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Abstract: We analyze relevant signals expected at the LHC for a left sneutrino as the
lightest supersymmetric particle (LSP). The discussion is carried out in the ‘µ from ν’ su-
persymmetric standard model (µνSSM), where the presence of R-parity breaking couplings
involving right-handed neutrinos solves the µ problem and reproduces neutrino data. The
sneutrinos are pair produced via a virtual W , Z or γ in the s channel. From the prompt de-
cay of a pair of left sneutrinos LSPs of any family, a significant diphoton signal plus missing
transverse energy (MET) from neutrinos can be present in the mass range 118–132 GeV,
with 13 TeV center-of-mass energy and an integrated luminosity of 100 fb−1. In addition,
in the case of a pair of tau left sneutrinos LSPs, given the large value of the tau Yukawa
coupling diphoton plus leptons and/or multileptons can appear. We find that the number
of expected events for the multilepton signal, together with properly adopted search strate-
gies, is sufficient to give a significant evidence for a sneutrino of mass in the range 130–310
GeV, even with the integrated luminosity of 20 fb−1. In the case of the signal producing
diphoton plus leptons, an integrated luminosity of 100 fb−1 is needed to give a significant
evidence in the mass range 95–145 GeV. Finally, we discuss briefly the presence of displaced
vertices and the associated range of masses.
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1 Introduction

In supersymmetry (SUSY), the ‘µ from ν’ supersymmetric standard model (µνSSM [1, 2],
see Refs. [3, 4] for reviews) is a natural extension of the minimal supersymmetric standard
model (MSSM, see Ref. [5] for a review), since only trilinear couplings involving right-
handed neutrino superfields, ν̂ci with i = 1, 2, 3, are added to the superpotential. Thus, in
addition to the usual Dirac Yukawa couplings for neutrinos Y ν

ij Ĥu L̂i ν̂
c
j , other two types

of couplings can be present by gauge invariance solving crucial problems of the MSSM.
In particular, the couplings between the three families of right-handed neutrino and Higgs
superfields, λi ν̂

c
i ĤdĤu, generate an effective µ term solving the so-called µ problem [6].

This occurs when the SUSY partners of the right-handed neutrinos, the right sneutrinos
ν̃iR, develop vacuum expectation values (VEVs) after the successful electroweak symmetry
breaking (EWSB), with the result µeff = λi〈ν̃iR〉*. Besides, the couplings among right-
handed neutrino superfields, 1

3κijkν̂
c
i ν̂

c
j ν̂

c
k, generate effective Majorana masses for right-

handed neutrinos of the order of the EWSB scale,
(
meff

M
)
ij
= 2κijk〈ν̃kR〉*, instrumental in

solving the ν problem, i.e. the generation of neutrino masses and mixing in SUSY. The
solution is obtained through a generalized electroweak-scale seesaw mechanism, involving
also the neutralinos, that can accommodate the correct neutrino data with Y ν

ij
<∼ 10−6 [1,

2, 7–10] (see Refs. [11, 12] for reviews).
Both types of couplings discussed above, determined by λi and κijk, break explicitly

R parity (Rp). Nevertheless, in the limit Y ν
ij → 0, ν̂ci can be identified as pure singlet

superfields without lepton number and Rp is not broken. Therefore, Y ν
ij are the parameters
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determining the violation of R parity (Rp/ ), and as a consequence such violation is small
in the µνSSM. As is well known, in models with Rp/ the LSP1 is not stable, decaying into
standard model (SM) particles, and basically all SUSY particles (sparticles) are potential
candidates for LSPs, not only the neutral ones as in Rp conserving models where they are
stable and therefore contribute to the dark matter. This means that in the µνSSM, squarks,
gluinos, sleptons2, sneutrinos, neutralinos and charginos, are potential candidates for LSPs.
Therefore, an analysis of the LHC phenomenology associated to each candidate is crucial
to test the model.

In this work we start with the systematic analysis of relevant signals expected at the
LHC for LSP candidates in the µνSSM. As a first candidate we will concentrate on the
SUSY partner of the left-handed neutrino, the left sneutrino, studying in particular its
dominant pair production channels and decays.3 It is worth noticing here that in Rp con-
serving models where the left sneutrino LSP is stable and therefore contributes to thermal
dark matter [19, 20], is ruled out by direct detection experiments [21, 22]. For proposals
to revive it through the breaking of lepton number or inspired in extra dimensions/gauge
mediation, see e.g. Refs. [23] and [24], respectively. If the left sneutrino is not the LSP,
then the invisible width of the Z puts a lower limit on its mass of about 45 GeV. Also,
under the assumption of gaugino and sfermion mass universality at the GUT scale in the
MSSM, searches for gauginos and sleptons give rise to a lower limit of about 94 GeV [25].

Related to what was discussed before, although the LSP is not stable in the µνSSM,
SUSY candidates for dark matter exist in models with Rp/ . This is in particular the case of
the gravitino [26, 27]. Although it decays into SM particles as any other LSP, its lifetime
can be longer than the age of the Universe since the decay width is suppressed both by
the inverse of the Planck mass and by the Rp/ parameters. The latter are very small in
the µνSSM, since they are set by the neutrino Yukawa couplings Y ν

ij
<∼ 10−6. Searches

for µνSSM gravitino dark matter4 in Fermi-LAT data through gamma-ray lines have been
carried out in Refs. [29–32], obtaining stringent constraints on the gravitino mass and the
lifetime. It is worth noticing that since the gravitino is assumed to be the LSP in this
framework, each candidate for LSP mentioned above would in fact be the next-to-LSP
(NLSP). Nevertheless, the analysis of their phenomenology at the LHC is not altered, since
they also decay into ordinary particles using the same channels as if they were the LSP.
Thus the results of this work can also be applied to the case of a left sneutrino NLSP, with
the gravitino as the LSP.

The paper is organized as follows. In Section 2, the main characteristics of the µνSSM
useful for our computation are briefly discussed. In Section 3, the spectrum of the model
is analyzed, paying special attention to the neutral fermion mass matrix which determines
neutrino masses and mixing. In Section 4, we analyze in detail how the left sneutrino can

1The notion of LSP is in fact misleading in the context of Rp/ models, since SUSY and non-SUSY
states are mixed. Nevertheless, for dominant SUSY composition of the lightest eigenstate, to keep this
nomenclature, as we will do in what follows, is reasonable.

2In what follows, the notation sleptons/leptons will be used for the charged sleptons/leptons, and sneu-
trinos/neutrinos for the neutral sleptons/leptons.

3For previous analyses in the literature studying other possible signals of the µνSSM at colliders, mainly
through light singlet scalars and neutralinos, see Refs. [8, 13–17]. Also, an extension of the µνSSM and its
associated phenomenology was discussed in Ref. [18] in the context of an extra U(1) gauge symmetry.

4Concerning other cosmological issues in the µνSSM, in Ref. [28] the generation of the baryon asymmetry
of the universe was analysed in the model, with the interesting result that electroweak baryogenesis can be
realised.
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become the LSP in some regions of the parameter space of the model, defining at the same
time several interesting benchmark points (BPs). In particular, we study points with a left
sneutrino LSP of the first two families, and separately points with a left sneutrino LSP of
the third family. The different decay modes of the left sneutrino, depending on its nature,
scalar or pseudoscalar, are discussed Section 5. In Section 6, we study the dominant pair
production channels of sneutrinos at the LHC, as well as the signals. These can consist of
a diphoton plus missing transverse energy (from neutrinos), a diphoton plus leptons, and
multileptons. For the regions of the parameter space analyzed, we compute the number of
expected events for the signals. Given properly modified search techniques, it is sufficient
to give a significant evidence with 13 TeV center-of-mass energy using the current or future
integrated luminosity, for a sneutrino mass in the range 95 − 310 GeV. Our conclusions
and prospect for future studies of displaced vertices are presented in Section 7. Finally,
a plethora of useful formulae are given in the Appendices. In Appendix A, the superpo-
tential and the associated soft terms of the µνSSM are briefly reviewed and discussed. In
Appendix B, the scalar and fermion mass matrices of the model are shown. Finally, in
Appendix C, the relevant interactions for the decays of the left sneutrino are obtained.

2 The µνSSM

The couplings of the superpotential relevant for this work are given by

W = ǫab

(
Y e
ij Ĥ

a
d L̂

b
i ê

c
j + Y d

ij δαβ Ĥ
a
d Q̂

b
iα d̂

c
jβ + Y u

ij δαβ Ĥ
b
u Q̂

a
iα û

c
jβ

)

+ ǫab

(
Y ν
ij Ĥ

b
u L̂

a
i ν̂

c
j − λi ν̂

c
i Ĥ

b
uĤ

a
d

)
+

1

3
κijkν̂

c
i ν̂

c
j ν̂

c
k , (2.1)

as discussed in the Introduction and Appendix A. Together with the corresponding soft
SUSY-breaking terms, they give rise to the following tree-level neutral scalar potential:

V (0) = Vsoft + VF + VD , (2.2)

with

Vsoft =

(
T ν
ij H

0
u ν̃iL ν̃∗jR − T λ

i ν̃∗iR H0
dH

0
u +

1

3
T κ
ijk ν̃

∗
iRν̃

∗
jRν̃

∗
kR + h.c.

)

+
(
m2

L̃L

)
ij
ν̃∗iLν̃jL +

(
m2

ν̃R

)
ij
ν̃∗iRν̃jR +m2

Hd
H0

d
∗
H0

d +m2
Hu

H0
u
∗
H0

u , (2.3)

VF = λjλ
∗
jH

0
dH

0
d

∗
H0

uH
0
u

∗
+ λiλ

∗
j ν̃

∗
iRν̃jRH

0
dH

0
d
∗ + λiλ

∗
j ν̃

∗
iRν̃jRH

0
uH

0
u
∗

+ κijkκ
∗
ljmν̃∗iRν̃lRν̃

∗
kRν̃mR −

(
κijkλ

∗
j ν̃

∗
iRν̃

∗
kRH

0∗
d H0∗

u − Y ν
ijκ

∗
ljkν̃iLν̃lRν̃kRH

0
u

+ Y ν
ijλ

∗
j ν̃iLH

0∗
d H0∗

u H0
u + Y ν

ij
∗λkν̃

∗
iLν̃jRν̃

∗
kRH

0
d + h.c.

)

+ Y ν
ijY

ν
ik

∗ν̃∗jRν̃kRH
0
uH

0
u
∗ + Y ν

ijY
ν
lk
∗ν̃iLν̃

∗
lLν̃

∗
jRν̃kR + Y ν

jiY
ν
ki

∗ν̃jLν̃
∗
kLH

0
uH

0∗
u , (2.4)

VD =
1

8

(
g2 + g′2

) (
ν̃iLν̃

∗
iL +H0

dH
0
d
∗ −H0

uH
0
u
∗)2

. (2.5)

The electroweak gauge couplings are estimated at the mZ scale by e = g sin θW = g′ cos θW .
Since only dimensionless trilinear couplings are present in the superpotential, the EWSB
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is determined by the soft terms of the scalar potential. Thus all known particle physics
phenomenology can be reproduced in the µνSSM with one scale, the about 1 TeV scale of
the soft terms, avoiding the introduction of ‘ad-hoc’ high-energy scales. With the choice of
CP conservation,5 one can define the neutral scalars as

H0
d =

1√
2

(
HR

d + vd + i HI
d

)
, (2.6)

H0
u =

1√
2

(
HR

u + vu + i HI
u

)
, (2.7)

ν̃iR =
1√
2

(
ν̃RiR + viR + i ν̃IiR

)
, (2.8)

ν̃iL =
1√
2

(
ν̃RiL + viL + i ν̃IiL

)
, (2.9)

in such a way that after the EWSB they develop the real VEVs

〈H0
d〉 =

vd√
2
, 〈H0

u〉 =
vu√
2
, 〈ν̃iR〉 =

viR√
2
, 〈ν̃iL〉 =

viL√
2
. (2.10)

The eight minimization conditions with respect to vd, vu, viR and viL can then be written
as

m2
Hd

= −1

8

(
g2 + g′2

) (
viLviL + v2d − v2u

)
− 1

2
λiλjviRvjR − 1

2
λiλiv

2
u

+viR tanβ

(
1√
2
T λ
i +

1

2
λjκijkvkR

)
+ Y ν

ij

viL
2vd

(
λkvkRvjR + λjv

2
u

)
−

√
2

vd
V (n)
vd

, (2.11)

m2
Hu

=
1

8

(
g2 + g′2

) (
viLviL + v2d − v2u

)
− 1

2
λiλjviRvjR − 1

2
λjλjv

2
d

+λjY
ν
ijviLvd −

1

2
Y ν
ijY

ν
ikvkRvjR − 1

2
Y ν
ijY

ν
kjviLvkL

+
viR
tanβ

(
1√
2
T λ
i +

1

2
λjκijkvkR

)
− viL

vu

(
1√
2
T ν
ijvjR +

1

2
Y ν
ijκljkvlRvkR

)

−
√
2

vu
V (n)
vu

, (2.12)

(m2
ν̃R

)ijvjR =
1√
2

(
−T ν

jivjLvu + T λ
i vuvd − T κ

ijkvjRvkR
)
− 1

2
λiλj

(
v2u + v2d

)
vjR + λjκijkvdvuvkR

−κlimκljkvmRvjRvkR +
1

2
Y ν
jiλkvjLvkRvd +

1

2
Y ν
kjλivdvkLvjR − Y ν

jkκiklvuvjLvlR

−1

2
Y ν
jiY

ν
lkvjLvlLvkR − 1

2
Y ν
kiY

ν
kjv

2
uvjR − V (n)

viR
, (2.13)

(m2
L̃L

)ijvjL = −1

8

(
g2 + g′2

) (
vjLvjL + v2d − v2u

)
viL − 1√

2
T ν
ijvuvjR +

1

2
Y ν
ijλkvdvjRvkR

+
1

2
Y ν
ijλjv

2
uvd −

1

2
Y ν
il κljkvuvjRvkR − 1

2
Y ν
ijY

ν
lkvlLvjRvkR − 1

2
Y ν
ikY

ν
jkv

2
uvjL

−V (n)
viL

, (2.14)

5The µνSSM with spontaneous CP violation was studied in Ref. [9].
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where tan β ≡ vu
vd

, V
(n)
x ≡ ∂V (n)/∂x with x = vd, vu, viR, viL, and V (n) represents the

n–loop radiative correction to the potential, V = V (0) + V (n). The scale at which the
EWSB conditions are imposed is MEWSB =

√
mt̃l

mt̃h
, where mt̃l

and mt̃h
correspond to

the lightest and heaviest stop mass eigenvalues, respectively, measured at MEWSB.
The free parameters in the neutral scalar sector of the µνSSM at the low scale MEWSB

are therefore: λi, κijk, Y ν
ij , m2

Hd
, m2

Hu
, (m2

ν̃R
)ij , (m2

L̃L
)ij , T λ

i , T κ
ijk and T ν

ij . From the

minimization conditions we can eliminate the soft masses m2
Hd

, m2
Hu

, m2
ν̃iR

and m2
L̃iL

in

favor of the VEVs, assuming in the case of the sleptons diagonal sfermion mass matrices.
In addition, using tan β and the SM Higgs VEV, v/

√
2 =

√
2mZ/

√
g2 + g′2 ≈ 174 GeV, we

can determine the SUSY Higgs VEVs, vd/
√
2 and vu/

√
2, through v2 = v2d + v2u +

∑
i v

2
iL.

Since viL ≪ vd, vu, we obtain vd ≈ v/
√

tan2 β + 1. Assuming that all the soft trilinear
parameters are proportional to the Yukawa couplings

T e
ij = Ae

ijY
e
ij , T d

ij = Ad
ijY

d
ij , T u

ij = Au
ijY

u
ij , (2.15)

T ν
ij = Aν

ijY
ν
ij , T λ

i = Aλ
i λi , T κ

ijk = Aκ
ijkκijk , (2.16)

where the summation convention on repeated indexes does not apply, we are then left with
the following set of variables as independent parameters in the neutral scalar sector:

λi, κijk, Y
ν
ij , tan β, viL, viR, A

λ
i , A

κ
ijk, A

ν
ij , (2.17)

The rest of soft parameters of the model, namely the following gaugino masses, scalar
masses, and trilinear parameters:

M1, M2, M3, mQ̃iL
, mũiR

, md̃iR
, mẽiR , A

u
ij , A

d
ij, A

e
ij , (2.18)

are also taken as free parameters and specified at low scale. It is worth remarking neverthe-
less that, to reproduce neutrino data, one has to impose extra constraints on the parameters
of the model. Using the simplified formula of Eq. (3.1) below, one can trivially see that
the parameters Y ν

i , λi, κ, vR, viL and M1,2 must be constrained in order to obtain the
experimentally probed neutrino masses and mixing angles.

After the successful EWSB, several crucial terms are effectively generated in the µνSSM.
Note from Eq. (2.13) that the VEVs of the right sneutrinos are naturally of the order of
the EWSB scale

viR√
2
≈ 1 TeV , (2.19)

implying that the µ problem of the MSSM [6] is solved thanks to the presence of the 5th

term in the superpotential above, which generates an effective µ term with

µeff = λi
viR√
2
. (2.20)

In addition, the 6th term in the superpotential generates effective Majorana masses for the
right-handed neutrinos (

meff
M
)
ij
= 2κijk

vkR√
2

, (2.21)

and, as a consequence, we can implement naturally a (generalized) electroweak-scale seesaw
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in the µνSSM which includes the neutralinos, asking for neutrino Yukawa couplings of the
order of the electron Yukawa coupling or smaller (see the first two terms of Eqs. (3.1) and
(3.3) below) [1, 2, 7–10]:

Y ν
ij
<∼ 10−6 . (2.22)

This means that we work with Dirac masses for neutrinos of the order of

(
meff

D
)
ij
= Y ν

ij

vu√
2
<∼ 10−4 GeV . (2.23)

and that no ‘ad hoc’ high-energy scales (larger than a TeV) are necessary to reproduce
experimentally consistent neutrino masses. It is worth pointing out in this context that the
VEVs of the left sneutrinos are much smaller than the other VEVs. This is because of the
small value of Y ν . We can see in this respect that in Eq. (2.14), viL → 0 as Y ν

ij → 0. It is

then easy to estimate the values of VEVs as viL <∼ meff
D [1], thus:

viL√
2
<∼ 10−4 GeV . (2.24)

This result allows that the seesaw of the µνSSM works properly, since the third term ∼
v2L/M in Eqs. (3.1) and (3.3) below, is of the same order as the first two. Finally, the 4th

term in the superpotential generates effective bilinear Rp/ couplings

ǫeffi = Y ν
ij

vjR√
2

, (2.25)

as those constituting the bilinear R-parity violating model (BRpV, see Ref. [33] for a re-
view).

