [39—-45] and
inverse [46]), embedded in the framework of constrained
SUSY models. We will also revisit semi-constrained sce-
narios allowing for light values of m g+, re-evaluating the
predictions for Rg under a full, one loop-computation, and
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in view of recent experimental data. Finally, we confront
these (semi-)constrained scenarios with general, low-energy
realisations, of the MSSM.

3 Prospects for R : unified vs. unconstrained SUSY
models

In this section we evaluate the SUSY contributions to Ry,
with the results obtained via the full expressions for Ar,
as described in Sect. 2. These were implemented into the
SPheno public code [86], which was accordingly modified
to allow the different studies. It is important to stress that
although some approximations have still been done (as pre-
viously discussed), the results based on the present com-
putation strongly improve upon those so far reported in
the literature (mostly obtained using the MIA). Although
the different contributions cannot be easily disentangled
due to having carried a full computation, our results auto-
matically include all one-loop lepton flavour violating and
lepton flavour-conserving contributions (in association with
charged Higgs mediation, see footnote 3). As mentioned
before, we evaluate Rk in the framework of constrained,
semi-constrained (NUHM) and unconstrained SUSY mod-
els. Concerning the first two, we assume some flavour blind
mechanism of SUSY breaking (for instance minimal super-
gravity (mSUGRA) inspired), so that the soft-breaking pa-
rameters obey universality conditions at some high-energy
scale, which we choose to be the gauge coupling unification
scale Mgur ~ 10'° GeV,

(my)i; = (my)y; = (mp)i = (mp)f = (mp)7;
= m(z)al-j, (21)
(Al)ij = AO(Yl)ij'

In the above, my and Ap are the universal scalar soft-
breaking mass and trilinear couplings of the cMSSM, and
i, j denote lepton flavour indices (i, j = 1, 2, 3). In the latter
case, the gaugino masses are also assumed to be universal,
their common value being denoted by Mj,,. We will also
consider the supersymmetrisation of several mechanisms for
neutrino mass generation. More specifically, we have con-
sidered the type I and type II SUSY seesaw (as detailed in
Appendix B). We briefly comment on the inverse SUSY see-
saw, and discuss a L—R model.

The strict universality boundary conditions of Eqgs. (21)
will be relaxed for the Higgs sector when we address NUHM
scenarios, so that in the latter case we will have

All the above universality hypothesis will be further relaxed
when, for completeness, and to allow a final comparison

@ Springer

with previous analyses, we address the low-energy uncon-
strained MSSM.

In our numerical analysis, we took into account LHC
bounds on the SUSY spectrum [56-79], as well as the con-
straints from low-energy flavour dedicated experiments [7],
and neutrino data [1, 2]. In particular, concerning lepton
flavour violation, we have considered [6, 7]:

BR(t — ey) <3.3x 1078 (90 %C.L.), (23)
BR(T — 3¢) <2.7x 107 (90 %C.L.), (24)
BR(u — ey) <24 x 10712 (90 %C.L.), (25)
BR(B, — tv) > 9.7 x 107> (20). (26)

Also relevant are the recent LHCb bounds [80]

BR(B; — ntu”) <45x 107 (95 %C.L.), @7
BR(B — put1i7) <1.03x 107 (95 %C.L.). (28)

When addressing models for neutrino mass generation,
we take the following (best-fit) values for the neutrino mix-
ing angles [2] (where 013 is already in good agreement with
the most recent results from [3-5]):

sin? 01, = 031219017 ¢in? 9,3 = 0.5270:96

—0.015° —0.07°

sin® 613 ~ 0.01375-97, (29)
Am?y = (7.591030) x 1079eV?, (30)
Am3y = (2.50709%) x 107%e V2. 31

Regarding the leptonic mixing matrix (Upmns) we adopt the
standard parametrisation. In the present analysis, all CP vi-
olating phases are set to zero.*

3.1 mSUGRA-inspired scenarios: cMSSM and the SUSY
seesaw

We begin by re-evaluating, through a full computation of
the one-loop corrections, the maximal amount of supersym-
metric contributions to Rg in constrained SUSY scenarios.
For a first evaluation of Rg, we consider different cMSSM
(mSUGRA-like) points, defined in Table 1. Among them are
several cMSSM benchmark points from [87], representative
of low and large tan 8 regimes, as well as some variations.
Notice that, as mentioned before, these choices are compati-
ble with having a Higgs boson mass above 118 GeV but will
be excluded once we require my, to lie close to 125 GeV as
suggested by LHC results [52-55].

4We will assume that we are in a strictly CP conserving framework,
where all terms are taken to be real. This implies that there will be no
contributions to observables such as electric dipole moments, or CP
asymmetries.
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Table 1 cMSSM (benchmark) points used in the numerical analysis

mo (GeV) My (GeV)  tanfB Ao (GeV)  sign(u)
10.3.1 300 450 10 0 1
P20 330 500 20 —500 1
P30 330 500 30 —500 1
40.1.1 330 500 40 —500 1
40.3.1 1000 350 40 —500 1

As could be expected from Egs. (18)—(20), in a strict
cMSSM scenario (in agreement with the experimental
bounds above referred to) the SUSY contributions to Rg
are extremely small; motivated by the need to accommodate
neutrino data, and at the same time accounting for values of
BR(u — ey) within MEG reach, we implement type I and
type II seesaws in mSUGRA-inspired models (see Appen-
dices B.1 and B.2). Regarding the heavy-scale mediators,
we considered degenerate right-handed neutrinos, as well as
degenerate scalar triplets. We set the seesaw scale aiming
at maximising the (low-energy) non-diagonal entries of the
soft-breaking slepton mass matrices, while still in agreement
with the current low-energy bounds (see Egs. (23)—(28)). In
particular, we have tried to maximise the LL contributions
to Ar,i.e., (m%)e,, and to obtain BR(u — ey ) within MEG

reach (i.e. 10713 SBR(u — ey)< 24 x 10~12). However,
due to the fact that both seesaw realisations fail to account
for radiatively induced LFV in the right-handed slepton sec-
tor, one finds values |Ar| <2 x 1078, It is worth emphasis-
ing that if one further requires mj, to lie close to 125 GeV
(as suggested by recent findings [52-55]), then one is led
to regions in mSUGRA parameter space where, due to the
much heavier sparticle masses and typically lower values of
tan 8, the SUSY contributions to Rx become even further
suppressed.

