PHYSICAL REVIEW D 99, 075014 (2019)

Same-sign trilepton signal for stop quark in the presence
of sneutrino dark matter

Dilip Kumar Ghosh”

Department of Theoretical Physics, Indian Association for the Cultivation of Science Jadavpur,
Kolkata 700 032, India

Katri Huitu" and Subhadeep Mondal*

Department of Physics, and Helsinki Institute of Physics, P. O. Box 64, FI-00014
University of Helsinki, Finland

Manimala Mitra®

Institute of Physics, Sachivalaya Marg, Bhubaneswar, Odisha 751005, India,
Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400085, India

® (Received 29 November 2018; published 15 April 2019)

We explore a minimal supersymmetric standard model scenario extended by one pair of gauge singlets
per generation. In the model, light neutrino masses and their mixings are generated via the inverse seesaw
mechanism. In such a scenario, a right-handed sneutrino can be the lightest supersymmetric particle and a
cold dark matter (DM) candidate. If the Casas-Ibarra parametrization is imposed on the Dirac neutrino
Yukawa coupling matrix (Y,) to fit the neutrino oscillation data, the resulting Y, is highly constrained from
the lepton-flavor-violating decay constraints. The smallness of Y, requires the sneutrino DM to
coannihilate with other sparticle(s) in order to satisfy the DM relic density constraint. We study sneutrino
coannihilation with winos and observe that this sneutrino-wino compressed parameter space gives rise to a
novel same-sign trilepton signal for the top squark, which is more effective than the conventional top squark
search channels in the present framework. We show that the choice of neutrino mass hierarchy strongly
affects the signal event rate, making it easier to probe the scenario with the inverted mass hierarchy.

DOI: 10.1103/PhysRevD.99.075014

I. INTRODUCTION

The existence of nonzero neutrino masses and mixings
[1,2] remains one of the greatest unsolved problems of
physics and one of the strongest motivations for looking for
physics beyond the standard model (BSM). Supersymmetry
(SUSY) remains one of the frontrunners among various
BSM candidates. However, the R-parity-conserving mini-
mal supersymmetric standard model (MSSM) is unable to
address the neutrino mass problem. The easiest way to
overcome this shortcoming is to incorporate a seesaw
mechanism into the framework, where the light neutrinos
gain nonzero masses through small mixing with additional
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gauge singlet fields. The canonical seesaw mechanism [3-7]
adds three generations of gauge singlet superfields to the
MSSM particle content. The light neutrino mass scale leads
to very small Dirac neutrino Yukawa couplings (Y,) in the
presence of TeV-scale right-handed neutrinos. The small-
ness of Y, makes it difficult to observe any effects from the
neutrino sector at the LHC. Lepton-number- and/or lepton-
flavor-violating (LFV) decays, on the other hand, can
constrain these parameters further with increasing sensitiv-
ities. A more phenomenologically interesting option is
provided by the inverse seesaw mechanism [8—10], where
Y, can in principle be as large as (O(0.1) owing to the
presence of a small lepton-number-violating parameter in
the theory. Such large Yukawa parameters and sub-TeV
right-handed neutrino masses can be constrained from
collider as well as low-energy experiments [11-13].

The presence of a right-handed (RH) neutrino superfield
in a SUSY theory provides us with the exciting possibility
of obtaining a RH sneutrino as the lightest SUSY particle
(LSP), which can also be a good cold dark matter (DM)
candidate [14-25]. The left-handed sneutrino LSP option is
strongly disfavored from DM direct detection constraints
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due to its gauge coupling with the Z boson [26,27].
Therefore, in order to be considered as a DM candidate,
a sub-TeV sneutrino LSP has to be RH. This RH sneutrino
arises from a singlet superfield and thus only couples to
other particles via the Yukawa couplings. The DM exper-
imental data can be another probe to test the neutrino sector
parameters in models augmented with a gauge singlet
superfield. The only pair annihilation process of any
significance involves Higgs bosons in the s channel, and
unless the sneutrino mass is close to the scalar resonance
region, the annihilation is not enough to produce the correct
relic density [17-19]. Thus, a sneutrino DM mass around
=, where m, indicates the 125 GeV Higgs boson mass, has
been favored by DM constraints. However, this region is
now under severe scrutiny with the improvements in DM
direct detection constraints.

In the absence of the Higgs resonance region, it is quite
difficult to produce a large enough annihilation cross
section for the RH sneutrinos in such scenarios. This forces
us to look at coannihilation options. With proper coanni-
hilation, a sneutrino can be a viable DM candidate
throughout the mass range [100 GeV-1 TeV]. However,
direct search constraints on the other sparticles indirectly
put constraints on the sneutrino masses in such cases.
Attractive options involve winos or Higgsinos as the next-
to-lightest SUSY particle (NLSP) since they always present
the possibility of coannihilation with more than one particle
simultaneously. Thus, the DM constraints naturally lead to
a compressed electroweak sector involving the LSP sneu-
trino and multiple neutralino-chargino states as the NLSP.
As a result of this compression, the decay products of the
NLSP neutralino-chargino are expected to be soft, resulting
in weaker exclusion limits. This also means that such a
scenario will be hard to detect from the direct production of
NLSP pairs. One can, however, produce them in a cascade
and look for a multilepton channel with a small SM
background to distinguish the signal.