Recapitulating, the superpotential of the µνSSM serves both the purposes of solving the
µ problem and generating non-zero neutrino masses and mixing solving the ν problem. As a
consequence of the new terms introduced in the superpotential to solve these challenges, Rp

is explicitly broken with its breaking controlled by the small Yukawa couplings for neutrinos,
i.e. Rp is restored for Y ν

ij → 0.

3 The spectrum of the model

Similar to the MSSM, where the couplings and Higgs VEVs determine the mixing of Bino,
Wino and Higgsinos, producing the four neutralino states, the new couplings and sneutrino
VEVs in the µνSSM induce new mixing of states [1, 2]. Summarizing, there are ten neutral
fermions (neutralinos-neutrinos), five charged fermions (charginos-leptons), eight neutral
scalars and seven neutral pseudoscalars (Higgses-sneutrinos), and seven charged scalars
(charged Higgses-sleptons). The associated mass matrices were studied in Refs. [2, 8], and
can be found in our Appendix B.

Concerning the neutral scalars, the right and left sneutrino VEVs lead to mixing of the
neutral Higgses with the sneutrinos in the scalar potential, giving rise to 8×8 (‘Higgs’) mass
matrices for scalar and pseudoscalar states. Note that after rotating away the pseudoscalar
would be Goldstone boson, we are left with seven pseudoscalar states. The 5×5 Higgs-right
sneutrino submatrix is almost decoupled from the 3× 3 left sneutrino submatrix, since the
mixing occurs through terms proportional to Y ν

ij or viL (see Eqs. (B.9)–(B.11) and (B.25)–
(B.27)), and these quantities are very small in order to satisfy neutrino data, as shown
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in Eqs. (2.22) and (2.24). Besides, the former 5 × 5 submatrix is of the next-to-MSSM
(NMSSM, see Ref. [34] for a review) type, apart from the small corrections proportional to
Y ν
ij , and the fact that in the NMSSM there is only one singlet.

The charged scalars have a 8× 8 (‘charged Higgs’) mass matrix. Similar to the Higgs
mass matrices where some sectors are decoupled, the 2 × 2 charged Higgs submatrix is
decoupled from the 6×6 slepton submatrix (see Eqs. (B.38)–(B.41)). In addition, the right
sleptons are decoupled from the left ones, since the mixing terms are suppressed by the
electron-type Yukawa couplings or viL (see Eq. (B.42)).

The squark mass matrices, when compared to the MSSM/NMSSM case, maintain their
structure essentially unaffected, provided that one uses the effective µ term of Eq. (2.20),
and neglects the terms proportional to small parameters such as Y ν

ij , viL.
Concerning the fermion mass matrices, the neutral one will be discussed below in the

context of neutrino physics, since it is crucial for determining neutrino masses and mixing.
For the charged fermions, the MSSM charginos mix with the leptons in the µνSSM giving
rise to a 5×5 (‘lepton’) mass matrix. Nevertheless, the 2×2 chargino submatrix is basically
decoupled from the 3× 3 lepton submatrix, since the off-diagonal entries are supressed by
Y ν
ij , Y

e
ij , viL (see Eq. (B.71). The former submatrix is like the one of the MSSM/NMSSM

provided that one uses the effective µ term of Eq. (2.20). Finally, down- and up-quark mass
matrices can also be found in the Appendix.

Neutrino physics
We have discussed in the previous section, that effective Majorana masses for right-handed
neutrinos of the order of the EWSB scale are dynamically generated in the µνSSM (see
Eq. (2.21)). In addition, the MSSM neutralinos mix with the left- and righ-handed neutrinos
giving rise to the 10 × 10 neutral fermion (‘neutrino’) mass matrix shown in Eq. (B.65),
which has the structure of a generalized electroweak-scale seesaw. Because of this structure,
data on neutrino physics [35–37] can easily be reproduced at tree level [1, 2, 7–10], even
with diagonal Yukawa couplings [7, 9], i.e. Y ν

ii = Y ν
i and vanishing otherwise. Qualitatively,

we can understand this in the following way. First of all, the three neutrino masses are
going to be very small since the entries of the first three rows (and columns) of the neutrino
matrix are much smaller than the rest of the entries. The latter are of the order of the
electroweak scale, whereas the former are of the order of the Dirac masses for neutrinos
(see Eq. (2.23)) [1, 2]. Second, from this matrix one can obtain a simplified formula for the
effective mixing mass matrix of the light neutrinos [9]:

(meff
ν )ij ≃

Y ν
i Y

ν
j v

2
u

6
√
2κvR

(1− 3δij)−
viLvjL
4M eff

− 1

4M eff



vd

(
Y ν
i vjL + Y ν

j viL

)

3λ
+

Y ν
i Y

ν
j v

2
d

9λ2


 ,

(3.1)

with

M eff ≡ M − v2

2
√
2
(
κv2R + λvuvd

)
3λvR

(
2κv2R

vuvd
v2

+
λv2

2

)
, (3.2)

where M = M1M2
g′2M2+g2M1

. Here is assumed λi = λ, viR = vR, and κiii ≡ κi = κ and vanishing

otherwise. Of the five terms in (meff
ν )ij , the first two are generated through the mixing of

left-handed neutrinos νL with right-handed neutrinos νR-Higgsinos. The rest of them also
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include the gaugino mixing. Using this approximate formula it is easy to understand how
diagonal Yukawas can give rise to off-diagonal entries in the mass matrix. The key point
are clearly the extra contributions with respect to the ordinary seesaw, given by the four
terms which are not proportional to δij .

Under several assumptions, this formula for (meff
ν )ij can be further simplified. Notice

first that the last two terms are proportional to vd, and therefore negligible in the limit of
large or even moderate tan β provided that λ is not too small. Besides, the second term
for M eff is also negligible in this limit, and for typical values of the parameters involved
in the seesaw also the third one, i.e. M eff ∼ M . Under this assumption, the third term
for (meff

ν )ij is generated only through the mixing of left-handed neutrinos with gauginos.
Therefore, we arrive to a very simple formula that can be used to understand the seesaw
mechanism in the µνSSM in a qualitative way, that is

(meff
ν )ij ≃

Y ν
i Y

ν
j v

2
u

6
√
2κvR

(1− 3δij)−
viLvjL
4M

. (3.3)

As we can understand from these equations, neutrino physics in the µνSSM is closely
related to the parameters and VEVs of the model, since the values chosen for them must
reproduce current data on neutrino masses and mixing angles. For example, for the typical
values of the parameters and VEVs in Eqs. (2.19), (2.22) and (2.24), neutrino masses <∼ 0.1
eV as expected, can easily be reproduced.

Let us finally point out that all these results in the µνSSM give a kind of answer to the
question of why the mixing angles are so different in the quark and lepton sectors. Basically,
because no generalized seesaw exists for the quarks.

4 The left sneutrino as LSP

In this section, we will discuss first the regions of the parameter space of the µνSSM
where the left sneutrino can become the LSP. Then we will study separately BPs with left
sneutrinos co-LSPs of the first two families, and left sneutrino LSP of the third family, since
their phenomenology is very different. For the mass spectrum and decay modes computed
in this section, we have used a suitably modified version of SARAH code [38–40] as well as
the SPheno v3.3.6 code [41, 42]. These results were linked to MadGraph5_aMC@NLO v2.3.2.2
[43] and PYTHIA 6.428 [44] tools, in order to make the full analysis of detection of signals
at the LHC in Section 6.

To understand how the left sneutrino can become the LSP in the µνSSM, we have
to discuss first the relevant regions of the parameters space. As pointed out in Section 3,
because of the generalized electroweak-scale seesaw, data on neutrino physics can be repro-
duced at tree level in the µνSSM, even with diagonal Yukawa couplings Y ν

i . Nevertheless,
for this first analysis focused on the detection of the sneutrino LSP at the LHC, it will be
operationally simpler to work with only one family of right-handed neutrinos and its sneu-
trino partner. Thus we leave the three-family case for a future work [45], since our LHC
analysis is not going to be essentially modified by this simplification. As a consequence, in
addition to tan β we will work with the following non-vanishing parameters of Eq. (2.17):
v1R ≡ vR, λ1 ≡ λ, Aλ

1 ≡ Aλ, κ111 ≡ κ, Aκ
111 ≡ Aκ, and Y ν

i1, A
ν
i1. For the last two parameters

we will assume universality, Y ν
i1 ≡ Y ν and Aν

i1 ≡ Aν , since in this way we will have three
large enough diagonal left sneutrino masses, mimicking the case of three families of right
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sneutrinos. Summarizing, the free parameters in the neutral scalar sector at the low scale
MEWSB, are in our analysis:

λ, κ, Y ν , tan β, viL, vR, A
λ, Aκ, Aν . (4.1)

Concerning the soft parameters of Eq. (2.18), for simplicity in the computation we will

consider that the trilinear ones, as well as the scalar masses, are universal, i.e. Au,d,e
ij = Au,d,e

and mQ̃iL,ũiR,d̃iR,ẽiR
= mQ̃L,ũR,d̃R,ẽR

, respectively. Altogether, we have the following free
parameters:

M1, M2, M3, mQ̃L
, mũR

, md̃R
, mẽR , A

u, Ad, Ae . (4.2)

Let us remark nevertheless that, in the sake of completeness, the formulas given in the text
and Appendices A and B, as well as the figures, are for the general case of three neutrino
generations and without assuming universality of parameters or vanishing intergenerational
mixing. The formulas of Appendix C for the interactions are the only ones written for
simplicity for one family of right-handed neutrinos and its sneutrino partner.

Once fixed our parameter space, it is necessary to study the neutral scalar and pseu-
doscalar mass matrices written in Appendix B, in order to determine how a left sneutrino
can become the LSP. First of all, as discussed in Section 3, the 5× 5 Higgs-right sneutrino
submatrix is almost decoupled from the 3 × 3 left sneutrino submatrix, and therefore we
can concentrate on the latter6. Second, although there is a mass difference between scalar
and pseudoscalar sneutrinos, it turns out to be negligible because is due to the tiny D-term
contribution:

m2
ν̃IiLν̃

I
jL

= m2
ν̃RiLν̃

R
jL

− 1

4

(
g2 + g′2

)
viLvjL ≈ m2

ν̃RiLν̃
R
jL

. (4.3)

Finally, from Eqs. (B.12) and (B.28), we realize that for both left sneutrino states the off-
diagonal entries of the mass matrices are negligible compared to the diagonal ones, since the
former are suppressed by terms proportional to (Y ν)2, and (for the scalar sneutrinos) by
the D-term contribution proportional to v2L. As a conclusion, both states can be considered
co-LSPs with m2

ν̃IiLν̃
I
iL

≈ m2
ν̃RiLν̃

R
iL

, if their masses are sufficiently low.

Concerning how low the left sneutrino masses can be, it is worth using Eq. (B.12) for
writing the dependence on the soft masses of their diagonal entries:

m2
ν̃IiLν̃

I
iL

≈ m2
L̃iL

− 1

8

(
g2 + g′2

) (
v2u − v2d

)
. (4.4)

From Eq. (2.14) we can write approximately for the tree-level contribution

m2
L̃iL

≈ 1

8

(
g2 + g′2

) (
v2u − v2d

)
+

Y νvu
2viL

vR

(
−
√
2Aν − κvR +

λvR
tan β

)
, (4.5)

obtaining therefore the expression

m2
ν̃IiLν̃

I
iL

≈ Y νvu
2viL

vR

(
−
√
2Aν − κvR +

λvR
tan β

)
, (4.6)

6The LSP is in fact the lightest mass eigenstate of the whole matrix, but the composition of the sneutrino
will dominate over the others.
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which coincides as expected with Eqs. (B.28), and (B.12), neglecting small terms.
Obviously, it is always possible to tune the parameters in Eq. (4.6) (or Eq. (4.5)) in

such a way that these contributions turn out to be sufficiently small. Actually, we will find
in the next subsection interesting examples with small soft masses and therefore with small
left sneutrino masses. In particular, we will see that for sneutrino masses <∼ 310 GeV is
possible to produce and detect the sneutrino LSP at the LHC. In order to get masses of
this order, we can tune for example the quantity in brackets in Eq. (4.6). Since the factors
in front of it are vR ∼ 1 TeV and Y νvu

2viL
∼ 1 (see Eq. (2.24)), we need this quantity of the

order of 10 GeV. Given that we expect κvR, λvR ∼ 100 GeV, this implies that Aν ∼ − 100
GeV is the necessary condition to obtain the pseudoscalar left sneutrino as the LSP with
mass ∼ 100 GeV. From a theoretical viewpoint, this means that we need a SUSY-breaking
mechanism producing low-energy soft parameters of the order of 1 TeV, except for mL̃iL

and Aν which should be of the order of 100 GeV. Once this is fulfilled, the minimization
conditions set the required values for the VEVs, viL ∼ 10−4 GeV and vR ∼ 1 TeV.

Notice that, in principle, we also could have used a very small value of Y ν (Y νvu ≪ viL)
to lower the sneutrino masses. However, this would give rise to a negligible contribution to
the mixing between right- and left-handed neutrinos (unless a very small effective Majorana
mass is assumed), making it difficult to reproduce the experimental constraints on neutrino
physics.

Summarizing, we have shown that it is viable to obtain in the spectrum of the µνSSM
left sneutrinos as LSPs. They can in principle belong to any of the three families of the
SM. Nevertheless, this can have crucial implications for the signals produced at the LHC,
because of the different decay modes of the third family with respect to the first two. We
will study this issue in detail in Section 5. Here we will analyze the strategy to obtain LSPs
of different families.

We can assign different values for the input parameters associated to each family. This
is the case for example of the left sneutrino VEVs, viL. Thus, if we choose v1L = v2L > v3L,
we obtain from the approximate expression in Eq. (4.6) that the electron sneutrino ν̃IeL
and the muon sneutrino ν̃IµL have masses degenerate and therefore behave as co-LSPs.
Although this degeneracy is broken by the mixing of the mass matrices and by the loop
corrections, the mass difference is going to be negligible. For example, for the BP in Table 1
to be analyzed below, ν̃IeL is 0.0002 GeV heavier than ν̃IµL. Following our discussion in
Eq. (4.3), where we show that both sneutrino states, scalar and pseudoscalar, are co-LSPs,
we conclude that in this case there are four co-LSPs: ν̃IµL, ν̃RµL, ν̃IeL and ν̃ReL. Alternatively,

if we choose v1L = v2L < v3L, then we obtain that the tau sneutrinos ν̃IτL and ν̃RτL are
co-LSPs. Obviously, in the case of universal VEVs, viL = vL, one obtains that the left
sneutrinos of the three families, scalars and pseudoscalars, become co-LSPs.

Let us finally remark that another equivalent strategy in order to find sneutrinos of
different families as LSPs, is to allow for non-universality of the parameters Aν

ij or Y ν
ij , while

keeping viL universal.

The NLSP
When a left sneutrino is the LSP, we expect to have a left slepton as the NLSP. We will
see in Section 6 that this has implications for the production of the left sneutrino LSP at
the LHC, because the direct production of sleptons and their decays is a relevant source
of sneutrinos. To check that the slepton can be the NLSP, let us point out that although
sneutrinos and sleptons are in the same SU(2) doublet, sleptons are heavier. First of all,
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we discussed in Section 3 that left sleptons are decoupled from the other charged scalars.
Second, the left slepton submatrix of Eq. (B.44) has the off-diagonal entries negligible
compared to the diagonal ones. Finally, the diagonal entries are always larger than the
ones of the left sneutrinos, due to the positive D-term contribution. Altogether, similar to
the MSSM one obtains

m2
ẽiLẽ∗iL

≈ m2
ν̃IiLν̃

I
iL

+
g2

4

(
v2u − v2d

)
≈ m2

ν̃IiLν̃
I
iL

−m2
W cos 2β . (4.7)

Since this D-term contribution is small, when a left sneutrino is the LSP, a left slepton can
be naturally the NLSP.

Electron and muon sneutrinos co-LSPs
Following the discussion above, we show in Table 1 a BP with the right properties to produce
ν̃IµL, ν̃RµL , ν̃IeL and ν̃ReL co-LSPs, with masses of about 125.4 GeV. The input parameters at
the low scale MEWSB can be found in the first box of the table. Concerning the input soft
parameters, as discussed below Eq. (4.6), the most relevant one for our computation is Aν

and we have used the value −Aν = 386 GeV ∼ κvR/
√
2. Other relevant soft parameters

are the gaugino masses M1 and M2, since Bino and Wino mediate the decay channels of
the left sneutrino (see Fig. 5). We take them as 600 and 900 GeV, respectively, and for M3

we choose 1600 GeV. For the rest of trilinear parameters, for simplicity in the computation
we assume Ad = Ae = Aλ = −Aκ = 1 TeV with the exception of Au ∼ −3.1 TeV in order
to reproduce the mass of the Higgs. As we will discuss below, the negative value of Aκ

is necessary to avoid tachyonic pseudoscalar right sneutrinos. The one of Au it to avoid
tachyonic left sneutrinos due to the loop corrections. In the same spirit of simplicity, we
use mẽR = 1 TeV and mQ̃L,ũR,d̃R

= 1.3 TeV.7 Finally, we have tan β = 10, corresponding

to the following Higgs VEVs: vu/
√
2 = 170.84 GeV, vd/

√
2 = 17.08 GeV.

The soft masses obtained from the minimization conditions of Eqs. (2.11)–(2.14) are
shown in the second box of the table. In particular, from Eq. (4.5) it is easy to check
that one can obtain m2

L̃τL
∼ (1 TeV)2 corresponding to the VEV v3L/

√
2 = 5 × 10−6

GeV, and two smaller soft masses m2
L̃e,µL

∼ (100 GeV)2 corresponding to larger VEVs,

v1,2L/
√
2 = 3× 10−4 GeV.