Thus, and even under a full computation of the correc-
tions to the v£H T vertex, we nevertheless confirm that, as
firstly put forward in the analyses of [13, 14] strictly con-
strained SUSY and SUSY seesaw models indeed fail to ac-
count for values of Rk close to the present limits.

Clearly, new sources of flavour violation, associated to
the right-handed sector are required: in what follows, we
maintain universality of soft-breaking terms allowing, at the
grand unified (GUT) scale, for a single T — e flavour vi-
olating entry in m%. This approach is somewhat closer to
the lines of [13_15, although in our computation we will
still conduct a full evaluation of the distinct contributions
to Ar, and we consider otherwise universal soft-breaking
terms. Without invoking a specific framework/scenario of
SUSY breaking that would account for such a pattern, we
thus set

(m%,)te £0

2
my

RR __
831 -

(32)

As discussed above, low-energy constraints on LFV observ-
ables (especially T — ey ), severely constrain this entry.

In Fig. 3, we present our results for Ar scanning the
mo—Mi,2 plane for a regime of large tan 8. We have set
8RR = 0.1, tan B = 40, and taken Ag = —500 GeV. The sur-
veys displayed in the panels correspond to having embed-
ded a type I (left) or type II (right) seesaw onto this near-
mSUGRA framework.

As can be readily seen from Fig. 3, once the constraints
from low-energy observables have been applied, in the type [
SUSY seesaw, the maximum values for Ar are (’)(10_7), as-
sociated to the region with a lighter SUSY spectrum (which
is in turn disfavoured by a “heavy” light Higgs). Even for
the comparatively small non-universality, S?ﬁR =0.1, a con-
siderable region of the parameter space is excluded due to
excessive contributions to BR(B,, — tv) and BR(t — ey),
thus precluding the possibility of large values of Ar. In a
regime of large tan $, the contributions to BR(By — i1 ™)
are also sizable, and the recent LHCDb results seem to ex-
clude the regions of the parameter space where one could
still have Ar ~ O(10~%~7). The excessive SUSY contri-
butions to BR(B; — 1 147) can be somewhat reduced by
adjusting Ag (in Fig. 3 we fixed Ag = —500 GeV) and the
values of Ar can be slightly augmented by increasing §X;
in the latter case, the T — ey bound proves to be the most
constraining, and values of Ar larger than O(10~%~7) can-
not be obtained in these constrained SUSY seesaw models.

The situation is somewhat different for the type II case:
firstly notice that a sizable region in the mo—Mj > plane is
associated to negative contributions to Rg, which are cur-
rently disfavoured. In the remaining (allowed) parameter
space, the values of Ar are slightly smaller than for the type
I case: this is a consequence of a non-trivial interplay be-
tween a smaller value for the splitting § = %((m%) — (mio))
(induced by a lighter spectrum), and a lighter charged Higgs
boson. (We notice that accommodating light neutral Higgs
with mj, > 118 GeV is also comparatively more difficult in
the type II SUSY seesaw.)

Notice that in both SUSY seesaws it is fairly easy to
accommodate a potential observation of BR(u — ey) ~
1013 by MEG, taking for instance Mseesaw ™~ 10'2 GeV for
the type I and II seesaw mechanisms.

For both cases, larger values of SﬁR = 0.5 can be taken,
but these typically lead to conflicting situations with low-
energy observables; lowering tan 8 can ease the existing ten-
sion, at the expense of also reducing Ar. We summarise this
on Table 2, for simplicity in association with a type I SUSY
seesaw.

A few comments are in order regarding the summary of
Table 2: even with a large value for 8§1R, and in the large
tan 8 regime, the maximum attainable values for Ar are
much below the current experimental sensitivity, at most
2 x 107°. As mentioned before, if we further take into ac-
count the recent discovery of a new boson at LHC [52-55]
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Fig. 3 mo-M,,; plane for tanf =40 and Ap = —500 GeV, with
SﬁR =0.1. On the left (right) panel, a type I (II) SUSY seesaw, consid-
ering degenerate heavy mediators. Contour lines denote values of Ar
(decreasing values: positive—in association with an orange—yellow—
white colour gradient; negative—Dblue gradients); solid (grey) regions
are excluded due to the requirement of having the correct EWSB.
A green dot-dashed line corresponds to the present LHC bounds on
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the cMSSM [88]. A full green line delimits the BR(z — ey) exclusion
region, while full (dot-dashed) red lines correspond to the bounds on
BR(B; — utu™) (BR(B, — tv)). Finally, the region delimited by
blue lines corresponds to having BR(iu — ey ) within MEG reach (cur-
rent bound solid line, future sensitivity dashed line). Crosses (circles)
correspond to the benchmark point 40.1.1 (40.3.1) (Color figure online)

Table 2 Ar and other low-energy observables for different mSUGRA points, considering a type I seesaw, and distinct values of 8§R. The values
of the seesaw scale were varied from 1.3 x 10'2 GeV to 5 x 10! GeV, in order to comply with the limits/future sensitivity on BR(iz — ey)

SRR Ar mp+ (GeV)  BR(r —ey) BR(B, — tv) (x107%)  BR(B; = utp™) (x107%)  BR(u — ey)
103.1-1 0 72 x 10711 715 2.5 x 10716 1.17 4.0 7.2 x 10714
103.1-1 0.1 8.5x 10711 715 2.9 x 10710 1.17 4.0 1.8x 10713
103.1-1 0.5 5.1 x 107? 715 8.5x 107° 1.12 4.0 9.7 x 10715
P20-1 0.1 43 x 107 800 3.5x107° 1.15 4.0 2.0 x 10712
P30-I 0.1 1.2 x 1077 725 14 %1078 1.11 43 1.7x 10714
40311 0 1.6 x 1078 818 3.1x 1071 1.09 44 1.2x 10712
403.1-1 0.1 6.0x 1078 818 2.9 x 10710 1.09 44 1.2x 10712
403.1-1 05 2.0 x 1076 818 20x 1078 1.09 44 3.3 x 10712

with a mass around 125 GeV, and interpret it as the lightest
neutral CP-even Higgs boson of the MSSM, the attainable
values for Ar will be extremely small.