One such possibility can arise from top squark produc-
tion and its subsequent decay into the LSP sneutrino via the
neutralino-charginos. The physics of the top squark is of
utmost importance in MSSM-like theories that require
adding a substantial correction to the tree-level Higgs
boson mass in order to increase it up to 125 GeV. This
correction appears mostly from the top squark loop, making
the top squark mass and mixing parameters relevant for
SUSY searches at the LHC. The existing constraints on the
top squark mass can extend up to 1 TeV depending on its
various decay modes [28-34]. At the same time, this
exclusion limit can be relaxed in the presence of a com-
pressed electroweak sector, as we do here. It turns out that
the existing search channels are not sensitive enough to
probe top squark masses effectively under such circum-
stances owing to the poor signal rates. Hence, we construct
a same-sign trilepton signal region, which is nearly back-
ground free and thus—despite a poor event rate—can be

used to probe TeV-order top squark masses at relatively low
luminosity. We also show that the choice of normal
hierarchy (NH) or inverted hierarchy (IH) in the light
neutrino masses is reflected in the final event rate, which
highlights a nice correlation between the neutrino and top
squark sectors and a unique characteristic of such neutrino
mass models.

The paper is organised as follows. In Sec. II, we briefly
give an overview of the model and describe how neutrino
oscillation data has been fit. In Sec. Il we discuss the
phenomenological constraints on the model arising from
LFV decays, DM searches, and collider experiments. In
Sec. IV we discuss the canonical top squark search
strategies at the LHC and propose for the same a novel
same-sign trilepton signal region, which is more suitable to
probe the present scenario. Then we go on to define a few
benchmark points representative of the parameter space of
our interest and perform a detailed collider analysis to
present our results in the context of the 13 TeV LHC. We
show the exclusion limits on the top squark mass derived
from this study at moderate and high luminosities at the
LHC in the case of a null result. In this context we also
present the limits that can be expected at a high-energy
(27 TeV) hadron machine. In Sec. V we summarize our
results and conclude.

II. MODEL

The supersymmetric inverse seesaw model (SISM)
contains the SM gauge singlet superfields N and S with
lepton numbers —1 and +1, respectively. The superpoten-
tial with these extra superfields is

W = WMSSM‘FYVE.HMN‘FMNS +ﬂs§g (21)
In the above we consider three generations of N; and S‘i
(i=1,2,3) and pg violates lepton number by two units
(AL = 2). The soft supersymmetry-breaking Lagrangian
for this model is

Lot = Lyissm — [myN N +m35 8]

- [A,LH,N +B/,NS+B,SS+Hc]. (22)

The 9 x 9 neutrino mass matrix in the basis (v, N, S) has
the following form:

0 Mp O
M, =M O M|, (2.3)
0 M

where My, M, and u are 3 x 3 matrices and Mp =Y, v,,
where v, is the vacuum expectation value (VEV) of H,,.
For the parameter ||us|| < ||M||, the light neutrino mass
matrix becomes
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M, ~MpM™ ' usM="'MT. (2.4)
The matrix ug can be small’ enough to explain the eV
neutrino mass constraint. In passing, we would like to add a
few comments on the choice of our superpotential. Since
we want the lightest right-handed sneutrino state to be a
stable LSP and hence a DM candidate, we choose to work
within an R-parity-conserving framework. This choice
prevents us from writing terms that violate lepton number
by odd unit(s), e.g., NNN, 1\7]\73’, S‘S‘S’, and N § S. We do
not allow the scalar components of N and S to obtain VEVs
for the same reason. However, one can in principle allow
additional AL = 2 terms, i.e., nonzero I, S and N N terms
in the superpotential. However, the presence of the N N
term does not affect the inverse seesaw structure at the tree
level as the rank of M, remains the same. On the other

hand, the L § term will modify Eq. (2.4) unless the coupling
Ysin YgL.A,S is very small, Y5 < 107'2. One can impose
additional symmetry [36,37] in the superpotential to forbid
such terms. We have chosen to work within a minimal setup
[38—41] that can address the neutrino oscillation data via
the inverse seesaw mechanism.

The light neutrino mass matrix is diagonalized by the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix
U, as follows:

UM, U; = M2, (2.5)

We consider the matrices M and pg to be diagonal. One can

follow the Casas-Ibarra parametrization [42] to construct the

matrix R,

R = M4 PUTM MT 12, (2.6)

where R is a complex orthogonal matrix with RRT = 1.

Throughout the paper we consider the best-fit values of the

oscillation parameters [2]. The Dirac mass matrix M, can be

fixed in terms of the light neutrino masses, PMNS mixing
matrix, and R as

Mp = Ui M? Ry > M. (2.7)

In our subsequent discussion, we consider the simplest

scenario with R =1. The heavy neutrino masses are

proportional to M =+ ug. After diagonalization, this gives

rise to the quasidegenerate sterile neutrino states with mass
splitting OM ~ ug.

'Note that ug breaks lepton number by two units. Hence, in
the limit yg — O the symmetry of the theory is enhanced. From
the naturalness argument, ug is preferred to be small. Moreover,
a small ug is absolutely essential to incorporate the inverse
seesaw mechanism. Moreover, a large yg will cause the AL =2
processes like neutrinoless double beta decay to increase
rapidly [35].

Below, we discuss a number of experimental constraints
arising from the lepton-flavor-violating searches, dark
matter searches, and collider constraints.