The sparticle physical masses are shown in the third box of the table, with their dom-
inant compositions written in brackets. The masses of the neutral ‘Higgses’ can be found
in 1st − 4th rows of that box. There we have followed the notation of Appendix B.1 for the
dominant compositions. The scalar mass eigenstates are denoted by h1,...,6, since we are
considering only one family of right-handed neutrinos and the scalar partner. The pseu-
doscalars are denoted by A0

2,...,6, because we associate A0
1 to the Goldstone boson eaten by

7As analyzed in Refs. [46–52] using a numerical minimization of the potential, large values of At may
give rise to an unstable electroweak ground state decaying rapidly to a charge and color breaking (CCB)
minima (see e.g. Ref. [53]). Using the results of Refs. [47, 48], we have been able to check that our point
around the maximal mixing corresponds to a metastable vacuum. The dangerous additional possibility of
rapid thermal tunneling [48] is dependent on the thermal evolution of the Universe, and to analyze it is
beyond the scope of this work. Nevertheless, it is worth noticing that CCB minima are not a crucial subject
in our study of the sneutrino LSP. We can easily modify At and/or stop soft masses obtaining the same
kind of signals discussed here. For example, keeping At ∼ −3.1 TeV but increasing mt̃ in a few hundred
GeV we can enter in a safe stable region [46–52]. Also the same situation can be obtained reducing |At|
and properly changing mt̃.
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Table 1. Benchmark point producing ν̃IµL,ν̃RµL, ν̃IeL and ν̃ReL co-LSPs, with masses of 125.4 GeV.
Input parameters, and soft masses obtained from the minimization conditions, are given in the
first and second boxes at the low scale MEWSB. Sparticle physical masses are shown in the third
box (with their dominant compositions written in brackets). Sneutrino branching ratios (larger
than 10−4) and decay widths are shown in the fourth and fifth boxes, respectively. VEVs, soft
parameters, sparticle masses and decay widths are given in GeV.

λ 0.2 κ 0.3 Y ν 5× 10−7

v1,2L/
√
2 3× 10−4 v3L/

√
2 5× 10−6 vR/

√
2 1350

tan β 10 Au −3177 Ad,e 1000

Aλ 1000 Aκ −1000 Aν −386
M1 600 M2 900 M3 1600
m2

Q̃L,ũR,d̃R
1.69× 106 m2

ẽR
106 – –

m2
Hd 3.62× 106 m2

Hu −1.09× 105 m2
ν̃R

0.750× 105

m2
L̃eL

0.968× 104 m2
L̃µL

0.968× 104 m2
L̃τL

0.935× 106

mh1(HR
u ) 124.2 mh2(ν̃

R

µL
) 125.4 mh3(ν̃

R

eL
) 125.4

mh4(ν̃
R

R
) 501.2 mh5(ν̃

R

τL
) 972.4 mh6(H

R

d
) 1934.4

– – mA0
2
(ν̃I

µL
) 125.4 mA0

3
(ν̃I

eL
) 125.4

mA0
4
(ν̃I

τL
) 972.4 mA0

5
(ν̃I

R
) 1100 mA0

6
(HI

d
) 1933.9

– – m
H−

2
(µ̃L)

145.4 m
H−

3
(ẽL)

145.4

m
H−

4
(τ̃L)

946.9 m
H−

5
(ẽR)

1000.9 m
H−

6
(µ̃R)

1000.9

m
H

−

7
(τ̃R)

1000.9 m
H

−

8
(H

−

d
)

1936.2 – –

mλ0
4
(H̃0

u/H̃0
d
) 264.8 mλ0

5
(H̃0

u/H̃0
d
) 279.6 mλ0

6
(B̃0) 600.3

mλ0
7
(νR) 809.6 mλ0

8
(W̃0) 919.8 – –

m
λ−

4
(H̃−

d
/(H̃+

u )c)
272.1 m

λ−

5
(W̃−)

920 – –

mũ1(t̃L/t̃R) 1112 mũ2(c̃R) 1340 mũ3(ũR) 1340

mũ4(ũL) 1343 mũ5(c̃L) 1343 mũ6(t̃L/t̃R) 1465

m
d̃1(b̃L)

1310.6 m
d̃2(b̃R)

1338.8 m
d̃3(s̃R)

1338.8

m
d̃4(d̃R)

1338.8 m
d̃5(s̃L)

1344.9 m
d̃6(d̃L)

1344.9

mg̃ 1619.5 – – – –

BR(A0
2 → νν) 0.9744 BR(A0

3 → νν) 0.9908
BR(A0

2 → µ±e∓) 0.0058 BR(A0
2 → µ+µ−) 0.0055

BR(A0
2 → µ±τ∓) 0.0054 BR(A0

2,3 → τ+τ−) 0.0003

BR(A0
2,3 → b̄b) 0.0017 BR(A0

2,3 → c̄c) 0.0007

BR(A0
2,3 → gg) 0.0061 – –

BR(h2,3 → νν) 0.0015 – –
BR(h2 → τ+τ−) 0.0863 BR(h3 → τ+τ−) 0.0828
BR(h2,3 → b̄b) 0.468 BR(h2,3 → c̄c) 0.033
BR(h2,3 → gg) 0.122 BR(h2,3 → γγ) 0.003

BR(h2,3 → W±W∓∗

) 0.256 BR(h2,3 → ZZ∗) 0.028

Γ(h2,3) 6.7× 10−11 Γ(A0
2,3) 1.0× 10−13

the Z. The composition of the latter is dominated by the HI
u (98.9%), with the second most

important composition HI
d (∼ 1%). By convention, the masses are labeled in ascending

order, so that for example mA0
1
< mA0

2
< ...

As evident from Eq. (4.4) (or Eq. (4.6)), because of the small low-energy soft masses
of the first two families of lepton doublets ∼ 100 GeV (since we assume v1L = v2L > v3L),
we are able to get as LSP with a mass of 125.4 GeV a pseudoscalar state dominated by the
muon left sneutrino A0

2(ν̃
I
µL), with co-LSPs essentially degenerate in mass A0

3(ν̃
I
eL) and the

scalar partners h2(ν̃
R
µL), h3(ν̃

R
eL). On the other hand, because of the large soft mass of the

third family of lepton doublets ∼ 1 TeV, we obtain A0
4(ν̃

I
τL) and h5(ν̃

R
τL) with masses of 972.4

GeV. All these states are very pure left sneutrinos (>99.99%), confirming our statement
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above that the left sneutrino submatrix is almost decoupled from the Higgs-right sneutrino
submatrix. Actually, for this BP, because of the not very large value of λ, the Higgses
and right sneutrinos are also almost decoupled. They are quite pure right sneutrino states
(>99.96%) or Higgs states (>98.86%). In particular, we obtain h1(H

R
u ) as the SM-like Higgs

with a mass of 124.2 GeV, and h6(H
R
d ) and A0

6(H
I
d ) as the heavy scalar and pseudoscalar

Higgses with masses of about 1934 GeV (see Eq. (B.4) vs. Eqs. (B.3) and (B.19), where the
factor 1

tanβ vs. tan β is crucial). The second most important composition for these states

is (∼ 1%) HR
d , HR

u and HI
u , respectively. For the right sneutrino states we obtain h4(ν̃

R
R )

and A0
5(ν̃

I
R) with masses of 501.2 GeV and 1100 GeV, respectively. These values can be

reproduced using the following approximate formulas from Eqs. (B.8) and (B.24):

m2
ν̃RR

≈ 2κ2v2R +
1√
2
κAκvR , m2

ν̃IR
≈ − 3√

2
κAκvR . (4.8)

The masses for ‘charged Higgses’ are written in 5th − 7th rows of the third box of
Table 1. Following the notation of Appendix B.1, they are labeled as H−

2,...,8, since we
associate the first state to the Goldstone bosons eaten by the W±. The composition of this
first state is dominated by the H+

u (98.9%), with the second most important composition
H−

d
∗

(∼ 1%). As a consequence of the result in Eq. (4.7), there are two light (one heavy) left
sleptons associated to the light (heavy) left sneutrinos, H−

2 (µ̃L), H
−
3 (ẽL) (H−

4 (τ̃L)), with
masses of 145.4 (946.9) GeV. Thus H−

2 (µ̃L) and H−
3 (ẽL) are the co-NLSPs with masses

almost degenerate. Concerning the right sleptons, they are decoupled from the left ones as
already discussed in Section 3. We can also see in Eq. (B.43) that their masses are basically
determined by the soft masses. As a consequence, they have negligible off-diagonal entries,
and there are three states H−

5 (µ̃R), H
−
6 (ẽR) and H−

7 (τ̃R) with masses of about 1 TeV. Since
the slepton and Higgs submatrices are decoupled, all these states are very pure sleptons
(>99.97%). Finally, there is a charged Higgs (>98.9%), H−

8 (H−
d ), whose second most

important composition is (∼ 1%) H+
u
∗
. As expected, this state is heavy with a mass of

about 1.9 TeV, as those of the heavy neutral scalar h6(H
R
d ) and pseudoscalar A0

6(H
I
d )

(compare Eq. (B.35) with Eqs. (B.3) and (B.19)).
The masses for ‘neutrinos’ are shown in 8th − 9th rows of the third box of Table 1.

The mass eigenstates are denoted as λ0
4,...,8, since we associate the first three states to

the SM left-handed neutrinos. The other five eigenstates arise from the mixing of MSSM-
like neutralinos and the right-handed neutrino. As can be deduced from the matrix in
Eq. (B.65), we obtain almost pure Wino, Bino, Higgsinos and right-handed neutrino states.
The λ0

8(W̃
0) and λ0

6(B̃
0) states with 99.1% and 99.3% of Wino and Bino composition,

respectively, have masses of 919.8 and 600.3 TeV, respectively, and these are determined
approximately by the soft masses M2 and M1:

mW̃ 0 ≈ M2 , mB̃0 ≈ M1 . (4.9)

The Higgsinos have a mixing of order 50%, and the two states, λ0
4(H̃

0
u/H̃

0
d ) and λ0

5(H̃
0
u/H̃

0
d ),

have similar masses of 264.8 and 279.6 GeV, respectively, which are determined approxi-
mately by the effective µ term in Eq. (2.20):

mH̃0
u,d

≈ λ
vR√
2
. (4.10)
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Finally, the λ0
7(νR) state has a 99.8% of right-handed neutrino composition. Its mass is

809.6 GeV and can be approximated by the effective Majorana mass of Eq. (2.21)

mνR ≈ 2κ
vR√
2
. (4.11)

Notice that from Eqs. (4.8) and (4.11) we obtain

m2
ν̃IR

≈ −3

2
AκmνR , (4.12)

and therefore Ak and mνR (i.e. the product κvR) must have opposite signs in order to avoid
tachyonic pseudoscalar right sneutrinos. In particular, in our BP we choose a negative value
for Ak.

The masses for ‘leptons’ are shown in 10th row of the third box. The mass eigenstates
are denoted as λ±

4,5, since we associate the first three states to the SM leptons. As discussed
in Section 3, the 2× 2 MSSM-like chargino submatrix is basically decoupled from the 3× 3
lepton submatrix. Thus we obtain almost pure charged Wino, Higgsino. The λ−

5 (W̃
−) mass

of 920 GeV can be approximated by the soft mass M2:

mW̃± ≈ M2 . (4.13)

The charged Higgsinos have a mixing of order 50%, and the state λ−
4 (H̃

−
d /(H̃+

u )c) have a
mass of 272.1 GeV, which can be approximated by the value of the effective µ term, as for
the neutral Higgsinos in Eq. (4.10):

mH̃± ≈ λ
vR√
2
. (4.14)

The squarks masses are shown in 11th−14th rows of the same box. They were discussed
in Section 3. As a consequence of their structure, all squark masses are of the order of
the corresponding soft masses ∼ 1.3 TeV, except the lightest and the heaviest ones which
because of the large top Yukawa coupling driven mixing between the left and right stops,
obtain masses of the order of 1.1 and 1.4 TeV, respectively.

The gluinos masses are shown in 15th row. They are of the order of 1.6 TeV, determined
by the value of M3:

mg̃ ≈ M3 . (4.15)

Let us finally remark that it is easy to obtain other masses for the electron and muon
sneutrinos co-LSPs, as can be deduced from the discussion below Eq. (4.6). A simple way
to decrease (increase) the mass of the LSP is to increase (decrease) the left sneutrino VEVs.
However, as we will discuss in Section 6, only the narrow range of masses 118 − 132 GeV
is relevant for the present work where we focus on prompt decays, since only for that mass
range the LSP can be treated as a promptly decaying particle. On the other hand, for a tau
sneutrino LSP the range is broader and a richer collider phenomenology could be obtained.

Tau sneutrino LSP
In Table 2, we have adopted the strategy discussed below Eq. (4.6) in order to produce a
tau left sneutrino LSP, ν̃IτL, namely to use similar input parameters as in Table 1 but with
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Table 2. Benchmark point producing ν̃IτL and ν̃RτL co-LSPs, with masses of 126.4 GeV. Input
parameters, and soft masses obtained from the minimization conditions, are given in the first and
second boxes at the low scale MEWSB. Sparticle masses are shown in the third box (with their
dominant compositions written in brackets). Squark and gluino masses are the same as in Table 1
and not shown. Sneutrino branching ratios (larger than 10−4) and decay widths are shown in the
fourth and fifth boxes, respectively. VEVs, soft parameters, sparticle masses and decay widths are
given in GeV.

λ 0.2 κ 0.3 Y ν 5× 10−7

v1,2L/
√
2 1× 10−5 v3L/

√
2 4× 10−4 vR/

√
2 1350

tan β 10 Au −3177 Ad,e 1000

Aλ 1000 Aκ −1000 Aν −400
M1 300 M2 500 M3 1600
m2

Q̃L,ũR,d̃R
1.69× 106 m2

ẽR
106 – –

m2
Hd 3.62× 106 m2

Hu −1.06× 105 m2
ν̃R

0.750× 105

m2
L̃eL

0.598× 106 m2
L̃µL

0.598× 106 m2
L̃τL

1.35× 104

mh1(HR
u ) 124.2 mh2(ν̃

R

τL
) 126.4 mh3(ν̃

R

R
) 501.2

mh4(ν̃
R

eL
) 776.4 mh5(ν̃

R

µL
) 776.4 mh6(H

R

d
) 1934.4

– – mA0
2
(ν̃I

τL
) 126.4 mA0

3
(ν̃I

eL
) 776.4

mA0
4
(ν̃I

µL
) 776.4 mA0

5
(ν̃I

R
) 1099.9 mA0

6
(HI

d
) 1933.9

– – m
H−

2
(τ̃L)

146.9 m
H−

3
(µ̃L)

786.8

m
H

−

4
(ẽL)

786.8 m
H

−

5
(ẽR)

1000.4 m
H

−

6
(µ̃R)

1000.5

m
H−

7
(τ̃R)

1000.5 m
H−

8
(H−

d
)

1936.2 – –

mλ0
4
(H̃0

u/H̃0
d
) 241.2 mλ0

5
(H̃0

u/H̃0
d
) 280.8 mλ0

6
(B̃0) 317.2

mλ0
7
(W̃0) 531.4 mλ0

8
(νR) 809.6 – –

m
λ−

4
(H̃−

d
/(H̃+

u )c)
264 m

λ−

5
(W̃−)

531.5 – –

BR(A0
2 → νν) 0.4430

∑
l=e,µ,τ

BR(A0
2 → τ±l∓) 0.5548

BR(A0
2 → b̄b) 0.0008 BR(A0

2 → gg) 0.0015
BR(h2 → νν) 0.0059

∑
l′=e,µ

BR(h2 → τ±l′∓) 0.0048

BR(h2 → τ+τ−) 0.1168 BR(h2 → µ+µ−) 0.0003
BR(h2 → b̄b) 0.4315 BR(h2 → c̄c) 0.0306
BR(h2 → gg) 0.1143 BR(h2 → γγ) 0.003

BR(h2 → W±W∓∗

) 0.2624 BR(h2 → ZZ∗) 0.0301

Γ(h2) 6.75× 10−11 Γ(A0
2) 9.14× 10−13

v1L = v2L < v3L. In this case, the masses obtained from Eq. (4.6) are different from the
ones in Table 1, with the mass of the pseudoscalar state essentially degenerate with the
mass of its scalar partner ν̃RτL, but not with the other families of sneutrinos. In the third
box of Table 2, we see that the A0

2(ν̃
I
τL) is the LSP with a mass of 126.4 GeV basically

degenerate with the one of the state h2(ν̃
R
τL), which is the co-LSP. The next heavier state

is now the h3(ν̃
R
R ) with a mass of 501.2 GeV, since the other two families of left sneutrinos

have masses of 776.4 GeV. The spectrum for the charged scalars is modified accordingly
with respect to Table 1, e.g. H−

2 (τ̃L) is the NLSP with a mass of 146.9 GeV, and no other
state has mass degeneracy with this one.