In order to conclude this part of the analysis we pro-
vide a comprehensive overview of the constrained MSSM
prospects regarding Ry, presenting in Fig. 4 a survey of the
(type I seesaw) mSUGRA parameter space, for two differ-
ent regimes of 8§1R , taking all present bounds (including the
recent ones on my) into account. The panels of Fig. 4 al-
low to recover the information that could be expected from
the discussion following Fig. 3: for fixed values of Ay and
tan B, increasing (SflR indeed allows to augment the SUSY
contributions to Ar although, as can be seen from the right
panel, the constraints from BR(t — ey) become increas-
ingly harder to accommodate. (Notice that the latter could

@ Springer

be avoided by increasing the SUSY scale (i.e. on regions of
the parameter space with large mo and/or M ,,)—however,
and as visible from Fig. 4, in a constrained SUSY frame-
work this would lead to heavier charged Higgs masses, and
in turn to suppressed contributions to Ar.)

Although we do not display an analogous plot here,
the situation is very similar for the type II SUSY seesaw
(slightly even more constrained due to the fact that accom-
modating mj, ~ 125 GeV is more difficult in these mod-
els [89]).

In view of the above discussion it is clear that even tak-
ing into account all 1-loop corrections to the vEH T vertex,
values of Ar, large enough to saturate current observation,
cannot be reached in the framework of constrained SUSY
models (and its seesaw extensions accommodating neutrino
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Fig. 4 mSUGRA (type I seesaw) mo—M > plane for tan 8 = 40 and
Ag =0 GeV, with SfR =0.1 (left panel) and 83RR = 0.7 (right panel).
Contour lines denote values of Ar (decreasing values: positive—in
association with an orange—yellow—white colour gradient; negative—
blue gradients). A full green line delimits the BR(t — ey) exclusion
region, while full (dot-dashed) red lines correspond to the bounds on

data). In this sense, and even though we have followed a dif-
ferent approach, our results follow the conclusions of [15].
We also stress that recent experimental bounds (both from
flavour observables and collider searches) add even more se-
vere constraints to the maximal possible values of Ar.

3.2 mSUGRA-inspired scenarios:
inverse seesaw and L—R models

We briefly comment here on the prospects of the inverse
SUSY seesaw concerning Ry : recently, it was pointed out
that some flavour violating observables can be enhanced by
as much as two orders of magnitude in a model with the
inverse seesaw mechanism [90]. Within such a framework,
right-handed (s)neutrino masses can be relatively light, and
as a consequence these vg, Vg states do not decouple from
the theory until the TeV scale, hence potentially provid-
ing important contributions to different low-energy pro-
cesses. Nevertheless, the specific contributions to Ar are
suppressed by a factor ;TTE’ with respect to those discussed
above (see Eq. (19)), so tilat we do not expect a significant
enhancement of SUSY 1-loop effects to Rx due to the in-
verse seesaw mechanism.

For completeness (and although we do not provide spe-
cific details here), we have considered a specific L—R see-
saw model [51]. In this framework, non-vanishing values
of SQR can be dynamically generated. We have numerically
verified that typically one finds 8§IR < 0.01 (we do not dis-
miss that larger values might be found, although certainly
requiring a considerable amount of fine-tuning in the input
parameters). We have not done a dedicated Ar calculation
for this case, but taking into account that the effect scales

124 125 126 127

3000 -
N

2000

mo (GeV)

1000

0 . PR
0 1000

2000
M 1 /2 (GEV)

3000

BR(Bs; — utu™) (BR(B, — tv)). Superimposed are the regions for
the Higgs boson mass: the dark band is for 125 <m0 < 126 (GeV)
and the lighter one marks the region where 124 <m0 < 127 (GeV)
(Color figure online)

with (8§1R)2, we also expect the typical range for Ar to be
far below the current experimental sensitivity.

3.3 mSUGRA-inspired scenarios: NUHM

As can be seen from the approximate expression for Ar
in Egs. (19), (20), regimes associated with both large tan 8
and a light charged Higgs can greatly enhance this observ-
able [15] (Ar o /tan® ,Bmﬁﬁ). By relaxing the mSUGRA-
inspired universality conditions for the Higgs sector, as oc-
curs in NUHM scenarios, one can indeed have very low
masses for the H* boson at low energies. This regime cor-

responds to a narrow strip in parameter space where m%ﬁ ~

m%lz, in particular when both are close to —(2.2 TeV)?2. In

addition to favouring electroweak symmetry breaking, since
miﬁ ~ |m%11 — m%i2| (even accounting for RG evolution of
the parameters down to the weak scale), it is expected that
the charged Higgs can be made very light with some fine
tuning [15]. In order to explore the maximal possible values
of Ar, a small scan was conducted around this region, where
m g+ changes very rapidly (see Table 3).

As can be verified from the left-hand panel of Fig. 5,
one could in principle have semi-constrained regimes lead-
ing to sizable values of Rg, O(1072). Once all (collider
and low-energy) bounds have been imposed, one has at
most Ar < 10™* (in association with m g+ > 500 GeV).

Table 3 Range of NUHM parameters leading to the scan of Fig. 5

mo (GeV) My (GeV) m},m3, (GeV?) tanp  5KR
Min 0 100 —5.2x 10° 40 0.1
Max 1500 1500 —4.6 x 10° 40 0.7
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Fig. 5 Left panel: Ar as a

function of the charged Higgs

mass, my+ (in GeV). Magenta

points have been subject to no

cuts, blue points comply with

the bounds on the masses
(LEP+LHC), red points satisfy -
all bounds except BR(B,, — tv) <
and green points satisty all

bounds. Right panel:

BR(B, — tv) versus my+. Red

Br(B,— tv)

points satisfy only the bounds
on the masses (LEP+LHC)

while green points comply with
all bounds (Color figure online) 0

500
my+ (GeV)

Moreover, it is interesting to notice that SUSY contributions
to BR(B, — tv), which become non-negligible for lighter
H* havea negative interference with those of the SM, low-
ering the latter BR to values below the current experimental
bound. This can be seen on the right-hand panel of Fig. 5.
We will return to this topic in greater detail in the following
subsection, when addressing the unconstrained MSSM.

