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Abstract. We review the role played by the ‘µ from ν’ supersymmet-
ric standard model (µνSSM) in the search for supersymmetry. First,
we discuss its theoretical motivation, that is the simultaneous solu-
tion of µ- and ν-problems through the introduction of right-handed
neutrinos. The latter produces R-parity violation (RPV), giving rise
to interesting signals of new physics. As by-products, in the µνSSM
there are dark matter candidates, and electroweak baryogenesis can be
realized. Then, we survey signals by which the model could be tested
at the large hadron collider (LHC). In addition to the enlarged Higgs
sector with sneutrinos, we put special emphasis in analyzing the inti-
mate connection between the lightest supersymmetric particle (LSP)
lifetime and the size of neutrino Yukawa couplings. Displaced vertices
and/or multileptons are some of the interesting signatures that can be
probed. Finally, we discuss possible extensions of the µνSSM such as
the inclusion in the superpotential of the conventional trilinear lepton-
number violating couplings, the addition of an extra U(1)′ gauge group
to the symmetry of the standard model, or the reinterpretation of the
Higgs doublets as a fourth family of leptons superfields motivating the
existence of a fourth family of vector-like quark doublet superfields.

1 Introduction

Supersymmetry (SUSY) [1–3] is one of the most compelling frameworks for physics
beyond the standard model (SM), providing also an elegant solution to the gauge
hierarchy problem. The minimal SUSY extension of the SM is known as the minimal
supersymmetric standard model (MSSM)(for reviews, see e.g. Refs. [4–6]). However,
neutrinos are massless in this model implying that the MSSM itself is unable to
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solve the ν-problem, i.e. the generation of neutrino masses according to experi-
mental results [7–11]. The MSSM suffers also a naturalness problem, the so-called
µ-problem [12] (for a recent review, see Ref. [13]). This arises from the requirement

of a mass term for the Higgs superfields in the superpotential, µĤdĤu, which must be
of the order of the electroweak (EW) scale to successfully lead to electroweak symme-
try breaking (EWSB), as well as to generate Higgsino masses compatible with current
experimental lower bounds [14] on SUSY particles (sparticles) [15,16]. However, the
natural scale for µ, being a SUSY mass term, is the high-energy scale expected in the
theory which can be MGUT, Mstring, or, in the absence of a unified theory, MPlanck,
since gravity is always there. In the MSSM, there is no attempt to solve this problem,
the µ term is just assumed to be present.

The ‘µ from ν’ supersymmetric standard model (µνSSM) [17] is a natural alter-
native to the MSSM which solves dynamically both the µ- and ν-problems.1 In this
framework, the only three possible types of gauge-invariant trilinear couplings involv-
ing right-handed (RH) neutrinos νiR are added to the superpotential W containing
the usual Dirac Yukawa couplings for quarks and charged leptons. First, one adds
couplings between νiR and Higgses of the type λi ν̂

c
i ĤdĤu, where ν̂ci denote the RH

neutrino superfields. After the successful EWSB, the right sneutrinos ν̃iR develop
vacuum expectation values (VEVs) of the order of TeV, and therefore the above
couplings generate an effective mass term for Higgsinos, µ = λi〈ν̃iR〉∗, solving the
µ-problem. Note in this regard that, although all couplings in W are dimensionless,
the EWSB is driven by the soft SUSY-breaking terms which are in the ballpark of a
TeV. In addition, Dirac Yukawa couplings for neutrinos Y νij Ĥu L̂i ν̂

c
j are also added,

as well as couplings between νiR themselves κijkν̂
c
i ν̂
c
j ν̂
c
k. The latter couplings, in addi-

tion to forbid a global U(1) symmetry in W avoiding the existence of a Goldstone
boson, generate effective Majorana masses for RH neutrinos, Mij = 2κijk〈ν̃kR〉∗.
Both types of couplings are therefore instrumental in solving the ν-problem through
a EW-scale seesaw: they can accommodate with Y νij <∼ 10−6 [17–23] the correct neu-
trino masses and mixing angles. Having a EW seesaw also avoids the introduction of
ad-hoc high-energy scales in the model, as it occurs e.g. in the case of a GUT seesaw.
Thus, the only scale in the µνSSM is the EWSB scale. It is worth noticing here that
the µνSSM seesaw is actually a generalized EW seesaw, because it involves not only
left-handed (LH) neutrinos νiL with RH ones νiR as in the usual seesaw, but also
the neutralinos. This fact favors the accommodation of neutrino data, and occurs
because of the RPV present in the µνSSM, which we are going to discuss now.

The Z2 discrete symmetry R-parity (+1 for particles and −1 for sparticles) [24] is
used nowadays in SUSY in order to avoid fast proton decay induced by the simultane-

ous presence of the lepton- and baryon-number violating couplings [25,26] λ′ijkL̂iQ̂j d̂
c
k

and λ′′ijkd̂
c
i d̂
c
j û
c
k, respectively. Imposing R-parity conservation (RPC), those couplings

are forbidden. Also, the LSP turns out to be stable since RPC establishes that spar-
ticles appear in the couplings always in pairs. Being stable, as a by-product the LSP
contributes to dark matter (DM). Therefore, it has to be neutral, as it is the case of
the neutralino in the MSSM. As another consequence, the main signal of the RPC
MSSM at colliders is missing transverse energy (MET). Unlike the previous situa-
tion, in the µνSSM the simultaneous presence of the above three types of couplings
involving RH neutrinos, λi, κijk and Y νij , produces explicit RPV and lepton-number
violation. Despite these effects, it is important to note the following. First of all,
these couplings are harmless for proton decay. Second, lepton-flavor violation is very
small and therefore harmless in the µνSSM, fulfilling this kind of processes all the
experimental constraints. The reason is simple. In the limit Y νij → 0 only λi and

1More details about the model can be found in the website of the µνSSM Working Group,
http://dark.ft.uam.es/mununiverse

http://dark.ft.uam.es/mununiverse
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κijk couplings are left, and therefore ν̂ci can be identified as pure singlet superfields
without lepton number. Thus Y νij are the parameters determining lepton-number vio-

lation, and such violation is small since Y νij <∼ 10−6. For the same reason, RPV is also
small in the µνSSM. However, although small, such violation has crucial implications
concerning the phenomenology. RPV implies that the LSP2 is not stable, decaying
into SM particles. As a consequence, in the µνSSM the smallness of neutrino masses
is directly related with the low decay width of the LSP. Actually, it is also related to
the existence of SUSY decaying DM candidates in the model. This is the case of the
gravitino [27–31], or the axino [32], with lifetimes greater than the age of the Uni-
verse. The key to this is that gravitino (axino) interactions are suppressed not only
by the Planck (Peccei-Quinn) scale, but also by the small RPV parameters. It is also
worth mentioning concerning cosmology, that baryon asymmetry might be realized
in the µνSSM through electroweak baryogenesis [33].

The search for low-energy SUSY is one of the main goals of the LHC. This search
has been focused mainly on prompt signals with MET inspired in RPC models, such
as the MSSM. In that framework, significant bounds on sparticle masses have been
obtained [14]. For strongly interacting sparticles, their masses must be above about
1 TeV. For weakly interacting sparticles, the lower bounds are of about 100 GeV, and
only the bino-like neutralino is basically not constrained due to its small pair produc-
tion cross section. Because of these results, there is a growing interest in searching for
displaced signals at the LHC (for recent review, see Ref. [34]). The predictions of the
µνSSM are in this sense robust, and point to a coherent search strategy. All sparticles
are basically potential candidates for the LSP, not only the neutral ones as in the
RPC MSSM. This means that in the µνSSM, squarks, gluinos, charginos, charged
sleptons, sneutrinos, or neutralinos can be the LSP, decaying prompt or with a decay
length of the order of mm−m, depending on the sparticle couplings, their masses,
and the region of the parameter space analyzed. These features have two crucial con-
sequences. First, they imply that the extrapolation of the usual bounds on sparticle
masses to the µνSSM is not applicable. Second, the µνSSM can produce distinc-
tive signals of the model at colliders involving light sparticles which decay producing
multi-leptons/jets/photons with small/moderate MET from neutrinos [19,20,23,35–
46], well verifiable at the LHC or at upcoming accelerator experiments. Also verifiable
signals might be produced at non-collider experiments such as neutrino experiments
or the muon g − 2 [47].

To carry out these analyses, it is crucial to take into account that because of RPV
all fields in the spectrum of the µνSSM with the same color, electric charge and spin
mix together. The associated mass matrices were studied in detail in references [18–
20,40]. For example, there is a substantial mixing between neutrinos and neutralinos.
This is the origin of the generalized EW seesaw of the µνSSM, discussed above. Also,
there is a mixing between right sneutrinos and doublet-like Higgses. The searches for
new Higgses and deviations from the SM predictions is an active topic at the LHC.
In the context of the µνSSM, it was found that large regions of the parameter space
compatible with neutrino physics as well as with flavor observables such as B and
µ decays are viable, containing an interesting phenomenology that could be probed
at the LHC [18,35–37,39,41,44,46]. For example, one might probe processes such as
new two-body decays for the SM-like Higgs into a pair of light scalars/pseudoscalars,
neutralinos, or RH neutrinos, producing final states with multi-leptons/jets/photons.

Let us finally mention that there has been also studies of extensions of the µνSSM,
interesting both from the phenomenological and cosmological viewpoints. First of all,
one expects naturally the presence of conventional lepton-number violating couplings

2The notion of LSP is in fact misleading in the context of RPV models, since SUSY and non-
SUSY states are mixed. Nevertheless, for dominant SUSY composition of the lightest eigenstate, it
is reasonable to keep this nomenclature, as we will do in what follows.
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λijkL̂iL̂j ê
c
k and λ′ijkL̂iQ̂j d̂

c
k in the superpotential of the µνSSM, as was discussed in

detail in references [18,40,48]. Besides, the addition of an extra U(1)′ gauge symmetry
in the µνSSM was proposed in reference [49] to forbid the presence of dangerous oper-
ators in the superpotential, such as e.g. baryon-number violating couplings. There,
its associated phenomenology containing a new Z ′ gauge boson was also studied.
Another extension of the µνSSM was proposed in reference [50], but allowing non-
universal U(1)′ charges for the SM fields. The U(1)′ extensions of the µνSSM also
motivate an extended SM singlet sector, where the number of singlets is fixed by
anomaly cancellation conditions [51]. In this scenario, not only the phenomenology
is modified, but also the cosmology since there are models where some of the extra
singlets can be weakly interacting massive particles (WIMPs) contributing to stable
DM. Finally, in reference [48] a reinterpretation of the Higgs field in SUSY motivating
the possibility of a fourth family of vector-like quark doublets was proposed, and their
signals were studied in reference [52].

The paper is organized as follows. In Section 2, we will briefly review the µνSSM,
discussing its superpotential, soft terms, scalar potential and parameter space. On
the way, we will describe the proton decay and naturalness problems which are com-
mon to all SUSY models, and our viewpoint to attack them. Finally, we will compare
the main characteristics of the µνSSM with those of other interesting models that
are found in the literature. In Section 3, the spectrum of the model will be analyzed
paying special attention to the neutral fermion mass matrix which determines neu-
trino masses and mixing angles, and to the neutral scalar sector where Higgses and
sneutrinos are mixed. Collider and non-collider signals of the model that have been
analyzed so far, will be discussed in Section 4. Whereas the EW sector of the model
has been studied in some detail, studies of the color sector are still missing. We will
see that given the current analyses, the experimental constraints on the parameter
space of the µνSSM are still very mild. In Section 5, we will discuss the cosmology
of the model. We will review the existence of SUSY candidates for decaying DM,
such as the gravitino and/or the axino, and their possible detection in gamma-ray
satellites. Other DM candidates such as sterile RH neutrinos will be presented. We
will also briefly discuss the generation of the baryon asymmetry through the mecha-
nism of electroweak baryogenesis. The potential cosmological domain wall problem is
addressed at the end of the section. In Section 6, we will briefly review the extensions
of the µνSSM proposed in the literature, and, in connection with this, a reinterpreta-
tion of the Higgs field in SUSY. Our conclusions and prospects for future works are
left for Section 7.

