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Abstract We analyze relevant signals expected at the LHC
for a stop as the lightest supersymmetric particle (LSP). The
discussion is carried out in the framework of the ©vSSM,
where the presence of R-parity violating couplings involv-
ing right-handed neutrinos solves the p-problem and repro-
duces neutrino data. The stops are pair produced at the LHC,
decaying with displaced vertices to a lepton and a bottom
quark or a neutrino and a top quark. We compare the pre-
dictions of this scenario with ATLAS and CMS searches for
long-lived particles. To analyze the parameter space we sam-
ple the LvSSM for a stop LSP using a likelihood data-driven
method, and paying special attention to reproduce the current
experimental data on neutrino and Higgs physics, as well as
flavor observables. Our results translate into a lower limit on
the mass of the left (right) stop LSP of 1068 GeV (1341 GeV),
corresponding to a decay length of 1.86 mm (6.61 mm).
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1 Introduction

The ‘u from v” Supersymmetric Standard Model (wvSSM)
[1] is a highly predictive model (for a recent review, see Ref.
[2]), alternative to the Minimal Supersymmetric Standard
Model (MSSM) [3-7]. The ©uvSSM solves the w-problem
and the v-problem (neutrino masses) simultaneously with-
out the need to introduce additional energy scales beyond
the supersymmetry (SUSY)-breaking scale. In contrast to
the MSSM, and to the Next-to-MSSM (NMSSM) [8,9], R-
parity and lepton number are not conserved, leading to a
completely different phenomenology characterized by dis-
tinct prompt or displaced decays of the lightest supersymmet-
ric particle (LSP), producing multi-leptons/jets/photons with
small/moderate missing transverse energy (MET) from neu-
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trinos [10—15]. The smallness of neutrino masses is directly
related with the low decay width of the LSP. Actually, it is
also related to the existence of possible candidates for decay-
ing dark matter in the model. This is the case of the gravitino
[16-20], or the axino [21], with lifetimes greater than the
age of the Universe. It is also worth mentioning concerning
cosmology, that baryon asymmetry might be realized in the
1#VvSSM through electroweak (EW) baryogenesis [22]. The
EW sector of the uvSSM can also explain [14, 15] the long-
standing discrepancy between the experimental result for the
anomalous magnetic moment of the muon [23,24] and its
SM prediction [25].!1

Because of R-parity violation (RPV) in the £vSSM, basi-
cally all SUSY particles are candidates for the LSP, and there-
fore analyses of the LHC phenomenology associated to each
candidate are necessary to test them. This crucial task, given
the current experimental results on SUSY searches, has been
concentrated up to now on the EW sector of the uvSSM,
in particular analyzing left sneutrinos, the right smuon and
the bino as candidates for the LSP [10-15]. The aim of this
work is to start a systematic analysis of the color sector of
the ©vSSM. We will concentrate here on the SUSY partners
of the top quark as the LSP candidates, i.e. the left and right
stops.

In particular, we will study the constraints on the parame-
ter space by sampling the model to get either the left stop as
the LSP or the right stop as the LSP in a wide range of masses.
We will pay special attention to reproduce neutrino masses
and mixing angles [26-29]. In addition, we will impose on
the resulting parameters agreement with Higgs data as well
as with flavor observables.

The paper is organized as follows. In Sect. 2, we will
review the £vSSM and its relevant parameters for our analy-
sis of neutrino, neutral Higgs and stop sectors. In Sect. 3, we
will introduce the phenomenology of the stop LSP, studying
its pair production channels at the LHC and its signals. The
latter consist of displaced vertices with a lepton and a bot-
tom quark or a neutrino and a top quark. In Sect. 4, we will
discuss the strategy that we will employ to perform scans
searching for points of the parameter space of our scenario
compatible with current experimental data on neutrino and
Higgs physics, as well as flavor observables such as B and
decays. The results of these scans will be presented in Sect. 5,
and applied to show the current reach of the LHC search on
the parameter space of the stop LSP based on ATLAS and
CMS results [30-42]. Finally, our conclusions are left for
Sect. 6.

! In this work we will not try to explain it since we are interested in the
analysis of a stop LSP through the decoupling of the rest of the SUSY
spectrum.
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2 The uvSSM

In the uvSSM [1,2], the particle content of the MSSM is
extended by RH neutrino superfields b;. The simplest super-
potential of the model is the following [1,10,43]:

W = €an (Yo, i LY 6547y, HY OF dS+,, AL 0" i)
Tb 1a ~c ~c b fya 1 acacac
+eap (Yvij H, L; vj—)Li v; H, d) +§Kijk‘)i ViVEs

(1)

where the summation convention is implied on repeated
indices, with i, j,k = 1, 2,3 the usual family indices of
the SM and a, b = 1,2 SU(2) indices with €, the totally
antisymmetric tensor, €13 = 1.

Working in the framework of a typical low-energy SUSY,
the Lagrangian containing the soft SUSY-breaking terms
related to W is given by:

~ ~b ~
- Esoft = €ab (Teij H§ L,‘b]_ EjR + Tdij HsQiL d}kR
+ Ty HY 0% 5 + hic.)

