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ABSTRACT: The puvSSM is a supersymmetric standard model that solves the p problem
of the MSSM using the R-parity breaking couplings between the right-handed neutrino
superfields and the Higgses in the superpotential, A; ﬁfﬁd]flu. The p term is generated
spontaneously through sneutrino vacuum expectation values, p = \;(7f), once the elec-
troweak symmetry is broken. In addition, the couplings r;;,0; 750y 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 urSSM. 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) [fl] 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 Tike eqy (A LeLbe + X, LoQ0ds + pil e ) and AJjdédsig, vespectively, with
i,7 = 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 i@dc and d°d“a¢ must be forbidden, unless we impose very stringent
bounds such as e.g. \fi, A7y < 2 x 10727, 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 LQd® or u¢d°d. The other type of operators above are
not so stringently supressed, and therefore still a lot of freedom remains [g].

One possibility to avoid the problem of proton decay in the MSSM is to impose R-
parity conservation (41 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 [fJ]. 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 [d], 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 [[j] or the sneutrino [[f are no longer candidates for the dark matter
of the Universe. Nevertheless, other SUSY particles such as the gravitino [ or the axino
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 [fJ] exploring the possibility of
R-parity breaking in SUSY models, and its consequences for the detection of SUSY at
the LHC [[L(]. For example, a popular model is the so-called Bilinear R-parity Violation
(BRpV) model [, where the bilinear terms ey, p; L& HS 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 [[J] in the BRpV, as
well as studies of signals at accelerators [[3] 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 [[4]. In the context of the
Next-to-Minimal Supersymmetric Standard Model (NMSSM) [[1§-[1§], R-parity breaking
models have also been studied [[9—R1]. For a recent review discussing the different SUSY
models with and without R-parity proposed in the literature, see ref. [RJ].



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 p problem [4] arising from the requirement of a
SUSY mass term for the Higgs fields in the superpotential, €, ,uﬁgﬁﬁ, 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 10'® 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 @, ] to supplement
the superfields ; contained in the SU(2)z-doublet, ﬁi, with gauge-singlet neutrino super-
fields 7§ to solve the p problem of the MSSM. In addition to the usual trilinear Yukawa
couplings for quarks and charged leptons, and the bilinear p-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 e, \; 7§ ﬁgﬁz and k50 U5V, are now also allowed by gauge
invariance. The p term can be obtained dynamically from the former terms in the superpo-
tential. When the electroweak symmetry is broken, they generate the y term spontaneously
through right-handed sneutrino VEVs, p = X;(7f). In addition, the terms KijeV§ V50 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 ¢ HyH, and 0°0°0°¢ have also been analysed
as sources of the observed baryon asymmetry in the Universe 27 and of neutrino masses
and bilarge mixing [2§], 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 “u from v” Supersymmetric Standard Model (urSSM) [BF]. As discussed
above, the presence of R-parity breaking couplings in the superpotential is not necessarily
a problem, and actually the couplings of the uSSM 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 \; ]ki}ngcZZ 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 [H.

In the urSSM the p 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.



Let us finally remark that since the superpotential of the urSSM 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 [9, B{] in this model. Nevertheless, the usual
solution [BY] will also work in this case: non-renormalisable operators [29] in the superpo-
tential can explicitly break the dangerous Zs 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 purSSM and other models proposed in the literature to
solve the p problem are clear. For example, in the uvSSM one solves the problem without
having to introduce an extra singlet superfield as in the NMSSM, or a special form of the
Kahler potential [BJ], or superpotential couplings to the hidden sector [B3, B4]. It is also
worth noticing here that previously studied R-parity breaking models do not try to address
the p 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 uvSSM. 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 10x10 matrix. As discussed in ref. [R5, 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. [@], where the charac-
teristics of the uSSM 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 urSSM in detail, and paying special
attention to the particle spectrum associated.

The outline of the paper is as follows: In section J] we introduce the model, discussing in
particular its superpotential and the associated scalar potential. In section [ we examine
the minimisation of the scalar potential. Section [ is focused on the description of the
parameter space of the urSSM. In section | we thoroughly discuss the strategy followed
for the analysis of the parameter space and the computation of the spectrum. Section [ 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 [q.
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.



2. The model

The superpotential of the uSSM is given by [RF]

W = ewy (Ya, HL Q20 + Ya, g Q) ds + e, G 1265 + o, HL L 05
P B
— €abAi VZ‘C H:jZHZ + S Kijk zc jc ]i, (21)

3
where we take H! = (ﬁg,ﬁd_), ﬁg = (ﬁj,HS), Q;f = (&i,(ii), LT = (i, é;), and Y, \, k

(2
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 urSSM, and working in the framework
of gravity mediated SUSY breaking, we write the soft terms appearing in the Lagrangian,

Esoft , as

_ —_ 2 et a 2 et e 2 gt e 2 71a*r1a 2 c* e
Lot = ms,, QS Qj + Mae uj U + md?j di dj + mi. Ly LY+ me ¢ €

—I—m%rd Hc‘l’* Hg + m%{u Hff*Hff + m’%fj ];ic*l;]q
+€ab [(AuYu)ij HY Q4§ + (AgYa)ij HY QY dS + (AcYe)y; HY LY &
+ (AY,)i; HY LY 05 + c.c.

1
+ |:_6ab(A)\)\)i DZ-C HSHZ + g(A/iH/)ijk ﬁfﬁ;ﬁg + C.C.:|

1 _ o _ o oo
—5 <M3 A3 A3+ Mo o Ao + My M N\ —|—C.C.> . (2.2)

In addition to terms from L., the tree-level scalar potential receives the usual D and
F term contributions. Thus, the tree-level neutral scalar potential is given by

VO = Veott + Vo + Vi, (2.3)
where

_ 2 0 r70=% 2 0 r70=% 2~ o~k 2 ~c~cx
‘/soft = deHde +mHuHuHu +ml~/m Vzl/j +m,;%:jl/il/j

1
+ <awj H)0;§ — ay, U HYH,) + 3O V5T + c.c.> : (2.4)

with Ay = (ALYL)ij, an, = (AxN)i, Uiy = (AkK)ijk,

2

G ~ ~% * *
Vp =~ (307 + HYH — HyH) )2,

(2.5)
with G2 = ¢? + g2, and
Vi = NN HYHG HYHY + NN HGHY 505 + NN H) HY) D505 + Kijob 05 07 D U
— (RN H* HY 0505 — Yo, ki Hoviof o + Y, N H Y Hy HY g
+Y) M HJmi 05 + c.c.)
Y, Y HYHY 0500 4+ Y, Y 0 5o + Y, Y, HOHY 00 (2.6)

Vij =~ Vig Vij = Vig Vji = Vi



Once the electroweak symmetry is spontaneously broken, the neutral scalars develop
in general the following VEVs:

(Hg) =va, (Hy)=vu, (7)=wvi, (5)=0f. (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 [Bj], 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 [B|. 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 vy, vq4,
vi, imposing the conditions A\; > 0, ki > 0, Ay, > 0, Ay, <0, and Ay,
i = j = k is not satisfied. Concerning the VEVs v, it is sufficient to impose Y, > 0, and
Y,.=A

= H/ijk =0 if

Rigq
vi; = 0 for @ # j, with the extra condition

2 c.c c c.c
Aivyvd + A\jVjvivg — Avoulj — Rijpvivioy > 0 . (2.8)

The above conditions on the signs of the parameters, together with (@), will be used for
the analysis of the parameter space and spectrum of the uSSM in section [g.

