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Abstract Assuming that the sbottom is the lightest super-
symmetric particle (LSP), we carry out an analysis of the
relevant signals expected at the LHC. The discussion is estab-
lished in the framework of the LvSSM, where the presence of
R-parity violating couplings involving right-handed neutri-
nos solves simultaneously the p-problem and the accommo-
dation of neutrino masses and mixing angles. The sbottoms
are pair produced at the LHC, decaying to a lepton and a top
quark or a neutrino and a bottom quark. The decays can be
prompt or displaced, depending on the regions of the param-
eter space of the model. We focus the analysis on the right
sbottom LSP, since the left sbottom is typically heavier than
the left stop because of the D-term contribution. We com-
pare the predictions of this scenario with ATLAS and CMS
searches for prompt and long-lived particles. To analyze the
parameter space we sample the uvSSM for a right sbottom
LSP, paying special attention to reproduce the current exper-
imental data on neutrino and Higgs physics, as well as flavor
observables. For displaced (prompt) decays, our results trans-
late into lower limits on the mass of the right sbottom LSP
of about 1041 GeV (1070 GeV). The largest possible value
found for the decay length is about 3.5 mm.
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1 Introduction

The ‘u from v” Supersymmetric Standard Model (wvSSM)
[1,2] (for a recent review, see Ref. [3]) is a predictive model
alternative to the Minimal Supersymmetric Standard Model
(MSSM) [4-8] and the Next-to-MSSM (NMSSM) [9,10]. It
solves the w-problem and the v-problem (neutrino masses)
simultaneously, without the need to introduce additional
energy scales beyond the supersymmetry (SUSY)-breaking
scale. In contrast to the MSSM, and the NMSSM, R-parity
and lepton number are not conserved, leading to a com-
pletely different phenomenology characterized by distinct
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 [11-17]. 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
[18-22], or the axino [23], 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#vSSM through electroweak (EW) baryogenesis [24]. The
EW sector of the nvSSM can also explain [15,16] the long-
standing discrepancy between the experimental result for the
anomalous magnetic moment of the muon [25,26] and its
SM prediction [271.1

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
mainly concentrated on the EW sector of the £ vSSM, analyz-
ing left sneutrinos, the right smuon and the bino as candidates
for the LSP [11-16]. More recently, the color sector of the
1 VvSSM has started to be analyzed. In particular, in Ref. [17]
the SUSY partners of the top quark as LSP candidates, i.e. the
left and right stops, were considered. The aim of this work
is to continue with the systematic analysis of the color sec-
tor of the vSSM, focusing now on the right sbottom as the
LSP. As we will discuss, although the left sbottom can also
be light, the D-term contribution makes the left stop lighter.

Thus, we will study the constraints on the parameter space
of the model by sampling it to get the right sbottom as the
LSP in a wide range of masses. We will pay special attention
to reproduce neutrino masses and mixing angles [28-33]. In
addition, we will impose on the resulting parameters agree-
ment 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 sbottom sectors. In Sect. 3,
we will introduce the phenomenology of the sbottom LSP,
studying its pair production channels at the LHC and its sig-
nals. The latter consist of displaced vertices with a lepton
and a top quark or a neutrino and a bottom 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 sce-
nario compatible with current experimental data on neutrino
and Higgs physics, as well as flavor observables such as B
and p 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 sbottom LSP based on
ATLAS and CMS results [34-37]. 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 sbottom LSP through the decoupling of the rest of the
SUSY spectrum.
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2 The uvSSM

In the pvSSM [1-3], the particle content of the MSSM is
extended by RH neutrino superfields b;. The simplest super-
potential of the model is the following [1,2,11]:

W = €ap (Ye,] HY LY & + vy, HY 00 dS + Y, HY O A;)
+en (Y HbLf“C—A 1P A4 +1K pepepe
ab Vij u 3 ijkVi Yk

ey

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:

—Lsoft = €ab (Te,j Hd L;L JjR + Ta'” Ha’ QzL JjR
Ty; H Q?Lﬁ*R +h.c. )

Fean (Tv” HY LY, Vg — T, i HYH?

3 1eije ViRViRVKR -C.
+m2~ é’a*éa —I—m% g
0ijL iL*jL ujjR"iR JR
TaxTa
LirL5p

2
m~
+ dijr

didjr + m%ijL
+m ViRVir +mE e
+myy, HY*HY +m3, HY HY
+% (M3§§+M2VT/VT/+M1 §°§°+h.c.). )

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 D; g
acquire a vacuum expectation value (VEV). With the choice
of CP conservation, they develop real VEVs denoted by:

HY =L (HY =L
( d> \/z’ < u> ﬁ’
@ip) = =R @) = HE 3)
iR =" V=5

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 [1,2,11]. Since V;g are gauge-singlet fields, the
p-problem can be solved in total analogy to the NMSSM
through the presence in the superpotential (1) of the trilin-
ear terms A; f)f ﬁu I:Id. Then, the value of the effective -
parameter is given by 1 = A;vigr/+/2. These trilinear terms
also relate the origin of the p-term to the origin of neutrino
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masses and mixing angles, since neutrino Yukawa couplings
Yy, H, L; 9;.‘ are present in the superpotential generating
Dirac masses for neutrinos, mp,; = Y, vi; Vu / V2. Remarkably,
in the nvSSM it is possible to accommodate neutrino masses
and mixings in agreement with experiments [28-31] via an
EW seesaw mechanism dynamically generated during the
EW symmetry breaking [1,2,38—42]. The latter takes place
through the couplings «jxf f);fﬁ,i, giving rise to effective
Majorana masses for RH neutrinos M;; = 2Kijkka/J§.
Actually, this is possible at tree level even with diagonal
Yukawa couplings [38,40]. It is worth noticing here that the
neutrino Yukawas discussed above also generate the effec-
tive bilinear terms u; H, L; with p; = Yy vjr/~/2, used in
the bilinear RPV model (BRPV) [43].

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 sbottom sectors are relevant for
our analysis in order to reproduce neutrino and Higgs data,
and to obtain in the spectrum a sbottom as the LSP. In par-
ticular, neutrino and Higgs sectors were discussed in Refs.
[14-16,44], and we refer the reader to those works for details,
although we will summarize the results below. First, we dis-
cuss here several 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 intergen-
erational scalar mixing (see e.g. Ref. [45]), from the eight
minimization conditions with respect to vy, vy, v;g and v;p,
to facilitate the computation we prefer to eliminate the soft
masses m%,d, m%{u, m%iR and mZZ,-L in favor of the VEVs.
Also, we assume for simplicity in what follows the flavour-
independent couplings and VEVs A; = A, kjjx = «6;;0 i,
and v;g = vg. Then, the higgsino mass parameter u, bilin-
ear couplings p; and Dirac and Majorana masses discussed
above are given by:

UR UR

V2 V2

UR

M =2k 7 “)
where we have already used the possibility of having diagonal
neutrino Yukawa couplings Y, =Yy d;j in the LvSSM in
order to reproduce neutrino physics.

n =3 Wi =Yy mp, =Y,

<
SIS

2.1 The neutrino sector

For light neutrinos, under the above assumptions, one can
obtain the following simplified formula for the effective mass
matrix [40]:

mp,mp;

3IM

ViLV;L

(1=38)) — =57

(my);j ~

’

1 ” 2
2, 8
M M, 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 fla-
vor composition (v;y,, EO, VT’O, ﬁ‘?, ﬁb(,), v;ir). The first two
terms in Eq. (5) are generated through the mixing of v;y,
with v; g-Higgsinos, and the third one also include the mix-
ing with the gauginos. These are the so-called vg-Higgsino
seesaw and gaugino seesaw, respectively [40]. 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:

Yv,-, ViL, er M2 (6)

Note that this EW scale seesaw implies Y,;, < 10~° driving
v; 1 to small values because of the proportional contributions
to Y,, 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. [14]. In
our analysis we will use the so-called type 2 solutions, which
have the structure

M >0, withY,, <Y, <Y, andvyy <vor ~v3r, (7)

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, v31,
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 that ¥,, < Y,, and vi; < var, V3L,
with both 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 var, ~ v3r. In Ref. [14], a quantitative analysis
of the neutrino sector was carried out, with the result that
the hierarchy qualitatively discussed above for Yukawas and
VEVs works properly. See in particular Fig. 4 of Ref. [14],
where dm? = m% — m% versus Y,, and v;, is shown for the
scans carried out in that work, using the results for normal
ordering from Ref. [33].

We will argue in Sect. 5 that the other two type of solutions
of normal ordering for neutrino physics are not going to mod-
ify our results. The same conclusion is obtained in the case
of working with the inverted ordering for the neutrino mass
spectrum. The structure of the solutions is more involved for
this case, because the two heaviest eigenstates are close in

@ Springer
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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 balance between the
contributions of vg-higgsino and gaugino 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 ¥,, ~ Y,, < Y,
andvlL < V2 ™~ UV3L.

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?, H,? , ViR, Vir). Neverthe-
less, the left sneutrinos are basically decoupled from the other
states, since the off-diagonal terms of the mass matrix are sup-
pressed by the small Y, ; and v; . Unlike the latter states, the
other neutral scalars can be substantially mixed. Neglecting
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 [2]:

m% ~ ;712Z (0052 28 4+ 10.9 A2 sin? 2,3) , 3

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 sneu-
trinos. The one-loop corrections are basically determined by
the third-generation soft SUSY-breaking parameters mg;,
mg,, and T,; (where we have assumed for simplicity that
for all soft trilinear parameters 7;; = 7;;;). These three
parameters together with the coupling A and tan 8, are the cru-
cial ones for Higgs physics. Their values can ensure that the
model contains a scalar boson with amass around ~ 125 GeV
and properties similar to the ones of the SM Higgs boson
[44,46-48].