III. EXPERIMENTAL CONSTRAINTS

In this section, we discuss different experimental con-
straints on the heavy neutrino and sneutrino parameters in
addition to the neutrino oscillation data. The heavy neu-
trinos in the inverse seesaw mechanism can give a large
contribution in the loop-mediated LFV conversion proc-
esses ;> 7y, ;> ¢0;¢;, and £; — ¢; in nuclei
[38—41,43,44]. Additionally, for much lower masses (up
to a few GeV) the sterile neutrinos can be further con-
strained from different LFV meson decays M — M'l;l;,
fixed-target experiments, the peak searches in 7 — ev and
K — ev, and f decay [45]. Active-sterile neutrino mixing
up to 6> ~ 107! can be probed in the future FCC-ee [46]
and SHiP experiments [47], which is relevant for the few-
GeV mass range of the RH neutrino. The SISM is
augmented with small lepton number violation owing to
the smallness of ug. Therefore, the LNV processes, such as
0v2p, K — ml*1* will be suppressed in this model. We
consider the heavy neutrinos in the [100 GeV—-1 TeV] range
that can be most optimally tested through the flavor
violation and collider searches. In the SISM, 7; — £}y
and Z; — £; conversion in nuclei are further enhanced due
to sneutrino-chargino- and slepton-neutralino-mediated
loop contributions. We furthermore assume that the sneu-
trino is the LSP and obtain the constraints from the dark
matter relic density.

A. LFV constraints

As an artifact of fitting the neutrino oscillation data as
described in the previous section, the resulting Dirac
neutrino mass matrix M, becomes off-diagonal which
can potentially enhance LFV decays like &; — ;7. We
keep the Yukawa matrix for the charged lepton diagonal.
As a result, the LFV decays are generated at one loop
through contributions from lepton—neutrino—-W boson,
lepton-slepton-neutralino, and lepton-sneutrino-chargino
loops. Both nonsupersymmetric and supersymmetric loop
contributions have been studied in detail [38,41,48].
Depending on the choices of the neutrino sector parame-
ters, namely, M, M, ug, and the chargino and sneutrino
masses, these LFV decay rates can be significant. The
experimental limits on such LFV decay branching ratios
[49-55] can thus effectively restrict the model parameter
space. The existing constraints are more stringent for LFV
decays of muons than of taus owing to the better detection
efficiency of the former. Hence, stringent restrictions on the
Y, parameters are to be expected when an inverted
hierarchy of light neutrino masses is considered owing
to the resultant large Y, corresponding to the first gen-
eration. In order to study the impact of these constraints on
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FIG. 1. Top panel: The predicted branching ratio of u — ey, p — e conversion in nuclei and u — eee vs the sneutrino mass.

Lower panel: The branching ratios for 7 — ey, © — py, and 7 — pupu. The horizontal solid black lines correspond to the present
experimental bounds on BR(u — ey) <4.2x 10713, BR(uN — eN*) < 1072, BR(y — eee) < 10712, BR(z — ey) < 3.3 x 1078,
BR(7 = uy) < 4.4 x 1078, and BR(z — ppp) < 2.1 x 1078 [49-55]. The corresponding future sensitivities are shown by the horizontal

dotted black lines [49-55].

the LSP mass and its couplings, we perform a scan where
M is varied within the range [100 GeV-1 TeV]. The wino

mass parameter M, is adjusted in such a way that m; , <

My <My, , + 50 GeV to facilitate coannihilation with the

LSP, which is discussed in the subsequent subsection. The
value of tanf is kept fixed at 10 and different ug values
(1078, 1077, and 107 GeV) are chosen with Y, fitted
according to Eq. (2.7). The computation of particle masses,
mixing, and their decay are performed using SPHENO’
[56-58] after model implementation using SARAH
[59-63]. For the LFV decay branching ratio calculations
we use the results from Ref. [41] which include both the
SUSY and non-SUSY contributions.

Figure 1 shows the variation of the relevant LFV decay
branching ratios as a function of the LSP mass m,;]v2.3

?All of the masses are calculated with corrections up to one
loop, apart from the Higgs mass which is computed up to the
two-loop level.

Heavy neutrino masses are the same as the sneutrino masses
since they are both driven by the same parameter M.

The different colored lines correspond to different choices
of ug, while the black solid and dotted lines represent the
present and future experimental sensitivities for the respec-
tive LFV processes. As expected, the constraints are most
severe for the IH case in the 4 — ey and uN — eN* modes.
In particular, for IH of light neutrino masses, the LNV
parameter ug < 107° GeV is excluded throughout the entire
LSP mass region up to 7z, = 1000 GeV. The restriction is
relatively much weaker from the LFV 7z decays 7 — ey,
7 — uy, and 7 — ppp. The experimental limits on these
decay modes must be significantly improved to probe the
parameter space in consideration. As expected, for the =
LFV decays, the normal mass hierarchy predicts a larger
branching ratio than the inverted mass hierarchy because
of the large third-generation Yukawa couplings. This could
be easily tested in next-generation experiments. With the
recent results of the neutrino oscillation experiment NOvA
disfavoring the IH in the neutrino sector [64,65], the pre-
dictions for the NH are even more significant. For 7 — ey
the predicted branching ratio is smaller by more than
O(10*) than 7 — uy. In this case, the lines corresponding
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to NH and IH merge to result in one unique line for each pg
value.* The restriction from 7 — eee is the weakest, and
hence we do not explicitly show it. As the future sensi-
tivities show, the uN — eN* conversion process would be
the best-suited probe for the entire parameter space.