2 The model

As discussed in the Introduction, the simplest superpotential of the µνSSM [17,18,40]
with three RH neutrinos is the following3:

W = εab

(
Y eij Ĥ

a
d L̂

b
i ê
c
j + Y dij Ĥ

a
d Q̂

b
i d̂

c
j + Y uij Ĥ

b
u Q̂

a
i û

c
j

)
+ εab

(
Y νij Ĥ

b
u L̂

a
i ν̂

c
j − λi ν̂ci Ĥb

uĤ
a
d

)
+

1

3
κijkν̂

c
i ν̂
c
j ν̂
c
k, (1)

where the summation convention is implied on repeated indexes throughout the paper
unless explicitly specified, with i = 1, 2, 3 the usual family indexes of the SM, and
a, b = 1, 2 SU(2)L indexes. εab is the totally antisymmetric tensor ε12 = 1.

3For a detailed description of the superfield notation used, see Appendices A and B of
reference [40].
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Working in the framework of a typical low-energy SUSY, the Lagrangian
containing the soft SUSY-breaking terms related to W is given by:

−Lsoft = εab

(
T eij H

a
d L̃

b
iL ẽ
∗
jR + T dij H

a
d Q̃

b
iL d̃
∗
jR + Tuij H

b
uQ̃

a
iLũ
∗
jR + h.c.

)
+ εab

(
T νij H

b
u L̃

a
iLν̃
∗
jR − Tλi ν̃∗iRHa

dH
b
u +

1

3
Tκijk ν̃

∗
iRν̃
∗
jRν̃
∗
kR + h.c.

)
+ m2

Q̃ij
Q̃a∗iLQ̃

a
jL+m2

ũij
ũ∗iRũjR +m2

d̃ij
d̃∗iRd̃jR +m2

L̃ij
L̃a∗iLL̃

a
jL

+ m2
ν̃ij
ν̃∗iRν̃jR +m2

ẽij
ẽ∗iRẽjR +m2

Hd
Ha
d
∗Ha

d +m2
HuH

a
u
∗Ha

u

+
1

2

(
M3 g̃ g̃ +M2 W̃ W̃ +M1 B̃

0 B̃0 + h.c.
)
. (2)

In case of following the usual assumption based on the breaking of supergravity, that
all the soft trilinear parameters are proportional to their corresponding couplings in
the superpotential (for a review, see e.g. Ref. [53]), one can write

T eij = AeijY
e
ij , T dij = AdijY

d
ij , Tuij = AuijY

u
ij , (3)

T νij = AνijY
ν
ij , Tλi = Aλi λi , Tκijk = Aκijkκijk , (4)

where A ∼ TeV, and the summation convention on repeated indexes does not apply.

2.1 The scalar potential

In addition to terms from Lsoft, the tree-level neutral scalar potential receives the
usual D- and F -term contributions, V 0 = Vsoft + VF + VD, with

Vsoft =

(
T νij H

0
u ν̃iL ν̃

∗
jR − Tλi ν̃∗iRH0

dH
0
u +

1

3
Tκijk ν̃

∗
iRν̃
∗
jRν̃
∗
kR + h.c.

)
+ m2

L̃ij
ν̃∗iLν̃jL +m2

ν̃ij
ν̃∗iRν̃jR +m2

Hd
H0
d
∗
H0
d +m2

HuH
0
u
∗
H0
u, (5)

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 H

0∗
u − Y νijκ∗ljkν̃iLν̃lRν̃kRH0

u

+ Y νijλ
∗
j ν̃iLH

0∗
d H

0∗
u H

0
u + Y νij

∗λkν̃
∗
iLν̃jRν̃

∗
kRH

0
d + h.c.

)
+ Y νijY

ν
ik
∗ν̃∗jRν̃kRH

0
uH

0
u
∗ + Y νijY

ν
lk
∗ν̃iLν̃

∗
lLν̃
∗
jRν̃kR + Y νjiY

ν
ki
∗ν̃jLν̃

∗
kLH

0
uH

0∗
u , (6)

VD =
1

8

(
g2 + g′2

) (
ν̃iLν̃

∗
iL +H0

dH
0
d
∗ −H0

uH
0
u
∗
)2

. (7)

The scale of the soft terms in equation (5) is in the ballpark of one TeV, and they
induce the EWSB in the µνSSM. The eight minimization conditions with respect
to Higgses and sneutrinos, with the choice of CP conservation,4 can be found in
references [18,40]. For neutral Higgses, and right and left sneutrinos defined as

H0
d =

1√
2

(
HRd + vd + i HId

)
, H0

u =
1√
2

(
HRu + vu + i HIu

)
, (8)

4The µνSSM with spontaneous CP violation was studied in reference [21].
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ν̃iR =
1√
2

(
ν̃RiR + viR + i ν̃IiR

)
, ν̃iL =

1√
2

(
ν̃RiL + viL + i ν̃IiL

)
, (9)

the following VEVs are developed:

〈H0
d〉 =

vd√
2
, 〈H0

u〉 =
vu√

2
, 〈ν̃iR〉 =

viR√
2
, 〈ν̃iL〉 =

viL√
2
, (10)

with viR ∼ TeV whereas viL ∼ 10−4 GeV. The small values of viL are because of the
proportional contributions to Y ν appearing in the viL minimization equations [17,
18,40]. These contributions enter through VF and Vsoft (assuming T ν = AνY ν as in
Eq. (4)) and are small due to the generalized EW seesaw discussed in the Introduction
that determines Y ν <∼ 10−6. An easy estimation gives viL <∼ mDi , with

mDij = Y νij
vu√

2
, (11)

the Dirac masses for neutrinos.
As can be straightforwardly deduced from the fifth and sixth terms of W in

equation (1), the effective µ-term and Majorana masses are of the order TeV and
given respectively by:

µ = λi
viR√

2
, Mij = 2κijk

vkR√
2
. (12)

2.2 The parameter space

Given the structure of the scalar potential, the free parameters in the neutral scalar
sector of the µνSSM at the low scale MEWSB =

√
mt̃l

mt̃h
are therefore: λi, κijk, Y νij ,

m2
Hd

, m2
Hu

, m2
ν̃ij

, m2
L̃ij

, Tλi , Tκijk and T νij . Using diagonal sfermion mass matrices, in

order to avoid the strong upper bounds upon the intergenerational scalar mixing (see
e.g. Ref. [54]), from the eight minimization conditions with respect to vd, vu, viR and
viL one can eliminate the above soft masses in favor of the VEVs. In addition, using
tanβ ≡ vu/vd and the SM Higgs VEV, v2 = v2

d + v2
u +

∑
i v

2
iL = 4m2

Z/(g
2 + g′2) ≈

(246 GeV)2 with the electroweak gauge couplings estimated at the mZ scale by
e = g sin θW = g′ cos θW , one can determine the SUSY Higgs VEVs, vd and vu. Since

viL � vd, vu, one has vd ≈ v/
√

tan2 β + 1. Besides, one can use diagonal neutrino
Yukawa couplings, since data of neutrino physics can easily be reproduced at tree level
in the µνSSM with such structure, as we will discuss in Section 3.1.1. Finally, assum-
ing for simplicity that the off-diagonal elements of κijk and soft trilinear parameters
T vanish, we are left with the following set of variables as independent parameters in
the neutral scalar sector:

λi, κi, Y
ν
i , tanβ, viL, viR, T

λ
i , T

κ
i , T

ν
i , (13)

where κi ≡ κiii, Y νi ≡ Y νii , T νi ≡ T νii and Tκi ≡ Tκiii. Note that now the Majorana mass
matrix in equation (12) is diagonal, with the non-vanishing entries given by

Mi = 2κi
viR√

2
, (14)

where the summation convention on repeated indexes does not apply.



Supersymmetry and Unification 3269

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

M1, M2, M3, mQ̃i
, mũi , md̃i

, mẽi , T
u
i , T

d
i , T

e
i , (15)

are also taken as free parameters and specified at low scale.

2.3 The number of right-handed neutrinos

In our previous discussions, we have assumed that the number of RH neutrinos is
three. This is a natural value in the sense that replicates what happens with the
other fermions of the SM. Nevertheless, we would like to point out that this number
is in principle a free parameter. The RH neutrino is the only singlet of the SM and
therefore its way of arising from a more fundamental theory does not have to be
the same as for the other particles. Besides, being a singlet it does not contribute to
gauge anomalies and therefore we can have any number of them.

From the model-building viewpoint only one RH neutrino is sufficient to generate
dynamically the µ term [17,20,41–43], reproducing neutrino physics thanks to loop
corrections [20]. Two RH neutrinos are sufficient to reproduce at tree level the neu-
trino mass differences and mixing angles, and it is also the minimal case with the
capability of giving spontaneous CP violation in the neutrino sector [21]. Moreover,
more than three RH neutrinos can also be used, without spoiling any of the useful
properties present in the case of three families. As will be discussed in Section 5.2.3,
some of these RH neutrinos can also behave as sterile neutrinos being candidates for
DM. In what follows we will continue working with three RH neutrino superfields.

2.4 Proton decay and naturalness problems

We mentioned in the Introduction that the new couplings introduced in the µνSSM
are harmless for proton decay. However, in purity one could still argue that RPC is

mandatory to avoid the couplings λ′ijkL̂iQ̂j d̂
c
k and λ′′ijkd̂

c
i d̂
c
j û
c
k. Our viewpoint is that

this imposition is clearly too stringent. The choice of RPC is ad hoc, since one can use
other ZN discrete symmetries to forbid only the couplings λ′′ijk, which is sufficient to

avoid fast proton decay. This is e.g. the case of Z3 Baryon-parity [55,56] which also
prohibits dimension-5 proton decay operators, unlike R-parity. Besides, this strategy
seems reasonable if one expects all discrete symmetries to arise from the breaking
of gauge symmetries of the underlying unified theory [57], since Baryon-parity and
R-parity are the only two generalized parities which are ‘discrete gauge’ anomaly
free [55,56]. Discrete gauge symmetries are also not violated [57] by potentially
dangerous quantum gravity effects [58].

We would like also to remark that, given the relevance of string theory as a possible
underlying unified theory, a robust argument in favor of the above mechanism is
that in string compactifications, such as e.g. orbifolds, the matter superfields have
several extra U(1) charges broken spontaneously at high energy by a Fayet-Iliopoulos
D-term, and as a consequence residual ZN symmetries are left in the low-energy
theory. As pointed out in reference [18], the same result can be obtained by the
complementary mechanism that stringy selection rules can naturally forbid the λ′′ijk
couplings discussed above. This is because matter superfields are located in general
in different sectors of the compact space, in such a way that some RPV couplings
can be forbidden but others are allowed [59,60]. In fact, we expect naturally the
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presence of the lepton-number violating couplings λijkL̂iL̂j ê
c
k and λ′ijkL̂iQ̂j d̂

c
k in the

superpotential of the µνSSM, as will be discussed in Section 6.1.
It is tempting to connect also string theory with the fact that the superpotential

of the µνSSM has a Z3 discrete symmetry. Thanks to it, the presence of the dangerous
linear (tadpole) terms tiν̂

c
i is forbidden, as well as that of the bilinear (mass) terms

µĤuĤd, µiĤuL̂i andMij ν̂
c
i ν̂
c
j . The latter bilinears would reintroduce the µ-problem

and additional naturalness problems. In fact, a Z3 symmetry 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 reference [48],
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 potential cosmological domain wall problem induced
by this discrete symmetry will be discussed in Section 5.3.

Another interesting strategy to forbid the above dangerous operators in the
µνSSM is through the addition of an extra U(1)′ gauge symmetry. We will briefly
review this matter in Section 6.2.

2.5 Comparison with other models

Before continuing to analyze the characteristics of the µνSSM, it is worth stopping
for a moment and comparing this model with others that are found in the literature.
We can use for the comparison the superpotential of the µνSSM in equation (1).
As discussed in the Introduction, the main difference with respect to the MSSM is
that neutrino physics is included in the model and no explicit µ-term εabµĤ

b
uĤ

a
d is

necessary in W , arising dynamically after EWSB.
A similar comment applies to the comparison of the µνSSM with the bilinear

R-parity violating model (BRPV) [61–64], an extension of the MSSM where explicit

lepton-number violating (mass) terms εabµiĤ
b
uL̂

a
i are added. The main motivation for

the latter terms is to induce neutrino masses through the mixing of LH neutrinos with
the neutralinos (because of RPV), without the necessity of including RH neutrinos
in the model. However, the structure of the neutral fermion mass matrix is such that
only one neutrino acquires mass at tree level, while the other two get them through
loop corrections. Another drawback, as discussed in the previous subsection, is that
the µ-problem [12] is augmented with the three new bilinear terms µi which should be
of the order of 10−4 GeV to reproduce correct neutrino masses. In the µνSSM, those
terms are generated dynamically from the Dirac Yukawa couplings for neutrinos in
equation (1):

µi = Y νij
vjR√

2
. (16)

Other well-known RPV models are those involving conventional trilinear couplings
(TRPV) [25,26]. There are two possibilities, to add to the superpotential of the MSSM

the lepton-number violating couplings εab(λijkL̂
a
i L̂

b
j ê
c
k + λ′ijkL̂

a
i Q̂

b
j d̂
c
k), or the baryon-

number violating couplings λ′′ijkd̂
c
i d̂
c
j û
c
k. In the case of the former model, neutrino

masses can arise through loop corrections, but both types of models do not attempt
to solve the µ-problem. For a review about the RPV models BRPV and TRPV,
see e.g. reference [65]. As mentioned in the previous subsection, the λijk and λ′ijk
couplings are expected to be naturally present in the superpotential of the µνSSM.

