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Abstract We explore the stop mass and its possible probe
through a set of three different signal processes within a class
of SUSY GUTs with non-universal gaugino masses. The stop
mass can be realized in a wide range (0.4–8 TeV) consistent
with the current experimental constraints. We consider the
decay processes; t̃1 → t χ̃0

1 , t̃1 → bW±χ̃0
1 and t̃1 → bqq̄ ′χ̃0

1
to be possible signals, and explore the impact of the current
experimental results as well as the possible mass scales of
stop, which can be probed in the future collider experiments.
We find that the first and third signal processes can be tested
in the current experiments, and significantly probed in future,
while the second signal process is not available for the current
experiments in this class of SUSY GUTs. We also comment
that the second signal process can be available to be tested
when the collider experiments are conducted at high center
of mass energies and luminosity.

1 Introduction

The standard model (SM) of the elementary particles is one
of the most successful theory in physics, and its glory was
embraced especially after the Higgs boson discovery by the
ATLAS [1] and CMS [2] experiments. Despite its success and
good agreement between its predictions and the experimental
results, the SM can only be an effective theory due to its prob-
lematic structure for the Higgs boson. The most significant
problem raises in stabilizing the Higgs boson mass against
the quadratic divergent radiative contributions, which is very
well-known as the gauge hierarchy problem [3–7]. Besides,
the SM with a 125 GeV Higgs boson loses the absolute stabil-
ity of the Higgs potential [8–10] at some high scale, which
may bring another reason for the need of models beyond
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the SM. As one of the forefront candidates, the supersym-
metric models can resolve the gauge hierarchy problem by
extending the SM with superpartners such that the quadratic
divergences in the Higgs boson mass are canceled. Besides,
imposing the conservation of R−parity requires the light-
est supersymmetric particle (LSP) to be stable, and neu-
tral weakly interacting supersymmetric particles can provide
pleasant dark matter (DM) candidates. In addition, the min-
imal supersymmetric extension of the SM (MSSM) almost
unifies the three SM gauge couplings, even though it pre-
serves the SM gauge symmetry. Together with stabilizing the
Higgs boson mass at all energy scales, the gauge coupling
unification motivates the supersymmetric grand unified the-
ories (SUSY GUTs), and one can explore implications of
GUTs at the electroweak scale by linking the high scale ori-
gin to the weak scale observables through the renormaliza-
tion group equations (RGEs), which has allowed to explore
the implications of GUTs based on SU(5) [11–21] or SO(10)
[22–52].

Even though the experimental observations and con-
straints from the Higgs boson searches (see, for instance,
[53–75]) point a need for new physics, and the observations
can be accommodated in SUSY GUTs [76–84], absence of
a direct signal in the experiments brings a strong impact in
searches for the new physics. As is a hadron collider, the
LHC results are quite effective, especially on new colored
particles such as gluino and stop in the SUSY models. Even
though it depends on the decay modes of the gluino and the
mass scale of the LSP neutralino, the current LHC results set
a bound on the gluino mass as mg̃ ≥ 2.1 TeV [85,86]. This
bound reduces as mg̃ � 800 GeV, when the gluino happens
to be next to LSP (NLSP). A recent study has shown that
these bounds can also be employed in the electroweak scale
mass spectra of SUSY GUTs [87].

Contributing through RGEs heavy gluino mass scales
exclude the stop solutions lighter than about 400 GeV in the
MSSM framework [87]. A further exclusion on the stop mass
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can be obtained by performing collider analyses over the pos-
sible decay modes of the stop. The most stringent exclusion
on the stop mass arises, if the stop decays into a top quark
and a LSP neutralino. Results from the ATLAS and CMS
experiments [88] exclude the solutions with mt̃1 � 1200
GeV. Nature of the LSP also takes part in analyses such that
if the Higgsinos take part in forming the LSP, then the exclu-
sion happens as mt̃1 � 900 GeV [89]. Besides, the num-
ber of leptons in the final states can lower the exclusion as
mt̃1 � 800 GeV [90]. Similar results can be obtained if the
stop is allowed to decay into a chargino along with a bot-
tom quark, which resumes on the chargino decay into a LSP
neutralino and a W−boson. The analyses over such events
exclude the solutions with mt̃1 � 1100 GeV [88,91]. The
lowest bound on the stop mass is obtained when the stop can
decay only into a LSP neutralino along with a charm quark.
This decay mode is not very exclusive due to the soft charm
jets and low missing energy [92]. Such events exclude the
stop mass as mt̃1 � 550 GeV [93].