3. Minimisation of the potential

As mentioned above, the EWSB generates the VEVs written in eq. (.7). Thus one can
define as usual

HY = hy + iPy 4 vy, HY = hg+ iPy + vy,

-c

vf = @O+ i@ + v, vi= )+ i) 4 (3.1)

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

Vinear = taha + tuha + e (05) ™ + 13, (7)™, (3.2)

linear 7 v

where the different t° are the tadpoles at tree-level. They are equal to zero at the minimum
of the tree-level potential, and are given by

1
19 = ZG2 (vivi + v3 — v2) va + m%]dvd — ax,vuV; + NAjugvivy§

2 c.c c..c 2
+ Aidivgvy, — AjRijpvali v — Yo Aevivgv§ — Yo, Ajouvi (3.3)
1
0 2 2 2 2 c c
ty = — ZG (l/il/i + vy — vu) Uy + Mg, Uy + Qo ViV — QN Vi V4

2
+ /\i)\jvul/icy]c- + /\j)\jvdvu — /\j/iijkvdyicyg +Y, .I{ljkljiljlcyg

l/iJ
= 2\;Y,, vavuri + ijYVikvuugu; + Yo, Yo, vutivi (3.4)
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0 _ c . c. c N\ .2,,C N\ .2,C
t,,f = Mie V] + Ay ViU — A\ VU F Qry ViV + Aidjuuf + Aidjogr;

— 2\jRijkVaVuV + 2K1im K1k Vim ViV — Yu AVivigva — Yo, Nivavk Vs

+ 2V, Kikivuvivp + Yo, Yy vivivg + Y, Y, W2ue (3.5)

Vji~ Vik VigjYu”g

1
0 2 2 .2 2
ty, = ZG (vjv; +vg — vV + m, Vi + ay,;vuv§ =Y,

2
=Y, \jv,vg + Yyil/{ljkvuyjc»ug + Y,,in,,lleI/;Vg +Y,

Vij Vik

c,,C
j)\kvdyj vy

Y, vavj . (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=v0yvh, (3.7)

where V! includes bubble diagrams at one-loop with all kinds of (s)particles running in the
loop [B7]. Minimizing the full potential is equivalent to the requirement that the one-loop
corrected tadpoles, t =t + ¢!, where t' represents the one-loop part, vanish.

Let us finally remark that, since minima with some or all of the VEVs in eq. (R.7)
vanishing are in principle possible, one has to check that the minumum breaking the elec-
troweak symmetry, and generating the p term spontaneously, is the global one. This will
be studied in detail when analyzing the parameter space of the model in section p.J.

4. pvSSM parameter space

At low energy the free parameters in the neutral scalar sector are: \;, kijx, mmu,, mu,,
M, s Mg Ax;y Arj and Ay, . Strong upper bounds upon the intergenerational scalar
mixing exist [BY], 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 [BY|. Thus using the eight
minimization conditions for the neutral scalar potential in the previous section, one can
eliminate the soft masses mpy,, my,, mi ., and mye in favour of the VEVSs vy, vy, v4, and
v{. On the other hand, using the Standard Model Higgs VEV, v ~ 174 GeV, tan 3, and v;,
one can determine the SUSY Higgs VEVs, vy and v, through v? = vg + 02 4+ 1/2-2. We thus
consider as independent parameters the following set of variables:

Ai Kijk, tan 3, Viyyicy A)\ia AHijk? AVij : (41)

It is worth remarking here that the VEVs of the left-handed sneutrinos, v;, are in
general small. Notice that in eq. () v — 0 as Y, — 0 to fulfil £, = 0, and since the
couplings Y; determine the Dirac masses for the neutrinos, Y, v, ~ mp < 1074 GeV, the
v’s have to be very small. Using this rough argument one can also get an estimate of the
values, v < mp [RH. Then, since v; < vg4,v, we can define the above value of tan 3 as
usual, tan 3 = Z—Z.

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



of v; 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

)‘7 R, tanﬂ, Vi, V37Vc7 A)u A,{, AV7 (42)

where we have chosen v; = 15 # 13, and we have defined A = \;, kK = Ky, V° = 1f
Ay = Ay, As = Ay, Ay = Ay,,. 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, Mj 23, scalar masses,
ME e de zer and trilinear parameters, A, 4., 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 «(My), the Fermi
constant from muon decay G%, and the strong coupling constant (M), will be used in

the computation [[0]. Concerning the top mass, we will take m; = 172.6 GeV [i1]].

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, a(My) and
as(Myz) are first evolved to 1 GeV using 3 loop QCD and 1 loop QED Standard Model
B-functions ). Then the two gauge couplings and all Standard Model fermion masses
except the top quark mass are run to My. The G-functions of fermion masses are taken to
be zero at renormalisation scales below their running masses. The parameters at My are
used as the low energy boundary condition in the rest of the evolution.

We work in the dimensional reduction (DR) scheme [iJ] 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 ) 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 urSSM parameters is required. As explained above, from tan G and Mz one
can determine the Higgs VEVs, vg and v,, and from these the third family DR Yukawa,
couplings can be approximated as
Vi@ ="My g - el (5.1

Uy Vg

where @ = m;(m;) is the renormalisation scale. The M S values of fermion masses are used
for this initial estimate. The fermion masses and ay at the top mass scale are obtained
by evolving the previously obtained fermion masses and gauge couplings from My to mq
(with the same accuracy). The electroweak gauge couplings are estimated by ay(Myz) =
5a(Mz)/3cos? Oy, as(Myz) = a(Mz)/sin?Oy. Here, sinfy is taken to be the on-shell



value. These two gauge couplings are then evolved to m; with one-loop Standard Model
(B-functions.