In addition, «, vg and the trilinear parameter 7, in the soft
Lagrangian (2), are the key ingredients to determine the mass
scale of the right sneutrinos [2,38]. Forexample, for A < 0.01
they are basically free from any doublet admixture, and using
their minimization equations in the scalar potential the scalar
and pseudoscalar masses can be approximated respectively
by [11,49]:

UR UR UR
mie ~ — (TK + 5 4K2) , mgﬁ ~—7 3. (9
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
discussed in detail in Ref. [44]. We conclude that the rele-

@ Springer

vant parameters in the Higgs (-right sneutrino) sector are:
A" K, tanﬁ, UR, TK: T)\,a Tu37 mg}R? mé:&L‘ (10)

Note that the most crucial parameters for the neutrino sec-
tor (6) are basically decoupled from these parameters control-
ling Higgs physics. This simplifies the analysis of the param-
eter space of the model, as will be discussed in Sect.4.2.

2.3 The sbottom sector

The mass matrix of the sbottoms includes new terms with
respect to the one of the MSSM [2,11], similar to other
squarks in the uvSSM. However, these terms are negligi-
ble given that they are proportional to the small parameters
v;1. Thus, the sbottom eigenstates of the nvSSM coincide
basically with those of the MSSM, and one has the following
tree-level mass matrix in the flavor basis (ZL, ER):
5 m% +m% + AEL mpXp
031 ) 5 ~ 1, (11D
( "M AdR)

m~ —=

b mpXp
where m, is the bottom-quark mass, AgL,R denote the D-
term contributions

~ o1 1 4
Adp = —m7y 5 3sm Ow | cos2p,

~ 1
Adp = —gm% sin? Ow cos 28, (12)

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

Ty,
Xp = — — utan B. (13)
Yu,
As can easily be deduced from Eq. (11), the physical sbot-
tom masses are controlled mainly by the value of the soft
SUSY-breaking parameters:

mén’ mst’ Td3‘ (14)

However, the trilinear parameter is typically less relevant than
the two mass parameters because it contributes to sbottom
masses through the mixing term, which is suppressed by the
bottom-quark mass. Playing with the values of these param-
eters, it is straightforward to obtain the lightest eigenvalue
dominated either by the left sbottom composition (by) or by
the right sbottom composition (bg). Note that in the case of
the lightest sbottom mainly by, a small value of the common
soft mass m 5, makes 11 slightly lighter than ZL at tree level
due to the D-term contribution, m%L = m% + m%,[, cos2p
with cos 28 < 0. Thus, in what follows we Véill focus on the
right sbottom LSP, for which a low value of m - is crucial.

In our analysis of Sect.5, we will sample the relevant
parameter space of the wvSSM, which contains the inde-
pendent parameters determining neutrino and Higgs physics
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Fig. 1 Dominant decay channels in the #£vSSM for a sbottom LSP.

(left) Decay to top quark and leptons; (right) Decay to bottom quark
and neutrinos

in Egs. (6) and (10). Nevertheless, the parameters for neu-
trino physics Y,,, v;1,, M| and M, are essentially decoupled
from the parameters controlling Higgs physics. Thus, for a
suitable choice of the former parameters reproducing neu-
trino physics, there is still enough freedom to reproduce in
addition Higgs data by playing with A, «k, vg, tan 8, Ty,
etc., as shown in Refs. [14-16]. As a consequence, we will
not need to scan over most of the latter parameters, relax-
ing our computing task. For this task we have employed the
Multinest [50] algorithm as optimizer. To compute the
spectrum and the observables we have used SARAH [51] to
generate a SPheno [52,53] version for the model.

3 Sbottom LSP phenomenology

The production of sbottoms at colliders is dominated by QCD
processes, since the RPV contributions to their production are
strongly suppressed in the wvSSM. 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 [54—57] to calculate the number of sbottom
pair events produced. In particular, for our range of interest
of sbottom masses between about 200 GeV and 2000 GeV,
the production cross section is in the range between 74.4 pb
and 2x 107> pb.

3.1 Decay modes

There are two dominant channels for the decay of the right
sbottom LSP to standard model particles. Similarly to the
stop LSP case [17], the sbottom LSP mainly decays to a
quark and a lepton/neutrino. In the case of the decay to quark
and leptons, the dominant contribution arises from the top
quark, while for the decay to quark and neutrinos it arises
from the bottom quark. Both cases are shown in Fig. 1.

The relevant interactions for our analysis are given in
Appendix A. There, one can identify the most important con-
tributions for the decays. In particular, the relevant diagram
shown in Fig. 1 left corresponds to the second term multi-
plying the projector Pg in Eq. (A.1.1). Thus it occurs mainly
through the Yukawa coupling Y}, of b with ¢ and charged hig-

gsinos, via the mixing between the latter and £. The diagram
in Fig. 1 right corresponds to the second term multiplying the
projector Py, (and the first term multiplying the projector Pg)
in Eq. (A.2.1). It occurs through the gauge coupling g’ of b
with b and neutral bino (Yukawa coupling Y}, of b with b and
neutral higgsinos), via the mixing between bino (higgsinos)
and v.