Most of these analyses, on the other hand, are mostly
performed in the electroweak scale MSSM framework.
They assume specific configurations on the mass differences
among the relevant particles, 100% branching ratios for the
decay modes under concern, largest production cross-section
etc. In addition, rest of the supersymmetric mass spectrum
is assumed to be heavy enough not to interfere in the events.
Such configurations are very common and can be easily
adjusted, since MSSM has more than a hundred parame-
ters including masses, mixings, soft supersymmetry break-
ing (SSB) trilinear couplings and so on. On the other hand,
if one considers the electroweak scale implications of a class
of SUSY GUTs, then some of the configurations may not be
possible, since a quite large number of observables are cal-
culated in terms of a few free parameters. For instance, when
the stop is allowed to decay into a top quark and a LSP neu-
tralino, a class of SUSY GUTs with non-universal gaugino
masses (NUGM) at the grand unification scale (MGUT) can
yield an exclusion at about 50% Confidence Level (CL), at
most, in the region with mt̃1 � 500 GeV (see, for instance,
Refs. [94,95]), even though the analyses in MSSM exclude
the same region at 95% CL [89,90].

In this work, we simulate the similar analyses of signal-
background comparisons in the framework of SUSY GUTs
with non-universal gaugino masses at the GUT scale. The
rest of the paper is organized as follows: We discuss some
salient features of SO(10) SUSY GUTs in Sect. 2. Section 3
describes the scanning procedure and the experimental con-
straints employed in our analyses. Also we define the signal
strength and confidence level (CL) in this section. We discuss
the mass spectrum and the availability of the signal processes
in Sect. 4, and we quantitatively present our results for the
exclusion curves for the stop mass scales in the current exper-
iments in Sect. 5. We also show our results for probing the

stop mass in future experiments through the possible signal
processes in this section. Finally, we summarize and con-
clude our findings in Sect. 6.

2 Supersymmetric SO(10) with non-universal
Gauginos

In this section, we describe some of the salient features of
SO(10) SUSY GUTs, and summarize its building blocks,
which are relevant in our analyses. One of the main moti-
vations in SO(10) SUSY GUTs is the matter unification, in
addition to the gauge coupling unification. The spinor rep-
resentation in SO(10) GUTs is 16 dimensional, and all the
matter fermions of a family along with a right-handed neu-
trino can fit into a single multiplet (16i ). The presence of
a right-handed neutrino per family helps to implement see-
saw mechanism for tiny neutrino masses (see, for instance,
[96–103]) as well as it can account for the baryon asymme-
try of the Universe through leptogenesis (see, for instance,
[104–110]).

In addition, a minimal setup allows one to reside the two
MSSM Higgs doublets in one 10 dimensional representa-
tion of the SO(10) group, which leads to combine all the
Yukawa interactions into a single term in the superpoten-
tial as Yi j16i16 j10H , where i, j are the family indices, and
subscript H indicates the 10-plet of the MSSM Higgs fields.
This feature of minimal SO(10) SUSY GUTs yields Yukawa
unification (YU) at the GUT scale that can be expressed as

Yu = Yd = Ye = Yν (1)

where Yu and Yd denote the Yukawa matrices for up-type
and down-type quarks, respectively, while Ye shows that
of the charged leptons. Since SO(10) spinor representa-
tion includes a right-handed neutrino, its Yukawa matrix, Yν

should also be involved in the Yukawa unification scheme.
YU faces two difficulties in satisfying the consistent lepton
and quark masses. First difficulty is encountered to include
the neutrino Yukawa coupling. A sizeable neutrino Yukawa
coupling (Yν = O(1)) requires the right handed neutrino
masses to be MNR ∼ 1014 − 1015 GeV [111], while a con-
sistent leptogenesis requires MNR ∼ 109 − 1010 GeV which
yields Yν ∼ 10−3 [112]. Furthermore, if one considers TeV
scale right-handed neutrinos, then the consistent neutrino
masses requires Yν � 10−7 [113]. Apparently, it is not easy
to involve such a small neutrino Yukawa coupling in the YU
scheme together with the other Yukawa couplings. Note that
if one implements inverse seesaw mechanism [114,115], then
a sizeable neutrino Yukawa coupling can be realized even if
the right-handed neutrinos have a TeV scale masses [116].
In this case, one can propose approximate YU [117].
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However, one should notice the second difficulty is severer
than the one mentioned above, since YU fails to satisfy con-
sistent fermion masses. It predicts N = U ∝ D = L , where
N ,U, D, L denote the Dirac mass matrices of right-handed
neutrino, up-type and down-type quarks, charged leptons,
respectively. U ∝ D implies vanishing quark flavor mix-
ing [118]. Besides, since it sets D = LT , YU also leads to
the naive SU(5) relations among the asymptotic masses as
mb = mτ , ms = mμ and md = me. While the renormaliza-
tion group (RG) evolution can yield consistent bottom and
tau masses at the weak scale, the other two strongly disagree
with the experimental measurements on the fermion masses.
One way to resolve this discrepancy is to add more Higgs
fields from different representations of SO(10) [119]. While
the contradictory mass relations can be avoided with more
Higgs fields, the unification of the Yukawa couplings is lost,
since the MSSM Higgs doublets are, in general, superposi-
tions of the Higgs fields from different representations. Even
though YU can be maintained for the third family through
some assumptions, we do not consider them in our work.

