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Abstract: The µνSSM is a supersymmetric standard model that solves the µ problem

of the MSSM using the R-parity breaking couplings between the right-handed neutrino

superfields and the Higgses in the superpotential, λi ν̂
c
i ĤdĤu. The µ term is generated

spontaneously through sneutrino vacuum expectation values, µ = λi〈ν̃c
i 〉, once the elec-

troweak symmetry is broken. In addition, the couplings κijkν̂
c
i ν̂

c
j ν̂

c
k forbid a global U(1)

symmetry avoiding the existence of a Goldstone boson, and also contribute to sponta-

neously generate Majorana masses for neutrinos at the electroweak scale. Following this

proposal, we have analysed in detail the parameter space of the µνSSM. In particular, we

have studied viable regions avoiding false minima and tachyons, as well as fulfilling the

Landau pole constraint. We have also computed the associated spectrum, paying special

attention to the mass of the lightest Higgs. The presence of right and left-handed sneutrino

vacuum expectation values leads to a peculiar structure for the mass matrices. The most

important consequence is that neutralinos are mixed with neutrinos, and neutral Higgses

with sneutrinos.
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1. Introduction

The Minimal Supersymmetric Standard Model (MSSM) [1] is an attractive candidate for

physics beyond the Standard Model. It not only solves many theoretical puzzles but also

one expects to find its signatures in the forthcoming large hadron collider (LHC).

However, in the MSSM lepton and baryon number violating terms in the superpo-

tential like ǫab

(
λijkL̂

a
i L̂

b
j ê

c
k + λ′ijkL̂

a
i Q̂

b
j d̂

c
k + µiL̂

a
i Ĥ

b
2

)
and λ′′ijkd̂

c
i d̂

c
j û

c
k, respectively, with

i, j = 1, 2, 3 generation indices and a, b = 1, 2 SU(2) indices, are in principle allowed

by gauge invariance. As it is well known, to avoid too fast proton decay mediated by the

exchange of squarks of masses of the order of the electroweak scale, the presence together

of terms of the type L̂Q̂d̂c and d̂cd̂cûc must be forbidden, unless we impose very stringent

bounds such as e.g. λ′∗112λ̇
′′
112

<∼ 2 × 10−27. Clearly, these values for the couplings are not

very natural, and for constructing viable supersymmetric (SUSY) models one usually for-

bids at least one of the operators LQdc or ucdcdc. The other type of operators above are

not so stringently supressed, and therefore still a lot of freedom remains [2].

One possibility to avoid the problem of proton decay in the MSSM is to impose R-

parity conservation (+1 for particles and -1 for superpartners). Actually this forbids all

the four operators above and thus protects the proton. Nevertheless, the choice of R-parity

is ad hoc. There are other discrete symmetries, like e.g. baryon triality which only forbids

the baryon violating operators [3]. Obviously, for all these symmetries R-parity is violated.

Besides, in string constructions the matter superfields can be located in different sectors

or have different extra U(1) charges, in such a way that some operators violating R-parity

can be forbidden [4], but others can be allowed.

The phenomenology of models where R-parity is broken differs substantially from that

of models where R-parity is conserved. Needless to mention, the LSP is no longer stable,

and therefore not all SUSY chains must yield missing energy events at colliders. In this

context the neutralino [5] or the sneutrino [6] are no longer candidates for the dark matter

of the Universe. Nevertheless, other SUSY particles such as the gravitino [7] or the axino [8]

can still be used as candidates. Indeed, the well-known axion of the Standard Model can

also be the cold dark matter.

There is a large number of works in the literature [9] exploring the possibility of

R-parity breaking in SUSY models, and its consequences for the detection of SUSY at

the LHC [10]. For example, a popular model is the so-called Bilinear R-parity Violation

(BRpV) model [11], where the bilinear terms ǫab µiL̂
a
i Ĥ

b
2 are added to the MSSM. In this

way it is in principle possible to generate neutrino masses through the mixing with the

neutralinos without including right-handed neutrinos in the model. One mass is generated

at tree level, and the other two at one loop. Analyses of mass matrices [12] in the BRpV, as

well as studies of signals at accelerators [13] have been extensively carried out in the liter-

ature. Other interesting models are those producing the spontaneous breaking of R-parity

through the vacuum expectation values (VEVs) of singlet fields [14]. In the context of the

Next-to-Minimal Supersymmetric Standard Model (NMSSM) [15 – 18], R-parity breaking

models have also been studied [19 – 21]. For a recent review discussing the different SUSY

models with and without R-parity proposed in the literature, see ref. [22].

– 2 –



J
H
E
P
1
2
(
2
0
0
8
)
0
9
9

There are two strong motivations to consider extensions of the MSSM. On the one

hand, the fact that neutrino oscillations imply non-vanishing neutrino masses [23]. On

the other hand, the existence of the µ problem [24] arising from the requirement of a

SUSY mass term for the Higgs fields in the superpotential, ǫab µĤ
a
d Ĥ

b
u, which must be of

the order of the electroweak scale in order to successfully lead to electroweak symmetry

breaking (EWSB). In the presence of a Grand Unified Theory (GUT) with a typical scale

of the order of 1016 GeV, and/or a gravitational theory at the Planck scale, one should

explain how to obtain a mass term of the order of the electroweak scale.

Motivated by the above issues, two of the authors proposed [25, 26] to supplement

the superfields ν̂i contained in the SU(2)L-doublet, L̂i, with gauge-singlet neutrino super-

fields ν̂c
i to solve the µ problem of the MSSM. In addition to the usual trilinear Yukawa

couplings for quarks and charged leptons, and the bilinear µ-term, the right-handed neu-

trino superfields allow the presence of new terms such as Yukawa couplings for neutrinos

and possible Majorana mass terms in the superpotential. Besides, trilinear terms break-

ing R-parity explicitly such as ǫabλi ν̂
c
i Ĥ

a
d Ĥ

b
u and κijkν̂

c
i ν̂

c
j ν̂

c
k are now also allowed by gauge

invariance. The µ term can be obtained dynamically from the former terms in the superpo-

tential. When the electroweak symmetry is broken, they generate the µ term spontaneously

through right-handed sneutrino VEVs, µ = λi〈ν̃c
i 〉. In addition, the terms κijkν̂

c
i ν̂

c
j ν̂

c
k forbid

a global U(1) symmetry in the superpotential, avoiding therefore the existence of a Gold-

stone boson. Besides, they contribute to generate effective Majorana masses for neutrinos

at the electroweak scale. Terms of the type ν̂cĤdĤu and ν̂cν̂cν̂c have also been analysed

as sources of the observed baryon asymmetry in the Universe [27] and of neutrino masses

and bilarge mixing [28], respectively.

The superpotencial including the above trilinear couplings with right-handed neutrino

superfields, in addition to the trilinear Yukawa couplings for quarks and leptons, defines

the so-called “µ from ν” Supersymmetric Standard Model (µνSSM) [25]. As discussed

above, the presence of R-parity breaking couplings in the superpotential is not necessarily

a problem, and actually the couplings of the µνSSM are obviously harmless with respect

to proton decay. Let us also remark that, since they break explicitly lepton number, a

Goldstone boson (Majoron) does not appear after spontaneous symmetry breaking. As in

the MSSM or NMSSM, the usual lepton and baryon number violating terms could also in

principle be added to the superpotential. Actually, even if the terms λ′ijkL̂
a
i Q̂

b
j d̂

c
k are set

to zero at the high-energy scale, one-loop corrections will generate them. However, these

contributions are very small, as we will see in appendix E.

In the µνSSM the µ term is absent from the superpotential, as well as Majorana masses

for neutrinos, and only dimensionless trilinear couplings are present. For this to happen

we can invoke a Z3 symmetry as it is usually done in the NMSSM. Nevertheless, let us

recall that this is actually what happens in string constructions, where the low-energy

limit is determined by the massless string modes. Since the massive modes are of the order

of the string scale, only trilinear couplings are present in the low-energy superpotential.

String theory seems to be relevant for the unification of interactions, including gravity, and

therefore this argument in favour of the absence of bare mass terms in the superpotential

is robust.

– 3 –
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Let us finally remark that since the superpotential of the µνSSM contains only trilin-

ear couplings, it has a Z3 symmetry, just like the NMSSM. Therefore, one expects to have

also a cosmological domain wall problem [29, 30] in this model. Nevertheless, the usual

solution [31] will also work in this case: non-renormalisable operators [29] in the superpo-

tential can explicitly break the dangerous Z3 symmetry, lifting the degeneracy of the three

original vacua, and this can be done without introducing hierarchy problems. In addition,

these operators can be chosen small enough as not to alter the low-energy phenomenology.

The differences between the µνSSM and other models proposed in the literature to

solve the µ problem are clear. For example, in the µνSSM one solves the problem without

having to introduce an extra singlet superfield as in the NMSSM, or a special form of the

Kahler potential [32], or superpotential couplings to the hidden sector [33, 34]. It is also

worth noticing here that previously studied R-parity breaking models do not try to address

the µ problem. Actually, in the case of the BRpV model the problem is augmented with

the three new bilinear terms.

Indeed the breaking of R-parity generates a peculiar structure for the mass matrices of

the µνSSM. The presence of right and left-handed sneutrino VEVs leads to the mixing of

the neutral gauginos and Higgsinos (neutralinos) with the right and left-handed neutrinos

producing a 10×10 matrix. As discussed in ref. [25], three eigenvalues of this matrix are

very small, reproducing the experimental results on neutrino masses. Of course, other mass

matrices are also modified. This is the case for example of the Higgs boson mass matrices,

where the neutral Higgses are mixed with the sneutrinos. Likewise the charged Higgses

are mixed with the charged sleptons, and the charged gauginos and Higgsinos (charginos)

with the charged leptons.

The purpose of the present work is to extend the analysis of ref. [25], where the charac-

teristics of the µνSSM were introduced, and only some points concerning its phenomenology

were sketched. Several approximations were considered, and, in particular, only one gen-

eration of sneutrinos were assumed to acquire VEVs. Here we will work with the full three

generations, analysing the parameter space of the µνSSM in detail, and paying special

attention to the particle spectrum associated.

The outline of the paper is as follows: In section 2 we introduce the model, discussing in

particular its superpotential and the associated scalar potential. In section 3 we examine

the minimisation of the scalar potential. Section 4 is focused on the description of the

parameter space of the µνSSM. In section 5 we thoroughly discuss the strategy followed

for the analysis of the parameter space and the computation of the spectrum. Section 6 is

devoted to the presentation of the results. Viable regions of the parameter space avoiding

false minima and tachyons, as well as fulfilling the Landau pole constraint on the couplings,

are studied in detail. The associated spectrum is then discussed, paying special attention

to the mass of the lightest neutral Higgs. Finally, the conclusions are left for section 7.

