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Abstract We analyze the anomalous magnetic moment
of the muon g — 2 in the uvSSM. This R-parity violat-
ing model solves the p problem reproducing simultaneously
neutrino data, only with the addition of right-handed neu-
trinos. In the framework of the wvSSM, light left muon-
sneutrino and wino masses can be naturally obtained driven
by neutrino physics. This produces an increase of the dom-
inant chargino-sneutrino loop contribution to muon g — 2,
solving the gap between the theoretical computation and
the experimental data. To analyze the parameter space, we
sample the wvSSM using a likelihood data-driven method,
paying special attention to reproduce the current experimen-
tal data on neutrino and Higgs physics, as well as flavor
observables such as B and u decays. We then apply the
constraints from LHC searches for events with multi-leptons
+ MET on the viable regions found. They can probe these
regions through chargino—chargino, chargino—neutralino and
neutralino—neutralino pair production. We conclude that sig-
nificant regions of the parameter space of the £ vSSM can
explain muon g — 2 data.
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1 Introduction

One of the long standing problems of the standard model
(SM) is the deviation between its prediction and the mea-
sured value of the muon anomalous magnetic dipole moment,
a, = (g —2),/2 (for a recent review, see Ref. [1]). This
discrepancy has persisted even after precise measurements
have been made at E§21 BNL experiment [2], and theoret-
ical calculations depending especially on the estimation of
the hadronic vacuum polarization have been improved (for
recent results see Refs. [3,4]). In our analysis we used the
value of Aa,, = a;,;* — aSM from Ref. [5]'

Aa, = (26.8 +£6.3+4.3) x 10710, (1)

! While completing this analysis, a new result appeared [1] which is
slightly larger giving rise to a discrepancy of 3.7 0. Using this value
would not essentially modify our analysis.
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where the errors are from experiment and theory predic-
tion (with all errors combined in quadrature), respectively.
This represents a discrepancy of 3.5 times 1 o the combined
1 o error, that we will try to explain through effects of new
physics beyond the SM. Besides, a new measurement of g —2
is underway at E989 Fermilab experiment [6] producing its
first results soon, and the E34 experiment at J-PARC [7] is
in preparation. They are planned to reduce the experimental
uncertainty of a,, by a factor of four, leading to a discrepancy
of about 7o assuming the same mean value for a;,* as the
BNL measurement [8,9]. This result would be a very strong
evidence of new physics.

Weak-scale supersymmetry (SUSY) has been in the fore-
front among handful of candidates for beyond SM theories,
and has received a lot of attention from both theoretical and
experimental viewpoints. If SUSY is responsible for the devi-
ation of the measurement of a,, with respect to the SM pre-
diction, then its particle spectrum is expected to be in the
vicinity of the electroweak scale, especially concerning the
masses of the left muon-sneutrino, smuon and electroweak
gauginos. The search for predictions of R-parity conserving
(RPC) SUSY models at the experiments, such as the mini-
mal supersymmetric standard model (MSSM) (for reviews,
see e.g. Refs. [10-12]), puts significant bounds on sparti-
cle masses [5], especially for strongly interacting sparticles
whose masses must be above about 1 TeV. Although less
stringent bounds of about 100 GeV have been obtained for
weakly interacting sparticles, and the bino-like neutralino
is basically not constrained at all, in models with univer-
sal soft SUSY-breaking terms at the GUT scale such as the
CMSSM, NUHM1 and NUHM2 it is already not possible to
fit the muon g — 2 while respecting all the LHC constraints.
Nevertheless, this is still possible in the pMSSM11 where
universality is not assumed, although at the expense of either
chargino or slepton coannihilation to reduce the neutralino
dark matter abundance [13]. Thus some tuning in the input
parameters is necessary. In addition, when the results of direct
detection experiments searching for dark matter are imposed,
significant constraints on the parameter space of RPC SUSY
models are obtained [14-23].