Apart from the neutrino sector parameters, the masses of
the neutralino and charginos can also be constrained from
these LFV decay computations. In order to get Fig. 1, we
have only kept the wino mass close to the LSP as
mentioned above. All other neutralino-chargino masses
are kept above 2.0 TeV. Since the wino pair lies close to the
LSP mass, some of the parameter region with a light
enough sneutrino mass can be ruled out from the LHC
data. However, LFV constraints on these masses
depend on the choice of yg. As shown in Fig. 1, a large
ug results in weaker LFV constraints. We checked that for
s ~ 107> GeV, even for the more constraining inverted
hierarchy scenario, sneutrino and chargino masses close to
200 GeV are still allowed from the LFV decays. However,
this parameter space will be ruled out from LHC direct
search constraints on the gaugino masses. Note that LFV
decay rates are not significant enough to constrain SUSY
particle masses above 100 GeV for ug > 107 GeV if we
assume the NH of light neutrino masses.

B. Dark matter constraints

In the SISM, a light RH sneutrino cold DM candidate
can be ideally fit in the Higgs resonance region [17-19],
i.e., my, , is required to lie in the vicinity of m,, /2 (where m,,
is the SM-like Higgs mass) in order to ensure sufficient
annihilation to satisfy the relic density constraints [66]. The
RH sneutrino states are required to have sufficiently small
mixing with the LH sneutrino states in order to avoid the
direct detection cross section (og;) constraints. However,
the most recent constraints on og; imposed by DM experi-
ments like XENONI1T and PANDA [67-69] have already
excluded this parameter space. On the other hand, imposing
the LFV constraints on the LSP mass and couplings renders
the Y, parameters sufficiently small so that the resulting
og; in the sub-TeV 7 , mass region lies orders of magni-
tude below the present experimental sensitivity [67—09].
However, such small Y, imply that even the Higgs reso-
nance region cannot provide sufficient annihilation for the
RH-sneutrino LSP to satisfy the relic density constraint.
As a consequence, one has to look for the coannihilation of
U1, with other sparticles. Here we study the sneutrino
coannihilation with wino-like charginos and neutralinos.
The right-handed LSP sneutrino cannot interact directly with
the wino components of the chargino-neutralino pair and can

*In the distributions of BR(z — uy) and BR(z — puuu), the IH
lines corresponding to the smaller ug overlap with the NH line
corresponding to the subsequent yg. The small numerical differ-
ence between the lines is indistinguishable on the logarithmic
scales of the figures.
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FIG. 2. The variation of the relic density is shown as a function
of the LSP sneutrino mass. The color coding represents the LSP-
NLSP mass gap, Am. The horizontal band represents the 2o
allowed range of the relic density, Qh*> = 0.119 + 0.0027 [66].
The black contour represents Am ~ 10 GeV.

only do so through their Higgsino component. However, we
study the case where the NLSP chargino-neutralino pair is
almost purely wino-like. Under this circumstance, the
resultant relic density is entirely due to the coannihilation
of the chargino-neutralino pair. The contribution of sneutrino
annihilation to the relic density is negligibly small [70].
Hence, the LSP can be purely right-handed, which results in
an elusively small direct detection cross section. We use
MICROMEGAS [71] to calculate the relic density and direct
detection cross section.

It is worth mentioning that a Higgsino NLSP can also be
a good choice. Due to the presence of three nearly
degenerate neutralino-chargino states that can coannihilate
with the sneutrino, a Higgsino NLSP scenario is also
capable of producing the correct relic density with appro-
priate choices of the Higgsino parameters. A bino LSP
scenario, on the other hand, fails to meet the relic density
criteria due to a lack of sufficient coannihilation channels.

Figure 2 shows the relic density (Qh?) distribution as a
function of DM mass m;, , after taking into account the
neutrino mass and LFV constraints. tan 3 is kept fixed at the
moderate value 10° and the Y, matrix is derived at each
point according to Eq. (2.7). The choice of NH or IH does
not have a significant impact on the distribution. However,
we keep ug =107 GeV in order to avoid the LFV

>The choice of tan f does not affect the sneutrino mass range or
the LSP-NLSP mass gap required to produce the correct relic
density.
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constraints. The parameter M is varied in the range [100—
1000] GeV as before, and to ensure coannihilation the
LSP-NLSP mass difference (Am = m)??(mjli) —-mg,,) is
kept within 50 GeV by adjusting the wino mass parameter
M,. The Am variation is color coded according to the
gradient bar on the right. The horizontal golden shaded
region indicates the 2¢ allowed range of the relic
density, Qh> =0.119 £0.0027 [66]. As evident from
the figure, 15 < Am < 30 GeV is favored from Qh?
considerations. Therefore, one can derive stringent con-
straints on the NLSP masses subjected to the sneutrino
DM mass from the relic density requirement. The black
contour in Fig. 2 shows the boundary below which
Am < 10 GeV. With such a small Am, the decay products
of the NLSP will practically be undetectable. However,
in this work we are only concerned with the points lying
above the relic-density-allowed band. Given the allowed
Am corresponding to these points, the resulting NLSP
decay products will be soft but detectable with varied
efﬁciency.6