+eab (Tvlj HY LY, Vi — To, Wi HY H,,

1 ~k o~k
+3 T VirVjrVkr +he.
2 Aax Aa 2 ek~
G, QL QLM R iR YR

+m%

d¥.d; 2 paxja
Gy iRdiR T, Lirke

2 o~k o~ 2 ko
+m’17inviRVjR+mE}jReiReJR
2 ax yra 2 ax yra
+my, Hy " Hy +my H,"H,

1 . - o~
+5 (M3gg—|—M2 WW + M, B°B°+h.c.). 2)

In the early universe not only the EW symmetry is broken,
but in addition to the neutral components of the Higgs doublet
fields Hy and H,, also the left and right sneutrinos v; and ; g
acquire a vacuum expectation value (VEV). With the choice
of CP conservation, they develop real VEVs denoted by:

Ud

ﬁ,

Uu

Ea

Vi
7
3)
The EW symmetry breaking is induced by the soft SUSY-
breaking terms producing v;g ~ O(1 TeV) as a consequence
of the right sneutrino minimization equations in the scalar
potential [1,10,43]. Since ;g are gauge-singlet fields, the
u-problem can be solved in total analogy to the NMSSM
through the presence in the superpotential (1) of the trilin-
ear terms A; D H Hd Then, the value of the effective -

(HY) = (H) = ”7; ()=

(Vir)=

parameter is given by 1 = A;vigr/+/2. These trilinear terms
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also relate the origin of the p-term to the origin of neu-
trino masses and m1x1ng angles, since neutrino Yukawa cou-
plings ), H Li v are present in the superpotential generat-

ing Dlrac masses for neutrinos, mp,; = Yy, ;i Vu / /2. Remark-
ably, in the wvSSM it is possible to accommodate neutrino
masses and mixings in agreement with experiments [26—29]
via an EW seesaw mechanism dynamically generated during
the EW symmetry breaking [1 43-48]. The latter takes place
through the couplings «;j ;D¢ vk, giving rise to effective
. Actu-

ally, this is possible at tree level even with diagonal Yukawa
couplings [44,46]. It is worth noticing here that the neutrino
Yukawas discussed above also generate the effective bilinear
terms ,u,-I-AIL, I:,- with pu; = Yvi]. ij/«/i used in the bilinear
RPV model (BRPV) [49].

We conclude therefore, that the £vSSM solves not only
the p-problem, but also the v-problem, without the need to
introduce energy scales beyond the SUSY-breaking one.

The parameter space of the £vSSM, and in particular the
neutrino, neutral Higgs and stop sectors are relevant for our
analysis in order to reproduce neutrino and Higgs data, and
to obtain in the spectrum a stop as the LSP. In particular, neu-
trino and Higgs sectors were discussed in Refs. [13—-15,50],
and we refer the reader to those works for details, although we
will summarize the results below. First, we discuss here sev-
eral simplifications that are convenient to take into account
given the large number of parameters of the model. Using
diagonal mass matrices for the scalar fermions, in order to
avoid the strong upper bounds upon the intergenerational
scalar mixing (see e.g. Ref. [51]), from the eight minimiza-
tion conditions with respect to vy, v,, v; g and v; to facilitate

the computation we prefer to eliminate the soft masses m%,d,

2 2
mH ,m;[_

Majorana masses for RH neutrlnos M;j = 2k; /k

and m?% T in favor of the VEVs. Also, we assume
for simplicity in what follows the flavour-independent cou-
plings and VEVs A; = A, kjjx = «6;j8jk, and v;r = vR.
Then, the higgsino mass parameter p, bilinear couplings ;
and Dirac and Majorana masses discussed above are given

by:

= 31— =Y, — =Y, L
nw = s wi =Yy, s mp, =Y, R
\/_ i ) \/_ D, \/_
M =2k —, “4)

NX

where we have already used the possibility of having diagonal
neutrino Yukawa couplings Y, ;= Y,;8;; in the pvSSM in
order to reproduce neutrino physics.

2.1 The neutrino sector

For light neutrinos, under the above assumptions, one can
obtain the following simplified formula for the effective mass
matrix [46]:

., MD,Mmp; viv;
iy~ i 3 =
1 2 2
—=5 5 8

M My M>

where g’, g are the EW gauge couplings, and M|, M, the
bino and wino soft SUSY-breaking masses, respectively. This
expression arises from the generalized EW seesaw of the
uvSSM, where due to RPV the neutral fermions have the
flavor composition (v;, BO WO Hg, ﬁ”, vir). The first two
terms in Eq. (5) are generated through the mixing of v; with
v; p-Higgsinos, and the third one also include the mixing with
the gauginos. These are the so-called vg-Higgsino seesaw
and gaugino seesaw, respectively [46]. One can see from
this equation that once M is fixed, as will be done in the
parameter analysis of Sect. 4.2, the most crucial independent
parameters determining neutrino physics are:

Yy, vi, My, Ms. (6)

i

Note that this EW scale seesaw implies Y, < 107° driving
v; to small values because of the proportional contributions
to Yy, appearing in their minimization equations. A rough
estimation gives v; < mp;, < 1074,

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, three
representative type of solutions for neutrino physics using
diagonal neutrino Yukawas were obtained in Ref. [13]. In
our analysis we will use the so-called type 2 solutions, which
have the structure

M >0, with ¥,, <Y, <VY,,, and v; < vy ~ v3, @)

In this case of type 2, it is easy to find solutions with the gaug-
ino seesaw as the dominant one for the third family. Then, v3
determines the corresponding 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 thatY,, < Y,, andv| < vz, v3, withboth
vg-Higgsino and gaugino seesaws contributing significantly
to the masses of the first and second family. Taking also into
account that the composition of the second and third families
in the second mass eigenstate is similar, we expect vy ~ v3.
In Fig. 1 from Ref. [13], we show Sm? = m% — m% versus Yy,
and v; for one of the scans carried out in that work, using the
results for normal ordering from Ref. [29]. As we can see,
one obtains the hierarchy qualitatively discussed above for
Yukawas and VEVs. We will carry out a similar analysis in
Sect. 5, to correctly reproduce neutrino physics.

