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ABSTRACT: We study the impact of a type-I SUSY seesaw concerning lepton flavour vi-
olation (LFV) both at low-energies and at the LHC. The study of the di-lepton invariant
mass distribution at the LHC allows to reconstruct some of the masses of the different
sparticles involved in a decay chain. In particular, the combination with other observables
renders feasible the reconstruction of the masses of the intermediate sleptons involved in
Xy — 00— XY decays. Slepton mass splittings can be either interpreted as a signal of
non-universality in the SUSY soft breaking-terms (signalling a deviation from constrained
scenarios as the cMSSM) or as being due to the violation of lepton flavour. In the latter
case, in addition to these high-energy processes, one expects further low-energy manifesta-
tions of LEF'V such as radiative and three-body lepton decays. Under the assumption of a
type-1 seesaw as the source of neutrino masses and mixings, all these LF'V observables are
related. Working in the framework of the cMSSM extended by three right-handed neutrino
superfields, we conduct a systematic analysis addressing the simultaneous implications of
the SUSY seesaw for both high- and low-energy lepton flavour violation. We discuss how
the confrontation of slepton mass splittings as observed at the LHC and low-energy LE'V
observables may provide important information about the underlying mechanism of LFV.
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1 Introduction

The experimental observation of non-vanishing neutrino masses and mixings [1-8|, consti-
tutes clear evidence for physics beyond the Standard Model (SM), and as of today, little is
known about the underlying model of new physics. Since neutrinos are very weakly inter-
acting particles and their masses lie orders of magnitude below the other fermion masses
of the SM, additional experimental input will be instrumental to shed some light on the
new physics model.

In extensions of the SM where v oscillations (and hence massive neutrinos) can be
naturally accommodated, many other new phenomena could in principle be expected.
Among them, and given that neutrino oscillations indisputably signal lepton flavour vi-
olation (LFV) in the neutral sector, it is only natural to expect that charged lepton flavour



will also be violated in these extensions (for a review, see ref. [9]). The search for mani-
festations of charged LFV constitutes the goal of several experiments [10-22], exclusively
dedicated to look for signals of processes such as rare radiative as well as three-body decays
and lepton conversion in muonic nuclei.

In parallel to these low-energy searches, the high-energy Large Hadron Collider (LHC)
has started its quest of unveiling the mechanism of electroweak (EW) symmetry breaking
and of possibly providing a solution to the SM hierarchy problem. Supersymmetry (SUSY)
is a well motivated solution for the hierarchy problem that also offers an elegant solution
for the existence of non-baryonic dark matter (DM) in the Universe [23-25]. If the LHC
indeed finds signatures of SUSY, it is then extremely appealing to consider supersymmetric
models that can also accommodate neutrino oscillation phenomena. One of the most
economical and elegant possibilities is perhaps to embed a seesaw mechanism [26-39] in a
supersymmetric framework, the so-called SUSY seesaw.

If a type-I seesaw [26-30] is at work and explains the observed neutrino masses and
leptonic mixings, then the neutrino Yukawa couplings could leave their imprint in the
slepton mass matrices: as first shown in [40], starting from flavour diagonal soft supersym-
metry breaking terms at some high energy unification scale, flavour violation appears at
low-energies due to the renormalisation group (RG) evolution of the SUSY soft-breaking
parameters [41, 42]. Having natural values for the neutrino Yukawa couplings implies that
the seesaw scale (e.g. the right-handed neutrino mass scale in the case of a type-1 seesaw) is
very high, close to the Grand Unified Theory (GUT) scale (Mgut ~ 10'6 GeV). Moreover,
the flavour off-diagonal structure of the neutrino Yukawa couplings required to comply with
the observed large mixing in the lepton sector [43, 44], can then induce potentially large
lepton flavour violation in the slepton sector. Low-energy manifestations of LFV in the
framework of the SUSY seesaw include sizable branching ratios (BR) for radiative decays
as l; — l;, three-body decays, l; — 3l; and p — e transitions in heavy nuclei [45-67]. In
the presence of CP violation, one can also have T- and P-odd asymmetries in LFV decays
and contributions to lepton electric dipole moments (see for example [68-71]).

The quest for new physics is currently being pursued along different avenues: high-
energy colliders like the LHC are the ideal laboratory to directly discover the particle
content of the SM extension; low-energy experiments probe the new physics contributions
(arising from new particles and/or interactions) to several observables (muon anomalous
magnetic moment, electric dipole moments, LFV, B-physics, etc.). A successful (or even
partial) reconstruction of the underlying model of new physics will necessarily rely on the
complementarity of the information derived from direct and indirect searches, which can
be further strengthened by data from neutrino experiments, dark matter searches and
cosmological observations.

In this work, we study the impact of a type-I SUSY seesaw concerning flavour violation
both at low-energies and at the LHC. At the LHC, there are three possible signals of LFV:
firstly, one can have sizable widths for LFV decay processes like x§ — Eii Ef XY [65, 72-75] ;
secondly, one can have flavoured slepton mass splittings (MS). These can be identified since
under certain conditions, one can effectively reconstruct slepton masses via observables such
as the kinematic end-point of the invariant mass distribution of the leptons coming from



the cascade decays x§ — ¥ — Eiﬁx?. If the slepton in the decay chain is real, the
di-lepton invariant mass spectrum has a kinematical edge that might then be measured
with very high precision (up to 0.1 %) [76-78]. Together with data arising from other
observables, this information allows to reconstruct the slepton masses [76-80]. Finally,
one can observe multiple edges in di-lepton invariant mass distributions y§ — X(l]ﬁfc@c,
arising from the exchange of a different flavour slepton le (in addition to the left- and
right-handed sleptons, lNZL r)- Slepton mass splittings can be either interpreted as a signal
of non-universality in the SUSY soft breaking-terms (hinting towards a deviation from
flavour-blind scenarios of SUSY breaking such as the constrained Minimal Supersymmetric
Standard Model (¢cMSSM)) or as being due to the violation of lepton flavour.

The potential of LHC experiments in probing the allowed seesaw parameters through
measurements of masses and branching ratios of supersymmetric particles has also been
discussed in refs. [82-84]. Recently, another study of slepton mass-splittings as a probe
of LFV at the LHC was performed [85] for scenarios with an effective parametrization of
flavour violation. In our case, we consider the specific framework of a type-I SUSY seesaw,
where the source of flavour violation for both the LHC and the low-energy observables is
unique - the neutrino Yukawa couplings - implying that all these LF'V observables will be
correlated. Working in the framework of the cMSSM extended by three right-handed neu-
trino superfields, and taking into account the DM constraints [25], we conduct a systematic
analysis addressing the simultaneous implications of the SUSY seesaw for both high- and
low-energy LFV.

Under the assumption of a type-I SUSY seesaw, the interplay of a joint measurement
of LFV branching ratios and of the Chooz angle 613 has been shown to be a powerful tool
to shed some light on the SUSY seesaw parameters (see for example [64]). Here we will
focus on how the confrontation of slepton mass splittings (as potentially observable at the
LHC) and of low-energy LFV observables may provide important information about the
underlying mechanism of LFV. After having identified regions in the cMSSM parameter
space, where the slepton masses could in principle be reconstructed from the kinematical
edges of di-lepton mass distributions (i.e. xJ — El?t 0F XY can occur with a non-negligible
number of events), we study the different slepton mass splittings arising in this case from
small flavour-conserving radiative effects and LR slepton mixing. We then discuss the
effect of implementing a type-I seesaw for the slepton mass splittings, also exploring the
implications for LF'V decays. We investigate several scenarios in which the SUSY seesaw
can be tested and propose, in addition to two already existing LHC benchmark points, other
minimal Supergravity (mSUGRA) inspired benchmarks embedded in a type-I seesaw.

As we will show in this work, if the seesaw is indeed the source of both neutrino
masses and leptonic mixings and accounts for low-energy LFV observables within future
sensitivity reach, interesting slepton phenomena are expected to be observed at the LHC:
in addition to the mass splittings, the most striking effect will be the possible appearance
of new edges in di-lepton mass distributions. From the comparison of the predictions for
the two sets of observables (high and low energy) with the current experimental bounds
and future sensitivities, one can either derive information about the otherwise unreachable
seesaw parameters, or disfavour the type-I SUSY seesaw as the unique source of LFV.



The paper is organised as follows. In section 2 we discuss how lepton masses can be
reconstructed from observation at the LHC, describing the mechanisms for production, the
favoured decay chains and the kinematical observables. In section 3 we define the model,
providing a brief overview on the implementation of a type-I seesaw in the constrained
MSSM, as well as its implications for low-energy LFV observables. We also comment on
the possibility of generating the observed BAU from leptogenesis, and how complying with
present observation can constrain the SUSY seesaw parameters. In section 4 we study,
both for the cMSSM and its type-I seesaw extension, the impact of LF'V at the LHC. Our
results are presented in section 5 where, after briefly considering the cMSSM case, we study
the different high- and low-energy observables in the seesaw case. This will also allow to
draw some conclusions on the viability of a type-I seesaw as the underlying mechanism of
LFV. Further discussion is presented in the concluding section 6.

2 Slepton masses and invariant mass distributions at the LHC

In this work we are interested in the study of slepton mass differences to probe deviations
from the cMSSM, and possibly derive some information about the underlying theory of
flavour violation in the (s)lepton sector. We briefly outline in this section how slepton
masses can be reconstructed from observation at the LHC. We describe the mechanisms
for production, the favoured decay chains and finally the kinematical observables used to
reconstruct the slepton masses and hence their mass splittings.

We recall that the cMSSM is defined by its superpotential,

WMSSM _ (}'CYUQAIf[Q + ﬁCYlQﬁl + Ecyliﬁl + Mﬁlﬁ% (2'1)

and by the mSUGRA-inspired conditions imposed on the soft-breaking SUSY Lagrangian:
universal gaugino masses (M; = Mz = M3 = M 5), universal scalar masses for Higgs
bosons, squarks and sleptons (mpy, g, = megp = Mip = mg) and universal trilinear
couplings (A, q; = AgY»4) the universality being imposed at some high energy scale,
which we chose to be the gauge coupling unification scale. The model is further defined by
the ratio of the vacuum expectation value of the Higgs fields, tan 8 = vy /v; and sign(u),
leading to a total of 4 continuous and one discrete parameter.

2.1 Slepton production at the LHC

If R-parity is preserved, SUSY particles are produced in pairs, and decay to the lightest
SUSY particle (LSP), which is stable. The usually complex decay cascades lead to signa-
tures involving in general multiple jets and/or missing transverse energy from the LSPs
escaping the detector. Several reconstruction methods have been proposed (see, e.g. [76—
78] and references therein) allowing to extract very precise combinations of masses and
branching ratios from several experimental measurements. In particular, the analysis of
endpoints in kinematical distributions for specific final states allows to determine funda-
mental parameters of the model, especially in the case of simple SUSY realisations as the
cMSSM. In favourable cases, where one expects to observe a large number of events, and



if the signal to background ratio is large, the cMSSM parameters are likely to be measured
with very good accuracy [79-81].

Provided the SUSY breaking scale is not too high, supersymmetric particles are ex-
pected to be abundantly produced at the LHC, operating at a centre of mass (c.0.m.) energy
/s = TTeV - 14 TeV. The production of coloured SUSY sparticles will dominantly occur
from quark-antiquark annihilation and gluon-gluon fusion, and possibly also via (strong)
quark-quark scattering and quark-gluon fusion. QCD-singlet particles as sleptons can be di-
rectly produced via Drell-Yan processes (s-channel Z- or y-exchange) or arise from gaugino-
like neutralino decays. However, in the first case the associated production cross sections
are in general small and detection is compromised due to the large SM backgrounds. The
second process is more favourable, since neutralinos can be produced directly, or arise from
cascade decays of squarks; if kinematically allowed, squark decays lead to a large number of
chains with intermediate slepton states (like for instance G;, — qr, X3 — qr — 00xY).

At the LHC, squarks might be pair produced pp — ¢¢*, ¢¢ and single produced pp —
4g [86]. Squarks can then decay to a X? q pair, while the gluino preferably decays to Grq, t1t.
Direct neutralino production goes either through pure electroweak interactions (pp —
Xoxds x9xF) or mixed EW-strong (pp — XgQNiL Rs X5, with ¢ possibly decaying into x3¢).

Here we will distinguish between three primary production modes: “direct” neutralino
production (pp — x9X), squark-decay (pp — ¢rY) and gluino-gluino mode (§g). In the
cMSSM framework, the process pp — §g is in general kinematically suppressed (mg > mg).
We also consider separately the prospects for at least one- and exactly two—xg production.

2.2 Di-lepton invariant mass distributions

As extensively discussed in the literature, in scenarios where the x3 is sufficiently heavy
to decay via a real (on-shell) slepton, the process xJ — (T x? is greatly enhanced
while providing a very distinctive signal [76-78, 80]: same-flavour opposite-charged leptons
with missing energy. Moreover, the momentum of the leptons is expected to be easily
reconstructed (accounting for smearing effects in 7’s), thus allowing to extract indirect
information on the mass spectrum of the involved sparticles.

As previously mentioned, the best approach to reconstruct the intermediate sparticle
masses in a decay chain is the construction of invariant kinematical quantities, which are
comparatively easy to measure (even in the presence of large amounts of missing energy). In
particular, the di-lepton invariant mass distribution presents kinematical edges (di-particle
or tri-particle), which allow to derive information on the mass of the exchanged sparticles.

In order to reduce the SM background, several cuts have to be applied in the recon-
struction of the events. It has been shown [77, 78] that one of those was having two isolated
leptons with large transverse momentum, pyr > 10 GeV. We will therefore always require
hard outgoing leptons in our analysis. From the SUSY decay chain, §;, — x9¢q — 1 L.rlqg —
xV0 ¢ q, one can construct several invariant quantities [78, 87]:

(i) 3 di-particle invariant masses

(2.2)



m??'g;(f = M(qu,m me R) (2.3)
m?fl:rx = M/(qu,mX 0, M0, My, R) (2.4)
where
M('Iaya - 1/y\/ y _Z2) M/('I’yazaw) = 1/w\/(:v2—y2)(w2 _Z2)7

and whose end-points have a common structure;

(ii) tri-particle invariant mass

m?l}gx = M(quamXOa mXO) . (25)

Here, we shall focus on di-lepton invariant mass distributions:

_ ; (max) 0 max < 2 9 )
My = \/(W +Pz) = My COS27 m; \/ X2 )\ mx? , (2.6)

where m — 6 is the angle between the two leptons in the slepton’s rest frame. In general
terms, the x3 — x{ 0"+ (¥ decay process occurs via: t- and u-channel with charged slepton
exchange; exchange of the lightest Higgs boson,! h; or via a Z boson.