These Higgs fields from different representations can also
trigger the SO(10) breaking. A large variety of different
Higgs representations can be employed in the SO(10) break-
ing path. For instance, one can consider the following super-
potential involving the Higgs fields from 10, 45 and 16 rep-
resentations:

L ⊃ Yi j16i16 j10H +
∑

a

Y ′(a)
i j 16i16 j

(
45aH
M

)
10H

+Y ′′
i j

16i16 j16(1)
H 16(1)

H

M
(2)

where, i, j indices represent the matter families, while H
means the multiplet of the Higgs fields. M is a scale asso-
ciated with the effective non-renormalizable interactions. In
principle, one can have several 45−dimensional Higgs rep-
resentations distinguished with the upper index a. If we con-
sider two 45 of the Higgs fields, then one 45 can develop vac-
uum expectation values (VEVs) in B−L direction, while the
other does to break I3R . Breaking of the B − L symmetry in
this way yields correct mass relations between the down-type
quarks and charged leptons in the first and second families
[120]. In addition, I3R breaking through the VEV of a sec-
ond 45H breaks the proportionality U ∝ D and leads to the
correct CKM matrix. The non-zero VEVs in 16 can generate
heavy right-handed neutrino masses. In addition, their VEVs
reduce the rank from 5 to 4, which induces extra D−term
contribution to the masses of the scalar matter fields [121–
125]. We use an upper index (1) for 16H , since we are not
restricted to include only one 16H representation. Indeed,
one can also consider a second Higgs multiplet (16(2)

H ) as

L ⊃ Y ′′
i j

16i16 j16(1)
H 16(1)

H

M
+ Y ′′′

i j
16i16 j16(2)

H 16(2)
H

M
(3)

The B − L symmetry can be broken through VEVs of
SU (5) singlet Higgs fields in these representations. If the
MSSM Higgs doublets are assumed to be included in these
16H representations, then extracting two light Higgs doublet
after the symmetry breaking requires a complicated GUT
spectrum for the Higgs fields involving, for instance, one
of each 54H and 45H , and three 10H [126]. On the other
hand, one can follow the SO(10) breaking through VEVs
from two 45H representations, and keep two 16H for rank
reduction, while the MSSM Higgs fields are kept in a 10H . In
this case, the D−term contribution to the scalar masses will
be proportional to MX (1) −MX (2) , where X (1,2) are the Higgs
fields from 16(1,2)

H , respectively, and MX (i) denote their soft
masses. An approximate equality between their soft masses
yields negligible D−term contributions to the SSB masses
of the scalar matter fields (see, for instance, [127]).

The consistent fermion masses can be obtained through
renormalizable couplings if the superpotential involves the
Higgs fields from 10H , 120H and 126H [128] as;

L ⊃ 16i

(
∑

a

Y a10aH +
∑

b

Y ′b120bH +
∑

c

Y ′′c126cH

)
16 j

(4)

where a, b, c denote the number of the Higgs representations.
In addition to these fields, we can have other Higgs fields
from a 210H representation, but since these fields do not have
Yukawa coupling to the matter fields at the renormalizable
level, we assume they take part in symmetry breaking only.
Even though only one representation from each in Eq. (4)
will be enough for the consistent fermion masses, we assume
there are two 126H representations to complete the symmetry
breaking. In this setup, the SO(10) symmetry can be broken
as follows:

SO(10)
210−−−→ SU (4) × SU (2)L × SU (2)R

126 ⊕ 126−−−−−−→ SU (3)c × SU (2)L ×U (1)Y (5)

where the role of 126 is to cancel the D−term contributions.
The following chain is also possible.