In the case of (pure) right sbottom LSP, the values of the
partial decay widths can be approximated, as:

N (m2—m2? (2
F(Gg — 16) ~ ——— <Y;,ﬂ> :
167Tm]7 7

ZF(bR S by ~ %Z

2
2 2
(Peut) + (i) as)

As discussed in Appendix A, U" is the matrix which diag-
onalizes the mass matrix for the neutral fermions, and the
above entries U, 4 and Ul.‘g, corresponding to the mixing
between neutrinos and bino and neutrinos and neutral hig-
gsino HY, respectively, can be approximated as

g Z :’;ﬁ II;MNS’ U,-Z Z \/7» Ul};MNS’ (16)
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: Zl% ~ 1
(pure right sbottom), Uf,33 ~ 1 and U;‘g’33 ~ 1 (pure LH
and RH bottom quarks), Uy 33 ~ 1 (pure LH top quark),
U;,js ~ ;/p. In addition, we use mj > my, my. Let
us remark nevertheless that the results of Sect.5 have been
obtained using the full tree-level numerical computation of
decay widths implemented in SPheno, taking also into
account the small contamination between left and right sbot-
toms, |Z 2. Loop corrections for sbottom decays are negli-
gible since the dominant ones are two body decays. We have
checked it numerically.

As can be easily deduced from Eq. (15), the decay width of
by to leptons is smaller than the one to neutrinos for sbottom
masses close to the top mass. This is qualitatively different
from the case of the stop LSP, where the decay width to
leptons is larger that the one to neutrinos for stop masses
close to the top mass, as can be seen in Fig. 5 of Ref. [17]. In
our computation we will use a lower bound for the sbottom
mass of 200 GeV.

3.2 LHC searches

The event topologies originated from the sbottom LSP decay-
ing as described in Sect. 3.1 will produce signals at hadron

@ Springer
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colliders detectable with diverse LHC searches. As it is
shown in Fig. 1, the possible decays include: the production
of a lepton (e,  or 7) and a top quark or the production of a
neutrino and a bottom quark. Consequently, the production of
a pair of sbottoms will lead to events of the form: ttll, bbvv
or tbvl. In addition, the decay length of the sbottom LSP
ranges from sub-mm scale up to ~ 30 mm. Therefore, there
are different LHC searches that will have the highest sensi-
tivity for each case. We will classify the signals according to
the lifetime scale and apply to each one different searches.

Case (i) Non-prompt jets

The timing capabilities of the CMS electromagnetic
calorimeter allow to discriminate jets arriving at times sig-
nificantly larger than the traveling times expected for light
hadrons, which are moving at velocities close to the speed
of light. This time delay can be associated with two effects:
First, the larger indirect path formed by the initial trajectory
of a long-lived particle plus the subsequent trajectories of
the child particles. Secondly, the slower velocity of the long-
lived particle due to the high mass compared to light hadrons.
Such analysis is performed by the CMS collaboration in the
work [34] in the context of long-lived gluinos decaying to
gluons and stable gravitinos, excluding gluinos with masses
of ~ 2500 GeV for lifetimes of ~ 1 m.

The case where the sbottom LSP decays producing a neu-
trino and a bottom quark with proper decay lengths above
~ 30 cm will produce a signal similar to the one analyzed in
[34]. For each point analyzed in this search we compare the
95% observed upper limit on cross section, corresponding
to the signal of two delayed jets for a given parent particle
mass and ct, with the prediction of the signal cross section
calculated as o (pp — bb*) x BR(b — bv)?.

Case (ii) Displaced vertices

For shorter lifetimes, one can confront the points of the
model with the limits from events with displaced vertices
including jets. The ATLAS search [35] targets final states
with at least one displaced vertex (DV) with a high recon-
structed mass and a large track multiplicity in events with
large missing transverse momentum. The search originally
targets long-lived massive particles with lifetimes in the
range 1-100mm. Thus, this search can be sensitive to the
sbottom LSP when c7 is in this range. However, the sig-
nal topologies analyzed in the search do not match the ones
originated from the decays shown in Fig. 1.

To have a reasonable estimate of the exclusion power of
this search, we use a recast version of the analysis within
CheckMATE-LLP [58]. CheckMATE [59,60] is a univer-
sal tool for the recasting of LHC searches in the context of
arbitrary new physics models. It uses the fast detector sim-
ulation framework Delphes [61] with customized ATLAS
detector card and additional built-in tuning for a more accu-

@ Springer

rate reproduction of experimental efficiencies. The validation
of the recasted search is discussed in [58]. We generate signal
Monte Carlo (MC) samples of sbottom pair production with
MadGraph5_aMC@NLO-v3.4.2 [62-64] at leading order
(LO). The hard event corresponds to tree-level production
of sbottom pairs and includes the emission of up to two addi-
tional partons, the NNPDF23LO [65,66] PDF set is used.
Simulated signal events were passed to Pythia-8.306 [67] for
parton showering (PS) and hadronization. Jet matching and
merging to parton-shower calculations is accomplished by
the MLM algorithm [68]. Sbottom pair-production nominal
cross sections are derived at NNLO+NNLL using NNLL-
fast-3.0 [54-57]. Finally, we process the events generated
trough CheckMATE. The results are used to calculate the
efficiency (¢) of the search, defined as the number of events
predicted in the signal region divided by the total number
generated events.