Considering the complete decay process, i.e., via on-shell and off-shell intermediate
states, the di-lepton invariant mass distribution has “true” start- and end-points given by

min ma.
Mgy = My + my, My X = mxg — mx(l) s (27)

respectively. It can be easily verified that the mys end-point matches the on-shell end-point
for a slepton of mass m; = \/m 9m,0, in which case no decreasing event rate is expected
to be observed beyond my**.

The invariant mass distributions can also be used to extract the mass splittings of the
intermediate sleptons by looking at distinctive two-edge distributions which are expected to
emerge whenever two different sleptons 2172 have sufficiently high rates for x§ — gl,g b —
XY 43 £1. In our analysis we will study the di-muon and di-electron invariant mass distribu-
tions, looking for edges that correspond to the exchanged selectron and smuon states, thus
allowing to reconstruct the €, and iz, masses (and in some cases, ég and fig as well). Hard
outgoing taus can decay hadronically and can also be identified, however the background
will be much larger in this case. Nevertheless, we also address ji — 7 mass differences.

As we will discuss in detail in the following section, the mass differences of sleptons
of the first two generations are expected to be extremely small. However, if slepton uni-
versality is broken (e.g. via diagonal, but non-universal soft-breaking slepton masses), or
if lepton flavour is violated in the (s)lepton sector, distinct two-edge distributions can be
observable provided there is sufficient resolution to be sensitive to a certain amount of mass

Tn mSUGRA scenarios the exchange of the heaviest CP-even (H) or of the CP-odd (A) Higgs bosons
are off-shell suppressed.



splitting [88]. The kinematical edge is expected to be measurable at LHC with a precision
up to 0.1% [76-80]. The relative slepton mass splittings, which are defined as

Am; -~ = |mg —my |

MGy = "

m; (mlzm)

, (2.8)

can then be inferred from the kinematical edges with a sensitivity of 0(0.1%) [89] for
ér, — i, and O(1%) for fif, — To. Even if already impressive, the edge splitting can be
further enhanced by considering the so-called fractional shift of the kinematical edge in the
di-lepton invariant mass distribution:

2 2 4
) m2,m?, —m5
Amygp Am; x93 7 (2.9)
e mg <m2 - mg) (m% —m? >
X5 ‘ 7 X9

Even though this will be discussed in greater detail in section 5, it is clear from the
above discussion that certain conditions must be fulfilled in order to render feasible the
study of slepton mass splittings. Firstly, sleptons must be produced in non-negligible
amounts: this translates into having a not excessively heavy SUSY spectrum (to allow for
abundant squark and x9 production), and in a neutralino-slepton hierarchy such that the
decays of xJ into real sleptons are kinematically viable. As already noticed in [85], in the
regions of the cMSSM where the latter decays are allowed, the BR(xy — x1¢¢) is in general
enhanced when compared to the case of virtual intermediate sleptons. Secondly, an efficient
tagging/event selection requires “hard” - highly energetic - outgoing leptons, implying the

following requirement for the phase space: m,o — me; 5, 7 > 10GeV. In summary, the

X5

experimental study of slepton mass differences at the LHC will only be possible if the
specific realisation of the SUSY model meets the above requirements.

3 Lepton flavour violation in the SUSY seesaw

Extensions of the SM by heavy states such as fermionic singlets [26-30] or fermionic
triplets [38, 39] or scalar triplets [31-37], allow to explain the smallness of the neutrino
masses via seesaw-like mechanisms. In these realisations, the violation of lepton flavour
number can be easily accommodated in the neutral lepton sector and parametrized by a
leptonic mixing matrix. One may also have lepton flavour violation in the charged sector
through four-fermion dimension-six effective operators (see for example [90], where sev-
eral lepton violation processes were studied in the three different seesaw types). In this
study, we will consider a type-I seesaw (heavy fermionic singlets with masses at a sufficiently
high scale to have large enough Yukawa couplings: 10'° GeV —10% GeV) embedded in the
framework of supersymmetric theories as a source of lepton flavour violation in the charged
lepton sector. Within the so-called SUSY seesaw, flavour violation in the neutrino sector
is transmitted to the charged leptons via radiative effects involving the neutrino Yukawa
couplings Y”. Even under GUT scale universality conditions, the RGE-induced flavour vi-
olation is sufficiently large to account for sizable rates of LF'V observables such as radiative
(¢; — £jy) and three-body (¢; — £;¢;¢},) decays, and ;1 — e conversion in nuclei. It may also



account for potentially large mass splittings for the slepton masses (in addition to the usual
LR-mixing) and, in the presence of complex Y”, for CPV observables, such as T- and P-odd
asymmetries in radiative and three-body decays as well as contributions to the lepton elec-
tric dipole moments (EDMs). Remarkably, having a unique source of flavour violation in
the lepton sector implies that all the above mentioned observables will be strongly related.

In this section, we briefly overview the implementation of a type-I seesaw in the con-
strained MSSM, as well as its implications for low-energy LF'V observables. We also com-
ment on the possibility of generating the observed baryon asymmetry of the Universe (BAU)
from leptogenesis, and how complying with present observation on the baryon asymmetry
can constrain the SUSY seesaw parameters. The impact of LFV for high-energy experi-
ments, manifest in observables such as slepton mass splittings or direct flavour violation in
sparticle decays, will be discussed in section 4.

3.1 Type-I1 SUSY seesaw

We consider an extension of the MSSM to which three right-handed neutrino superfields
are added. Each supermultiplet N¢ contains the right-handed neutrinos vp and their
superpartners r. The SUSY type-I seesaw is defined by the superpotential W of the MSSM
extended by two additional terms involving Ne¢. The leptonic part of W is then given by:

Wlepton _ NCYVLHQ + ECYZLHI + 2NCMNNC- (3-1)

The lepton Yukawa couplings Y and the Majorana mass My are 3 X 3 matrices in lepton
flavour space. Hereafter we will always assume, without loss of generality, that we are in
a basis where both Y! and My are diagonal:

V! = diag(YS, Y*,YT), My = diag(My,, My,, Mn,). (3.2)

The slepton part of the soft-SUSY breaking Lagrangian is specified by

Vslepton _ [’slepton

27 7% 27 7% 2~ ~x
Ssoft = —milLlL + mElRlR + m,;R VRVR+

+ (Al H, iL[}} + A, Hyoy, ﬂ}% + B, URUR —|—HC) . (33)

Motivated by SUSY breaking schemes mediated by flavour-blind gravitational interactions
(minimal supergravity inspired), we work within the framework of the constrained MSSM,
where the soft-SUSY breaking parameters are assumed to be universal at some high-energy
scale My, which we choose to be the gauge coupling unification scale Mgyt ~ 10'° GeV.
Thus, at My, the additional parameters in £3°P*" also obey the following universality
conditions:

(mp)y; = (mp);; = (ma)y; = md oy,
(4, = 4 (V') (A)y; = Ao (V") (3.4)

where mg and Ay are the universal scalar soft-breaking mass and trilinear coupling of the
cMSSM, and i, denote lepton flavour indices (i,7 = 1,2, 3).



After electroweak symmetry breaking (EWSB), the Dirac mass terms for the charged

leptons and neutrinos are
my = Yo, my = YV vy, (3.5)

where v; are the vacuum expectation values (VEVs) of the neutral Higgs scalars, V1(2) =
v cos(sin) with v = 174 GeV. Assuming Y' diagonal in flavour space, one has m; =
diag(me, my, m;), while the masses of the physical Majorana neutrinos are given by the
eigenvalues of the 6 x 6 neutrino mass matrix,

MY = ( 0 m;)T> . (3.6)

mY, My

In the seesaw limit (i.e. My, > v), and at lowest order in the (m?,/My)" expansion, the
above matrix can be block-diagonalized, leading to the usual seesaw equation for the light
neutrino mass matrix,

m, = —mihT MytmY, (3.7)

while the masses of the heavy eigenstates are simply given by Mpy;,.
The light neutrino mass matrix m, is diagonalized by the Maki-Nakagawa-Sakata
unitary matrix UMNS [91, 92],

di MNST MNS :
m;e = U m, U = diag (my,, Myy, Myy) , (3.8)
where under the standard parametrization UMNS is given by
—is
€12 C13 512 €13 s13€
MNS _ 5 5
U = | —s12023 — C12823813€" C12C23 — S12823 513 € 523 C13 Vv, (3-9)

i i
512 823 — C12C23513€"°  —C12523 — S12C23513€"’ €23 C13

with
©1 - P2
2

V = diag(e "2 ,e7t2 1), (3.10)

and ¢;; = cos 05, s;; = sin0;;. 0;; are the leptonic mixing angles, § is the Dirac CPV phase
and ¢1 2 the Majorana CPV phases.

Current (best-fit) analyses of the low-energy neutrino data favour the following inter-
vals for the mixing angles [44]

O = (3444 1.0)°, 63 = (428757)°, 013 = (5.6759)° (< 12.5°), (3.11)
while for the mass-squared differences one has

(—2.36 + 0.11) x 1073 eV?

., (3.12)
(+2.46 + 0.12) x 1073 eV?

Am3; = (7.6 £0.2) x 107° eV?, Am3, :{

where the two ranges for A m:2>,1 correspond to inverted and normal neutrino spectrum.



A convenient means of parametrizing the neutrino Yukawa couplings, while at the
same time allowing to accommodate the experimental data, is given by the Casas-Ibarra
parametrization [50], which reads at the seesaw scale My

Yy = mY, = 2\/ Myee R \/ mdiag [MNST. (3.13)

In the above R is a complex orthogonal 3 x 3 matrix that encodes the possible mixings
involving the right-handed neutrinos, in addition to those of the low-energy sector (i.e.
UMNS) R can be parametrized in terms of three complex angles 6; (i = 1,2,3) as
CyC3 —C1 83 — S81829€C3 S183 — C1S82¢C3
R = | cys3 cie3 — s18983 —8S1¢3 — ¢18283 | » (3.14)

52 51 C2 C1 C2

with ¢; = cosf;, s; = sin#;. Before advancing, it is worth commenting that out of the
18 parameters involved in the seesaw (as readily verified from either side of eq. (3.13)),
in practice only the degrees of freedom related to the light neutrinos (masses, leptonic
mixings angles, and potentially 2 of the 3 CPV phases) can be effectively reconstructed
from low-energy data and cosmological observations. Unless the seesaw scale is very low,
in which case Y is very small, this implies that the dynamics of the right-handed neutrino
sector is unreachable, and may only be indirectly probed.

3.2 Radiative LFV in the slepton sector

In the presence of mixings in the lepton sector, Y" is clearly non-diagonal in flavour space.
At the seesaw scale Y satisfies eq. (3.13), and the running from My down to the seesaw
scale will induce flavour mixing in the otherwise (approximately) flavour conserving SUSY
breaking terms. The low-energy parameters are obtained by solving the full set of renor-
malisation group equations (RGEs), which include additional terms and equations due to
the extended neutrino and sneutrino sectors. In our work, the running is carried in several
steps: the full set of equations is first run down from Myx to the seesaw scales; below
the seesaw threshold, after the right-handed neutrinos (and sneutrinos) decouple, the new
RGEs are then run down to EW scale, where the low-energy mass matrices and couplings
are finally computed.

Due to the mixing induced by the RGE running in the slepton mass matrices, at low
energies, the charged slepton squared mass matrix, Mi2’ can be decomposed in four blocks
(LL, RR, LR and RL) whose elements are given by (see, e.g. [93])

. 1 .
MEJLQ = m%ij + v? <YZJr Yl)ij + M2 cos2f (—2 + sin? 9W> dij
Mg]% = m%” + ov? <Yl y! )ij — M3 cos 23 sin® Oy 6j

Mt = (MiR) (3.15)
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where My is the Z-boson mass and 6y the weak mixing angle. The low-energy sneutrino
mass eigenstates are dominated by the 7y components [94] (the right-handed sneutrinos
having decoupled at the seesaw scale), and are described by the following mass matrix:

1
st MZ cos2f36ij . (3.16)

Although in the numerical studies of section 5 a full 2-loop RGE evaluation is con-
ducted, a useful analytical estimation of the amount of flavour violation induced from RGE
running on the slepton mixing matrices can be obtained using the leading logarithmic ap-
proximation (LLog). At leading order, one has the following radiative corrections to the
soft slepton mass matrices entering in egs. (3.15), (3.16):

(m2)ij = (md +0.5 My —mi |yl (VD) 85 + (Amd);

(m%)iy = (md+015 M, —2mi lyl (V1)) 85 + (Am%)i; (3.17)
with )
1 A Mx
~ 3+ °> lo 3.18
o~ oo (34 00 ) o8 ) (3.18)

where mgygy represents a generic (average) SUSY mass, and where the terms Am? and also
the correction to the trilinear coupling, AA;, are only present for non-vanishing neutrino
Yukawa couplings:

1
(Am3);; = T ]2 (3mg+ A (V'TLY");;,
3
(AA)ij = ~ 162 A Y5 (T LYYy,
M
2 -0 - _ X
(Amg)ij = 05 Ly = log <MNk> Okl - (3.19)

These terms can give rise to flavour mixing in the slepton mass matrix, originated by the
running from My to the right-handed threshold Mpy. The amount of flavour violation is
encoded in the matrix elements (Y*TLY" )ij of eq. (3.19), which can be related to high-
and low-energy neutrino parameters using eq. (3.13).

As can be seen from the above equations, the RGE corrections have an impact regard-
ing both flavour non-universality and flavour violation in the charged slepton sector:

(i) the charged lepton Yukawa couplings (in particular Y7) induce flavour non-
universality, i.e. a splitting between the soft masses of the third and the first two
slepton generations (the latter remaining approximately degenerate);

ii) the neutrino Yukawa couplings contribute to both flavour non-universality and flavour
pling Yy
violating effects. Due to the underlying seesaw mechanism, the Y can be sizable
(even O(1)), so that the associated RGE corrections can be important.

From the previous equations it is also manifest that LR mixing is only significant for the
third generation (7).
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The physical masses and states are obtained by diagonalizing the previous mass ma-
trices, leading to
adiag 5l 32 plt g 2 2
M; = R M; R'T = dlag(mil,..,miﬁ),
Mgdlag = R”M2R"" = diag (ml%l, m%Q, ml%3), (3.20)

where R! and R” are unitary (6 x 6 and 3 x 3, respectively) rotation matrices.