SO(10)
210−−−→ SU (3)c × SU (2)L ×U (1)Y ×U (1)B−L

126 ⊕ 126−−−−−−→ SU (3)c × SU (2)L ×U (1)Y (6)

Unification of the matter fields of a family requires the
same SSB mass terms for these fields. However, it does not
have to imply any relation among the mass terms associated
with different families. Indeed, the restrictions on the SSB
masses come from the experimental results. For instance, a
consistent K − K̄ mixing requires md̃ = ms̃ [129], and it
yields the same SSB masses for the first and second mat-
ter families in the SO(10) SUSY GUTs. The universality in
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the first and second family masses can be considered as the
presence of a flavor symmetry at the GUT scale [130–132].
Even though, one can adjust different masses for the families
along with a flavor symmetry, we will assume all three fam-
ilies have the same SSB masses at the GUT scale. Besides,
as discussed above, we assume D−flat directions in SO(10)

breaking such that the SSB masses of the scalar matter fields
do not receive D−term contributions.

The SSB gaugino masses in gravity mediated SUSY
breaking can be generated by a VEV of an auxiliary field
F through dimension 5 operators as [133–136]

− Fab

MP
λaλb

〈F〉 �= 0−−−−−−−→ −Mab
1/2λ

aλb (7)

Supersymmetric generalization of dimension 5 operators
can be obtained if Fab belongs to the symmetric part of direct
product of the adjoint representation of the GUT symmetry
group [137] that is for SO(10):

(45 × 45)S = 1 + 54 + 210 + 770 (8)

If F belongs to the singlet representation, then the SUSY
breaking generates universal gaugino masses. On the other
hand, there are some other F fields in the other represen-
tations shown in the right hand side of Eq. (8), which are
singlet under the MSSM gauge group. If the SUSY is broken
by VEVs of multiple F fields from different representations,
then the gauginos receive different SSB masses from the
SUSY breaking [138–142]. In addition, there could be more
representations, in which 〈F〉 can generate different gaugino
masses, if one considers different embedding of SO(10) into
E6 group (for more details, please see [140]). In this work, we
consider the case in which SUSY might be broken through
VEVs of an arbitrary combination of F fields from differ-
ent representations such as those in Eq. (8), which results in
independent non-universal SSB mass terms for the gauginos.

Despite a variety of different breaking patterns of SO(10)

symmetry which may yield different extensions of MSSM,
most of them lead to similar implications when one considers
the masses, decay channels and possible signals for the stop
and gluino [143–146]. Even though they can yield LSPs other
than MSSM neutralinos [147–151], stop and gluino either do
not directly decay into such LSPs [152] or they do interact
very weakly [153]. Unless the stop is NLSP, the neutralino
more likely participates in the possible stop signals, and if
the neutralino travels longer than about 1 millimeter before
decaying into the LSP, then the missing energy in the signals
arises due to the missing neutralinos [153]. If the stop or
gluino happens to be NSLP and directly decay into the LSP,
then they usually become long-lived particles, and the limits
on their mass scales are already stronger than those set in the
neutralino LSP cases [154,155].

On the other hand a SO(10) SUSY GUT model can be
distinguished from those classified in SU (5) GUTs. Since
the gauge coupling unification can be maintained with a rel-
atively light color triplet in SU (5), it yields a proton lifetime
about 104 times shorter than the experimental constraints
[156]. This issue in SU (5) can be resolved when the mass
spectrum is very heavy, which involves the superpartners of
mass beyond TeV scales. Even though small tan β values
may allow relatively lighter decoupling scale for the super-
symmetric particles, it is still beyond 100 TeV, and it becomes
much higher even when tan β ∼ 30 [157]. Defining the
decoupling scale as MSUSY = √mt̃Lmt̃R a high decoupling
scale leads to very heavy stops, which are beyond the reach
of the current and future collider experiments.

In our work, we consider the possible stop signals in a
class of SO(10) SUSY GUTs, in which the MSSM Higgs
fields are solely involved in a 10H representation, while there
are more Higgs fields from different representations to break
the SO(10) symmetry such that the D−term contributions
to the matter scalars are canceled. Thus, we impose univer-
sal SSB mass terms for the supersymmetric matter particles,
while the gauginos have non-universal SSB masses at the
GUT scale. Even though the MSSM Higgs fields have dif-
ferent masses based on the discussion of possible Higgs sec-
tor in the SO(10) SUSY GUTs, we set their masses equal
to the masses of the scalar matter fields for simplicity, since
the implications about the possible stop signals are not very
sensitive to the SSB masses of the MSSM Higgs fields at the
GUT scale.