3.4 Unconstrained MSSM

To conclude the numerical discussion, and to allow for a
better comparison between our approach and those usually
followed in other recent analyses (for instance [14, 16]),
we conduct a final study of the unconstrained, low-energy
MSSM. Thus, and in what follows, we make no hypothe-
sis concerning the source of lepton flavour violation, nor on
the underlying mechanism of SUSY breaking. Massive neu-
trinos are introduced by hand (no assumption being made
on their nature), and although charged interactions do vio-
late lepton flavour, as parametrised by the Uyns matrix, no
sizable contributions to BR(ix — ey) should be expected,
as these would be suppressed by the light neutrino masses.
At low energies, no constraints (other than the relevant ex-
perimental bounds) are imposed on the SUSY spectrum (for
simplicity, we will assume a common value for all sfermion
trilinear couplings at the low-scale, A; = Ap). The soft-
breaking slepton masses are allowed to be non-diagonal, so
that a priori a non-negligible mixing in the slepton sector
can occur. In order to better correlate the source of flavour
violation at the origin of Ar with the different experimental
bounds, we again allow for a single FV entry in the slep-
ton mass matrices: 85’? ~ 0.5 (otherwise setting all other
55T =0).

In our scan we have varied the input parameters in the
ranges collected in Table 4. We have also applied all relevant
constraints on the low-energy observables, Eqs. (23)-(28),
as well as the constraints on the SUSY spectrum [7, 56-79].
In particular we have assumed the conservative limits

> 1000 GeV, mg > 1000 GeV. (33)

Mg r
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Concerning the light Higgs boson mass, no constraint was
explicitly imposed. We just notice here that values close to
125 GeV [52-55], or even larger, are easily achievable due
to the heavy squark masses. This can be observed from the
left panel of Fig. 6, where we display the output of the above
scan, presenting the values of Ar versus the associated light
Higgs boson mass, my,. As expected, no explicit correlation
between mj; and Ar is manifest, nor with the other (rele-
vant) flavour-related low-energy bounds. For completeness,
and to better illustrate the following discussion, we present
on the right-hand panel of Fig. 6 the charged Higgs mass as
a function of Ao, again under a colour scheme denoting the
experimental bounds applied in each case. Identical to what
was observed in Fig. 5 (notice that NUHM models corre-
spond, at low energies, to a subset of these general cases),
regimes of very light charged Higgs are indeed present, in
association with small to moderate (negative) regimes for
Ap. Nevertheless, these regimes—which could potentially
enhance Ar—are likewise excluded due to a strong conflict
with BR(B, — tv). This can be further confirmed from the
left panel of Fig. 7, where we display the possible range of
variation for Ar as a function of m g+, colour-coding the
different applied bounds.

As can be seen from both panels of Fig. 7, values
Ar ~ 0(10_2, 10_1) could be obtainable, in agreement
with Refs. [13-16]. However, the situation is substantially
altered when one takes into account the current experimen-
tal bounds on B decays (B, — tv and By — utu™) and
T — ey. As is manifest from the left panel of Fig. 7, once
experimental bounds—other than B, — tv—are imposed,
one could in principle have Ar™* =~ (’)(10_2); however,
taking into account the limits from BR(B,, — tv), one is
now led to Ar <1073,

A few comments are in order regarding the impact of the
different low-energy bounds from radiative tau decays and
B-physics observables. Firstly, let us consider the T — ey
decay: although directly depending on SﬁR, its amplitude
is (roughly) suppressed by the fourth power of the average
SUSY scale, msysy. As can be seen from Egs. (19), (20),
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Table 4 Range of variation of the unconstrained MSSM parameters (dimensionful parameters in GeVs). Ag denotes the common value of the

low-energy sfermion trilinear couplings

" ma My, M, M3 A mg mo,my,mp tan 8 (SflR otheréi’]{Y
Min 100 50 100 1100 —1000 100 100 1200 30 0.5 0
Max 3000 1500 2500 2500 1000 2200 2500 5000 60 0.5 0

Fig. 6 Left panel: Ar as a

2500

function of the lightest Higgs
boson mass mj, (in GeV) for the

range of parameters shown in
Table 4. Red points satisfy the
bounds on the spectrum

2000

(LEP+LHC), blue points satisfy

all bounds except BR(B,, — tv)
and green points satisty all
bounds. Right panel: m g+
versus Ag (both in GeV), with
the same colour code. Leading
to both plots, the different input
parameters were varied as in

10° '
Table 4 (Color figure online) 116 118 120 122 124
my, (GeV)
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Fig. 7 Ranges of variation of Ar in the unconstrained MSSM as
a function of mpy+ (left panel), and as a function of BR(t — ey)
(right panel). The different input parameters were varied as in Ta-
ble 4 (notice that SﬁR =0.5). On the left panel red points satisfy the
bounds on the masses (LEP+LHC), blue points satisfy all bounds ex-
cept BR(B, — tv) and green points comply with all bounds. Similar

Ar only depends on the charged Higgs mass—if the latter
is assumed to be an EW scale parameter, Ar will be thus
independent of mgysy in these unconstrained models. As
such, it is possible to evade the T — ey bound by increasing
the soft SUSY masses, and this can indeed be seen from the
right-hand panel of Fig. 7, where a number of “blue” points
are found to lie below the BR(z — ey) bound.

Secondly, the By — uT ™ decay can be a severe con-
straint regarding the SUSY contributions to Ar in the case
of constrained models (see, e.g., Figs. 3 and 4). We notice
that By — ™ is approximately proportional to A% (see

126 128 130

0 500 1000 1500 2000

1500

1000

my+ (GeV)

500

0
-1000 -500 0 500 1000

Br(t—>ev)

colour code on the right panel, except that blue points now comply
with all bounds except BR(B, — tv) and BR(t — ey) while ma-
genta denotes points only failing the bound on BR(z — ey) (Color
figure online)

for instance [85]) while Ar shows no such dependence: thus
a regime of small trilinear couplings easily allows evade the
By — ™ bounds.

Finally, let us discuss the B, — tv bounds. Notice that
this is a process essentially identical to the charged kaon
decays at the origin of the R ratio (the only difference be-
ing that the K+ meson is to be replaced by a B, and the
e/ in the decay products by a kinematically allowed 7),
and hence its tree-level decay width can be inferred from
Egs. (6) and (8). Due to a negative interference between the
SM and the MSSM contributions, given by the term propor-
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tional to tan® ,B/qui in Eq. (8), regimes of low m g+ lead to
excessively small values of B, — tv (below the experimen-
tal bound), effectively setting a lower bound for m%li (see
right panel of Fig. 5, in relation to the discussion of NUHM
models). In turn, this excludes regimes of m g+ associated
to sizable values of Ar, as is clear from the comparison of
the “blue” and “green” regions of the left panel of Fig. 7.