The gauge and Yukawa couplings and the VEVs are then evolved to the scale (in the
first iteration we guess Mg)

Mg = \/mgl(MS)mg2(MS), (5.2)

where the scale dependence of the electroweak breaking conditions is smallest [i4]. For
it we employ the one-loop DR [-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 x 10 neutral
fermion mass matrix which can be written as [P

M, = <M m) , (5.3)

mT 0

where M is a 7 x 7 matrix composed by the MSSM neutralino mass matrix and its mixing
with the v{, while m is a 7x 3 matrix containing the mixing of the v; with MSSM neutralinos
and the v¢. The full matrix is written in appendix A3

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

meg = —m? - M~t-m . (5.4)

Because meg is symmetric and mlﬁmcg is Hermitian, one can diagonalise them by a unitary
transformation

T .
UMNS Meff UMNS = dla’g (mI/1 9 mljzymljg) 9

UI:[/[NS mlﬁmeg Unns = diag (my, , My, My, ) -

The masses are connected with experimental measurements through

My, = \/m2 + Amgol, My, = /M2 + Am2, . . (5.7)

To determine the neutrino Yukawa couplings we choose the basis where Y, is diagonal.
Then we employ a numerical procedure which consists in solving three non-linear coupled
equations in Y,,; determined by the diagonalisation of m.s. 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



matrix the charginos are mixed with the charged leptons. However, because it turns
out that Yy, < 107% in order to achieve the smallness of the neutrino masses (and also
v; <1074 GeV as discussed in section []), the 2 x 2 chargino submatrix is basically decou-
pled from the 3 x 3 charged lepton submatrix. Thus the charged lepton Yukawas can be
determined directly from the charged lepton masses [RF], as it is stated above in eq. (p.]).

At the Mg scale the tree-level tadpoles, egs. (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 m%{d(MS), m3; (Ms), m%i(MS), and m%f(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 [ 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 Mg 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 v/47) 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 [If]. The whole process
is iterated, as it is sketched in figure [l, 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. [B7].

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. [§] 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

mgmo = M3(Msg) . (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 x 2 rotation

— 10 —



Set VEVs, Yukawas, and add SUSY rad. corr. to gs(Mz), hyp(Mz)

Run to Mg

Apply soft SUSY-breaking boundary conditions

Neutrino Yukawas, EWSB

Run Yukawas to Mgyr. Check for Landau Poles

Run to My

Run to Mg. Calculate sparticle pole masses‘

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. Mg 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.9 and 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. (§.3).
The CP-even scalar masses are obtained from the real parts of the poles of the propa-
gator matrix
Det [pi1 — Mgo(p})] =0, mi = Re(p}), (5.9)

where o
Mo(p?) = MEF(Q) + TTso (p?, Q) (5.10)

with II° 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 Mo (pf) at an external momentum scale equal to its pole mass
p? = mf through an iterative procedure.

Finally, the quark Yukawa couplings, gauge couplings, and VEVs are evolved back
down to M.

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 urSSM.
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6.1 Analysis of the parameter space

In this subsection the parameter space of the urSSM 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. (f£J). As afore-
mentioned, we take them to be free at the electroweak scale. As discussed in section [, 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
my,, = 10712 GeV, m,, = 9.1x 10712 GeV and My, = 4.7X% 10~ GeV. Finally, as discussed
in section 1, it is sufficient to work with only two different left-handed sneutrino VEVs.
In particular, we choose v; = o = 1.4 x 1075 GeV and v3 = 1.4 x 107% GeV, which are
typical values in order to satisfy the minimum equations (B.6) and data on neutrino masses
through the see-saw mechanism (f.J). Possible variations of these values will not modify
qualitatively our results below.

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

A, K, tan 3, ¢, Ay, Ac, Ay, (6.1)

using the sign conditions explained in section f. Besides, we work with a negative value of
A, in order to fulfill condition (R.§) more easily.

Concerning the rest of the soft parameters we will take for simplicity in the computation
MG e dege = 1TeV, Ay 4. = 1TeV, and for the gaugino masses only My = 1TeV will be
used as input, whereas the others will be determined by the approximate GUT relations
M, = %%M% M; = %%M% implying M, ~ 0.5Ms, Mz ~ 2.7Ms.

Let us first discuss when the minimum we find following sections P and ] 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. (R.7) vanishing. Concerning the latter one can check that the
most relevant minima are the solutions with only v, or v¢ different from zero (in some
special situations also the case with all VEVs vanishing can be relevant). For example, for
a given value of v° the term proportional to a, in (@) turns out to be important: the
more negative the value of A, the deeper the minimum becomes. This might in principle
give rise to a value of the potential (R.J) in the direction with only v # 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 m%{u is independent on the value of A, as can be deduced from eq.
(3.4) with t2 = 0. Thus although m%{u 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 v, the smaller m%,u becomes in order to cancel t0. 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 Pla, where the (A,, v°) parameter space (recall our
assumption v{ = 1) is plotted for an example with A = 0.1, k = 0.4, tan 8 = 5, and
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A (TeV)

Figure 2: (4, v°) parameter space for tan3 =5, A = 0.1, Kk = 0.4, and Ay = —A, =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 m%,u.
In (b) the colours indicate different values of the soft masses m2..

Ay = —A, = 1TeV. For a given value of v¢ we see that for A, sufficiently large and
negative one obtains a false minimum (gray area). For larger values of v° one needs values
more negative of A, to obtain the false minimum. Let us remark that although m?2. depend
on A, as can be obtained from eq. (3.5), we can see in figure Ab that this variation is not
crucial for the discussion above. Notice that the values of m?2. for points of the parameter
space close to the false minimum area do not vary in a relevant way.

In figure ] 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 | M 2d ) r| or [M? ) r| of the CP-even neutral scalar matrix

u (V5
(see appendix [A.1.1]) become significantly largei Zthan |M (255) R () z| in some regions of the
parameter space, thus leading to the appearance of a negative eigenvalue. The violet area
in figure f| corresponds to this situation. In particular, notice that the relevant terms in
the off-diagonal pieces are linear in v, whereas in M, (2175) R(7e)R they are quadratical. Thus,
for a given value of A, the smaller the value of v¢, the smaller the latter terms become
giving rise to the possibility of tachyons. Notice also that there is a term proportional to
ay in M (2175) R(5)R> implying that, for a given value of v¢, the more negative the value of A,
the smaller M, (2;1_0) R(5e)

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

r become. This is also reflected in figure [

direction with only v, # 0. When the values of v¢ are large, we can see from eq. (3.5)
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Ve (TeV) Ve (TeV)
mau (TeV?) m‘z,c (TeV?)
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(a) (b)