C. Collider constraints

Since the sneutrino DM requires coannihilation with a
wino in the present scenario, the existing limits on the mass
of the wino-like chargino and neutralino can further
constrain the DM-allowed parameter region indirectly.
The most stringent constraints from the LHC on the wino
mass are derived from trilepton and/or dilepton final states
resulting from 7577 and 777 production channels,
respectively, with the assumption that 7 and 7{ are
wino-like and mass degenerate while the ¥} is the LSP
and is bino-like [72-78]. However, in our scenario the
wino-bino mass hierarchy is reversed and the sneutrino is
the LSP, and thus the final decay products are kinematically
quite different. The coannihilation requirement puts the
wino 79 — 7 pair close to the 7, , mass and, as a result, the
leptons arising from the 7i decay are quite soft. ;?(1) decay,
on the other hand, is completely invisible. Besides, the
;”((2) 7i production cross section is much smaller here
compared to that used by the experimental analyses
because of the sizable mass gap between the two states.
The 7; )”(‘1) production cross section is expected to be larger,
but the monolepton signal has a huge background con-
tribution arising from the single W production channel at
the LHC. Thus, the neutralino-chargino production chan-
nels result in much weaker limits on the relevant sparticle
masses. Existing constraints from 7% production can
also restrict the SISM scenario. However, the resultant
dilepton signal region requires relatively large lepton pr
cuts that reduce the signal event rate drastically in our
case. One can revisit the dilepton analyses of ATLAS and

In our collider analysis, in order to attain maximal cut
efficiency we consider Am ~ 25 GeV.

CMS in this regard with softer p; cuts on the leptons.
Nevertheless, one has to use a large stransverse mass (M;)
cut in order to get rid of the background arising from
W-boson pair production. This cut discards most of the
signal events from chargino pair production here because of
the small chargino-sneutrino mass gap. Moreover, the
absence of large transverse missing energy makes this
channel less sensitive at the LHC. The existing exclusion
limits are clearly not sensitive when the LSP-NLSP
mass gap is ~20-30 GeV, even with small M4, cuts
[72]. All of these factors combine to make the existing
limits on the gaugino masses much more relaxed in our case
and allow us to choose sufficiently light sneutrino DM
masses. We have ensured that the existing constraints on
the gaugino masses are properly taken into account by
testing our parameter space against the LHC results via
CHECKMATE [79,80].

IV. COLLIDER PHENOMENOLOGY

Our discussion of the SISM scenario and the impact of
the neutrino oscillation, LFV, and DM experimental con-
straints point towards a naturally compressed spectrum
consisting of the LSP sneutrino and the NLSP wino-like
neutralino-chargino pair. As discussed in the previous
section, the canonical search strategy for the gauginos at
the LHC may not be sensitive enough to probe this scenario
or distinguish the signal from that expected from an MSSM
compressed spectra. We observe that a clean and distin-
guishable signal region for our scenario can be obtained via
the secondary production of the gauginos from a top squark
cascade. Note that, although the choices of wino masses in
this framework are subjected to the choice of the LSP mass,
the bino-like neutralino (79) and the colored sparticle
masses can have any value as long as they are not excluded
by the LHC data.

The top squark search at the LHC [29-34] mostly
concentrates on the two top squark decay modes 7 — t)?(l)
and 7 — 7£b, where 7 and 7i are bino- and wino-like,
respectively. The various signal regions include zero-, one-,
or two-lepton final states associated with b jets and missing
transverse energy (£7). The most stringent constraint on
the top squark mass in the MSSM framework is derived
by assuming either 7 — 179, 7 - by (7 — WiPY), or T -
bff'7, where f refers to the fermions. The existing bound
on the top squark mass can extend up to 1 TeV for a
massless LSP [32,33]. Although similar final states can be
obtained in our scenario these conventional decay branch-
ing ratios can be quite small, and at the same time the
leptons originating from the NLSP decay i — £, are
expected to be soft and consequently result in a worse cut
efficiency. Thus, the conventional search strategies for the
lighter top squark may not be applicable to this scenario.

A very clean and unique final state can result from right-
handed top squark pair production and subsequent decay of
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a top squark into a bino-like 79 along with a top quark,
while 79 further decays to the wino-like chargino 7{ and a
W boson. The 77 finally decays to a charged lepton and
LSP sneutrino. Owing to the Majorana nature of the ;?(2), this
cascade can arise at the LHC in a same-sign trilepton
signal, which is almost background free. The full-decay
chain that we consider here is, therefore, as follows:

pp = LT = 5179 — bW bW i it WFWT,

..,:t :l:~
X1 = 50,

The final state consists of bb +n —jets + £+ F++
E (¢ = e,u), where two of the same-sign leptons originate
from the two charginos, while the third originates from one
of the W bosons arising from top-quark decays. Note that a
similar hierarchy in the top squark and gaugino masses can
be obtained in the MSSM as well with a wino-like LSP.
However, in that case, in order to result in a same-sign
trilepton final state, three of the same-sign W bosons in the
cascade would have to decay leptonically. The final event
rate is, therefore, expected to be smaller [28] due to the
small W leptonic decay branching ratio. However, in our
present scenario, the NLSP 7 can only decay leptonically
(e, p, or 7) into the sneutrino and only one of the W’s in the
cascade is required to do the same. Hence, the event rate is
expected to be much larger. On the other hand, the LSP-
NLSP compressed region (Am ~?25-30 GeV) results in
softer leptons, which affects the cut efficiency and reduces
the event rate somewhat, but the same-sign trilepton being a
clean channel, proves to be much more effective in probing
the SISM parameter space than the conventional signal
regions.

A. Sample benchmark points

In Table I we present the relevant parameters, masses,
branching ratios, and different experimental constraints
corresponding to two sample benchmark points assuming
NH and IH in each case.