In summary, we conclude that saturating the experimen-
tal bound on Rk clearly proves to be extremely difficult
(if not impossible), even in the unconstrained MSSM, es-
pecially in view of the stringent constraints from B, — tv.

4 Conclusions

In this work we have revisited supersymmetric contributions
to Rk =I'(K — ev)/T"'(K — uv), considering the poten-
tial of a broad class of constrained SUSY models to satu-
rate the current measurement of Rx. We based our analy-
sis in a full computation of the one-loop corrections to the
veH™ vertex; we have also derived (when possible) illustra-
tive analytical approximations, which in addition to offering
a more transparent understanding of the rdle of the different
parameters, also allow to establish a bridge between our re-
sults and previous ones in the literature. Our analysis further
revisited the Rx observable in the light of new experimental
data, arising from flavour physics as well as from collider
searches.

We numerically evaluated the contributions to Rk aris-
ing in the context of different minimal supergravity-inspired
models which account for observed neutrino data, further
considering the possibility of accommodating a near-future
observation of a u — ey decay. As expected from the
(mostly) LL nature of the radiatively induced charged lep-
ton flavour violation, type I and II seesaw mechanisms im-
plemented in the cMSSM provide minimal contributions to
Rk, thus implying that such cMSSM SUSY seesaws cannot
saturate the present value for Ar.

We then considered unified models where the flavour-
conserving hypothesis on the RR slepton sector is relaxed
by allowing a non-vanishing 8§1R (e—1 sector). In all mod-
els, special attention was given to experimental constraints,
especially four observables which turn out to play a par-
ticularly relevant role: the recent interval for the lightest
neutral Higgs boson mass provided by the CMS and AT-
LAS collaborations, BR(B; — ™), BR(B, — tv) and
BR(t — ey). These last two exhibit a dependence on m g+
(B, — tv) and on 88X (t — ey) similar to that of Ar. The
SUSY contributions to Ar are thus maximised in a regime
in which m g+ and 8§1R are such that the experimental limits
for B, — tv and T — ey are simultaneously saturated; in
this regime one must then accommodate the bounds on other
observables, such as mj;, and BR(B; — ™). For a min-
imal deviation from a pure cMSSM scenario allowing for
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non-vanishing values of 88X, we can have values for Ar at

most of the order of 107, In fact, the requirement of having
a Higgs boson mass of 125-126 GeV is much more con-
straining on the cMSSM parameter space than, for instance
By — T~ (which is sub-dominant, and can be overcome
by variations of the trilinear coupling, Ag). In order to have
Ar ~ O(107%), one must significantly increase 3§1R SO to
marginally overlap the regions of mj;, ~ 125 GeV, while still
in agreement with t — ey.

Models where the charged Higgs mass can be signifi-
cantly lowered, as is the case of NUHM models, allow to in-
crease the SUSY contributions to Ar, which can be as large
as 10™* (larger values being precluded due to B, — tv de-
cay constraints).

More general models, as the unconstrained MSSM re-
alised at low energies, offer more degrees of freedom, and
the possibility to better accommodate/evade the different
experimental constraints. In the unconstrained MSSM, one
can find values of Ar one order of magnitude larger, Ar ~
O(1073). Again, any further augmentation is precluded due
to incompatibility with the bounds on B, — tv.

However, Ar ~ ©(1073) still remains one order of mag-
nitude shy of the current experimental sensitivity to R,
and also substantially lower than some of the values pre-
viously found in the literature. As such, if SUSY is indeed
discovered, and unless there is significant progress in the
experimental sensitivity to Rk, it seems unlikely that the
contributions to Rk of the SUSY models studied here will
be testable in the near future. On the other hand, any near-
future measurement of Ar larger than O(1073) would un-
ambiguously point towards a scenario different from those
here addressed (mSUGRA-like seesaw, NUHM and the phe-
nomenological MSSM).

It should be kept in mind that the analysis presented here
focussed on the impact of LFV interactions. Should the dis-
crepancy between the SM and experimental observations
turn out to be much smaller than 10~%, a more detailed ap-
proach and evaluation will then be necessary.
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Appendix A: Renormalisation of the v H™ vertex

In what follows we detail the computation leading to Egs.
(13)—(15), and we further refer to [82] for a similar analysis.
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As expected, loop effects contribute to both kinetic and mass
terms of charged leptons as well as to the vEH ™ vertex:

Cé’i =il (1+ U?)NL +ilg(1+ Tlfe)JMR
vy (1+n])pve — [€0(M"™ + 1) ek +hc.]

+1iv
+ 724G P an M+t )er HY +hec.].

(A1)

Here M0 denotes the bare charged lepton mass and the 7’s
correspond to loop contributions to the various terms. The
(new) kinetic terms can be recast into a canonical form by
means of unitary rotations of the fields (K} , K&, K}), which
are then renormalised by diagonal transformations (Z’Z s Zf?,
Z)):

50 et A
Z,=Kp (1 + nL)KL’

Apy— L
O =K (Z0) e (A2)

fpn) .
0 = KL (25) e Zfe:Kf;T(l-i-nfe)Kﬁ, (A.3)

Av—L N S
vl = Kp(Z)) 72 ZY = KT+ n))K). (A4
Two unitary rotation matrices (Ri, Ré) are further required
to diagonalise the charged lepton mass matrix, and one fi-

nally has

09 = K (20) 2 RE e, (AS5)
€94 = K,‘;(Zfe)*%Rge‘;eeW, (A.6)
Vold — KZ(ZZ)_% RE VIV, (A7)
In the new basis, the mass terms now read
LM = ¢ Mg +hec.
= 0o Ry [(20) KL (4
x K4(24) 2 RG g + hic. (A.8)

The above equation relates the unknown parameter M'? with
the physical mass matrix M'. Using the latter to rewrite the
veH™ vertex one finds

£H =5, 7zHerHT +he., (A.9)
where
A L . Ap L
ZH =246 P an gRET(20) 1KY TKE(2E) T REM!
LN |
+RE(Z)) KT (=246 an ot + 0™

x K;;(zg)*%K;;. (A.10)

To one-loop order, this exact expression simplifies to

4 v
zH =23/4G;/2tanf3[(1+ %L — %L)Ml —n,‘;] +n'.