We will also argue in Sect. 5 that the other two type of solu-
tions of normal ordering for neutrino physics are not going
to modify our results. The same conclusion is obtained in
the case of working with the inverted ordering for the neu-
trino mass spectrum. The structure of the solutions is more

@ Springer
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involved for this case, because the two heaviest eigenstates
are close in mass and the lightest of them has a dominant
contribution from the first family. Thus, to choose Y,, as
the largest of the neutrino Yukawas helps to satisfy these
relations. For the second and third family, a delicate bal-
ance between the contributions of vg-Higgsino and gaug-
ino seesaws is needed in order to obtain the correct mixing
angles. In particular, a representative type of solutions for
the case of inverted ordering has the structure M > 0, with
Yy, ¥ Y, <Yy,and vy < v2 ~ v3.

2.2 The Higgs sector

The neutral Higgses are mixed with right and left sneutrinos,
since the neutral scalars and pseudoscalars in the ©vSSM
have the flavor composition (H 09, H,? , Vir, ;). Nevertheless,
the left sneutrinos are basically decoupled from the other
states, since the off-diagonal terms of the mass matrix are
suppressed by the small Y, and v;. Unlike the latter states,
the other neutral scalars can be substantially mixed. Neglect-
ing this mixing between the doublet-like Higgses and the
three right sneutrinos, the expression of the tree-level mass

of the SM-like Higgs is [43]:
m2 ~ m? (cos2 28 +10.9 3% sin’ 2/3) , (8)

where tan 8 = wv,/vg, and mz denotes the mass of the
Z boson. Effects lowering (raising) this mass appear when
the SM-like Higgs mixes with heavier (lighter) right sneutri-
nos. The one-loop corrections are basically determined by the
third-generation soft SUSY-breaking parameters mg, m 5.,
and T,,, where we have assumed for simplicity that for all
soft trilinear parameters 7;; = T;6;;. These three parameters
together with the coupling A and tan $, are the crucial ones
for Higgs physics. Their values can ensure that the model
contains a scalar boson with a mass around ~ 125 GeV and
properties similar to the ones of the SM Higgs boson [50,52—
54].

In addition, k, vg and the trilinear parameter 7, in the
soft Lagrangian (2), are the key ingredients to determine the
mass scale of the right sneutrinos [43,44]. For example, for
A < 0.01 they are basically free from any doublet admixture,
and using their minimization equations in the scalar poten-
tial the scalar and pseudoscalar masses can be approximated
respectively by [10,55]:

miy ~ 2R (TK + 2R 4,<2> Com2, ~—Rar (9
ViR ﬁ \/E Vi
Finally, A and the trilinear parameter 7, not only con-
tribute to these masses for larger values of A, but also control
the mixing between the singlet and the doublet states and
hence, they contribute in determining their mass scales as

@ Springer

discussed in detail in Ref. [50]. We conclude that the rele-
vant parameters in the Higgs (-right sneutrino) sector are:

A‘5 K5 tanﬂ’ UR? TK’ T)u Tu3, mﬁ3R? m§3L. (10)

Note that the most crucial parameters for the neutrino sec-
tor (6) are basically decoupled from these parameters con-
trolling Higgs physics. This will become relevant in order to
relax our demanding computing task, as will be discussed in
Sect. 4.2 when analyzing the parameter space of the model.

2.3 The stop sector

Similar to other squarks in the .vSSM, the mass matrix of the
stops includes new terms with respect to the MSSM [10,43].
However, they are proportional to the small parameters Yy,
and v;, and therefore negligible. Thus, in practice the stop
eigenstates of the wvSSM coincide basically with those of
the MSSM. In this approximation, one obtains the following

tree-level mass matrix in the flavor basis (77, 7g):

m-~ =

2 2 ~
tz (mt—i—méu—i—AuL

m; X;
X 2+ m2 Aug )’
my X, mt—}—m%k—i— UR

(11)

where m; is the top-quark mass, Az g denote the D-term
contributions

A = m2 (L2 Zgn2e 2
L=my 5 3sm w | cos28,

~ _2 2 .2
Alp = gmz sin“ Oy cos 28, (12)

with Oy the weak-mixing angle, and X; the left-right stop
mixing term

(s
Xi = (YM3 tan,B). (13)

As can easily be deduced from Eq. (11), the physical stops
masses are controlled mainly by the value of the soft SUSY-
breaking parameters:

meg., s Misg, Tus. (14

Playing with their values, it is straightforward to obtain the
lightest eigenvalue dominated either by the left stop composi-
tion (77) or by the right stop composition (7). This arises for
small soft mass parameters or large left-right mixing. Note
that in the case of the lightest stop mainly 77, a small value
of the common soft mass g, makes also by light although
slightly heavier than 7, at tree level due to the D-term contri-
bution, m%L = m%L - m%v cos 2. Nevertheless, depending

on the value of mj;, and the left-right stop mixing controlled



Eur. Phys. J. C (2022) 82:261

Page 50f 15 261

2 2

Fig. 1 ém? = m3 — m7 Versus

N
ot
T

N
[\)
T

(left panel) neutrino Yukawas
and (right panel) left sneutrino 7.8
VEVs. Colors blue, green and |
grey correspond toi = 1,2, 3,
respectively o I
>
Q /.
“f L
o
— -
~
o~
s 7.
bo
6.9r
1 1 1
2 4

by T, the mass splitting between stop and sbottom can be
much higher.