On the other hand, R-parity violating (RPV) models (for
reviews, see e.g. Refs. [24,25]) are free from these tensions
with dark matter and LHC constraints. Concerning dark mat-
ter, the tension is avoided since the lightest supersymmetric
particle (LSP) is not stable. Concerning LHC constraints,
the extrapolation of the usual bounds on sparticle masses in
RPC models cannot be applied automatically to the case of
RPV models. All this offers greater flexibility that can be
exploited to explain more naturally the muon g — 2 discrep-
ancy. In this work, we will focus on the ‘u from v’ super-
symmetric standard model (xvSSM) [25,26], which solves
the w-problem [27] of the MSSM (for a recent review, see
Ref. [28]) and simultaneously reproduces neutrino data [29—
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32] through the presence of three generations of right-handed
neutrino superﬁelds.2 In this framework, gravitino and/or
axino can be candidates for dark matter with a lifetime longer
than the age of the Universe, and they can be detectable
with gamma-ray experiments [34-39]. Also, it was shown
in Refs. [40,41] that the LEP lower bound on masses of slep-
ton LSPs of about 90 GeV obtained in the simplified trilinear
RPV scenario [42—47], is not applicable in the £vSSM. For
the case of the bino LSP, only a small region of the param-
eter space of the uvSSM was excluded [48] when the left
sneutrino is the next-to-LSP (NLSP) and hence a suitable
source of binos. In particular, this happens in the region of
bino (sneutrino) masses of 110-150 (110-160) GeV.

A key ingredient in SUSY to solve the discrepancy of the
muon g —2 (for areview, see e.g. Ref. [49]), is to enhance the
dominant chargino-sneutrino loop contribution by decreas-
ing the values of the soft wino mass M, and the left muon-
sneutrino mass my, . The ©vSSM offers a framework where
this can be obtained in a natural way. First, it is worth not-
ing that, although RPV produces the mixing of Higgses and
sneutrinos, the off diagonal terms of the mass matrix are sup-
pressed implying that left sneutrino states are almost pure.
Besides, left sneutrinos are special in the ©vSSM because
their masses are directly connected to neutrino physics, and
the hierarchy in neutrino Yukawas implies also a hierar-
chy in sneutrino masses. This was exploited in Ref. [41] to
obtain the left tau-sneutrino as the LSP, using the hierarchy
Yy, < Y, < Y,,. However, as we will show, a different
hierarchy Y,, < Y,, < Y, is also possible to reproduce neu-
trino physics, giving rise to a light left muon-sneutrino. In
addition, as also shown in Ref. [41], light electroweak gaug-
ino soft masses, M 2, are viable reproducing correct neutrino
physics. With both ingredients, light left muon-sneutrino and
wino masses, the SUSY contributions to a,, in the ©vSSM
can be sizable solving the discrepancy between theory and
experiment.

In this work, we analyze first the regions of the parameter
space of the nvSSM that feature light left muon-sneutrino
and electroweak gauginos, reproducing simultaneously neu-
trino/Higgs physics, and flavor observables such as B and u
decays, and explaining the discrepancy shown in Eq. (1).
Second, we study the constraints from LHC searches on
the viable regions obtained. The latter correspond to differ-
ent patterns of left muon-sneutrino and neutralino-chargino
masses, which can be analysed through multi-lepton + MET
searches [50,51] from the production and subsequent decays
of chargino—chargino, chargino—neutralino and neutralino—
neutralino pairs.

The paper is organized as follows. In Sect. 2, we will
briefly review the ©vSSM and its relevant parameters for

2 Recently, the public code munuSSM that can be used for phenomeno-
logical studies in the context of the ;vSSM, has been released [33].
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our analysis of the neutrino/sneutrino sector, emphasizing
the special role of the sneutrino in this scenario since its
couplings have to be chosen so that the neutrino oscillation
data are reproduced. In Sect. 3, we will discuss the SUSY
contributions to a,, in the tvSSM, studying in particular the
parameters controlling them. Sect. 4 will be devoted to the
strategy that we employ to perform the scan searching for
points of the parameter space compatible with experimental
data on neutrino and Higgs physics, as well as flavor observ-
ables, and explaining the discrepancy of the muon g —2. The
results of the scan will be presented in Sect. 5. In Sect. 6, we
will apply the constraints from LHC searches on the points
found. Finally, our conclusions are left for Sect. 7.