Notice that we have modified in this table the values of the soft masses M1 and M2,
with respect to Table 1, lowering them to 300 and 500 GeV, respectively. This is because
the gaugino masses affect the seesaw mechanism generating neutrinos masses, as discussed
in Section 3. Therefore, we have to choose the values of M1 and M2 in such a way that
the mass of the heavier neutrino is maintained below the upper bound on the sum of
neutrino masses ∼ 0.23 eV [54], and above the square root of the mass-squared difference
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Table 3. The same as in Table 2 but for ν̃IτL and ν̃RτL co-LSPs with masses of 97.8 GeV considering
v3L/

√
2 = 5 × 10−4 GeV and Aν = −385 GeV. In the first and second boxes we show only the

parameters whose values have changed.
m2

L̃eL

0.454× 106 m2
L̃µL

0.454× 106 m2
L̃τL

0.692× 104

mh1(ν̃
R

τL
) 97.8 mh2(HR

u ) 124.7 mh3(ν̃
R

R
) 501.2

mh4(ν̃
R

µL
) 676.8 mh5(ν̃

R

eL
) 676.8 – –

– – mA0
2
(ν̃I

τL
) 97.8 mA0

3
(ν̃I

µL
) 676.8

mA0
4
(ν̃I

eL
) 676.8 mA0

5
(ν̃I

R
) 1099.9 – –

– – m
H−

2
(τ̃L)

122 m
H−

3
(µ̃L)

666.8

m
H−

4
(ẽL)

666.8 m
H−

5
(ẽR)

1000.2 m
H−

6
(µ̃R)

1000.2

m
H−

7
(τ̃R)

1000.2 – – – –

BR(A0
2 → νν) 0.5515

∑
l=e,µ,τ

BR(A0
2 → τ±l∓) 0.4483

BR(h1 → νν) 0.507
∑

l=e,µ,τ
BR(h1 → τ±l∓) 0.3889

BR(h1 → b̄b) 0.0854 BR(h1 → c̄c) 0.0053
BR(h1 → gg) 0.00112 BR(h1 → γγ) 0.0005

BR(h1 → W±W±∗

) 0.0013 – –
Γ(h1) 9.3× 10−13 Γ(A0

2) 8.5× 10−13

∆m2
atm ∼ 2.42 × 10−3eV2 [55].
From the discussion below Eq. (4.6), one deduces that a simple way to decrease the

mass of the LSP is to increase the left sneutrino VEVs. In particular, we show in Table 3
a point similar to the one of Table 2 but with v3L/

√
2 = 5 × 10−4 GeV. In this way, we

obtain ν̃IτL and ν̃RτL co-LSPs with masses of about 97.8 GeV. The mass of the τ̃L NLSP also
decreases and becomes 122 GeV. For this point, the SM-like Higgs is heavier than the LSP
and therefore, following our convention, is labeled as h2(H

R
u ) in the table.

Following the same strategy, in order to increase the mass of the LSP we can simply
decrease the value of the concerned VEV. We show in Table 4 the case with v3L/

√
2 =

3× 10−4 GeV giving rise to ν̃IτL and ν̃RτL co-LSPs with masses of about 146 GeV, and a τ̃L
NLSP with a mass of 163.6 GeV. In Table 5 we show another case with a larger sneutrino
mass. For that we take v3L/

√
2 = 9.48 × 10−5 GeV obtaining now a ν̃IτL and ν̃RτL co-LSPs

with masses of about 311 GeV. We have also changed the value of M1 and λ to keep the
Bino more massive than the LSP and to avoid too light mass scale for neutrinos, while
having enough multileptonic decays. The value of Aλ is chosen in order to minimize the
singlet composition of h1 avoiding a decrease in its mass. As we will discuss in Section 6,
this range of sneutrino masses of about 95–310 GeV is the appropriate one for our analysis
of signal detection.

Similarly, we could have worked with a fix value for v3L but varying the value of Aν .
For example, for v3L/

√
2 = 5×10−4 GeV as in Table 3, with Aν in the range between −385

and −435 GeV one can obtain the ν̃IτL LSP with a mass in the range of about 95 and 145
GeV. Needless to say, we could also play around with the other relevant input parameters
for our computation, i.e. λ, κ, Y ν , tan β, vR, still obtaining this range of masses for the
LSP.

5 Decay modes

The interactions relevant for our analysis of the detectable decay of a left sneutrino LSP
into SM particles, are given in Appendix C. Since scalar and pseudoscalar states have
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Table 4. The same as in Table 2 but for ν̃IτL and ν̃RτL co-LSPs with masses of 146 GeV, choosing
v3L/

√
2 = 3× 10−4 GeV. In the first and second boxes we show only the parameters whose values

have been changed.
m2

L̃eL

0.590× 106 m2
L̃µL

0.590× 106 m2
L̃τL

1.87× 104

mh1(HR
u ) 124.8 mh2(ν̃

R

τL
) 146 mh3(ν̃

R

R
) 501.2

mh4(ν̃
R

eL
) 771.3 mh5(ν̃

R

µL
) 771.13 – –

mA0
2
(ν̃I

τL
) 146 mA0

3
(ν̃I

eL
) 771.3 mA0

4
(ν̃I

µL
) 771.3

mA0
5
(ν̃I

R
) 1100 – – – –

m
H−

2
(τ̃L)

163.6 m
H−

3
(µ̃L)

786.8 m
H−

4
(ẽL)

786.8

m
H−

5
(ẽR)

1000.5 m
H−

6
(µ̃R)

1000.5 m
H−

7
(τ̃R)

1000.5

BR(A0
2 → νν) 0.3250

∑
l=e,µ,τ

BR(A0
2 → τ±l∓) 0.6719

BR(A0
2 → b̄b) 0.0007 BR(A0

2 → gg) 0.0021
BR(h2 → νν) 0.1668 – –
BR(h2 → τ+τ−) 0.2492

∑
l′=e,µ

BR(h2 → τ±l′∓) 0.2284

BR(h2 → b̄b) 0.0716 BR(h2 → c̄c) 0.0056
BR(h2 → gg) 0.0293 BR(h2 → γγ) 0.0007

BR(h2 → W±W∓∗

) 0.2198 BR(h2 → ZZ∗) 0.028
Γ(h2) 1.69× 10−12 Γ(A0

2) 8.7× 10−13

Table 5. The same as in Table 2 but for ν̃IτL and ν̃RτL co-LSPs with masses of 310.9 GeV. In the
first, second and third boxes we show only the parameters whose values have been changed.

λ 0.35 Aλ 3714 v3L/
√
2 9.48× 10−5

M1 500 – – – –

m2
Hd 1.90× 107 m2

Hu −1.42× 105 m2
ν̃R

−4.345× 104

m2
L̃eL

0.590× 106 m2
L̃µL

0.590× 106 m2
L̃τL

7.55× 104

mh1(HR
u ) 125.3 mh2(ν̃

R

τL
) 310.9 mh3(ν̃

R

R
) 523.3

mh4(ν̃
R

eL
) 778.1 mh5(ν̃

R

µL
) 778.1 mh6(H

R

d
) 4423

mA0
2
(ν̃I

τL
) 310.9 mA0

3
(ν̃I

eL
) 778.1 mA0

4
(ν̃I

µL
) 778.1

mA0
5
(ν̃I

R
) 1079.4 mA0

6
(HI

d
) 4420.7 – –

m
H−

2
(τ̃L)

311 m
H−

3
(µ̃L)

780.4 m
H−

4
(ẽL)

780.4

m
H−

5
(ẽR)

985.2 m
H−

6
(µ̃R)

985.2 m
H−

7
(τ̃R)

988.3

m
H−

8
(H−

d
)

4421.4 – – – –

mλ0
4
(H̃0

u/H̃0
d
) 421.6 mλ0

5
(H̃0

u/H̃0
d
) 484.8 mλ0

6
(B̃0) 501.4

mλ0
7
(W̃0) 567.1 mλ0

8
(νR) 814.5 – –

m
λ−

4
(H̃−

d
/(H̃+

u )c)
436.7 m

λ−

5
(W̃−)

563.4 – –

BR(A0
2 → νν) 0.0569

∑
l=e,µ,τ BR(A0

2 → τ±l∓) 0.7565

BR(A0
2 → b̄b) 0.0002 BR(A0

2 → gg) 0.0070
BR(h2 → νν) 0.0374 BR(h2 → h1h1) 0.2877
BR(h2 → τ+τ−) 0.1846

∑
l′=e,µ BR(h2 → τ±l′∓) 0.3308

BR(h2 → b̄b) 0.0005 BR(h2 → gg) 0.005

BR(h2 → W±W∓∗

) 0.1017 BR(h2 → ZZ∗) 0.0475

Γ(h2) 8.13× 10−13 Γ(A0
2) 5.3× 10−13

essentially degenerate masses and therefore are co-LSPs, both are studied in the Apppendix.
Although the expressions are quite involved, specially for the vertices with charged fermions
(‘leptons’) and neutral fermions (‘neutrinos’), one can straightforwardly identify the most
important contributions for the decays as we will discuss below. These are schematically
shown in Figs. 1–5 using the gauge basis (signs are neglected in the couplings since they
are not relevant for the discussion). As explained in Section 3, the mixing between left
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ν̃RiL (ν̃
I
iL
) HR

u (H
I
u )

ujL, u
c
jR

uckL, ukR

1√
2
Y u
jk

Figure 1. Feynman diagram contributing to the decay of the scalar (pseudoscalar) left sneutrino into
up-type quarks, through its mixing with HR

u (HI
u ).

sneutrinos and Higgses/right sneutrinos is small, implying that the left sneutrino dominates
the LSP composition. Nevertheless, although small, this mixing could still be sufficient as
to produce a detectable decay into quarks and leptons, as shown in Figs. 1–2 and Fig. 3,
respectively. Similarly, the mixing between leptons and charginos (and between neutrinos
and neutralinos) is also small, but could still be sufficient as to produce a detectable decay
of the left sneutrino into leptons (and neutrinos), as shown in Fig. 4 (and Fig. 5).

For a qualitative discussion of the left sneutrino decay in the µνSSM, we will use
wherever is possible the mass insertion approximation. Note in this respect that only for
Figs. 4 and 5, the leading couplings in this approximation (≡ x) are written explicitly. The
reason being that the analysis of Figs. 1–3 is more subtle because scalar and pseudoscalar
states behave in a different way, and the mass insertion technique cannot always be used.
Actually, this fact is directly related to the critical issue we face in this discussion: although
both states are basically degenerate in mass, relevant decay modes (specially into quarks)
are different depending on the state analyzed. This can have important implications for
the detection of the sneutrino LSP at the LHC, as we discuss below.

Decays into quarks
The expressions for the interactions given in Appendix C seem to be similar for both scalar
and pseudoscalar states, however there is a crucial difference arising from the rotations
which switch the flavor basis to the mass basis. This is due to the presence of the would
be Goldstone boson in the pseudoscalar state, which is dominated by the composition of
the pseudoscalar HI

u . This fact gives rise to a suppression of the couplings of pseudoscalar
sneutrinos of the three families ν̃IiL to quarks. Although an estimation of the interaction in
Fig. 1 for the pseudoscalar sneutrino ν̃IiL decay into up-type quarks, using the mass insertion
approximation, is not possible because of its mixing with HI

u , in a crude approximation
one would say that ν̃IiL cannot decay. In practice, the Goldstone boson is not a pure
HI

u , and therefore, although very small, a mixing with the sneutrino is present. Thus the
pseudoscalar sneutrino is able to decay into up-type quarks, but with a very small branching
ratio (BR). We can see for example in (the fourth box of) Table 1 that, for the BP analyzed
there, the result of the numerical computation for the decays of the light left sneutrinos into
charm quarks, using the interaction in Eq. (C.2), is BR(A0

2,3 → c̄c) = 0.0007. Of course,
decays into top quarks are kinematically forbidden, given the sneutrino mass considered
there of 125.4 GeV.

The scalar sneutrino ν̃RiL can have nevertheless a sizable mixing with HR
u . Although

the mixing of the latter with HR
d makes also the mass insertion approximation unreliable
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ν̃RiL (ν̃
I
iL
) HR

d (H
I
d )

djL, d
c
jR

dckL, dkR

1√
2
Y d
jk

Figure 2. Feynman diagram contributing to the decay of the scalar (pseudoscalar) left sneutrino into
down-type quarks, through its mixing with HR

d (HI

d ).

for this case shown in Fig. 1, the numerical computation using the interaction in Eq. (C.1)
gives BR(h2,3 → c̄c) = 0.033 for the BP of Table 1. This can be compared with the much
smaller result above of the pseudoscalar sneutrino. Because of the same reason as before,
the mass insertion approximation cannot be used to estimate the interaction in Fig. 2 for
the decay of the ν̃RiL into down-type quarks, through its mixing with HR

d . The numerical
result of Table 1 using the interaction in Eq. (C.3), shows that the BR into bottom quarks
is the largest one with a value BR(h2,3 → b̄b) = 0.468.

The mass insertion approximation can be used nevertheless for the ν̃IiL decay into down-
type quarks shown in Fig. 2, because, in a crude approximation, one could say that HI

d

cannot mix with HI
u . Then, from Eq. (B.25) one can deduce that the dominant value

of the coupling for the mixing between the sneutrino ν̃Ii and the Higgs HI
d is given by

1
2Y

ν
il λmvlRvmR. This is suppressed by the neutrino Yukawa coupling with respect to the

squared mass of Eq. (B.19), thus, we can take advantage of the mass insertion technique
and, their ratio determines the value of the sneutrino propagator. Armed with that, one
can straightforwardly obtain the following expression for the largest effective interaction of
the pseudoscalar sneutrino decay into down-type quarks:

Y b Y ν

λ

λvR

(2Aλ +
√
2κvR) tan β

. (5.1)

The complete interaction that we use for the numerical computation can be found in
Eq. (C.4). For the BP of Table 1, we obtain BR(A0

2,3 → b̄b) = 0.0017.
Let us finally remark that for a tau sneutrino LSP of a similar mass of about 126 GeV

as the electron and muon sneutrinos in Table 1, we can see in Table 2 that the results for
these BRs are very similar.

Decay into photons
As a consequence of the mixing of the scalar sneutrino with HR

u,d discussed above, a sizeable
decay channel into photons is generated

ν̃RiL → γγ , (5.2)

mainly through W± and top-quark loops, with BR(h2,3 → γγ) = 0.003 as shown in Tables 1
and 2. For an early work analyzing ν̃L → γγ in the context of trilinear Rp/ , see Ref. [56],
where a negligible BR∼ 10−6 was obtained. This decay of the scalar sneutrino into two
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ν̃RiL (ν̃
I
iL
) HR

d (H
I
d )

e−jL, e
+
jR

e+kL, e
−
kR

1√
2
Y e
jk

Figure 3. Feynman diagram contributing to the decay of the scalar (pseudoscalar) left sneutrino into
leptons, through its mixing with HR

d (HI

d ).

photons in a way not very different from the Higgs, can be very interesting for our purposes.
Let us recall in this sense that the Higgs was discovered thanks to this kind of decay.
Although the associated BR is far from being the dominant one, the diphoton signal is very
clear and easy to disentangle from the SM backgrounds.

Notice however, that for other masses of the sneutrino as in Tables 3–5, the BR to
photons is decreased. For example, in Table 3 one obtains BR(h2,3 → γγ) = 0.0005. This
is because the mixing of the scalar left sneutrino with the SM Higgs is reduced when the
separation between their masses is increased. In addition, the BR of the HR

u to diphoton
is maximal in the vicinity of the mass of the SM Higgs.

Decays into leptons
The mass insertion approximation can be used as before for the ν̃IiL decay into down-type
quarks, but now for its decay into leptons shown in Fig. 3. Therefore, the largest effective
interaction is given by Eq. (5.1) exchanging the bottom Yukawa coupling Y b by the tau
Yukawa coupling Y τ :

Y τ Y ν

λ

λvR

(2Aλ +
√
2κvR) tan β

. (5.3)

For the interaction shown in Fig. 4, which also contributes to the decay of the left sneu-
trino into leptons, the discussion is more subtle. First of all, it is necessary to proceed
through a double mass insertion in the fermion propagator. Second, the Yukawa coupling
in the vertex is directly related to the family of the LSP, thus for an electron or muon
sneutrino, the effective interaction for the pseudoscalar (and the scalar) sneutrino decay is
given respectively by

Y e,µ Y ν

√
2λ

, (5.4)

whereas for a pseudoscalar (and scalar) sneutrino of the third family one obtains

Y τ Y ν

√
2λ

. (5.5)

The complete interactions for the decays can be found in Appendix C. In particular, the
relevant diagrams shown in Figs. 4 and 3 correspond to the first and third term, respectively,
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ν̃RiL (ν̃
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e−jL, e
+
jR

e+kL, e
−
kR

H̃−
d , (H̃

−
d )

c

1√
2
Y e
ik

Y ν
jl

vlR√
2

(H̃+
u )

c, H̃+
u

λl
vlR√
2

Figure 4. Feynman diagram contributing to the decay of the scalar and pseudoscalar left sneutrino into
leptons, through the mixing between charged Higgsinos and leptons.

multiplying the projectors PL,R in Eqs. (C.5) and (C.6).
For an electron sneutrino LSP the contribution in Eq. (5.4) is proportional to Y e, and

therefore suppressed with respect to the one in Eq. (5.3), where typically λvR
(2Aλ+

√
2κvR) tanβ

≈
10−2. For a muon sneutrino LSP, however, Y µ is larger than Y e and we obtain for the BP in
Table 1 that the contribution in Eq. (5.4) is a factor of order 3 larger than that of Eq. (5.3).
See e.g. in Table 1 that BR(A0

2 → µ±µ∓) = 0.0055 whereas BR(A0
2 → τ±τ∓) = 0.0003.

Notice also that BR(A0
2 → b̄b) = 0.0017 is larger than the later mainly because of the factor

3 of color that has to be included in the computation.
On the other hand, for a tau sneutrino LSP, the contribution in Eq. (5.5) is larger than

those in Eqs. (5.1) and (5.3). As a consequence, in this case one dominant decay channel
for the pseudoscalar (and scalar) left sneutrino is the one shown in Fig. 4 into leptons

ν̃I,RτL → τ+L l−L , τ−R l+R , (5.6)

where l = e, µ, τ . In Table 2, we see for example that
∑

l=e,µ,τ BR(A0
2 → τ±l∓) = 0.55.

Similar results, 0.44, 0.67, and 0.75, are obtained in Tables 3–5, respectively, where other
tau sneutrino masses are analyzed.

Decays into neutrinos
The Feynman diagrams shown in Fig. 5 describe the decay of the scalar and pseudoscalar
left sneutrino into neutrinos. The approximate expressions for the effective couplings can
easily be deduced, as:

g′2
vL
4M1

, g2
vL
4M2

. (5.7)

The complete interactions are given in Appendix C. The above values are a rough ap-
proximation of the first and second terms, respectively, multiplying the projectors PL,R in
Eqs. (C.7) and (C.8).

For an electron or muon pseudoscalar sneutrino LSP, the contributions in Eq. (5.7) are
of the order of 10 larger than the largest one in Eq. (5.4) which is proportional to Y µ. This
is the reason why in Table 1 we obtain BR(A0

2 → νν) = 0.97 and BR(A0
3 → νν) = 0.99. As

a consequence, the dominant decay channel is the one shown in Fig. 5 into neutrinos

ν̃IiL → νiLνjL , νciRν
c
jR . (5.8)
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Figure 5. Feynman diagrams contributing to the decay of the scalar (pseudoscalar) left sneutrino into
neutrinos, through the mixing between (a) B̃ and neutrinos, (b) W̃ 0 and neutrinos.