Figure 3: (A), v°) parameter space for tan3 =5, A = 0.1, Kk = 04, and A, = A, = —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 m%{u.
In (b) the colours indicate different values of the soft masses m2..
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Figure 4: The same as in figure 3 but for A = 0.2.
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that m?;c must be negative in order to cancel the cubic term in v“. However, when the
values of v¢ are small, m?;c must be positive in order to cancel the quadratic term in v¢
proportional to a,, which is now the relevant one. This may give rise for small v¢ to a
value of the potential (P.J) in the direction with only v, # 0, more negative than the one
produced in the realistic direction with all VEVs non vanishing. This situation is shown
in figure [, where the (A,, v°) parameter space is plotted for an example with A = 0.1,
k=04, tan3 =5, A, = A, = —1TeV. We can see in figure fb that the smaller v°, the
larger m2. become, making it easy the appearance of a false minimum. Let us remark that
the points in the gray area above Ay ~ 1TeV are actually forbidden by minima deeper

than the realistic one with all VEVs vanishing. Notice to this respect in the figure that
2

those points correspond to positive values of m%{u and mZ.. This is also true for figure

discussed below, but for points above Ay ~ 2TeV.

It is worth noticing here that m2. is essentially independent on the value of Ay, as can
be easily deduced from eq. (3.5). On the other hand, we can see from eq. (3.4) that m%,u
does depend on Ay through the term proportional to ay. In particular, if we decrease Ay,
m%{u also decreases, as shown in figure fla. Although this might in principle contribute to
produce a minimum deeper than the realistic one in the direction with only v, # 0, we
see in the figure that for the parameter space studied the effect is negligible. Nevertheless,
increasing the value of A, a) also increases, and this effect can be more important. This is
shown in figure fla, where A = 0.2 is considered. We can see that the parameter space is

now more constrained. We also show in figure b the values of m,%c in the allowed region.

Actually, there is a new tachyonic region for large values of v¢. This happens because
the off-diagonal value |M f%dhu| in appendix ([A.1.T]) has a quadratic dependence on v¢, thus
leading to the appearance of a negative eigenvalue. Notice in this respect that a similar
dependence in the diagonal pieces | M. ,%d n,| and [M 7 .| is canceled once we substitute the
value of the soft masses using eqgs. (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 A, 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 A is actually bounded. To obtain a rough
estimation we can use eq. (E.11)) in the appendix neglecting Y, ;» and taking r;; = £ and
kijr = 0 if i = j = k is not satisfied. Then we can write that equation as

d 2
—A? = C — 42%) N2 6.2
where we have defined A2 = \;\;, i = 1,...,n, with n the number of singlets, and C is

a quantity independent on A;. It is worth noticing here that the RGE for the relevant
parameter A2 is clearly independent on n. Thus we could in principle expect a bound for
A? similar to the one of the NMSSM for A. Recall that in the NMSSM there is only one
singlet, and A\? < (0.7)2. To complete the discussion we can solve a simplified version of
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eq. (b-2) neglecting the piece proportional to C, with the result

A2(Qo)
A2(Q) = & ,
(Q) I+ Azggo) ln(%o)

(6.3)

where @ is the renormalization scale, and Qg the scale of the high-energy theory. At
the high-energy scale the Landau pole condition for each coupling can be imposed as
A(Qo) < 4m, implying A%(Qo) < 4mn, and therefore one obtains the following upper
bound:

dnm

A2(Q) < B (6.4)

For Qg sufficiently large the second term in the denominator is much larger than one, and
the equation can be approximated as

272
()

N(Q) < (6.5)

For example, if the high-energy theory is a typical GUT with Qo ~ 10'6 GeV, then from
eq. (6-5) with @ ~ 100 GeV one obtains the low-energy bound A% < (0.78)2. Taking into
account that C in eq. (p.9) 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 A2 < (0.7)? as expected. Thus in our case where i = 1,2,3, we
obtain the bound for each coupling A = \; < 0.7/v/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 10'' 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 [i]. Also
NMSSM-like models restricted to be perturbative up to about 10-100 TeV have been stud-
ied [pJ]. Considering these possible uncertainties in the unification scale, and using e.g.
Qo ~ 10 GeV, from eq. (6-H) we would obtain A2 < (0.95)2. Taking into account as
above the other contributions to the RGE, one can find the final bound A? < (0.88)2, and
therefore \; < 0.88/v/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 Qg ~ 10 TeV, one ob-
tains a final bound A? < (1.91)2, implying \; < 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 B we study the (), k) parameter space. As expected from the above
discussion, A < 0.4. Concerning the value of k, we also see that perturbativity up to the
GUT scale imposes the bound x < 0.6, similarly to the NMSSM. In figure f] we show an
example with tan 3 =5, Ay = —A, = —A, = 1TeV, and v° = 2TeV. For A > 0.05 a false

minimum region appears. As we can deduce from figure fja, the reason is that m%,u becomes
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Figure 5: (), k) parameter space for tan 3 =5, Ay =1TeV, A, = A, = —1TeV, and v° = 2 TeV.
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 m3; . In (b) the colours indicate different
2

pe .

values of the soft masses m

large and negative, producing as a consequence a minimum deeper than the realistic one
in the direction with only v, # 0.

It is clear from figure [ that the presence of tachyons increases for large values of A (see
e.g. the orange area). The reason is that the off-diagonal value | M ,?d p, | in appendix (A.1.1)
has a dependence on ay, thus leading to the appearance of a negative eigenvalue. We can
also see to the left of the figure, for very small values of A\, a narrow band with tachyons. The
relevant off-diagonal piece is now | M ,i(;f) r|- Notice that there are terms with opposite signs
producing a cancellation of the mixing for particular values of \. However for very small
values the cancellation disappears and a large mixing producing negative eigenvalues arises.

In figure | we show the modifications produced by a decrease in the value of 7¢. In
particular, we consider the same values of the parameters as in figure [f but with v¢ = 1TeV
instead of 2 TeV. The allowed region is now reduced. Notice that m2. becomes positive for
larger values of x, producing the presence of minima deeper than the realistic one in the
direction with only v, # 0. Let us also remark here that the points in the gray area about
A = 0.05 and k = 0.35 are actually forbidden by minima deeper than the realistic one with
all VEVs vanishing.