2 The uvSSM
2.1 Neutrino/sneutrino mass spectrum

The «vSSM [26] is a natural extension of the MSSM where
the w problem is solved and, simultaneously, neutrino data
can be reproduced [26,52-56]. This is obtained through the
presence of trilinear terms in the superpotential involving
right-handed neutrino superfields 0{, which relate the origin
of the p-term to the origin of neutrino masses and mixing
angles. The simplest superpotential of the ©vSSM [26,52,
57] with three right-handed neutrinos is the following:

W = eas (Yo, Hg L2 & + Yo, g O d5 + Yo,y ] 0% )

Vij

5b Fan ne b D Acn
Teu (Y AL LY 05 — 2 0f A H;) + ki bED

where the summation convention is implied on repeated
indices, witha, b = 1,2 SU(2) indicesandi, j,k =1,2,3
the usual family indices of the SM.

The simultaneous presence of the last three terms in Eq. (2)
makes it impossible to assign R-parity charges consistently
to the right-handed neutrinos (v;g), thus producing explicit
RPV (harmless for proton decay). Note nevertheless, that
in the limit ¥, — 0, D¢ can be identified in the superpo-
tential as a pure singlet superfield without lepton number,
similar to the next-to-MSSM (NMSSM) [58], and therefore
R parity is restored. Thus, the neutrino Yukawa couplings
Yy, are the parameters which control the amount of RPV
in the uvSSM, and as a consequence this violation is small.
After the electroweak symmetry breaking induced by the soft
SUSY-breaking terms of the order of the TeV, and with the
choice of CP conservation, the neutral Higgses (H, 4) and
right (v; ) and left (v;) sneutrinos develop the following vac-
uum expectation values (VEVs):

Ud Uy

H, = = Huz_v
(Ha) 7 (Hy) NG

(Vir) = —=

where vjg ~ TeV, whereas v; ~ 10~* GeV because of the
small contributions Y, < 100 whose size is determined by
the electroweak-scale seesaw of the uvSSM [26,52]. Note in
this sense that the last term in Eq. (2) generates dynamically
Majorana masses, M;; = 2«; jkva; ~ TeV. On the other
hand, the fifth term in the superpotential generates the -
term, (L = A; wj’% ~ TeV.

The new couplings and sneutrino VEVs in the pvSSM
induce new mixing of states. The associated mass matri-
ces were studied in detail in Refs. [52,54,57]. Summa-
rizing, there are eight neutral scalars and seven neutral
pseudoscalars (Higgses-sneutrinos), eight charged scalars
(charged Higgses-sleptons), five charged fermions (charged
leptons-charginos), and ten neutral fermions (neutrinos-
neutralinos). In the following, we will concentrate in briefly
reviewing the neutrino and neutral Higgs sectors, which are
the relevant ones for our analysis.

The neutral fermions have the flavor composition (v;, B ,
VT/, ﬁd, ﬁu, v;ig). Thus, with the low-energy bino and wino
soft masses, M; and M, of the order of the TeV, and similar
values for p and M as discussed above, this generalized
seesaw produces three light neutral fermions dominated by
the left-handed neutrino (v;) flavor composition. In fact, data
on neutrino physics [29—32] can easily be reproduced at tree
level [26,52-56], even with diagonal Yukawa couplings [53,
55], i.e. Y, = Y, and vanishing otherwise. A simplified
formula for the effective mass matrix of the light neutrinos
is [55]:

Yy, Y,,jv,f ViV
i ——L — (1 —368;;) —
(mv)t,/ 6«/§KUR( U) 4peft
1 Vg (Y,)l.v.,'-l-YujUi) Yu,-ij-Ug (4)
4 Mett 3 A2 ’
with
2
et — v
22 (Kv%e + Av,vg) 3Avg
Vuvg  AV?
2cvp——-+ =), 3
X < KVp 2 + 5 ) (5)
and
1 _s” & ©)
M M M

where v2 = 02 + 02 + 3,07 = 4ml /(g +gH ~
(246 GeV)?. For simplicity, we are also assuming in these
formulas, and in what follows, A; = A, v;g = vg, and
kiji = k; = k and vanishing otherwise. We are then left with
the following set of variables as independent parameters in
the neutrino sector:

}‘" K’ Yl)i’tanﬁa Uiv URv Mlv M2, (7)
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and the p-term is given by

UR
V2

In Eq. (7), we have defined tan 8 = v, /vy and since v; K
V4, vy, We have vy &~ v/+/tan? B + 1. For the discussion,
hereafter we will use indistinctly the subindices (1, 2, 3) =
(e, i, 7). Inthe numerical analyses of the next sections, it will
be enough for our purposes to consider the sign convention
where all these parameters are positive. Of the five terms
in Eq. (4), the first two are generated through the mixing
of v; with v; g-Higgsinos, and the rest of them also include
the mixing with the gauginos. These are the so-called vg-
Higgsino seesaw and gaugino seesaw, respectively [55].