We generate samples for values of the mass equal to
[250, 500, 750, 1000, 1500, 2000] GeV, ct equal to [1, 3, 5,
10, 15, 20, 40, 60] mm and for all of the different combina-
tions of decays shown in Fig. 1, and calculate € for each case.
For each point tested in this work, we calculate the € inter-
polating from each channel and value of mass and ct, within
the set of € obtained as described above.

Finally, the point is considered excluded if the total num-
ber of events predicted in the signal region of the search [35],
calculated as the sum of £ X o (pp — 155*) X BRchannel X
€channel Over all channels, is greater than the 95% upper
limit on signal events, which correspond to approximately
3 events.

Case (iii) Prompt and nearly-prompt b-jets

If the proper decay length of the sbottom LSP is suffi-
ciently short, the LHC searches designed to look for b-tagged
jets originated from the decay of short-lived particles will be
sensitive to the sbottom signal.

The ATLAS collaboration has shown, in a reanalysis of a
selection of searches targeting RPV and RPC SUSY models
[69], that the impact of the parent particle lifetime over the
distribution of the observables used as discriminants in the
searches for b-jets+missing transverse energy (MET) [70],
such as the number of jets, the missing transverse energy
(MET), or the effective mass (meff), is unaffected for val-
ues of ct < 3 mm. Moreover, the b-tagging efficiency is
improved for decay lengths of the order of millimeters. The
same considerations can be made for the ATLAS search
for sbottoms in events with b-jets+MET [36]. However,
this search includes an additional restriction with respect to
[70]: Jet candidates are reconstructed from charged-particle
tracks matched to the hard-scatter vertex with the require-
ment |zgsinf| < 2.0 mm, where zq is their longitudinal
impact parameter. To check the compatibility of the signal
of the decay of the sbottom LSP with this requirement, we
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Fig. 2 Distribution of the impact parameter of charged tracks for sim-
ulated events

have generated events corresponding to a pair of 1000 GeV
sbottoms decaying to bottom quarks and neutrinos, with dif-
ferent values of ct. In Fig. 2 we show the distribution of
|zo sin @] of the charged tracks at truth level. For values of
¢t = 1 mm, more than 90% of the charged tracks satisfy the
requirement. A conservative estimate of the sensitivity of this
search to slightly displaced sbottoms can be obtained apply-
ing the limits from this search only to points where ct < 1
mm.?

We test the points where the sbottom satisfies the require-
ment on ¢t by comparing the 95% observed cross-section
upper limit, corresponding to sbottom pair production decay-
ing to bottom quarks plus massless neutralinos, in the search
[36] with the prediction of the signal cross section, calculated
as o (pp — bb*) x BR(b — bv)2.

Some of the points explored in this work, with masses
between 200 GeV and 400 GeV fall outside of the range
of masses analyzed in the ATLAS search [36]. An alterna-
tive ATLAS search for sbottoms in final states with MET
and two b-jets, made with data of accumulated 20.1 fb~!
of pp collisions at /s = 8 TeV [37], is sensitive to masses
between 100 and 800 GeV. Thus, complementing the previ-
ous constraints over higher sbottom masses. We assume that
the same considerations made about the impact of the par-
ent particle lifetime over the kinematic observables based on
hadronic activity still hold for this ATLAS analysis. There is
an additional requirement, that all jets with pr < 50 GeV
and |n| < 2.5 are required to have at least one track identi-
fied as coming from the primary vertex, otherwise the event

2 A small set of points with masses ~ 830 GeV and ct € [1.01 —1.03]
mm cannot be excluded by any of the other strategies defined in this

section. For those points, we multiply the result by a factor e = 1 —

— V2x1 mm
e ctBy

to account for the restriction of only counting the events were
the sbottom LSP decays withing 1 mm of the production point.

is discarded. We expect this requirement to not be sensitive
to the jets originated from sbottom LSP decays, since their
decays are 2-body processes to 2 nearly massless particles
which will carry an energy ~ mj /2, much larger than the 50
GeV threshold.

We check those points comparing the prediction of the sig-
nal cross section, calculated as o (pp — bb*) x BR(b —
bv)z, with the 95% observed cross section upper limit, cor-
responding to sbottom pair production decaying to bottom
quarks plus massless neutralinos.

Finally, is worth noting that there are LHC searches look-
ing for events with displaced leptons that can be sensitive to
the leptons produced in the decay of a long-lived sbottom
LSP. That is the case of the ATLAS search for displaced lep-
tons [71], whose main discriminant is the presence of leptonic
tracks with an impact parameter greater than 3 mm. There are
other LHC searches that look for displaced signals including
leptons, but they target topologies which do not match the
decays of the sbottom LSP. We have tested the sensitivity of
the search for displaced leptons trough a recasting strategy
similarly to the case of displaced vertices and we found that
no additional point is excluded.

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 sbottom is the
LSP. In addition, we have demanded the compatibility with
some flavor observables, such as B and w decays. To this
end, we have performed scans on the parameter space of the
model, with the input parameters optimally chosen.