Technical details of the model such as the mass matrices, couplings, one-loop contributions,

and relevant renormalisation group equations (RGEs), are given in the appendices.
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2. The model

The superpotential of the µνSSM is given by [25]

W = ǫab

(
Yuij

Ĥb
u Q̂

a
i û

c
j + Ydij

Ĥa
d Q̂

b
i d̂

c
j + Yeij

Ĥa
d L̂

b
i ê

c
j + Yνij

Ĥb
u L̂

a
i ν̂

c
j

)

− ǫabλi ν̂
c
i Ĥ

a
d Ĥ

b
u +

1

3
κijkν̂

c
i ν̂

c
j ν̂

c
k , (2.1)

where we take ĤT
d = (Ĥ0

d , Ĥ
−
d ), ĤT

u = (Ĥ+
u , Ĥ

0
u), Q̂T

i = (ûi, d̂i), L̂
T
i = (ν̂i, êi), and Y , λ, κ

are dimensionless matrices, a vector, and a totally symmetric tensor, respectively. In the

following the summation convention is implied on repeated indices.

In order to discuss the phenomenology of the µνSSM, and working in the framework

of gravity mediated SUSY breaking, we write the soft terms appearing in the Lagrangian,

Lsoft, as

−Lsoft = m2
Q̃ij

Q̃a
i

∗
Q̃a

j +m2
ũc

ij
ũc

i

∗
ũc

j +m2
d̃c

ij

d̃c
i

∗
d̃c

j +m2
L̃ij

L̃a
i

∗
L̃a

j +m2
ẽc
ij
ẽci

∗
ẽcj

+m2
Hd
Ha

d
∗Ha

d +m2
Hu
Ha

u
∗Ha

u +m2
ν̃c

ij
ν̃c

i

∗
ν̃c

j

+ǫab

[
(AuYu)ij H

b
u Q̃

a
i ũ

c
j + (AdYd)ij H

a
d Q̃

b
i d̃

c
j + (AeYe)ij H

a
d L̃

b
i ẽ

c
j

+ (AνYν)ij H
b
u L̃

a
i ν̃

c
j + c.c.

]

+

[
−ǫab(Aλλ)i ν̃

c
i H

a
dH

b
u +

1

3
(Aκκ)ijk ν̃

c
i ν̃

c
j ν̃

c
k + c.c.

]

−1

2

(
M3 λ̃3 λ̃3 +M2 λ̃2 λ̃2 +M1 λ̃1 λ̃1 + c.c.

)
. (2.2)

In addition to terms from Lsoft, the tree-level scalar potential receives the usual D and

F term contributions. Thus, the tree-level neutral scalar potential is given by

V 0 = Vsoft + VD + VF , (2.3)

where

Vsoft = m2
Hd
H0

dH
0∗
d +m2

Hu
H0

uH
0∗
u +m2

L̃ij
ν̃i ν̃

∗
j +m2

ν̃c
ij
ν̃c

i ν̃
c∗
j

+

(
aνij

H0
uν̃iν̃

c
j − aλi

ν̃c
iH

0
dH

0
u +

1

3
aκijk

ν̃c
i ν̃

c
j ν̃

c
k + c.c.

)
, (2.4)

with aνij
≡ (AνYν)ij , aλi

≡ (Aλλ)i, aκijk
≡ (Aκκ)ijk,

VD =
G2

8

(
ν̃iν̃

∗
i +H0

dH
0∗
d −HuH

0∗
u

)2
, (2.5)

with G2 ≡ g2
1 + g2

2 , and

VF = λjλ
∗
jH

0
dH

0∗
d H0

uH
0∗
u + λiλ

∗
jH

0
dH

0∗
d ν̃c

i ν̃
c∗
j + λiλ

∗
jH

0
uH

0∗
u ν̃c

i ν̃
c∗
j + κijkκ

∗
ljmν̃

c
i ν̃

c∗
l ν̃

c
kν̃

c∗
m

−(κijkλ
∗
jH

0∗
d H0∗

u ν̃c
i ν̃

c
k − Yνij

κ∗ljkH
0
uν̃iν̃

c∗
l ν̃

c∗
k + Yνij

λ∗jH
0∗
d H0∗

u H0
uν̃i

+Y ∗
νij
λkH

0
d ν̃

c
kν̃

∗
i ν̃

c∗
j + c.c.)

+Yνij
Y ∗

νik
H0

uH
0∗
u ν̃c

j ν̃
c∗
k + Yνij

Y ∗
νlk
ν̃iν̃

∗
l ν̃

c
j ν̃

c∗
k + Yνji

Y ∗
νki
H0

uH
0∗
u ν̃j ν̃

∗
k . (2.6)

– 5 –
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Once the electroweak symmetry is spontaneously broken, the neutral scalars develop

in general the following VEVs:

〈H0
d 〉 = vd , 〈H0

u〉 = vu , 〈ν̃i〉 = νi , 〈ν̃c
i 〉 = νc

i . (2.7)

In the following we will assume for simplicity that all parameters in the potential are real.

Although in ’multi-Higgs’ models with real parameters the VEVs of the neutral scalar fields

can be in general complex [35], the analysis of this possibility is beyond the scope of this

work, and we leave it for a forthcoming publication, where spontaneous CP violation will

be studied in detail [36]. Nevertheless, it is worth noticing here that this assumption of real

VEVs is consistent once one guarantees that the minimum with null phases is the global

one. It is straightforward to see that this is guaranteed in general for the VEVs vu, vd,

νc
i , imposing the conditions λi > 0, κiii > 0, Aλi

> 0, Aκiii
< 0, and Aκijk

= κijk = 0 if

i = j = k is not satisfied. Concerning the VEVs νi, it is sufficient to impose Yνii
> 0, and

Yνij
= Aνij

= 0 for i 6= j, with the extra condition

λiv
2
uvd + λjν

c
jν

c
i vd −Aνij

vuν
c
j − κijkν

c
jν

c
kvu > 0 . (2.8)

The above conditions on the signs of the parameters, together with (2.8), will be used for

the analysis of the parameter space and spectrum of the µνSSM in section 6.

3. Minimisation of the potential

As mentioned above, the EWSB generates the VEVs written in eq. (2.7). Thus one can

define as usual

H0
u = hu + iPu + vu , H0

d = hd + iPd + vd,

ν̃c
i = (ν̃c

i )
R + i(ν̃c

i )
I + νc

i , ν̃i = (ν̃i)
R + i(ν̃i)

I + νi . (3.1)

Then, the tree-level scalar potential contains the following linear terms:

V 0
linear = t0dhd + t0uhu + t0νc

i
(ν̃c

i )
R + t0νi

(ν̃i)
R , (3.2)

where the different t0 are the tadpoles at tree-level. They are equal to zero at the minimum

of the tree-level potential, and are given by

t0d =
1

4
G2
(
νiνi + v2

d − v2
u

)
vd +m2

Hd
vd − aλi

vuν
c
i + λiλjvdν

c
i ν

c
j

+ λiλivdv
2
u − λjκijkvuν

c
i ν

c
k − Yνij

λkνiν
c
kν

c
j − Yνij

λjv
2
uνi , (3.3)

t0u = − 1

4
G2
(
νiνi + v2

d − v2
u

)
vu +m2

Hu
vu + aνij

νiν
c
j − aλi

νc
i vd

+ λiλjvuν
c
i ν

c
j + λjλjv

2
dvu − λjκijkvdν

c
i ν

c
k + Yνij

κljkνiν
c
l ν

c
k

− 2λjYνij
vdvuνi + Yνij

Yνik
vuν

c
kν

c
j + Yνij

Yνkj
vuνiνk , (3.4)

– 6 –
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t0νc
i

= m2
eνc
ij
νc

j + aνji
νjvu − aλi

vuvd + aκijk
νc

jν
c
k + λiλjv

2
uν

c
j + λiλjv

2
dν

c
j

− 2λjκijkvdvuν
c
k + 2κlimκljkν

c
mν

c
jν

c
k − Yνji

λkνjν
c
kvd − Yνkj

λivdνkν
c
j

+ 2Yνjk
κiklvuνjν

c
l + Yνji

Yνlk
νjνlν

c
k + Yνki

Yνkj
v2
uν

c
j , (3.5)

t0νi
=

1

4
G2(νjνj + v2

d − v2
u)νi +m2

eLij
νj + aνij

vuν
c
j − Yνij

λkvdν
c
jν

c
k

− Yνij
λjv

2
uvd + Yνil

κljkvuν
c
jν

c
k + Yνij

Yνlk
νlν

c
jν

c
k + Yνik

Yνjk
v2
uνj . (3.6)

As it is well known, in order to find reliable results for the EWSB, it is necessary to

include the one-loop radiative corrections. The effective scalar potential at one-loop level

is then

V = V 0 + V 1 , (3.7)

where V 1 includes bubble diagrams at one-loop with all kinds of (s)particles running in the

loop [37]. Minimizing the full potential is equivalent to the requirement that the one-loop

corrected tadpoles, t = t0 + t1, where t1 represents the one-loop part, vanish.

Let us finally remark that, since minima with some or all of the VEVs in eq. (2.7)

vanishing are in principle possible, one has to check that the minumum breaking the elec-

troweak symmetry, and generating the µ term spontaneously, is the global one. This will

be studied in detail when analyzing the parameter space of the model in section 6.1.

4. µνSSM parameter space

At low energy the free parameters in the neutral scalar sector are: λi, κijk, mHd
, mHu ,

meLij
, meνc

ij
, Aλi

, Aκijk
, and Aνij

. Strong upper bounds upon the intergenerational scalar

mixing exist [38], so in the following we assume that such mixings are negligible, and

therefore the sfermion soft mass matrices are diagonal in the flavour space. This occurs

for example in several string compactifications as a consequence of having diagonal Kahler

metrics, or when the dilaton is the source of SUSY breaking [39]. Thus using the eight

minimization conditions for the neutral scalar potential in the previous section, one can

eliminate the soft masses mHd
, mHu, meLi

, and meνc
i

in favour of the VEVs vd, vu, νi, and

νc
i . On the other hand, using the Standard Model Higgs VEV, v ≈ 174 GeV, tan β, and νi,

one can determine the SUSY Higgs VEVs, vd and vu, through v2 = v2
d + v2

u + ν2
i . We thus

consider as independent parameters the following set of variables:

λi, κijk, tan β, νi, ν
c
i , Aλi

, Aκijk
, Aνij

. (4.1)

It is worth remarking here that the VEVs of the left-handed sneutrinos, νi, are in

general small. Notice that in eq. (3.6) ν → 0 as Yν → 0 to fulfil t0νi
= 0, and since the

couplings Yν determine the Dirac masses for the neutrinos, Yνvu ∼ mD <∼ 10−4 GeV, the

ν’s have to be very small. Using this rough argument one can also get an estimate of the

values, ν <∼ mD [25]. Then, since νi ≪ vd, vu we can define the above value of tan β as

usual, tanβ = vu

vd
.

Assuming for simplicity that there is no intergenerational mixing in the parameters of

the model, and that they have the same values for the three families (with the exception

– 7 –
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of νi for which we need at least two generations with different VEVs in order to guarantee

the correct hierarchy of neutrino masses), the low-energy free parameters in our analysis

will be

λ, κ, tan β, ν1, ν3, ν
c, Aλ, Aκ, Aν , (4.2)

where we have chosen ν1 = ν2 6= ν3, and we have defined λ ≡ λi, κ ≡ κiii, ν
c ≡ νc

i ,

Aλ ≡ Aλi
, Aκ ≡ Aκiii

, Aν ≡ Aνii
. Nevertheless, let us remark that the formulas given in

the appendices are for the general case, without assuming universality of the parameters

or vanishing intergenerational mixing.