Note that the parameters in Eq. (14) are also crucial for
obtaining the correct SM-like Higgs mass (see Eq. (10)). This
will simplify our analysis in Sect. 5. There, we will sample
the relevant parameter space of the £vSSM, which contains
the independent parameters determining neutrino and Higgs
physics in Egs. (6) and (10). Nevertheless, the parameters for
neutrino physics Y,,, v;, M and M, are essentially decou-
pled from the parameters controlling Higgs physics. Thus,
for a suitable choice of the former parameters 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 Refs. [13-15]. As a consequence, we will not
need to scan over most of the latter parameters, relaxing our
demanding computing task. Given the still large number of
independent parameters we have employed the Multinest
[56] algorithm as optimizer. To compute the spectrum and the
observables we have used SARAH [57] to generate a SPheno
[58,59] version for the model.

3 Stop LSP phenomenology

The production of stops at colliders is dominated by QCD
processes, since the RPV contributions to their production
are strongly suppressed in the £vSSM. The pair production
of colored SUSY particles at large hadron colliders has been
extensively studied. Since we do not expect a significant dif-
ference from the values predicted in the MSSM, we make use
of NNLL-fast-3.0 [60—63] to calculate the number of stop
pair events produced. In particular, for our range of interest
of stop masses between about 100 GeV and 2000 GeV, the
production cross section is in the range between 1.42 x 10°
pband 2 x 107 pb.

'51
6 8

Y, /1077

3.1 Decay modes

Concerning the stop decays, even though the stop eigenstates
coincide basically with those of the MSSM scenario, novel
differences appear in the decay cascades in the presence of
RPV and additional states. The interactions relevant for our
analysis of the detectable decay of a stop LSP into SM par-
ticles, are given in Appendix A. There, one can identify the
most important contributions for the decays. In particular, the
relevant diagram shown in Fig. 2a corresponds to the term
multiplying the projector Py, and the second term multiply-
ing the projector Pg in Eq. (A.1.1). The diagram in Fig. 2b
corresponds to the first term multiplying the projector Pp
and the second and third terms multiplying the projector Pg
in Eq. (A.2.1). Thus the diagram in Fig. 2a occurs mainly
through the Yukawa couplings Y; , of 7 with b and charged
higgsinos, via the mixing between the latter and ¢. The dia-
gram in Fig. 2b occurs through the gauge couplings g and
g’ of T with ¢ and neutral winos and binos, via the mixing
between the latter and v.

In the case of (pure) left stop LSP or right stop LSP, the val-
ues of the partial decay widths can be approximated respec-
tively, as:

L@, — be;) ~ S (Yb&) ,
167 7
(ng_mtz)z g v 8..v ?
ZZF(?L — tl)i) ~ W lZ <€Ui4 + 5Ui5> .
(15)
2
~ my Y. vi
I bl;))y ~ — Y, — ,
(R - l) 167 ( tﬁu>
(m;z-—mtz)2

/ 2
> TR - o) ~ Z(ZTgU,-Z> . (16)

167rm;3—
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Fig. 2 Dominant decay

channels in the £vSSM for a

stop LSP. a bottom and leptons;

b top and neutrinos -

(a)

where in the left formula of Eq. (16) the summation con-
vention on repeated indices does not apply. As discussed in
Appendix A, UV is the matrix which diagonalizes the mass
matrix for the neutral fermions, and the above entries can be
approximated as

’
—§ vl |4 § vl U
U-V ~ S e pMNs, UV~ S § :_ s’
i4 M, l «/5 il i5 M, l f
(17)

where U™ are the entries of the PMNS matrix, with i and /
neutrino physical and flavor indices, respectively. We also
approximate other entries of the matrices involved in the
computation (see Appendix A), as follows: Zf{() ~ 1 for
right stops and 253 ~ 1 for left stops, Uf’33 ~ 1 and
Ufé’33 ~ 1 (pure LH and RH bottom quarks), U} 33 ~ 1
and Up 33 ~ 1 (pure LH and RH top quarks), Uz’j4 ~ 0
(vanishing charged wino-lepton mixing), U}; ~ 0 (vanish-
ing higgsino I-NIS-neutrino mixing), Ui,js ~ Yeivi/ﬁu,
UI%,jS ~ i/ p. In addition we take (mtg — ml%)2 ~ m?.

Depending on the composition of the stop, as well as
the masses of higgsinos and gauginos, one decay channel
or the other will dominate. Let us remark nevertheless that
the results of Sect. 5 have been obtained using the full numer-
ical computation of decay widths, taking also into account
the contamination between left and right stops |Z |2 The
latter turns out to be between 0.05% and 3.6% (0. 07% and
4%) for the left stop (right stop) LSP points analyzed.

3.2 LHC searches

There exist diverse searches at the LHC that can be applicable
to constrain the event topologies described above. As shown
in Fig. 2, there are two possible situations:

e The stop LSP decays producing a lepton (e, ¢ or ) and
a bottom quark, giving rise to the process at the LHC
shown in Fig 3a.

@ Springer

(b)

e The stop LSP decays producing a neutrino and a top
quark, giving rise to the process at the LHC shown in
Fig 3b.