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. [31], selecting points from
the scan that lie within +30 of all neutrino observables.
On the viable obtained points we have imposed the cos-
mological upper bound on the sum of the masses of the
light active neutrinos given by Y m,, < 0.12 eV [72].

e Higgs observables The Higgs sector of the uvSSM is
extended with respect to the (N)MSSM. For constrain-
ing the predictions in that sector of the model, we
have interfaced HiggsBounds v5.10.2 [73-78] with
Multinest, using a conservative 3 GeV theoretical
uncertainty on the SM-like Higgs boson in the uvSSM

@ Springer
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as obtained with SPheno. Also, in order to address
whether a given Higgs scalar of the nvSSM is in agree-
ment with the signal observed by ATLAS and CMS,
we have interfaced HiggsSignals v2.6.2 [79,80]
with Multinest. Our requirement is that the p-value
reported by HiggsSignals be larger than 2%, which
is equivalent to impose x> < 159 for the 111 relevant
degrees of freedom taken into account in our numerical
calculation. It is worth noting here that HiggsTools
[81] was released a year ago, including exotic final
states or scalar searches that do not explicitly target
Higgs bosons. The inclusion of these computations is not
expected to change our current results, thus the imple-
mentation of HiggsTools is left for future works.

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
experimental value of BR(b — sy) = (3.55 £ 0.24) x
10~* provided in Ref. [82]. Similarly to the previous
process, By — uTu~ and B; — utu” occur radia-
tively. We have used the combined results of LHCb and
CMS [83], BR(B; — utp™) = (2.940.7) x 1072 and
BR(By — ntpu™)=(3.6+£1.6) x 10719 We put £30
cuts from b — sy, By — uwTpu~ and By — putu,
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 [84].

e i — ey and u — eee We have also included in our
analysis the constraints from BR(u — ey) < 4.2 x
10713 [85] and BR(u — eee) < 1.0 x 10712 [86], 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, assum-
ing universal gaugino and sfermion masses at the GUT
scale and electron sneutrino mass larger than 300 GeV
[87]. 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 [88]. LHC limits can
be stronger but for very specific mass relations [89-92].
Although in our framework there is RPV and therefore
these constraints do not apply automatically, we typically
choose in our analyses of the ;£vSSM a conservative limit
of m 7= > 92 GeV. However, since in this work we are
analysing the sbottom as the LSP, the chargino mass is
always well above the mentioned bound.

e Electroweak precision measurements There have been
recently several improvements in EW measurements
such as My, g — 2, S, T, U, etc. (see e.g. Refs. [93—
95]). Thus the confrontation of the theory predictions and
experimental results might be timely for SUSY models.
However, in our framework electroweak precision mea-
surements are not given significant contributions. This is

@ Springer

Table 1 Pair of low-energy values of the input parameters A and tan
determining the eight scans carried out. For all the cases, the input
parameters Ty, mg,, are varied in the ranges shown in Egs. (17), (18),
and v;, Y, in the ranges shown in Table 3

A 015 020 025 030 035 040 045 0.50

tang 9.5 7.5 45 3.0 2.8 2.4 2.0 1.6

Table 2 Low-energy values of the input parameters that are fixed in the
eight scans of Table 1, with the VEVs vg and the soft SUSY-breaking
parameters given in GeV

Kk =0.6

—T, = 1000

T, = 1500

vg = 3600

Meio3r =My g =M 03, = Mili23r = 2000
Tayy =Teyp = Tuy, =0

T4, =100, T,, =40

—T,,5 =001

M, = 2400, M, = 2000, M3 = 2700

because the SUSY mass spectrum turns out to be above
1.1 TeV, where the latter value is the lower bound that we
obtain in Sect. 5 for the mass of the sbottom LSP.

4.2 Parameter analysis

The parameters A and tan 8 are crucial for our analysis.
First, they contribute to reproduce Higgs data, as discussed in
Sect.2.2. Second, they determine the values of the sbottom
decay widths, which depend on the higgsino mass param-
eter 1 and the bottom Yukawa coupling Y} (15). Note in
this sense that A contributes to  (see Eq. (4)), and that Y},
increases with tan 8. As it is shown in Table 1, we chose a
range of moderate/large values of A € (0.15, 0.50), thus we
are in a similar situation as in the NMSSM (see Ref. [96]
and references therein) and small/moderate values of tan 3,
|71, and soft stop masses are necessary to obtain through
loop effects the correct SM-like Higgs mass [44,46—48]. In
particular, the corresponding values of tan 8 are also shown
in Table 1, it is sufficient for our analysis to fix mg., and
my,, to a reasonable value of 2000 GeV, as can be seen in
Table 2, and finally for all the cases we scanned over the
low-energy values of T, in the range:

— T,y = 900 — 4000 GeV. (17)

It is worth noting here that the entire mass spectrum has
been obtained using the full one-loop numerical computation
implemented in SPheno.
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Table 3 Range of low-energy values of the input parameters related to
neutrino physics that are varied in the eight scans of Table 1, with the
VEVs v;, given in GeV

viL € (6.3 x 1075,3.1 x 107%)
var € (1.2 x 1074,7.9 x 107%)
v3z € (2.5 x 1074,1.0 x 1073)
Yy, € 3.1 %1077, 1.0 x 1079)
Yy, € (12 x 1075,6.3 x 1079)
Yy € (1.5 % 107%,6.3 x 1078)