For a tau sneutrino LSP, the contributions in Eq. (5.7) are of the same order as that in
Eq. (5.5), and therefore there are two dominant decay channels, those in Eqs. (5.8) and (5.6).
The relative size between them depends on the values of the gaugino masses M1 and M2

necessary to reproduce the correct neutrino physics as discussed in Section 4, and the left
sneutrino VEVs viL. In Table 2, we see for example that

∑
l=e,µ,τ BR(A0

2 → τ±l∓) = 0.55

vs. BR(A0
2 → νν) = 0.44.

As we will discuss in detail in the next section, scalar and pseudoscalar sneutrinos can
be produced in pairs at the LHC, and as a consequence, some of the above decay modes
can give rise to detectable signals. In particular, this is the case of diphoton plus missing
transverse energy (MET) from sneutrinos of any family combining the channel in Eq. (5.2)
with that of Eq. (5.8), and diphoton plus leptons from tau sneutrinos combining the channels
in Eqs. (5.2) and (5.6). An interesting multilepton signal can also be produced combining
the decay channels for scalar and pseudoscalar tau sneutrinos in Eq. (5.6). Although a signal
with leptons plus MET is in principle possible, it suffers from a significant background and
is unlikely to be observed. To have signals of diphoton plus jets or multijets is also possible,
but disfavored with respect to the signals discussed here.

6 Detection at the LHC

The dominant pair production channels of sleptons at large hadron colliders were studied
in Refs. [57–62]. In Figs. 6–8, we show the detectable signals discussed above from a pair
production at the LHC of sneutrinos LSP. The sparticles are denoted in the figures by their
dominant composition.

Concerning the sneutrino production, the direct one of e.g. Fig. 6a occurs via a Z
channel giving rise to a pair of scalar and pseudoscalar left sneutrinos. As discussed in
Section 4, these states have essentially degenerate masses and therefore are co-LSPs. On
the other hand, since the left slepton in the same SU(2) doublet as the left sneutrino,
it becomes the NLSP, and its direct production and decay is another important source
of the sneutrino LSP. In particular, pair production can be obtained through a γ or a Z
decaying into ẽ+iLẽ

−
iL (Fig. 6b), with the sleptons dominantly decaying into a (scalar or

pseudoscalar) sneutrino plus an off-shell W± producing a soft meson or a pair of a lepton
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Figure 6. Dominant decay channels into diphoton plus neutrinos from a pair production at the
LHC of scalar and pseudoscalar sneutrinos LSP of any of the three families, ν̃IiL, with i = e, µ, τ .
Filled circles indicate effective interactions.

and a neutrino (ẽ±iL → e±j νk ν̃R,I
lL ), which are usually undetectable. Besides, sneutrinos

can be pair produced through a W± decaying into ẽ±iLν̃jL (Figs. 6c-d), with the slepton
decaying as before.

Concerning the signals, we will study first diphoton plus MET arising from the pro-
duction and decay of a pair of sneutrinos ν̃IiL ν̃RiL of any family, i = e, µ, τ , as shown in
Fig. 6. Second, we will focus on other channels that can be produced via the ν̃τL LSP, given
the large value of the tau Yukawa coupling. This is the case of diphoton plus leptons, and
multileptons, as shown in Figs. 7 and 8, respectively.

These signatures for a sneutrino LSP are similar to the final states presented in several
analysis of ATLAS and CMS. In particular, those including photons plus MET/leptons
(see for example Refs. [63–68]). However, these searches are designed typically towards
the production of colored sparticles in the context of Rp conservation. Therefore, the
analysis normally requires a large amount of MET, several energetic jets or a large effective
mass. Thus, these searches are inefficient looking for events of direct pair production of the
sneutrino in our scenario.

We have also confronted all our BPs with LHC searches [64, 68–78] using CheckMATE 2
[79–84], and LEP searches using HiggsBounds-4.3.1 [85–89]. In the case of the multilepton
signal, there exist generic searches for production of three or more leptons, which include
also signal regions with a low missing transverse momentum and total transverse energy
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Figure 7. Dominant decay channels into diphoton plus leptons (l = e, µ, τ) from a pair production
at the LHC of scalar and pseudoscalar sneutrinos LSP of the third family ν̃τL. Filled circles indicate
effective interactions.

Table 6. Madgraph cuts. PT is given in GeV.
PT for jets |η| for jets PT for e, µ |η| for e, µ PT for γ |η| for γ
> 20 < 5 > 10 < 2.5 > 10 < 2.5

(see Refs. [90, 91]). In these works, by lepton is meant e, µ or hadronically decaying τ
(τh) candidate. These searches are close to be sensitive to our signal, and an updated
analysis with current data could put constraints on the sneutrino LSP scenario. Let us
finally remark that past collider searches in the context of trilinear Rp/ couplings [92–104]
are ineffectual for our scenario.

The strategy that we will follow for the analyses of the sneutrino signals in the µνSSM is
the following. Ten thousand events are generated for each case with MadGraph5_aMC@NLO [43]
at leading order (LO) of perturbative QCD simulating the production of the described pro-
cess. We include the next-to-leading order (NLO) [61] and next-to-leading logarithmic
accuracy (NLL) [105] results using a K-factor of about 1.2. The hard process simulation
is then passed for decay and hadronization to PYTHIA [44]. The output is passed through a
naive and fast detector simulation (PGS) [106]. The standard card for MadGraph5_aMC@NLO

is used, which includes the cuts presented in Table 6. PYTHIA is executed with initial state
radiation (ISR), final state radiation (FSR) and multiple interactions switched on. Besides,
PYTHIA will consider the τ lepton as stable to make it decay with the TAUOLA [107, 108]
routine within PGS. The package PGS is finally executed using a card designed for ATLAS,
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Figure 8. Decay channels into multileptons (l = e, µ, τ) from a pair production at the LHC of
scalar and pseudoscalar sneutrinos LSP of the third family ν̃τL. Filled circles indicate effective
interactions.

Table 7. PGS configuration. ECAL and HCAL stand for Electromagnetic Calorimeter and Hadronic
Calorimeter, respectively.

η cells in calorimeter 81 φ cells in calorimeter 63
η width of calorimeter cells 0.1 φ width of calorimeter cells 0.09973

ECAL resolution 0.01 ECAL resolution ×
√
E (GeV1/2) 0.1

HCAL resolution ×
√
E (GeV1/2) 0.8 MET resolution 0.2

Calorimeter cell edge crack fraction 0.00 Jet finding algorithm anti-kt [83]
Calorimeter trigger cluster 3.0 Calorimeter trigger cluster 0.5
finding seed threshold finding shoulder threshold
Calorimeter kt cluster finder 0.7 Outer radius of tracker (m) 1.0
one size (∆R)
Magnetic field (T) 2.0 Sagitta resolution (m) 5× 10−6

Track finding efficiency 0.98 Minimum track PT (GeV/c) 0.30
Tracking η coverage 2.5 e/gamma η coverage 3.0
Muon η coverage 2.4 Tau η coverage 2.0

as shown in Table 7. The output of PGS is passed through some selection criteria to avoid
overlapping and to discard the events outside the detector coverage according to Ref. [109].
That is, first candidate events should pass the requirements of Table 8. After the previ-
ous process, overlapping objects are removed applying the following requirements in this
precise order: First, if two electrons as candidates are identified within ∆R = 0.05 of each
other, the one with lower transverse momentum (PT ) is discarded. Here ∆R is defined
as
√

(∆Φ)2 + (∆η)2, where ∆Φ is the difference in involved azimuthal angles while ∆η is
the difference of concerned pseudo-rapidities. Then if an electron and a jet candidates are
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Table 8. Event filtering. PT is given in GeV.
PT |η| PT |η| PT |η| PT |η| PT |η|

for jets for jets for e for e for µ for µ for τh for τh for γ for γ
> 30 < 4.5 > 15 < 2.47 > 10 < 2.5 > 10 < 2.5 > 25 2.37

& outside & outside
1.37− 1.52 1.37− 1.52

Table 9. Analysis of the signal with diphoton plus MET from production and decay of a pair of
sneutrino co-LSPs of the type ν̃eL or ν̃µL, corresponding to the BP in Table 1. Production cross
sections are shown in fb in the first box for a ν̃eL/ν̃µL mass of 125.4 GeV. The number of events
of the signal and background is shown in the second box, together with the effect of a set of cuts,
assuming 13 TeV center-of-mass energy with L = 300 fb−1. Energies, momenta and invariant mass
are given in GeV.

σ(pp → Z∗ → h2A0
2) 107.08

σ(pp → γ∗, Z∗ → H+
2 H−

2 → h2A0
2 +W+

soft
W−

soft
) 21.89

σ(pp → W±∗ → H±
2 h2/A0

2 → h2A0
2 +W±

soft
) 142.8

σ(pp → Z∗ → h3A0
3) 106.536

σ(pp → γ∗, Z∗ → H+
3 H−

3 → h3A0
3 +W+

soft
W−

soft
) 20.12

σ(pp → W±∗ → H±
3 h3/A0

3 → h3A0
3 +W±

soft
) 142.4

Dataset Nev Emiss
T P γ1

T1 P γ2
T2 Nγ=2 Nl = 0 ∆R Mγγ ∈

> 200 > 100 > 50 < 1.5 [115, 135]
Signal 449.45±0.02 103.6±0.8 80.3±0.7 41.0±0.5 41.0±0.5 36.4±0.5 35.9±0.5 34.1±0.5
2jets 107 0 0 0 0 0 0 0

+I/FSR
jet 107 0 0 0 0 0 0 0

+I/FSR
H (ggF) 5424 0 0 0 0 0 0 0
Z+H 120.8±0.4 6.9±0.3 5.9±0.3 3.3±0.2 3.3±0.2 3.2±0.2 3.1±0.2 2.9±0.2
Z+ISR 11310±40 104±11 97±10 33±6 33±6 33±6 8±3 1±1
W+FSR 2.14× 105 60±9 57±9 13±4 13±4 6±3 1.4±1.4 0

±76
S√
B

— 7.9±0.5 6.3±0.4 5.9±0.7 5.9±0.7 5.6±0.7 10±2 17±3

within ∆R = 0.2 of each other, the jet is discarded. All remaining leptons are required to
be separated by more than ∆R = 0.4 from the closest remaining jet. Whenever an electron
and a muon candidates overlap within ∆R = 0.01, both are discarded. Also, if two muons
are separated by less than ∆R = 0.05, both are removed. τ ’s as candidates are required to
be separated by more than ∆R = 0.2 from the closest e or µ; otherwise they are discarded.
Finally, photons are required to be separated by ∆R = 0.4 from any reconstructed jet and
∆R = 0.01 from any e [110]. A similar process, with a higher number of events when
required by precision, is implemented to generate background samples at NLO.

Diphoton plus MET
The pair production of left sneutrinos can generate one scalar and one pseudoscalar, as
shown in Fig. 6. This opens the possibility of the pseudoscalar sneutrino decaying into
neutrinos, i.e., producing MET, and the scalar sneutrino decaying into two photons in a
way not very different from the Higgs.

In what follows, we will discuss first the case of sneutrinos co-LSPs of the first two
families (ν̃eL, ν̃µL) with masses of about 125 GeV as representative in order to search for a
signal. This is because the sensible range of masses turns out to be

118 . mν̃iL . 132 GeV , (6.1)
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Table 10. The same as in Table 9 but showing the production cross sections and the event sample
generated with 14 TeV center-of-mass energy.

σ(pp → Z∗ → h2A0
2) 119.95

σ(pp → γ∗, Z∗ → H+
2 H−

2 → h2A0
2 +W+

soft
W−

soft
) 25.43

σ(pp → W±∗ → H±
2 h2/A0

2 → h2A0
2 +W±

soft
) 160.7

σ(pp → Z∗ → h3A0
3) 119.83

σ(pp → γ∗, Z∗ → H+
3 H−

3 → h3A0
3 +W+

soft
W−

soft
) 23.35

σ(pp → W±∗ → H±
3 h3/A0

3 → h3A0
3 +W±

soft
) 158.9

Dataset Nev Emiss
T P γ1

T1 P γ2
T2 Nγ=2 Nl = 0 ∆R Mγγ ∈

> 200 > 100 > 50 < 1.5 [115, 135]
Signal 503.40±0.02 116.3±0.9 95.0±0.8 50.8±0.6 50.5±0.6 43.8±0.6 43.3±0.6 38.8±0.6
2jets 107 0 0 0 0 0 0 0

+I/FSR
jet 107 0 0 0 0 0 0 0

+I/FSR
H (ggF) 6104 0 0 0 0 0 0 0
Z+H 133.76 7.9±0.3 6.7±0.3 3.5±0.2 3.5±0.2 3.4±0.2 3.3±0.2 3.0±0.2

±0.01
Z+ISR 9284.91 90±3 82±3 26±2 26±2 25±2 8±1 1.2±0.3

±0.09
W+FSR 23708±2 57±9 54±9 5±3 5±3 1.6±1.61 0 0

S√
B

— 9.3±0.5 8.0±0.4 8.7±0.7 8.7±0.7 8.1±0.6 13.0±0.8 19±1

in order to treat the sneutrinos as promptly decaying particles with a decay length <∼
0.1 mm. For the case of the tau sneutrino, ν̃τL , where decay lengths of this order can be
obtained for masses >∼ 95 GeV, the above mass range is still valid because outside it the
number of events turns out to be too small, as we will discuss below.

The case of ν̃eL and ν̃µL
co-LSPs is shown in Table 9. The cross sections for the

pair production of sneutrinos calculated by MadGraph5_aMC@NLO 2.3.2.2 at LO for 13 TeV
center-of-mass energy, including a K-factor of 1.2 for the NLO results, are shown in the
first box of that Table. The first, second and third rows of that box correspond to the
diagrams in Figs. 6a, 6b and 6c-d, respectively. Taking into account these values for the
cross sections, the BRs of the corresponding Table 1, and using an integrated luminosity
of L = 300 fb−1, we obtain a signal with about 449 events. Although this BP suffers from
a significant SM background mainly due to the Z+H channel which decays in a similar
way, we found that the number of expected events for the signal is still sufficient to give
a significant evidence. The effect of a set of cuts on missing transverse energy Emiss

T , PT

for the leading and sub-leading photons, a lepton veto, a maximum angular separation of
photons, and a selection cut on the invariant mass of the diphoton system, is summarized
in the second box of Table 9. As a final result of the analysis, we obtain 34.1 ±0.5 events
with a significant evidence of S√

B
= 17±3. For L = 100 fb−1 to be reached in Run 2 we just

have to rescale the number of events by a factor 1/3 and correspondingly the significance
by 1/

√
3. For completeness, we show in Table 10 the results for this BP with 14 TeV

center-of-mass energy.
Concerning the case of the ν̃τL LSP of a similar mass, we can see in the fourth box

of Table 2 that it has a significant BR to neutrinos. After a straightforward computation,
we obtain a number of events of 7.5± 0.2. The background is the same as in Table 9, and
therefore we obtain S√

B
∼ 3.8 ± 0.6. This BP can also give rise to a signal with diphoton

plus leptons, to be analyzed subsequently, implying that a tau left sneutrino LSP could be
distinguished from electron and muon left sneutrinos co-LSPs. For the other ν̃τL masses
studied in Tables 3 and 4, although the BRs to neutrinos are still significant, the number
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Table 11. Analysis of the signal with two photons plus leptons from production and decay of a
pair of ν̃τL LSPs, corresponding to the BP in Table 2. Production cross sections are shown in fb
in the first box for a ν̃τL mass of 126.4 GeV. The number of events of the signal and background is
shown in the second box, together with the effect of a set of cuts, assuming 13 TeV of energy with
L = 300 fb−1. Momenta and invariant mass are given in GeV.

σ(pp → Z∗ → h2A0
2) 103.58

σ(pp → γ∗, Z∗ → H+
2 H−

2 → h2A0
2 +W+

soft
W−

soft
) 21.91

σ(pp → W±∗ → H±
2 h2/A0

2 → h2A0
2 +W±

soft
) 138.36

σ(pp → W±∗ → H±
2 h2 → h2h2 +W±

soft
) 69.18

Dataset Nev P γ1
T1 P γ2

T2 Nγ=2 Nτhad
= 1& ∆R < 1.5 Mγγ ∈

> 100 > 50 Ne,µ,τhad
> 1 [115, 135]

Signal 128.136±0.007 67.8±0.4 25.4±0.3 25.4±0.3 5.9±0.2 4.9±0.1 4.7±0.1
Z+H 73.26±0.06 35.4±0.3 10.0±0.3 10.0±0.3 0.54±0.06 0.21±0.04 0.21±0.04
W+H 151.2±0.5 71.3±0.3 19.9±0.1 19.9±0.1 0.28±0.03 0.14±0.01 0.13±0.01
Z+ISR 53949±40 1394±42 210±17 210±17 7±3 0 0
W+FSR 71414±204 8776±116 1922±58 1922±58 17±5 0±0 0±0

S√
B

— 0.67±0.01 0.55± 0.02 0.55±0.02 1.2±0.2 8.4±0.9 8.1±0.9

of events of the signal diphoton plus MET turns out to be too small to be detected.
The case with all sneutrinos degenerate in mass would give rise to a superposition of

the signals discussed so far. For instance, if the three families of sneutrinos have a mass
of 126 GeV, the number of events expected for the signal diphoton plus MET will be the
sum of both contributions discussed above, that is 41.6 ± 0.5 events with a significance of
S√
B

= 21±1. In addition, the signal with diphoton plus leptons, specific for the ν̃τL, would

also be present.