In both situations, with the proper lifetime spanning over a
wide range. According to the search strategy to apply, we
can further classify the signals in the following three cases,
applying for each of them different LHC searches depending
on the lifetime scale:

Case (i) Large ionization energy loss

Whenever the stop LSP is long-lived enough to measure ion-
ization energy loss and/or time of flight, the searches for
heavy charged long-lived particles are able to put strong con-
straints which are independent of the decay of the stop LSP.
In particular, for each point of the parameter space with a
stop LSP with proper lifetime greater than 3 m, the ATLAS
search for heavy charged long-lived particles excludes stop
masses below 1340 GeV [30].

Case (ii) Displaced vertices

For shorter lifetime, one can confront the points of the model
with the limits from events with displaced vertices including
leptons and/or jets. Let us consider first the situation with
the decay of the stop LSP producing a lepton and a bottom
quark at a significant distance of the first interaction point. In
that case, one can compare the signal with the CMS searches
[31-33] which looks for pair-produced long-lived particles
decaying to two b quarks and two leptons. For each of the can-
didate points, one can compare the upper limit on the signal
cross section from the plane ct-mj7 with the cross section for
the direct pair production of stops times the branching ratio
(BR) of both stops decaying to leptons (e, u or T) and bottom
quarks. To complement the limits based on CMS results, we
also use the limits obtained when confronting our data with
the ATLAS search for heavy long-lived particles decaying to
a bottom quark and a muon [34].

The second situation corresponds to the decay of the stop
LSP to a neutrino and a top quark. This signal can be con-
strained with searches for jets emerging from displaced ver-
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Fig. 3 Processes relevant for the detection of the stop as the LSP at the LHC

tices and missing transverse momentum, such as the search
from ATLAS [35]. This analysis, however, looks for a differ-
ent signal produced in the decay of long-lived gluinos to two
quarks and a neutral fermion through and off-shell heavier
squark. To impose the limits on the stop LSP scenario, one
can use the recasted version of the ATLAS search carried
out in the work [36] and calculate the selection efficiency €
for events containing a pair of stops decaying to a top quark
and a neutrino. Since the ATLAS search yields 0 background
events in the SR, we impose an upper limit of 3 signal events,
calculated as o (pp — 11*) x BR(T — 1v)? x €.

Case (iii) Prompt decays

If the proper lifetime of the stop LSP is too short to pro-
duce distinctive signals of long-lived particles, it can be con-
strained with the limits from searches for prompt signals.
In the first place, the prompt stop decay to leptons and bot-
tom quarks can be constrained with the searches at the LHC
for scalar leptoquarks. In particular, one can confront the stop
LSP with the CMS search for pair production of first/second-
generation scalar leptoquarks [37,38]. For each of the points
tested, one can compare o (pp — 71*) x BR({ — b e/n)>
with the upper limit on the 77 — eebb/uubb signal. In
addition, one can apply the limit obtained from the ATLAS
search for third-generation scalar leptoquarks [39] compar-
ing o (pp — ") x BR(T — bt)? with the upper limit on
the 77 — tThb signal.

Secondly, the signal of the prompt decay of the stop LSP
to a neutrino and a top quark is similar to the R-parity
conserving (RPC) decay of the stop producing a neutralino
LSP in the context of the MSSM, in the limit of mass-
less neutralino. Thus one can constrain the points where
the decay is dominated by the v channel with the ATLAS
search for stops in final state with jets plus missing trans-
verse momentum [40,41]. For each of the points analyzed,
one can compare the upper limit calculated by ATLAS with
o(pp — 11%) x BR(f — tv)?. This constraint can be com-

plemented with the restriction obtained similarly from the
corresponding CMS search for stops [42].

Finally, let us comment that in the ATLAS search for third-
generation scalar leptoquarks [39], the combination of the
decays to bt and to tv is considered for different values of
the corresponding BRs. However, the limits obtained over
the mass are only mildly dependent on the BRs.

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 ensuring that the stop is the LSP.
In addition, we have demanded the compatibility with some
flavor observables, such as B and u decays. To this end, we
have performed scans on the parameter space of the model,
with the input parameters optimally chosen. It is worth noting
here that we will not make any statistical interpretation of the
set of points obtained, i.e. the Multinest algorithm is just
used to obtain viable points.

4.1 Experimental constraints

All experimental constraints (except the LHC searches which
are discussed in the previous section) are taken into account
as follows:

e Neutrino observables
We have imposed the results for normal ordering from
Ref. [29], selecting points from the scan that lie within
430 of all neutrino observables. On the viable obtained
points we have imposed the cosmological upper bound
on the sum of the masses of the light active neutrinos
given by > m,, < 0.12¢eV [64].
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e Higgs observables
The Higgs sector of the vSSM is extended with respect
to the (N)MSSM. For constraining the predictions in that
sector of the model, we have interfaced HiggsBounds
v5.3.2 [65-69] with Multinest, using a conservative
43 GeV theoretical uncertainty on the SM-like Higgs
boson in the ©vSSM as obtained with SPheno. Also,
in order to address whether a given Higgs scalar of the
uvSSM is in agreement with the signal observed by
ATLAS and CMS, we have interfaced HiggsSignals
v2.2.3 [70,71] with Multinest. We require that the
p-value reported by HiggsSignals be larger than 5%.