3.3 Low energy LFV observables

The exact formulae for the branching ratios of the radiative and three-body LFV lepton
decays can be found in [9], and are incorporated in the SPHENO code [95] used for the
numerical analysis.

Radiative decays ¢; — £ receive contributions from sneutrino-chargino and slepton-
neutralino loop. However, a simple and illustrative expression can be obtained using the
LLog approximation: since the dominant contribution to the transitions stems from the
RGE induced flavour violating entry (Am%)ij, one has

BR((; — ¢jv) o®tan?B | 1

= 3.21
BR(EZ — fj Vi 17]') G% m%USY 8 72 ( )

v

(3md +43) (v Ly”)

where G is the Fermi constant, a the electromagnetic coupling constant.

The full computation of the three-body decays ¢; — 3¢; includes photon-, Z- and Higgs-
penguins as well as box diagrams. Since the dominant contribution is found to originate
from the photon-penguin diagrams as occurs in the case of the radiative decays [56, 60],
the BR for the ¢; — 3/{; decay can be approximately related to that of the radiative decay

as follows: ,
« my, 11

From egs. (3.21), (3.22) it is straightforward to derive the dependence of the observables
on the relevant SUSY parameters. The impact of the seesaw parameters (right-handed neu-
trino masses, light neutrino mass hierarchy, R-matrix angles and 6;3) on the BRs has been
studied in [64], and can be analytically understood from explicitly writing (Y7 LY,)ij,
using eq. (3.13).

Equally interesting LFV observables are u — e conversions in heavy nuclei such as
aluminium, gold or titanium (for detailed discussions see, e.g. [96]). In the limit of photon-
penguin dominance, the conversion rate CR(u — e) in nuclei and BR(u — e) are strongly
correlated, since both observables are sensitive to the same leptonic mixing parameters [66].
Typically, the SUSY seesaw predictions regarding the conversion rates are smaller than
BR(p — ev) by approximately two orders of magnitude (the actual factor depending on
the mSUGRA parameters and on the properties of the muonic nucleus) [62]. However, and
although significant improvements are expected regarding the experimental sensitivity to
p — ey (< 10713 [19]), the most challenging experimental prospects arise for the CR(u—e)
in heavy nuclei such as titanium or gold. The possibility of lowering the sensitivities to
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LFV process Present bound Future sensitivity

BR(p — ev) 1.2 x 1071 [97] 10713 [19]
BR(7 — e7) 1.1x 1077 [11] 1079 [18]
BR(T — uy) 4.5 x 1078 [22] 1079 [18]
BR(p — 3e) 1.0 x 10712 [97]

BR(7 — 3e) 3.6x107%  [97] 2 x 1071 [18]
BR(7 — 3pu) 3.2x1078 [97] 2 x 10710 [18]
CR(p — e, Ti) 4.3 x 10712 [97]  O(10716) (O(10718))  [98] ([99])
CR(p — e, Au) 7x 10713 [97]

CR(u — e, Al) O(10716) [99]

Table 1. Present bounds and future sensitivities for several LE'V observables discussed in the text.

values as low as ~ 10718 renders this observable an extremely powerful probe of LFV in
the muon-electron sector.
We summarise in table 1 the current bounds on the above discussed LFV observables,

as well as the future sensitivity of dedicated experimental facilities.

3.3.1 Lepton electric dipole moments

The bounds on the LFV BRs mostly constrain the source of mixing (i.e. off-diagonal ele-
ments) while the bounds on the lepton EDMs constrain the flavour-conserving CP-violating
phases. Notice that CP violation in the lepton sector is also a consequence of the seesaw.
Both low and high-energy CPV phases will give rise to complex soft breaking terms, po-
tentially contributing to charged lepton EDMs. The present upper bound on the electron
(muon) EDM is 1.4 x 10727 (7.1 x 107') e cm [97] while the future experiments are ex-
pected to reach a sensitivity of 1073! e cm for the electron EDM [100] and 10~2* e cm for
the muon EDM [101].

3.4 Implications of the SUSY seesaw for thermal leptogenesis

As mentioned in the Introduction, in addition to explaining the smallness of neutrino
masses, the seesaw can also provide an interesting explanation to the observed baryon
asymmetry of the Universe. The minimal thermal leptogenesis scenario [102] (for a recent
review, see [103]) is based on the type-I seesaw mechanism, consisting of the SM extended
by 2 or 3 right-handed (RH) Majorana neutrinos with hierarchical masses, which can be
easily generalized to supersymmetric extensions of the SM. In these scenarios, the lightest
RH neutrino Ny, produced in the thermal bath after inflation by inverse decays and scat-
terings, decays through out-of-equilibrium processes that violate lepton number, C and CP
symmetries. These processes induce a dynamical production of a lepton asymmetry, which
can be later converted into a BAU through (B+L)-violating sphaleron interactions. In su-

persymmetric scenarios, the constraint from the reheating temperature Ty (arising from
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the so-called gravitino problem [104]) already sets an upper bound on the mass of the light-
est RH neutrino. Assuming an optimal washout (efficiency) and a successful BAU leads in
turn to the following interval (lower bound) on My, , My, ~ 10° GeV — 10'° GeV [105].
In order to ensure that CP is indeed violated (via interference between loop and tree
level decays), the neutrino Yukawa couplings have to be complex and CP violation is en-

coded in the R and UMNS matrices (YV = viQ \/M]%iagR\/mgiag UMNST). It has been
recently shown that a correct formulation of the lepton asymmetry should be done consid-
ering each flavour separately (the number of distinguishable lepton flavours depending on
the energies at which leptogenesis occurs) [106-108]. Having flavours play an important
role in leptogenesis also means that both low- and high-energy CPV phases contribute to
the CP asymmetry; however, the flavoured BAU can be accounted for exclusively with R
phases (for any value of 613, 6, 1, 2) [105, 109] - in other words even if the UMNS phases
are measured, the BAU can have any value.

Of course one cannot use a successful leptogenesis requirement to derive constraints on
the CP violating sources, since leptogenesis is not an observable (contrarily to EDMs and
LFV widths). However, one can have an idea about the range of variation of the complex
angles 6; of the R matrix that succeed in accounting for a viable (flavoured) leptogenesis (see
for instance [105], where it has been shown that although all the three complex angles enter
the flavoured CP-asymmetry, the role of #; is indirect, manifest via increasing (decreasing)
the 6,—63 parameter space associated with a BAU compatible with current observation).

The interplay of LFV (and EDMs) and leptogenesis in constraining a type-I SUSY
seesaw has been addressed, for instance, in [109-113].

Although in the numerical analysis of section 5 we will conduct general surveys of the
seesaw parameter space, we will also consider the following leptogenesis inspired ranges
for the R matrix complex angles: Re(f2),Re(63) € [—7/4,0[U]0,+n/4] (for example).
Complying with the (severe) reheating temperature constraint suggests that the arguments
of the latter complex angles should have modulus in the range [7/16, 7/4]. This corresponds
to a conservative choice of volume in the #,—03 parameter space.

4 LFV at the LHC: slepton mass splittings and flavour violating xj de-
cays

As mentioned in section 2, the different experiments at the LHC have the potential to
measure with high precision the kinematical edges of the di-lepton invariant mass spectrum,
so that one can potentially study the slepton mass differences. In what follows we discuss
the different sources of slepton mass splittings, and also derive, for some simple limiting
cases, approximate relations for Aﬁ’;z (Z,,ZJ)

4.1 Charged slepton mass differences in the type-I SUSY seesaw

Within the cMSSM, and in the absence of flavour mixing angles, there are only two sources
of non-universality for the masses of left- and right-handed sleptons:

(i) RGE effects proportional to (Yl)?j (see eqs. (3.17));
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(ii) LR mixing effects, also proportional to the lepton masses (m! tan 3).

The mass difference of the first generations of sleptons is thus extremely small: neglect-
ing RGE corrections, and considering only LR mixing for the smuons, the mass splitting
between the left-handed selectron and the heaviest smuon is approximately given by

Am; m, (Ao — putan 3)?

mg (eLal’LL) ~ le% 0.35 M2 +M%C052ﬁ(—1/2+281n2 HW) '

1/2

(4.1)

where m; denotes an averaged slepton mass, in this case m; ~ 1/2(|m%)11 |1/2—{—|(m%)22 1/2),
The ¢cMSSM mass differences between the first two families are thus extremely small im-
plying that, to a large extent, the left- and right-handed selectrons and smuons are nearly
degenerate, the mass splitting typically lying at the per mille level.

For the stau sector, LR mixing effects and loop contributions are more important and
to a very good approximation, the mass difference of the heaviest (mostly left-handed) stau
and left-handed smuon is related to that of €5, — i, as

Am; m2 Am;
f ~ ~ 1] f ~ ~
e ~ o/ T . 4.2
mg (6L, fir) m2 m; (s 72) 2

When mixings are present in the lepton sector, flavour violation also occurs in the slep-
ton sector. The radiative corrections introduced by the neutrino Yukawa couplings induce
both flavour conserving and flavour violating contributions to the slepton soft masses: in
addition to generating LF'V effects, the new terms proportional to Y will also break the
approximate universality of the first two generations. An augmented mixing between €,
i and T translates into larger mass splittings for the mass eigenstates. In particular, as
noticed in [85], large mixings involving the third generation can lead to sizable values of the
mass splitting between slepton mass eigenstates, while avoiding the stringent BR(u — e7)
constraint.

In the presence of seesaw-induced contributions to the distinct (Am%)lj and (AA4;)ij,
see egs. (3.19), an analytical approach to the problem becomes extremely complicated.
Even neglecting LR mixings for the two first generations, a numerical diagonalization is
required to obtain the different mass eigenstates, as given in egs. (3.20). However, one
can consider interesting limiting cases that provide useful information (and also help in
understanding the numerical analysis of section 5). Disentangling LR- from RGE-induced
mixings, one then has for the mass difference ¢; — Zj

2 2
(i, )~ 12 2 2 . (Ao—,utanﬁ')Q 2y E2[(Am3),
my 2m3 0.35M7 ), + M cos 20(—1/2+2sin" Oy )+ (Am3 )ii
(4.3)
where m; denotes the mass of the heaviest lepton and where we have again neglected the
RGE contributions proportional to the charged lepton Yukawa coupling.
If the seesaw scale is sufficiently high, large values of the neutrino Yukawa couplings are

possible, and hence large off-diagonal entries can be generated. Assuming that a particular
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(Am%)ij constitutes the dominant source of LFV, one can approximate eq. (4.3) as

2.,
Anjff (0, 0;) ~ ﬁ:g))” (4.4)
£ L

In particular, large flavour violating entries involving the second and third generation can
be easily induced. In this case, and further assuming that the stau mass eigenstates are
strongly dominated by either the left- or the right-handed state, the diagonalization of the
fif, — To mixing matrix (for non-vanishing (Am%)ggg) leads to the following approximate
relation

Amy;

{4

(Am%)gg

(m2)ss | (45)

([‘L’ 7:2) ~ ‘

where the quantities on the right-hand side can be found in egs. (3.17)—(3.19), and where

we have also neglected cMSSM-like mass differences ~ O((m%)gg - (m%)ggg) Rewriting the

left-handed smuon mass in terms of the above mass splitting further allows to relate the
ér, — fir, and the ji, — 7o mass differences in the R = 1 seesaw limit

Am; 1 Am;

z(€L7,ML) ~ ¢

m[ 2 mg

(fir, T2) - (4.6)

Although one can derive approximate relations that translate the dependence of the
mass splittings on the mSUGRA parameters, it is important to stress that the conditions
to ensure that the slepton masses can indeed be reconstructed (see section 2) imply that
mSUGRA parameters cannot be independently varied. Under the approximations above
referred, one can nevertheless obtain a simple illustrative expression for the mass splittings,
which we write below for the case of fif, — 7o

Am; 1 L33 M 3m2 + A2 *
L~ =~ 33 N3 0 0 Z MNS 7 MNS* px
7 ~ i/ . . R R 1 v:My. | . 47
my (Iu]” 2) 872 p? sin2ﬁ m3 +0.5M12/2 - 2 3 3 3]\/m B ( )

In the above equation, we have considered a strongly hierarchical right-handed neutrino
spectrum, only keeping the contribution associated with the heaviest state Ns.

It is also interesting to investigate the relation between two flavour violating observables
strongly affected by the same LFV entry. For instance, let us again consider fif, — 7o mass
splittings and the BR(7 — p7). Comparing the previous expression with eq. (3.21), one
has, in the limit where #1353 ~ 0 and R =1,

BR(T — py) o? mg + O'5M12/2
BR(T — pvr ) 1672 G% v cos? fmS ey

Amg
(i1, 7). 4.8
x (AL, 72) (4.8)

¢

(3 mg + A(Z)) L33 MN3 My, sin 2093

Finally, it is important to stress that depending on the amount of flavour violation, a
type-1 SUSY seesaw can lead to scenarios where two non-degenerate mass eigenstates have
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almost identical flavour content (maximal flavour mixing). As an example, one can have
mass eigenstates whose composition is approximately given by

bij ~(V2/24¢)in £ (V2/2 — )71 + g,

where € (¢ < 1) accounts for the LR mixing. To correctly interpret a mass splitting
between sleptons with quasi-degenerate flavour content (QDFC), one has to introduce an
“effective” mass i i
m = 3 my (1B, P+ R, ) (4.9)
X=To i1, ,€L,

which in turn provides the notion of “effective” mass splitting,

(effy 9 m(eff) o m(eﬁ)
(Am> e | o 5 (4.10)
m m;  +m;

For mass splittings involving QDFC and non-QDFC sleptons, one should then use the
“effective” mass splittings, cf. eq. (4.10); in the case where mass splittings involving two
QDFC sleptons or two non-QDFC sleptons, the real mass splitting (see e.g. eq. (4.3)) can
be employed.

4.2 Di-lepton invariant masses from flavour violating \y decays

In the cMSSM, the decays of the X3 into a di-lepton final state x5 — Kfc (¥ XY are flavour
conserving, implying that if measurable, the kinematical edges of a di-lepton mass distri-
bution, my,¢, necessarily lead to the reconstruction of intermediate sleptons of the same
flavour, EZLR.

SUSY models violating strict lepton flavour symmetry may leave distinct imprints on
the di-lepton mass distribution, depending on whether the soft-breaking slepton terms are
non-universal (but flavour conserving) or truly flavour-violating. In the first case, the most
significant effect will be a visible displacement of the kinematical edges in each of the di-
lepton distributions: for instance, the edge corresponding to €;, in m.. will not appear at
the same values as that of fiz, in m,,,, thus implying that mg, # m, .