Concerning models proposing solutions to the µ-problem, an elegant one is the
RPC next-to-minimal supersymmetric standard model (NMSSM) (for a review, see
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e.g. Refs. [66,67]). There, an extra singlet superfield N̂ is introduced in W coupled

to Higgses and to itself: −εabλN̂Ĥb
uĤ

a
d + 1

3κN̂N̂N̂ . The differences with the µνSSM
are obvious. An extra field, different from the RH neutrino, has to be added to
the spectrum, and no attempt to solve the ν-problem is made. We can obtain the
NMSSM in the limit of the µνSSM when Dirac Yukawa couplings for neutrinos are set
to zero, Y νij = 0. Another interesting model [68] is obtained by extending the NMSSM

with couplings between the singlet and the RH neutrino superfields κijN̂ ν̂
c
i ν̂
c
j . Here

Majorana masses for RH neutrinos are generated through the VEV of the singlet N .
In this model, in addition to the neutralino also the right sneutrino can be a viable
DM candidate [69].

3 The spectrum

This section is devoted to review the spectrum of the µνSSM, paying special attention
to the sectors where the recent experimental results impose strong constraints, i.e.
neutrino and Higgs sectors. Besides, unlike others the structure of these two sectors
is very different from the MSSM ones. In addition, reproducing neutrino data is an
important asset of the model as described in the Introduction.

As shown in the previous section, the distinctive couplings of the µνSSM, Y νij ,
λi and κijk, contribute to the neutral scalar potential generating as a consequence
VEVs for Higgses, and right and left sneutrinos. A detailed analysis of the Higgs
sector was first performed in reference [18], finding viable regions that avoid false
minima and tachyons, as well as fulfill the Landau pole constraint. The complete
one-loop renormalization of the neutral scalar sector of the µνSSM was carried out
in references [41,44]. Because of the new couplings and VEVs, all fields in the spec-
trum with the same color, electric charge and spin mix together. This is similar to
the MSSM, where the couplings and Higgs VEVs determine the mixing of bino, wino
and higgsinos, producing the four neutralino states. However, in the MSSM the RPC
prevents mixing of states with different R-parity quantum numbers, such as e.g. neu-
trinos with neutralinos, or sneutrinos with Higgses. This is not the case of the µνSSM,
where RPV allows this kind of mixing, and, as a consequence, a rich phenomenology.

The associated mass matrices were studied in detail in references [18–20,40]. In
particular, Appendix B of reference [40] contains all the matrices and is very useful for
the discussion that follows. Summarizing the results, there are the following relevant
states: eight neutral scalars and seven neutral pseudoscalars (Higgses-sneutrinos),
seven charged scalars (charged Higgses-sleptons), five charged fermions (charged
leptons-charginos), and ten neutral fermions (neutrinos-neutralinos).

3.1 The neutrino sector

LH neutrinos mix with MSSM neutralinos and RH neutrinos, thus the neutral

fermions have the flavor composition (χ0)T = ((νiL)c
∗
, B̃0, W̃ 0, H̃0

d , H̃
0
u, ν
∗
iR), and

one obtains the mass terms, − 1
2 (χ0)Tmνχ

0 + h.c., with mν the 10× 10 (symmetric)
‘neutrino’ mass matrix:

mν =

(
03×3 m
mT M7×7

)
. (17)

In this matrix, m is a 3 × 7 submatrix containing the mixing of LH neutrinos with
MSSM neutralinos and RH neutrinos. The submatrix M7×7 contains the mixing of
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MSSM neutralinos with RH neutrinos, in addition of the mixing between MSSM
neutralinos themselves and RH neutrinos themselves.

It is relevant to note that mν has the structure of a generalized EW seesaw. Note
in this respect that all the entries of M7×7 are of the order of TeV. This is because
the low-energy bino and wino soft masses, M1 and M2, are of that order, as well as
the µ term, and the mixing of neutralinos with RH neutrinos which is determined
by λivu, λivd. In addition, the self mixing of the RH neutrinos is determined by the
Majorana masses of equation (12) which are ∼TeV. On the contrary, the entries of the
matrix m are much smaller: the Dirac neutrino masses are <∼10−4 GeV as discussed
in equation (11), and the other entries are of similar order being determined by gviL,
g′viL and Y νijvjR.

3.1.1 Light neutrinos

The above generalized EW seesaw produces three light neutral fermions dominated
by the νiL flavor composition. As shown in references [17–23], data on neutrino
physics [7–10] can easily be reproduced at tree level, even with diagonal Yukawa
couplings [19,21], i.e. Y νii = Y νi and vanishing otherwise. A simplified formula for the
effective mixing mass matrix of the light neutrinos is [21]:

(mν)ij =
mDimDj

3M
(1− 3δij)−

(viL/
√

2)(vjL/
√

2)

2M eff

−
mDimDj

2M eff

1

3λ tanβ

(
viL/
√

2

mDi
+
vjL/
√

2

mDj
+

1

3λ tanβ

)
, (18)

where

M eff ≡M −
(
v/
√

2
)2

2µ

(
M vR√

2
+ 2λ

(
v√
2

)2
tan β

1+tan2 β

) [2M vR√
2

tanβ

1 + tan2 β
+ λ

(
v√
2

)2
]

(19)

with

1

M
=
g′2

M1
+

g2

M2
. (20)

Here we have assumed universal λi = λ, viR = vR, and κi = κ. In this case, the Dirac
masses for neutrinos of equation (11), the µ-term of equation (12) and the three
non-vanishing Majorana masses Mi =M of equation (14), are given by

mDi ≡ Y νi
vu√

2
, µ = 3λ

vR√
2
, M = 2κ

vR√
2
. (21)

The first term of equation (18) is generated through the mixing of νiL with νiR-
Higgsinos, and the other two also include the mixing with gauginos. These are the
so-called νR-Higgsino seesaw and gaugino seesaw, respectively [21]. We are then
left in general with the following subset of variables of equations (13) and (15) as
independent parameters in the neutrino sector:

λi, κi, Y
ν
i , tanβ, viL, viR, M1, M2. (22)
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In order to efficiently scan the model in phenomenological analyses, it is useful to
reduce the number of parameters to be used as we will discuss in Section 4.1.1. Thus,
inspired by GUTs one can assume e.g. the low-energy relation, M2 = (α2/α1)M1 '
2M1, where g2 = g and g1 =

√
5/3 g′, and therefore the parameters M1 and M2 can

be substituted in the computation by M as the relevant parameter.
Under several assumptions, the formula for (mν)ij can be further simplified.

Notice first that the third term is inversely proportional to tanβ, and therefore neg-
ligible in the limit of large or even moderate tanβ provided that λ is not too small.
Besides, the first piece inside the brackets in the second term of equation (19) is
also negligible in this limit, and for typical values of the parameters involved in the
seesaw also the second piece, thus M eff ∼ M . Under these assumptions, the second
term for (mν)ij is generated only through the mixing of LH neutrinos with gauginos.
Therefore, we arrive to a very simple formula where only the first two terms survive
with M eff = M in equation (18):

(mν)ij =
mDimDj

3M
(1− 3δij)−

(viL/
√

2)(vjL/
√

2)

2M
. (23)

This expression can be used to understand easily the seesaw mechanism in the µνSSM
in a qualitative way. From this discussion, it is clear that Y νi , viL and M are crucial
parameters to determine the neutrino physics. For typical values as those discussed
in the previous section, Y νi <∼ 10−6, viL ∼ 10−4 GeV and M ∼ TeV, neutrino masses
<∼0.1 eV as expected, can easily be reproduced.5

Actually, it is possible to go further establishing qualitatively what regions of the
parameter space are the best in order to obtain correct neutrino masses and mixing
angles. In particular, one can determine natural hierarchies among neutrino Yukawas,
and among left sneutrino VEVs. Considering the normal ordering for the neutrino
mass spectrum, representative solutions for neutrino physics using diagonal neutrino
Yukawas in this scenario are summarized below [45]. Note that these solutions take
advantage of the dominance of the gaugino seesaw for some of the three neutrino
families.

(1) M < 0, with Y ν1 < Y ν2 , Y
ν
3 , and v1L > v2L, v3L.

As explained in references [21,30], a negative value for M is useful in order to repro-
duce neutrino data with Y ν1 the smallest Yukawa and v1L the largest VEV. Essentially,
this is because a small tuning in equation (18) between the gaugino seesaw and the
νR-Higgsino seesaw is necessary in order to obtain the correct mass of the first family.
Here the contribution of the gaugino seesaw is always the largest one. On the con-
trary, for the other two neutrino families, the contribution of the νR-Higgsino seesaw
is the most important one and that of the gaugino seesaw is less relevant for the
tuning.

(2) M > 0, with Y ν3 < Y ν1 < Y ν2 , and v1L < v2L ∼ v3L.
In this case, it is easy to find solutions with the gaugino seesaw as the dominant one for
the third family. Then, v3L determines the corresponding neutrino mass and Y ν3 can
be small. On the other hand, the normal ordering for neutrinos determines that the
first family dominates the lightest mass eigenstate implying that Y ν1 < Y ν2 and v1L <
v2L, v3L, with both νR-Higgsino and gaugino seesaws contributing significantly to the

5 Note that if we had included m2
HdL̃iL

Ha
d
∗L̃aiL + h.c. in Vsoft of equation (5), we would have

obtained viL ∼ TeV. Thus, the second term of equation (23) would have given rise to LH neutrinos
∼TeV. We are assuming therefore that this type of soft masses are not present in our Lagrangian or
that they are negligible. A similar destabilization of viL would arise with T ν ∼ TeV in Vsoft. The
assumption T ν = AνY ν of equation (4) solves this problem. As discussed in detail in the Appendix
A of reference [40], these two assumptions about the structure of the soft terms are reliable in the
framework of the current studies of SUSY and supergravity.
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masses of the first and second family. Taking also into account that the composition
of these two families in the second mass eigenstate is similar, we expect v2L ∼ v3L.

(3) M > 0, with Y ν2 < Y ν1 < Y ν3 , and v1L < v2L ∼ v3L.
These solutions can be deduced from the previous ones in (2) interchanging the values
of the third family, Y ν3 and v3L, with the corresponding ones of the second family,
Y ν2 and v2L. A small adjust in the parameters will lead again to a point in the
parameter space satisfying neutrino data. This is clear from the fact that θ13 and θ12

are not going to be significantly altered, whilst θ23 may require a small tuning in the
parameters. If the gaugino seesaw dominates for the second family, v2L determines
the corresponding neutrino mass and Y ν2 can be small.

Concerning phases in the neutrino sector, it was pointed out in reference [21]
that spontaneous CP violation is possible in the µνSSM through complex Higgs and
sneutrino VEVs, and that this is a source of Dirac and Majorana phases in the
neutrino sector. The continue improvements in neutrino experiments including the
measurements of CP violating phases [11,70] are crucial nowadays, and the µνSSM
seems to have much to say about them.

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

3.1.2 µνSSM neutralinos

As discussed in equation (17), the submatrix M7×7 contains the mixing of MSSM
neutralinos and RH neutrinos. We denote these seven states as µνSSM neutralinos.
This matrix is of the NMSSM type, apart form the small corrections proportional to
Y νij , and the fact that in the NMSSM there is only one singlet. Different compositions
of the eigenstates are now possible. For example, if we take the values of the Majorana
massesMij in equation (12) small compared to the soft gaugino masses M1 and M2,
and to the Higgsino masses µ, the lightest µνSSM neutralino is mainly a RH neutrino.
This composition of the LSP is genuine of the µνSSM and hence, very interesting to
study. Another limit is to take small enough values for M1, in such a way that one
has a MSSM lightest neutralino almost bino-like.