e B decays
b — sy occurs in the SM at leading order through loop
diagrams. We have constrained the effects of new physics
on the rate of this process using the average experimen-
tal value of BR(b — sy) = (3.55 + 0.24) x 10~*
provided in Ref. [72]. Similarly to the previous pro-
cess, By — utp~ and By — uTu” occur radiatively.
We have used the combined results of LHCb and CMS
[73], BR(B;, — putp™) = (29 £0.7) x 1072 and
BR(B; — utu™) = (3.6 £1.6) x 10710, We put £30
cuts from b — sy, By — uwTpu~ and By — putpu”,
as obtained with SPheno. We have also checked that
the values obtained are compatible with the 30 of the
recent results from the LHCb collaboration [74].

e i — ey and u — eee
‘We have also included in our analysis the constraints from
BR(u — ey) < 4.2x 10713 [75] and BR(x — eee) <
1.0 x 10712 [76], as obtained with SPheno.

e Chargino mass bound
Charginos have been searched at LEP with the result of a
lower limit on the lightest chargino mass of 103.5 GeV in
RPC MSSM, assuming universal gaugino and sfermion
masses at the GUT scale and electron sneutrino mass
larger than 300 GeV [77]. This limit is affected if the mass
difference between chargino and neutralino is small, and
the lower bound turns out to be in this case 92 GeV [78].
LHC limits can be stronger but for very specific mass
relations [79-82]. Although in the wvSSM there is RPV
and therefore these constraints do not apply automati-
cally, we have chosen in our analysis a conservative limit
of mys > 92 GeV.

4.2 Parameter analysis

In order to relax our demanding computing task, we will per-
form scans using the fewest possible parameters to get points
with the stop as LSP satisfying the experimental constraints
discussed above.

First, the soft stop masses m 5, and mg;,, and the trilinear
parameter 7,, are very important in our analysis, since they
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not only control the physical stop masses but are also crucial
for obtaining the correct SM-like Higgs mass, as discussed
in Sect. 2. In addition, reproducing Higgs data requires suit-
able additional parameters A, «, tan 8, vg, T, and T (see
Eq. (10)). Nevertheless, we can fix «, T, and vg, which basi-
cally control the right sneutrino sector, while suitably varying
A, T, and tan B. Concerning neutrino physics, as discussed
also in Sect. 2 the most crucial parameters (6) are basically
decoupled from those controlling Higgs physics (10). Thus,
for a suitable scan of Y,,, v;, M| and M reproducing neutrino
physics, there is still enough freedom to reproduce in addi-
tion Higgs data by playing with concrete values of A, «, tan 3,
VR, etc. In this regard, in order to optimize the parameters
of the scan, we will only scan over the VEVs v; and v, and
take the third left sneutrino VEV as v3 = 1.8 v,, a relation
that is inspired by the specific solution for neutrino physics
discussed in Eq. (7) [13]. Also we will scan over Y,,, take
Y,, = 1.8 Y,, and fix Y,, which allows us to reproduce the
normal ordering of neutrino masses with ¥,; < Y,, < Y,,.
Finally, we will scan over the soft bino mass M7, which is
sufficient to reproduce neutrino data.

Summarizing, we will perform two scans over the 9 param-
eters, corresponding to left stop as LSP and right stop as LSP,
respectively, as shown in Table 1. For Scan 1, the soft mass
of the squark doublet is taken as mg., € (200, 1200) GeV,
whereas the soft mass of the right stop is fixed to a large value,
my,, = 2000 GeV, as shown in Table 2. Scan 2 is similar
but with the replacement m . <> miy,. The lower bound
of 200 GeV is chosen to avoid too light stops/sbottoms, and
the upper bound of 1.2 TeV seems to be a reasonable value
for the analysis of the stop as the LSP. We choose a range of
moderate/large values of A € (0.3, 07), thus we are in a sim-
ilar situation as in the NMSSM and small/moderate values
of tan B, | Ty, |, and soft stop masses, as shown in Table 1, are
necessary to obtain through loop effects the correct SM-like
Higgs mass [50,52-54]. Given the range of soft stop masses
considered, we take the upper bound of —7,,; at 2 TeV to be
able to obtain in our moderate/large A limit the appropriate
mixing reproducing the SM-like Higgs mass. The parameter
T). is relevant to obtain the correct values of the off-diagonal
terms of the mass matrix mixing the right sneutrinos with
Higgses, and we choose an appropriate range for that task.
Concerning tan B, we consider a range of possible values
that are simultaneously compatible with Higgs physics and
the stop as LSP. The ranges of vy 3 and Y, are natural in
the context of the EW scale seesaw of the uvSSM [13-15].
Finally, we choose the range of M such that the lightest bino
is heavier than the stop LSP.

Other benchmark parameters relevant for Higgs physics
are fixed to appropriate values, as shown in Table 2. To
ensure that chargino is heavier than stop, the lower value
of X\ forces us to choose a large value for vg in order to
obtain a large enough value of i (see Eq. (4)). Thus we
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Table 1 Range of low-energy values of the input parameters that are
varied in the two scans. The VEVs v; and the soft SUSY-breaking
parameters mg, , Miizg, Tuy, T), and My are given in GeV. Relations
v3 = 1.8vy and ¥,, = 1.8Y,, are used

Scan 1 Scan 2

mg,, € (200, 1200) mi;, € (200, 1200)

—T,, € (0,2000)
Y,, € (1078,107%)
vio € (1075,1073)
M € (1500, 2500)
T; € (0.5, 2000)

1 €(0.3,0.7)

tan 8 € (1, 20)

Table 2 Low-energy values of the input parameters that are fixed in
the two scans. The VEV v and the soft trilinear parameters, soft wino
and gluino masses and soft scalar masses are given in GeV