(A.11)

The expressions for the 1’s can be computed from the rele-
vant Feynman diagrams (assuming zero external momenta):

2(.¢
_(471) (nm)l'j
— N RO AL 2 2
=Niog Njop mx,‘}BO(O’mxg’mZﬂ)

R(l) ~L(£)x* 2 2
+Cia,3 Cjaﬁ mXaiBo(O,mXai,m; ),

, (A.12)

—(47T)2(77§e)ij
= NLY NS B (0. m2y, )
LYy B0 i)
—@m)*(ng),;
= Nilszfﬂl)Nfa(é)*Bl (o, mié?’ m%ﬂ)
+ Ciag Clag 51013, ).
— @n)(ny),;

_ N RO RO 22
=Niag Njop B1(0.m39.m5,)

(A.13)

(A.14)

R R
+ c,.a%wcj a(;)* B (0, mf(ai, m%ﬂ), (A.15)

- (4”)2(77H)ij

_ ~RW) A L(O)*[ HL(ST)*
_Ciﬂy Njay [Dﬁm2 mxé’mxﬁi

2 2 2
x Cp(0,0,0,m=,, m" ., m*
0( x§ Xﬂi ZV)

R(SH)*

+ Dyyy “dCo0 (0,0, O,mig,miﬂi,m% )]

Ly

R(W) ~L)%[ 5 L(ST)*
+ Niay Cigy [Dpaz Mgy

2 2 2
x Cp(0,0,0,m> o, m” 1, m3
0( Xg Xﬂi Uy)

R(SH)*

+ Dgys dCoo(0,0,0,mig,miﬁi,m%y)]

R() ,L(O)% (STT5*)
iap Njay 82yp Mx0

X CO(O, 0,0, m%y,m%ﬂ, mig),

+N
(A.16)

with Bo,1, Cp, Co,0 denoting the usual loop integral func-
tions
xlog 5 — ylog =5
Bo(0,x,y) = Ac 41— £ £,
X =Y

(A.17)
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1 3x —y
Bl(oﬁxa)’)z—i As‘f‘m

2
_log%+< x ) logz}
w xX—y X

xylog$ + yzlog £ +zxlog £
=G -—E—x)

(A.18)

Co(0,0,0,x,y,2) = ,(A.19)

dC(0,0,0,x,y,2)
= A +1

x2(y —2)log %5 + y?(z — x) log 2 + 22 (x — y) log
+ n | n

= -2@E—x)
(A.20)

Here d =4 — ¢, 1 is the regularisation parameter and A, =
% —y +log4s. For the couplings notation we followed [91].

The comparison of the above expressions with the corre-
sponding ones derived in Ref. [82], reveals a fair agreement;
we nevertheless notice that the neutralino and chargino
masses are absent from the analogous of Eq. (A.12), and
that the order of the arguments of B; in Egs. (A.13), (A.14),
(A.15) appears reversed. Moreover, we find small discrep-
ancies (which cannot be accounted by the distinct notation
used) in the expressions for nf;l and ny, cf. Eq. (A.12) and
Eq. (A.16), respectively.

Appendix B: SUSY seesaw models

In its different realisations, the seesaw mechanism offers
one of the most appealing explanations for the smallness
of neutrino masses and the pattern of neutrino mixing an-
gles. Moreover, when embedded in the framework of SUSY
models—the so-called SUSY seesaw—the seesaw offers the
interesting feature that flavour violation in the neutrino sec-
tor (encoded in non-diagonal neutrino Yukawa couplings)
can radiatively induce flavour violation in the slepton sector
at low energies [10], leading to potentially sizable contribu-
tions to a large array of observables.

In what follows we briefly summarise the most relevant
features of different realisations of the seesaw mechanism.
In particular, we will consider “high-scale” seesaws, i.e.,
where the additional states are assumed to be much heavier
than the electroweak scale (in association with large values
of the corresponding couplings).

B.1 Type I SUSY seesaw
In a type I SUSY seesaw, the MSSM superfield content is

extended by three right-handed Majorana neutrino super-
fields. The lepton superpotential is thus extended as

W}ept°“=N‘Y“LH2+E‘Y’LH1+§NCMNN‘, (B.1)

@ Springer

where, and without loss of generality, one can work in a ba-
sis where both ¥’ and My are diagonal (Y! = diag(Y¢, Y*,
YY), My = diag(My,, Mn,, Mn;)). The relevant slepton
soft-breaking terms are now

slept = - L .
Vi1 =m3ILlp +mirly +m3 Drvg + (ALl

+ AVHy0p V) + B'Dgig + hc.). (B.2)
Should this be embedded into a cMSSM, then the addi-
tional soft-breaking parameters would also obey universal-
ity conditions at the GUT scale, (m;R)l.zj = m% and (A%);; =
Aog(Y")ij.

In this case, the light neutrino masses are given by
(B.3)

I _ vT pyo—1_ v
m,=—mp" My mp,

with m}, = Y v, (v; being the vacuum expectation values
(VEVs) of the neutral Higgs scalars, vy = vcos(sin)8,
with v = 174 GeV), and where My, corresponds to the
masses of the heavy right-handed neutrino eigenstates. The
light neutrino matrix m, is diagonalised by the Upmns as
mglag = UMNsTmUUMNs. A convenient means of para-
metrising the neutrino Yukawa couplings, while at the same
time allowing to accommodate the experimental data, is
given by the Casas—Ibarra parametrisation [92], which reads
at the seesaw scale, My,

. di di
YVv, = va =14/ MNlagR mulagUMNsT.

In the above, R is a complex orthogonal 3 x 3 matrix that en-
codes the possible mixings involving the right-handed neu-
trinos, in addition to those of the low-energy sector (i.e.
Uwmns) and which can be parametrised in terms of three
complex angles 6; (i = 1,2, 3). In our analysis, we assumed
degenerate right-handed neutrino masses and real parame-
ters, so that the results are effectively independent of the
choice of the 6;.

Even under universality conditions at the GUT scale, the
non-trivial flavour structure of YV will induce (through the
running from Mgyt down to the seesaw scale, My ) flavour
mixing in the otherwise approximately flavour-conserving
soft-SUSY breaking terms. In particular, there will be ra-
diatively induced flavour mixing in the slepton mass matri-
ces, manifest in the L L and LR blocks of the 6 x 6 slepton
mass matrix; an analytical estimation using the leading or-
der (LLog) approximation leads to the following corrections
to the slepton mass terms:

(B.4)

1
(Amzz)ij = _Q@m(z) + A(%)(YUTLYV)U’
(AA"), =— 16n2A0Yilj(Y”TLY“)ij,
(Am2) ~0; Ly =log Maur ), . (B.5)
R/ij ’ MNk
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The amount of flavour violation is encoded in the matrix
elements (Y”'{'LY”)U of Eq. (B.5).