3 Scanning procedure and experimental constraints

We have employed SPheno 4.0.3 package [158,159] gen-
erated with SARAH 4.13.0 [160,161]. In this package, the
weak scale values of the gauge and Yukawa couplings in
MSSM are evolved to the unification scale MGUT via the
renormalization group equations (RGEs). MGUT is deter-
mined by the requirement of unification of the gauge cou-
plings through their RGE evolutions. Note that we do not
strictly enforce the unification condition g1 = g2 = g3 at
MGUT since a few percent deviation from the unification
can be assigned to unknown GUT-scale threshold corrections
[162,163]. Afterwards, the boundary conditions are imple-
mented at MGUT and all the SSB parameters along with the
gauge and Yukawa couplings are evolved back to the weak
scale by employing two-loop RGEs.

We performed random scans in the fundamental parameter
space of NUGM, in which each set of input values is repre-
sented by a vector, whose components correspond to the free
parameters of NUGM as listed below with their ranges;
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0 ≤ m0 ≤ 5 TeV,

0 ≤ M1, M2, M3 ≤ 5 TeV,

−3 ≤ A0/m0 ≤ 3,

1.2 ≤ tan β ≤ 60.

(9)

where m0 is the universal SSB mass term for the matter
scalars and Higgs fields. M1, M2 and M3 are the SSB mass
terms for the gauginos associated with the U (1)Y , SU (2)L
and SU (3)C symmetry groups respectively. A0 is the SSB
trilinear coupling, and tan β is ratio of VEVs of the MSSM
Higgs doublets. Finally, we have used the central value of top
quark mass, mt = 173.3 GeV [164]. Note that the sparticle
spectrum is not too sensitive for one or two sigma variation
in the top quark mass [165], but it can shift the Higgs boson
mass by 1-2 GeV [166,167].

The radiative electroweak symmetry breaking (REWSB)
condition provides a strict theoretical constraint [168–172]
over the fundamental parameter space given in Eq. (9). The
μ−term is determined by the REWSB condition through its
square, but its sign remains undetermined. We assume it to
be positive, and accept only solutions which are compati-
ble with the REWSB condition in our scans. Another strong
constraint comes from the relic abundance of charged super-
symmetric particles [173]. This constraint excludes regions
which yield charged particles such as stop and stau to be the
LSP. In this context, we require the solutions to yield one of
the neutralinos to be the LSP. In this case, it is also desirable
that the LSP becomes a suitable dark matter candidate. The
thermal relic abundance of LSP should, of course, be con-
sistent with the current results from the WMAP [174] and
Planck [175] satellites. However, even if a solution does not
satisfy the dark matter observations, it can still survive in
conjunction with other form(s) of the dark matter [19,176].
We mostly focus on the LHC allowed solutions, but we also
discuss the DM implications in our results.

In addition to these requirements, we also successively
apply the mass bounds on the supersymmetric mass spec-
trum [177] and the constraints from the rare B-decays (Bs →
μ+μ− [178], Bs → Xsγ [179] and Bu → τντ [180]). The
rare decays of B−meson is calculated by employing Fla-
vorkit [181] interfaced into SPheno. The Standard Model
predictions on the processes BR(Bs → μ+μ−) [182] and
Bs → Xsγ [183,184] are in a very good agreement with
the experimental observations and measurements. Thus, the
new physics contributions are expected not to spoil this strong
agreement. Even though it is not listed in the experimental
constraints, another important impact comes from K − K̄
mixing. The Standard Model predictions in K − K̄ mix-
ing are strongly approved by the experimental results, and it
restricts the solutions such that the first and second family
down-type squarks must be almost degenerate (md̃ � ms̃)
[185]. We accept only solutions which do not conflict with
this requirement.

In applying the mass bounds, we listed the Higgs boson [1,
2] and gluino [86] masses separately, since they have received
further updates by the LHC experiments since LEP II. These
constraints can be listed as follows:

123 ≤ mh ≤ 127 GeV
2100 GeV ≤ mg̃

0.8 × 10−9 ≤ BR(Bs → μ+μ−) ≤ 6.2 × 10−9 (2σ)

2.9 × 10−4 ≤ BR(b → sγ ) ≤ 3.87 × 10−4 (2σ)

0.15 ≤ BR(Bu → ντ τ )MSSM

BR(Bu → ντ τ )SM
≤ 2.41 (3σ)

0.0913 ≤ 	h2(WMAP) ≤ 0.1363 (5σ)

0.114 ≤ 	h2(Planck) ≤ 0.126 (5σ).