The second case will lead to far richer imprints: as discussed in the previous subsection,
flavour violation has the potential to induce significant mass differences for the sleptons,
so that one should again observe a relative displacement of the lx in the corresponding
my,, distributions. Nevertheless, the most striking effect is the appearance of new edges
in a given di-lepton mass distribution: provided there is a large flavour mixing in the mass
eigenstates (and that all the decays are kinematically viable), one can have

0 4
X9 — S 0oty o — XVl (4.11)
Ot

so that in addition to the two ZZL r edges, a new one would appear due to the exchange of l@(
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5 Numerical results and discussion

We start our analysis by first considering the cMSSM parameter space, looking for regions
where one can fulfil the necessary conditions to have reasonably large BRs for the decay
X9 — xV¢¢, with sufficiently hard outgoing leptons. After identifying some representative
(benchmark) points, we analyse the prospects for the LHC (production cross sections and
decay rates). The second part of our analysis will be devoted to slepton mass splittings
and flavour violation in the type-1 SUSY seesaw: we briefly discuss the cMSSM case and
then study the different high- and low-energy observables in the seesaw case. This will also
allow to draw some conclusions on the viability of a type-I SUSY seesaw as the underlying
mechanism of LE'V.

For the numerical computation, we have used the public code SPHENO (v3.beta.47) [95]
to carry out the numerical integration of the RGEs of the cMSSM (extended by three right-
handed neutrino superfields). With the exception of light neutrino data (masses and mixing
angles) which is set as a low-energy input, all the parameters of the model are defined at
the GUT scale. The low-energy parameters are then computed by running first the full
set of RGEs to the seesaw scale, where the boundary conditions of eq. (3.13) are imposed,
and at which the heavy RH neutrinos decouple at their corresponding thresholds. We
notice that we do not take into account separate thresholds for right-handed neutrinos and
sneutrinos, and that we also neglect B, — see eq. (3.3) — which is valid, provided that
one considers B, < My. Below Mpy,, the cMSSM RGEs are run to the EW scale, at
which the low-energy Lagrangian (masses? and couplings) is determined and the different
observables (such as the LFV BRs and CR [60], as well as lepton EDMs) are computed.
The dark matter relic density is evaluated using a link to MICROMEGAS v2.2 [114].

The production cross sections at LHC operating at c.o.m. energy of 7 TeV and 14 TeV
have been computed using PROSPINO2.1 [86, 115, 116]. To obtain the di-lepton invariant
mass distributions di{:j (x3 — X7 ¢; £;), we have used CUBA’s DIVONNE algorithm [117] to
integrate numerically over the £—x" angle in the c.o.m. frame of the two leptons.

In what concerns the experimental constraints applied to the Higgs boson and spar-
ticle spectrum, we have imposed that all SUSY particles comply with LEP and Tevatron
bounds [97]. Throughout the analysis, and except if otherwise stated, we will always be
imposing the bound for a SM-like Higgs boson to the lightest scalar: my 2 114 GeV [118].
Finally, the LSP relic density is required to lie within a 3o interval (extrapolated from
WMAP 7-year data taking [25], and assuming a gaussian distribution):

0.0941 < Qh? < 0.1277. (5.1)

2We notice that SPHENO uses the DR scheme. Also, 2-loop RGEs are used for the running of the slepton
masses, while the actual pole masses are calculated at the one-loop level, with all running parameters set at
the SUSY scale. We have also verified that self-energies (and associated uncertainties) provide a negligible
source of slepton mass splittings.
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5.1 Di-lepton final states: neutralino production and cascade decays in the
cMSSM

We begin by studying the cMSSM (without implementing a type-I seesaw), looking for
regions in the mSUGRA parameter space where the requirements of a “standard window”
can be met:

(i) the spectrum is such that the decay chain 9 — 0w — V¢, with intermediate real
sleptons, is allowed;

(ii) it is possible to have sufficiently hard outgoing leptons: m,o — mg, = > 10 GeV.

0
X2 T2

Notice that the above requirements automatically ensure that the sparticle spectrum com-
plies with current experimental bounds. Once these regions are identified, we then impose
the requirements of a correct relic density, cf. eq. (5.1). Naturally, in order to maximise the
prospects for observing the above processes at the LHC, the SUSY spectrum should not be
excessively heavy (as to have a sufficiently large production cross section) and the BRs of
the xJ decay into slepton-lepton pairs (neutral or charged) also have be large (as to render
these decays observable). Here we will systematically consider two centre of mass energies
for the LHC, /s = 7TeV and 14 TeV (correspondingly, we consider either £ = 1 bt or
100 fb~! for the integrated luminosity [119]).

Before starting the discussion, we remark that throughout the analysis, and except if
otherwise stated, we will always denote the flavour corresponding to an electron or a muon
by ¢ to distinguish it from the 7 flavour (except in inset figure labels).

In figure 1 we present the mo— M, parameter space, for p > 0% and two combinations
of Ay and tan 3. On the left we take A9 = —1TeV and tan = 10, while on the right
Ag = 0 and tan 8 = 40. All the points presented are in agreement with current LEP and
Tevatron constraints [97] on the sparticle and Higgs boson spectra, and the region where
the LSP relic density is in agreement with WMAP observations (within a 3o interval,
eq. (5.1)) is denoted by a black band across the parameter space. The excluded (shaded)
areas correspond to a charged LSP and to kinematically disfavoured regimes, while the
white region in the centre corresponds to the requirements of a “standard window”. We
superimpose the contour lines for BR(xJ — x{¢¢) and BR(xJ — xJ77). Approximately
horizontal lines denote different values of the production cross section of (at least) one x3.

The left panel of figure 1 corresponds to a scenario of a relatively light SUSY spectrum
(with slepton masses between 110 GeV and 730 GeV, and 230 GeV < m,g < 805 GeV).
The region compatible with the “standard window” constraints is quite large, and the
correct LSP relic density can be easily obtained (the dominant channel being x{ — 7| co-
annihilation). Having a light neutralino spectrum further implies that the production cross
section of at least one x3 at the LHC (with /s = 14 TeV, via direct and indirect processes
- see section 2) is expected to be 0.01 pb < o(pp — xJ) < 1 pb. In the “standard window”,
the probability of having opposite-sign di-leptons in the final state ranges between 11% and
30% for 77, and between 10% and 15% for ¢¢ (i.e. ee, pp) final states. It is worth noticing

3Throughout the numerical analysis we will always be considering positive values of p.
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Figure 1. mg — M/, plane (in GeV), for Ag = —1TeV and tan 3 = 10 (left); the same but with
Ap = 0 and tan 8 = 40 (right). In both figures, the shaded region on the left is excluded due to
the presence of a charged LSP. The full black region corresponds to a WMAP compatible x{ relic
density. Likewise, on the dashed region on the bottom, the spectrum does not fulfil the kinematical
requirements described in the text: the solid regions correspond to having m,q < m; + 10 GeV
(cyan), myo < msz, +10GeV (blue), m,o < m;, _ (dashed blue), and m,q9 < msz + m, (blue
crosses). The centre (white) region denotes the parameter space obeying the “standard window”
constraints. The dotted and dashed lines respectively denote isosurfaces for BR(x3 — x9¢¢) and
BR(x9 — x{77). Full red lines denote the contours of x3 production cross sections. Superimposed
crosses (pink) correspond to benchmark points P3 and P4 (see table 2).

that larger values of BR(x) — x77) could be found for smaller M, /2, since X5 — 37 —
X}77 becomes one of the few kinematically opened decay channels due to heavier LH
sleptons. Nevertheless, no edges would be observable in this regime. Although the processes
X9 — xV¢ and x§ — xJ77 are mostly dominated by the exchange of intermediate left- and
right-handed real sleptons, there are other channels leading to the same final states, e.g. via
the direct decay of the x3 into an LSP and the lightest Higgs boson or the Z. Throughout
the experimentally viable mg — M/, parameter space, the BR(x) — xVZ — X077 (¢0))
never exceeds the level of 0.03%, while the BR(xJ — x{h) is at most O(12%) inside the
“standard window”, growing to 25% when softer outgoing leptons are allowed (solid blue
bands). In turn, this induces a contribution to BR(x3 — x{77) ranging from 1.3% to 3%.

On the right panel of figure 1, we illustrate the parameter space for larger values of
tan # (and a heavier spectrum). Having a substantially heavier gaugino and squark spectra
when compared to that of the sleptons implies that the available phase space for xJ decays is
much enlarged so that one can have sizable BR(xJ — x{77). However, the region strictly
corresponding to the requirements of a “standard window” is somehow smaller, despite
having the increased LR mixing compensated by heavier gauginos. As in the case of lower
tan 0, intermediate h and Z states only marginally contribute to the final BRs. Finally, as
expected from the significantly heavier SUSY spectrum, the production of at least one 9
at the LHC has a cross section that now varies between 5 x 10~ pb and 0.01 pb.

From figure 1, we extract two points in mSUGRA parameter space that we will use
in the analysis of the slepton mass splittings (especially when studying the SUSY seesaw).
Thus, points P3 and P4 (superimposed on the left and right panels, respectively) are points
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Point mo (GeV) My (GeV)  Ag (TeV) tanp

P1 110 528 0 10

P2 110 471 1 10

P3 137 435 -1 10

P4 490 1161 0 40
P5-HM1 [79] 180 850 0 10
P6-SU1 [80, 81] 70 350 0 10

Table 2. mSUGRA benchmark points selected for the LFV analysis: mq, M; /2 (in GeV) and Ag
(in TeV), as well as tan 8. For all points we take p > 0. Points P5-HM1 and P6-SU1 are LHC
CMS- and ATLAS-proposed benchmark points.

which in addition to complying with observational and experimental constraints, and be-
ing inside the corresponding “standard window”, also have sizable BR(xJ — x{¢¢) and
BR(x3 — x{77).

Other analyses of different regimes in mSUGRA parameter space have led us to identify
two additional points P1 and P2 (with Ayg = 0 and 1TeV, respectively), whose features
complement points P3 and P4. To these points we further add two LHC benchmark points:
P5-HM1 (from CMS [79]) and P6-SU1* (from ATLAS [80, 81]). This allows to establish
a connection with the already conducted simulations and to study the flavour prospects
at high energy. The most important features of these six points (mSUGRA parameters,
spectra, production cross sections and BRs) are summarised in tables 2-6.

After summarising the mSUGRA coordinates of each point in table 2, we present part
of the corresponding SUSY spectrum on table 3. Among the six points we find distinct
hierarchies for the slepton sector, which will have an impact regarding the di-lepton mass
distributions: (a) mz, Z my ; (b) m; Z ms,. For instance, points P1 and P6-SU1 are
examples of (a) while all the others fall in (b). The hierarchy in the right-handed sleptons is
always mg, 2 ms, the stau being the NLSP. A common feature to all these proposed points
(and an indirect consequence of the “standard window”) is that the correct relic density of
the LSP is always obtained from 7, — x{ co-annihilation, as already noticed in [74, 75, 85].
We also notice that P2 and P6-SU1 lead to a value of mp, ~ 111 GeV using the SPHENO code
(which is still in agreement with data if one allows for a theoretical error of £3 GeV [120]).

Regarding the prospects for production at the LHC, we present in table 4 the NLO pro-
duction cross sections in fb (obtained using PROSPINO2.1 [86, 115, 116]) for c.o.m. energies
of 7TeV and 14 TeV. We separately display the production of at least one and exactly two
X3 states. For illustrative purposes, we also detail in table 5 the production cross section
for at least one x93, identifying the dominant production modes: direct x9 production, from

squark decay, or from gg (see section 2).

4Although the P6-SU1 benchmark point does not fully fulfil the “standard window” requirements,
we nevertheless consider it in our analysis, to study the flavour prospects of one of the ATLAS
benchmark points.

— 21 —



Point myo Mo Mg My My My <Mg> My

P1 41X5 21X71 374 231 375 224 1064 115.1
P2 356 191 338 212 335 198 963 111.4
P3 342 179 327 218 325 186 877 117.6
P4 938 499 911 653 877 499 2189 121.6

P5-HM1 676 358 595 368 594 360 1641 118.6
P6-SUT 262 140 251 156 254 147 733 111.8

Table 3. Part of the neutralino and slepton spectra for the benchmark points, as well as the average
squark mass (in GeV). For completeness we include my, as obtained from SPHENO.

o(pp — Xx9) (fb) o(pp — X9 x3) (fb)

Point
7TeV 14TeV  7TeV 14 TeV
P1 17.5 278.7 1.0 19.1
P2 38.8 513.9 2.2 32.6
P3 60.6 806.9 3.8 52.1
P4 0.04 1.87 ~0.00 0.13
P5-HM1 0.57 16.50 0.02 1.24
P6-SU1  239.0  2485.8 15.1 158.0

Table 4. Production cross sections for at least one X3, o(pp — x9) (infb), and exactly two x9J,
a(pp — X9 X39) (infb), for the benchmark points, with /s = 7TeV and 14 TeV.

o (fb) for the production of at least one Y9

Primary prod. mode /s (TeV)
P1 P2 P3 P4  P5-HM1 P6-SU1

. N 7 11.1 23.1 288 0.04 0.53 101.8
“Direct” — Y X9 X
14 69.0 124.4 154.5 1.11 6.50 447.8
. 7 6.3 153 31.0 ~0.00 0.04 129.6
“Squarks” — >y ¢ Y
14 194.2 356.4 602.5 0.75 9.70 1758.3
. 7 01 04 08 ~0.00 ~0.00 7.6
79 14 155 331 499 0.01 0.30 279.7

Table 5. Primary production modes and corresponding cross sections for at least one x5 (in fb)
for the benchmark points, for \/s = 7TeV and 14 TeV.

Finally, in table 6 we summarise the information regarding xJ decays into a di-lepton
final state. In each case we present the specific BR(yJ — li’X& — (;{;), corresponding to the
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- BR(xJ — Uil — LilixY) (%)

Gl I
Pl P2 P3 P4 P5-HM1  P6-SU1
>p 152 19.2 30.2 1.7 9.4 25.6
T R 79 76 4.0 1.7 9.4 2.4
7 7.3 116 26.2 — — 23.2
> 126 87 6.1 3.1 15.2 6.5
pp fp 122 73 5.8 3.0 15.1 4.6
fr 04 14 0.3 0.1 6.5x1072 1.9
>p 125 87 6.0 3.0 15.3 6.5
ee &, 122 73 58 3.0 15.2 4.6
ér 03 14 02 32x1072 57x1072 1.9

Table 6. Branching ratios BR(x3 — I51; — l;1;x?) (in %) for a given di-lepton final state, isolating
specific intermediate sleptons and summing over all exchanged (slepton) states.

contribution of a given intermediate lilX (X denoting L, R) and the total sum over ZNS( states.