The soft SUSY-breaking terms, namely gaugino masses, M1,2,3, scalar masses,

m
Q̃,ũc,d̃c,ẽc , and trilinear parameters, Au,d,e, are also taken as free parameters and spec-

ified at low scale. Data on neutrino masses, and the usual Standard Model parameters

such as fermion and gauge boson masses, the fine structure constant α(MZ), the Fermi

constant from muon decay Gµ
F , and the strong coupling constant αs(MZ), will be used in

the computation [40]. Concerning the top mass, we will take mt = 172.6 GeV [41].

5. Strategy for the analysis

We now show the algorithm used in the analysis of the model. In particular in the analysis

of the parameter space, and in the computation of the spectrum. Below MZ , α(MZ) and

αs(MZ) are first evolved to 1 GeV using 3 loop QCD and 1 loop QED Standard Model

β-functions [42]. Then the two gauge couplings and all Standard Model fermion masses

except the top quark mass are run to MZ . The β-functions of fermion masses are taken to

be zero at renormalisation scales below their running masses. The parameters at MZ are

used as the low energy boundary condition in the rest of the evolution.

We work in the dimensional reduction (DR) scheme [43] in which the counterterms

cancel only the divergent pieces of the self-energies required to obtain the pole masses.

Thus, they become finite depending on an arbitrary scale Q and the tree level masses are

promoted to running masses in order to cancel the explicit scale dependence of the self-

energies. It implies that all the parameters entering in the tree-level masses (couplings and

soft masses) are DR running quantities.

The algorithm proceeds via the iterative method, and therefore an approximate initial

guess of the µνSSM parameters is required. As explained above, from tanβ and MZ one

can determine the Higgs VEVs, vd and vu, and from these the third family DR Yukawa

couplings can be approximated as

Yt(Q) =
mt(Q)

vu
, Yb,τ (Q) =

mb,τ (Q)

vd
, (5.1)

where Q = mt(mt) is the renormalisation scale. The MS values of fermion masses are used

for this initial estimate. The fermion masses and αs at the top mass scale are obtained

by evolving the previously obtained fermion masses and gauge couplings from MZ to mt

(with the same accuracy). The electroweak gauge couplings are estimated by α1(MZ) =

5α(MZ )/3 cos2 θW , α2(MZ) = α(MZ)/ sin2 θW . Here, sin θW is taken to be the on-shell
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value. These two gauge couplings are then evolved to mt with one-loop Standard Model

β-functions.

The gauge and Yukawa couplings and the VEVs are then evolved to the scale (in the

first iteration we guess MS)

MS ≡
√
mt̃1

(MS)mt̃2
(MS) , (5.2)

where the scale dependence of the electroweak breaking conditions is smallest [44]. For

it we employ the one-loop DR β-functions given in appendix E. The supplied boundary

conditions on the soft terms are then applied.

At this point we determine the neutrino Yukawa couplings through the 10×10 neutral

fermion mass matrix which can be written as [25]

Mn =

(
M m

mT 0

)
, (5.3)

where M is a 7× 7 matrix composed by the MSSM neutralino mass matrix and its mixing

with the νc
i , whilem is a 7×3 matrix containing the mixing of the νi with MSSM neutralinos

and the νc
i . The full matrix is written in appendix A.3.

The above matrix is of the see-saw type giving rise to the neutrino masses which in

order to account for the atmospheric neutrino anomaly have to be very small. This is the

case since the entries of the matrix M are much larger than the ones in the matrix m.

Notice in this respect that the entries of M are of the order of the electroweak scale while

the ones in m are of the order of the Dirac masses for the neutrinos. Therefore in a first

approximation the effective neutrino mixing mass matrix can be written as

meff = −mT ·M−1 ·m . (5.4)

Because meff is symmetric and m†
effmeff is Hermitian, one can diagonalise them by a unitary

transformation

UT
MNS meff UMNS = diag (mν1

,mν2
,mν3

) , (5.5)

U †
MNS m

†
effmeff UMNS = diag (mν1

,mν2
,mν3

) . (5.6)

The masses are connected with experimental measurements through

mν2
=
√
m2

ν1
+ ∆m2

sol , mν3
=
√
m2

ν1
+ ∆m2

atm . (5.7)

To determine the neutrino Yukawa couplings we choose the basis where Yν is diagonal.

Then we employ a numerical procedure which consists in solving three non-linear coupled

equations in Yνii
determined by the diagonalisation of meff . Another way would consist in

fixing the neutrino Yukawa couplings as inputs giving the left-handed sneutrino VEVs as

outputs. However the method employed is appropriated from the numerical stability point

of view.

The determination of the charged lepton Yukawa couplings should follow a similar

procedure through the charged fermion mass matrix written in appendix A.2. In this
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matrix the charginos are mixed with the charged leptons. However, because it turns

out that Yνij
<∼ 10−6 in order to achieve the smallness of the neutrino masses (and also

νi <∼ 10−4 GeV as discussed in section 4), the 2 × 2 chargino submatrix is basically decou-

pled from the 3 × 3 charged lepton submatrix. Thus the charged lepton Yukawas can be

determined directly from the charged lepton masses [25], as it is stated above in eq. (5.1).

At the MS scale the tree-level tadpoles, eqs. (3.4-3.7), are set to be zero to guarantee

the EWSB. As discussed above, at this scale the scale dependence of the EWSB parameters

is smallest. In this way the soft masses m2
Hd

(MS), m2
Hu

(MS), m2
eLi

(MS), and m2
eνc
i
(MS),

are derived.

The next step consists of performing a check in order to ensure that the minimum which

breaks the electroweak symmetry spontaneously is the global one. For it, we compute the

global minimun using a ‘genetic’ algorithm for global optimisation [45] which has a high

performance. Then we compare it with the physical one.

In the final step the DR (tree-level) superparticle mass spectrum consisting of squarks,

CP-even (odd) neutral scalars, charged scalars, neutral fermions and charged fermions (see

appendix A) is determined at the MS scale. Notice that once the tree-level mass spectrum

is known, radiative corrections to the neutral scalar potential and the tadpoles as well as

for computing pole masses are calculable.

In order to check the absence of a Landau singularity (by requiring any Yukawa cou-

pling to be less than
√

4π) the Yukawa couplings are evolved to the GUT scale. Finally,

Yukawa couplings, gauge couplings, and VEVs, are evolved back down to MZ , and SUSY

one-loop thresholds containing squark/gluino in the loop are added to the third family

of quark Yukawa couplings and to the strong coupling constant [46]. The whole process

is iterated, as it is sketched in figure 1, with the inclusion of one-loop corrections to the

neutral scalar potential. It is equivalent to add the one-loop tadpoles to eqs. (3.4-3.7).

Then the global minimun is computed following the procedure described above. For this

work we have computed the leading one-loop contributions to the tadpoles, which come

from (s)quarks in the loops, in the DR scheme. The results are given in appendix C. For

the neutral scalar potential we employ the results in ref. [37].

Once the DR sparticle masses all converge to better than the desired fractional ac-

curacy, the computation of the physical masses requires the addition of loop corrections.

It is well known that the role of the radiative corrections to the lightest CP-even Higgs

boson mass is extremely important (see ref. [48] for studies of this effect in the NMSSM).

The leading ones come from an incomplete cancellation of the quark and squark loops.

Following this we have added those corrections as described below. The rest of the masses

are tree-level DR running masses.

The gluino mass is then given by

mtree
g̃ = M3(MS) . (5.8)

The rest of SUSY particles mix in the interaction basis, and a rotation to their mass

states basis is required. The scalar sector includes the squarks which are MSSM-like and

therefore their masses and mixing angles are the result of performing a Jacobi 2×2 rotation
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Run to MS . Calculate sparticle pole masses
?

Run to MZ

?

Run Yukawas to MGUT . Check for Landau Poles
?

Neutrino Yukawas, EWSB
?

Apply soft SUSY-breaking boundary conditions
?

Run to MS

?

Set VEVs, Yukawas, and add SUSY rad. corr. to gs(MZ), ht,b(MZ) �

Figure 1: Iterative algorithm used to calculate the SUSY spectrum. Each step (represented by a

box) is detailed in the text. The initial step is the uppermost one. MS is the scale at which the

EWSB conditions are imposed, as discussed in the text.

of the matrices in appendix A.1.4. Charged and neutral fermion masses are the result of

diagonalising their mass matrices which are given in appendices A.2 and A.3 respectively.

It is worth mentioning that a final check is required to see if the procedure used above

to compute neutrino Yukawa couplings is consistent with the final lightest eigenvalues of

the neutralino mass matrix eq. (5.3).

The CP-even scalar masses are obtained from the real parts of the poles of the propa-

gator matrix

Det
[
p2

i 1−MS0(p2
i )
]

= 0 , m2
i ≡ Re(p2

i ) , (5.9)

where

MS0(p2) = MDR
S0 (Q) + ΠSo(p2, Q) , (5.10)

with ΠSo
being the matrix of the renormalised self-energies in the DR scheme of the CP-

even scalars. The ones involving quarks and squarks in the loop are shown in appendix D.

We diagonalise the matrix MS0(p2
i ) at an external momentum scale equal to its pole mass

p2
i = m2

i through an iterative procedure.

Finally, the quark Yukawa couplings, gauge couplings, and VEVs are evolved back

down to MZ .

6. Results and discussion

Using the results of the previous sections and appendices, we will study in detail the

parameter space and spectrum of the µνSSM.
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6.1 Analysis of the parameter space

In this subsection the parameter space of the µνSSM will be studied. We will see that

avoiding the existence of false minima and tachyons, as well as imposing perturbativity

(Landau pole condition) on the couplings of the model, important constraints on the pa-

rameter space will be found.

The free parameters of our model have already been presented in eq. (4.2). As afore-

mentioned, we take them to be free at the electroweak scale. As discussed in section 5, we

will determine the neutrino Yukawa couplings through the experimental data on neutrino

masses. We will use the direct hierarchical difference of masses, taking the typical values

mν1
= 10−12 GeV, mν2

= 9.1×10−12 GeV and mν3
= 4.7×10−11 GeV. Finally, as discussed

in section 4, it is sufficient to work with only two different left-handed sneutrino VEVs.

In particular, we choose ν1 = ν2 = 1.4 × 10−5 GeV and ν3 = 1.4 × 10−4 GeV, which are

typical values in order to satisfy the minimum equations (3.6) and data on neutrino masses

through the see-saw mechanism (5.3). Possible variations of these values will not modify

qualitatively our results below.

Throughout this section we will consider several choices for the values of

λ, κ, tan β, νc, Aλ, Aκ , Aν , (6.1)

using the sign conditions explained in section 2. Besides, we work with a negative value of

Aν in order to fulfill condition (2.8) more easily.