The phenomenology associated to these states, neutralinos−RH neutrinos, was
studied in references [19,20,36–39,43], and we will discuss it in some detail in
Section 4.1.3.

3.2 The Higgs sector

In the µνSSM, neutral doublet-like Higgses mix with left and right sneutrinos, thus
the CP-even neutral scalars have the composition ST = (HRd , H

R
u , ν̃

R
iR, ν̃

R
jL), and one

obtains the mass terms, − 1
2S

Tm2
hS, with m2

h the 8 × 8 (symmetric) ‘Higgs’ mass
matrix. The same discussion applies to CP-odd neutral scalars, although in this case
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 pro-
portional to Y νij or viL, and these quantities are very small in order to satisfy neutrino
data. Besides, similar to the neutralino sector, the former 5× 5 submatrix is of the
NMSSM type, apart from the small corrections proportional to Y νij , and the fact that
in the NMSSM there is only one singlet. Thus, to accommodate the SM-like Higgs in
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the µνSSM, one can focus on the analysis of the Higgs-right sneutrino mass subma-
trix. Upon diagonalization of the scalar submatrix, one obtains the SM-like Higgs, the
heavy doublet-like neutral Higgs, and three singlet-like states. Similarly, upon diag-
onalization of the pseudoscalar submatrix, and after rotating away the pseudoscalar
would be Goldstone boson, we are left with the doublet-like neutral pseudoscalar,
and three singlet-like pseudoscalar states. In what follows, we will review these states,
including also the charged Higgs sector.

3.2.1 The SM-like Higgs

The accommodation of the SM-like Higgs boson discovered at the LHC is mandatory
for any SUSY model. A recent analysis in the µνSSM was carried out in reference [46].
Taking into account all the contributions, the mass of the SM-like Higgs in the µνSSM
can in a very simplified way schematically be written as [18,39]:

m2
h = m2

0h + ∆mixing + ∆loop, (24)

where

m2
0h = m2

Z cos2 2β + (v/
√

2)2 λ2 sin2 2β, (25)

contains two terms, the first one characteristic of the MSSM and the second one of
the µνSSM with

λ ≡

(∑
i

λ2
i

)1/2

=
√

3 λ, (26)

where the last equality is obtained if one assumes for simplicity universality of the
parameters λi = λ. Note that m2

0h in equation (24) corresponds to the absence of mix-
ing of the SM-like Higgs with the other states in the mass squared matrix. ∆mixing

encodes those mixing effects lowering (raising) the mass if it mixes with heavier
(lighter) states, and ∆loop refers to the radiative corrections. In references [41,44],
a full one-loop calculation of the corrections to the neutral scalar masses was per-
formed. Supplemented by MSSM-type corrections at the two-loop level and beyond
(taken over from the code FeynHiggs [71–73]) it was shown that the µνSSM can
easily accomodate a SM-like Higgs boson at ∼125 GeV, while simultaneously being
in agreement with collider bounds and neutrino data.

One can write m2
0h in a more elucidate form as

m2
0h = m2

Z


(

1− tan2β

1 + tan2β

)2

+

(
v/
√

2

mZ

)2

λ2

(
2 tanβ

1 + tan2β

)2
 , (27)

where the factor (v/
√

2mZ)2 ≈ 3.63, and we see straightforwardly that the second
term grows with small tanβ and large λ. In the case of the MSSM this term is
absent, hence the maximum possible tree-level mass is about mZ for tanβ � 1 and,
consequently, a contribution from loops is essential to reach the target of a SM-like
Higgs in the mass region around 125 GeV. This contribution is basically determined
by the soft parameters Tu3 ,mũ3

and mQ̃3
. On the contrary, in the µνSSM one can

reach this mass solely with the tree-level contribution for large values of λ [18].
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3.2.2 Right seutrino-like states

From the scalar and pseudoscalar mass submatrices (see Appendix A of Ref. [46]), one
can easily deduce that κi and Tκi are crucial parameters to determine the masses of the
singlet-like states, originating from the self-interactions. The remaining parameters
λi and Tλi (Aλi assuming the supergravity relation Tλi = λiA

λ
i of Eq. (4)) not only

appear in the said interactions, but also control the mixing between the singlet and
the doublet states and hence, contribute in determining the mass scale. Note that the
contributions of the parameters T νi are negligible assuming T νi = Y νi A

ν
i , given the

small values of neutrino Yukawas. We conclude, taking also into account the discussion
below equation (27), that the relevant independent low-energy parameters in the
Higgs-right sneutrino sector are the following subset of parameters of equations (13)
and (15):

λi, κi, tanβ, viR, T
κ
i , T

λ
i , T

u
3 , mũ3

, mQ̃3
. (28)

For the right sneutrino-like states, to obtain approximate analytical formulas for
tree-level masses is only possible in special regions of the parameter space of the
µνSSM (for a recent analysis see [46] and references therein). For example, for small
λi values (i.e. <∼ 0.01) the singlet states are basically decoupled from the doublets,
and one can write the right sneutrino masses for scalars and pseudoscalars as

m2
ν̃RiR

=

(
Tκi
κi

+ 2Mi

)
Mi

2
, m2

ν̃IiR
= −3

2

Tκi
κi
Mi, (29)

where in the case of supergravity we can use the relation Tκi /κi = Aκi . Note that
the parameters κi, viR and Tκi are the key ingredients to determine the mass scale
of the right sneutrino states [18,19]. Besides, in this limit of small λi values, Mi

coincide approximately with the masses of the right-handed neutrinos, since they are
decoupled from the other entries of the neutralino mass matrix:

mνiR =Mi. (30)

With the sign convention Mi > 0, from the pseudoscalar mass formula of equa-
tion (29) one can deduce that negative values for Tκi (or Aκi ) are necessary in order
to avoid tachyonic pseudoscalars. Then, from the scalar mass formula we can deduce
that singlet scalars lighter than the SM-like Higgs can be obtained. This result of
light scalars (and pseudoscalars) in certain regions of the parameter space is generic,
applying also to larger values of λi. This was obtained in reference [46], where a scan
of the parameter space of the µνSSM Higgs sector was carried out (see the discussion
in Section 4.1.6 for more details). As an example, we show in Figure 1 the result of
the scan S1 for the region of small/moderate values of λ (0.01 ≤ λ < 0.2). The results
for larger values of λ can also be found in that work, in particular for moderate/large
values (0.2 ≤ λ < 0.5) in scan S2 and for large values (0.5 ≤ λ < 1.2) in scan S3.

In references [18,35–37,39,41,44,46], it was found that large regions of the param-
eter space compatible with neutrino physics are viable, containing an interesting
phenomenology related to the right sneutrino-Higgs sector that could be probed at
the LHC. These are processes such as e.g. new two-body decays for the SM-like Higgs
in the presence of light scalars, pseudoscalars and neutralinos. More details will be
discussed in Section 4.1.6.
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Fig. 1. Viable points of the parameter space of the µνSSM in the κ−λ plane for the scan S1

with 0.01 ≤ λ < 0.2, from reference [46]. The red and light-red (blue) colours represent cases
where the SM-like Higgs is (is not) the lightest scalar. All red and blue points below the lower
black dashed line fulfill the perturbativity condition up to GUT scale, 2.77 κ2 + 2 λ2 <∼ 1.
Light-red points below the upper black dashed line fulfill the perturbativity condition up
to 10 TeV, 0.25 κ2 + 0.14 λ2 <∼ 1. A discussion about both conditions can be found in
reference [46].

3.2.3 Left sneutrinos

The behaviour of the left sneutrinos is very different from the one of the right sneutri-
nos, since the former are tightly associated to neutrino physics. As discussed before,
the 3 × 3 scalar and pseudoscalar left sneutrino submatrices are decoupled from
the 5 × 5 Higgs-right sneutrino sumatrices. Besides, their off-diagonal entries are
negligible compared to the diagonal ones, since they are suppressed by terms propor-
tional to Y νij

2 and v2
iL. As a consequence, the mass squared eigenvalues correspond

to the diagonal entries, and in this approximation both states also have degenerate
masses. Using the minimization equations for viL, one can write their tree-level values
as [18,19,40,44]

m2
ν̃RiL

= m2
ν̃IiL

=
mDi

viL/
√

2

viR√
2

[
−T νi
Y νi
− Mi

2
+

µ

tanβ
+ λi

(
v/
√

2
)2

viR/
√

2

tanβ

1 + tan2 β

]
. (31)

Therefore, the

T νi , (32)

are relevant parameters for the study of left sneutrino masses. Note that the fourth
term in equation (31) can usually be neglected as long as viR � v and/or λi is small.
Also, in the limit of moderate/large tanβ (and not too large λi compared to κi) one
can neglect the third term compared to the second one. Given the sign convention
above of positive Majorana masses Mi, it is then convenient to use negative values
for T νi in order to avoid tachyonic states.
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Now, from equation (31) we see clearly why left sneutrinos are special in the
µνSSM with respect to other SUSY models. Given that their masses are determined
by the minimization equations with respect to viL, they depend not only on left
sneutrino VEVs but also on neutrino Yukawas, unlike right sneutrinos, and as a
consequence neutrino physics is very relevant for them. For example, if we work
with equation (31) using T νi = Aνi Y

ν
i , and assuming the simplest situation that all

the Aνi are naturally of the order of the TeV, neutrino physics determines sneu-
trino masses through the prefactor

mDi
viL/

√
2

= Y νi vu/viL. Representative solutions for

neutrino physics using diagonal neutrino Yukawas were summarized in Section 3.1.1
below equation (23). Taking them into account, different hierarchies among the gen-
erations of left sneutrinos are possible using different hierarchies among Y νi (and
also viL). According to the above discussion about the prefactor, and using the same
classification as in Section 3.1.1, one obtains for the three relevant cases:

(1) M < 0, with Y ν1 < Y ν2 , Y
ν
3 , and v1L > v2L, v3L.

mν̃1L is the smallest of all the sneutrino masses.
(2) M > 0, with Y ν3 < Y ν1 < Y ν2 , and v1L < v2L ∼ v3L.

mν̃3L is the smallest of all the sneutrino masses.
(3) M > 0, with Y ν2 < Y ν1 < Y ν3 , and v1L < v2L ∼ v3L.

mν̃2L is the smallest of all the sneutrino masses.
Let us point out nevertheless concerning this qualitative analysis, that when

off-diagonal neutrino Yukawas are allowed, it is not possible to arrive to a general
conclusion regarding the hierarchy in sneutrino masses, specially when the gaugino
seesaw is sub-dominant. This is because one can play with the hierarchies among viL
with enough freedom in the neutrino Yukawas in order to reproduce the experimental
results. Therefore, there is no a priori knowledge of the hierarchies in the sneutrino
masses, and carrying out an analysis case by case turns out to be necessary.

There is enough freedom in the parameter space of the µνSSM in order to get
heavy as well as light left sneutrinos from equation (31), and the latter scenario with
the left sneutrino as the LSP was considered in references [40,42,45]. Thanks to RPV
they decay to SM particles evading missing energy searches. Due to the doublet nature
of the left sneutrino, masses smaller than half of the mass of the SM-like Higgs were
found to be forbidden [45] to avoid dominant decay of the latter into sneutrino pairs,
leading to an inconsistency with Higgs data. In the analyses of references [42,45], the
solutions of type 2 were the ones interesting to be able to compare the signals with
current LHC data. These issues will be discussed in more detail in Section 4.1.1.

3.2.4 Charged scalars

Charged Higgses mix with left and right charged sleptons, thus the charged scalars
have the composition CT = (H−d

∗
, H+

u , ẽ
∗
iL, ẽ

∗
jR), and one obtains the mass terms,

−C∗Tm2
H+C, with m2

H+ the 8× 8 (symmetric) ‘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 charged slepton submatrix. Thus, as in the
MSSM, the mass of the charged Higgs is similar to the one of the doublet-like neutral
pseudoscalar, specially when the latter is not very mixed with the right sneutrinos.
In this case, both masses are also similar to the one of the heavy doublet-like neutral
Higgs.

Concerning the 6 × 6 submatrix, the right sleptons are decoupled from the left
ones, since the mixing terms are suppressed by Y eij or viL. Then, the masses of right

and left sleptons are basically determined by their corresponding soft terms, m2
ẽiR

and m2
L̃i

, respectively. Although the left sleptons are in the same SU(2) doublet as
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the left sneutrinos, they are a little heavier than the latter mainly due to the mass
splitting produced by the D-term contribution, −m2

W cos 2β.