B.2 Type Il SUSY seesaw

The implementation of a type II SUSY seesaw model re-
quires the addition of at least two SU(2) triplet super-
fields [93]. Should one aim at preserving gauge coupling
unification, then complete SU(5) multiplets must be added
to the MSSM content. Under the SM gauge group, the 15
decomposes as 15 =S + T + Z, where S ~ (6,1, —2/3),
T ~(1,3,1)and Z ~ (3, 2, 1/6). In the SU(5) broken phase
(below the GUT scale), the superpotential contains the fol-
lowing terms:

1 AAA AA A PN
Win=—YrLT\L+YsDSD)+Y;DZL
V2
+Y'D°OH, + YU QH, + Y'ELH,
1 A A A A A A A A
+ E()\lHlTlHl + A H T Hy)) + MrTi T,

+MzZ1Z>+ MsS1 Sy + uH Ha, (B.6)

where we have omitted flavour indices for simplicity (for
shortness we will not detail the soft-breaking Lagrangian
here, see e.g. [93]). After having integrated out the heavy
fields, the effective neutrino mass matrix then reads

2
n_ VA
272y

= B.7
V' 2 Mr (B.7)

As occurs in the type I seesaw, LFV entries in the charged
slepton mass matrix are radiatively induced, and are propor-
tional to the combination Y; Yr [93]; for example, the LL
block reads

N My 2 2.+
(Am%)ijO((YTYT)ij~<)» 2) (Unins (72) " Ui )
205

(B.8)

References

1. G.L. Fogli, E. Lisi, A. Marrone, A. Palazzo, A.M. Rotunno, Phys.
Rev. D 84, 053007 (2011). arXiv:1106.6028 [hep-ph]

2. T. Schwetz, M. Tortola, J.W.F. Valle, New J. Phys. 13, 109401
(2011). arXiv:1108.1376 [hep-ph]

3. EP. Anetal. (DAYA-BAY Collaboration), arXiv:1203.1669 [hep-
ex|

4. J.K. Ahn et al. (RENO Collaboration), arXiv:1204.0626 [hep-ex]

5. P. Adamson et al. (MINOS Collaboration), arXiv:1202.2772 [hep-
ex|

6. J. Adam et al. (MEG Collaboration), Phys. Rev. Lett. 107, 171801
(2011). arXiv:1107.5547 [hep-ex]

7. C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1 (2008)
(and partial update for 2010 edition)

10.
11.

12.

13.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.
39.

40.
41.
42.
43.

44.

A. Abada, C. Biggio, F. Bonnet, M.B. Gavela, T. Hambye, J. High
Energy Phys. 0712, 061 (2007). arXiv:0707.4058 [hep-ph]

A. Abada, C. R. Phys. 13, 180 (2012). arXiv:1110.6507 [hep-ph]
F. Borzumati, A. Masiero, Phys. Rev. Lett. 57, 961 (1986)

M. Raidal et al., Eur. Phys. J. C 57, 13 (2008). arXiv:0801.1826
[hep-ph] and references therein

M. Antonelli et al., Phys. Rep. 494, 197 (2010). arXiv:0907.5386
[hep-ph]

A. Masiero, P. Paradisi, R. Petronzio, Phys. Rev. D 74, 011701
(2006). hep-ph/0511289

A. Masiero, P. Paradisi, R. Petronzio, J. High Energy Phys. 0811,
042 (2008). arXiv:0807.4721 [hep-ph]

J. Ellis, S. Lola, M. Raidal, Nucl. Phys. B 812, 128 (2009).
arXiv:0809.5211 [hep-ph]

J. Girrbach, U. Nierste, arXiv:1202.4906 [hep-ph]

W.J. Marciano, A. Sirlin, Phys. Rev. Lett. 71, 3629 (1993)

M. Finkemeier, Phys. Lett. B 387, 391 (1996). hep-ph/9505434
V. Cirigliano, I. Rosell, Phys. Rev. Lett. 99, 231801 (2007).
arXiv:0707.3439 [hep-ph]

E. Goudzowski (for the NA48/2 and NA62 Collaboration),
arXiv:1111.2818 [hep-ex]

L.J. Hall, V.A. Kostelecky, S. Raby, Nucl. Phys. B 267, 415
(1986)

L.J. Hall, R. Rattazzi, U. Sarid, Phys. Rev. D 50, 7048 (1994).
hep-ph/9306309

W.-S. Hou, Phys. Rev. D 48, 2342 (1993)

P.H. Chankowski, R. Hempfling, S. Pokorski, Phys. Lett. B 333,
403 (1994). hep-ph/9405281

K.S. Babu, C.F. Kolda, Phys. Rev. Lett. 84, 228 (2000).
hep-ph/9909476

M.S. Carena, D. Garcia, U. Nierste, C.E.M. Wagner, Nucl. Phys.
B 577, 88 (2000). hep-ph/9912516

K.S. Babu, C. Kolda, Phys. Rev. Lett. 89, 241802 (2002).
hep-ph/0206310

A. Brignole, A. Rossi, Phys. Lett. B
hep-ph/0304081

A. Brignole, A. Rossi,
arXiv:hep-ph/0404211

E. Arganda, A.M. Curiel, M.J. Herrero, D. Temes, Phys. Rev. D
71, 035011 (2005). hep-ph/0407302

P. Paradisi, J. High Energy Phys.
hep-ph/0508054
P. Paradisi, J.
hep-ph/0601100
M.J. Ramsey-Musolf, S. Su, S. Tulin, Phys. Rev. D 76, 095017
(2007). arXiv:0705.0028 [hep-ph]

P. Minkowski, Phys. Lett. B 67, 421 (1977)

M. Gell-Mann, P. Ramond, R. Slansky, in Complex Spinors and
Unified Theories, ed. by P. Van Nieuwenhuizen, D.Z. Freedman
Supergravity (North-Holland, Amsterdam, 1979), p. 315. Print-
80-0576, (CERN)

T. Yanagida, in Proceedings of the Workshop on the Unified The-
ory and the Baryon Number in the Universe, ed. by O. Sawada,
A. Sugamoto (KEK, Tsukuba, 1979), p. 95

S.L. Glashow, in Quarks and Leptons, ed. by M. Lévy et al.
(Plenum Press, New York, 1980), p. 687

R.N. Mohapatra, G. Senjanovié, Phys. Rev. Lett. 44, 912 (1980)
R. Barbieri, D.V. Nanopolous, G. Morchio, F. Strocchi, Phys. Lett.
B 90, 91 (1980)

R.E. Marshak, R.N. Mohapatra, Invited talk given at Orbis Scien-
tiae, Coral Gables, Fla., Jan. 14—17, 1980, VPI-HEP-80/02

T.P. Cheng, L.F. Li, Phys. Rev. D 22, 2860 (1980)

M. Magg, C. Wetterich, Phys. Lett. B 94, 61 (1980)

G. Lazarides, Q. Shafi, C. Wetterich, Nucl. Phys. B 181, 287
(1981)

J. Schechter, J.W.E. Valle, Phys. Rev. D 22, 2227 (1980)

566, 217 (2003).