Diphoton plus leptons
For the case of the left sneutrino LSP dominated by the tau composition, ν̃τL, another
expected signal is diphoton plus leptons, as shown in Fig 7. For this signal the adequate
range of masses turns out ot be

95 . mν̃τL
. 145 GeV . (6.2)

For the lower bound, notice that the selection cuts used to discriminate the decay of the
sneutrino from the background require energetic photons and a large amount of missing
energy. Therefore, a sneutrino with a small mass would lead to a small boost of the
final photons and neutrinos. Thus reducing the mass of the sneutrino reduces the number
of events in the signal region, although the cross section increases. Moreover, when the
separation between the masses of the scalar left sneutrino and the SM Higgs is increased,
the BR to diphoton is decreased. Altogether, the number of events drops fast when the
mass of the left sneutrino is below 95 GeV. Actually, we already mentioned that about this
mass is also the limit where the LSP cannot be treated as a promptly decaying particle. On
the other hand, the decrease of the cross section for large sneutrino masses, and therefore
of the number of events, gives rise to the upper bound of 145 GeV.

The results for a sneutrino mass of about 126 GeV, similar to the one studied above,
are shown in Table 11. The discussion is similar to that above, although in this case we
do not have two families of sneutrinos with degenerate masses, and therefore the different
production mechanisms will only give rise to ν̃τ ν̃τ , thus reducing the number of events.
These are further suppressed by the BR(A0

2 → τ±l∓) compared to BR(A0
2 → νν) in the

case of ν̃e,µ LSP. Nevertheless, this signal with photons plus leptons is very attractive and
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Table 12. The same as in Table 11 but for the BP in Table 3 corresponding to a ν̃τL LSP with a
mass of 97.8 GeV.

σ(pp → Z∗ → h1A0
2) 265.92

σ(pp → γ∗, Z∗ → H+
2 H−

2 → h1A0
2 +W+

soft
W−

soft
) 42.67

σ(pp → W±∗ → h±
1 h1/A0

2 → h1A0
2 +W±

soft
) 325.2

σ(pp → W±∗ → h±
1 h1 → h1h1 +W±

soft
) 162.6

Dataset Nev P γ1
T1 P γ2

T2 Nγ=2 Nτhad
= 1& ∆R Mγγ ∈

> 100 > 50 Ne,µ,τhad
> 1 < 1.5 [85, 105]

Signal 44.438±0.002 14.4±0.1 3.96±0.06 3.96±0.06 0.82±0.03 0.81±0.03 0.78±0.03
Z+H 73.26±0.06 35.4±0.3 10.0±0.3 10.0±0.3 0.54±0.06 0.21±0.04 0.03±0.01
W+H 151.2±0.5 71.28±0.3 19.9±0.1 19.9±0.1 0.28±0.03 0.14±0.01 0±0
Z+ISR 53949±40 1394±42 210±17 210±17 7±3 0 0
W+FSR 71415±204 8776±116 1922±58 1922±58 17±5 0±0 0±0

S/
√
B — 0.14 0.085 0.0085 0.17±0.03 1.4±0.2 5±1

±0.002 ±0.003 ±0.003

Table 13. The same as in Table 11 but for the BP in Table 4 corresponding to a ν̃τL LSP with a
mass of 146 GeV.

σ(pp → Z∗ → h2A0
2) 60.48

σ(pp → γ∗, Z∗ → H+
2 H−

2 → h2A0
2 +W+

soft
W−

soft
) 14.69

σ(pp → W±∗ → H±
2 h2/A0

2 → h2A0
2 +W±

soft
) 87.24

σ(pp → W±∗ → H±
2 h2 → h2h2 +W±

soft
) 43.62

Dataset Nev P γ1
T1 P γ2

T2 Nγ=2 Nτhad
= 1& ∆R Mγγ ∈

> 100 > 50 Ne,µ,τhad
> 1 < 1.5 [135, 155]

Signal 24.47±0.01 15.51±0.06 6.72±0.06 6.72±0.06 1.68±0.03 1.09±0.03 1.01±0.03
Z+H 73.26±0.06 35.4±0.3 10.0±0.3 10.0±0.3 0.54±0.06 0.21±0.04 0.03±0.01
W+H 151.2±0.5 71.3±0.3 19.9±0.1 19.9±0.1 0.28±0.03 0.14±0.01 0±0
Z+ISR 53949±40 1394±42 210±17 210±17 7±3 0 0
W+FSR 71414±204 8776±116 1922±58 1922±58 17±5 0±0 0±0

S/
√
B — 0.153 0.145 0.145 0.34±0.06 1.8±0.2 6±2

±0.002 ±0.004 ±0.004

worth to be searched at the LHC.
Now, a different set of cuts is taken into account for convenience, as shown in the second

box of Table 11. To distinguish the signal from the background in this case, instead of using
the missing energy coming from neutrinos, we require two leptons in the final state of which
one of them must be an hadronically decaying tau. Since every leptonic decay of the tau
sneutrino includes at least one tau, we expect to reduce significantly more the background
than the signal itself. Using an integrated luminosity of L = 300 fb−1, we obtain 4.7 ± 0.1
events with a significant evidence of S√

B
= 8.1 ± 0.9.

In order to confirm the range of sneutrino masses of about 95–145 GeV adequate to
observe this kind of signal, we have also analyzed in Tables 12 and 13 the two extreme
cases of about 98 and 146 GeV, respectively. Note that for both cases the BR of the scalar
sneutrino decaying into photons is supressed with respect to the previous case of 126 GeV.
Although for the case of 98 GeV, the cross sections are increased with respect to the case
of 126 GeV in Table 11, the final products would have less PT , and ET , thus the efficiency
of the selection cuts would be smaller. We apply the same set of selection cuts to the signal
calculated with this new point as in the previous case, but selecting now a new invariant
mass window for the diphoton sistem of ±10 around 98 GeV. The rest of the analysis is
completely analogous, and the results are presented in the second box of Table 12. For this
extreme case we still obtain 0.78 ± 0.03 events with a significant evidence of S√

B
= 5± 1.

Finally, to explore the largest possible value of the sneutrino mass, we have considered
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Table 14. Analysis of the signal with multileptons from production and decay of a pair of ν̃τL
LSPs. The number of events of the signal and background is shown, together with the effect of a set
of cuts, assuming 13 TeV center-of-mass energy with L = 20 fb−1. The subindex l in the dataset
denotes leptonically decaying tops and gauge bosons. Three possible masses of ν̃τL, 132, 146 and
311 GeV are analyzed, with the last two obtained using the BPs of Tables 4 and 5.

Dataset Nl ≥ 4 & Nτh ≥ 2 Nb = 0 THT≤ 20 GeV W-veto Z-veto S√
B

t̄tl 306± 66 174± 50 14±14 0± 0 0± 0 –
t̄th 3± 2 0±0 0± 0 0± 0 0± 0 –
t̄tt̄t 0.8± 0.5 0± 0 0± 0 0± 0 0± 0 –
t̄tV l 1.2± 0.3 0.6± 0.2 0.12± 0.09 0.12± 0.09 0.12± 0.09 –
V V l 6± 4 6± 4 3± 3 3± 3 3± 3 –
V V V 2± 1 0.8± 0.8 0± 0 0± 0 0± 0 –
tV l 15± 5 14± 5 8± 4 8± 4 8± 4 –
tV V l 1.0± 0.3 0.6± 0.2 0.10± 0.08 0.10± 0.08 0.10± 0.08 –
Total 334± 66 196± 64 25± 15 11 ± 5 11 ± 5 –

Signal 132 GeV 36± 2 36± 2 20 ± 2 17 ± 1 16 ± 1 4.8± 2.2
Signal 146 GeV 68± 3 66± 3 37 ± 2 31 ± 2 29 ± 2 8.8± 4.0
Signal 311 GeV 18.2± 0.5 17.9± 0.5 8.9± 0.4 7.6± 0.4 7.5± 0.2 2.2± 1.0

the case of 146 GeV. We show the final results in Table 13. As can be seen, the production
cross sections are reduced with the increase of the mass. We are not considering points with
sneutrino masses larger than 146GeV because the possible signal gets likely lost behind
the SM backgrounds. The results of the different selection cuts for this extreme case are
presented in the second box of Table 13. As a final result, 1.01 ± 0.03 events with a
significant evidence of S√

B
= 6± 2 are obtained.

Multileptons
For the tau left sneutrino, we can see in Tables 4 and 5 that the BRs for the decay of the
scalar state ν̃RτL into leptons are significant. This gives rise to a non negligible number of
events with both sneutrinos decaying into leptons, as shown in Fig 8. With the appropriate
analysis, these events could constitute a possible signal to be detected at the LHC. Moreover,
these decay channels of the LSP include always at least one τ , a feature that can be exploited
to unravel the signal.

The main backgrounds for this type of signature would be the production of top quarks
through the channels t̄t and t̄tt̄t; the production of gauge bosons ZZ, WW and ZW; the
associated production of both t̄tV , tV and tV V ; and the top associated Higgs production
t̄th. Since the proposed hard process would not produce quarks, we expect a hadronic
activity in the events significantly smaller than the one associated with background events
including a leptonically decaying top tl. We will show that it is possible to separate the
multilepton signal from the SM backgrounds. This is particularly true for sneutrinos with
large masses, since the produced leptons are then expected to be more energetic than the
ones produced in the decay of gauge bosons.

The Monte Carlo events generated and processed as in the previous signals, but in
this case with an integrated luminosity of L = 20 fb−1, are analyzed and summarized in
Table 14 for three different sneutrino masses of 132, 146 and 311 GeV. Production cross
sections for the case of 146 GeV are already shown in Table 13. For 310 GeV these are
much lower. At first we select events with at least 4 leptons with PT ≥ 100, 80, 40 and
40 GeV, respectively, requiring also at least two of them to be τh’s. The second selection
rejects events with b-tagged jets in order to reduce backgrounds coming from top decays.
In the next step we reject events with a total transverse hadronic energy (THT) greater
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than 20 GeV. Finally we apply a veto to the transverse mass and invariant mass of the light
leptons, compatible with the mass of the W and Z respectively. Summarizing the results
shown in Table 14, it is possible to detect ν̃τL in the mass range

130 . mν̃τL . 310 GeV , (6.3)

decaying leptonically with a significance S√
B

greater than 3.

Equations (6.1), (6.2) and (6.3) establish the adequate range of left sneutrino masses
for our analysis of the BPs introduced in Section 4, and Tables 1–5. As we can see, the
masses overlap in some ranges, and in these cases the corresponding BP can give rise to
different detectable signals.

7 Conclusions and outlook

We have carried out an analysis of the LHC phenomenology associated to the left sneutrino
LSP in the µνSSM. We have studied the dominant pair production channels, prompt
decays, and the detection of the new signals.

As a result of the different behaviors of scalar and pseudoscalar sneutrino states, a
diphoton signal in combination with neutrinos (producing missing transverse energy), or a
diphoton with leptons, can appear at the LHC. The former can be detected with a center-
of-mass energy of 13 TeV and the integrated luminosity of 100 fb−1, for a sneutrino LSP
of any family in the mass range 118–132 GeV. The diphoton plus leptons signal can be
probed for the case of a tau sneutrino LSP with a mass in the range 95–145 GeV. We have
discussed several benchmark points producing these signals, which undoubtedly deserve
proper experimental attention. We have also shown that the number of expected events are
capable of giving a significant evidence.

A multilepton signal from a tau sneutrino LSP can also appear detectable at the LHC
with a center-of-mass energy of 13 TeV, even with the integrated luminosity of 20 fb−1. It
is possible to detect it in the mass range of 130–310 GeV. We have discussed that existing
generic searches at the LHC are close to be sensitive to this lepton signal, suggesting that
they deserve experimental attention. An updated analysis with current data could constrain
the sneutrino LSP scenario.

Displaced vertices of the order of the millimeter can appear for sneutrino masses <∼ 100
GeV. Imposing in addition that the sneutrino mass is larger than 45 GeV, not to disturb the
experimentally well measured decay width of the Z, we have found that the number of events
can be large. For example, more than 1000 multilepton events at the parton level from the
production and decay of a tau sneutrino pair can emerge for an integrated luminosity of
20 fb−1 and 13 TeV center-of-mass energy. These events have the clear advantage that
the SM backgrounds are negligible and hence the signal significance is high. However, the
analysis of displaced vertices turns out to be quite complicated, and dedicated studies are
necessary. The efficiency identifying events characterized by the presence of a displaced
vertex has a nontrivial dependence on the position of the vertex, as well as the number
of tracks and the mass associated to them, among others. Therefore, a reliable analysis
requires a precise simulation of the decay length, the boost of the long-lived particle, and
the particles produced in the secondary vertex. This analysis, in our model, is expected to
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depend on the parameters correlated with neutrino physics and is clearly beyond the scope
of the present work, although we plan to cover it in a forthcoming publication [111].
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A The Superpotential and Soft Terms

We review in this Appendix the superpotential of the model and the associated soft terms,
following the works of Refs. [1, 2, 112].

Given the gauge symmetry group of the SM, SU(3)C × SU(2)L × U(1)Y , with sub-
scripts C, L and Y referring to color, left chirality and weak hypercharge, respectively, the
superpotential of the µνSSM can be written as [112]

W = ǫab

(
Y e
IJk L̂

a
I L̂

b
J ê

c
k + Y d

Ijk δαβ L̂
a
I Q̂

b
jα d̂

c
kβ + Y u

ij δαβ L̂
cb

4 Q̂a
iα û

c
jβ

)

+ ǫab Y
ν
Ij L̂

cb

4 L̂a
I ν̂

c
j +

1

3
κijk ν̂

c
i ν̂

c
j ν̂

c
k , (A.1)

where the summation convention is implied on repeated indexes, with α, β = 1, 2, 3 SU(3)C
indexes, a, b = 1, 2 SU(2)L indexes with ǫab the totally antisymmetric tensor ǫ12 = 1, and
I = i, 4 (J = j, 4) with i, j, k = 1, 2, 3 the usual family indexes of the SM and with the
vector-like Higgs doublet superfields interpreted as a fourth family of vector-like lepton
superfields8 L̂4 = (ν̂4, ê4) = (Ĥ0

d , Ĥ
−
d ) = Ĥd and L̂c

4 = (êc4, ν̂
c
4) = (Ĥ+

u , Ĥ0
u) = Ĥu. This

interpretation is possible in the µνSSM because right-handed neutrinos are present pro-
ducing the violation of Rp, and as a consequence all fields in the spectrum with the same
color, electric charge and spin mix together. In particular, Higgses mix with sleptons and
Higgsinos with leptons. From the theoretical viewpoint, this seems to be more satisfactory
than the situation in usual SUSY models, where the Higgses are ‘disconnected’ from the
rest of the matter and do not have a three-fold replication9. As pointed out in Ref. [112], in
this SUSY framework the first scalar particle discovered at the LHC is mainly a sneutrino
belonging to a fourth-family vector-like doublet representation.

8An extension of the µνSSM by adding to the spectrum of this fourth family a vector-like quark doublet
representation has also been discussed, together with its new signals at the LHC, in Refs. [112, 113].

9For alternative constructions with three superymmetric families of Higgses, see works [114–116] and
references therein.
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In order to make contact with the usual (three-family) notation of the µνSSM [1, 2],
we can decompose the terms given by the couplings Y e

IJk, Y
d
Ijk and Y ν

Ij in two type of terms:
Yukawa couplings generating fermion masses, and lepton-number violating couplings. This
is possible because, as discussed above, the superfields Li and Hd have the same gauge
quantum numbers, and therefore L̂I = L̂i, Ĥd. Thus, we can write superpotential (A.1) as
follows [1, 2]:

W = ǫab

(
Y e
ij Ĥ

a
d L̂

b
i ê

c
j + Y d

ij δαβ Ĥ
a
d Q̂

b
iα d̂

c
jβ + Y u

ij δαβ Ĥ
b
u Q̂

a
iα û

c
jβ

)

+ ǫab

(
λijkL̂

a
i L̂

b
j ê

c
k + λ′

ijkδαβ L̂
a
i Q̂

b
jαd̂

c
kβ

)

+ ǫab

(
Y ν
ij Ĥ

b
u L̂

a
i ν̂

c
j − λi ν̂

c
i Ĥ

b
uĤ

a
d

)
+

1

3
κijkν̂

c
i ν̂

c
j ν̂

c
k , (A.2)

where we have decomposed (in a self-explanatory notation) Y e
IJk → λijk, Y

e
ij; Y d

Ijk →
λ′
ijk, Y

d
ij; and Y ν

Ij → Y ν
ij ,−λi. The dimensionless complex trilinear couplings form a vector

λi, the Yukawa matrices Y ν
ij , Y

e
ij, Y

d
ij, Y

u
ij , and the tensors λijk, λ

′
ijk, κijk with κ totally

symmetric and λijk antisymmetric with respect to their first two indexes.

In Eq. (A.2) (and (A.1)), we have defined ûi, d̂i, ν̂i, êi, and ûci , d̂
c
i , ê

c
i , ν̂

c
i , as the left-

chiral superfields whose fermionic components are the left-handed fields of the corresponding
quarks, leptons, and antiquarks, antileptons, respectively. For example, the superfield
d̂2 contains the 2-component complex spinor field sL (and the complex scalar field s̃L),
whereas d̂c2 contains the spinor scL = (sR)

c = iσ2s∗R (and the scalar s̃∗R = (s̃R)
c), where the

superscripts c and ∗ indicate charge conjugate and complex conjugate, respectively, with
σ2 the Pauli matrix. Needless to say, the subscripts L and R on the scalar fields refer to
the chirality of the corresponding fermion fields. The superfields ûi, d̂i, and ν̂i, êi form the
SU(2)L doublets Q̂i = (ûi, d̂i) and L̂i = (ν̂i, êi), respectively, and the others are SU(2)L
singlets.

In the µνSSM superpotential, the µ term is absent, as well as Majorana masses for
neutrinos. This can be obtained invoking a Z3 symmetry as in the case of the NMSSM,
which implies that only trilinear terms are allowed. Actually, this is what one would expect
from a high-energy theory where the low-energy modes should be massless and the massive
modes of the order of the high-energy scale. As pointed out in Ref. [112], this is precisely the
situation in string constructions, where the massive modes have huge masses of the order of
the string scale and the massless ones have only trilinear terms at the renormalizable level.
Thus one ends up with an accidental Z3 symmetry in the low-energy theory.