Concerning the rest of the soft parameters we will take for simplicity in the computation

m
Q̃,ũc,d̃c,ẽc = 1 TeV, Au,d,e = 1 TeV, and for the gaugino masses only M2 = 1TeV will be

used as input, whereas the others will be determined by the approximate GUT relations

M1 =
α2

1

α2

2

M2, M3 =
α2

3

α2

2

M2, implying M1 ≈ 0.5M2, M3 ≈ 2.7M2.

Let us first discuss when the minimum we find following sections 2 and 3 is the global

one. In particular, one has to be sure that it is deeper than the local minima with some

or all of the VEVs in eq. (2.7) vanishing. Concerning the latter one can check that the

most relevant minima are the solutions with only vu or νc different from zero (in some

special situations also the case with all VEVs vanishing can be relevant). For example, for

a given value of νc the term proportional to aκ in (2.4) turns out to be important: the

more negative the value of Aκ, the deeper the minimum becomes. This might in principle

give rise to a value of the potential (2.3) in the direction with only νc 6= 0, more negative

than the one produced in the realistic direction with all VEVs non vanishing. In that case

the associated points in the parameter space would be excluded by the existence of false

minima. Notice that m2
Hu

is independent on the value of Aκ as can be deduced from eq.

(3.4) with t0u = 0. Thus although m2
Hu

will contribute to the realistic direction, it plays no

role in the above argument.

On the other hand, we can also deduce from eq. (3.4) that for reasonable values of the

parameters the larger νc, the smaller m2
Hu

becomes in order to cancel t0u. As a consequence,

the realistic direction becomes deeper, and the associated points in the parameter space

are allowed.

Both effects can be seen in figure 2a, where the (Aκ, νc) parameter space (recall our

assumption νc
i = νc) is plotted for an example with λ = 0.1, κ = 0.4, tan β = 5, and
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(a) (b)

Figure 2: (Aκ, νc) parameter space for tanβ = 5, λ = 0.1, κ = 0.4, and Aλ = −Aν = 1 TeV. In

both cases the gray and violet areas represent points which are excluded by the existence of false

minima and tachyons, respectively. In (a) the colours indicate different values of the soft mass m2
Hu

.

In (b) the colours indicate different values of the soft masses m2
ν̃c .

Aλ = −Aν = 1TeV. For a given value of νc we see that for Aκ sufficiently large and

negative one obtains a false minimum (gray area). For larger values of νc one needs values

more negative of Aκ to obtain the false minimum. Let us remark that although m2
νc depend

on Aκ, as can be obtained from eq. (3.5), we can see in figure 2b that this variation is not

crucial for the discussion above. Notice that the values of m2
νc for points of the parameter

space close to the false minimum area do not vary in a relevant way.

In figure 2 we can also see that part of the parameter space is excluded due to the

occurrence of tachyons in the CP-even neutral scalar sector. Thus the realistic direction

with all VEVs non-vanishing is not even a local mimimum. This happens in general

when the off-diagonal values |M2
hd(eνc

i )R | or |M2
hu(eνc

i )R | of the CP-even neutral scalar matrix

(see appendix A.1.1) become significantly larger than |M2
(eνc

i )R(eνc
j )R | in some regions of the

parameter space, thus leading to the appearance of a negative eigenvalue. The violet area

in figure 2 corresponds to this situation. In particular, notice that the relevant terms in

the off-diagonal pieces are linear in νc, whereas in M2
(eνc

i )R(eνc
j )R they are quadratical. Thus,

for a given value of Aκ, the smaller the value of νc, the smaller the latter terms become

giving rise to the possibility of tachyons. Notice also that there is a term proportional to

aκ in M2
(eνc

i )R(eνc
j )R , implying that, for a given value of νc, the more negative the value of Aκ,

the smaller M2
(eνc

i )R(eνc
j )R become. This is also reflected in figure 2.

Let us now discuss the possibility of minima deeper than the realistic one in the

direction with only vu 6= 0. When the values of νc are large, we can see from eq. (3.5)
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(a) (b)

Figure 3: (Aλ, νc) parameter space for tanβ = 5, λ = 0.1, κ = 0.4, and Aκ = Aν = −1TeV. In

both cases the gray and violet areas represent points which are excluded by the existence of false

minima and tachyons, respectively. In (a) the colours indicate different values of the soft mass m2
Hu

.

In (b) the colours indicate different values of the soft masses m2
ν̃c .

(a) (b)

Figure 4: The same as in figure 3 but for λ = 0.2.
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that m2
ν̃c must be negative in order to cancel the cubic term in νc. However, when the

values of νc are small, m2
ν̃c must be positive in order to cancel the quadratic term in νc

proportional to aκ, which is now the relevant one. This may give rise for small νc to a

value of the potential (2.3) in the direction with only vu 6= 0, more negative than the one

produced in the realistic direction with all VEVs non vanishing. This situation is shown

in figure 3, where the (Aλ, νc) parameter space is plotted for an example with λ = 0.1,

κ = 0.4, tan β = 5, Aκ = Aν = −1TeV. We can see in figure 3b that the smaller νc, the

larger m2
ν̃c become, making it easy the appearance of a false minimum. Let us remark that

the points in the gray area above Aλ ≈ 1TeV are actually forbidden by minima deeper

than the realistic one with all VEVs vanishing. Notice to this respect in the figure that

those points correspond to positive values of m2
Hu

and m2
ν̃c . This is also true for figure 4

discussed below, but for points above Aλ ≈ 2 TeV.

It is worth noticing here that m2
νc is essentially independent on the value of Aλ, as can

be easily deduced from eq. (3.5). On the other hand, we can see from eq. (3.4) that m2
Hu

does depend on Aλ through the term proportional to aλ. In particular, if we decrease Aλ,

m2
Hu

also decreases, as shown in figure 3a. Although this might in principle contribute to

produce a minimum deeper than the realistic one in the direction with only vu 6= 0, we

see in the figure that for the parameter space studied the effect is negligible. Nevertheless,

increasing the value of λ, aλ also increases, and this effect can be more important. This is

shown in figure 4a, where λ = 0.2 is considered. We can see that the parameter space is

now more constrained. We also show in figure 4b the values of m2
ν̃c in the allowed region.

Actually, there is a new tachyonic region for large values of νc. This happens because

the off-diagonal value |M2
hdhu

| in appendix (A.1.1) has a quadratic dependence on νc, thus

leading to the appearance of a negative eigenvalue. Notice in this respect that a similar

dependence in the diagonal pieces |M2
hdhd

| and |M2
huhu

| is canceled once we substitute the

value of the soft masses using eqs. (3.3) and (3.4).

For each point in the parameter space, one also requires perturbativity, i.e. the absence

of Landau singularities for the couplings. Let us discuss now in detail the case of λ, since

this is the relevant coupling when discussing the upper bound on the lightest Higgs mass

in the next Subsection.

Once perturbativity is imposed, the value of λ is actually bounded. To obtain a rough

estimation we can use eq. (E.11) in the appendix neglecting Yνij
, and taking κiii = κ and

κijk = 0 if i = j = k is not satisfied. Then we can write that equation as

d

dt
λ2 =

2

16π2
(C − 4λ2) λ2 , (6.2)

where we have defined λ2 ≡ λiλi, i = 1, . . . , n, with n the number of singlets, and C is

a quantity independent on λi. It is worth noticing here that the RGE for the relevant

parameter λ2 is clearly independent on n. Thus we could in principle expect a bound for

λ2 similar to the one of the NMSSM for λ. Recall that in the NMSSM there is only one

singlet, and λ2 <∼ (0.7)2. To complete the discussion we can solve a simplified version of
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eq. (6.2) neglecting the piece proportional to C, with the result

λ2(Q) =
λ2(Q0)

1 + λ2(Q0)
2π2 ln(Q0

Q
)
, (6.3)

where Q is the renormalization scale, and Q0 the scale of the high-energy theory. At

the high-energy scale the Landau pole condition for each coupling can be imposed as

λ2
i (Q0) < 4π, implying λ2(Q0) < 4πn, and therefore one obtains the following upper

bound:

λ2(Q) <
4nπ

1 + 2n
π

ln(Q0

Q
)
. (6.4)

For Q0 sufficiently large the second term in the denominator is much larger than one, and

the equation can be approximated as

λ2(Q) <
2π2

ln(Q0

Q
)
. (6.5)

For example, if the high-energy theory is a typical GUT with Q0 ∼ 1016 GeV, then from

eq. (6.5) with Q ∼ 100 GeV one obtains the low-energy bound λ2 < (0.78)2. Taking into

account that C in eq. (6.2) gets a negative(positive) contribution from the top(gauge) cou-

pling, one should expect a final bound slightly stronger. The numerical analysis indicates

that this is the case, with λ2 <∼ (0.7)2 as expected. Thus in our case where i = 1, 2, 3, we

obtain the bound for each coupling λ ≡ λi <∼ 0.7/
√

3 ≈ 0.4.

Although in the numerical analysis below we will impose the Landau pole constraint

assuming that the perturbative description of the model is valid up to the GUT scale,

it is worth noticing here that intermediate scales like 1011 GeV seem also to be interest-

ing to explain several experimental observations. In addition, it has been found that

the string scale may be anywhere between the weak and the Planck scale [49]. Also

NMSSM-like models restricted to be perturbative up to about 10-100 TeV have been stud-

ied [50]. Considering these possible uncertainties in the unification scale, and using e.g.

Q0 ∼ 1011 GeV, from eq. (6.5) we would obtain λ2 < (0.95)2. Taking into account as

above the other contributions to the RGE, one can find the final bound λ2 <∼ (0.88)2, and

therefore λi <∼ 0.88/
√

3 ≈ 0.5. It is worth noticing then that, for intermediate scales the

allowed parameter space is larger than in the case of a typical GUT. Obviously, smaller

scales would imply even larger allowed regions. For example, with Q0 ∼ 10 TeV, one ob-

tains a final bound λ2 <∼ (1.91)2, implying λi <∼ 1.1. Another modification will be related

to the lightest Higgs mass. As will be discussed in the next Subsection, its upper bound is

also larger for smaller unification scales.

In figures 5-7 we study the (λ, κ) parameter space. As expected from the above

discussion, λ <∼ 0.4. Concerning the value of κ, we also see that perturbativity up to the

GUT scale imposes the bound κ <∼ 0.6, similarly to the NMSSM. In figure 5 we show an

example with tan β = 5, Aλ = −Aκ = −Aν = 1 TeV, and νc = 2TeV. For λ >∼ 0.05 a false

minimum region appears. As we can deduce from figure 5a, the reason is that m2
Hu

becomes
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(a) (b)

Figure 5: (λ, κ) parameter space for tanβ = 5, Aλ = 1 TeV, Aκ = Aν = −1TeV, and νc = 2TeV.

In both cases the gray and violet areas represent points which are excluded by the existence of false

minima and tachyons, respectively. The yellow area represents points which are excluded due to the

occurrence of a Landau pole. The orange area is excluded by both, Landau pole and tachyons. In

(a) the colours indicate different values of the soft mass m2
Hu

. In (b) the colours indicate different

values of the soft masses m2
ν̃c .

large and negative, producing as a consequence a minimum deeper than the realistic one

in the direction with only vu 6= 0.