3.3 Charged fermions

The MSSM charginos mix with the charged leptons in the µνSSM. In the basis

(χ−)T = ((eiL)c
∗
, W̃−, H̃−d ) and (χ+)T = (e∗iR, W̃

+, H̃+
u ), one obtains the mass

terms, −(χ−)Tmeχ
+ + h.c., with me the 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 νij , Y

e
ij , viL. The former submatrix

is like the one of the MSSM/NMSSM provided that one uses the effective µ-term of
equation (12).

3.4 The colored sector

3.4.1 Quarks

Down- and up-quark mass matrices are like the ones of the MSSM.

3.4.2 Squarks

Left and right down-squarks are mixed, thus they have the composition d̃
T

=

(d̃iL, d̃jR), and one obtains the mass terms, −d̃Tm2
d̃
d̃∗, with m2

d̃
the 6 × 6 (sym-

metric) mass matrix. The same discussion applies to up-squarks. These squark mass
matrices, when compared to the MSSM/NMSSM case, maintain their structure essen-
tially unaffected, provided that one uses the effective µ-term of equation (12), and
neglects the terms proportional to small parameters such as Y νij , viL.

3.4.3 Gluinos

This sector has the same structure as in the MSSM.

3.5 Electroweak gauge bosons

The EW gauge sector has the same structure as in the SM. Note nevertheless that
nonstandard on-shell decays of W± and Z bosons are possible within the framework
of the µνSSM compared to the MSSM [38]. These modes are typically encountered
in regions of the parameter space with light singlet-like scalars, pseudoscalars, and
neutralinos. We will return to this scenario in Section 4.1.7. Besides, in Section 6.2
we will discuss the possibility of a new Z ′ gauge boson in the context of extensions
of the µνSSM with an extra U(1)′ gauge group.

4 Phenomenology

The search for new physics is one of the most important experimental ventures in
contemporary times. The µνSSM provides a simple framework for this search, where
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the inclusion of RH neutrinos connects neutrino physics with RPV since the amount
of the latter is determined by the neutrino Yukawas. Thus, the smallness of neutrino
masses is directly related with the low decay width of the LSP. Together with a very
rich Higgs sector, this gives a perfect combination for exciting new signals. It is true
that, besides the discovery of a particle compatible with the SM Higgs [74,75], no
hints for SUSY have been detected at the LHC yet, despite of numerous searches
and tremendous efforts. But it is also important to realize that these searches for
sparticles have assumed mainly signals with MET, inspired in RPC models such as
the MSSM where the neutralino LSP is stable. This assumption is not possible in the
µνSSM, where the LSP is not stable, making mandatory a reanalysis of the LHC data
for this model. In the next subsections, we will review the analyses of new signals in
collider and non-collider experiments motivated by the model, that can be found in
the literature so far.

4.1 Searching for sparticles at the LHC

We review in this subsection relevant signals at the LHC produced by several LSP
candidates in the µνSSM, that can be found in the literature. The strategy employed
to search for sparticles is to perform analyses of the parameter space associated to a
particular LSP candidate, imposing compatibility with current experimental data on
neutrino and Higgs physics as well as flavor with observables such as B and µ decays.
Let us emphasize that this strategy is crucial given the structure of the model, where
neutrino and LSP physics are directly connected. In other words, we cannot assume
a candidate for LSP with its corresponding new signals at the LHC without checking
at the same time whether the neutrino data is reproduced. The two issues are not
independent. This makes the µνSSM more predictive, but also more complicated to
analyze. In the final subsections, we will also discuss unusual Higgs and EW gauge
boson decays, which might help to probe the µνSSM at the LHC.

4.1.1 Left sneutrino

We have explained in Section 3.2.3 that left sneutrinos are special in the µνSSM.
This is because neutrino physics is very relevant for them, determining their masses.
The first analysis of signals at the LHC of the left sneutrino LSP in this model
was carried out in reference [40], where the prospects for detection of signals with
diphoton plus leptons, diphoton plus MET from neutrinos, or multi-leptons, from the
pair production of left sneutrinos/sleptons and their prompt decays (cτ <∼ 0.1 mm),
were analyzed. A significant evidence is expected in the mass range of about 100
to 300 GeV, suggesting that they deserve experimental attention. 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 (see Refs. [76,77]). These searches are close to be sensitive to the
sneutrino signal, and an updated analysis with current data could put constraints on
the sneutrino LSP scenario.

The mass range of 45 to 100 GeV (with the lower limit imposed not to disturb
the decay width of the Z) was covered in references [42,45] for the tau left sneutrino
(ν̃τL) LSP, with displaced-vertex searches. In particular, the decays of the ν̃τL LSP
producing signals with dilepton pairs were studied, using the present data set of
the ATLAS 8-TeV search [78] for long-lived particles using displaced lepton pairs ``
(with ` = e, µ), as well as the prospects for the 13-TeV searches. The case of the ν̃τL
LSP turns out to be particularly interesting because of the large value of the tau
Yukawa coupling. A large fraction decays into a pair of tau leptons or a tau lepton
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and a light charged lepton, while the rest decays into a pair of neutrinos. Thus, these
processes can give rise to significant branching ratios (BRs) for decays to ττ and τ`,
once the sneutrinos are dominantly pair-produced via a Drell-Yan process mediated
by a virtual W , Z or γ, as shown in Figure 2. Note that in this scenario the direct
production of sleptons and their decays is a significant source of sneutrinos. This is
because the left stau can be naturally the next-to-LSP (NLSP), since it is only a little
heavier than the ν̃τL as discussed in Section 3.2.4. Thus, the stau has a dominant RPC
prompt decay into a (scalar or pseudoscalar) sneutrino plus an off-shell W producing
a soft meson or a pair of a charged lepton and a neutrino.

Subsequently, the pair-produced ν̃τL can decay into τ `/τ . As a result of the mix-
ing between left sneutrinos and Higgses, the sizable decay of ν̃τL into ττ is possible
because of the large value of the tau Yukawa coupling. Other sizable decays into
τ `/τ can occur through the Yukawa interaction of ν̃τL with τ and charged Hig-
gsinos, via the mixing between the charged Higgsinos and ` or τ . To analyze these
processes one can write approximate formulas for the partial decay widths of the
scalar/pseudoscalar tau left sneutrino. The one into ττ is given by:

Γ (ν̃τL → ττ) ≈ mν̃τL

16π

(
Y τZ

H/A
ν̃τLHd

− Y ντ Y
τ

3λ

)2

, (33)

where Y τ ≡ Y e33, and ZH/A is the matrix which diagonalizes the mass matrix for
the neutral scalars/pseudoscalars. The latter is determined by the neutrino Yukawas,
which are the order parameters of the RPV. The contribution of λ in the second
term of equation (33) is due to the charged Higgsino mass that can be approximated
by the value of µ = 3λ vR√

2
. In this computation, we are assuming for simplicity that

λi = λ, viR = vR, and κiii ≡ κi = κ and vanishing otherwise. The partial decay width
into τ` can then be approximated for both sneutrino states by the second term of
equation (33) with the substitution Y ντ → Y ν` :

Γ (ν̃τL → τ`) ≈ mν̃τL

16π

(
Y ν`

Y τ

3λ

)2

. (34)

On the other hand, the gauge interactions of ν̃τ with neutrinos and binos (winos)
can produce a large decay width into neutrinos, via the gauge mixing between gaug-
inos and neutrinos. This partial decay width can be approximated for scalar and
pseudoscalar sneutrinos as

∑
i

Γ(ν̃τL → ντνi) ≈
mν̃τL

16π

∑
i

∣∣∣∣g′2 UVi4−g2UVi5
∣∣∣∣2, (35)

where UV is the matrix which diagonalizes the mass matrix for the neutral fermions,
and the above entries can be approximated as

UVi4 ≈
−g′√
2M1

∑
l

vlLU
PMNS
il ,

UVi5 ≈
g√

2M2

∑
l

vlLU
PMNS
il . (36)

Here UPMNS
il are the entries of the PMNS matrix, with i and l neutrino physical and

flavor indices, respectively. The relevant diagrams for ν̃τL searches that include this
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Fig. 2. RPV decay channels into two τ `/τ , from a pair production at the LHC of scalar
and pseudoscalar tau left sneutrinos co-LSPs via Z channel, γ and Z channels, and W
channel, from references [42,45]. Decay channels into one τ `/τ plus neutrinos are the same
but substituting one of the two vertices by a two-neutrino vertex. The symbol ` is used for
an electron or a muon, ` = e, µ, and charge conjugation of fermions is to be understood
where appropriate.
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Table 1. Range of low-energy values of the input parameters that are varied in the two
scans, where Y νi , viL, T ν3 and M2 are log priors (in logarithmic scale) while tanβ is a flat
prior (in linear scale), from reference [45]. The VEVs viL, and the soft parameters T ν3 and
M2, are given in GeV.

Scan 1 (S1) Scan 2 (S2)

tanβ ∈ (10, 16) tanβ ∈ (1, 4)

Y νi ∈ (10−8, 10−6)
viL ∈ (10−6, 10−3)
−T ν3 ∈ (10−6, 10−4)
M2 ∈ (150, 2000)

decay mode are the same as in Figure 2, but substituting one of the τ `/τ vertices by
a two-neutrino vertex.

There is enough freedom in the parameter space of the µνSSM in order to get
light left sneutrinos. Assuming that the Aνi are naturally of the order of the TeV,
values of the prefactor of equation (31) Y νi vu/viL in the range of about 0.01 − 1,
i.e. Y νi ∼ 10−8 − 10−6, will give rise to left sneutrino masses in the range of about
100− 1000 GeV. Thus, with the hierarchy of neutrino Yukawas Y ν3 ∼ 10−8 − 10−7 <
Y ν1,2 ∼ 10−6, we can obtain a ν̃τL LSP with a mass around 100 GeV whereas the
masses of ν̃e,µ are of the order of the TeV. Clearly, we are in the case of solutions for
neutrino physics of type 2 discussed in Section 3.2.3. Actually this type of hierarchy,
with significant values for Y ν1,2, increases the dilepton BRs of the ν̃τL LSP producing
signals that can be probed at the LHC. The most important contribution to BRs
comes from the channel ν̃τL → τµ. It is found then that the decay distance of the
left sneutrino tends to be as large as & 1 mm, which thus can be a good target of
displaced vertex searches.

The strategy employed to search for these points was to perform scans of
the parameter space of this scenario imposing compatibility with current exper-
imental data on neutrino and Higgs physics (using HiggsBounds [79–83] and
HiggsSignals [84–86]), as well as with flavor observables such as B and µ decays. To
carry it out, a powerful likelihood data-driven method based on the algorithm called
Multinest [87–89] was used [45]. To compute the spectrum and the observables, a
suitable modified version of the SARAH code [90] to generate a SPheno [91,92] version
for the model was used.

In order to efficiently scan the model, it is important to identify first the
parameters to be used, and optimize their number and their ranges of values.
The relevant independent parameters in the neutrino sector of the µνSSM are
λ, κ, vR, viL, Y

ν
i , tanβ, M1 and M2 (see Eq. (22)). Since λ, κ and vR are crucial for

Higgs physics (see Eq. (28)), one can fix first them to appropriate values. The parame-
ter tanβ is also important for both, Higgs and neutrino physics, thus one can consider
a narrow range of possible values to ensure good Higgs physics. Inspired by GUTs
one can assume M2 = 2M1, scan over M2 and use M , which is a kind of average of
bino and wino soft masses (see Eq. (20)), as the relevant parameter. On the other
hand, sneutrino masses introduce in addition the parameters T νi (see Eq. (31)). In
particular, T ν3 is the most relevant one for the discussion of the ν̃τL LSP, and it is
scanned in an appropriate range of small values. Since the left sneutrinos of the first
two generations must be heavier, −T ν1,2 are fixed to a larger value, 10−3.

Summarizing, scans over the 9 parameters

Y νi , viL, T
ν
3 , tanβ, M2, (37)
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were performed in reference [45] as shown in Table 1. The ranges of viL and Y νi
are natural in the context of the EW seesaw of the µνSSM. The range of T ν3 is
also natural if we follow the usual assumption based on the supergravity framework
discussed in equation (4) that the trilinear parameters are proportional to the cor-
responding Yukawa couplings, i.e. in this case T ν3 = Aν3Y

ν
3 implying −Aν3 ∈ (1, 104)

GeV. Concerning M2, its range of values is taken such that a bino at the bottom of
the neutralino spectrum leaves room to accommodate a ν̃τL LSP with a mass below
100 GeV. Scans 1 (S1) and 2 (S2) correspond to different values of tanβ, and other
benchmark parameters as shown in Table 3 of reference [45]. For example, two val-
ues of λ are chosen in order to cover a representative region, from a small/moderate
value, λ ≈ 0.1 (S1), to a large value, λ ≈ 0.4 (S2), in the border of perturbativity up
to the GUT scale [18]. With the help of Vevacious [93], it was also checked that the
EWSB vacua corresponding to the previous allowed points are stable.