As we can understand from these equations, neutrino
physics in the ©vSSM is closely related to the parameters
and VEVs of the model, since the values chosen for them
must reproduce current data on neutrino masses and mixing
angles.

Concerning the neutral scalars and pseudoscalars in
the wvSSM, although they have the flavor composition
(Hy, Hy, ViR, i), the off-diagonal terms of the mass matrix
mixing the left sneutrinos with Higgses and right sneutri-
nos are suppressed by Y, and v;;, implying that scalar and
pseudoscalar left sneutrino states will be almost pure. In
addition scalars have degenerate masses with pseudoscalars
myr ~ myz = my;. From the minimization equations for

w=3x ®)

1 1
v;, we can write their approximate tree-level values as

Yo.v, vg | =T, UR ( 3A ):|

2 v; Vu Vi

ms ~ ——— | —— 4+ — | —k + , (9)
E vj ﬁ|: Y, \/E tan 8

where T, are the trilinear parameters in the soft Lagrangian,
—€apTy; H,f Z?Lﬁj - taking for simplicity 7,,, = T, and van-
ishing otherwise. Therefore, left sneutrino masses introduce
in addition to the parameters of Eq. (7), the

Ty, (10)

as other relevant parameters for our analysis. In the numerical
analyses of Sects. 4 and 5, we will use negative values for
them in order to avoid tachyonic left sneutrinos.

Let us point out that if we follow the usual assumption
based on the breaking of supergravity, that all the trilinear
parameters are proportional to their corresponding Yukawa
couplings, defining 7, = A, Y, we can write Eq. (9) as:

Yo v UR UR 3A

2 v Yu

2 ~ — | -Ay + —= [+ —)], 11
" vi ﬁ[ ”’+J§< K+tanﬂ>} (a

and the parameters A,, substitute the 7,, as the most repre-
sentative. We will use both type of parameters throughout
this work.

Using diagonal sfermion mass matrices, from the mini-
mization conditions for Higgses and sneutrinos one can elim-

. - 2 2 2
inate the corresponding soft masses my, , my, , m; —and
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m% in favor of the VEVs. Thus, the parameters in Eqs. (7)

iL
and (10), together with the rest of soft trilinear parameters,
soft scalar masses, and soft gluino masses

T)n TK’ Eti’ Td[v Tei'mQ[La mﬁ;Ra mg[-Rv mszv M37 (12)

constitute our whole set of free parameters. Given that we
will focus on a light v, we will use negative values for T},
in order to avoid cases with too light left sneutrinos due to
loop corrections.

The neutral Higgses and the three right sneutrinos, which
can be substantially mixed in the ©vSSM, were discussed
recently in detail in Ref. [59]. The tree-level mass of the
SM-like Higgs can be written in an elucidate form for our
discussion below as

2 2
2 1 — tan’p N v/N2
Oh z 1 + tan?B my

5[ 2tanf 2
x (\/g)\) <1+tan2,3> ' (13

where the factor (v/+/2mz)* ~ 3.63, and we have neglected
for simplicity the mixing of the SM-like Higgs with the other
states in the mass squared matrix. We see straightforwardly
that the second term grows with small tang and large A. If A
is not large enough, a contribution from loops is essential to
reach the target of a SM-like Higgs in the mass region around
125 GeV as in the case of the MSSM. In Refs. [33,60,61],
a full one-loop calculation of the corrections to the neutral
scalar masses was performed. Supplemented by MSSM-type
corrections at the two-loop level and beyond (taken over
from the code FeynHiggs [62-64]) it was shown that the
H“VSSM can easily accommodate a SM-like Higgs boson at
~ 125 GeV, while simultaneously being in agreement with
collider bounds and neutrino data. This contribution is basi-
cally determined by the soft parameters 7}, mz;, andmg, .
Clearly, these parameters together with A and tan 8 are cru-
cial for Higgs physics. In addition, the parameters «, vg and
T, are the key ingredients to determine the mass scale of
the right sneutrino states [52,53]. For example, for A < 0.01
they are basically free from any doublet contamination, and
the masses can be approximated by [57,65]:

m ~ % (TK + % 4K2> L oml —% 3T, (14)
Given this result, we will use negative values for 7, in order
to avoid tachyonic pseudoscalar right sneutrinos. Finally, the
parameters A; and T3, (A, assuming the supergravity rela-
tion 73, = A; A;,) also control the mixing between the singlet
and the doublet states and hence, contribute in determining
the mass scale. We conclude that the relevant independent
low-energy parameters in the Higgs-right sneutrino sector
are the following subset of the parameters in Eqgs. (7), (10),
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and (12):

A, ok, tan B, vr, T, T, Ty, mg,, . Misg. 15)
2.2 Neutrino/sneutrino physics

Since reproducing neutrino data is an important asset of the
uvSSM, as explained above, we will try to establish here
qualitatively what regions of the parameter space are the
best in order to be able to obtain correct neutrino masses
and mixing angles. Although the parameters in Eq. (7), A,
Kk, VR, tan B, Y., v;, My and M>, are important for neutrino
physics, the most crucial of them are Y,,, v; and M, where
the latter is a kind of average of bino and wino soft masses
(see Eq. (6)). Thus, we will first determine natural hierarchies
among neutrino Yukawas, and among left sneutrino VEVs.

Considering the normal ordering for the neutrino mass
spectrum, and taking advantage of the dominance of the
gaugino seesaw for some of the three neutrino families, rep-
resentative solutions for neutrino physics using diagonal neu-
trino Yukawas were obtained in Ref. [41]. In particular, the
so-called type 3 solutions, which have the following struc-
ture:

M >0, withY,, <Y, <Y, and v < vy ~ v3,

are especially interesting for us, since, as will be argued
below, they are able to produce the left muon-sneutrino as
the lightest of all sneutrinos. In this case of type 3, it is easy
to find solutions with the gaugino seesaw as the dominant
one for the second family. Then, v, determines the corre-
sponding neutrino mass and Y,, can be small. On the other
hand, the normal ordering for neutrinos determines that the
first family dominates the lightest mass eigenstate implying
that Y, < Y,, and v| < vz, v3, with both vg-Higgsino and
gaugino seesaws contributing significantly to the masses of
the first and third family. Taking also into account that the
composition of the second and third families in the third mass
eigenstate is similar, we expect v3 ~ v3.

In addition, left sneutrinos are special in the £vSSM with
respect to other SUSY models. This is because, as discussed
in Eq. (9), their masses are determined by the minimization
equations with respect to v;. Thus, they depend not only on
left sneutrino VEVs but also on neutrino Yukawas, and as
a consequence neutrino physics is very relevant. For exam-
ple, if we work with Eq. (11) assuming the simplest situa-
tion that all the A,, are naturally of the order of the TeV,
neutrino physics determines sneutrino masses through the
prefactor Y, v, /v;. Thus, values of Y, v,/v; in the range
of about 0.01-1, i.e. ¥,, ~ 1078—107°, will give rise to
left sneutrino masses in the range of about 100-1000 GeV.
This implies that with the hierarchy of neutrino Yukawas
Yy, ~1078-1077 < ¥, ; ~ 107°, we can obtain a 7, with
a mass around 100 GeV whereas the masses of v, ; are of

the order of the TeV, i.e. we have my, as the smallest of all
the sneutrino masses. Clearly, we are in the case of solutions
for neutrino physics of type 3 discussed above.

Let us finally point out that the crucial parameters for
neutrino physics, Y,,, v;; and M, are essentially decoupled
from the parameters in Eq. (15) controlling Higgs physics.
Thus, for a suitable choice of Y,,, v;;, and M reproducing
neutrino physics, there is still enough freedom to reproduce
in addition Higgs data by playing with A, «, vg, tan 3, etc.,
as shown in Ref. [59]. As a consequence, in Sect. 5 we will
not need to scan over most of the latter parameters, relaxing
our demanding computing task. We will discuss this issue in
more detail in Sect. 4.3.