In Table 2, we also show the low-energy values of other
input parameters. Reproducing Higgs data requires suitable
additional parameters such as «, vg, Ti, Ty (see Eq. (10)).
Thus, we fixed to appropriate values 7), which is relevant
for obtaining the correct values of the off-diagonal terms of
the mass matrix mixing the right sneutrinos with Higgses,
and «, T, vg which basically control the right sneutrino
sector. To ensure that chargino is heavier than sbottom, the
lower value of A forces us to choose a large value for vg in
order to obtain a large enough value of i (see Eq. (4)). The
parameters « and 7, are crucial to determine the mass scale
of the right sneutrinos. We choose the value of —T7) to have
heavy pseudoscalar right sneutrinos, and therefore the value
of k has to be large enough in order to avoid too light (even
tachyonic) scalar right sneutrinos. Working with the values of
A of Table 1, we can keep perturbativity up to an intermediate
scale of new physics around 10!! GeV, as discussed in detail
in Ref. [44].

The values of other parameters shown in Table 2 con-
cern slepton, squark and gluino masses, as well as quark
and lepton trilinear parameters, which are not specially rele-
vant for our analysis. The values chosen for the latter are
reasonable within the supergravity framework, where the
trilinear parameters are proportional to the corresponding
Yukawa couplings. Concerning neutrino physics, as dis-
cussed in Sect. 2.1 the most crucial parameters (6) are basi-
cally decoupled from those controlling Higgs physics (10).
Thus, for the concrete values of A, k, tan 3, vg, etc., chosen to
reproduce Higgs data, there is still enough freedom to repro-
duce in addition neutrino data by playing with appropriate
values of My, M> and Y,,, v;z, as shown in the last row of
Table 2, and in Table 3.

Finally, the soft mass of the right sbottom, m dir> is obvi-
ously a crucial parameter in our analysis, since it controls the
physical sbottom mass, as discussed in Sect.2.3. Thus, for
obtaining a right sbottom LSP we scanned this parameter in
the low-energy range:

mg, . = 200 — 2000 GeV. (18)

Summarizing, we performed eight scans over the 8 param-
etersmy, ., Tus, Vi and Y,, corresponding to the pair of val-
ues (A, tan 8) shown in Table 1.

e A=0.50,tanf=1.6
e A=0.45tanf=2.0
e A=0.40,tanf=2.4

: R

T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Mp,

A=0.35,tanf=2.8
3.5 1 A=0.30, tanB = 3.0

¢ A=0.25tanB=4.5
301 ® A=0.20,tanB=7.5
251 O A=0.15,tanf=9.5
€
2.0
E
~
U 15
1.0 1

N —

200 400 600 800 1000 1200 1400 1600 1800 2000
Mp,

Fig. 3 Proper decay length ctj;, versus the right sbottom mass
my, [GeV], corresponding to the scans discussed in Sect.4.2 with
A =0.15,0.20, 0.25, 0.30, 0.35 (lower plot) and A = 0.40, 0.45, 0.50
(upper plot). All points fulfill the experimental constraints discussed in
Sect.4.1. (Light) Dark points (do not) fulfill the LHC constraints

5 Results

Following the methods described in the previous sections, in
order to find regions consistent with experimental observa-
tions we performed scans of the parameter space, 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 [31]. Second, we put +30 cuts
from b — sy, By — utu~ and B; — utpu~ and require
the points to satisfy also the upper limits of © — 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 2%. Also, since we are
interested in the right sbottom as LSP, of the allowed points
we selected those satisfying this condition.

We show in Fig. 3 the proper decay length of the right sbot-
tom LSP for the points of the parameter space studied ful-
filling the above experimental constraints. As expected, for
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Fig. 4 Points of Fig. 3 but showing for them the sum of branching ratios of right sbottom LSP decaying to #¢ (lower plots) and bv (upper plots)
versus the right sbottom mass mp, [GeV]. (Light) Dark points (do not) fulfill the LHC constraints

a fixed value of A the decay length increases with decreasing
sbottom mass. On the other hand, the decay length depends
strongly on A (and tang). In particular, for a fixed sbottom
mass ct increases with increasing A. This is because A con-
tributes to u and therefore the total decay width (see Eq. (15))
decreases with increasing A, as discussed in Sect.4.2. This
dependence becomes relevant when applying the LHC con-
straints discussed in Sect.3.2. For A = 0.15, 0.20 all points
of our scan have prompt decays since ct < 1 mm, whereas
for A = 0.25-0.4 there are also points with displaced decays,
depending on the value of mj, . As shown in the upper plot
of the figure, all points with 1 = 0.45, 0.50 have displaced
decays.