For our choice of the sneutrino mass and lepton-number-
violating parameter ug, the LFV branching ratios are well
within the present experimental limits, and the IH case of
BP1 is the most likely to be probed by BR(y — ey) in the
near future. The DM direct detection cross sections are also
rendered quite small. The choice of NH or IH is highlighted
in the resulting Y, matrix. The larger third-generation Y,
results in a larger decay branching ratio of the )ﬁ into 77y »
in the NH case. On the other hand, in the IH case, the
larger first-generation Y, leads to a larger BR(3{ — ef 5).
Naturally, one would expect larger leptonic event rates in
the IH cases compared to the NH ones when the lighter
chargino appears in the cascade. The 7,, being mostly right-
handed, decays dominantly into a top quark and the bino-
like 79. In the absence of the 794 mode, 75 decays entirely
into 7fW¥. The mass difference between 79 and 7V is

chosen to ensure this so that the largest possible signal rate
can be estimated.

Note that the key difference between BP1 and BP2 lies in
the choices of the lighter top squark and the LSP sneutrino
mass. The relevant branching ratios of the 73 and 7, are
similar for both of the benchmark points. BR(77 — £7;,),
where £ = e or p, is slightly different in the IH case due to
the resultant ¥, matrix with the comparatively bigger ¥!!
required to fit the neutrino oscillation data subjected to the
choice of M.

B. Analysis and future reach

We simulate the pair production of RH top squarks and
its subsequent decays as already discussed for the two
above-mentioned benchmark points. The events are gen-
erated at the parton level using MADGRAPH v2.5.5 [81,82]
and subsequently passed through PyTHIAS [83] for decay,
showering, and hadronization. We use the parton distribu-
tion function set NN23LO1 [84,85]. Detector simulation is
implemented via DELPHES V3.4.1 [86-88]. Jets are con-
structed at this stage using the anti-k; algorithm [89]. The
ATLAS Collaboration recently included the same-sign
trilepton channel in their search for top squarks in the
context of the MSSM [28]. We implement the same
analysis to obtain our signal rate. The top squark produc-
tion cross section is appropriately scaled using the next-to-
leading-order (NLO) factor obtained from the LHC SUSY
Cross Section Working Group webpage [90].

The electrons are primarily selected with py > 10 GeV
and || < 2.47, excluding the region between the barrel and
end-cap electromagnetic calorimeters, 1.37 < || < 1.52.
The muon candidates are selected with the same p;
threshold and 5| < 2.5. Jets are reconstructed with radius
R =04, p;y > 20 GeV, and |5| < 2.8. In our analysis we
implement the pr-dependent b-jet tagging efficiency
and light jet misidentification efficiency following the
ATLAS Collaboration criteria [28]. Finally, the b jets are
counted with || < 2.5. The event selection further requires
that at least two of the three same-sign leptons have
pr > 20 GeV. In order to reduce SM backgrounds arising
from the mismeasurement of electron charge, events are
vetoed if the invariant mass of two same-sign electrons is
within a 10 GeV window of the Z-boson mass. The ATLAS
Collaboration obtained 1.6 &+ 0.8 SM background events at
the 13 TeV LHC with these criteria in the £Z*£+¢*+ > 1
b-jet signal region with an integrated luminosity of 36 fb~!
[28]. In Table II we show the signal cross sections
corresponding to our benchmark points and the required
luminosity to probe this scenario with 3¢ and 5o statistical
significance (S). In order to compute S of our signal (S)
over the SM background (B) we use S = —=—, where oy

w/B+rf%’
is the uncertainty in the measurement of the SM back-
ground. For simplicity, even for the higher-luminosity

estimates, we assume that oz remains the same fraction
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TABLEI. Relevant parameters, masses, and branching ratios along with the relic density, direct detection cross section, and top squark
pair production cross section at the 13 TeV LHC corresponding to the two benchmark points for both NH and IH of light neutrino
masses. pii represents the three diagonal entries of the matrix ug and M I represents the first-generation diagonal entry in the matrix M.
The other two diagonal entries M?? and M>* are kept fixed at 1000 GeV.

Parameters, BP1 BP2
massesv, and . Normal Inverted Normal Inverted
branching ratios
M, (GeV) 530.0 530.0 740.0 740.0
M, (GeV) 401.1 401.1 595.8 595.8
Msz (GeV?) 6.0 x 10° 6.0 x 10° 6.0 x 10° 6.0 x 10°
M%R (GeV?) 5.5 % 10° 5.5 % 10° 8.0 x 10° 8.0x 10°
u (GeV) 1500.0 1500.0 1500.0 1500.0
A, (GeV) —2200.0 —2200.0 —2200.0 —2200.0
tan § (GeV) 10.0 10.0 10.0 10.0
M'" (GeV) 400.0 400.0 600.0 600.0
ui (GeV) 107 1073 107 1073
Y,(x10%) 0.019 —0.264 0.362 0.425 —-0.636 0.016 0.029 —0.264 0.362 0.637 —0.636 0.016
0.013 0.303 -0.805 0.281 0.730 -0.036 0.019 0.303 -0.805 0.421 0.730 -0.036
0.003 0.358 0.949 0.076 0.862 0.042 0.005 0.357 0.949 0.114 0.862 0.042
m;, (GeV) 860.1 860.1 994.8 994.8
My (GeV) 426.7 426.7 627.3 627.3
my (GeV) 530.9 530.9 741.6 741.6
ml? (GeV) 426.5 426.5 627.1 627.1
mg,, (GeV) 400.0 400.0 600.0 600.0
my (GeV) 400.0 400.0 600.0 600.0
BR(7, —>;~(gz) 0.89 0.89 0.84 0.84
BR(7, —>;??t) 0.03 0.03 0.05 0.05
BR(7, —>j(1ib) 0.08 0.08 0.11 0.11
BR(;?g —UﬁWﬂ 0.99 0.99 0.99 0.99
BR(77 — D1,e) 0.31 0.50
BR(;HE — Do) 0.35 0.69 0.35 0.50
BR(77 — Dy ,7) 0.65 0.65
BR(y — ey) 4.5x 1078 1.3x 1071 1.4 x10"'8 4.0 x 1071
BR(uN—eN) (Au) 5.1 x 1078 1.5x 1074 1.1 x 10718 33 %1071
BR(7 — ey) 1.5x10°'8 1.5x 10718 4.6 x 10719 4.5 %1071
BR(z — uy) 2.9 x 10710 3.4 x 10718 3.9 x 1077 4.5x 1071
Qh? (GeV) 0.120 0.120 0.120 0.120
ogr (pb) 8.8 x 10718 8.8 x 10~'8 2.0x 1071 2.0x 10719
pp — 11; (fb) 17.55 17.55 6.38 6.38