3 SUSY contribution to a, in the yvSSM

The contributions to a, in SUSY models, a are
known to essentially come from the chargino-sneutrino and
neutralino-smuon loops. In the case of the MSSM, one-
and two-loop contributions have been intensively studied in
the literature, as can be seen for example in Refs. [66—-69]
and [70-75], respectively. In the singlet(s) extension(s) of the
MSSM, the contributions to a EUSY have the same expressions
provided that the mixing matrices are appropriately taken into
account. Nevertheless, as pointed out in Refs. [76,77] the
numerical results in these models can differ from the ones in
the MSSM. Depending on the parameters of the concerned
model, very light neutral scalars (few GeV) can appear at the
bottom of the spectrum and the presence of such very light
eigenstates can have an impact on the value of alSLUSY. This
scenario has been also addressed in Ref. [78-80] in the con-
text of two-Higgs-doublet-models. Note that although light
neutralinos with leading singlino composition are possible,
their contributions are small owing to their small mixing to
the MSSM sector.

Concerning the ©vSSM, which is an extension of the
MSSM with three singlet superfields, i.e. the three gener-
ations of right sneutrinos, RPV induces on the one hand, a
mixing of the MSSM neutralinos and charginos with left- and
right-handed neutrinos and charged leptons, respectively, and
on the other hand a mixing of the Higgs doublets with the left
and right sneutrinos. However, assuming that singlet scalars
and pseudoscalars as well as singlino-like states are heavy,
as naturally expected, their contributions are very small, and
therefore the expressions of aEUSY in the ©vSSM can be
straightforwardly obtained from the MSSM. In particular, it
follows that the dominant one-loop contributions to aPSLUSY,
displayed in Fig. 1, can be approximated for charginos when
tan B is not too small, as [81]

SUSY
M s
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v

Fig. 1 Chargino-sneutrino (left) and neutralino-smuon (right) one-loop contributions to the anomalous magnetic moment of the muon

c . oamy uMtan f

™ 4 m%
"
Fo(M3/m3 ) — Fc(u?/m3 ) 6
X 9
M22 — u?

and for neutralinos when there is a light bino-like neutralino,
as [67,76]

2
N A aymy Mi(utan B — Ay)
"

a
am (m1272 - m1271)
Fy(M?/m%)  Fy(M?/m%)
mz, mi,
where the loop functions are given by
3—4k+k*+2Ink
Fc(k) = ,
c (k) Y
i) = I —k* + 2kInk as)

m,, and my, (mp,) are muon and lightest (heaviest) smuon
masses, respectively, and o; = gi2 /(4m).

It is well known that the chargino contribution afj is typ-
ically larger than the neutralino contribution aﬁ’ [66,68].
Thus, in the following we concentrate our discussions on
Eq. (16) in order to draw some important conclusions about
the SUSY contributions to a,, that we will check with our
numerical results using the full one-loop formulas. In the
light of Eq. (1), decreasing the values of M», u or my, leads
to an enhancement in aﬁ. Also, the sign of aﬁ is given by
the sign of the product uM> since the factor in brackets of
Eq. (16) is positive in general [68]. As discussed in Sect. 2,
we are working with positive M> and p and therefore we
have a positive contribution to a,. One the other hand, aﬁ
increases with increasing tan 8. Thus, the parameters con-
trolling the SUSY contributions to a,, in the scenario that we
are considering are

M, p, my,, tan B, (19)

@ Springer

and they have to be appropriately chosen to satisfy in addition
the constraints that we impose on Higgs/neutrino physics and
flavor observables.

To qualitatively understand the behaviour of the dominant
contribution to aﬁUSY, as an example we show alf Versus msy,
in Fig. 2 for several values of the other relevant parameters.
As we can see, for the cases studied with tan 8 = 14 and
n =380 GeV, ag is compatible at to 20 with Aa,, in Eq. (1)
formsy, < 600 (100) GeV corresponding to M, = 150 (900)
GeV. For larger sneutrino masses the contribution to ag is too
small. On the contrary, this contribution turns out to be too
large for small masses my, < 200 GeV in the case of M, =
150 GeV. We will check these features with the numerical
results presented in Sect. 5.