The three terms in the first line of the superpotential in Eq. (A.2) are the usual Dirac
Yukawa couplings for quarks and leptons of the MSSM. The two terms in the second line
are the conventional trilinear Rp/ couplings (see Ref. [33] for a review). As is well known, if

the lepton-number violating term, λ′
ijkδαβǫabL̂

a
i Q̂

b
jαd̂

c
kβ, appears together with the baryon-

number violating term, λ′′
ijkǫ

αβγ d̂ciαd̂
c
jβû

c
kγ where ǫαβγ is the totally antisymmetric tensor

ǫ123 = 1, they could give rise to experimentally excluded fast proton decay. Nevertheless,
as discussed in detail in Ref. [112], λ′′

ijk can be naturally forbidden, for example through
Z3 Baryon-parity or stringy selection rules. Finally, the three terms in the third line are
characteristic of the µνSSM. In particular, the first one contains the Dirac Yukawa couplings
for neutrinos, and the last two generate dynamically the µ term and Majorana masses for
neutrinos, respectively. Since sparticles do not appear in pairs in these two terms, they
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generate Rp/ couplings.10 Nevertheless, λi and κijk are obviously harmless with respect to
proton decay.

Unlike λi and κijk, the couplings λijk and λ′
ijk are not useful to solve neither the µ

problem nor to generate neutrino masses and mixing (which is the only confirmed source of
new physics). In addition, they are constrained by existing bounds on quadratic coupling
constant products λijkλlmn, λijkλ

′
lmn and λ′

ijkλ
′
lmn (see Refs. [33, 117, 118] for reviews).

Thus, one can neglect them for simplicity in the superpotential,11, and use:

W = ǫab

(
Y e
ij Ĥ

a
d L̂

b
i ê

c
j + Y d

ij δαβ Ĥ
a
d Q̂

b
iα d̂

c
jβ + Y u

ij δαβ Ĥ
b
u Q̂

a
iα û

c
jβ

)

+ ǫab

(
Y ν
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b
u L̂
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c
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c
i Ĥ

b
uĤ

a
d

)
+

1

3
κijkν̂

c
i ν̂

c
j ν̂

c
k . (A.3)

By the same token, the soft trilinear parameters in Eq. (A.5) below can also be neglected.

Soft terms
Working in the framework of a typical low-energy SUSY, the Lagrangian containing the
soft SUSY-breaking terms related to the superpotential in Eq. (A.2) is given by:

−Lsoft = ǫab

(
T e
ij H

a
d L̃

b
iL ẽ∗jR + T d

ij H
a
d Q̃

b
iL d̃∗jR + T u

ij H
b
uQ̃
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iLũ

∗
jR + h.c.

)

+ ǫab
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b
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b
u +
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3
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kR + h.c.

)

+ ǫab
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ijk L̃

a
iL Q̃b

jL d̃∗kR + h.c.
)

+
(
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Q̃a∗
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ij
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ij
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ij
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ij
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M3 g̃ g̃ +M2 W̃ W̃ +M1 B̃
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, (A.4)

where an implicit sum over the (undisplayed) color indexes is assumed in the terms involving

squarks and gluinos. The complex trilinear parameters T λ
i , T d,e,u,ν

ij and T κ,λ,λ′

ijk are in
correspondence with the trilinear couplings of the superpotential. The squared sfermion
masses are required to be 3× 3 hermitian matrices in family space, whereas mHu,d

are the
real Higgs mass parameters. The parameters M3,2,1 are the (generally complex) Majorana
masses of the 2-component gluino, Wino and Bino fields, and an implicit sum over the

10Notice that the couplings λijk and λ′
ijk cannot generate decays into up-type quarks and neutrinos as

those shown in Figs. 1 and 5. Also decays of the sneutrino into leptons with i = j, i.e. the sneutrino and one
of the leptons belonging to the same family as in Figs. 3 and 4, are not possible because of the antisymmetry
of λijk with respect to their first two indexes. These decays present through the terms characteristic of the
µνSSM are however crucial for generating the signals at the LHC analyzed in this work.

11Although λijk and λ′
ijk will appear through loop processes even if they are not present at tree level,

as shown in Ref. [2], their contributions are smaller than order 10−9. Obviously, all existing bounds
on quadratic coupling constant products are satisfied, but these contributions are anyway negligible for
studying physical processes. Let us remark that λ′

ijk are generated at one loop through the equation [2]
d
dt
λ′
ijk = 1

16π2 Ydjk γ
Hd
Li

, with γ
Hd
Li

= −Yνilλl. However, for λijk higher order contributions are necessary.
The antisymmetric character under i ↔ j of λijk, makes the one-loop contribution identically zero, as can

be seen from the fact that the one-loop equation d
dt
λijk = 1

16π2

(
Yejk γHd

Li
+ Yeik γHd

Lj

)
cannot generate

antisymmetric contributions.
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(undisplayed) adjoint representation gauge indexes on the gluino and Wino fields is assumed.
Soft masses of the type m2

HdL̃iL
Ha

d
∗L̃a

iL + h.c., could have been included in Eq. (A.4).

However, they would contribute to the minimization equations of the left sneutrinos with
terms m2

HdL̃iL
〈H0

d 〉 (in the right-hand side of Eq. (2.14)), generating VEVs ∼ TeV for them.

This would spoil the generalized electroweak-scale seesaw present in the µνSSM, where
correct neutrino masses require the VEVs of the left sneutrinos to be small, 〈ν̃L〉 <∼ 10−4

GeV, driven dynamically by the Yukawa couplings. As discussed in Eq. (2.24), these small
VEVs are necessary because neutrino masses acquire a term of the order of 〈ν̃L〉2/M , with
M ∼ gaugino masses. Thus we will assume that the above soft masses are not present in
our Lagrangian or that they are negligible.12 Notice that a similar destabilization of the
left sneutrino VEVs would arise with trilinear parameters T ν ∼ TeV. This can be avoided
for example if the T ν are proportional to the small Y ν , i.e. T ν = AνY ν where Aν can be
∼ TeV.

Both assumptions above about the parameters T ν and m2
HdL̃

are reliable in the frame-

work of the current studies of SUSY. Let us recall in this sense that strong upper bounds
upon the intergenerational scalar mixing exist (see e.g. Ref. [120]), implying that one
has to assume that such mixings are negligible, and therefore that the squared sfermion
mass matrices in Eq. (A.4) are diagonal in the flavor space. Actually, diagonal squared
mass matrices occur in general in supergravity models when the observable matter fields
have a diagonal Kähler metric, such as in several string compactifications (for a review see
Ref. [121]). Also in this case of a diagonal metric, the soft trilinear parameters turn out to
be directly proportional to the couplings present in the superpotential. Even with a general
Kähler metric, these parameters are already functions of the couplings and their derivatives
with respect to the hidden sector fields. Inspired by this structure of supergravity, and also
by the interpretation of the Higgs Hd as a fourth-family slepton L̃4, one can consider that
soft masses of the type m2

HdL̃i
are not present in the Lagrangian, and also assume the values

for soft trilinear parameters given in Eqs. (2.15), (2.16), and

T λ
ijk = Aλ

ijkλijk , T λ′
ijk = Aλ′

ijkλ
′
ijk . (A.5)

B Mass Matrices

We write below the tree-level mass matrices generated in the µνSSM. Upon EWSB, fields
with the same color, electric charge and spin mix. To name them we follow the convention
of using for the eigenstates the names of detected particles: Higgs, neutrinos, leptons. In
what follows we use i, j, k, l,m, n as family indexes, and a, b as the indices for the physical
states (mass eigenstates), not to be confused with a, b = 1, 2 used in Appendix A as SU(2)L
index. We include in the formulas for completeness the contribution due to lepton-number
violating couplings λijk and λ′

ijk in the superpotential of Eq. (A.2) and soft Lagrangian of
Eq. (A.4).

B.1 Scalar Mass Matrices
The scalar mass matrices generated in the µνSSM were computed in Appendix A.1 of

Ref. [2] with the assumption of CP conservation for simplicity. In this Appendix, we write

12Although they will appear through loop processes even if they are not present at tree level (see e.g.
Ref. [119]), their contributions are negligible.
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those equations and replace the values of the soft masses obtained through the minimization
conditions in Eqs. (2.11)-(2.14), assuming that slepton soft mass matrices are diagonal in
flavor space.

Mass Matrix for Higgses
Higgses mix with left and right sneutrinos. In the basis ST = (HR

d ,HR
u , ν̃RiR, ν̃

R
jL), one

obtains the following mass terms for scalar Higgses in the Lagrangian:

− 1

2
STm2

hS , (B.1)

where m2
h is the 8× 8 (symmetric) matrix obtained computing the second derivative of the

scalar potential of Eq. (2.2) with respect to the fields
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2
Y ν
jiλkvjLvkR − 1

2
Y ν
jkλivjLvkR , (B.6)

m2
ν̃R

iR
HR

u
= − 1√

2
T λ
i vd +

1√
2
T ν
jivjL − λkκilkvdvlR + λiλjvuvjR + Y ν

jkκilkvjLvlR + Y ν
jkY

ν
jivuvkR , (B.7)

m2
ν̃R

iR
ν̃R

jR
=

(
m2

ν̃R

)
ij
+

√
2T κ

ijkvkR − λkκijkvdvu + κijkκlmkvlRvmR + 2κilkκjmkvlRvmR

+
1

2
λiλj(v

2
d + v2u) + Y ν

lkκijkvuvlL − 1

2
(Y ν

kjλi + Y ν
kiλj)vdvkL +

1

2
Y ν
kiY

ν
kjv

2
u +

1

2
Y ν
kiY

ν
ljvkLvlL

=
√
2T κ

ijkvkR − λkκijkvdvu + κijkκlmkvlRvmR + 2κilkκjmkvlRvmR +
1

2
λiλj(v

2
d + v2u)

−Y ν
lkκijkvuvlL − 1

2

(
Y ν
kjλi + Y ν

kiλj

)
vdvkL +

1

2
Y ν
kiY

ν
kjv

2
u +

1

2
Y ν
liY

ν
kjvkLvlL

+
δij
vjR

[
− 1√

2
T ν
kivkLvu +

1√
2
T λ
i vuvd − 1√

2
T κ
ilkvlRvkR + λlκilkvdvuvkR

−κlimκlnkvmRvnRvkR − 1

2
λiλl(v

2
d + v2u)vlR − Y ν

lkκikmvuvlLvmR
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+
1

2
(Y ν

klλi + Y ν
kiλl) vdvkLvlR − 1

2
Y ν
kiY

ν
klv

2
uvlR − 1

2
Y ν
kiY

ν
lmvkLvlLvmR

]
, (B.8)

m2
ν̃R

iL
HR

d
=

1

4
(g2 + g′2)vdviL − 1

2
Y ν
ijλjv

2
u − 1

2
Y ν
ijλkvkRvjR , (B.9)

m2
ν̃R

iL
HR

u
= −1

4
(g2 + g′2)vuviL +

1√
2
T ν
ijvjR +

1

2
Y ν
ikκljkvlRvjR − Y ν

ijλjvdvu + Y ν
ijY

ν
kjvuvkL , (B.10)

m2
ν̃R

iL
ν̃R

jR
=

1√
2
T ν
ijvu − 1

2
Y ν
ijλkvdvkR − 1

2
Y ν
ikλjvdvkR + Y ν

ikκjlkvuvlR +
1

2
Y ν
ijYνkl

vkLvlR

+
1

2
Y ν
ilY

ν
kjvkLvlR , (B.11)

m2
ν̃R

iL
ν̃R

jL
=

(
m2

L̃L

)

ij
+

1

4
(g2 + g′2)viLvjL +

1

8
(g2 + g′2)(vkLvkL + v2d − v2u)δij

+
1

2
Y ν
ikY

ν
jkv

2
u +

1

2
Y ν
ikY

ν
jlvkRvlR

=
1

4
(g2 + g′2)viLvjL +

1

2
Y ν
ikY

ν
jkv

2
u +

1

2
Y ν
ikY

ν
jlvkRvlR +

δij
vjL

[
− 1√

2
T ν
ikvuvkR

+
1

2
Y ν
ik

(
λlvdvkRvlR + λkvdv

2
u − κklmvuvlRvmR − Y ν

mkvmLv
2
u − Y ν

mlvmLvlRvkR
)]

. (B.12)

This matrix is diagonalized by an orthogonal matrix ZH :

ZHm2
h ZH

T

=
(
m2

h

)dia
, (B.13)

with

S = ZH
T

h , (B.14)

where the 8 entries of the matrix h are the ‘Higgs’ mass eigenstate fields. In particular,

HR
d = ZH

b1hb , HR
u = ZH

b2hb , ν̃RiR = ZH
bi hb , ν̃RjL = ZH

bjhb . (B.15)

In the case of considering only one family of right-handed neutrinos as we do in Appendix C,
the last two equalities can be written as

ν̃RR = ZH
b3hb , ν̃R3+iL = ZH

b3+ihb . (B.16)

Mass Matrix for Pseudoscalar Higgses
Following similar arguments as above, in the basis P T = (HI

d ,H
I
u , ν̃

I
iR, ν̃

I
jL), one obtains

the following mass terms for pseudoscalar Higgses in the Lagrangian:

− 1

2
P Tm2

A0P , (B.17)

where m2
A0 is the 8× 8 (symmetric) matrix

m2
A0 =




m2
HI

d HI
d
m2

HI
d H

I
u
m2

HI
d ν̃

I
jR

m2
HI

d ν̃
I
jL

m2
HI

uHI
d
m2

HI
uH

I
u
m2

HI
u ν̃

I
jR

m2
HI

u ν̃
I
jL

mν̃IiRHI
d
mν̃IiRHI

u
m2

ν̃IiRν̃IjR
m2

ν̃IiRν̃IjL
m2

ν̃IiLH
I
d

m2
ν̃IiLH

I
u
m2

ν̃IiLν̃
I
jR

m2
ν̃IiLν̃

I
jL




, (B.18)
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m2
HI

d
HI

d
= m2

HR

d
HR

d
− 1

4
(g2 + g′2)v2d (B.19)

m2
HI

uHI
u

= m2
HR

u HR
u

− 1

4
(g2 + g′2)v2u , (B.20)

m2
HI

uHI

d
=

1√
2
T λ
i viR +

1

2
λkκijkviRvjR , (B.21)

m2
ν̃I

iR
HI

d
=

1√
2
T λ
i vu − λkκijkvuvjR − 1

2
Y ν
jiλkvjLvkR +

1

2
Y ν
jkλivjLvkR , (B.22)

m2
ν̃I

iR
HI

u
=

1√
2
T λ
i vd − 1√

2
T ν
jivjR − λkκilkvdvlR + Y ν

jkκilkvjLvlR , (B.23)

m2
ν̃I

iR
ν̃I

jR
= m2

ν̃R

iR
ν̃R

jR
− 2

(√
2T κ

ijkvkR − λkκijkvdvu + κijkκlmkvlRvmR

)
, (B.24)

m2
ν̃I

iL
HI

d
= −1

2
Y ν
ijλjv

2
u − 1

2
Y ν
ijλkvkRvjR , (B.25)

m2
ν̃I

iL
HI

u
= − 1√

2
T ν
ijvjR − 1

2
Y ν
ikκljkvlRvjR , (B.26)

m2
ν̃I

iL
ν̃I

jR
= − 1√

2
T ν
ijvu +

1

2
Y ν
ijλkvdvkR − 1

2
Y ν
ikλjvdvkR + Y ν

ilκjlkvuvkR

−1

2
Y ν
ijY

ν
lkvlLvkR +

1

2
Y ν
ikY

ν
ljvlLvkR , (B.27)

m2
ν̃I

iL
ν̃I

jL
= m2

ν̃R

iL
ν̃R

jL
− 1

4
(g2 + g′2)viLvjL , (B.28)

and, in order to simplify some of these formulas, the entries of the mass matrix for Higgses
are used when appropriate. The matrix of Eq. (B.18) is diagonalized by an orthogonal
matrix ZA:

ZAm2
A0 ZA

T

=
(
m2

A0

)dia
, (B.29)

with

P = ZA
T

A0 , (B.30)

where the 8 entries of the matrix A0 are the ‘pseudoscalar Higgs’ mass eigenstate fields. In
particular,

HI
d = ZA

b1hb , HI
u = ZA

b2hb , ν̃IiR = ZA
bihb , ν̃IjL = ZA

bjhb . (B.31)

In the case of considering only one family of right-handed neutrinos as we do in Appendix C,
the last two equalities can be written as

ν̃IR = ZA
b3hb , ν̃I3+iL = ZA

b3+ihb . (B.32)

Mass Matrix for Charged Higgses
Charged Higgses mix with left and right sleptons. In the basis CT = (H−

d
∗
,H+

u , ẽ∗iL, ẽ
∗
jR),

one obtains the following mass terms in the Lagrangian:

− C∗Tm2
H+C , (B.33)
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where m2
H+ is the 8× 8 (symmetric) matrix

m2
H+ =




m2
H−

d H−
d

∗ m2
H−

d H+
u

m2
H−

d ẽ∗jL
m2

H−
d ẽ∗jR

m2
H+

u
∗
H−

d

∗ m2
H+

u
∗
H+

u
m2

H+
u

∗
ẽ∗jL

m2
H+

u
∗
ẽ∗jR

m2
ẽiLH

−
d

∗ m2
ẽiLH

+
u

m2
ẽiLẽ

∗
jL

m2
ẽiLẽ

∗
jR

m2
ẽiRH−

d

∗ m2
ẽiRH+

u
m2

ẽiRẽ∗jL
m2

ẽiRẽ∗jR




, (B.34)

m2

H−

d
H−

d

∗ = m2
HR

d
HR

d
− 1

4
(g2 + g′2)v2d +

g2

4
(v2u − viLviL)− 1

2
λiλjv

2
u +

1

2
Y e
ikY

e
jkviLvjL , (B.35)

m2

H+
u

∗
H+

u
= m2

HR
u HR

u
− 1

4
(g2 + g′2)v2u +

g2

4
(v2d + viLviL)−

1

2
λiλiv

2
d + Y ν

ijλjvdviL

−1

2
Y ν
ikY

ν
jkviLvjL , (B.36)

m2

H+
u

∗
H−

d

∗ =
g2

4
vdvu +

1√
2
T λ
i viR +

1

2
λkκijkviRvjR − 1

2
λiλivdvu +

1

2
Y ν
ijλjvuviL , (B.37)

m2

ẽiLH−

d

∗ =
g2

4
vdviL − 1

2
Y ν
ijλkvkRvjR − 1

2
Y e
ijY

e
kjvdvkL , (B.38)

m2

ẽiLH+
u

=
g2

4
vuviL − 1√

2
T ν
ijvjR − 1

2
Y ν
ijκljkvlRvkR +

1

2
Y ν
ijλjvdvu − 1

2
Y ν
ikY

ν
kjvuvjL , (B.39)

m2

ẽiRH−

d

∗ = − 1√
2
T e
jivjL − 1

2
Y e
kiY

ν
kjvuvjR , (B.40)

m2

ẽiRH+
u

= −1

2
Y e
ki(λjvkLvjR + Y ν

kjvdvjR) + λlniY
ν
lkvnLvkR , (B.41)

m2
ẽiLẽ∗

jR
=

1√
2
T e
ijvd − 1

2
Y e
ijλkvuvkR +

2√
2
T λ
kijvkL , (B.42)

m2
ẽiRẽ∗

jR
=

(
m2

ẽR

)
ij
+

g′2

4
(v2u − v2d − vkLvkL)δij +

1

2
Y e
kiY

e
kjv

2
d +

1

2
Y e
liY

e
kjvkLvlL

+2λmljλnlivmLvnL , (B.43)

m2
ẽiLẽ∗

jL
= m2

ν̃R

iL
ν̃R

jL
− 1

4
(g2 + g′2)viLvjL +

g2

4
(v2u − v2d − vkLvkL)δij +

g2

4
viLvjL

−1

2
Y ν
ikY

ν
jkv

2
u +

1

2
Y e
ilY

e
jlv

2
d + 2λimlλjnlvmLvnL , (B.44)

and, in order to simplify some of these formulas, the entries of the mass matrix for Higgses
are used when appropriate. Matrix of Eq. (B.34) is diagonalized by an orthogonal matrix
Z+:

Z+m2
H+ Z+

T

=
(
m2

H+

)dia
, (B.45)

with
C = Z+

T

H+ , (B.46)

where the 8 entries of the matrix H+ are the ‘charged Higgs’ mass eigenstate fields. In
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particular,

H−
d = Z+

b1H
−
b , H+

u = Z+
b2H

+
b , ẽiL = Z+

biH
−
b , ẽjR = Z+

bjH
−
b . (B.47)

Mass Matrix for Down-Squarks

Left and right down-squarks are mixed. In the basis d̃
T

=
(
d̃iL, d̃jR

)
, one obtains the

following mass terms in the Lagrangian:

− d̃
T
m2

d̃
d̃∗ , (B.48)

where m2
d̃

is the 6× 6 (symmetric) matrix

m2
d̃
=




m2
d̃iLd̃

∗
jL

m2
d̃iLd̃

∗
jR

m2
d̃iRd̃∗jL

m2
d̃iRd̃∗jR


 , (B.49)

m2
d̃iLd̃

∗
jL

=
(
m2

Q̃L

)
ij
− 1

24

(
3g2 + g′2

) (
v2d − v2u + vkLvkL

)
+

1

2
Y d
ikY

d
jkv

2
d

+
1

2
λ′
nilλ

′
mjlvnLvmL +

1

2

(
λ′
nilY

d
jl + λ′

njlY
d
il

)
vnLvd , (B.50)

m2
d̃iRd̃∗jR

=
(
m2

d̃R

)
ij
− g′2

12

(
v2d − v2u + vkLvkL

)
+

1

2
Y d
kiY

d
kjv

2
d

+
1

2
λ′
mliλ

′
nljvmLvnL +

1

2

(
λ′
nliY

d
lj + λ′

nljY
d
li

)
vnLvd , (B.51)

m2
d̃iLd̃

∗
jR

= m2
d̃jRd̃∗iL

=
1√
2
T d
ijvd −

1

2
Y d
ijλkvuvkR +

1√
2
T λ′
kijvkL . (B.52)

Matrix of Eq. (B.49) is diagonalized by an orthogonal matrix ZD:

ZDm2
d̃
ZD

T

=
(
m2

d̃

)dia
, (B.53)

with

d̃ = ZD
T

D̃ , (B.54)

where the 6 entries of the matrix D̃ are the down-squark mass eigenstate fields. In particular,

d̃iL = ZD
bi D̃b , d̃jR = ZD

bj D̃b . (B.55)

Mass Matrix for Up-Squarks
Left and right up-squarks are mixed. In the basis ũ

T
= (ũiL, ũjR), one obtains the following

mass terms in the Lagrangian:
− ũ

T
m2

ũ ũ∗ , (B.56)
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where m2
ũ is the 6× 6 (symmetric) matrix

m2
ũ =

(
m2

ũiLũ
∗
jL

m2
ũiLũ

∗
jR

m2
ũiRũ∗

jL
m2

ũiRũ∗
jR

)
, (B.57)

m2
ũiLũ

∗
jL

=
(
m2

Q̃L

)
ij
+

1

24

(
3g2 − g′2

) (
v2d − v2u + vkLvkL

)
+

1

2
Y u
ikY

u
jkv

2
u , (B.58)

m2
ũiRũ∗

jR
=
(
m2

ũR

)
ij
+

g′2

6

(
v2d − v2u + vkLvkL

)
+

1

2
Y u
kiY

u
kjv

2
u , (B.59)

m2
ũiLũ

∗
jR

= m2
ũjRũ∗

iL
=

1√
2
T u
ijvu −

1

2
Y u
ijλkvdvkR +

1

2
Y u
ijY

ν
lkvlLvkR . (B.60)

Matrix of Eq. (B.57) is diagonalized by an orthogonal matrix ZU :

ZUm2
ũ ZU

T

=
(
m2

ũ

)dia
, (B.61)

with

ũ = ZU
T

Ũ , (B.62)

where the 6 entries of the matrix Ũ are the up-squark mass eigenstate fields. In particular,

ũiL = ZU
bi Ũb , ũjR = ZU

bjŨb . (B.63)

B.2 Fermion Mass Matrices
The neutrino and lepton mass matrices were computed in Appendix A.2 of Ref. [2] with

the assumption of CP conservation. In this Appendix we write the general fermion mass
matrices, including the quarks matrices, without assuming CP conservation. To obtain the
results, we apply the standard rotation in the gauge sector:




W̃1

W̃2

W̃3


 = ZW̃




W̃−

W̃+

W̃ 0


 ,

where the mixing matrix ZW̃ is parametrized by

ZW̃ =




1√
2

1√
2
0

−i√
2

i√
2
0

0 0 1


 ,

and W̃1,2,3 are the 2–component wino fields in the soft Lagrangian of Eq. (A.4).

Mass Matrix for Neutrinos
The usual left-handed neutrinos of the SM mix with the right-handed neutrinos and the
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neutral gauginos and higgsinos. Working in the basis of 2–component spinors13, (χ0)T =(
ϕνi , B̃

0, W̃ 0, H̃0
d , H̃

0
u, ηνj

)
, one obtains the following neutral fermion mass terms in the

Lagrangian:

− 1

2
(χ0)Tmνχ

0 + h.c. , (B.64)

where mν is the 10 × 10 (symmetric) matrix

mν =




03×3 − 1√
2
g′〈ν̃iL〉∗ 1√

2
g〈ν̃iL〉∗ 03×1 Y ν

ik〈ν̃kR〉∗ 〈H0
u〉Y ν

ij

− 1√
2
g′〈ν̃jL〉∗ M1 0 − 1√

2
g′〈H0

d〉∗ 1√
2
g′〈H0

u〉∗ 01×3

1√
2
g〈ν̃jL〉∗ 0 M2

1√
2
g〈H0

d〉∗ − 1√
2
g〈H0

u〉∗ 01×3

01×3 − 1√
2
g′〈H0

d〉∗ 1√
2
g〈H0

d〉∗ 0 −λk〈ν̃kR〉∗ −λj〈H0
u〉

Y ν
jk〈ν̃kR〉∗ 1√

2
g′〈H0

u〉∗ − 1√
2
g〈H0

u〉∗ −λk〈ν̃kR〉∗ 0 −λj〈H0
d〉+ Y ν

kj〈ν̃kL〉
〈H0

u〉(Y ν
ij)

T 03×1 03×1 −λi〈H0
u〉 −λi〈H0

d〉+ Y ν
ki〈ν̃kL〉 2κijk〈ν̃kR〉∗




.

(B.65)

This is diagonalized by an unitary matrix UV :

UV
∗
mν UV

†
= mdia

ν , (B.66)

with

χ0 = UV
†
λ0 , (B.67)

where the 10 entries of the matrix λ0 are the 2-component ‘neutrino’ mass eigenstate fields.
In particular,

νiL = UV
bi

∗
λ0
b , B̃0 = UV

b4

∗
λ0
b , W̃ 0 = UV

b5

∗
λ0
b ,

H̃0
d = UV

b6

∗
λ0
b , H̃0

u = UV
b7

∗
λ0
b , (νjR)

c∗ = UV
bjλ

0
b

∗
. (B.68)

In the case of considering only one family of right-handed neutrinos as we do in Appendix C,
the last equality can be written as

(νR)
c∗ = UV

b8λ
0
b

∗
. (B.69)

Mass Matrix for Leptons
The usual leptons of the SM mix with charged gauginos and higgsinos. In the basis of 2–

component spinors14, (χ−)T =
(
ϕei , W̃

−, H̃−
d

)
and (χ+)T =

(
ηej , W̃

+, H̃+
u

)
, one obtains

the following charged fermion mass terms in the Lagrangian:

− (χ−)Tmeχ
+ + h.c. , (B.70)

13Since both helicities are present for neutrinos, it is convenient to introduce here the notation where
ϕα is a left-handed spinor and η̄α̇ a right-handed spinor. Thus we are using in (χ0)T , ϕα

νi ≡ (νiL)
c
∗

and
ηα
νj ≡ ν∗

jR, and in χ0, ϕνiα ≡ νiL and ηνj α ≡ (νjR)
c.

14Following the convention of the previous footnote, we have in this case ϕα
ei

≡ (eiL)
c
∗

and ηej α ≡ (ejR)
c.
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where me is the 5× 5 matrix

me =




〈H0
d 〉Y e

ij + 2〈ν̃lL〉λlij g〈ν̃iL〉∗ −Y ν
ik〈ν̃kR〉∗

01×3 M2 g〈H0
u〉∗

−Y e
kj〈ν̃kL〉 g〈H0

d 〉∗ λk〈ν̃kR〉∗


 . (B.71)

This is diagonalized by two unitary matrices U e
L and U e

R:

U e
R

∗
meU

e
L

†
= mdia

e , (B.72)

with

χ+ = U e
L

†
λ+ , (B.73)

χ− = U e
R

†
λ− , (B.74)

where the 5 entries of the matrices λ+, λ−, are the 2-component ‘lepton’ mass eigenstate
fields. In particular,

(ejR)
c∗ = U e

Lb4λ
+
b
∗
, W̃+ = U e

L
∗
b4λ

+
b , H̃+

u = U e
L
∗
b5λ

+
b ,

eiL = U e
R
∗
biλ

−
b , W̃− = U e

R
∗
b4λ

−
b , H̃−

d = U e
R
∗
b5λ

−
b . (B.75)

Mass Matrix for Down-Quarks
In the basis of 2–components spinors (d∗L)

T = (d∗iL), (dR)
T = (djR), one obtains the follow-

ing down-quark mass terms in the Lagrangian:

− (d∗L)
TmddR + h.c. , (B.76)

where md is the 3× 3 matrix

md =
(
〈H0

d 〉
∗
Y d∗
ij + 〈ν̃lL〉∗λ′∗

lij

)
. (B.77)

This is diagonalized by two unitary matrices Ud
L and Ud

R:

Ud
L

†
mdU

d
R = mdia

d , (B.78)

with

dR = Ud
RDR , (B.79)

dL = Ud
LDL . (B.80)

where the 3 entries of the matrices DL, DR are the 2-component down-quark mass eigenstate
fields. In particular,

djR = Ud
RjbDbR ,

diL = Ud
RibDbL . (B.81)

Mass Matrix for Up-Quarks

– 43 –



In the basis of 2–components spinors (u∗L)
T = (u∗iL), (uR)

T = (ujR), one obtains the
following up-quark mass terms in the Lagrangian:

− (u∗L)
TmuuR + h.c. , (B.82)

where mu is the 3× 3 matrix

mu =
(
〈H0

u〉
∗
Y u∗
ij

)
. (B.83)

This is diagonalized by two unitary matrices Uu
L and Uu

R:

Uu
L

†
muU

u
R = mdia

u , (B.84)

with

uR = Uu
RUR , (B.85)

uL = Uu
LUL . (B.86)

where the 3 entries of the matrices UL, UR are the 2-component up-quark mass eigenstate
fields. In particular,

ujR = Uu
RjbUbR ,

uiL = Uu
RibUbL . (B.87)

C One Scalar/Pseudoscalar Higgs-Two Fermion–Interactions

In this Appendix we write the relevant interactions for our computation of the decays of
the left sneutrino. For consistency with the computation of Section 4 where the SARAH

code was used, we follow its notation [38–40]. In particular, opposite to our convention in
Appendix B, now a, b = 1, 2, 3 are family indexes, and i, j, k are the indexes for the physical
states. Only one family of right-handed neutrinos νR, and the corresponding scalar and
pseudoscalar sneutrino states ν̃RR , ν̃IR, are considered for the computation of the interactions
below. Notice that the definitions of SARAH used in this Appendix for Yukawa, lepton and
quark matrices are not the same as those in Appendix B. Taking all this into account, in
the basis of 4–component spinors with the projectors PL,R = (1 ∓ γ5)/2, the interactions
for the mass eigenstates are as follows.

One Higgs-Two Up Quark–Interaction

− i
1√
2
δαβ

3∑

a,b=1

Y ∗
u,abU

u
R,jaU

u
L,ibZ

H
k2PR − i

1√
2
δαβ

3∑

b=1

Uu,∗
L,jb

3∑

a=1

Uu,∗
R,iaYu,abZ

H
k2PL . (C.1)

One Pseudoscalar Higgs-Two Up Quark–Interaction

− 1√
2
δαβ

3∑

a,b=1

Y ∗
u,abU

u
R,jaU

u
L,ibZ

A
k2PR +

1√
2
δαβ

3∑

b=1

Uu,∗
L,jb

3∑

a=1

Uu,∗
R,iaYu,abZ

A
k2PL . (C.2)

One Higgs-Two Down Quark–Interaction
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− i
1√
2
δαβ

3∑

a,b=1

Y ∗
d,abU

d
R,jaU

d
L,ibZ

H
k1PR − i

1√
2
δαβ

3∑

b=1

Ud,∗
L,jb

3∑

a=1

Ud,∗
R,iaYd,abZ

H
k1PL . (C.3)

One Pseudoscalar Higgs-Two Down Quark–Interaction

− 1√
2
δαβ

3∑

a,b=1

Y ∗
d,abU

d
R,jaU

d
L,ibZ

A
k1PR +

1√
2
δαβ

3∑

b=1

Ud,∗
L,jb

3∑

a=1

Ud,∗
R,iaYd,abZ

A
k1PL . (C.4)

One Higgs-Two Lepton–Interaction

−i
1√
2

{
− Ue,∗

R,j5

3∑

a,b=1

Ue,∗
L,iaYe,abZ

H
k3+b + g2U

e,∗
L,i4

3∑

a=1

Ue,∗
R,jaZ

H
k3+a

+

3∑

a,b=1

Ue,∗
R,jbU

e,∗
L,iaYe,abZ

H
k1 + g2U

e,∗
L,i4U

e,∗
R,j5Z

H
k1 + g2U

e,∗
R,j4U

e,∗
L,i5Z

H
k2

+λUe,∗
R,j5U

e,∗
L,i5Z

H
k3 − Ue,∗

L,i5

3∑

a=1

Ue,∗
R,jaYν,aZ

H
k3

}
PL

− i
1√
2

{
−

3∑

a,b=1

Y ∗
e,abU

e
L,jaZ

H
k3+bU

e
R,i5 + g2

3∑

a=1

Ue
R,iaZ

H
k3+aU

e
L,j4

+

3∑

a,b=1

Y ∗
e,abU

e
L,jaU

e
R,ibZ

H
k1 + g2U

e
R,i5U

e
L,j4Z

H
k1 + g2U

e
R,i4U

e
L,j5Z

H
k2

+λ∗Ue
R,i5U

e
L,j5Z

H
k3 −

3∑

a=1

Y ∗
ν,aU

e
R,iaU

e
L,j5Z

H
k3

}
PR . (C.5)

One Pseudoscalar Higgs-Two Lepton–Interaction

1√
2

{
− Ue,∗

R,j5

3∑

a,b=1

Ue,∗
L,iaYe,abZ

A
k3+b − g2U

e,∗
L,i4

3∑

a=1

Ue,∗
R,jaZ

A
k3+a

+
3∑

a,b=1

Ue,∗
R,jbU

e,∗
L,iaYe,abZ

A
k1 − g2U

e,∗
L,i4U

e,∗
R,j5Z

A
k1 − g2U

e,∗
R,j4U

e,∗
L,i5Z

A
k2

−λUe,∗
R,j5U

e,∗
L,i5Z

A
k3 + Ue,∗

L,i5

3∑

a=1

Ue,∗
R,jaYν,aZ

A
k3

}
PL

− 1√
2

{
−

3∑

a,b=1

Y ∗
e,abU

e
L,jaZ

A
k3+bU

e
R,i5 − g2

3∑

a=1

Ue
R,iaZ

A
k3+aU

e
L,j4

+

3∑

a,b=1

Y ∗
e,abU

e
L,jaU

e
R,ibZ

A
k1 − g2U

e
R,i5U

e
L,j4Z

A
k1 − g2U

e
R,i4U

e
L,j5Z

A
k2

−λ∗Ue
R,i5U

e
L,j5Z

A
k3 +

3∑

a=1

Y ∗
ν,aU

e
R,iaU

e
L,j5Z

A
k3

}
PR . (C.6)

One Higgs-Two Neutrino–Interaction
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i

2

{
g1(U

V,∗
i4
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UV,∗
ja + UV,∗

j4
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+
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One Pseudoscalar Higgs-Two Neutrino–Interaction
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√
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