The decay chains considered in this study, with charged leptons in the final state
and missing energy from the escaping \{, ensure that a large signal to background ratio
is likely to be obtained. Notice that we will not address background estimation in the
present analysis. For the points P5-HM1 and P6-SU1, estimations of the corresponding
backgrounds can be found in refs. [79-81], respectively. Since at least one of the sleptons
will always be lighter than the x9, the distribution of the di-lepton invariant mass will be
(double-) triangular with an endpoint given by eq. (2.6) of section 2.

In figures 2, we illustrate the di-muon invariant mass (m,,,) versus the BR(x3 — pux?)
for the mSUGRA points proposed in table 2. We also display the expected number of
events for /s = 7TeV and 14 TeV and corresponding expected integrated luminosities of
£ =1fand £ = 100 fb~!. In general, in our analysis, we will only study di-muon
(di-electron) mass distributions. It is expected that the edges of di-muon mass distribu-
tions will be successfully reconstructed to an edge splitting resolution of around 1 GeV [77].
Although di-tau mass distributions are equally rich in the information they might convey
on the edges, the experimental reconstruction of the decay chains can be more compli-
cated: if decaying hadronically, the taus can still be identified, but the associated signal is
plagued by an important SM background so that the reconstruction of its momentum can
be comparatively more difficult.

As expected from the spectrum of the benchmark points (in particular from the slep-
ton hierarchy), points P2, P3 and P6-SU1 have a double triangular distribution for the
invariant di-muon mass. This is confirmed by the upper panel of figure 2, where two edges
are visible in the different distributions, each corresponding to the intermediate left- and
right-handed smuons in the chain. We summarise the numerical values of the kinematical
edges in table 7. The lowest edge of P1 (corresponding to fig) is hardly visible, while that
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Figure 2. Di-lepton invariant mass (m,,,) versus BR(x3 — pux?) for the benchmark points
(table 2). Upper panel: P1 (red), P2 (magenta), P3 (blue) and P6-SU1 (black); lower panel: P4
(red) and P5-HM1 (blue). Secondary-right y-axes denote the corresponding expected number of
events for \/s =7 TeV and 14 TeV, with £ =1 fb~! and £ =100 fb~!, respectively.

of P2 appears superimposed on the Z peak. The same distribution shape is present for
points P4 and P5-HM1. However, in the latter the lowest edge (around 130 GeV) is almost
invisible to the naked eye and the values of the edges m,,,(fir,r) are in agreement with
those obtained using eq. (2.6).

In all points (upper and lower panels) the Z peak is visible, although in some cases,
such as P1 and P5-HM1, the relative height of the peak (as given by the corresponding
BR) is very small compared to its width. The peak of the lightest Higgs boson is only
visible for some of the points - P2, and P6-SU1 - since for the others the width is tiny when
compared to the corresponding height. In general, the expected number of events renders
these processes visible only for a high centre of mass energy (i.e. /s ~ 14 TeV), as can be
seen from the secondary y-axes on the right. Notice, however, that a proper study of the
background has to be taken into account.
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- mu(lx) (GeV)

Bl P2 P3 P4 PSRHMI P6SUL
ér 1161 1259 1508 4343 1292 923
&, 1362 925 838 187.2 2557 620
ip 1160 1257 150.7 4342 1290  92.2
i 1362 925 838 1875 2557 620
F 826 775 784 16.2 5.0  67.7

T 1344  98.0 879 2744 256.4 54.2

Table 7. my(lx) (GeV) where [ is any of the charged leptons and X stands for left- and right-
handed sleptons (all families).

Although we will not display it here, a comparison of di-electron and di-muon distri-
butions for different benchmark points would confirm the superposition of the kinematical
edges of both distributions — see exact values in table 7 — the only significant difference
between them being the disappearance of the Higgs boson peaks.

5.2 Slepton mass splittings and BR(xJ — xl;/;) in the cMSSM

As mentioned in section 2, one expects that the LHC will measure the kinematical edges of
the di-lepton distributions with a precision of @(0.1%). Although it has been claimed [87]
that a é — i relative mass difference as small as 10~* could be measurable, in the discus-
sion of our numerical results we will always adopt a conservative view, assuming maximal
sensitivities of O0(0.1%) for Am;/m;(€, i) and O(1%) for Am;/m;(ji, 7).

We begin the numerical analysis of slepton mass splittings by a brief overview of the
cMSSM case (no flavour mixing in the lepton and slepton sectors).

In figure 3 we display the correlation between the BR of the neutralino cascade decay,
BR(X) — frr! — x)00) and the different slepton mass differences. In particular, we
present the numerical results for the mass splittings €r, g — jir,r and fi, r — 72,1, Where
the heaviest/lightest staus are dominated by the left-/right-handed component. Here, as
throughout the remaining analysis, we normalise the slepton mass splittings to the corre-
sponding average slepton masses (cf. eq. (2.8)). Fixing tan 3 = 10 and taking p > 0, we
have scanned the remaining mSUGRA parameters as follows: 300 GeV < M/, < 1.2 TeV,
—1 TeV < Ay < 1 TeV, mg being determined in each point by the requirements of a “stan-
dard window” (leading to 50 GeV < my < 550 GeV). In this case, and for simplicity, we
have relaxed the requirement of compatibility with the WMAP bound of eq. (5.1). To
illustrate the mass splittings associated with the proposed benchmark points (see table 2),
we superimpose the corresponding predictions on the different panels.

As stated in section 4, in the absence of flavour violation, the mass degeneracy between
the first two slepton families is only lifted by tiny RGE-running and LR mixing effects.
Since both are proportional to the corresponding Yukawa couplings, the €7, r — fir g mass
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Figure 3. BR(x3 — I rli — x{1il;) as a function of Am;/m; for the cMSSM. Upper panels:
Am;/mi(€ér,r, fiL,r); lower panels: Am;/mi(jir,r,72,1). We take tan = 10, p > 0, and scan
over —1 TeV < Ay < 1 TeV, 300 GeV < M,y /5 < 1.2 TeV, mg determined as to account for the
“standard window” (50 GeV < mg < 550 GeV). The different coloured regions illustrate regimes
for the decaying neutralino mass. Gray points correspond to cases in which my, < 114 GeV. Crosses
denote some of the benchmark points defined in table 2.

differences are expected to be very small (see eq. (4.1)). This can be observed in fig-
ure 3, where one confirms that both Am;/m;(ér, fir) and Amjz/m;(ég, fir) lie in the range
1077 — 1073, Both LR mixing and RGE-induced effects are more important for the stau
sector, so that the splittings Amg/mg(gL,?Q) and Amg/m[(gR,?l) are somewhat larger,
typically above 1073, Mass splittings involving third generation sleptons strongly depend
on tan 3: as an example, for tan 3 = 40, with Ag being varied as in figures 3 and mg, M/,
randomly varied as to fulfil the standard window requirement — which for this strong tan
regime corresponds to 900 GeV < M, <2 TeV, and 380 GeV < mo S 1 TeV —, we find

3% < Amn;g (fir,T2) < 6.5%, as can be read from the right panel of figure 4. Nevertheless,
it should be stressed that increasing tan 3 (both in the cMSSM and in its right-handed
neutrino extensions) lowers the lightest stau mass, so that in the large tan 3 regime x9 pre-
dominantly decays via an intermediated 7 (~ 7r), with BR(xJ — g 7) ~ 1. Figure 3 also
summarises the prospects of the different benchmark points regarding production at the

LHC (notice that since the spectrum of P5-HM1 kinematically forbids 7, — x{7 decays,
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Figure 4. Mass differences ji;, — 7o versus €7, — fi;, (both normalised to an average slepton mass)
for the cMSSM. On the left tan 8 = 10, while on the right tan 8 = 40 (notice that in this case the
mass differences are given in %). In the left panel, scan and colour code as in figure 3, while in the
right panel (tan 5 = 40) we scan over 900 GeV < Ml/g < 2 TeV with mg determined as to account
for the “standard window” (380 GeV < mgy <1 TeV), and A varied as in figure 3. Crosses denote
some of the benchmark points defined in table 2.

this point is absent from the lower right panel).

From the comparison of each of the upper panels of figures 3 to the corresponding
lower one, it can also be observed that in the cMSSM the ratio of the it — 7 and € — [
mass splittings indeed goes as Am(fir, r, 72,1)/Am(ér r, fir,R) ~ (mz/mﬁ) (see eq. (4.2)).
This can be further confirmed in figures 4, where we display fif, — 7o versus €y, — ji;, mass
differences for two values of tan 3. The full line denotes the mg / m% slope. For larger tan (3
(as displayed on the right panel of figure 4) the increased LR mixing effects for the staus
induce a deviation to the simple approximation of eq. (4.2).

In figures 5, we display a comprehensive scan of the i, — 75 mass difference in the
c¢MSSM (the corresponding predictions for é;, — fiz, can be inferred from the previous dis-
cussion of figure 4). For three different values of the trilinear soft term (49 = —1,0,1TeV),
we scan the mSUGRA parameter space to ensure an optimal survey of the volumes com-
plying with the “standard window” requirement. More precisely, we have taken a range
0 < (M — Ml(;n;n) (tan3)) < 1.4TeV, with Ml(;n;n) (tan 3) being the minimal M/, for
a given tan 3 that provides myo > My - and a x| LSP. We present the resulting mass
splitting (in percentage) as a function of tan 3, identifying also distinct regimes for the x9
mass (and hence M, /5, implicitly understood from the GUT relation myg ~ 0.8M1/2). For
completeness, we also display regions corresponding to a relaxation of the energy of the
outgoing leptons (0 < myg—mg, = < 10 GeV). Finally, we provide complementary informa-
tion about the corresponding ranges for the lightest Higgs boson mass, which can severely

constrain the explored parameter space, especially in the low tan 5 and Ay 2 0 regimes.

The most important conclusion to be drawn from figure 5 is that in the c MSSM i, — 7o
mass splittings are at most O(7%) (if |[Ag| < 1TeV), and this occurs for regimes of very
large tan 3. With increasing tan 3, the lowest vertex of the region complying with the
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Figure 6. “Effective” parametrization of é;, — iy, mass difference versus the “real” €y — [i;, mass
difference. Scan and colour code as in figure 3 (taking tan /5 = 10). Crosses denote some of the
benchmark points defined in table 2.

“standard window” constraints is pushed towards larger values of both mg and M, 5 (as
can be seen from the displacement of the triangular-shape central regions in figures 1).
This in turn implies that regions in mSUGRA parameter space associated with the largest
values of the [i;, — T» mass splittings will have poor prospects for production at the LHC
(smaller cross sections), rendering them likely unobservable.

For intermediate regimes of tan 3, one expects Amj;/m;(fir,72) to lie in the range
2% - 5%, the latter corresponding to large (and negative) Ay. This Aj regime increases
LR mixing in the stau sector, thus augmenting the cMSSM mass difference between the
left-handed smuons and the heaviest (dominantly left-handed) stau.

Following the discussion of section 4 concerning the correct definition of mass splittings
for QDFC sleptons, we present here the “effective” (according to egs. (4.9), (4.10)) and
“real” € — iy, mass differences. Since in the cMSSM the sleptons have a well-defined
flavour content, “real” and “effective” approaches coincide to a very good extent as can be
seen from figure 6. Hereafter, and when addressing seesaw-induced slepton flavour mixings,
we will always use the “effective” mass splitting for the first two slepton generations.

5.3 Slepton mass splittings in the type-I SUSY seesaw

As seen in the previous subsection, in the absence of flavour violation in the lepton sector,
the mass splittings between the sleptons of the first two families are extremely small. The
situation changes if interactions that violate lepton flavour are switched on: either schemes
where the SUSY-breaking parameters for the sleptons are flavour violating (or at least
non-universal) or mechanisms that account for both neutrino masses and lepton mixings,
could induce significantly larger slepton mass splittings, large enough to be observed at the
LHC. If flavour violating interactions in the slepton sector are indeed present, then other
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LFYV processes are likely to occur: in addition to radiative and three body decays, lepton
flavour can also be directly violated in sparticle decays, e.g. x5 — Ziﬂj.

Recent studies [85] have addressed the complementarity of high- and low-energy LFV
adopting an effective approach. Here we will consider the framework of the type-I SUSY
seesaw, studying the implications of having a unique source of flavour violation: the neu-
trino Yukawa couplings. Parametrizing Y according to eq. (3.13), flavour violation can
arise both from the observed low-energy neutrino mixing pattern, or from mixings involving
the (heavy) right-handed neutrino sector. Even though very little data is available to effi-

v

ciently constrain each Y},

that should be taken into consideration:

there are several experimental bounds and theoretical arguments

e data on light neutrino mass-squared differences and leptonic mixing angles (cf.
egs. (3.11), (3.12));

e bounds on LFV BRs and CRs (see table 1), as well as lepton EDMs;
e perturbativity of the Yukawa couplings, |YZ?|2 < 4

e under the hypothesis that the BAU is explained via a mechanism of thermal
leptogenesis, the requirement of a sufficiently large CP asymmetry (while avoiding
the gravitino problem) leads to bounds on My, and to constraints on combinations

of the complex R matrix angles 6,.

Aside from the perturbativity bounds, the most important constraints on the seesaw pa-
rameters will arise from the non-observation of LE'V processes: since both flavour violating
BRs and slepton mass splittings originate from the same unique source (Y"), compatibil-
ity with current bounds, in particular on BR(u — evy) and BR(7 — p7y), may preclude
sizable values for the slepton mass splittings. This is in contrast with other scenarios of
(effective) flavour violation in the slepton sector where the different off-diagonal elements
of the slepton mass matrix can be independently varied [85].

We begin by considering a minimal implementation of the SUSY seesaw, where flavour
violation arises solely from the UMNS mixing angles. This corresponds to taking R = 1
(i.e. 8; = 0) in the Casas-Ibarra parametrization of eq. (3.13), and translates into a “con-
servative” limit for flavour violation: apart from possible cancellations, and for a fixed
seesaw scale (i.e. My ), this limit provides in general a lower bound for the amount of LF'V.
(Notice however that leptogenesis is not viable in this case.) In the subsequent numerical
analysis we will consider first strict normal hierarchies for both heavy and light neutrinos,
commenting at a later stage on the effect of different mass schemes.

As can be inferred from the analytical discussion in section 4 (based on the LLog ap-
proximation), Am;/m; are strongly dependent on the RH neutrino mass scale, My. In
the limit R = 1, the overall magnitude of the flavour violating entries is dominantly driven
by Mp, (see eq. (4.7)).