It is clear from figure 5 that the presence of tachyons increases for large values of λ (see

e.g. the orange area). The reason is that the off-diagonal value |M2
hdhu

| in appendix (A.1.1)

has a dependence on aλ, thus leading to the appearance of a negative eigenvalue. We can

also see to the left of the figure, for very small values of λ, a narrow band with tachyons. The

relevant off-diagonal piece is now |M2
hu(eνc

i )R |. Notice that there are terms with opposite signs

producing a cancellation of the mixing for particular values of λ. However for very small

values the cancellation disappears and a large mixing producing negative eigenvalues arises.

In figure 6 we show the modifications produced by a decrease in the value of ν̃c. In

particular, we consider the same values of the parameters as in figure 5 but with νc = 1TeV

instead of 2TeV. The allowed region is now reduced. Notice that m2
νc becomes positive for

larger values of κ, producing the presence of minima deeper than the realistic one in the

direction with only vu 6= 0. Let us also remark here that the points in the gray area about

λ ≈ 0.05 and κ ≈ 0.35 are actually forbidden by minima deeper than the realistic one with

all VEVs vanishing.

Decreasing further νc the allowed region decreases, and in particular for νc ≈ 500 GeV,

and the same values of the parameters as above, we find that the whole region disappears.
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(a) (b)

Figure 6: The same as in figure 5 but for the case νc = 1TeV.

(a) (b)

Figure 7: The same as in figure 5 but for the cases (a) tanβ = 5, Aλ = 200GeV, Aκ = −50GeV,

Aν = −1000GeV, and νc = 500GeV. The colours indicate different values of the soft mass m2
Hu

.

(b) tanβ = 20, Aλ = 1000GeV, Aκ = Aν = −1000GeV, and νc = 1000GeV. The colours indicate

different values of the soft masses m2
ν̃c .
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Nevertheless this situation can be improved if we modify the values of Aκ and Aλ. In

particular, decreasing Aλ, and increasing (decreasing in modulus) Aκ, the terms in the

potential proportional to them contribute to generate a realistic minimum. This can be

seen in figure 7a, where we take νc = 500 GeV, Aλ = 200 GeV, and Aκ = −50GeV. The

allowed region is even larger than in figure 6 where νc = 1000 GeV.

Let us finally discuss the variation in tanβ. Larger values of tanβ lead to an increase

of the mixing in the CP-even neutral scalar matrix, and as a consequence the tachyonic

region is larger. We show this effect in figure 7b for tanβ = 20. Although the allowed

region is smaller than in figure 6, the effect is not very important. This is also true for

larger values of tanβ. The reason being that the large value of νc = 1 TeV produces a heavy

right-handed sneutrino, and therefore a large entry |M2
(eνc

i )R(eνc
j )R |. Since the other relevant

entries, |Mhuhu| and |M2
hu(eνc

i )R |, are generically much smaller, it turns out to be difficult to

generate a negative eigenvalue. As for tan β = 5, decreasing further νc for the same value of

the parameters, the allowed region decreases. Both effects, the generation of false minima

and tachyons, are contributing significantly to forbid points of the parameter space. In

particular, the latter effect also contributed to forbid the whole region for tan β = 5 and

νc ≈ 500 GeV. This is obvious, since the potential is bounded from below, and, as a

consequence, the existence of tachyons implies the existence of a deeper minimum. The

whole region is also fobidden for tan β larger than 5 when νc ≈ 500 GeV.

6.2 Analysis of the spectrum

Let us now discuss general characteristics of the particle spectrum of the µνSSM. The

breaking of R-parity generates a peculiar structure for the mass matrices. The presence

of right and left-handed sneutrino VEVs leads to mixing of the neutral Higgses with the

sneutrinos producing the 8 × 8 neutral scalar mass matrices for the CP-even and CP-odd

states written in eqs. (A.1) and (A.14), respectively. Note that after rotating away the

CP-odd would be Goldstone boson, we are left with seven states. It is also worth noticing

here that the 5 × 5 Higgs-right handed sneutrino submatrix is basically decoupled from

the 3 × 3 left handed sneutrino submatrix, since the mixing occurs only through terms

proportional to νi or Yνij
, which are therefore negligible.

Given the interest of the lightest Higgs boson mass in the analysis of SUSY models,

it is worth discussing here its upper bound in the µνSSM. Let us recall that for an ex-

tension of the MSSM with singlets Si, i = 1, . . . , n, generating the µ term through the

couplings ǫabλi Ŝi Ĥ
a
d Ĥ

b
u, one can obtain a tree-level upper bound on the lightest neutral

Higgs mass [51, 52] using the 2×2 submatrix defined bymHu andmHd
(see appendix A.1.1),

m2
h ≤M2

Z

(
cos2 2β +

2λ2 cos2 θW

g2
2

sin2 2β

)
≈M2

Z

(
cos2 2β + 3.62λ2 sin2 2β

)
, (6.6)

where λ2 = λiλi was defined in the previous Subsection. Neglecting the small neutrino

Yukawa couplings Yνij
and with the substitutions Si → ν̃c

i , i = 1, 2, 3, the superpotential of

the µνSSM (2.1) is equivalent to the above extension, and therefore we can use the same

bound (6.6) in our computation.
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Clearly, one can optimise this bound choosing tan β as small as possible, as well as λ as

large as possible. Concerning the latter, let us recall our discussion in the previous Subsec-

tion: the value of λ is actually bounded once perturbativity is imposed, and, in particular,

we found λ2 <∼ (0.7)2 for a typical GUT. Now, using this bound one can write (6.6) as

m2
h
<∼M2

Z

(
cos2 2β + 1.77 sin2 2β

)
, (6.7)

which indicates that for small values of tanβ (i.e. large values of sin 2β) one might obtain

in principle large tree-level values for the lightest Higgs mass, unlike the MSSM where the

second term in (6.7) is absent. For example, for tan β = 2(4) one obtains mh <∼ 1.22(1.08)×
MZ ≈ 111(98) GeV.

Of course, in order to get masses close to the upper bound, choosing a certain range of

values for other parameters of the model in (6.1) is also necessary. In particular, we must

avoid as much as possible the mixing of the light eigenstate h of the 2× 2 Higgs submatrix

in appendix (A.1.1) with the right-handed sneutrinos (see eqs. (A.5) and (A.6)). Since

this submatrix is essentially diagonalized by the angle π
2 − β, it is easy to check that one

has to impose

λ[6λνc − (Aλ + 2κνc) sin 2β] → 0 . (6.8)

On the other hand, it is well known that the one-loop correction to the lightest Higgs

mass can be very important. One can check that, similarly to the NMSSM [48], the upper

bound for the lightest doublet-like Higgs mass of the µνSSM is of the order of 140 GeV for

tan β ∼ 2.

As discussed in the previous Subsection, for high-energy theories with smaller funda-

mental scales than the GUT one, the upper bound for the coupling turns out to be larger.

In particular, for an intermediate scale of the order of 1011 GeV we found λ2 <∼ (0.88)2.

Thus, from (6.6), one is also able to get a larger tree-level upper bound on the Higgs mass,

m2
h
<∼M2

Z

(
cos2 2β + 2.8 sin2 2β

)
, (6.9)

generating more flexibility with respect to the experimental data. For example, for

tan β = 2(4) one obtains mh <∼ 1.47(1.18) ×MZ ≈ 134(107) GeV. Using the above men-

tioned possibility of 10 TeV for the high-energy, scale [50], producing λ2 <∼ (1.96)2, the

result would be m2
h
<∼M2

Z

(
cos2 2β + 13.2 sin2 2β

)
. In this case, for tanβ = 2(4) one ob-

tains mh <∼ 2.96(1.92) ×MZ ≈ 270(175) GeV.

Concerning the rest of the spectrum, the charged Higgses are mixed with the charged

sleptons generating the 8×8 charged scalar mass matrix written in eq. (A.27). Nevertheless,

similarly to the neutral scalar mass matrices where some sectors are decoupled, the 2 × 2

charged Higgs submatrix is decoupled from the 6 × 6 charged slepton submatrix.

The neutralinos are mixed with the right- and left-handed neutrinos producing the

10×10 neutral fermion mass matrix written in eq. (A.49). As discussed in section 5,

three eigenvalues are very small corresponding to the neutrino masses. The other seven

eigenvalues arise from the mixing of neutralinos and right-handed neutrinos.

As discussed also in section 5, although the charginos mix with the charged leptons

giving rise to the 5×5 charged fermion mass matrix written in eq. (A.47), the 2×2 chargino
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submatrix is basically decoupled from the 3 × 3 charged lepton submatrix. The former is

like the one of the MSSM provided that one uses µ = λiν
c
i .

Let us finally mention that the squark mass matrices are written in eq. (A.41). When

compared to the MSSM case, their structure is essentially unaffected, provided that one

uses µ = λiν
c
i , and neglects the terms proportional to Yν .

For a more detail discussion of the characteristics of the spectrum we need more in-

formation about the parameter space. As an example, let us consider the viable region

studied in figure 7b with λ = 0.1 and κ = 0.4. We show first in figure 8 the masses of

the CP-even neutral scalars as a function of the right-handed sneutrino VEVs. For this

parameter space we can see from appendix A.1.1 that the mixing between the Higgses and

the right-handed sneutrinos is of the order of aλi
vu = Aλλvu, and therefore small compared

with the relevant diagonal terms λiλjv
c
i v

c
j = 9λ2vc2. Thus we have essentially doublet-like

Higgses and the LEP bound for the lightest Higgs mass applies. The masses of the heavy

and light Higgses, H and h, are shown in the figure with green dashed and solid lines, re-

spectively. Concerning the former, its mass varies between 1748 and 2935 GeV. Concerning

the latter, since tan β = 20 the upper bound is like in the MSSM, as discussed above. For

the values of the parameters used in this example, we obtain mh ≈ 115.5 GeV. If instead of

At = 1TeV, we would have consider the ’maximal mixing’ scenario [53], which in our case

is obtained for At ≈ 2.4 TeV, we would have obtained mh ≈ 126 GeV. As discussed also in

eq. (6.8), larger values can be obtained avoiding as much as possible the small mixing of

the light Higgs h with the right-handed sneutrinos. For example, for λ = 0.05 one obtains

mh ≈ 117.5 GeV. Imposing in addition the maximal mixing scenario, mh ≈ 128 GeV.

The three right-handed sneutrinos are essentially degenerated (up to small contribu-

tions due to neutrino Yukawas), and we show their masses with a black dashed line which

varies approximately between 357 and 1346 GeV. Let us remark that in general to obtain

singlet-like Higgses, thus scaping detection and being in agreement with accelerator data, is

also possible for small values of κ. This can be qualitatively understood from the expresion

of the corresponding mass matrix. In particular, the terms M2
(eνc

i )R(eνc
i )R are of the order of

κ2νc2, and become very small when κ decreases.

Concerning the left-handed sneutrinos ν̃i in figure 8, we see in the appendix that

their masses are basically determined by the corresponding soft masses, meLi
. Notice that

the other terms in M2
(eνi)R(eνj)R are proportional to νi or Yνij

, and therefore negligible.