Decreasing further v¢ the allowed region decreases, and in particular for v¢ ~ 500 GeV,
and the same values of the parameters as above, we find that the whole region disappears.
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Figure 6: The same as in figure 5 but for the case v® = 1TeV.
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Figure 7: The same as in figure 5 but for the cases (a) tan 8 =5, Ay = 200 GeV, A, = —50GeV,
A, = —1000GeV, and v¢ = 500 GeV. The colours indicate different values of the soft mass m%{u.
(b) tan 8 = 20, Ay = 1000GeV, A, = A, = —1000 GeV, and v = 1000 GeV. The colours indicate
different values of the soft masses m?2
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Nevertheless this situation can be improved if we modify the values of A, and Ay. In
particular, decreasing Ay, and increasing (decreasing in modulus) Ay, the terms in the
potential proportional to them contribute to generate a realistic minimum. This can be
seen in figure [fa, where we take v¢ = 500 GeV, A\ = 200 GeV, and A, = —50GeV. The
allowed region is even larger than in figure f where v = 1000 GeV.

Let us finally discuss the variation in tan 8. Larger values of tan 5 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 fjb for tan 3 = 20. Although the allowed
region is smaller than in figure i, the effect is not very important. This is also true for
larger values of tan 3. The reason being that the large value of v¢ = 1 TeV produces a heavy

right-handed sneutrino, and therefore a large entry | M (2175) R (pe) r|. Since the other relevant

s
entries, |Mp,, p, | and | M }%u )R |, are generically much smallerj it turns out to be difficult to
generate a negative eigenvalue. As for tan 8 = 5, decreasing further v¢ 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 5 = 5 and
v¢ =~ 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 § larger than 5 when v¢ ~ 500 GeV.

6.2 Analysis of the spectrum

Let us now discuss general characteristics of the particle spectrum of the prSSM. 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 x 8 neutral scalar mass matrices for the CP-even and CP-odd
states written in eqgs. ((A.1]) and (JA.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 x 5 Higgs-right handed sneutrino submatrix is basically decoupled from
the 3 x 3 left handed sneutrino submatrix, since the mixing occurs only through terms
proportional to v; or Y,,., 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 urSSM. Let us recall that for an ex-
tension of the MSSM with singlets S;, ¢ = 1,...,n, generating the p term through the
couplings €,p\; S; flsﬁz, one can obtain a tree-level upper bound on the lightest neutral
Higgs mass [b1], p3] using the 2x 2 submatrix defined by my, and mpy, (see appendix A.1.7),

mi < M3 <cos2 26 + m

sin? 25) ~ M7 (cos* 28+ 3.62 A%sin*26) ,  (6.6)
92

where A2 = \;)\; was defined in the previous Subsection. Neglecting the small neutrino
Yukawa couplings V. and with the substitutions S; — 7{,7 = 1,2, 3, the superpotential of
the urSSM (R.1)) is equivalent to the above extension, and therefore we can use the same
bound (f.6) in our computation.
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Clearly, one can optimise this bound choosing tan § as small as possible, as well as A as
large as possible. Concerning the latter, let us recall our discussion in the previous Subsec-
tion: the value of A is actually bounded once perturbativity is imposed, and, in particular,
we found A% < (0.7)2 for a typical GUT. Now, using this bound one can write (.6) as

mj < M7 (cos® 23 + 1.77 sin® 23) | (6.7)

which indicates that for small values of tan 3 (i.e. large values of sin23) one might obtain
in principle large tree-level values for the lightest Higgs mass, unlike the MSSM where the
second term in (f.7) is absent. For example, for tan 8 = 2(4) one obtains m;, < 1.22(1.08) x
My ~ 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 ([.]) is also necessary. In particular, we must
avoid as much as possible the mixing of the light eigenstate h of the 2 x 2 Higgs submatrix
in appendix ([A.1.1) with the right-handed sneutrinos (see eqs. ([A.§) and (A.§)). Since
this submatrix is essentially diagonalized by the angle § — (3, it is easy to check that one
has to impose

A6V — (Ax + 2k1°)sin 28] — 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 [Ag], the upper
bound for the lightest doublet-like Higgs mass of the urSSM is of the order of 140 GeV for
tan 3 ~ 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 10' GeV we found A% < (0.88)2.
Thus, from (.6), one is also able to get a larger tree-level upper bound on the Higgs mass,

mi < M2 ((3082 203 4 2.8 sin? 25) , (6.9)

generating more flexibility with respect to the experimental data. For example, for
tan = 2(4) one obtains my, < 1.47(1.18) x Mz =~ 134(107) GeV. Using the above men-
tioned possibility of 10 TeV for the high-energy, scale [B0], producing A? < (1.96)%, the
result would be m}% < M% (cos2 23 + 13.2 sin® 26). In this case, for tan 3 = 2(4) one ob-
tains my < 2.96(1.92) x My ~ 270(175) GeV.

Concerning the rest of the spectrum, the charged Higgses are mixed with the charged
sleptons generating the 8 x 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 x 2
charged Higgs submatrix is decoupled from the 6 x 6 charged slepton submatrix.

The neutralinos are mixed with the right- and left-handed neutrinos producing the
10x10 neutral fermion mass matrix written in eq. (A.49). As discussed in section [j,
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 f], although the charginos mix with the charged leptons
giving rise to the 5x5 charged fermion mass matrix written in eq. (A.47), the 2 x 2 chargino
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submatrix is basically decoupled from the 3 x 3 charged lepton submatrix. The former is
like the one of the MSSM provided that one uses = \;jvf.

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 i = A\;vf, and neglects the terms proportional to Y.

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 ffb with A = 0.1 and & = 0.4. We show first in figure § 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 that the mixing between the Higgses and
the right-handed sneutrinos is of the order of ay,v, = AxAv,, and therefore small compared
with the relevant diagonal terms ;Ajvjv; = 9M\2v°2. 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 8 = 20 the upper bound is like in the MSSM, as discussed above. For
the values of the parameters used in this example, we obtain my, =~ 115.5 GeV. If instead of
A; = 1TeV, we would have consider the 'maximal mixing’ scenario [p3|, which in our case
is obtained for A; = 2.4 TeV, we would have obtained mj, ~ 126 GeV. As discussed also in
eq. (b.9), 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 A = 0.05 one obtains
my, ~ 117.5 GeV. Imposing in addition the maximal mixing scenario, my ~ 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 k. This can be qualitatively understood from the expresion
of the corresponding mass matrix. In particular, the terms M (2175) R (e AT€ of the order of
k?v°%, and become very small when x decreases.