We begin by revisiting the correlation between the fif, — 7o and ey, — jiy, slepton mass
splittings. We conduct a similar scan over the mSUGRA parameters as in the previous
subsections (see discussion leading to figure 3), considering a regime of low tan 8 = 10, but
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Figure 7. Mass differences fi, — 72 versus é1, — i, (both normalised to an average slepton mass)
in the type-I SUSY seesaw. Leading to the scan, we set tan/ = 10, and randomly vary the
remaining mSUGRA parameters (with |Ag| < 1TeV, satisfying the “standard window” constraint
and requiring consistency with the dark matter and Higgs boson mass bounds). For the seesaw
parameters we have taken R = 1, 613 = 0.1° (with 6 = @10 = 0), and My, = 10'°GeV, My, =
10* GeV, varying 1013 < My, < 10 GeV. All points shown comply with present bounds on
LFV observables. We highlight in a different colour scheme points whose associated prediction for
BR(7 — ) lies in the interval delimited by current experimental bounds and future sensitivities

(red, green, blue), corresponding to myg regimes. The magenta / cyan / gray lines denote the

maximal value of Am;/m;(jir,72) attainable for the magenta / cyan / gray points.

now requiring compatibility with the WMAP bound on Qh? (cf. eq. (5.1)). Here we take
very small values of the reactor angle 6;3, also setting the CPV Dirac phase 6 = 0. The
impact of f13 will be addressed at a later stage.

The effect of implementing a type-I seesaw for the slepton mass splittings is clearly vis-
ible in figure 7. It becomes even more striking noticing that this is the R = 1 seesaw version
of the cMSSM case shown in the left panel of figure 4. Firstly, one observes that both fi;, —7o
and €7, —jiz, mass splittings become much larger, with values respectively up to 10% and 6%,
well within the sensitivity range of the LHC. Recall that in the cMSSM case one typically
had values O(1073,107?). Furthermore, notice that the points whose BR(7 — p) is in the
sensitivity range of future experiments are in general associated to observable Am;/m;, es-
pecially for myg > 500 GeV. (The maximum value of the fi;, — 7» splitting for points whose
BR(7 — w7) lies beyond experimental capabilities is marked by horizontal lines, with a
colour code matching the corresponding spectrum colour code.) One can also observe an im-
portant deviation from the correlated behaviour of both mass splittings (see eq. (4.6)), sym-
bolically depicted by the full dark line, with a slope given by |mg, —ms,|/|me, —mp, | = 2.
This deviation towards the pure mSUGRA limit of m?2/ mz (see eq. (4.2)) occurs especially
for points associated to both smaller mass splittings and smaller BR(7 — p), starting at
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an intermediate seesaw scale of about My, < 2 x 10'3 GeV for small |4y| and approaching
the mSUGRA limit for My,

comparatively smaller flavour violating entries, the seesaw induces corrections to flavour

< 10'°GeV. For these regions in parameter space, even for
conserving LR terms, which in turn imply larger ji;, — 7 splitting when compared to é;, —fif.

In figures 8 we display the variation of é;, — i, and fi, — 7> mass differences as a function
of Ag, showing also the comparison with the cMSSM case. First of all, notice that both mass
splittings are substantially larger, and for most of the Ag interval considered, well within the
expected sensitivity of the LHC. Recall however that the overall enhancement in Am;/m; is
a consequence of having taken very large values of My, close to the perturbativity limit of
the neutrino Yukawa couplings (especially Y35 and Y33). Nevertheless, the role of Ag in the
SUSY seesaw is clearly manifest in figures 8, and especially in the comparison of the former
with the tan § = 10 band of figures 5 (where discrete values of Ay were taken). While in
the cMSSM the effect of Ay was manifest through LR mixing (and via my, constraints on
the parameter space), in the seesaw case the dominant impact of Ay on the mass splittings
occurs via the RGE-induced contributions to the LL block (and LR, to a smaller extent) of
the slepton mass matrix, as given in egs. (3.19). In other words, the dominant contribution
to Amj;/m;now clearly arises from the second term on the right-hand side of eq. (4.3). This
is substantiated by the approximate symmetric dependence of Am;/m;on Ag. As expected,
the regions of large positive Ay (where small LR mixing effects in the squark sector reduce
the supersymmetric radiative contributions to the Higgs boson mass) are disfavoured due
to conflict with the LEP bounds on my,. For very large negative values of Ay, the RGE-
induced amount of flavour violation is such that points associated with the largest mass
splittings have corresponding predictions to BR(7 — py) already excluded by experiment.

In figure 8 (as in all seesaw cases), we have displayed the “effective” é; — fiz, mass
difference, as justified by the discussion in section 4. We recall that for the cMSSM, and
as emphasised by figure 6, both approaches coincided. However when FV interactions
are switched on, one should use the “effective” mass splitting. This can be confirmed in
figure 9, where we compare “real” and “effective” Am;/m; as a function of Ag. Leading
to this figure, we have chosen the mSUGRA point P1, and allowed for variations of the
trilinear coupling, |Ag| < 1.2TeV (recall that for P1, Ay = 0). Regarding the seesaw
parameters, we have taken R = 1, 613 = 0.1°, and considered three distinct right-handed
neutrino spectra for illustrative purposes.

For a comparatively light seesaw scale (i.e. My, ~ O(10'3 GeV)) minimising the
amount of flavour violation, and taking small | Ag|, which minimises (diagonal) non-universality
effects for the first two generations (see egs. (3.17), (3.18)), one verifies that both approaches
nearly coincide. As the seesaw effects become more important, and flavour mixing increases,
one clearly verifies that “effective” mass difference provides the phenomenologically reliable
ér, — jir, splittings.

Notice that the ratio “effective” /“real” mass splitting is always = 1/2. For small values
of |Ap| and/or low seesaw scales we have a ratio of ~ 1. For increasing |Ag|, approach-
ing the turning point mz, > mz, — ms < mj, the “effective”/“real” mass splitting
ratio approaches the ~ 1/2 limit (this also implies that, in this region in parameter space,
taking the “real” splitting could lead to a considerable overestimation of Am;/m;). For
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Figure 8. Mass differences é;, — iz, (on the left) and iy, — 72 (on the right) as a function of Ag
(in GeV). We have taken tan 3 = 10, and scanned over mg and M 5 as to satisfy the “standard
window” and the dark matter constraints. The seesaw parameters have been set as R = 1, 613 = 0.1°
(with § = ¢12 =0), and My, = {1019,10%,10'°} GeV. The colour code denotes different ranges for
m.g (black points denote violation of at least one experimental bound - in these cases BR(T — )
-, while gray correspond to my < 114 GeV). Crosses denote the benchmark points P1, P2 and P3
as defined in table 2. The lower panels illustrate the corresponding cMSSM study (same mSUGRA
parameters, with Y} = 0).

even higher values of | Ag| and high seesaw scales the “effective” /“real” mass splitting ratio
can be greater than 1 order of magnitude, however this typically corresponds to scenarios
excluded by current bounds on LFV observables.

To better illustrate the evolution of the flavour content of a given slepton eigenstate
in the presence of the seesaw (even for the conservative R = 1 case), we display on the
left panel of figure 10 a simultaneous analysis of the variation of the flavour content of a
slepton mass eigenstate, in particular of the 7/u flavour ratio of the fiy, mass eigenstate
as a function of My,. We present this for the different mSUGRA points, also showing the
evolution of Y35 on the upper axis.

For very low seesaw scales (i.e. My, ~ 10! GeV), flavour and mass eigenstates coincide
to a very good approximation. As My, increases, and especially for points like P2 and P3
with large |Ag| (enhancing the seesaw effects, see eq. (4.7)) or points like P5-HM1 with

(m2)as/[(m2 )33 — (M2 )as + 5771 > 1,

2 Ay — ptan 3)?
5%%:m3(2 (Ao — p )

5.2
m? )33 — (m%)33 + M cos 26(—1/2 + 2sin® ) ’ (5:2)

i.e., with a resonant-type enhancement, p — 7 mixing becomes maximal, and we are in the
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Figure 9. Comparison between “real” (dashed lines) and “effective” (full) slepton mass differences
(ér — fir,), normalised to the average ér, fiz, mass, as a function of Ay (in GeV). We have considered
R =1, 6013 =0.1°, My, = 1010 GeV, My, = 10" GeV, taking three distinct values for My, =
10* GeV (red), My, = 10* GeV (green) and My, = 105 GeV (blue). The mSUGRA parameters
have been set as for point P1 (except for |Ag| < 1.2 TeV). Black lines denote points excluded due
to the violation of at least one experimental and/or observational constraint.
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Figure 10. On the left, 7/u flavour ratio in iy mass eigenstate as a function of My, (in GeV).
For the mSUGRA benchmark points of table 2, we set R = 1, 613 = 0.1° (with 6 = @12 = 0),
and take My, = 100 GeV, My, = 101! GeV. On the upper axis we display the values of Y35. The
secondary panel illustrates |Rf,, |* and |R,, |* for the same My, interval. On the right we depict
the flavour content of the 3 heavier mass eigenstates: red - €, green - fir, blue (magenta) - 71,(p),
for P5-HM1 and P6-SU1, illustrating both the cMSSM case (on the far left) and the type-I seesaw,

for three values of My, (with the remaining seesaw parameters as before).
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presence of truly QDFC sleptons. This is confirmed by the lower left panel.

On the right panel of figure 10, we symbolically represent (not to scale) the flavour
composition of the three heaviest mass eigenstates for the points P5-HM1 and P6-SU1,
both for the cMSSM and distinct seesaw scales. Notice that in the cMSSM limit the slep-
ton hierarchy is quite different in each case. For P6-SU1, the seesaw immediately induces
an overcross of the € — [i eigenstates (no mixing involved); only for very large My, does
one observe a small mixing of the ji;, — 77, components.

As expected from the left panel of figure 10, large mixings occur for a much lower
seesaw scale in the case of P5-HM1, with a nearly maximal mixing for My, ~ 10 GeV.
This further provides an excellent illustration of a configuration with QDFC sleptons.

One of the (perhaps) most illustrative ways of exploring the impact of a type-I SUSY
seesaw is to consider the correlated behaviour of mass splittings and flavour-violating de-
cays. In figures 11, we present the é;, — fiy, and fif, — 7o mass differences versus BR(1 — uv)
and BR(p — e7) (providing in this case additional information on the CR(u —e, Ti)). The
data displayed in these figures corresponds to tan § = 10, with the remaining mSUGRA
parameters being randomly varied (|Ag| < 1TeV), satisfying the “standard window” and
requiring consistency with the dark matter and Higgs boson mass bounds. Regarding the
right-handed neutrino spectrum, we have again taken (as for figure 7) My, = 10 GeV,
My, = 101 GeV, varying 10'3 < My, < 10 GeV to ensure that mass splittings are within
the experimental sensitivity range.

One of the most interesting results of figures 11 consists in the fact that almost the
entire region in parameter space associated with a é7, — iy, mass splitting ~ O(1%) is also
within the future sensitivity of low-energy facilities, especially for CR(u—e, Ti) (even with-
out the expected upgrade to O(107'®) for PRISM/PRIME).5 Furthermore, any é7, — jir,
mass splitting above 4% would also be associated with a p — e signal within MEG sensi-
tivity. A similar situation (albeit not so striking) is observed for fi;, — 7o mass differences:
as an example, mass splittings above 3%, 4% and 6% would be associated to low-energy
signals of LFV within PRISM/PRIME, SuperB, and MEG reach, respectively.

As already observed before, points with a tiny fif, — 7o mass splitting and small LFV
BRs are distributed in a more disperse way (fuzzy dropping region) due to the fact that
the corresponding mass splittings are mostly arising due to an enhanced LR mixing (large,
negative values of Ag) and due to the diagonal Yukawa-tau RGE contribution. The latter
can even outplay LR effects for large M 5 and |Agl, and sizable tan j3.

The most significant effect of considering larger values of #13 would be to displace the
depicted regions towards higher values of BR(y — ev) implying that points with smaller
mass splittings could be within MEG reach. A regime of larger tan § would increase the
mass differences, as already seen in figures 5, but the associated “standard window” would
require a heavier SUSY spectrum. Although the BRs do indeed augment with increasing
tan 3 (see eq. (3.21)), this would be balanced by the suppression effects of having heavier
sparticles in the loop.

Figures 11 have been obtained in a very conservative limit for the seesaw parameters,

*Amz/mz(ér, fir) ~ O(0.1%) would still be associated to predictions for CR (u — e, Ti) within the
sensitivity of the future upgrade, O(107'®).
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Figure 11. Upper left (right) panel: BR(u — e7y) (BR(7 — p)) on the left y-axis as a function of
the mass difference €, — ji, normalised to the average €, ji;, mass. We display the corresponding
predictions of CR(u — e, Ti) on the right y-axis. Horizontal lines denote the corresponding
current bounds/future sensitivities. The lower panels correspond to the mass difference i, — 7o,
normalised to the average jir, 72 mass. Parameters varied as in figure 7. The colour code denotes
different regimes of Mo Mass, and black points are associated with the violation of at least one

experimental bound.

i.e. ; = 0,% very small 63 and hierarchical light and heavy neutrino spectra. Neverthe-
less one can immediately draw some preliminary conclusions regarding the implications of
high- and low-energy LFV observables for the seesaw mechanism: if the LHC measures
a given mass splitting, predictions can be made regarding the associated LFV BRs (for
an already reconstructed set of mSUGRA parameters). Comparison with current bounds
(or possibly an already existing BR measurements) may allow to derive some hints on the
underlying source of flavour violation: a measurement of a slepton mass splitting of a few
percent, together with a measurement of a low-energy observable, for instance BR(u — e)
~ 107'2 at MEG (in agreement to what could be expected from the already reconstructed
SUSY spectrum) would constitute two signals of LFV that could be simultaneously ex-
plained through one common origin - a type-I seesaw mechanism. On the other hand, two

6As we will later see, non-zero values of 6; imply in general larger predictions for the BRs and mass

splittings.
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conflicting situations can occur:

(i) a measurement of a mass splitting associated to LFV decays experimentally excluded
at present (black points in figures 11) or in a region already covered by the low-energy
facilities at the time;

(ii) observation of an LFV low-energy signal, and (for an already reconstructed SUSY
spectrum) approximate slepton mass universality.

These scenarios would either suggest that non-universal slepton masses or low-energy LFV
would stem from a mechanism other than such a simple realisation of a type-I seesaw
(barring accidental cancellations or different neutrino mass schemes). For instance, a sim-
ple explanation for the first scenario would be that the mechanism for SUSY breaking is
slightly non-universal (albeit flavour conserving).