On the other hand, the values of m2
eLi

are fixed by the minimisation conditions (3.6),

and as a consequence they are essentially proportional to (Yνi
/νi)ν

c for the viable region

of the parameter space studied here. For example, for νc = 1 TeV in the figure, the

values of the Yukawa couplings are given by Yν1
= 1.64 × 10−7, Yν2

= 5.43 × 10−7 and

Yν3
= 9.85 × 10−7. Using the VEVs νi discussed above eq. (6.1), one obtains from the

previous formula mν̃2
∼ 1.8mν̃1

, and mν̃3
∼ 0.77mν1

. This can be checked with the figure.

Let us finally remark that for the region of the parameter space discussed here, to work

with other values of tanβ would not modify the spectrum obtained, with the exception

of the masses of h and H. This is also true for the rest of the spectrum discussed below.

For example, for tan β = 5 we obtain essentially the same spectrum but with mH varying
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Figure 8: Masses of the CP-even neutral scalars as a function of the right-handed sneutrino

VEVs, for the parameter space of figure 7b with λ = 0.1 and κ = 0.4. The gray and violet areas

are excluded by the existence of false minima and tachyons, respectively.

Figure 9: The same as in figure 8 but for the masses of the neutral fermions.

approximately between 1310 and 2332 GeV, and mh ≈ 112 (124 GeV for maximal mixing).

It is straightforward to see from appendix A.1.2 that the masses of the CP-odd neu-

tral scalars are very similar to those of the CP-even neutral scalars discussed above. In
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particular, the masses of the pseudoscalar and left-handed sneutrinos are similar to the

masses of the heavy Higgs H, and left-handed sneutrinos in figure 8. The only differ-

ences appear for the right-handed sneutrino masses. Note e.g. that the terms 2aκijk
νc

k and

2κijkκlmkν
c
l ν

c
m have different signs in eqs. (A.11) and (A.24), implying that now the masses

vary approximately between 1 and 1.5 TeV.

Concerning the charged scalars, we can see in appendix A.1.3 that the mass of the

charged Higgs is very similar to the ones of the pseudoscalar and heavy Higgs. As mentioned

above, the right- and left-handed charged sleptons are decoupled from the charged Higgs. In

the appendix we see that their masses are essentially determined by the corresponding soft

masses, meec
i
,meLi

. Although the former are free at the electroweak scale in our computation,

the latter are fixed by the minimization conditions (3.6), and therefore we obtain the same

masses as for the left-handed sneutrinos.

In figure 9 we show the seven eigenvalues corresponding to the mixing of neutralinos

and right-handed neutrinos. As mentioned in the previous Subsection, we have taken values

for the soft gaugino masses that mimic at low scale the results from a hypothetical unified

value at the GUT scale. In particular, we have assumed M2 = 1TeV and consequently

M1 ≈ 500 GeV. As we can see in the figure, and can be deduced from the matrix (A.51),

for the values of the parameters analysed we obtain almost pure Wino, Bino, Higgsino

and right-handed neutrino states. The blue dashed (solid) line corresponds to the Wino

(Bino) mass, which is determined approximately by the soft mass M2 (M1). The Higgsino

masses are determined approximately by the effective µ term, λiν
c
i = 3λνc. We show with

a green dashed (dot-dashed) line the heaviest (lightest) Higssino H̃2 (H̃1). Their masses

vary between 267 (242) and 617 (464) GeV. Finally, the three right-handed neutrinos νRi

are degenerated with a mass that can be approximated as 2κνc. This is shown with a

black dot-dashed line in the figure varying between 686 and 1620 GeV. Although in the

present case the lightest neutralino is a Higgsino, due to our choice of input values with

M1 > 3λνc, this can easily be modified by choosing other values of the parameters. The

lightest neutralino can also be essentially a right-handed neutrino for small κ. Let us

finally remark that varying the values of the parameters also the mixing of states can be

augmented. This can be obtained by making the diagonal entries similar to each other

and/or increasing the off diagonal entries.

On the other hand, from the 2 × 2 chargino submatrix in eq. (A.48) we can easily

deduced that the mass of the charged Wino is approximately given by M2, and the mass

of the charged Higgsino by the effective µ term, µ = λiν
c
i .

Finally, the eigenvalues of the squark mass matrices depend on the soft masses. As

for the right-handed sleptons, in our computation these are free parameters at the elec-

troweak scale.

7. Conclusions and outlook

We have performed the first detailed analysis of the µνSSM. As explained in the Intro-

duction, this model was proposed [25] as a SUSY standard model for solving the crucial

µ problem of SUSY constructions, generating at the same time the small neutrino masses

– 23 –



J
H
E
P
1
2
(
2
0
0
8
)
0
9
9

through a dynamical see-saw at the electroweak scale. This is due to the inclusion of

three generations of right-handed neutrino superfields and the corresponding new gauge

invariant couplings, ǫabλi ν̂
c
i Ĥ

a
d Ĥ

b
u and κijkν̂

c
i ν̂

c
j ν̂

c
k. The latter couplings break R-parity ex-

plicitly and therefore the phenomenology of the µνSSM is very peculiar and different from

other models, not only from those conserving R-parity, but also from those were R-parity

is also broken.

In this work we have extended the analysis of ref. [25], where the characteristics of

the µνSSM were only introduced, and several approximations were considered in the phe-

nomenological discussion. In particular, only one generation of sneutrinos were assumed

to acquire VEVs. Here we have worked with the full three generations. We have written

for the first time the corresponding scalar potential and minimized it in order to study

the electroweak symmetry breaking. One-loop corrections have been taken into account in

the computation. In total eight fields acquire VEVs. They are, in addition to the usual

Higgses, the right- and left-handed sneutrinos. Notice that minima with some or all of the

VEVs vanishing are in principle possible, and therefore one has to check that the minimum

with non-vanishing VEVs breaking the electroweak symmetry, and generating the µ term

and neutrino masses spontaneously, is the global one.

Obviously, due to the many VEVs and the new couplings, the parameter space of

µνSSM is very involved. After discussing in detail the strategy to follow in the low-energy

analysis, we have studied viable regions of the parameter space which are left after imposing

several constraints. In addition to discard regions with the false minima mentioned above,

we have discarded also regions with tachyons, as well as those where the Landau pole

constraint on the couplings at the GUT scale is not fulfiled. Of course, reproducing neutrino

data is also used as a constraint in the parameter space. Results are shown in figures 2-7.

Finally, we have discussed the particle spectrum. The breaking of R-parity generates

complicated mass matrices and mass eigenstates. The presence of right and left-handed

sneutrino VEVs leads to mixing of the neutralinos with the neutrinos producing a 10×10

matrix. Indeed three eigenvalues of this matrix are very small, reproducing the experimen-

tal results on neutrino masses. On the other hand, the charginos mix with the charged

leptons giving rise to a 5×5 matrix. Nevertheless, there will always be three light eigenval-

ues corresponding to the electron, muon and tau. Concerning the scalar mass matrices, the

neutral Higgses are mixed with the sneutrinos, and the charged Higgses with the charged

sleptons, and we are left with fifteen (eight CP-even and seven CP-odd) neutral states and

seven charged states. Notice however that the three left handed sneutrinos are basically

decoupled from the Higgs-right handed sneutrinos, and also the six charged sleptons are

decoupled from the charged Higgses.

Given the interest of the lightest Higgs boson mass in the analysis of SUSY models,

we have discussed in detail the mass of the lightest CP-even neutral scalar in our model.

The upper bound turns out to be similar to the one of the NMSSM, about 140 GeV after

imposing the Landau pole constraint up to the GUT scale. For the precise masses of the

Higges and of the rest of the spectrum, it is not possible to give a result valid for the

whole parameter space, given the complicated structure of the model. Nevertheless, we

have pointed out several interesting characteristics, and analysed particular regions and

possible variations. An example of a possible spectrum is shown in figures 8-9.
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Once we have checked explicitly that the parameter space of our model contains viable

solutions and the associated spectrum is interesting, and given the hope that the LHC

will be able to test SUSY, it is then important to study in detail the collider phenomenol-

ogy of the µνSSM. In particular, the impact of the new couplings on the usual SUSY

searches, and indeed novel signals that might facilitate the confirmation of the µνSSM

as the adequate SUSY Standard Model. This necessary task will be the subject of a

forthcoming publication.
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A. Mass matrices

In this appendix we will study the general mass matrices generated in the µνSSM. For this

study we will use the indices i, j, k, l,m = 1, 2, 3, and α, β, γ, δ = 1, . . . , 8.

A.1 Scalar mass matrices

Here we study the scalar mass matrices. Let us recall that concerning the Higgses, the

neutral ones are mixed with the sneutrinos, and the charged ones with the charged sleptons.

A.1.1 CP-even neutral scalars

The quadratic potential includes

Vquadratic = S′
αM

2
sαβ

S′
β + . . . , (A.1)

where S′
α = (hd, hu, (ν̃

c
i )

R, (ν̃i)
R) is in the unrotated basis, and below we give the

expressions for the independent coefficients of M2
sαβ

M2
hdhd

= m2
Hd

+
G2

4
{3v2

d − v2
u + νiνi} + λiλjν

c
i ν

c
j + λiλiv

2
u , (A.2)

M2
huhu

= m2
Hu

+
G2

4
(−v2

d + 3v2
u − νiνi) + λiλjν

c
i ν

c
j + λiλiv

2
d

− 2Yνij
λjvdνi + Yνik

Yνij
νc

jν
c
k + Yνik

Yνjk
νiνj , (A.3)

M2
hdhu

= −aλi
νc

i −
G2

2
vdvu + 2vdvuλiλi − (λkκijkν

c
i ν

c
j + 2Yνij

λjvuνi) , (A.4)

M2
hd(eνc

i )R = −aλi
vu + 2λiλjvdν

c
j − 2λkκijkvuν

c
j − Yνji

λkνjν
c
k − Yνjk

λiνjν
c
k , (A.5)
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M2
hu(eνc

i )R = −aλi
vd + aνji

νj + 2λiλjvuν
c
j − 2λkκilkvdν

c
l

+ 2Yνjk
κilkνjν

c
l + 2Yνjk

Yνji
vuν

c
k , (A.6)

M2
hd(eνi)R =

1

2
G2vdνi − (Yνij

λjv
2
u + Yνij

λkν
c
kν

c
j ) , (A.7)

M2
hu(eνi)R = aνij

νc
j −

G2

2
vuνi − 2Yνij

λjvdvu + Yνik
κljkν

c
l ν

c
j + 2Yνij

Yνkj
vuνk , (A.8)

M2
(eνi)R(eνj)R = m2

L̃ij
+
G2

2
νiνj +

1

4
G2(νkνk + v2

d − v2
u)δij + Yνik

Yνjk
v2
u + Yνik

Yνjl
νc

kν
c
l ,

(A.9)

M2
(eνi)R(eνc

j )R = aνij
vu − Yνij

λkvdν
c
k − Yνik

λjvdν
c
k + 2Yνik

κjlkvuν
c
l

+ Yνij
Yνkl

νkν
c
l + Yνil

Yνkj
νkν

c
l , (A.10)