Due to the doublet nature of the left sneutrino, mν̃τL is constrained to be heavier
than about 61 GeV, which corresponds to half of the mass of the SM-like Higgs
(allowing a±3 GeV theoretical uncertainty on its mass). For smaller masses, the latter
would dominantly decay into sneutrino pairs, leading to an inconsistency with Higgs
data. In this scenario the SM-like Higgs decays into pairs of scalar/pseudoscalar tau
left sneutrinos via gauge interactions, mostly from D-terms ∼ 1

4 (g2 + g′2)ν̃iν̃
∗
iH

0
uH

0∗
u ,

since its largest component is H0
u.

To analyze the points fulfilling the above mass bound, one has to take into account
that the search of the ATLAS collaboration for dilepton displaced vertices is basically
background free, and they found no event [78]. However, one of the problems with
the existing searches is that they are designed for a generic purpose and therefore
are not optimized for light metastable particles such as the ν̃τL. One cannot directly
apply the limits provided by the ATLAS collaboration to the left sneutrino case, since
the ATLAS analysis simulates the decay of a heavy gluino into a light and a heavy
neutralino. The former case represents a highly boosted light particle decaying into a
pair of muons, while the latter represents a heavy non-boosted particle decaying in the
same way. Yet, the sneutrino features a light non-boosted particle. This analysis can
be extended, nevertheless, combining information from both situations for recasting
the ATLAS search to the case of the ν̃τL.

The final result of the analysis for the 8-TeV case [45] is that no points of the
parameter space of the µνSSM can be probed, because all of them have a number
of signal events below 3, which in this case is the number compatible at the 2σ level
with zero observed events. This is also true even considering the optimization of the
trigger requirements proposed in reference [42] for which the number of background
events can still be regarded as zero. Nevertheless, important regions can be probed at
the LHC run 3 with the trigger optimization, as summarized in Figure 3. There, the
dark-red points indicate that the number of signal events is above 3, and therefore
detectable, whereas the dark-blue points correspond to regions where the number of
signal events is below 3.

Note that the light-red points in scan S1, as well as the light-blue points on top
of the dark-blue ones, are already excluded by the LEP bounds on left sneutrino
masses [94–99]. To carry out this analysis, one can consider e.g. Figure 6a of refer-
ence [97], where the cross section upper limit for tau sneutrinos decaying directly

to ``ττ via a dominant RPV operator, L̂L̂êc, is shown. Assuming BR = 1, a lower
bound on the sneutrino mass of about 90 GeV was obtained through the compar-
ison with the MSSM cross section for pair production of tau sneutrinos. To recast
this result to the µνSSM scenario, one multiplies this cross section by the factor
BR(ν̃RτL → τµ)×BR(ν̃IτL → τµ) for each of the points studied. For an average value
of BR(ν̃τL → µµ) = 0.1 as one obtains in the scan of the µνSSM, the cross section
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Fig. 3. Tau left sneutrino LSP mass vs. the average gaugino mass M (see Eq. (20)) for
the two relevant scans discussed in the text, S1 (left) and S2 (right), from reference [45].
They cover a representative region: from a small/moderate value, λ ≈ 0.1 (S1), to a large
value, λ ≈ 0.4 (S2), in the border of perturbativity up to the GUT scale. In both plots, the
dark-red points indicate that the number of signal events is above 3 and therefore detectable
as discussed in the text, analyzing the prospects for the 13-TeV search with an integrated
luminosity of 300 fb−1, combining the µµ, eµ and ee channels, and considering also the
optimization of the trigger requirements discussed in reference [42]. The light-red points in
scan S1 although have a number of signal events above 3, are already excluded by the LEP
result, as discussed in the text. The dark-blue points indicate that the number of signal
events is below 3 and therefore inaccessible. The light-blue points in scan S1 have also a
number of signal events below 3, and, in addition, are already excluded by the LEP result.

must be multiplied then by a factor of ∼0.33, lowering the bound on the sneutrino
mass to about 74 GeV in the µνSSM scenario, as can be seen in Figure 3.

Concerning scan S2, the BRs into charged leptons are about two orders of mag-
nitude smaller than for S1, and therefore following the above discussion we have
checked that no points are excluded by LEP results in this case. Note that although
these BRs are smaller, still a significant number of points with signal events above 3
can be obtained when M increases because of the larger value of the decay length,
which gives rise to a larger vertex-level efficiency.

4.1.2 Charged slepton

There are many LEP searches for staus [94–99]. For example, we have seen in the
previous subsection that the left stau does not decay directly but through an off-
shell W and a ν̃τL. Therefore, searches for the direct decay of left sleptons are not
relevant in the µνSSM. It is then convenient to study them together with the left
sneutrino LSP, as was carried out in references [40,42,45] and discussed in the previous
subsection.

Concerning a right slepton LSP, there are no analyses of this scenario in the
µνSSM yet.

4.1.3 µνSSM neutralino

We discussed in Section 3.1 that the lightest neutral fermions are the three light LH
neutrinos. The rest of the (heavy) fermions are the usual neutralinos of the MSSM
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Fig. 4. Decay length of the µνSSM lightest neutralino χ̃0
1 in m as a function of its mass

m(χ̃0
1) in GeV for different values of the parameters of the model, chosen in such a way

that no lighter scalar/pseudoscalar states with masses smaller than m(χ̃0
1) appear, from

reference [20]. Different colors stand for benchmark points (see Ref. [20] for details) with
real singlino |N45|2 > 0.5 (gray), mixture state (black), real singlino (blue), mixture state
(red), mixture state (green).

mixed with the RH neutrinos. We denoted these seven states as µνSSM neutralinos.
Decays of µνSSM neutralino LSP to two-body (W`, Zν) and three-body (`qiq̄j , `i`jν,
νqq̄, 3ν) final states were calculated in references [19,20]. As an example, we show in
Figure 4 from reference [20] the average decay length in meters of the lightest µνSSM
neutralino as a function of the mass for different scenarios. For neutralino masses
below about 50 GeV decay lengths become larger than 1 meter, implying that a large
fraction of neutralinos will decay outside typical collider detectors. Nevertheless, if
one allows for lighter scalars/pseudoscalars in such a way that the neutralino can
decay to scalar/pseudoscalar plus neutrino, the average decay length can be easily
reduced by several orders of magnitude. Characteristics correlations of the decay BRs
with the measured neutrino angles were also analyzed in those works.

In references [36,37,39], the signatures produced through two-body Higgs decays
into µνSSM neutralinos were analyzed in detail. Special attention was paid to
decays of the neutralino via a light scalar/pseudoscalar. Depending on the associ-
ated decay length, the distinctive signal can be displaced multi-leptons/jets/photons
with small/moderate MET from neutrinos. Signatures through unusual W± and Z
decays were also studied in reference [38], and we will discuss this issue in more detail
in Section 4.1.7.

The only comparison that has been made so far of a µνSSM neutralino with LHC
data, was carried out in reference [43] using a bino-like LSP. The pair production
cross section of bino-like neutralinos at large hadron colliders is very small, since
there is no direct coupling between the bino flavor state and the gauge bosons, and
we are assuming that the rest of the spectrum remains decoupled. Binos are produced
mainly through virtual Z bosons in the s channel exploiting their small Higgsino
flavor composition, or through the t channel interchange of virtual first generation
squarks, strongly suppressed by their large masses. Nevertheless, the bino-like LSP
can be produced in the decay of other SUSY particles, which although heavier, have a
higher production cross section at the LHC. That is the case when the left sneutrino is
the NLSP. After production, the left sneutrinos decay to the bino LSP. The dominant
pair production channels of sleptons at hadron colliders have been already discussed
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in Section 4.1.1 (see also Fig. 2). Then, the RPC decays ν̃L → νχ̃0
1 and ˜̀

L → `χ̃0
1

dominate over the RPV ones which are suppressed by the smallness of Y ν , thereby
pair production of sneutrinos/sleptons at the LHC will be a source of bino pairs.
Note that although the left sneutrino is lighter than its corresponding left slepton as
discussed in previous subsections, since the mass separation is always smaller than
mW , the phase space suppression makes the decay ˜̀

L → `χ̃0
1 dominant.

Subsequently, binos will decay mediated through the RPV mixing between the bino
and neutrinos to W` or Zν. Approximate formulas for the partial decay widths are
as follows:

Γ(χ̃0 →W`i) ≈
g2mχ̃0

16π

(
1− m2

W

m2
χ̃0

)2(
1 +

m2
χ̃0

2m2
W

)∣∣∣UVB̃νi∣∣∣2 , (38)

∑
i

Γ(χ̃0 → Zνi) ≈
g2mχ̃0

16π cos2 θW

(
1− m2

Z

m2
χ̃0

)2(
1 +

m2
χ̃0

2m2
Z

)∑
i

∣∣∣∣∣∣
∑
j

UV
B̃νj

UV
∗

νiνj

∣∣∣∣∣∣
2

,

(39)

where UV is the matrix that diagonalizes the mass matrix for the neutral fermions [18,

40], and UV
B̃νi

can be approximated as g′vi
M1

. The relevant signals with multi-leptons

(up to six charged leptons) plus MET from neutrinos, are shown in Figure 5. Given the
small value ofM1 analyzed, in the range betweenmZ and 200 GeV, close to the masses
of the gauge bosons, and the sneutrino VEVs used while producing an acceptable
mass scale for the neutrinos, one obtains an upper bound for the total width of the
bino &10−12 GeV corresponding to a proper decay length cτ <∼ 0.2 mm. This decay
length is short enough as to be able to compare this process with prompt ATLAS
searches [100,101] for EW sparticles in RPC models assuming wino-like chargino-
neutralino production with a bino-like LSP.

After recasting the ATLAS result to the case of the sneutrino-bino scenario, only
a small region of the parameter space of the µνSSM was excluded [43]. This is the
region of bino (sneutrino) masses 110− 150 (110− 160) GeV, as shown in Figure 6.
There, we can also see the prospects for the 300 fb−1 searches.

4.1.4 Chargino

We explained in Section 3.3 that although the MSSM charginos mix with the charged
leptons in the µνSSM, they are basically decoupled. The main difference being that
in the MSSM the lightest chargino cannot be the LSP because it is a charged par-
ticle that would contribute to DM. This is not a problem in the µνSSM, where the
chargino LSP is not stable. Although this parameter space with a chargino lighter
than neutralinos is not easy to be obtained, it deserves further attention.

4.1.5 Squark

Let us remark that the MSSM limits on squark masses cannot be applied to the
µνSSM. For example, if the stop is the LSP it can decay only via RPV channels
into top plus neutrino and bottom plus lepton, and these decays can be prompt
or displaced depending on the region of the parameter space of the model. Thus,
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Fig. 5. Relevant diagrams of the benchmark µνSSM scenario of RPC left sneutrino/charged
slepton pair production, followed by the RPV decay of the bino-like LSP, χ̃0

1, from refer-
ence [43]. The symbol ` is used for electron, muon or tau ` = e, µ, τ , and charge conjugation
of fermions is to be understood where appropriate.
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Fig. 6. Regions of the µνSSM that will be probed by the signal with three light leptons plus
MET discussed in the text in the parameter space mν̃−mχ̃0

1
with universal sneutrino masses,

for the 13-TeV search with an integrated luminosity 300 fb−1 (yellow), from reference [43].
The green region is already excluded by the 139 fb−1 data.

dedicated analyses are necessary for recasting ATLAS and CMS results to the many
possible cases of the model. This is work in progress [102].

4.1.6 Higgs decays

We already mentioned in Section 4.1.3 the signatures produced through two-body
Higgs decays into µνSSM neutralinos studied in references [36,37,39]. In refer-
ences [36,39], a Higgs-like scalar decaying into a pair of light scalars/pseudoscalars
producing final states with prompt multi-leptons/taus/jets/photons at the LHC, even
via Higgs-to-Higgs cascade decays, was analyzed. It was also suggested in refer-
ence [36], before the discovery of the Higgs-like scalar, the re-analysis of the LEP
data in the light of the excess reported at a mass ∼ 96 GeV. After the discovery of
the Higgs boson at the LHC, the study of interesting benchmark points (BPs) in the
µνSSM with singlet-like eigenstates lighter than the SM-like Higgs boson was carried
out in references [41,44]. In addition, a simultaneous explanation of the two excesses
measured at LEP and CMS at a mass ∼ 96 GeV, was also given.