Although the reactor angle 613 (and the Dirac phase d) has no direct impact upon
Amj/my, its role for some LFV transitions may preclude observable mass splittings: recall
that Amj/m; is controlled by the dominant flavour violating entry of the slepton mass
matrix, which is in general 63 insensitive (only the 7-e and p-e entries can have sin 63
as a global factor, while for 7-y, sin 63 is a second order perturbation). However, flavour
violating transitions involving the first generation (as is the case of u(7) — ey, p— e in
nuclei, etc.) are very sensitive to 013 [64]. Intermediate to large values of the Chooz angle,
013 ~ 5° — 12°, may lead to predictions for BR(u — evy) (among others) already in con-
flict with current bounds. In figure 12, we consider the impact of different values of the
Chooz angle (A13 = 0.1°, 1°, 5° and 12°) for the slepton mass splittings and BR(u — e7).
From left to right, each set of points for a given mSUGRA benchmark is associated with
increasing values of My;,.

Although (and as expected) 013 indeed has a very small impact for the mass splittings,
a joint measurement of flavour violation at the LHC and at a i — e~y dedicated facility (for
a given reconstructed SUSY spectrum) strongly depends on the value of this angle. This
is readily seen from figures 12, and as an example let us notice that for P3-like spectra a
ér, — i, MS, in agreement with BR(u — ev) bounds, is only possible for very small 6;3
< 1°. Conversely, any hope of a joint signal at the LHC and at MEG for HM1-like points
requires 613 > 1° (recall that for My, much larger than 10'° GeV, the Yukawa couplings
become non-perturbative).

Before addressing the impact of the additional mixing involving the right-handed neu-
trinos (i.e. 6; # 0), let us consider how the conclusions so far derived hold for a different
hierarchy in the heavy neutrino sector. In figure 13, we study the case of degenerate right-
handed neutrinos, displaying the mass differences é;, — fiy, and fiy, — 7o versus BR(7 — py)
and BR(u — ev) (also providing information on CR(u — e, Ti)).

The results shown in figure 13 should be compared to those of figure 11 (notice that
apart from My, all the other parameters have been identically varied with the exception
of 013 which we took as 613 = 0.1° in the hierarchical case and 613 = 0.1°,1°,5° for the
degenerate case. However the comparison in the lower panel of figure 13 is made for the
same 013 = 0.1°).
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Figure 12. Mass difference €;, — fis,, normalised to the average €y, fi;, mass, versus BR(u — ev)
for the benchmark points (table 2) and for distinct values of 13 = 0.1°, 1°, 5°, 12° (corresponding
to increasing values of the BR). The remaining seesaw parameters were set as R = 1, with My, =
10*° GeV, My, = 10 GeV and My, = {10'3,10™,10'%} GeV. Gray points are those associated
with the violation of BR(7 — pv) and non-violation of BR(x — e7).

As seen from the direct comparison of the high- and low-energy flavour violation
prospects, potential measurements (and even negative searches) can hint towards the RH
neutrino hierarchy, in the case R = 1. This is especially true in the limit of very small 6;3:
if a sizable mass splitting &7, — fiy, ~ O(1072) is measured at the LHC, then a hierarchical
spectrum appears to be the only candidate to explain such a signal. If a Am;/m;(ér, fir)
between 1072 and 1072 is reconstructed, and a pu — ey decay is observed, then both
hierarchies are hard to disentangle based on observation. For the same mass splitting
range, CR(u — e, Ti) within reach of PRISM/PRIME (and a potential upgrade), would
strongly favour the hierarchical spectrum. Finally, should the LHC be able to measure
Amg/m(ér, i) ~ O(10%), an observation of y — ey could be due to either RH spec-
trum (although in this case larger values of 613 would be required to accommodate the
hierarchical hypothesis).

To conclude the study of the conservative limit of R = 1 in the type-I SUSY seesaw,
we conduct a distinct analysis, explicitly focusing on the dependence of the mass splittings
on different mSUGRA parameters. For fixed tan 8 = 10, a scan is performed over mg and
M, s, taking several discrete values of Ay (always complying with the “standard window”
requirements). We fix all seesaw parameters other than My, which is varied as to ensure
that each point has BR(u — evy) and BR(7 — pv) in agreement with current experimen-
tal bounds. The results are shown in the left panel of figure 14, which clearly displays
how a potentially measurable mass difference (in agreement with the different low-energy
LFV bounds) translates the interplay of Ay and Mpy,. The two regimes (other than the
nearly constant Am;/m; for Ag = 0) reflect the different bounds which are effectively pre-
venting larger values of Am;/m;: for the ascending slope, the mass splittings are almost
insensitive to the actual value of Ay, since in this case the values of YZ‘J’ that saturate the
current bounds on BR(l; — l;v) — BR(7 — wy) for the 613 = 0.1° regime considered —
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Figure 13. Degenerate right-handed neutrino case. Upper left (right) panel: BR(u — ev) (BR(1 —
1y)) on the left y-axis as a function of the mass difference é;, — i, normalised to the average €y, fir,
mass. We display the corresponding predictions of CR(p — e, Ti) on the right y-axis. Horizontal
lines denote the corresponding current bounds/future sensitivities and regimes of 615 (in the upper
right panel). Leading to the scan, we set tan 3 = 10, and the remaining mSUGRA parameters were
randomly varied (with |4p| < 1TeV, satisfying the “standard window” constraint and requiring
consistency with the dark matter and Higgs boson mass bounds). For the seesaw parameters we
have taken R = 1, 613 = 0.1°,1°,5° (with 0 = 12 = 0), and My, = My, = My, = Mg
being varied as 102 GeV < My < 10'° GeV. In the upper left (right) panel colour code denotes
different regimes of 013 (Mp). Lower panel: comparison of degenerate (region with higher BR) and
hierarchical (region with lower BR) spectrum. Same scan as before, but now taking only 613 = 0.1°
and 1013 GeV < My < 10 GeV. For the hierarchical case, same scan as in figure 11. Colour code
denotes different regimes of My, (or Mg for the degenerate case) and black points are associated
with the violation of the experimental bound on BR(T — p).

are attainable without violating the requirement of perturbative Yukawa couplings. On
the right-handed (descending) part of each curve, the values of My, are at the maximum
value allowed by perturbative Yukawa couplings alone while BR(l; — ;) is below current
bounds. In this latter case, Ag is the discriminatory factor that enhances the oc Y*TLY”
radiative corrections to the soft slepton mass matrices, in turn constraining the maximal
value of Am;/m; for a given Ag. In each pair of lines, the one whose maximum mass

splitting occurs for a lighter xJ corresponds to the positive value of Ag. Larger values of
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Figure 14. Mass difference é;, — i, normalised to the average €y, i, mass, as a function of
myg (in GeV). On the left we consider different values of |4, setting tan 3 = 10 and 613 = 0.1°,
while on the right we fix Ag = {—1,0,1} TeV, and take several choices for 615 = 0.1°,1°,5° with
tan 8 = 10 and 013 = 0.1° for tan 8 = 3. We vary mgo and M, in such a way that we satisfy the
requirement of a viable A2 in the co-annihilation region. The seesaw parameters have been taken
as R = 1, with hierarchical right-handed neutrinos, My, = 10° GeV, My, = 10! GeV, with My,
varied as to satisfy BR(p — ey) < 1.2 x 107! and BR(7 — py)< 4.5 x 1078, Dotted lines denote
points where the kinematical constraints are outside the “standard window” and dashed lines are
for my < 114.4 GeV, while satisfying the “standard window” requirement. We have displayed three
points «, 3, used for the subsequent discussion in the text.

|Ap| would lead to an increase in the maximal values of Am;/mj, which would also be
associated with a heavier gaugino spectrum.

A similar study is conducted on the right panel of figure 14, taking discrete values
of Ay, and studying different combinations of tan 5 and 613. We notice that of all the
SUSY seesaw parameters likely to be measurable, Ag, tan G, and 03, are those expected
to be measured/reconstructed at a later stage. Just like in the previous figure, the two
regimes for the slopes again denote the bounds for BR(¢; — ¢;7) (ascending), and Y ~ 1
(descending). The curves corresponding to tan § = 10 and maximal 6,3 present very low
Amj;/my: this is a direct consequence of having to take comparatively low values of the
heaviest right-handed neutrino mass in order to comply with the BR(u — e7y) bound (easily
saturated for 613 = 5°).

From figures 14, it is clear that, even in the very conservative case of R = 1, without the
reconstruction of the mSUGRA parameters and measurement of 013, very little can be said
regarding the expected values of Am;/m;, apart from some remarkable exceptions, which
we proceed to discuss. Let us address the hypothetical measurements of m,g and Amj/m;
corresponding to three points highlighted in the right panel of figures 14 (a, 3, 7). A mea-
surement close to point v would provide very little information regarding the underlying
source of LFV: different choices of either My, tan 3 or 013 could easily account for such
an observation. The case denoted by 3 is already more interesting: although large values
of Amj/mj (in association with a heavy x9) can be obtained for very large |Ag|, complying
with the bound on the LSP relic density becomes increasingly more complicated in these
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Point My, (GGV) Mp, (GGV) My, (GGV) 013

P’ 1010 5 x 1010 5 x 1013 0.1°
P” 1010 1012 5 x 1012 1°
PI/I 1010 1012 1015 0.10

Table 8. Seesaw benchmark points. For the remaining parameters we have taken R = 1, and
(pl = QDQ = 5 = 0

regimes, so that a correct Qh? might eventually preclude compatibility of a type-I SUSY see-
saw with . A set of measurements ~ « (and [ to a certain extent) would certainly provide
the most challenging scenario: such a mass splitting, in agreement with current bounds on
low-energy LEFV observables, and for such a light gaugino spectrum, cannot be accounted
for by a type-I SUSY seesaw (in the R = 1 limit). Another mechanism of flavour violation
(or at least flavour non-universality) should be at work in this case, e.g. non-universal soft-
breaking slepton masses. This will also be true for 6; # 0, as in this case the low-energy LEV
observables would be enhanced making it even more difficult to account for a set of mea-
surements ~ « and 3, while respecting the current bounds on low-energy LE'V observables.

We will now depart from the conservative (albeit singular) R = 1 case, allowing for
additional sources of flavour violation through the 6; angles. Given that the right-handed
neutrino sector (both spectrum and mixings) is experimentally unreachable,” this trans-
lates into having parameters about which one has no direct information. As mentioned in
section 3, one can impose indirect constraints on the ¢; — My, parameter space, choosing
R-matrix angles and heavy neutrino hierarchies suggested by phenomenological arguments,
such as generating the observed BAU from thermal leptogenesis and complying with lepton
EDMs. For simplicity, and motivated by the analysis of the R = 1 limit, we have selected
additional scenarios, that will play the role of seesaw “benchmark” points: three configura-
tions of the heavy neutrino spectrum and reactor angle 613 are summarised in table 8 and
can be applied to the different mSUGRA points (P1’, etc.). P'") denotes a case of nearly
degenerate N7 and Ny (N2 and N3), while P is the limit of a strongly hierarchical right-
handed spectrum, with My, close to its maximal value (as allowed by the perturbativity
bound on Y”). We do not consider the case of degenerate RH neutrinos as the associated
phenomenology will not differ significantly from the R = 1 case already discussed.

In order to summarise the results, we now display a comprehensive scan over the
seesaw parameters, in particular over the complex angles of the R matrix. We consider
mSUGRA benchmark point P1 with My, = {101°,10'!10'3} GeV, and randomly scan over
|6;] € [0,7] and arg¥,; € [—m,7]. We also select four values of 61 and vary 6 3 as favoured
by leptogenesis [105] (see end of section 3), and highlight these regions via a different colour
code, for illustrative purposes only.

"If the SUSY seesaw is indeed responsible for LFV observables within experimental sensitivity, as
well as for the BAU via leptogenesis, then the seesaw scale lies in general well above the TeV range
(~ 10" GeV — 10'° GeV).
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Figure 15. Left (right) panel BR(uz — ey) (BR(7 — pv)) as a function of the mass difference
€1, — fir, normalised to the average €y, fiy, mass, for seesaw variations of point P1. We display the
corresponding predictions of CR(u — e, Ti) on the right secondary y-axis. Horizontal lines denote
the corresponding current bounds/future sensitivities. We have taken 613 = 0.1°, My, = 101° GeV,
My, = 101 GeV, and My, = 103 GeV, and the complex R matrix angles have been randomly
varied as |0;| € [0,7] and arg(f;) € [—m, 7). The crosses correspond to the R = 1 case of the
benchmark points P’ (see table 2 and 8). In each panel the four highlighted regions correspond to
01 =0,0.1,37/8 and i 37/8, with 03 3 scanned as favoured by leptogenesis (see text for discussion).
In the left panel we show in solid blue the leptogenesis favoured regions for different values of
01 = 0,0.1,37/8 and i 37/8, from lower to higher BR(x — ev). On the right panel these regions
are identified in the inset.

The full realisation of a type-I seesaw leads to very rich scenarios (albeit less predictive)
for flavour violation, as can be seen from Fig 15. Recall that for an mSUGRA configuration
similar to P1 (see e.g. figure 12), the associated BR was O(10716), with a mass splitting
around 2 x 1074, Under a generic choice of 6;, the associated amount of FV is extremely
enhanced (even already excluded by current bounds in some cases). This confirms that,
barring cancellations, the case R = 1 clearly constitutes a case of minimal flavour violation,
inducing low values for the BRs and CR. Regarding the highlighted regions (corresponding
to f2 3 in the ranges given at the end of section 3), the distinct disconnected regions cor-
respond, for increasing values of BR(u — e7), to #; = 0,0.1,37/8 and i37/8. For a SUSY
spectrum similar to P1, a type-I seesaw could easily account for slepton mass differences
within the sensitivity of both the LHC and of low-energy flavour dedicated experiments
(possibly associated to viable leptogenesis scenario).

For the other seesaw benchmark points, an identical scan would translate in scatter
regions of comparable ranges, similarly positioned with respect to the different bench-
mark point.