M2
(eνc

i )R(eνc
j )R = m2

eνc
ij

+ 2aκijk
νc

k − 2λkκijkvdvu + 2κijkκlmkν
c
l ν

c
m + 4κilkκjmkν

c
l ν

c
m

+ λiλj(v
2
d + v2

u) + 2Yνlk
κijkvuνl − (Yνkj

λi + Yνki
λj)vdνk

+ Yνki
Yνkj

v2
u + Yνki

Yνlj
νkνl . (A.11)

Then the mass eingenvectors are

Sα = Rs
αβS

′
β , (A.12)

with the diagonal mass matrix

(Mdiag
sαβ

)2 = Rs
αγM

2
sγδ
Rs

βδ . (A.13)

A.1.2 CP-odd neutral scalars

In the unrotated basis P′
α =

(
Pd, Pu, (ν̃

c
i )

I , (ν̃i)
I
)

we have

Vquadratic = P′
αM

2
Pαβ

P′
β + . . . (A.14)

Below we give the expressions for the independent cofficients of M2
Pαβ

M2
PdPd

=m2
Hd

+
G2

4
(v2

d − v2
u + νiνi) + λiλjν

c
i ν

c
j + λiλiv

2
u , (A.15)

M2
PuPu

=m2
Hu

+
G2

4
(v2

u − v2
d − νiνi) + λiλjν

c
i ν

c
j + λiλiv

2
d

− 2Yνij
λjvdνi + Yνik

Yνij
νc

kν
c
j + Yνik

Yνjk
νiνj , (A.16)

M2
PdPu

=aλi
νc

i + λkκijkν
c
i ν

c
j , (A.17)

M2
Pd(eνc

i )I =aλi
vu − 2λkκijkvuν

c
j − Yνji

λkν
c
kνj + Yνjk

λiν
c
kνj , (A.18)

M2
Pd(eνi)I = − Yνij

λjv
2
u − Yνij

λkν
c
kν

c
j , (A.19)

M2
Pu(eνc

i )I =aλi
vd − aνji

νj − 2λkκilkvdν
c
l + 2Yνjk

κilkνjν
c
l , (A.20)

M2
Pu(eνi)I = − aνij

νc
j − Yikκljkν

c
l ν

c
j , (A.21)

M2
(eνi)I (eνj)I =m2

eLij
+

1

4
G2(νkνk + v2

d − v2
u)δij + Yνik

Yνjk
v2
u + Yνik

Yνjl
νc

kν
c
l , (A.22)
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M2
(eνi)I (eνc

j )I = − aνij
vu − Yνik

λjvdν
c
k − Yνij

Yνlk
νlν

c
k + Yνik

Yνlj
νlν

c
k

+ Yνij
λkvdν

c
k + 2Yνil

κjlkvuν
c
k , (A.23)

M2
(eνc

i )I (eνc
j )I =m2

eνc
ij
− 2aκijk

νc
k + 2λkκijkvdvu − 2κijkκlmkν

c
l ν

c
m + 4κimkκljkν

c
l ν

c
m

+ λiλj(v
2
d + v2

u) − (Yνki
λj + Yνkj

λi)vdνk

− 2Yνlk
κijkvuνl + Yνki

Yνkj
v2
u + Yνli

Yνkj
νkνl . (A.24)

Then the mass eingenvectors are

Pα = RP
αβP

′
β , (A.25)

with the diagonal mass matrix

(Mdiag
Pαβ

)2 = RP
αγM

2
Pγδ

RP
βδ . (A.26)

A.1.3 Charged scalars

We give here the mass matrix coefficients for the charged scalars which follows from the

quadratic term in the potential

Vquadratic = S′−
αM

2
s±
αβ

S′
β
+
. (A.27)

The unrotated charged scalars are S′+
α = (H+

d ,H
+
u , ẽ

+
L , µ̃

+
L , τ̃

+
L , ẽ

+
R, µ

+
R, τ

+
R ), and

M2
HdHd

=m2
Hd

+
1

2
g2
2(vu

2 − νiνi) +
G2

4
(νiνi + v2

d − v2
u) + λiλjν

c
i ν

c
j + Yeik

Yejk
νiνj (A.28)

M2
HuHu

=m2
Hu

+
1

2
g2
2(v

2
d + νiνi) −

G2

4
(vivi + v2

d − v2
u) + λiλjν

c
i ν

c
j + Yνij

Yνik
νc

jν
c
k (A.29)

M2
HdHu

= aλi
νc

i +
1

2
g2
2vdvu − λiλivdvu + λkκijkν

c
i ν

c
j + Yνij

λjvuνi (A.30)

M2
eeLi

eeLj
=m2

eLji
+
g2
2

2
(−νkνk − v2

d + v2
u)δij +

1

2
g2
2νiνj +

1

4
G2(νkνk + v2

d − v2
u)δij

+ Yνil
Yνjk

νc
l ν

c
k + Yeil

Yejl
v2
d (A.31)

M2
eeLi

eeRj
= aeij

vd − Yeij
λkvuν

c
k (A.32)

M2
eeRj

eeLi
=M2

eeLi
eeRj

(A.33)

M2
eeRi

eeRj
=m2

eec
ij

+
g2
1

2
(−νkνk − v2

d + v2
u)δij + Yeki

Yekj
v2
d + Yeli

Yekj
νkνl (A.34)

M2
eeLi

Hd
=
g2
2

2
vdνi − Yνij

λkν
c
kν

c
j − Yeij

Yekj
vdνk (A.35)

M2
eeLi

Hu
= − aνij

νc
j +

g2
2

2
vuνi − Yνij

κljkν
c
l ν

c
k + Yνij

λjvdvu − Yνik
Yνkj

vuνj (A.36)

M2
eeRi

Hd
= − aeji

νj − Yeki
Yνkj

vuν
c
j (A.37)

M2
eeRi

Hu
= − Yeki

(λjνkν
c
j + Yνkj

vdν
c
j ) , (A.38)

where aeij
≡ (AeYe)ij . Then the mass eigenvectors are

S±
α = Rs±

αβS
′±
β , (A.39)
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with the diagonal mass matrix

(Mdiag
s±

)2αβ = Rs±

αγM
2
s±γδ

Rs±

βδ . (A.40)

It is worth noticing here that if we allow the presence of the lepton number violat-

ing terms in the superpotential, λijkL̂iL̂j ê
c
k, discussed in the Introduction, they would

contribute to the above charged scalar masses.

A.1.4 Squarks

In the unrotated basis, ũ′i = (ũLi
, ũ∗Ri

) and d̃′i = (d̃Li
, d̃∗Ri

), we get

Vquadratic =
1

2
ũ′

†
M2

eu ũ′ +
1

2
d̃′

†
M2

ed
d̃′ , (A.41)

where

M2
eqij

=



M2

eqLiLj
M2

eqLiRj

M2
eqRiLj

M2
eqRiRj


 , (A.42)

with q̃ = (ũ′, d̃′). The blocks are different for up and down quarks, and we have

M2
euLiLj

= m2
eQij

+
1

6
(
3g2

2

2
− g2

1

2
)(v2

d − v2
u + νkνk) + Yuik

Yujk
v2
u ,

M2
euRiRj

= m2
euij

+
g2
1

3
(v2

d − v2
u + νkνk) + Yuki

Yukj
v2
u ,

M2
euLiRj

= auij
vu − Yuij

λkvdν
c
k + Yνlk

Yuij
νlν

c
k ,

M2
euLiRj

= m2
euRjLi

, (A.43)

and

M2
edLiLj

= m2
eQij

− 1

6
(
3g2

2

2
+
g2
1

2
)(v2

d − v2
u + νkνk) + Ydik

Ydjk
v2
d

M2
edRiRj

= m2
edij

− g2
1

6
(v2

d − v2
u + νkνk) + Ydik

Ydjk
v2
d

M2
edLiRj

= adij
vd − Ydij

λkvuν
c
k

M2
edLiRj

= m2
edRjLi

, (A.44)

where auij
≡ (AuYu)ij and adij

≡ (AdYd)ij . For the mass state q̃i we have

q̃i = Req
ij q̃j , (A.45)

with the diagonal mass matrix

(Mdiag
eq

)2ij = Req
ilM

2
eqlk
Req

jk . (A.46)

It is worth noticing here that if we allow the presence of the baryon number vio-

lating terms in the superpotential discussed in the Introduction, λ′ijkL̂iQ̂j d̂
c
k, they would

contribute to the above squark masses. Actually, even if they are set to zero, one-loop

corrections will generate them, as discussed in appendix E. However, these contributions

are negligible.
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A.2 Charged fermion mass matrix

Charginos mix with the charged leptons and therefore in a basis where Ψ+T
=

(−iλ̃+, H̃+
u , e

+
R, µ

+
R, τ

+
R ) and Ψ−T

= (−iλ̃−, H̃−
d , e

−
L , µ

−
L , τ

−
L ), one obtains the matrix

−1

2
(ψ+T

, ψ−T
)

(
0 MT

C

MC 0

)(
ψ+T

ψ−T

)
, (A.47)

where

MC =




M2 g2vu 0 0 0

g2vd λiν
c
i −Yei1

νi −Yei2
νi −Yei3

νi

g2ν1 −Yν1i
νc

i Ye11
vd Ye12

vd Ye13
vd

g2ν2 −Yν2i
νc

i Ye21
vd Ye22

vd Ye23
vd

g2ν3 −Yν3i
νc

i Ye31
vd Ye32

vd Ye33
vd




. (A.48)

A.3 Neutral fermion mass matrix

Neutralinos mix with the neutrinos and therefore in a basis where χ0T
=

(B̃0, W̃ 0, H̃d, H̃u, νRi
, νLi

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

Lagrangian

−1

2
(χ0)TMnχ

0 + c.c. , (A.49)

where

Mn =

(
M m

mT 03×3

)
, (A.50)

with

M=




M1 0 −Avd Avu 0 0 0

0 M2 Bvd −Bvu 0 0 0

−Avd Bvd 0 −λiν
c
i −λ1vu −λ2vu −λ3vu

Avu −Bvu −λiν
c
i 0 −λ1vd+Yνi1

νi −λ2vd+Yνi2
νi −λ3vd+Yνi3

νi

0 0 −λ1vu −λ1vd+Yνi1
νi 2κ11jν

c
j 2κ12jν

c
j 2κ13jν

c
j

0 0 −λ2vu −λ2vd+Yνi2
νi 2κ21jν

c
j 2κ22jν

c
j 2κ23jν

c
j

0 0 −λ3vu −λ3vd+Yνi3
νi 2κ31jν

c
j 2κ32jν

c
j 2κ33jν

c
j




,

(A.51)

where A = G√
2
sin θW , B = G√

2
cos θW , and

mT =




− g1√
2
ν1

g2√
2
ν1 0 Yν1i

νc
i Yν11

vu Yν12
vu Yν13

vu

− g1√
2
ν2

g2√
2
ν2 0 Yν2i

νc
i Yν21

vu Yν22
vu Yν23

vu

− g1√
2
ν3

g2√
2
ν3 0 Yν3i

νc
i Yν31

vu Yν32
vu Yν33

vu


 . (A.52)

B. Couplings

In this appendix we show the relevant couplings involved in the computation of the one-loop

radiative corrections to the scalar potential tadpoles and the CP-even scalars masses.
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B.1 Scalar-up squarks-up squarks

With the definition

L = gS′0eu′eu′∗

αij S′0
α ũ

′
i ũ

′∗
j + · · · , (B.1)

we get

gS′0eu′eu′∗

αij =



gS′0eu′eu′∗

αLiLj
gS′0eu′eu′∗

αLiRj

gS′0eu′eu′∗

αRiLj
gS′0eu′eu′∗

αRiRj


 , (B.2)

where

gS′0eu′eu′∗

αLiLj
= uβ δ̂αβ

(
−1

2
g2 +

1

6
g′2
)
− 2 δi2 vu Yujl

Yukl
,

gS′0eu′eu′∗

αLiRj
= − δα2 (AuYu)ij + δα1 ν

c
l λl Yuij

− δα−2,l Yνlm
νc

m Yuij

+δα−5,l (vdλl − Yνml
νm)Yuij

,

gS′0eu′eu′∗

αRiLj
= gS′0eu′eu′∗

αLjRi
,

gS′0eu′eu′∗

αRiRj
= −2

3
uβ δ̂αβ g

′2 − 2 δα2 vuYuli
Yulj

, (B.3)

and we have defined

uβ ≡ (vd, vu, ν1, ν2, ν3, ν
c
1, ν

c
2, ν

c
3) ; δ̂ij ≡ diag(+,−,+,+,+, 0, 0, 0) (B.4)

while δij is equal to one for i = j, and zero for i 6= j.