In a recent work [46], the parameter space of the Higgs sector of the µνSSM
was scanned using the same strategy as in reference [45]. In particular, imposing
compatibility with current experimental data on neutrino and Higgs physics (using
HiggsBounds and HiggsSignals), as well as with flavor observables such as B and
µ decays, and sampling the model using a likelihood data-driven method based on
Multinest. The result of the analysis was that the parameter space of the µνSSM
contains many viable solutions, including also many different phenomenological pos-
sibilities. Interesting BPs can be found in Appendix C of reference [46]. For example,
there are solutions where the SM-like Higgs is the lightest scalar (see e.g. red and
light-red points in Fig. 1), but also solutions where right sneutrino-like states are
lighter (blue and light-blue points). In the latter case, it is even possible to have
these (singlet-like) scalars with masses <∼mh/2. In addition, there are also solutions
where several scalars are degenerated with masses close to 125 GeV, and can have
their signals rates superimposed contributing to the resonance observed at 125 GeV.

Given these results, it is then important to study in detail the collider phenomenol-
ogy of the solutions found. In particular, the impact of the new states, not only
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the right sneutrinos but also the left sneutrinos, and the neutralinos containing RH
neutrinos. Novel signals associated to them might help to probe the µνSSM at the
LHC.

4.1.7 Unusual W± and Z decays

In the framework of the µνSSM, nonstandard on-shell decays of W± and Z bosons are
possible [38]. These modes are typically encountered in regions of the parameter space
with light singlet-like scalars, pseudoscalars, and neutralinos. W± and Z bosons can
decay with prompt or displaced multi-leptons/taus/jets/photons at the final states.
To detect them, one needs to adopt dedicated experimental searches. Concerning
statistics and accuracy, the upcoming colliders (for reviews, see e.g. Refs. [103,104])
would proficiently constrain the concerned regions of the parameter space giving rare
signals.

4.1.8 Gravitino LSP

In Section 5.2.1, we will discuss that the gravitino LSP is a good candidate for
decaying DM which could be detected in gamma-ray experiments. What we want
to point out here is that in the framework of gravitino LSP, each particle candidate
for LSP analyzed in previous sections would in fact be the NLSP. Nevertheless, the
analysis of their phenomenology at the LHC is not altered, since they decay into
ordinary particles using the same channels as if they were the LSP. It was checked in
reference [36] that the effect of the decay of the NLSP into gravitino LSP is negligible,
with a decay length of the order of km unless the gravitino mass is very low, less than
10 keV. Thus the results discussed up to now for different sparticles as LSPs can also
be applied to the case when they are the NLSPs with the gravitino as the LSP.

4.2 Non-collider experiments

Here we discuss briefly several non-collider experiments, where the µνSSM phe-
nomenological characteristics can be relevant for current data.

4.2.1 Muon g − 2

One of the long standing problems of the SM is the 3.7σ deviation between the mea-
sured value of the muon anomalous magnetic dipole moment, aµ = (g − 2)µ/2, and
its theoretical prediction (for a recent review, see Ref. [105]). In the framework of the
µνSSM, light muon left sneutrino and wino masses can be naturally obtained driven
by neutrino physics. This produces an increase of the dominant chargino-sneutrino
loop contribution to muon g − 2, solving the gap between the theoretical computa-
tion and the experimental data. The parameter space was analyze in reference [47],
sampling the µνSSM with a likelihood data-driven method, paying special attention
to reproduce the current experimental data on neutrino and Higgs physics, as well as
on flavor observables. In addition, the constraints from LHC searches for events with
multi-leptons + MET were applied on the viable regions found. They can probe this
scenario through chargino/chargino and chargino/neutralino pair production.
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4.2.2 Neutrino experiments

Neutrino physics is a key subject of the µνSSM. As discussed throughout the review,
neutrino masses and mixing angles can easily be reproduced through a generalized
EW seesaw, and, in addition, CP phases in the neutrino sector can be accommodated
even with real parameters [21]. On the other hand, given that sterile neutrino searches
is an active issue [106], what we would like to point out here is that the µνSSM can
also contribute to it. In Section 2.3, we saw that the number of RH neutrinos in the
µνSSM in not fixed. Less or more than three are possible. Thus, with an appropriate
election of Yukawa parameters, some of these RH neutrinos might behave as sterile
neutrinos giving rise to an interesting phenomenology. See also the discussion in
Section 5.2.3 concerning their potential contribution to cosmology.

5 Cosmology

Relevant cosmological problems of the SM can be attacked in the context of the
µνSSM. The aim of this section is to review them. First, we will discuss briefly
a solution to the generation of the observed baryon-antibaryon asymmetry of the
Universe through electroweak baryogenesis. Then, in the second subsection, we will
analyze in some detail the accommodation of the gravitino and/or axino LSP as
eligible DM candidates. We will also discuss briefly a proposal for other potential
DM candidates from the neutrino sector. Finally, the last subsection will be devoted
to discuss the cosmological domain wall problem that might be present in the model
under certain circumstances, as well as its possible solutions.

5.1 Electroweak baryogenesis

A popular solution to the problem of the baryon asymmetry of the Universe is to
use the mechanism of thermal leptogenesis. However, the µνSSM does not allow a
conventional thermal leptogenesis scenario because of the low-scale seesaw used [107],
since we are working with a seesaw at the EW scale. Nevertheless, it was proved in
reference [33] that the EW phase transition in the µνSSM is sufficiently strongly
first order such that the created baryons are not washed out, realizing electroweak
baryogenesis. The main reason for this being the extended Higgs sector of the model
which includes in the analysis of the minimum of the scalar potential the contribution
of VEVs from right sneutrinos.

5.2 Dark matter

5.2.1 Gravitino

Embedding the µνSSM in the framework of supergravity, one can accommodate the
gravitino LSP as a decaying DM candidate with a life-time greater than the age of the
Universe. The key to the above is that gravitino interactions are suppressed not only
by the Planck scale, but also by the small RPV parameters controlled by the neutrino
Yukawas. Thus, the connection between neutrino physics and RPV is crucial for the
cosmology of the model. The detection of gravitino DM through the observation of
gamma-ray lines (and a smooth spectral signature) in the Fermi satellite was analyzed
in references [27–31]. The prospects related to future gamma-ray space missions such
as e-ASTROGAM and AMEGO were also discussed recently in reference [31].
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Fig. 7. Tree-level diagram for the two-body decay of a gravitino into a photon and a
neutrino, via photino-neutrino mixing.

The gravitino is the superpartner of the graviton, and therefore is always present
when global SUSY is made local, generating supergravity (for a review, see e.g.
Ref. [4]). The gravitino has in the supergravity Lagrangian an interaction term with
photon and photino. In the presence of RPV, photino and LH neutrinos are mixed
in the neutral fermion mass matrix, as discussed in Section 3.1. Therefore the grav-
itino LSP is able to decay into photon and neutrino through this interaction term,
as shown in Figure 7.

The decay of the gravitino has significant implications because the signals are
gamma-ray lines with energies half of the gravitino mass m3/2, that could be detected
in gamma-ray satellite experiments. Gravitino decay width into photon-neutrino
through RPV couplings is given by [108,109]:

Γ(Ψ3/2 → γνi) '
m3

3/2

32πM2
P

|Uγ̃ν |2, (40)

where Γ(Ψ3/2 → γνi) denotes a sum of the partial decay widths into νi and νi,

MP ≈ 2.43 × 1018 GeV is the reduced Planck mass, and the mixing parameter Uγ̃ν
determines the photino content of the neutrino,

|Uγ̃ν |2 =
3∑
i=1

|Ni1 cos θW +Ni2 sin θW |2 . (41)

Here Ni1(Ni2) is the bino (wino) component of the i-th neutrino, and θW is the weak
mixing angle. One can easily estimate the value of |Uγ̃ν | in the µνSSM [27]. Using
the mass insertion technique, from the entries in the neutral fermion mass matrix
and Figure 7, one can deduce that the relevant coupling for the mixing between the
photino and the neutrinos is given approximately by g′viL, and as a consequence

|Uγ̃ν | ∼
g′viL
M1

. (42)

For typical electroweak-scale values for M1, and viL <∼ 10−4 GeV as discussed in
Section 2.1, one obtains approximately that the photino-neutrino mixing parameter
is in the range

10−8 . |Uγ̃ν | . 10−6. (43)

This was confirmed in references [27,30] performing scans in the low-energy param-
eters of the µνSSM in order to reproduce the observed neutrino masses and mixing
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angles. Relaxing some of the assumptions such as an approximate GUT relation for
gaugino masses and/or TeV scales for them, the lower bound can even be smaller:
10−10 . |Uγ̃ν | . 10−6. As we can see from equation (40), the gravitino decay is
suppressed both, by the small RPV mixing parameter |Uγ̃ν |, and by the scale of the
gravitational interaction, making its lifetime much longer than the age of the Universe
τ3/2 � ttoday ∼ 1017 s, with

τ3/2 = Γ−1(ψ3/2 → γνi) ' 3.8× 1033 s

(
10−8

|Uγ̃ν |

)2(
0.1 GeV

m3/2

)3

. (44)

In addition to the two-body decay shown in Figure 7, producing an anisotropic
sharp line, there are three-body decays producing a smooth spectral signature. The
gravitino decays into a fermion-antifermion pair and a neutrino via an intermediate
photon or Z boson, or into two fermions and a charged lepton, via an intermediate
W± boson. All these processes were included in the analysis of reference [30], where
a deep exploration of the low-energy parameter space of the µνSSM was performed
in order to compare the gamma-ray fluxes predicted by the model with Fermi -LAT
observations. The result of the analysis implies that to avoid too large fluxes, gravitino
masses must be smaller than about 17 GeV and life-times larger than 4× 1025 s.

5.2.2 Axino

The axino is the superpartner of the axion, which is a very well motivated particle
candidate for solving the strong CP problem of the SM. The axino LSP is another
decaying DM candidate in the µνSSM in a similar way to the gravitino, since it has
also an interaction term with photon and photino. The interaction is suppressed by
the small RPV parameters as in the gravitino case, and by the Peccei-Quinn scale
instead of the gravitational one. This is sufficient to have the axino with a life-time
greater than the age of the Universe, but producing a signal with a gamma-ray line
with energy half of the axino mass.

In the case of the most popular axion models, KSVZ [110,111] and DFSZ [112,
113], this scenario was analyzed in reference [32]. The conclusions using Fermi -LAT
constraints are that axino masses must be smaller than about 3 GeV. In addition, it
was found that a significant region of the parameter space of axino DM lies in the
ballpark of future gamma-ray missions such as the proposed e-ASTROGAM, allowing
to explore masses and lifetimes in the ranges 2 MeV−3 GeV and 2× 1026− 8× 1030 s,
respectively.

5.2.3 RH neutrinos

We discussed in Section 2.3 that the number of RH neutrinos is in general a free
parameter in the µνSSM. What we would like to point out here is that some of
them might behave as sterile neutrinos and be viable candidates for warm DM (for a
review, see e.g. Ref. [114]). This is similar to the situation of the (non-SUSY) neutrino
minimal standard model (νMSM), where sterile neutrinos play the role of DM [115].
To achieve this in the case of the µνSSM, we need some of the RH neutrinos to
have small couplings, Y ν ∼ 10−13 and κ ∼ 10−8, in such a way that they obtain keV
masses, and lifetimes long enough to be candidates for DM [116]. Let us finally point
out that the other possible compositions of the µνSSM neutralino are not convenient
for DM, since one would need extremely small EW gaugino masses of the order of
the keV, or alternatively Higgsino masses also of that order. This is not possible for
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Higgsinos and winos because the LEP bound on the lightest chargino mass imposes
µ,M2 >∼ 94 GeV. It is not natural for binos whose soft mass M1 is expected to be of
the order of the TeV. Besides, using the GUT relation one obtains a lower bound on
M1, and therefore on the lightest neutralino mass of 46 GeV [14].