As can be seen from Fig. 3, for the cases A = 0.25-0.50
the maximum value of the sbottom mass as LSP is ~ 1900
GeV for the chosen scan range in Eq. (18). The slight shift
in the upper bound is because for masses close to 2000 GeV
the impact of tan f in the stop mass is relevant. In particular,
when increasing A smaller values of tan B are necessary to
reproduce the Higgs mass implying in turn smaller values for

@ Springer

the stop mass, resulting at the end of the day in a stop LSP. On
the other hand, for A = 0.15, 0.20, the maximum values of
the sbottom LSP masses are ~ 1200, 1500 GeV, respectively.
This is because for these masses and values of A and vg the
parameter becomes sufficiently small as to give rise to neutral
higgsino LSPs. For A < 0.15 the neutral higgsino is the
LSP unless the sbottom is very light, and, as a consequence
experimentally excluded. Itis true that choosing larger values
of vg would allow larger higgsino masses, modifying this
lower bound for A. Nevertheless, given the contribution of
both parameters to w, this would be equivalent to increase A,
and, as will be clear from the discussion below, the relevant
lower bounds for the sbottom LSP mass found would not
change.

In Fig. 4, the branching ratios (BRs) of both decay modes
corresponding to each A are shown, i.e. sbottom LSP decay-
ing to atop and leptons (lower plots) and decaying to a bottom
and neutrinos (upper plots). First, we see that the BR of br
to leptons is smaller than the one to neutrinos for sbottom
masses close to the top mass. As discussed in Sect. 3.1, this
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is an obvious consequence of Eq. (15) for the partial decay
widths. Second, for a fixed my, the BR of ZR to leptons
(neutrinos) decrease (increase) with increasing (decreasing)
A. This is because the decay width to leptons is inversely pro-
portional to A, while the total decay width is slightly domi-
nated by the term proportional to Ui‘i in the decay width to
neutrinos. The latter occurs because even though neutrino-
higgsino mixing is slightly bigger than the neutrino-bino one,
the couplings multiplying them make ~/2g'U}Y, /3 > Y,UY.
In addition, this term makes that the decay width to neutrinos
slightly dominates with respect to the one to leptons. As can
be seen from Fig. 4, for each decay channel the variation of
BRs with A is less than 10%.

In these figures, for the points of our scans with displaced
decay lengths we applied the LHC constraints discussed in
Case (ii) of Sect. 3.2. As we can see from Fig. 3, ct is well
below 300mm for all points, therefore Case (i) is not used
to constrain any of them. For the points of our scans with
prompt decay lengths we applied the constraints discussed
in Case (iii). As a result of our analysis, points with dark
(light) colours in the figures are allowed (forbidden) by LHC
data. In particular, in the lower plot of Fig. 3 allowed (dark)
points start to appear for m b ~ 1070 GeV, corresponding
to prompt decay lengths of 0.97 mm for A = 0.35, 0.73 mm
for A = 0.30, 0.26 mm for A = 0.25, 0.06 mm for A = 0.20,
and 0.02 mm for A = 0.15. In the upper plot, for A = 0.40
the allowed points start to appear for m b 1041 GeV, cor-
responding to a decay length of 1.7 mm. For A = 0.45,
they appear for my A 1130 GeV, with decay length of
2.6 mm. Finally, in the case of A = 0.5, this happens
for mp =~ 1235 GeV, corresponding to a decay length of
3.5 mm. It is worth noting that for & = 0.40 the decay length
becomes smaller than 1 mm for masses m bp 1685 GeV,
so for the analysis we combined the constraints of Cases (ii)
and (iii).

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. This can
be understood from the summation over leptons present in
Eqgs. 15 and 16, since for the most restrictive searches, for
instance [35] [71], the results are independent of the lepton
family or integrate over it.

6 Conclusions

We analyzed the signals expected at the LHC for a right sbot-
tom LSP in the framework of the £vSSM, imposing on the
parameter space the experimental constraints on neutrino and
Higgs physics, as well as flavour observables such as B and
w decays. The sbottoms are pair produced and have two dif-
ferent decay channels producing a lepton and a top quark, or

aneutrino and a bottom quark. We studied these channels and
the corresponding decay length for different representative
values of the trilinear coupling A between right sneutrinos and
Higgses, comparing the predictions with ATLAS and CMS
results [34—-37]. As shown in Fig. 3, for A € (0.15—0.35) the
allowed points have prompt decays, and we obtained a lower
limit on the sbottom mass of about 1070 GeV. On the other
hand, for A € (0.40 —0.50) we found that the allowed points
have displaced decays, and a lower limit on the sbottom mass
of about 1041 GeV was obtained. The largest value for the
decay length found is about 3.5 mm.
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Appendix A: One down squark-two fermion—-interactions

In this Appendix we write the relevant interactions for our
computation of the decays of the sbottom LSP, following
SARAH notation [51]. In particular, now a,b = 1,2,3
are family indexes, i, j, k are the indexes for the physi-
cal states, and o, B8,y = 1, 2,3 are SU(3)¢ indexes. The
matrices ZP, U{ o, U ., Uf » and U" diagonalize the
mass matrices of down squarl’<s, down quarks, up quarks,
charged fermions (leptons, gauginos and higgsinos) and neu-
tral fermions (LH and RH neutrinos, gauginos and higgsi-
nos), respectively. More details about these matrices can
be found in Appendix B of Ref. [11]. Taking all this into
account, in the basis of 4—component spinors with the pro-
jectors Pr, g = (1 F ys5)/2, the interactions for the mass
eigenstates are as follows.
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A.1 Down squark - up quark - lepton interaction
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A.2 Down squark - down quark - neutrino interaction
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