(10)

We allow 2 GeV uncertainty in the Higgs boson mass in order
to account the theoretical uncertainties in calculation. The
main theoretical uncertainties in the calculation of the Higgs
boson result from the uncertainties in the measurements of
the top quark mass (mt ) and strong coupling (αG). Overall
uncertainty from mt and αG can be as large as about 3 GeV
[186]. In addition, the uncertainty in the contributions from
the supersymmetric particles can yield about 1.5 (0.5) GeV
uncertainty in the case of large (small) stop mixing [187,188].
Thus, the overall uncertainty in the Higgs boson mass calcu-
lation can be 2 − 3 GeV, and the public spectrum calculators
are more or less in agreement in this result [81,189,190].
Spheno employs one-loop RG improved scalar Higgs poten-
tial, which is accounted for the two-loop contributions to the
Higgs boson mass. Besides, it employs the two-loop match-
ing condition on the quartic Higgs boson coupling between
MSUSY and MZ [191].

In employing the Planck and WMAP bounds on the relic
density of the dark matter we set the uncertainty at 5σ to com-
pensate the large theoretical uncertainties in its calculation.
Such uncertainties arise from the different handling of the
RGEs in the spectrum calculators, assumptions in calculat-
ing the gauge and Yukawa couplings etc. [192]. These uncer-
tainties are exponentially enhanced when they are employed
in the calculation of the relic density by solving Boltzmann
equation. The works on the theoretical uncertainties in relic
density calculation revealed that allowing an uncertainty
within 5σ can compensate the impact from such theoretical
uncertainties [193,194].

In scanning the parameter space we use an interface,
which employs the Metropolis-Hasting algorithm described
in [195,196]. After generating the low scale data with
SPheno, all outputs are transferred to MicrOmegas [197,198]
for calculations of the relic abundance of the LSP neutralino
as a candidate for DM. The solutions satisfying all the con-
straints mentioned above (except those from the DM obser-
vations) are so-called LHC allowed solutions. Once they are
obtained, we transferred their output files from SPheno to
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Fig. 1 Topologies for Signal 1 (left), Signal 2 (middle) and Signal 3 (right)

MadGraph [199] for calculation of the cross-sections for the
possible signal processes and relevant SM backgrounds. The
possible signal processes, whose topologies are illustrated in
Fig. 1, can be summarized as follows [89]:

Signal 1: pp → t̃1 t̃1
t̃1 → t χ̃0

1−−−−−−−−→ t t̄ χ̃0
1 χ̃0

1

Signal 2: pp → t̃1 t̃1
t̃1 → bχ̃±

1−−−−−−−−−→ bb̄χ̃±
1 χ̃∓

1

χ̃±
1 → W±χ̃0

1−−−−−−−−−−−−→ bb̄W±W∓χ̃0
1 χ̃0

1

Signal 3: pp → t̃1 t̃1
t̃1 → bχ̃±

1−−−−−−−−−→ bb̄χ̃±
1 χ̃∓

1

χ̃±
1 → qq̄ ′χ̃0

1−−−−−−−−−−−→ bb̄(qq̄ ′)(qq̄ ′)χ̃0
1 χ̃0

1

(11)

The signal processes require the mass difference between
the lightest stop and the LSP neutralino to be greater than the
mass of a top quark (for Signal 1) or a W−boson approxi-
mately (for Signal 2). If the stop is not realized to be heavy
enough, then the stop may involve in the processes in which it
decays into a charm quark along with a LSP neutralino. How-
ever, the charm quark signal is overwhelmed by the process
t̃1 → f f̄ ′bχ̃0

1 [200], and such a signal cannot provide a
clear detection for the stop, and it can probe the stop mass up
to about 550 GeV [201]. Even though a similar discussion
can be followed for Signal 2, the mass difference between
the stop and LSP neutralino is not the only factor, but nature
of the stop and the chargino are also important. In the case
of Wino-like chargino, the lightest stop should be formed
mostly by the superpartner of the left-handed component of
the top quark, which, for simplicity, we will refer to as left-
handed stop. Hereafter, when we mention the handedness in
the name of a supersymmetric scalar particle, it will mean
the handedness of its SM partner. On the other hand, if the
Higgsino forms the lightest chargino, then the decay mode
is open for both left- and right-handed stops. Moreover, the
signal is expected to be stronger when Higgsino takes part,
since the interaction is proportional to the top quark Yukawa
coupling and trilinear scalar interaction term At . However, a
Higgsino-like chargino leads to another suppression from the

χ̃±
1 → W±χ̃0

1 . The chargino-neutralino-W vertex in MSSM
can be written as

�χ̃±
1 −χ̃0

1 −Wμ
= − i

2
g2

(
2U∗

11N12 + √
2U∗

12N13

) (
γμ

1 − γ5

2

)