Scan 1 Scan 2

Mz = 2000 mg, = 2000
k=0.5

—T, =300

Yy, = 1078

V2vg = 3500

M, =2000, M3 =2700

Mg, ,, =M og =M 5538 = 2000
Tu, =Ty, =T, =0

Ty, =100, Tpy =40

=Ty ,5 = 107

choose v2vg = 3500 GeV implying a range for u €
(1575, 3675) GeV. The parameters « and T, are crucial to
determine the mass scale of the right sneutrinos. We choose
T, = —300 GeV to have heavy pseudoscalar RH sneutrinos
(of about 1255 GeV), and therefore the value of « has to
be large enough in order to avoid too light (even tachyonic)
scalar right sneutrinos. Choosing k = 0.5, we get masses
for the latter of about 1593 GeV. This value of « (and the
one chosen above for vg) also implies that the Majorana
mass is fixed to M = 1750 GeV. The values of the remain-
ing parameters shown in Table 2 concern slepton, squark
and gaugino masses, as well as quark and lepton trilinear
parameters, which are not specially relevant for our analy-
sis. The values for T, are chosen to obtain left sneutrinos
heavier than the stop LSP (see the discussion about their
masses in Refs. [13—15,50]). They are reasonable within the
supergravity framework, where the trilinear parameters are
proportional to the corresponding Yukawa couplings, i.e. in
this case T,, = A,,Y,, implying —A,, € (555, 10%) GeV. In

a similar way, the values of T, and T,, have been chosen
taking into account the corresponding Yukawa couplings.

However, as we will see in the next section, the comparison
of the results of the scans above with LHC data [31,35,36]
discussed in Sect. 3.2, implies that all points found compati-
ble with the experimental constraints of Sect. 4.1, turn out to
be excluded. Given this strong constraint, we explored a big-
ger mass range for the stop in order to obtain points allowed
by LHC data. To carry out this analysis we used the follow-
ing strategy. We combined the previous scans of the relevant
parameters, with a subsequent intelligent search to increase
the number of points obtained. For this purpose, we took
advantage again that the parameters controlling neutrino and
Higgs physics are basically decoupled. Thus, we chose first
several starting points for the analysis with fixed values of the
parameters allowing to fulfill neutrino physics, i.e. Y, vy,
vz and My, taking besides for these points Y, 5, v3, M3 as in
Tables 1 and 2. Then, we scanned over a subset of the param-
eters of Table 1 relevant for Higgs physics and left (right) stop
asthe LSP, by varying m DaL (my,z) and mg,, (m §3L) inanew
range of 900-2000 GeV, and 2000-3000 GeV, respectively,
and by extending the value of 7,,; up to —3000 GeV. For the
rest of the parameters of Table 1,i.e. A, T and tan 8, we chose
concrete appropriate values for each of the starting points of
the analysis. Additionally, in order to keep the stop as the
LSP, we modified in Table 2 the values of the parameters 7
and T,,. Thus, we used T, = —800 GeV to increase the mass
of pseudoscalar right sneutrinos, and 7, , ; = —107% GeV
to increase the masses of left sneutrinos and sleptons.

5 Results

Following the methods described in the previous sections, in
order to find regions consistent with experimental observa-
tions we performed scans, and our results are presented here.
To carry this analysis out, we selected first points from the
scans that lie within +30 of all neutrino physics observables
[29]. Second, we put £30 cuts from b — sy, By — utu~
and B; — '~ and require the points to satisfy also the
upper limits of 4 — ey and u — eee. In the third step,
we imposed that Higgs physics is realized. In particular,
we require that the p-value reported by HiggsSignals
be larger than 5%. Also, since we are interested in the left
stop as LSP or the right stop as LSP, of the allowed points
we selected those satisfying these conditions.

We show in Fig. 4 the proper decay length of the stop
LSP for the points of the parameter space fulfilling the above
experimental constraints. In the case of the right stop LSP,
there are light-green points with decay lengths between 6.8
and 3 m, and with the corresponding masses between 100 and
176 GeV. Following the discussion of Case (i) in Sect. 3.2,
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all these points with such low masses (and therefore with
large production cross sections) are excluded.

For the rest of the points in our scans, the decay lengths
are displaced and therefore we can apply for all of them
the LHC constraints discussed in Case (ii) of Sect. 3.2. In
Fig. 4, for the left stop LSP the light-green points correspond
to decay lengths between 48.9 mm and 1.24 mm with stop
masses between 111 and 1134 GeV. For the right stop LSP,
the light-green points have decay lengths as small as 5.9 mm
and masses as large as 1450 GeV. In Fig. 5, we show for
these points the sum of BRs for the decay of a stop LSP into
leptons (e, u or 7) and bottom quark with light-blue colors,
and neutrinos and top quark with light-red colors. As we
can see, for stop masses around the top mass the dominant
decay channel corresponds to £b, as can also be deduced
from Eqgs. (15) and (16). However, for larger masses left and
right stop behave in a different way. Whereas for the left
stop the BRs are of similar order, for the right stop the BR
to vt is much larger than the one to £b. The comparison of
these results with LHC data [31,35,36] discussed in Sect. 3.2,
implies that all points turn out to be excluded.