B.2 Scalar-down squarks-down squarks

With the definition

L = gS′0 ed′ ed′∗

αij S′0
α d̃

′
i d̃

′∗
j + · · · , (B.5)

we get

gS′0 ed′ ed′∗

αij =



gS′0 ed′ ed′∗

αLiLj
gS′0 ed′ ed′∗

αLiRj

gS′0 ed′ ed′∗

αRiLj
gS′0 ed′ ed′∗

αRiRj


 , (B.6)

where

gS′0 ed′ ed′∗

αLiLj
= uβ δ̂αβ

(
1

2
g2 +

1

6
g′2
)
− 2 δα1 vd Ydil

Ydjl
,

gS′0 ed′ ed′∗

αLiRj
= −δα1 (AdYd)ij + δα2 ν

c
l λl Ydij

+ δα−5,l λl vu Ydij
,

gS′0 ed′ ed′∗

αRiLj
= gS′0 ed′ ed′∗

αLjRi
,

gS′0 ed′ ed′∗

αRiRj
=

1

3
uβ δ̂αβ g

′2 − 2 δα1 vdYdli
Ydlj

. (B.7)

We find the couplings in the squark q̃1,2 basis via gS′0eqeq∗

αij = Req
il(g

S′0eq′eq′∗

αlm )Req
jm.
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B.3 Scalar-quark-quark

With the definition

L = gS′0uu
αij S′0

α ui uj + gS′0dd
αij S′0

α di dj + · · · , (B.8)

we get

gS′0uu
αij = −δα2 Yuij

, (B.9)

and

gS′0dd
αij = −δα1 Ydij

. (B.10)

B.4 Scalar-scalar-up scalars-up scalars

With the definition

L = gS′0S′0eu′eu′∗

αβij S′0
α S

′0
β ũ

′
i ũ

′∗
j + · · · , (B.11)

we get

gS′0S′0eu′eu′∗

αβij =



gS′0S′0eu′eu′∗

αβLiLj
gS′0S′0eu′eu′∗

αβLiRj

gS′0S′0eu′eu′∗

αβRiLj
gS′0S′0eu′eu′∗

αβRiRj


 , (B.12)

where

gS′0S′0eu′eu′∗

αβLiLj
= δ̂αβ

(
−1

4
g2 +

1

12
g′2
)
− δα2 δβ2 Yuil

Yujl
,

gS′0S′0eu′eu′∗

αβLiRj
=

1

2

(
δα1 δβ−5,lλl Yuij

− δα−2,l δβ−5,m Yνlm
Yuij

)
,

gS′0S′0eu′eu′∗

αβRiLj
= gS′0eu′eu′∗

αβLjRi
,

gS′0S′0eu′eu′∗

αβRiRj
= −1

3
δ̂αβ g

′2 − δα2 δβ2 Yuil
Yujl

. (B.13)

B.5 Scalar-scalar-down scalars-down scalars

With the definition

L = gS′0S′0 ed′ ed′∗

αβij S′0
α S

′0
β d̃

′
i d̃

′∗
j + · · · , (B.14)

we get

gS′0S′0 ed′ ed′∗

αβij =



gS′0S′0 ed′ ed′∗

αβLiLj
gS′0S′0 ed′ ed′∗

αβLiRj

gS′0S′0 ed′ ed′∗

αβRiLj
gS′0S′0 ed′ ed′∗

αβRiRj


 , (B.15)

where

gS′0S′0 ed′ ed′∗

αβLiLj
= δ̂αβ

(
1

4
g2 +

1

12
g′2
)
− δα1 δβ1 Ydil

Ydjl
,

gS′0S′0 ed′ ed′∗

αβLiRj
=

1

2
δα2 δβ−5,lλl Ydij

,

gS′0S′0 ed′ ed′∗

αβRiLj
= gS′0 ed′ ed′∗

αβLjRi
,

gS′0S′0 ed′ ed′∗

αβRiRj
=

1

6
δ̂αβ g

′2 − δα1 δβ2 Ydil
Ydjl

. (B.16)
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Si
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Figure 10: Tadpole Feynman diagrams

C. Tadpoles

In this appendix we present the leading one-loop DR tadpoles (i.e. the ones involving

s(quarks) in the loop) which enter into the minimization of the neutral scalar potential

(see Fig 10),

t1Sα
=

1

16π2

∑

i

TXi

Sα
, (C.1)

where X = (u, d, ũ, d̃), and

T f

S′0
α

=

3∑

k=1

3 gS′0 f̄f
αkk 4mfk

A0(m
2
fk

) , (C.2)

T f̃

S′0
α

= −
6∑

k=1

3 gS′0 ef ef∗

αkk A0(m
2
fk

) , (C.3)

where f = u, d and A0 is the 1-point Passarino-Veltman function [47].

D. One loop self-energies

Here we list the leading one-loop DR self-energies of the CP-even scalar mass matrix

represented in figure (11),

16π2 ΠS′0
α S′0

β
(p2) =

∑

f=u,d

3∑

k=1

Nf
c

(
gS′0f̄ f
αkk

)2
δαβ

[
(p2 − 4mfk

)B0(mfk
,mfk

) − 2A0(mfk
)
]

+
∑

f=u,d

6∑

k,l=1

Nf
c

(
gS′0S′0 ef ef∗

αβkl

)2

A0(mk)

+
∑

f=u,d

6∑

k,l=1

Nf
c g

S′0 ef ef∗

αkl gS′0 ef ef∗

βkl B0(mfk
,mfl

) , (D.1)

whereNf
c is the number of colours, which is 3 for a (s)quark and B0 is the 2-point Passarino-

Veltman function [47].
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Si Sj

q̃

Si Sj

q̃

Figure 11: Self-energy diagrams

E. Renormalisation group equations of Yukawa couplings

In this appendix we give the RGEs of Yukawa couplings including λi and κijk. Defining

γ
νc

j

νc
i

= −2(κilkκjlk + λiλj + Yνki
Yνkj

) , (E.1)

γHu

Hu
=

3

2
g2
2 +

3

10
g2
1 − 3Yuij

Yuij
− λiλi − Yνij

Yνij
, (E.2)

γHd

Hd
=

3

2
g2
2 +

3

10
g2
1 − Yeij

Yeij
− 3Ydij

Ydij
− λiλi , (E.3)

γ
Lj

Li
=

3

2
g2
2 +

3

10
g2
1 − Yeik

Yejk
− Yνil

Yνjl
, (E.4)

γHd

Li
= γLi

Hd
= −Yνij

λj , (E.5)

γ
ec
j

ec
i

=
6

5
g2
1 − 2Yeik

Yejk
, (E.6)

γ
dc

j

dc
i

=
8

3
g2
s +

2

15
g2
1 − 2Ydik

Ydjk
, (E.7)

γ
uc

j

uc
i

=
8

3
g2
s +

8

15
g2
1 − 2Yuik

Yujk
, (E.8)

γ
Qj

Qi
=

8

3
g2
s +

3

2
g2
2 +

1

30
g2
1 − Yuik

Yujk
− Ydik

Ydjk
, (E.9)

at one-loop level we have the following RGEs:

d

dt
κijk =

1

16π2
(κljkγ

νc
l

νc
i

+ κlikγ
νc

l

νc
j

+ κljiγ
νc

l

νc
k
) , (E.10)

d

dt
λi =

1

16π2
(λjγ

νc
j

νc
i

+ λiγ
Hu

Hu
+ λiγ

Hd

Hd
) +

1

16π2
Yνji

γ
Lj

Hd
, (E.11)

d

dt
Yνij

=
1

16π2
(Yνij

γHu

Hu
+ Yνik

γ
νc

k

νc
j

+ Yνkj
γLk

Li
) +

1

16π2
λjγ

Hd

Li
, (E.12)

d

dt
Yeij

=
1

16π2
(Yeij

γHd

Hd
+ Yeik

γ
ec
k

ec
j

+ Yeik
γLk

Lj
) , (E.13)

d

dt
Ydij

=
1

16π2
(Ydik

γ
dc

k

dc
j

+ Ydkj
γQk

Qi
+ Ydij

γHd

Hd
) , (E.14)

d

dt
Yuij

=
1

16π2
(Yuik

γ
uc

k

uc
j

+ Yukj
γQk

Qi
+ Yuij

γHu

Hu
) , (E.15)

where t = − lnQ, with Q the renormalization scale.

It is worth noticing here that one-loop contributions in the µνSSM will generate one

of the usual lepton number violating terms mentioned in the introduction, λ′ijkL̂
a
i Q̂

b
j d̂

c
k, as
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d̃c

Q

Hu

H̃d L

νc

Figure 12: One-loop generation of the λ′ijkL̂
a
i Q̂

b
j d̂

c
k term in the superpotential. Note that it is

proportional to Yν , Yd, and λ.

shown in figure 12. The corresponding RGEs are:

d

dt
λ′ijk =

1

16π2
Ydjk

γHd

Li
. (E.16)

However, this contribution is proportional to the neutrino Yukawa coupling, and therefore

can be neglected in the computation.

Finally, for the VEVs we have

1

16π2

d

dt
vu = −vuγ

Hu

Hu
, (E.17)

1

16π2

d

dt
vd = −vdγ

Hd

Hd
− νiγ

Li

Hd
, (E.18)

1

16π2

d

dt
νi = −νjγ

Lj

Li
− vdγ

Hd

Li
, (E.19)

1

16π2

d

dt
νc

i = −νc
jγ

νc
j

νc
i
. (E.20)
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