of B asitis in 36 fb~! integrated luminosity.7 Note that the
IH scenario for BP1 can already be ruled out from the
accumulated data. However, the NH case needs an inte-
grated luminosity ~828.3 fb~! to achieve a 3¢ statistical
significance. BP2, on the other hand, would require much
higher luminosity owing to the larger top squark mass.

7 . .
We were forced to make this choice due to a lack of
information, resulting in a conservative estimate.

The discovery significance in the NH case is beyond the
reach of even 3000 fb~! integrated luminosity. However, for
the TH case, S = 30 can be achieved at ~845.8 tb~!.

As evident from Table II, the top squark mass probe in
the present scenario depends heavily on the choice of
neutrino mass hierarchy due to the variation in BR(7{ —
£71,). To better understand the parameter space, we have
used the existing LHC data to determine the exclusion limit
on the lighter top squark mass subjected to NH and IH of
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TABLE II. Signal cross section and required integrated lumi-
nosity at the 13 TeV LHC to probe the benchmark points with 3¢
and 50 statistical significance in the Z£%¢* + >1 b-jet signal
region.

BP1 BP2
Results Normal Inverted Normal Inverted
0gig (1) 0.070 0.193 0.026 0.070
Required £ (fb™!) 30)  828.3 12.2 >3000 845.8
Required £ (fb~1) (56) >3000 44.6 >3000 >3000

light neutrino masses. For this, we keep the relative
separation of the masses uniform throughout, i.e., my <

7
requirement of our signal region makes sure that the cut

efficiency does not vary significantly for this spectrum
choice over a wide range of top squark masses.

mj, —m, and my > mgp —mys (m)??) > my. The simple

In Fig. 3 we show the chosen mass spectra in the
framework of the SISM under consideration and the reach
of top squark masses with existing data at the 13 TeV LHC
with 36 fb~! of data. The red horizontal line represents the
95% confidence level exclusion limit on the visible cross
section (o = 0.11 fb) in this signal region from the
ATLAS Collaboration [28]. The violet and cyan lines
represent the top squark mass reach in our model frame-
work subjected to the existing data with IH and NH for the
light neutrino masses, respectively, with the shaded regions
already excluded. As evident, m; < 815 and 935 GeV are
already excluded under the assumptions of NH and IH,
respectively.

If some excess is found in this signal region at higher
luminosity, it would be useful to have a prior idea of the
mass range in which we can hope to discover the top squark
with certainty. In order to determine this, we compute the
discovery significance of the top squark lying within the

mg,0 < my - m & mp = my,0 - My,* = My

t
> my =
Y =
~0 )]
X2 5
0/t < M
Xi/Xi Y >mw
1

FIG. 3.
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Left: Choice of mass spectra. Right: The expected cross section in the same-sign trilepton final state vs the top squark mass and

the exclusion obtained from the 36 fb~! luminosity data at the LHC. The red horizontal line corresponds to the experimental limit on the

visible cross section [28].
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FIG. 4. Discovery reach in the top squark mass plane at the /s = 13 TeV LHC with two choices for the integrated luminosity,
130 b~ and 3000 fb~'. The parallel grey lines indicate the 35 and 5¢ statistical significance requirements.
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FIG.5. Discovery reach in the top squark mass plane ata /s =
and 3000 fb~!. The color coding is the same as in Fig. 4.

mass range [700 GeV-1.2 TeV] at two different luminos-
ities, 130 fb~! and 3000 fb~!, with \/s = 13 TeV. Figure 4
shows the distribution of the obtained statistical signifi-
cance as a function of mj;, . The horizontal grey lines in the
figure represent the coveted 3¢ and 5S¢ statistical signifi-
cance requirements. The violet and cyan solid lines
represent the prospects of our scenario subjected to the
choice of IH or NH. The dotted lines around the solid ones are
obtained by assuming a 10% variation in op. As is evident
from Fig. 4, at low luminosity (130 fb~!) the discovery reach
of m; can be up to ~970 GeV at most, whereas the high-
luminosity (3000 fb~!) option can slightly improve the mass
range up to ~1 TeV. If IH in the neutrino masses is ruled out
in the future by the neutrino oscillation experiments, the m;,
discovery reach cannot be beyond 900 GeV even for high
luminosities at the LHC.