Dark-green points allowed by LHC data start to appear
for left (right) stop LSP masses of 1068 GeV (1341 GeV),
corresponding to a decay length of 1.86 mm (6.61 mm) as
shown in Fig. 4. The BRs for these points are also shown
in Fig. 5 with dark-red and dark-blue colors. For low stop
masses, the combination of the two decay channels discussed
in Fig. 3 takes account of almost the total decay amplitude of
the stop. However, when the mass of the stop approaches the
mass of the lightest higgsino, the decay 7 — htv, mediated
by an off-shell higgsino, has a non negligible contribution.
This effect can be observed in Fig. 5 for masses larger than
about 1600 GeV, where the shown branching fractions no
longer combine to give 1. No visible signal associated to
this decay is possible, since the production cross section is
too small. On the other hand, as can be seen in Fig. 4 the
value of ¢t decreases with increasing values of the stop mass.
Therefore, for sufficiently heavy masses, the stop becomes
short lived. However, this happens for stop masses above the
lower limit of 1300 GeV (1500 GeV) obtained by prompt
stop [40-42] (scalar leptoquark [37-39]) searches, discussed
in Case (iii) of Sect. 3.2. Thus, we do not expect prompt
searches to constrain the stop as LSP in the uvSSM.

The HL-LHC is expected to be sensitive to heavier stop
masses. For example, the search for promptly decaying top
squarks in the 77 — tt % % channel can discover (exclude)
stops up to masses of 1.25 (1.7) TeV with 3 ab~! for the mass-
less neutralino LSP [83]. As seen in Fig. 4, for these masses
the stops can still have a sizable decay length, and therefore
it would be better to relax the requirement for prompt decay.
In addition, the reconstruction of displaced decay vertices
may be useful to improve the sensitivity, as in the case of
metastable gluino searches [84,85]. For the 7 — £b channel,
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on the other hand, the leptoquark searches will again be use-
ful (with a relaxation of the prompt-decay requirement). For
example, the discovery reach of the search for leptoquarks in
the T7bb final state at the HL-LHC is ~ 1200 (1500) GeV
with the 300 fb~! (3 ab™1) [83]. We, however, recall that
the expected reach should be worse in our scenario as the
f — £b channel is always subdominant, as seen in Fig. 5.
Again, the reconstruction of displaced decay vertices may be
able to improve the discovery reach significantly. It is worth
noting that the detection of this decay channel strongly favors
our model against RPC SUSY scenarios such as the MSSM.
Of course, even when we discover the f — £b signature,
we still need further investigation to distinguish our model
from leptoquark models. We, however, point out that in usual
leptoquark scenarios, there is no reason for the leptoquarks
to be metastable (unless the relevant coupling is taken to be
extremely small by hand), while in our model a sizable decay
length of the top squark LSP is predicted. The reconstruction
of displaced decay vertices, therefore, provides an useful way
to discriminate our model against leptoquark models.

Let us finally remark that the use of other type of solu-
tions for neutrino physics different from the one presented
in Eq. (7), would not modify the results obtained. In particu-
lar, note that the CMS search [31] shows similar sensitivities
to the signals including the decay of the stop LSP to elec-
trons, muons or taus. Therefore, if we move to regions of the
parameter space with different solutions for neutrino physics,
which would imply different relative sizes of the partial decay
widths to leptons, the results will not be affected. In addition,
Fig. 5 shows that the two terms of Eq. (15) are balanced. If
a change of the type of neutrino solution results in one of
the decay channels being more dominant, the corresponding
process will be more excluded.

6 Conclusions

In the framework of the RPV pvSSM model, we analyzed
the signals expected at the LHC for a stop as the LSP. The
current experimental data on neutrino and Higgs physics, as
well as flavor observables such as B and u decays, were
imposed on the parameter space of the model. The stops are
pair produced, decaying with displaced vertices to a lepton
and a bottom quark or a neutrino and a top quark. In the
case of the left (right) stop LSP, the decay lengths can be as
large as 4.89 cm (680 cm) for masses as small as 111 GeV
(100 GeV). We compared the predictions of this scenario with
ATLAS and CMS searches for long-lived particles [30—42].
Our results translate into a lower limit on the mass of the left
(right) stop LSP of 1068 GeV (1341 GeV), corresponding to
a decay length of 1.86 mm (6.61 mm).

We expect that more parameter points will be explored at
the HL-LHC. The sensitivities of the stop searches may sig-
nificantly be improved if the search strategies are optimized
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for long-lived particles; for this purpose, a dedicated trigger
for long-lived particles may be useful [86]. As we have dis-
cussed above, O(1) mm displaced vertices associated with
the stop decay signatures (f — vt or f — £b) are the smok-
ing gun signals for the present scenario, and the discovery
of such a signature will strongly favor our model against the
RPC SUSY scenarios.
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A One up squark-two fermion-interactions

In this Appendix we write the relevant interactions for
our computation of the decays of the stop LSP, follow-
ing SARAH notation [57]. In particular, now a, b=1, 2,3
are family indexes, i, j, k are the indexes for the physical
states, and o, 8, y=1, 2, 3 are SU (3) ¢ indexes. The matrices
A UL # Ut 1, Uf pand UV diagonalize the mass matri-
ces of up squarks, down quarks, up quarks, charged fermions
(Ieptons, gauginos and higgsinos) and neutral fermions (LH
and RH neutrinos, gauginos and higgsinos), respectively.
More details about these matrices can be found in Appendix
B of Ref. [10]. Taking all this into account, in the basis of
4—component spinors with the projectors Py g=(1 F y5)/2,
the interactions for the mass eigenstates are as follows.

A.1. Up squark-down quark-lepton-interaction

iy
/
/
7 /
dia
€j
R]SZZ ZUR,aYdabPL
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A.2. Up squark-up quark-neutrino-interaction
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