4 Strategy for the scanning

In this section, we describe the methodology that we have
employed to search for points of our parameter space that
are compatible with the current experimental data on neutrino
and Higgs physics as well as with the measurement of Aa,.
In addition, we have demanded the compatibility with some
flavor observables, such as B and u decays. To this end,
we have performed a scan on the parameter space of the
model, with the input parameters optimally chosen as will be
discussed in Sect. 4.3.

4.1 Sampling the uvSSM

For the sampling of the uvSSM, we have used a likelihood
data-driven method employing the Multinest [82] algo-
rithm as optimizer. The goal is to find regions of the param-
eter space of the vSSM that are compatible with the given
experimental data. It is worth noting here that we are not
performing any statistical interpretation of the set of points
obtained, i.e. the Multinest algorithm is just used to obtain
viable points.
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Fig. 2 aE versus my,,, for 60
different values of M, and fixed =
values of tan 8 = 14, u = 380 \
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For this purpose we have constructed the joint likelihood
function:

Liot = [fa,t X Lhneutrino X EHiggs x LB physics X Eudecay

XLmii )

(20)

where L, is the constraint from the muon anomalous mag-
netic moment, Lpeygrino represents measurements of neutrino
observables, Lyjges Higgs observables, £p physics B-physics
constraints, £, decay 4 decay constraints and Lﬁmii LEPII
constraints on the chargino mass.

To compute the spectrum and the observables we have
used SARAH [83] to generate a SPheno [84,85] version for
the model. We condition that each point is required not to have
tachyonic eigenstates. For the points that pass this constraint,
we compute the likelihood associated to each experimental
data set and for each sample all the likelihoods are collected
in the joint likelihood L above.

4.2 Likelihoods

We used three types of likelihood functions in our analysis.
For observables in which a measure is available we use a
Gaussian likelihood function defined as follows

(x —x0)? }

e @1

L(x) =exp |:
where xq is the experimental best fit set on the parameter x,
and oexp and 7 are the experimental and theoretical uncer-
tainties on the observable x, respectively. Since in our scan
we are not performing a statistical analysis, we take the value
of t in such a way that a set of points is obtained with their
values close enough to the mean value of the correspond-

1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
m;ﬂ ( G eV)

ing observable. This is used to impose subsequently to these
points the criteria of acceptance that will be discussed below
in Sect. 5.

On the other hand, for any observable for which the con-
straint is set as a lower limit, such as the chargino mass lower
bound, the likelihood function is defined as [86]

Oex;
L(x) = —2—[1 - K (D(x))]
o2t 7
(x — x0)? X — X
—_—— K|{—— 22
xeXp|: 2(0§XP+T2):|+ ( . ), (22)
where
Oexp X0 — X 1 a
D(x) = ——— |, K(a) = —erfc <—) ,
T [03p + T2 2 V2

(23)

with erfc is the complementary error function.

The last class of likelihood function we used is a step
function in such a way that the likelihood is one/zero if the
constraint is satisfied/non-satisfied.

Subsequently, we present each constraint used in this work
together with the corresponding type of likelihood function.

Muon anomalous magnetic moment

The main goal of this work is to explain the current 3.5 o dis-
crepancy between the measurement of the anomalous mag-
netic moment of the muon and the SM prediction Ag,, in
Eq. (1), therefore we impose aZUSY = Aay. The correspond-
ing likelihood is an and weused T =2 x 10710,

@ Springer
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Table 1 Neutrino data used in

s 2 s 2 s 2 2 -5 2 2 -3 2
the sampling of the LvSSM for Parameters sin” 617 sin” 613 sin” 63 Ams; /1072 (eV7) Amz; /1077 (eV7)
the anomalous magnetic X0 0.310 0.02241 0.580 7.39 2.525
moment of the muon

Oexp 0.012 0.00065 0.017 0.20 0.032

Neutrino observables

We used the results for normal ordering from Ref. [32] sum-
marized in Table 1, where Aml.zj = ml2 — m? For each of the
observables listed in the neutrino sector, the likelihood func-
tion is a Gaussian (see Eq. (21)) centered at the mean value
xo and with width oexp. Concerning the cosmological upper
bound on the sum of the masses of the light active neutrinos
given by > m,, < 0.12 eV [87], even though we did not
include it directly in the total likelihood, we imposed it on
the viable points obtained.