Therefore, in spite of the small signal cross section, the
top squark mass discovery reach can be in the TeV range in
this signal region owing to the small SM background. The
results do not improve drastically with the increase in the
luminosity because of the presence of a large uncertainty
factor in the SM background estimation. As more data is
collected the statistical error is expected to decrease, which
could significantly improve the top squark discovery reach.
With a high center-of-mass-energy hadron collider becom-
ing more and more relevant in the context of SUSY
searches, we also estimate the projected discovery reach
of the top squark mass in the present scenario at a 27 TeV
pp collider. Our SM background computation at this
center-of-mass energy from tth, tiW, 1tZ(y), VV, and
VVV production channels (where V represents W and Z
bosons) yields a cross section of 0.077 fb. We compute op
following the same prescription as in Fig. 4. The NLO
k-factor is computed with PROSPINO [91,92]. The /s =
27 TeV results are shown in Fig. 5. The increase in the
signal cross section improves the discovery reach of m; to
~1.55 and ~1.45 TeV for IH and NH, respectively.

10 T\ VT | | | |
O gL '\ \ NH i
s of H—
£ . Vs =27 TeV
= L \ i 1
ED 6 L \.\ L =3000 fb™" |
© 5 ) \\
m \
Y 4 *\ ]
2 3 2
S o2 < .
n 1 | | | T S R

1000 1100 1200 1300 1400 1500 1600 1700 1800

m, (GeV)

27 TeV LHC with two choices for the integrated luminosity, 100 fb~!

V. SUMMARY AND CONCLUSION

In this work we have investigated the interplay
between the neutrino mass mechanism, DM require-
ments, and top squark searches at the LHC in the context
of the supersymmetric inverse seesaw scenario. The
SISM scenario naturally gives rise to a right-sneutrino
DM in the theory in the form of the LSP within an
R-parity-conserving framework. Originating from a
gauge singlet, the sneutrino must be close to the
125 GeV Higgs resonance annihilation in order to
produce the correct relic density. However, the present
DM direct-detection constraints have put this parameter
space in jeopardy, forcing us to look for the coannihi-
lation of the right-sneutrino DM.

The sneutrino interactions are driven by the same Dirac
neutrino Yukawa couplings introduced to fit the neutrino
oscillation data. We have shown, using the Casas-Ibarra
parameterization, that the lepton-flavor-violating con-
straints force these Yukawa parameters to be small. The
choice of yY, here is subjected to the choice of a heavy
neutrino mass and the lepton-number-violating parameter
us. Thus, the LFV constraints put a limit on the choices of
Us = 107 GeV for sub-TeV heavy neutrino masses, in
particular for IH. Among the constraints arising from the
decay, y — ey turns out to be the most severe. The
predictions for 7 — py and 7 — puu are relatively weaker,
and constrain the sneutrino mass only in the m; < 100 GeV
range. The model predictions in the 7 sector can be tested in
future LFV searches. The constrained Y, from the LFV
data results in a very small direct detection cross section of
the sneutrino, which is beyond the present DM exper-
imental sensitivity by a few orders of magnitude. This also
forces the resonant contribution in the relic density to be
small and motivates one to look for the coannihilation of
the sneutrino DM with other sparticles. In this work, we
have explored the sneutrino-wino coannihilation which has
interesting implications for top squark searches at the LHC.
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The coannihilating DM scenario gives rise to a partially
compressed electroweak spectra which makes the conven-
tional top squark search strategies weaker. We have shown
that the relic density is satisfied due to the coannihilation of
the sneutrino with a wino-like neutralino and chargino,
requiring the mass difference between the LSP and char-
gino/neutralino to be Am ~ 15-30 GeV for all sneutrino
mass values between 100-1000 GeV. The indirect limit on
the LSP sneutrino mass arises from the wino mass bounds.
However, the compression in the spectra again results in
relatively weaker exclusions, allowing the LSP to be as
light as 200 GeV in this scenario.

Under such circumstances, conventional top squark
search strategies prove to be ineffective in probing TeV-
scale top squark masses. Here we have studied top squark
pair production and its subsequent decays into a top
quark and a bino-like next-to-NLSP 4%, The further
decay of the bino into a gauge boson and a wino-like
chargino 7* and 7* — £7,, leads to a novel same-sign
trilepton signal £££+¢*+ > 1b — jets + E; for the top
squark at the LHC. Unlike the conventional top squark
search channels, this signal region has very small SM
background. As a result, despite the small signal rate, the
top squark mass can be probed close to 935 (815) GeV

with the existing LHC data for IH (NH) of neutrino
masses. Stop mass limits prove to be stronger for the
inverted hierarchy in the light neutrino masses due to
the greater leptonic branching ratio of the chargino,
resulting in a greater abundance of electrons in the final
state, which also serves as a distinguishing feature of this
model from the MSSM. In the MSSM with a neutralino
LSP, however, this same-sign trilepton signal rate will be
much lower. A 3¢ discovery significance can be obtained
with m; ~1 TeV at high luminosity with a 13 TeV
center-of-mass energy. We have also shown that the top
squark mass discovery reach can go beyond 1.5 TeV at a
high-energy pp collider with a 27 TeV center-of-mass
energy. With improved sensitivity in SM background
measurements at higher luminosity, the conservative
limits we obtained are bound to improve significantly.
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