Nucl. Phys. B 701, 3 (2004).
0602, 050 (2006).

High Energy Phys. 0608, 047 (2006).

@ Springer



Page 16 of 16

Eur. Phys. J. C (2012) 72:2228

45.
46.
47.
48.
49.
50.

51.

52.
53.
54.
55.
56.
57.
58.
59.
60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

R.N. Mohapatra, G. Senjanovi¢, Phys. Rev. D 23, 165 (1981)
R.N. Mohapatra, J.W.F. Valle, Phys. Rev. D 34, 1642 (1986)

J.C. Pati, A. Salam, Phys. Rev. D 10, 275 (1974). Erratum-Ibid.
11, 703 (1975)

R.N. Mohapatra, J.C. Pati, Phys. Rev. D 11, 2558 (1975)

G. Senjanovic, R.N. Mohapatra, Phys. Rev. D 12, 1502 (1975)
C.S. Aulakh, K. Benakli, G. Senjanovic, Phys. Rev. Lett. 79, 2188
(1997). arXiv:hep-ph/9703434

JN. Esteves, J.C. Romao, M. Hirsch, A. Vicente, W.
Porod, F. Staub, J. High Energy Phys. 1012, 077 (2010).
arXiv:1011.0348

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 710, 49
(2012). arXiv:1202.1408 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 710, 26
(2012). arXiv:1202.1488 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 716, 30
(2012). arXiv:1207.7235 [hep-ex]

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1 (2012).
arXiv:1207.7214 [hep-ex]

G. Aad et al. (ATLAS Collaboration), arXiv:1203.5763 [hep-ex]
G. Aad et al. (ATLAS Collaboration), arXiv:1202.4847 [hep-ex]
S.A. Koay (C. Collaboration), arXiv:1202.1000 [hep-ex]

G. Aad et al. (ATLAS Collaboration), arXiv:1111.4116 [hep-ex]
G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 710, 67
(2012). arXiv:1109.6572 [hep-ex]

G. Aad et al. (ATLAS Collaboration), arXiv:1107.0561 [hep-ex]
G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 71, 1682
(2011). arXiv:1103.6214 [hep-ex]

G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 71, 1647
(2011). arXiv:1103.6208 [hep-ex]

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 701, 398
(2011). arXiv:1103.4344 [hep-ex]

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 701, 1 (2011).
arXiv:1103.1984 [hep-ex]

J.B.G. da Costa et al. (ATLAS Collaboration), Phys. Lett. B 701,
186 (2011). arXiv:1102.5290 [hep-ex]

G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 106,
131802 (2011). arXiv:1102.2357 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), CERN-PH-EP-2011-
138

S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1108, 156 (2011). arXiv:1107.1870 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), arXiv:1107.1279 [hep-
ex|

@ Springer

71

72.

73.

74.

75.

76.

7.

78.

79.

80.
81.

82.

83.
84.

85.

86.

87.

88.

89.

91.

92.

93.

. S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1108, 155 (2011). arXiv:1106.4503 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1107, 113 (2011). arXiv:1106.3272 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), arXiv:1106.0933 [hep-
ex]

S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1106, 093 (2011). arXiv:1105.3152 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1106, 077 (2011). arXiv:1104.3168 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), J. High Energy Phys.
1106, 026 (2011). arXiv:1103.1348 [hep-ex]

S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett. 106,
211802 (2011). arXiv:1103.0953 [hep-ex]

V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 698, 196
(2011). arXiv:1101.1628 [hep-ex]

V. Khachatryan et al. (CMS Collaboration), Phys. Rev. Lett. 106,
011801 (2011). arXiv:1011.5861 [hep-ex]

R. Aaij et al. (LHCb Collaboration), arXiv:1203.4493 [hep-ex]

F. Borzumati, G.R. Farrar, N. Polonsky, S.D. Thomas, Nucl. Phys.
B 555, 53 (1999). hep-ph/9902443

B. Bellazzini, Y. Grossman, I. Nachshon, P. Paradisi, J. High En-
ergy Phys. 1106, 104 (2011). arXiv:1012.3759 [hep-ph]

J.K. Parry, Nucl. Phys. B 760, 38 (2007). hep-ph/0510305

J.R. Ellis, J.S. Lee, A. Pilaftsis, Phys. Rev. D 76, 115011 (2007).
arXiv:0708.2079 [hep-ph]

G. Isidori, P. Paradisi, Phys. Lett. B 639, 499 (2006).
hep-ph/0605012

W. Porod, Comput.
arXiv:hep-ph/0301101
S.S. AbdusSalam et al., Eur. Phys. J. C 71, 1835 (2011).
arXiv:1109.3859 [hep-ph]

Limits for tanf = 40 and Ap = —500 GeV were taken from
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSUS
11003/RA1_ExclusionLimit_tanb10-vs-tanb40.pdf

M. Hirsch, F.R. Joaquim, A. Vicente, arXiv:1207.6635 [hep-ph]

. A. Abada, D. Das, C. Weiland, J. High Energy Phys. 1203, 100
(2012). arXiv:1111.5836 [hep-ph]

J.C. Romao, The MSSM model. http://porthos.ist.utl.pt/~romao/
homepage/publications/mssm-model/mssm-model.pdf

J.A. Casas, A. Ibarra, Nucl. Phys. B 618, 171 (2001). arXiv:
hep-ph/0103065

A. Rossi, Phys. Rev. D 66, 075003 (2002). hep-ph/0207006

Phys. Commun. 153, 275 (2003).