Concerning the left-handed sneutrinos 7; in figure E, we see in the appendix that
their masses are basically determined by the corresponding soft masses, mg . Notice that
the other terms in M(25¢) R(p,)R A€ proportional to v; or Y,,., and therefore negligible.
On the other hand, the values of m% are fixed by the minimisation conditions (B.4),
and as a consequence they are essentiaily proportional to (Y,,/v;)v° for the viable region
of the parameter space studied here. For example, for v® = 1TeV in the figure, the
values of the Yukawa couplings are given by Y,, = 1.64 x 1077, Y,, = 5.43 x 1077 and
Y,, = 9.85 x 1077, Using the VEVs v; discussed above eq. (f.]]), one obtains from the
previous formula mg, ~ 1.8my,, and my, ~ 0.77m,,. 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 tan 4 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 6 = 5 we obtain essentially the same spectrum but with mg varying
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Figure 9: The same as in figure 8 but for the masses of the neutral fermions.

approximately between 1310 and 2332 GeV, and mj, ~ 112 (124 GeV for maximal mixing).
It is straightforward to see from appendix 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 §. The only differ-
ences appear for the right-handed sneutrino masses. Note e.g. that the terms 2a,,;, vf and
2K;jkkimk Vi Vs, have different signs in egs. (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 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, Mge, My . Although the former are free at the electroweak scale in our computation,
the latter are fixed by the minimization conditions (B.6), and therefore we obtain the same
masses as for the left-handed sneutrinos.

In figure [Jj 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 My = 1TeV and consequently
M; ~ 500 GeV. As we can see in the figure, and can be deduced from the matrix (A.5]),
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 My (M;). The Higgsino
masses are determined approximately by the effective p term, \;vf = 3A\v°. We show with
a green dashed (dot-dashed) line the heaviest (lightest) Higssino Hy (H;). Their masses
vary between 267 (242) and 617 (464) GeV. Finally, the three right-handed neutrinos vg;
are degenerated with a mass that can be approximated as 2xvr¢. 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
My > 3Av° 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 k. 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 x 2 chargino submatrix in eq. (A.4§) we can easily
deduced that the mass of the charged Wino is approximately given by Ms, and the mass
of the charged Higgsino by the effective p term, p = Ay,

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 prSSM. As explained in the Intro-
duction, this model was proposed [R5 as a SUSY standard model for solving the crucial
u problem of SUSY constructions, generating at the same time the small neutrino masses
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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, €.p\; U5 H 3ﬁ3 and Hijkﬁfﬁ;ﬁg. The latter couplings break R-parity ex-
plicitly and therefore the phenomenology of the uSSM 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. [R5, where the characteristics of
the prSSM 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 p term
and neutrino masses spontaneously, is the global one.

Obviously, due to the many VEVs and the new couplings, the parameter space of
uvSSM 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 10x10
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 5x5 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 urSSM. In particular, the impact of the new couplings on the usual SUSY
searches, and indeed novel signals that might facilitate the confirmation of the prSSM
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 yrSSM. For this
study we will use the indices i, 7, k,[,m =1,2,3, and o, 3,7v,0 = 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
unadratic = S/QMEQB S/ﬁ +..., (Al)

where S/, = (hg, by, (79)%, (7:)F) is in the unrotated basis, and below we give the

i
expressions for the independent coefficients of M fa 5

G2
M}%dhd = m%{d + I{?)’U?l — ?)Z + Vz'Vi} + )\Z’)\jI/Z-CV; + )\Z’)\Z’UZ s (AQ)
G2
M}%uhu = m%{u + I(—US + 3’[)5 — ViVi) + )\i/\jI/Z-CI/; + /\2>‘Zvc2l
-2V, Ajvqr; + YyikYyijV;Vg + YyikijkyiVj , (A.3)
G2
M}%dhu = —ay)V; — 7vdvu + 20gUu AN — (/\k/{,-jkyfy;- +2Y,,; AjUyul;) (A.4)
M}%d(ﬁf)ﬁf = —axVu + 2XiAjuari — 2Xekigrvavy — Yo Aevivi — Yo Aivivg (A.5)
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2
Mhu(ﬁf)R = —a);Yq + a,,jl.yj + 2)\2')\qung - 2)\k/filkvd7/lc
+ QYij/iilijVlc + 2YujkYuj,-UuV1§ ,

1
2 2 2 c.c
M, gor = §G vavi — (Yo, Ajoy, + Yo, Aevrs)
) 2
Mhu(m)R = ay,;V; 5 vyl = 2Yy, A jugoy + Yo, ki vy + 2Y,, Y, ouvg

2

(A.6)
(A.7)

(A.8)

1
M(zﬁi)R(ﬁj)R = m%ij + vy + ZG2(Vka + Uc2l - Ui)éij + YVikYijU?L + YVikYijVIngcv

2

2
M@ reyr = Quu — Yo Akvavi, — Yo Ajvavi + 2Y,, Kjivu|
J

+Y,..Y

i Vklyk’/lc—i'YVuYVk'Vlec’

J

2 2 c c. c c. c
M(;S)R(;;)R = m;icj + 2a,.@ijkyk — 2)\k/iijkvdvu + 25ijk5lmkyl Vo, + 45ilk"1jmkyl Vi,

+ i (v2 4 v2) + 2Y,,, KijkVul] — (Y,,kj Xi + Y, N vavg
+ Y, Y 00 + Y, Yo v
Then the mass eingenvectors are
Sa = R;‘;ﬁS’ 85
with the diagonal mass matrix
(Mg28)? = RS, M7 Rjs .

A.1.2 CP-odd neutral scalars
In the unrotated basis Py = (Py, Py, (7)!, (7;)) we have

unadratic = P/aM]%aﬁPIB + ...

Below we give the expressions for the independent cofficients of M]%aﬁ

G2
2 2 2 2 2
Mp,p, =mi, + I(Ud — Uy + Vi) + NAYVS + Nidivy,
2 2 G* 2 2
MPuPu :mHu + T('Uu — Vg — V’iV’i) + )\Z)\]VZCVJC + )\j}\i?)d
= 2Y,,  Ajvavi + Yo, Yo, V,ﬁl/j + Y0, Yo Vitj s
2
Mp, p, =axVi + Akijrvi vy
2
MPd(Uf)I =ax,Vu — 2AkKijrouVs — Yo, Mevpvy + Yo, Aivgyj
2 _ "2 c,.c
2
Mpu(gic)f =ax\Vd — Qy;;Vj — 2 \pKigvavy + QYij/iilijVf,
2
Mpu(gz)l = - a‘l/ijng - }/’lk‘/{l]kylclj_]c7
1
2 .2 2 2 2\ s 2 ¢ c
MG,y =mjp + ZG (Vkvk +vg — vy)0i + Y, Yo, vy + Yo, Yo, vivr
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(A.11)

(A.12)
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M(zﬁi)f(ﬁ;)f =7 Quy Uy — YVik)\jvde Y,,U YVlleVli + YVM:YVLJ VlVli
+ Yo, Akvavi + 2Y, KjikvuVy » (A.23)

2 2
M(if)I(E;)I :m;icj — 204, Vi 4 2XLKijkVdVy — 2KijkKimkV Vi + 4Kimk K1V Vi,

+ X\ (0F +02) — (Y, \j + Yo, Ai)Vavk

—2Y,, Kijrvul + Yo, Y,,kj w Yo Yo vk (A.24)
Then the mass eingenvectors are
P, =RIPg, (A.25)
with the diagonal mass matrix
(Mp)* = RE ME,  Rb; . (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

unadratic = S/;Mji:ﬁsig—i— . (A27)

The unrotated charged scalars are S’Jr (H+ HF ,eL,,uL,TE', €h ,uR, TE) and

1 G?

M12{de :m%{d—kig%(vuz—wui)—i- 1 ( +Y.