+ i

2
g2

(√
2N∗

14V12 − 2N∗
12V11

)(
γμ

1 + γ5

2

)

(12)

where Ni j is the matrix encoding the mixing of bino, wino
and Higgsinos in forming the neutralino mass eigenstates,
while Ui j and Vi j diagonalize the chargino mass matrix. If
the Higgsino dominates in the lightest chargino (U12(V12) �
U11(V11)), a strong signal also requires N13 and N14 to dom-
inate in forming the LSP neutralino. In this case, the Hig-
gsinos form both the LSP neutralino and lightest chargino,
and so both are of mass about μ, which kinematically forbids
χ̃±

1 → W±χ̃0
1 . Another possibility is that the LSP neutralino

can be formed mostly by bino, while the lightest chargino
remains higgsino-like. In this case N13 and N14 will be small,
and the signal might not still yield any visible effect. In sum,
Signal 2 is available if the lightest stop mass eigenstate is
formed mostly by the left-handed stop. However, a similar
signal can be realized when the right-handed stop takes part in
the processes. In this case, the chargino decay into two quarks
along with a LSP neutralino can be considerable, which is
shown in the decay cascades of Signal 3.

All the possible signal processes start with the production
of a pair of stop quarks; which occurs through qq̄ and gg
interactions. qq̄ interactions can contribute when the stop is
light. In both cases, the stop pair production is mediated by
the gluon; thus, the cross-section can be calculated by con-
sidering the virtual and soft gluon processes, as well as hard
gluon processes. While all these processes can contribute
either positively or negatively, the processes involving qq̄
interactions and/or hard gluon contributions become negli-
gible at the heavy mass scales of the stop. When the stop
weighs more than about 1 TeV, the gluon interactions with
virtual and soft gluon mediators are expected to be the main
channel in the stop pair production (for more details, see
[202]).
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Since the stop pair production is the trigger in all the sig-
nal processes, the pair production of the top quarks forms the
most dominant background processes. Nevertheless, its final
state is quite similar to the signal processes, and the cuts sup-
pressing the background lead to a significant decrease in the
signal cross-section [95]. Before concluding, we should note
that the following approximation has been used in calculation
of the cross-sections:

σ(Signal 1) ≈ σ(pp → t̃1 t̃1) × BR(t̃1 → t χ̃0
1 )2

σ(Signal 2) ≈ σ(pp → t̃1 t̃1) × BR(t̃1 → bχ̃±
1 )2

×BR(χ̃±
1 → W±χ̃0

1 )2

σ(Signal 3) ≈ σ(pp → t̃1 t̃1) × BR(t̃1 → bχ̃±
1 )2

×BR(χ̃±
1 → qq̄ ′χ̃0

1 )2

(13)

where the production cross-section of a pair of stop quarks
are calculated by MadGraph, while the branching ratios are
used from SPheno. The full matrix element calculation has
been performed over a control group, and the approximation
given in Eq. (13) yields only about 0.7% error in comparison
to the full calculation [87]. The signal strength (SS) over the
background processes is quantified as

SS = S√
S + B

, (14)

where S and B refer to the event numbers (cross-section
× Luminosity) of the signal and background respectively.
We use the following correspondence to translate SS to the
confidence level (CL) [203]:

0 ≤ SS < 1 → hardly probed (Blue),
1 ≤ SS < 2 → probed up to 68% (Red),

2 ≤ SS < 3 → probed up to 95% (Black)

SS > 3 → discovery (Green),

(15)

where we identify the solutions with SS > 3 to be the pre-
diction of a discovery in this class of SO(10) GUT models.
The intervals of the signal strength will be shown in plots
with colors as given in the parentheses, when we discuss the
signals and the impacts from the current and future collider
experiments in Sect. 5.

4 Mass spectrum and signal profile

In this section we discuss the mass spectrum of supersym-
metric particles with the emphasis on those, which participate
in possible stop signals, and consider if the signal processes
summarized in the previous section are available. Figure 2
displays first the gluino and LSP neutralino masses in com-
parison to the stop mass with plots in the mg̃ − mt̃1 and
mt̃1 −mχ̃0

1
planes. The stop can be as heavy as about 8 TeV,

while the gluino mass can go up to about 10 TeV and beyond,

as seen in the mg̃ − mt̃1 plane. We did not show the region
wheremg̃ > 10 TeV, since it is beyond the reach of the current
and future collider experiments, even after a high luminos-
ity is achieved [87]. The results also reveal that the region
with gluino lighter than stop (below the diagonal line in the
mg̃ −mt̃1 plane) is mostly excluded by the current bound on
the gluino mass, and only a small portion of the parameter
space can kinematically allow the t̃ → g̃t process, which
may not provide enough statistics to probe the stop through
this channel. On the other hand, the mt̃1 − mχ̃0