In figure 16, we conduct a general scan over the 0; parameter space, again displaying
different low-energy LFV observables as a function of the é;, — iy, mass difference. Given
the amount of collider simulations conducted for the LHC benchmark points [79-81], we
choose for this overview of the SUSY seesaw the LHC points P5-HM1 and P6-SU1. We
randomly scan over |0;| < 7, and arg(6;) € [—m, 7], taking 013 = 0.1°, and choosing three
representative values for My,.
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As can be seen from the first panel of figure 16, if a SUSY type-I seesaw is in-
deed at work, and 613 has been constrained to be extremely small, a measurement of
Amjz/my(€r, fir) between 0.1% and 1%, in association with a reconstructed sparticle spec-
trum similar to P5-HM1, would be accompanied (with a significant probability) by the
observation of BR( — ey) at MEG. On the other hand, even for very large values of My,
the constraints on the parameter space from BR(u — e7) preclude the observation of a
T — py transition for an HM1-like SUSY spectrum. From the comparison of both left and
right panels, it is also manifest that the slepton mass splittings are predominantly generated
from mixings involving the 7 — p sector: this can be seen from the strongly correlated be-
haviour of Am;/mj(ér, fir,) and BR(7 — pv), implying that both are governed by the term
proportional to (Y*TLY")a3 (see section 4). In this case, the three seesaw benchmark points
appear almost superimposed on the R =1 (i.e. §; = 0) central diagonal region, and their
corresponding Am;/m; and BRs follow the LLog dependency (i.e. BR o MJQ\,3 log? My,).

Although LHC production prospects have to be taken into account, when compared
to P5-HM1, P6-SU1 offers a less promising framework for the observation of sizable mass
splittings at the LHC (unless a precision of around 10~3 for Am;/m;(ér, fir) can indeed
be achieved). In the latter case, it is expected that a determination of Am;/m;(ér, fir)
be accompanied by evidence of LFV in muon decays. However the most interesting lepton
flavour signature of P6-SU1 is related to its potential to induce large BR(7 — py), within
the future sensitivity of SuperB [18]: a measurement of Am;/mj(ér,fir) ~ 0.1% — 1%
at the LHC would imply BR(7 — uvy) 2 107, and would hint towards a heavy seesaw
scale, My, = 10'3 GeV. For shortness, we do not present the analog of figure 16 for the
mass difference jiy, — 7o, as little new information is conveyed by these figures. Moreover,
we have also verified that larger values of 613 would only have the small effect of slightly
augmenting the concentration of the points around the central region.

The analysis we have done for a few illustrative SUSY benchmark points can be repro-
duced for any other cMSSM realisation. In a hopefully not too distant future, when funda-
mental mSUGRA parameters will have been reconstructed, and a measurement of LE'V ob-
servables (BR(7 — ), and CR(x—e) in nuclei, for instance) will have also been reported,
one will then be able to predict the mass splittings associated to this (these) region(s) of
the SUSY seesaw parameter space. Should an additional measurement of the slepton mass
splittings correspond to the above prediction, one can say that the present seesaw realisa-
tion is in striking agreement with the data we will so far have collected. On the other hand,
if the measurement of the mass splittings lies outside the predictions (as obtained by the
SUSY seesaw, possibly in a leptogenesis motivated region), we will be led to the conclusion
that one of the underlying hypothesis (either this seesaw realisation or a type-I seesaw as the
dominant or even unique LFV source) has to be reconsidered, or even strongly disfavoured.

5.4 Flavour violating neutralino decays: di-lepton distributions in the SUSY
seesaw

To conclude our study of LFV at the LHC, we reconduct the analysis of section 4.2, but
now in the framework of the SUSY seesaw. As mentioned before, models of supersymmetric
LFV may be manifest in di-lepton distributions, either through the relative separation of
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Figure 16. Upper left (right) panel: BR(u — evy) (BR(7 — p)) on the left y-axis as a function of
the mass difference €;, — iy, normalised to the average €y, iy, mass, for seesaw variations of point
P5-HM1. We display the corresponding predictions of CR(p — e, Ti) on the secondary right y-axis.
Lower panels: same as above, but for point P6-SU1. Horizontal lines denote the corresponding
current bounds/future sensitivities. The distinct coloured regions correspond to three different
values of My, = {1012, 10'3, 10'*} GeV. The remaining parameters were set as My, = 100 GeV,
My, = 10'* GeV, 613 = 0.1° and the complex R matrix angles have been randomly varied as
|0;| € [0,7], and arg(d;) € [—m,w|. The crosses correspond to the different seesaw benchmark
points: from smaller to larger mass splittings one has HM1” (SU1”), HM1’ (SU1’), HM1"" (SU1"),

for the upper (lower) panels.

the kinematical edges corresponding to €7, in me. and those of jiz, in m,,, (implying that
me, # My, ), or via the appearance of new edges in a given di-lepton mass distribution.

In figure 17, we display the BR(xJ — uux)) as a function of the di-muon invariant
mass my,, for different SUSY seesaw points, comparing the distributions with those of the
cMSSM (formerly shown in figure 2). For simplicity, we do not present here the peaks
corresponding to the Z and h intermediate states in xJ — ££x{ decays. The values of the
edges are presented in table 9, and should be compared to those listed in table 7 for the
pure cMSSM case.

As is manifest from figure 17, and readily confirmed from table 9, the impact of the
seesaw at the level of the di-muon mass distributions is quite spectacular, particularly in
the appearance of a third edge in most of the benchmarks considered. With the exception
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- my(lx) (GeV) for type-I SUSY seesaw

b Py PY P4 PRHMI” P6SUL
ér 1158 1259 150.8 4345 1284 92.2
&, 1364 931 837 1882  256.0 62.3
ig 1157 1258 150.7 4343 1282 92.1
i, 1416 955 856 2128 2563 66.6
7 818 771 766 409 536 67.1
7, 1354 1118 1052 3004  263.3 56.7

Table 9. my(Ix) (GeV) for type-I SUSY seesaw points (see tables 2 and 8), where [ is any of the
charged leptons and X stands for left- and right-handed sleptons (all families).

of P1”, all other distributions exhibit now the edge corresponding to the presence of an
intermediate 72, implying that the decay occurs via X — Fop — puux). For instance, for
point P2, the BR(x) — uux)) via intermediate jir, fig and 7 are 2.6%, 1.1% and 1.6%,
respectively.

In figure 18 we compare the di-muon with the di-electron distribution, for the previ-
ous seesaw benchmark points. We point here that unlike the smuon case the di-electron
distribution does not change with respect to the cMSSM case. From this figure one further
observes that selectron and smuon edges exhibit a clear separation. For a c.o.m. energy
~ 7TeV at the LHC, and an integrated luminosity of 1 fb~!, only a few events would be
observable. But for y/s = 14 TeV (and an integrated luminosity of 100 fb~1), the expected
number of events (without background analysis nor detector simulation) is O(10?) for P1"”,
P2" and P3’, while considerable poorer prospects are expected for P4” and HM1”. SU1"”
offers the most promising scenario, with more that 10* expected events.

Comparing table 9 and table 7, one further verifies that in the type-I SUSY seesaw
the mass splittings are indeed a LL sector phenomenon (notice that for both right-handed
smuons and selectrons the edges remain identical up to ~ 0.1 GeV) and are essentially
restricted to the i — 7 sectors, since the edges corresponding to €7, also remain unaffected.

Interestingly, the fact that the SUSY seesaw leads to increased mass splittings only for
the left-handed sleptons might provide another potential fingerprint for this mechanism of
LFV. Compiling all the data collected throughout our numerical analysis, we have found
that the maximal splitting between right-handed smuons and selectrons, in all the cases
studied, is

A -
" i, en)|  ~ 0.09%. (5.3)

J4 max
Recall that throughout the preceding subsections we have verified that within the SUSY
seesaw Amj;/m;(jir,€r) could easily reach values of a few %. Should the LHC measure
mass splittings between right-handed sleptons of the first two families that are significantly
above the 0.1% level, this could provide important indication to the fact that another
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Figure 17. BR(x3 — pupx9) as a function of the di-muon invariant mass m,, (in GeV) for
different SUSY seesaw points (see tables 2 and 8). Upper panel: P1” (red), P2’ (pink), P3’ (blue)
and P6-SU1” (black). Lower panel: P4”’ (red) and P5-HM1” (blue). Dotted (coloured) lines
denote in both panels the curves for the corresponding ¢cMSSM case. Secondary (right) y-axes
denote the corresponding expected number of events for /s = 7 TeV and 14 TeV, respectively
with £=1fb~" and £ =100 fb~".

mechanism of FV is at work (for instance, an effective parametrization of flavour violating
effects in the lepton sector, as done in [85], induces similar mass splittings for both right-
and left-handed sleptons). Among the many possibilities, a likely hypothesis would be the
non-universality of the slepton soft-breaking terms.

Finally, we display the prospects for direct flavour violation in x9 decays: in addition
to the possibility of having staus in the intermediate states, one can also have opposite-sign,
different flavour final state di-leptons. In particular, one can have xJ — p7xY, with a non-
negligible associated branching ratio. For /s = 14TeV and £ = 100 fb~1, the expected
number of events (again without background analysis nor detector simulation) is O(10?)
for P1”, P2/, P3’ and SU1"”. This is shown in figure 19. For P4” and HM1"” a significantly
smaller number is expected.
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Figure 18. BR(x) — #/xY) as a function of the di-lepton invariant mass ms (¢ = e, ) (in GeV)
for P1"” (red), P2’ (pink), P3’ (blue) and P6-SUL” (black) (see tables 2 and 8). Lower panel:
P4"" (red) and P5-HM1” (blue). Full (dashed) lines denote in both panels the curves for di-muon
(di-electron) distributions. Secondary-right y-axes denote the corresponding expected number of
events for \/s =7 TeV and 14 TeV, respectively with £ =1 fb~! and £ =100 fb~'.

6 Conclusions

In this work we have studied lepton flavour violation in high- and low-energy observables
in the framework of a type-I SUSY seesaw. If the seesaw is indeed responsible for both
neutrino masses and leptonic mixings, and accounts for low-energy LFV observables within
future sensitivity reach, interesting slepton phenomena are expected to be observed at the
LHC. Under the assumption of a unique source - the neutrino Yukawa couplings -, the
interplay between these high- and low-energy LFV observables allows to derive some infor-
mation about the seesaw parameters and, for specific configurations of the model, disfavour
the type-1 SUSY seesaw as being the unique source of LFV.

We began our analysis by considering the mSUGRA parameter space, looking for re-

gions where the conditions for a successful reconstruction of the slepton masses can be met:
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Figure 19. Flavour violating BR(xJ — u7x}) as a function of the di-lepton invariant mass m,,, (in
GeV) for the seesaw benchmark points P1” (red), P2’ (pink), P3’ (blue) and P6-SU1" (black) (see
tables 2 and 8). On the right y-axis, we also display the expected number of events for /s = 7TeV
(with £=1fb~') and /s = 14 TeV (for £ = 100 fb™1).

the observation of a significant number of events of the type xJ — ¢*¢Tx? with sufficiently
hard leptons in the final state implies that the mSUGRA parameters should follow specific
relations. In general, the most promising scenarios are encountered for low to intermediate
tan # and a light sparticle spectrum. In these regions the correct relic density is always ob-
tained via 71 —x{ co-annihilation. We have illustrated these features by considering different
points in mSUGRA parameter space. Among them, and in order to address LHC prospects,
we included in our analysis two LHC benchmark points: SU1 (ATLAS) and HM1 (CMS).

The analysis of the slepton mass splittings in the cMSSM (in the absence of flavour
violation in the lepton sector) reveals that the expected values are very small due to the tiny
LR mixing and RGE effects. Although marginally observable for the smuon-stau sector,
the mass differences for the first two generations of mostly LH sleptons is at best of order of
0.03 %. At the LHC, the cMSSM smuon and selectron masses could be reconstructed from
the (double) triangular di-lepton invariant mass distributions (in the best case scenario)
with identical kinematical edges for both di-muon and di-electron mass distributions.

In the minimal implementation of a type-I SUSY seesaw (R = 1, i.e. not taking into
account possible mixings in the right-handed neutrino sector), the slepton spectrum re-
flects the mixing introduced at low energies due to the non-trivial structure of the Yukawa
couplings (given by the UMNS leptonic mixing matrix). These effects are only manifest for
the left-handed sector, potentially leading to maximal mixing between left-handed smuons
and staus. This has motivated us to introduce the concept of quasi-degenerate flavour
content sleptons and “effective” mass splittings. Especially for larger values of |Ap|, the
mass splittings between the first two generations are significantly enhanced with respect
to the pure cMSSM case. Even in this limit of R = 1, mass splittings of a few percent can

be easily found, and have associated lepton flavour violating low-energy observables within
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reach of the future LFV experiments.

Regarding the seesaw parameters that are likely to be measured, the Chooz angle
only has an indirect effect on the slepton mass differences, independently of the entries
of the R matrix and the seesaw scale My,. For larger values of 013 slepton mass differ-
ences within LHC sensitivity have associated BR(u — ev) already excluded by current
experimental bounds.

Given the dimensionality of the full SUSY seesaw parameter space, we have selected a
set of benchmark points, in particular the LHC points SU1 and HM1, to carry the analysis
of the general seesaw case (that is R # 1), considering different values of 613 and distinct
right-handed neutrino spectra. A measurement of a €7, — fiz, mass splitting between 0.1%
and 1% for P5-HM1 implies that MEG should observe a u — ey signal. Provided the
seesaw is the unique source of LFV, no signal is expected to be observed by SuperB. The
most interesting LFV signature of P6-SU1 is that, contrary to P5-HM1, a measurement of
a mass splitting between left-handed selectrons and smuons would imply a BR(7 — uy)
within SuperB reach. Furthermore, such observation would strongly hint towards a heavy
seesaw scale My, > 1013 GeV.

~

Despite the richness of the SUSY seesaw regarding the interplay of slepton mass split-
tings and low-energy flavour violation, the most spectacular result would be definitely man-
ifest in the di-lepton mass distributions obtained at the LHC. In addition to the clear sepa-
ration between the edges of di-muon and di-electron distributions (or equivalently, the ob-
servation of slepton mass splittings) one expects the appearance of an additional third kine-
matical edge for most of the benchmark points considered (which exhibited only two edges
for the pure cMSSM case). The latter would signal flavour violation in x9 and/or ? decays.

Interestingly, irrespective of the specific seesaw configuration, the mass differences of
right-handed sleptons are hardly sensitive to Y”-induced radiative effects (at leading or-
der). Should the LHC observe mass splittings between right-handed sleptons of the first
two families significantly above the per mille level, this would strongly hint towards the
presence of another source of flavour violation (other than the seesaw).

It is important to stress that although a joint set of LF'V observables might contribute
to disfavour a type-I seesaw as the underlying mechanism of neutrino mass generation (and
lepton flavour violation), one cannot exclude the possibility (however unlikely) that effects
such as slepton mass splittings or flavour violating decays originate from a non-trivial
structure of the SUSY soft breaking Lagrangian (the sleptonic part) at the GUT scale.
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