€ik

Y.

v;v; + Ud - ) + Ay, ek ViV (A.28)

]2]

1 G2
MI%IUHu :m%{u + 593(1}3 + viy;) — I(vivi + vﬁ AR iNViV+ Y, Y vivg (AL29)
1
M, = anvs + 593%% — AiAiVaUy + Akkijrli Vs + Yo, Ajouv; (A.30)
2
g 1
MgzLing —m%ji + 72(—1/ka — V3 +v2)8ij + ggguu/j + ZG2(Vka + 03 — v2)8ij
+ YV@IYVJk:Vl Vli + }/ezl}/ejl (Agl)
MgLiER], = ey, U — Yoy AkVul (A.32)
2 2
MER]ELZ _MEL eR (A-33)
7
gRiER]‘ :m%:j 5 2 ( VkVE — Ud +o )5U + ekz}/ekjvd + }/eh}/ekj 1474 (A.34)
2
g
MfegLi Hy = %Udl/z YVzg )\kaV Yelﬂ }/ekg VaVk (A35)
e
gLiHu = — ay,;Vj +4 5 2o — Y,,” KigkV[ Vi + Yo Ajvavu — Yu, Yo, vuv; (A.36)
MgRin D Y%Ylfkj (A.37)
M2, 1, = — Yeu(\vvs + Yukjvdvj) , (A.38)
where ac,; = (AcYe)ij. Then the mass eigenvectors are
SE=R,S' (A.39)
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with the diagonal mass matrix
(MY#)2 5 = RS M2 RM : (A.40)

It is worth noticing here that if we allow the presence of the lepton number violat-
ing terms in the superpotential, )\ijki}ii}jéz, discussed in the Introduction, they would
contribute to the above charged scalar masses.

A.1.4 Squarks

In the unrotated basis, u/; = (ur,;,up,) and d; = (cflei,CTEi), we get

unadratic = %J/TMg J/ + %J/TM(% g/, (A41)
where
2 M2
Me =1 e e (A.42)
qR; L, 9R;R;

with ¢ = (17’ , d ). The blocks are different for up and down quarks, and we have

1 3g g
2 o 2 5 1
Uiy T méij 6(7 o ?)(Ud - U + ) + Yulkyujk'u
2 2 91
MﬁRiRj = myg,; + = 3 (Ud - U + i) + YUMYuk]UW
MﬁZLiRj = CLuij Uy — Yuij )\k'Udl/g + YylkYuzJ Vle ,
2 2
Mayiny = M, (A.43)
and
M; =mg _1(3&"'91)( —U + vpv) + Y, Ya v2
dr, 1 Qi 6 2 2 Ud i Yd; Va
2 2 g% 2 2 9
dr,R; =mz = E(Ud — vy + k) + Ya,, Ya,, vg
Md2L R = adzyvd Yd )\kvul/k
2 — m
MdL R; B dele. ) (A.44)

where ay,;, = (AyYy)ij and aq,; = (AgYa)ij. For the mass state q; we have
q; = joaj ) (A.45)
with the diagonal mass matrix

(M"%)% = RIMZ RY, (A.46)

dik

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, Agjkﬁindz, 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 [. 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 g+l =
(=it HF ,eh, 1h, 774) and o1 = (—iX™, ﬁd_, e;, [y, Ty ), one obtains the matrix

1 +T _T 0 Mg ¢+T
_Z A.47
where
M2 ga2Uy 0 0 0
g2vq )\'VC —Ye, Vi YGzZ Yezs
MC = gal1 YI/M i }/511 d }/elgvd Yel‘; . (A48)

922 YV21 i Y621Ud Y622?}d Y623 d

g2v3 -Y, YYGM d Y7632 d Yvegg d

V3i ’l

A.3 Neutral fermion mass matrix

Neutralinos mix with the neutrinos and therefore in a basis where XOT =
(BY, WY, Hgy, H,,vR,,vL,), one obtains the following neutral fermion mass terms in the

Lagrangian
1
—E(XO)TMHXO +c.c., (A.49)
where
M m
M, = , A.50
" <mT 03><3> ( )
with
M1 0 —A?}d A’Uu 0 0 0
0 My  Bug —Buy, 0 0 0
—Avg Buy 0 —\iv§ — Ay — AUy — A3y
M= Av, —Bv, —A\vy 0 —/\wd—l— v Vi =AU+ Y,V —A3va+Y,.v; |,
0 0 —Mvy, —Mvg+Y,, v 2K11V5 j 2kK125V5 f 2k135V5 g
0 0 —)\gvu —)\de-i-Y,,LQ 2:‘%21]’V]¢ 2/4,22]'1/;- 2/4,23]'V]¢
0 0 —)\32}u —)\32}d+Y,,L3 2:‘%31]’V]¢ 2/4:32]'1/;» 2/4,33]'V]¢
(A.51)

where A = \/— sinfy, B = \/5 cos By, and

—%7/1 \g/%Vl 0 Yuh i Yull Yu12 YV13
m! = _%W EVQ 0 Yoo, vi Yoy vu Yugpvu Yipsvu | (A.52)

g1

_TVZS %Vﬁi 0 Yo vf Yigvu Yigvu Yiggtu
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

1k

10 ~) ~
ﬁ:gs uu S:)?u;u/*_i_,

aij j
we get
S’Oﬂ’ﬂ’* S,Oﬂ,ﬂ/*
S0T gOcLiLj OcLiRj
aij - S,Oﬂ’ﬂ/* S,Oﬂ,ﬂ/* ’
aR;L; aR;R;
where
SO _ % Lo 1 »
gOcLiLj - u,B 50{5 <_§ g + 6 g -2 5’i2 Uy, YujlYukl )

S/O~/~/*
gaLiuR? = — a2 (AuYu)ij + 0a1 Vlc/\l Yui]‘ - 5a—2,l Yulmen Yuij

+5Oc—5,l (Ud/\l - Yumlym) Yuij )