Higgs observables

Before the discovery of the SM-like Higgs boson, the neg-
ative searches of Higgs signals at the Tevatron, LEP and
LHC, were transformed into exclusions limits that must be
used to constrain any model. Its discovery at the LHC added
crucial constraints that must be taken into account in those
exclusion limits. We have considered all these constraints
in the analysis of the uvSSM, where the Higgs sector is
extended with respect to the MSSM as discussed in Sect. 2.
For constraining the predictions in that sector of the model,
we interfaced HiggsBounds v5.3.2 [88,89] with Multi-
Nest. First, several theoretical predictions in the Higgs sec-
tor (using a conservative =3 GeV theoretical uncertainty on
the SM-like Higgs boson) are provided to determine which
process has the highest exclusion power, according to the
list of expected limits from Tevatron, LEP and LHC. Once
the process with the highest statistical sensitivity is identi-
fied, the predicted production cross section of scalars and
pseudoscalars multiplied by the branching ratios (BRs) are
compared with the limits set by these experiments. Then,
whether the corresponding point of the parameter under con-
sideration is allowed or not at 95% confidence level is indi-
cated. In constructing the likelihood from HiggsBounds con-
straints, the likelihood function is taken to be a step function.
Namely, it is set to one for points for which Higgs physics
is realized, and zero otherwise. Finally, in order to address
whether a given Higgs scalar of the uvSSM is in agreement
with the signal observed by ATLAS and CMS, we interfaced
HiggsSignals v2.2.3[90,91] with MultiNest. A X2 mea-
sure is used to quantitatively determine the compatibility of
the vSSM prediction with the measured signal strength and
mass. The experimental data used are those of the LHC with
some complements from Tevatron. The details of the likeli-
hood evaluation can be found in Refs. [90,91].

B decays

@ Springer

b — sy is a flavour changing neutral current (FCNC)
process, and hence it is forbidden at tree level in the SM.
However, it occurs at leading order through loop diagrams.
Thus, the effects of new physics (in the loops) on the
rate of this process can be constrained by precision mea-
surements. In the combined likelihood, we used the aver-
age value of (3.55 + 0.24) x 10™* provided in Ref. [92].
Notice that the likelihood function is also a Gaussian (see
Eq. (21)). Similarly to the previous process, By — u™u™
and By — utu~ are also forbidden at tree level in the
SM but occur radiatively. In the likelihood for these observ-
ables (21), we used the combined results of LHCb and
CMS [93], BR(By — putpu™) = (294 0.7) x 1072 and
BR(By — ™) = (3.6+£1.6) x 10710, Concerning the
theoretical uncertainties for each of these observables we
take T = 10% of the corresponding best fit value. We denote
by LB physics the likelihood from b — sy, By — u* ™ and
By — pntu~.

u— ey and u — eee

We also included in the joint likelihood the constraint from
BR(w — ey) < 5.7 x 10713 and BR(u — eee) <
1.0 x 10~'2. For each of these observables we defined the
likelihood as a step function. As explained before, if a point
is in agreement with the data, the likelihood £ decay is set to
1 otherwise to 0.

Chargino mass bound

In RPC SUSY, the lower bound on the lightest chargino mass
of about 94 GeV depends on the spectrum of the model [5,
94]. Although in the £vSSM there is RPV and therefore this
constraint does not apply automatically, to compute Lm;i
we have chosen a conservative limit of m 7= > 92 GeV with
T = 5% of the chargino mass.

4.3 Input parameters

In order to efficiently scan for aLSLUSY in the £vSSM to repro-
duce Aaqy, it is important to identify the parameters to be
used, and optimize their number and their ranges of values.
As discussed in Sect. 2.2, the most relevant parameters in the
neutrino sector of the uvSSM are v;, Y,, and M. Concern-
ing M, we will assume M, = 2M; and scan over M;. This
relation is inspired by GUTs, where the low-energy result
My 