5.2.4 Multicomponent DM

In references [31,32], the interesting possibility of a multicomponent DM scenario
made of gravitino and axino was analyzed. If the axino is the LSP, interestingly a
gravitino NLSP can live enough as to contribute to the relic density. It was found
that the axino or the gravitino can produce a signal detectable by future MeV-
GeV gamma-ray telescopes such as e-ASTROGAM. In addition, there is a parameter
region where a well-tempered mixture of both particles is obtained, with a double-
line signal arising as a smoking gun. Similar qualitative conclusions are obtained in
the opposite case with gravitino LSP and axino NLSP. Of course, other DM candi-
dates could also contribute to the total amount of DM, such as the sterile neutrinos
discussed above, the well-known axion, etc.

Summarizing the above discussions, the µνSSM is an appealing scenario for solv-
ing the DM problem, with different interesting potential candidates. If several of them
contribute to DM at the same time, this might relax potential tensions between the
standard ΛCDM model and cosmological observations [117–121].

5.3 The domain wall problem

As discussed in Section 2.4, the superpotential of the µνSSM in equation (1) has
a Z3 symmetry. This discrete symmetry can induce a cosmological domain wall
problem [33,122–125], unless inflation at the weak scale is invoked. This problem,
if present, can be solved with the presence of non-renormalizable operators in W .
These operators break explicitly the Z3 symmetry lifting the degeneracy of the three
original vacua, and they can be chosen small enough as not to alter the low-energy
phenomenology [33,122–124]. It is true that in the context of supergravity they can
reintroduce in W the linear and bilinear terms forbidden by the Z3 symmetry [125],
and generate quadratic tadpole divergences [126–130], nevertheless these problems
can be eliminated in models which possess a R-symmetry in the non-renormalizable
superpotential [130,131].

As already mentioned in Section 2.4, another strategy to solve this potential
problem is through the addition of an extra U(1)′ gauge symmetry in the µνSSM [49].
As it is well known, the domain wall problem disappears once the discrete symmetry
is embedded in the gauge symmetry [132–134].

6 Extensions

There has been studies of extensions of the µνSSM in the literature, interesting
both from the phenomenological and cosmological viewpoints. In this section we will
briefly describe their main characteristics and why they can be useful to solve several
potential problems.
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6.1 Trilinear Lepton-number violating couplings

The presence of the conventional lepton-number violating couplings λijkL̂iL̂j ê
c
k and

λ′ijkL̂iQ̂j d̂
c
k is expected naturally in the µνSSM. This issue was discussed in detail in

references [40,48]. The reason is the following. Given that the superfields Ĥd and L̂i
have the same gauge quantum numbers, once the usual Yukawa couplings for d-type
quarks Y dij and charged leptons Y eij are introduced in W , exchanging Ĥd → L̂i the
presence of the lepton-number violating couplings is natural. This is similar to the
presence of the effective µ-term in W determined by λi, once Yukawa couplings for
neutrinos Y νij are added, exchanging in this case L̂i → Ĥd. Thus, we can write an
extension of the superpotential of equation (1) as

W = εab

(
Y eij Ĥ

a
d L̂

b
i ê
c
j + Y dij Ĥ

a
d Q̂

b
i d̂

c
j + Y uij Ĥ

b
u Q̂

a
i û

c
j

)
+ εab

(
λijkL̂

a
i L̂

b
j ê
c
k + λ′ijkL̂

a
i Q̂

b
j d̂
c
k

)
+ εab

(
Y νij Ĥ

b
u L̂

a
i ν̂

c
j − λi Ĥb

uĤ
a
d ν̂

c
i

)
+

1

3
κijkν̂

c
i ν̂
c
j ν̂
c
k , (45)

where the new terms are written in the second line.
As discussed in Section 2.5, these terms are the conventional TRPV couplings.

Their quadratic coupling constant products λijkλlmn, λijkλ
′
lmn and λ′ijkλ

′
lmn are

strongly constrained (see e.g. Refs. [65,135,136] for reviews). The approach adopted
in previous sections has been to neglect the values of the individual couplings in
case they are present, in such a way that the superpotential of equation (45) can be
approximated by the one of equation (1). It is true that even if λijk and λ′ijk are

not present at tree level, they will appear through loop processes [18,40], however
their contributions are smaller than order 10−9. Thus, although all existing bounds
on quadratic coupling constant products are satisfied, these contributions are anyway
negligible for studying physical processes.

However, if not all of these tree-level couplings are negligible and some of them
are comparable to the distinctive couplings of the µνSSM, the physical processes
discussed in Section 4 can be modified and new signals could be present. This deserves
further studies.

6.2 Extra U(1)′ gauge symmetry

We have argued in Section 2.4 that string theory could be the source of the effective
Z3 discrete symmetry of the superpotential in equation (1). This symmetry is useful
not only to forbid the presence of the dangerous linear (tadpole) terms tiν̂

c
i in the

superpotential, but also the presence of the bilinear (mass) terms µĤuĤd, µiĤuL̂i
andMij ν̂

c
i ν̂
c
j . The latter mass terms would reintroduce the µ-problem and additional

naturalness problems. Alternatively, another interesting strategy to forbid all these

dangerous operators, including the baryon-number violating couplings λ′′ijkd̂
c
i d̂
c
j û
c
k, as

well as to avoid the cosmological domain wall problem generated by the Z3 symmetry,
it to add an extra U(1)′ gauge group.

This mechanism was first adopted in reference [49] in the context of the µνSSM,
extending therefore the SM gauge group to SU(3) × SU(2) × U(1)Y × U(1)′ (see
reference [137] for a review in other models). The fields are in general charged under
this new symmetry making the dangerous terms not gauge invariant, and therefore
forbidden. Needless to say, a new Z ′ gauge boson is present in the spectrum giving rise
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to a rich phenomenology. Also, extra matter in the form of color triplets, electroweak
doublets and SM singlets is typically present in the spectrum, because of the anomaly
cancellation conditions. For alternative models without exotic matter, thanks to allow
for non-universal U(1)′ charges of the SM fields, see reference [50].

It is worth noticing that the presence of the extra U(1)′ forbids the usual effective
Majorana mass terms 1

3κijkν̂
c
i ν̂
c
j ν̂
c
k in the superpotential of the original µνSSM. Thus,

in the case of assuming three families of RH neutrinos they can only acquire large
masses through the mixing with the extra gaugino and the Higgsinos. Then, only
two RH neutrinos can have EW-scale masses, and the third one combines with the
LH neutrinos to form a nearly massless Dirac particle. As a consequence the EW
seesaw only works for two linear combinations of LH neutrinos. At tree level there
are four light Majorana states. To account for neutrino data some of the entries of the
Yukawa matrix must be very small Y ν <∼ 10−11. At the end of the day one obtains
two heavy RH neutrinos of the order of TeV and four light (three active and one
sterile) neutrinos [49].

Although in the models built in reference [49], in addition to three RH neutrinos
three families of extra matter were also imposed in similarity with the characteristics
of the SM spectrum, this is not a necessary condition. The fact of not imposing
three families of SM singlets as well as of extra matter gives rise to a different and
interesting phenomenology/cosmology [51]. In addition to exotic quarks, a number of
RH neutrinos different from three can arise compatible with anomaly cancellations,
as well as new singlets under the SM gauge group. Some of the latter superfields (Ŝ)

can generate Majorana masses for RH neutrinos through couplings of the type Ŝν̂cν̂c,
and others (χ̂) will be DM candidates through couplings ν̂cχ̂χ̂. After EWSB the χ̂
fields acquire EW-scale masses of the order of vR. Because of the Z2 symmetry of the
coupling, the lightest of the scalar and fermionic components can behave as stable
WIMP DM [51], even though we are working in the context of a model with RPV.
This is an intriguing possibility which deserves further research.

6.3 Reinterpretation of the Higgs field

A reinterpretation of the Higgs field in SUSY was proposed in reference [48]. The
structure of the µνSSM, where Higgs and lepton superfields are mixed, was the moti-
vation for this proposal. In particular, it was advocated to interpret the two Higgs
doublets as a fourth family of lepton superfields. This motivates the possibility of
the existence of a fourth family of vector-like quark doublets, whose new signals were
studied in detail in reference [52].

7 Conclusions and outlook

We have reviewed throughout this work the µνSSM [17]. This supersymmetric model
was proposed in 2005 as an alternative to the MSSM and other supersymmetric mod-
els existing in the literature. We have tried to explain that several phenomenological
and cosmological problems of the standard model might have explanations within the
µνSSM framework: from neutrino physics to dark matter and baryogenesis, through
the detection of new physics. The main characteristic of the model, and hence its
simplicity, is to include the right-handed neutrinos in the spectrum. After all, now
we know that neutrinos are massive. This small change, allows to explain the µ- and
ν-problems without relying in new fields for this task, or new scales in addition to
the electroweak one.
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It is true that the presence of right-handed neutrinos implies automatically that
R-parity is violated. But this that seemed like a problem years ago, now seems more
like a virtue, by avoiding the stringent bounds on supersymmetric partners from
experimental data. In fact, because of these results, the analysis of displaced signals
at the LHC begins to be fashionable (for a recent review, see Ref. [34]). With this
work, we have tried to convince the reader that it is not yet time to throw in the
towel and abandon supersymmetry. In a model like the µνSSM, the current analyses
only constrain its parameter space very mildly. However, its predictions can be very
exciting, since the smallness of neutrino masses is directly connected with the low
decay width of the LSP. Thus, neutrino physics and supersymmetry are inseparably
related.

For all of the above, we consider that analyzing the (collider) phenomenology of
the model is a crucial task for the future in the framework of the µνSSM. Analy-
ses of the electroweak sector have already been carried out, such as detail studies
of left sleptons with the sneutrino as the LSP [40,42,45]. After recasting the spe-
cific displaced-vertex ATLAS search of reference [78], the result [45] is that the only
parameter-independent bound comes from Higgs data, establishing that left slepton
masses must be heavier than half of the mass of the standard-model-like Higgs. Never-
theless, significant regions with a tau left sneutrino LSP could be probed at the LHC
run 3 as summarized in Figure 3. On the other hand, most of the parameter space
of the neutralino as LSP, and specially the right-handed neutrino-like LSP which is
genuine of the µνSSM, has not been compared with LHC results yet. After recasting
the specific prompt ATLAS searches of references [100,101], only a small region with
bino LSP (and sneutrino NLSP) of mass 110−150 (110−160) GeV was excluded [43]
(see Fig. 6). Besides, the color sector of the µνSSM has not been analyzed at all. For
example, a stop LSP decays into top plus neutrino and bottom plus lepton, and these
decays can be prompt or displaced depending on the region of the parameter space
analyzed, giving rise to potentially interesting signals that could be constrained with
LHC data. The Higgs sector seems to be also promising, with the possibility of light
states below the standard-model-like Higgs. In other words, there is still a lot of work
ahead.

However, carrying it out is not easy, because one of the problems with existing
searches is that they are designed for a generic purpose and therefore not optimized
for the type of spectrum and couplings present in the µνSSM. Recasting ATLAS and
CMS searches is crucial, and dedicated analyses like the few that have already been
carried out are mandatory. We believe that the strategy that we have already started
to employ is adequate. In particular, we are analyzing signals of new physics at the
LHC predicted by the model, performing scans of the parameter space with a powerful
likelihood data-driven method. Imposing compatibility with current experimental
data on neutrino and Higgs physics as well as with flavor observables, we expect to
prove the µνSSM in the near future.

Less peremptory but not less important, is to continue analyzing the cosmology
of the model, paying special attention to the detection of the possible candidates for
dark matter that the model contains, as well as to the reanalysis of the electroweak
baryogenesis mechanism to generate the baryonic asymmetry of the Universe, in
light of the experimental results about Higgs physics. Finally, incorporating inflation
into the model is an interesting task, and especially if it is possible to achieve it
at the electroweak scale so that it is still the only scale of our theory. Nor should
we forget non-collider experiments. The continue improvements in neutrino physics
experiments, as for instance the measurements of CP violating phases or the search
for sterile neutrinos, are crucial nowadays and the µνSSM has much to say about
them given the relevant role played by the neutrinos in the model. Also, we look
forward to the new results from muon g − 2 experiments. In the event that the
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discrepancy between theory and experiment continues, the new physics of the µνSSM
might contribute to solving the puzzle.
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102 (2014)
40. P. Ghosh, I. Lara, D.E. López-Fogliani, C. Muñoz, R. Ruiz de Austri, Int. J. Mod.
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59. J. Casas, E. Katehou, C. Muñoz, Nucl. Phys. B 317, 171 (1989)
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