S’Oﬂ’ﬂ’* o S,Oﬂ,ﬂ/*
9aR;L; = YaL;R; >
S’Oﬂ’ﬂ’* 2 Q 2
gOLRiRj = _guﬁ 50{5 g - 2 5052 UuYuli Yulj ’

and we have defined

ug = (Vg, Oy, V1, V2, V3, VY, V5, VS) ; &-j = diag(+, —,+,+,+,0,0,0)
while d;; is equal to one for ¢ = j, and zero for i # j.
B.2 Scalar-down squarks-down squarks

With the definition

10 37 J% ~ o~
L=g> dd Sg]d;d;-*+---,

ai)
we get
SOFT  SOT
S/OE/CT/* gCVLiLj gaLiRj
N W L
gaRlLJ gaRiRj
where

10 57 T A 1 1
ggLfo = ug0ap <§ g+ 5 gl2> =200 vaYq,Yay ,

10 37 31%
ggLfRf = —0a1 (AdYa)ij + da2 VN Ya,; + 0051 N vu Ya

ij )

SOgd* g0 i

YaR;L; ~ YaL;R;

sogg _ 1 a

YaR;R; guﬁ dap g —20a1 Ude”Ydlj .

~ S/O“'1~/* ~
HEREERL

10 >
We find the couplings in the squark g; 2 basis via gsijqq =R, (9.
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B.3 Scalar-quark-quark
With the definition

S5"0%u /0 — S9dd 10 5
‘C:gaij Sauiuj+gaij Sadidj+"'a

we get

S0%u
Yaij

and

= _5(12 Yu

ij 7

S0dd
g, = _5051 Ydi]‘ .

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

With the definition

_ S080F T Q10 Q0 ~1 ~1x%
L= gapi; So Sg wzuy + -,

we get
S/OS/()ﬂ/a/* S’OS’OH’H’*
§10 g0 JapLiL;  JapLiR,
Oz,BZ_] - S/Og/Oa/ﬁ/* SIOSIOﬁ/a/*
9apR;L;  9aBR;R;
where
S/OSIOH/a/* a 1 2 1 2
g(XﬁLzLJ = 5066 _Z g + E .g — Va2 562 Yuil YUjl 9
S/OS/0~/~/* 1
gaﬁLiRZ vo= B (5a1 05-51M Yu;; — 0a—2,108—5m Yu, Yu;;
S/OS/OH/a/* S/Oa/a/*
9JapR; L, = 9aBL;R; >
S/()S/()a/a/* . 1 A 2
JapRiR; = ~30%BY ~Oa2 0p2 Yuy Yuy, -

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

With the definition

10 Q10 37 J7% ~ o~
L=ghs, TV SYSPdidr +- -,

apij
we get
§0.810d! d'
sogoggx | JaBLiL;
afij - 570870 7 g+
9apR; L,
where
S,OS,OJC?* o - 1 2 1 /
9apBL;L; = dap <Zg + 1 g

10 Q10 37 7% 1
ggﬁiqipfﬁ = §5a2 05N Yq

5108104 d'* S0 d'*
gaﬁRiLj -gocﬁLjRi )

S/() S/O[’il(fi/* 1 A
9YapBR;R; =0
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50.810d! d'
afL;R;

5108/0d! d'*
afR; R;

2> — 001 0p1 Ya, Y,

ij 7

= 6 aﬁ g/z - 50!1 5,62 Ydlleﬂ .

)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
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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 [I0),

1
1 X;
5, = 153 ZZ-:TS“ : (C.1)
where X = (u,d, ﬂ,cj), and
/O
S,o = Z3ga 11 Amy, Ag(m3,) (C.2)
S/O *
S’O = Z3gakkff Ao ( mfk) (C.3)

where f = u,d and Ay is the 1-point Passarino-Veltman function [&7).

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 ([[)),

3
S/O
167 Mgpgo(p”) = >, > NI (gakkff> Sag [(P* — 4myp,) Bo(myp,,my, ) — 2 Ag(my, )]
f=u,d k=1

6 .
F3S N (a5 gt

f= udkl 1

SO7F ST
+ Z Z NL o Yo' Bolmy,,my,), (D.1)
fmud k=1

where ch is the number of colours, which is 3 for a (s)quark and By is the 2-point Passarino-
Veltman function [[{7].
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Figure 11: Self-energy diagrams

E. Renormalisation group equations of Yukawa couplings

In this appendix we give the RGEs of Yukawa couplings including A; and ;5. Defining

Q .
Q;

= =2(Kakkjie + NiXj + Y0, Yo,

3, 3
=595+ —

2

10

3 9

2

3 9

2

L;

6
= gg% - 2Y, Y.

3

15

8, 8
= 200+ 91 — 2V, Y,

Uik =+ Ujk

3

3

15

2

3 2
= = —qg; —Y,. Y,
92+1091

ezj ezj

YH, = _YVij)\j7

€k

8 2

30

g% - 3Yu”Yum - )‘Z)\’l - Y 'Yl/ij )

Vij

— 3Yy, Ya, — Ak

3
=592t 1_Og% —Ye, Yoy = Yo, Y0,

ik

8 3 1
= _gg + _gg + _g% - YuikY'U«jk - Ydidejk )

at one-loop level we have the following RGEs:

d vy vy vy
a“ijk = W(/{ljk’%jl@ + Rk e + ’fljﬂ,,;;)a
d v H H 1 L;
d 1 H Vi L. 1 H
%Y”ij - 1672 (Yl’ij’yHZ + YVik7u§ + Yij’ny) + 1672 /\17Lid ’
d 1 H es L
Eifeij = W(YGUVHZ + Yeik/yejé + }/eik/yL;) )
d 1 de Q H
EYdij == W(Ydlk’}/d]? + de]’YQlk + Yd”fYH;l) 9
d uf Qx Ha
EYU«M = 167'('2 (Yulk’Yu; + YukJ’YQf + Yuij’YHu) I
where t = —In @, with ) the renormalization scale.

(E.1)
(E.2)
(E.3)

(E.4)
(E.5)

(E.6)
(E.7)
(E.8)

(E.9)

(E.10)
(E.11)
(E.12)
(E.13)
(E.14)

(E.15)

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

of the usual lepton number violating terms mentioned in the introduction, X
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Figure 12: One-loop generation of the )\;Jkl:ngdA; term in the superpotential. Note that it is
proportional to Y., Yy, and .

shown in figure [[3. The corresponding RGEs are:
d 1 H
However, this contribution is proportional to the neutrino Yukawa coupling, and therefore

can be neglected in the computation.
Finally, for the VEVs we have

Wiﬂ%”u = —UuYhy (E.17)
i — e = v, 19
T = vk vl 19
#%”ﬁc - _”;'YZZE : (E.20)
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