1
plane shows

that most of the solutions can yield enough mass difference
between the stop and LSP neutralino that the t̃1 → t χ̃0

1 pro-
cess is allowed. As can be seen, the LSP neutralino mass can
lie from about 0.2 to 2.3 TeV, while the stop mass can be
realized as heavy as about 8 TeV. In addition, the diagonal
line indicates the mass degeneracy between the stop and LSP
neutralino, and the solutions around it allow only t̃ → cχ̃0

1 .
We display our results in Fig. 3 with plots in themt̃1 −mχ̃±

1
and mt̃L − mt̃R planes. The color coding is the same as in
Fig. 2. The mt̃1 −mχ̃±

1
plane shows that the chargino can be

realized as heavy as 3 TeV, while the DM constraints bound
its mass at about 2.7 TeV. Comparing the masses of stop and
chargino the stop seems to be able to decay into a chargino
in most of the parameter space, while it is kinematically for-
bidden only in a small portion (below the diagonal line).
However, the LHC allowed region yield the left-handed stop
to be heavier than the right-handed state at all. The solutions
around the diagonal line predict mt̃L � mt̃R . In this case,
the left-handed stop can provide some contributions to the
nature of the lightest chargino through its mixing with the
right-handed stop. As is discussed in the previous section,
when the lightest stop mass state is formed mostly by the
right-handed stop, the processes involving W±−boson, as in
Signal 2, rather yield weak signal strengths, and one may not
probe the stop through such events. Recall that Signal 3 can
still be available, when the right-handed stop happens to be
lighter than the left-handed stop.

In addition to the stop, Fig. 4 discusses the nature of the
chargino and LSP neutralino with plots in the M2 − μ and
M1 − μ planes. The color coding is the same as in Fig.
2. M1 and M2 represent the bino and wino masses at the
SUSY scale, while μ stands for the Higgsino mass. As seen
from the M2 − μ plane, Higgsino is realized heavier than
wino over most of the parameter space. In this case, the
lightest chargino is mostly formed by wino, which yields
a weak signal strength for the t̃1 → bχ̃±

1 . However, there
is a region above the diagonal line, in which the Higgsino
happens to be lighter and forms the lightest chargino. In
this case, even though BR(t̃1 → bχ̃±

1 ) can be large, Sig-
nal 2 is strongly suppressed since mχ̃±

1
∼ mχ̃0

1
∼ μ and

BR(χ̃±
1 → W±χ̃0

1 ) ∼ 0. However, the processes of Signal
2 can be made available by replacing χ̃±

1 → W±χ̃0
1 with
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Fig. 2 Plots in the mg̃ − mt̃1 and mt̃1 − mχ̃0
1

planes. All points
are compatible with the REWSB and LSP neutralino conditions.
Green points satisfy the mass bounds and the constraints from rare
B−meson decays. Blue and brown points form subsets of green, and

they are allowed by the constraints on the relic abundance of LSP
neutralino set by the WMAP and Planck satellites, respectively. The
diagonal lines indicate the mass degeneracy between the displayed
particles

Fig. 3 Plots in the mt̃1 − mχ̃±
1

and mt̃L − mt̃R planes. The color coding is the same as in Fig. 2

Fig. 4 Plots in the M2 − μ and M1 − μ planes. The color coding is the same as in Fig. 2

χ̃±
1 → qq̄ ′χ̃0

1 , as is classified in Signal 3. The M1 −μ plane
shows that bino is mostly lighter than Higgsino, and compar-
ing two panels of Fig. 4 reveals that the lightest neutralino is
formed mostly by bino or bino-wino mixture, though bino-
higgsino mixture is also available.

5 Probing stop in collider experiments

In the previous section, we discussed the available signal pro-
cesses in terms of masses and flavors of the relevant particles,
and concluded that t̃1 → t χ̃0

1 and the t̃1 → bχ̃±
1 → bqq̄ ′χ̃0

1
decay modes are likely to provide most promising signals in
this class of SUSY GUTs. However, even though we select
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Fig. 5 Plots for the stop pair production and LSP neutralino-stop mass
correlation in the σ(pp → t̃1 t̃1)−mt̃1 and mχ̃0

1
−mt̃1 planes. The color

coding in the left panel is the same as in Fig. 2. In the right panel, all solu-
tions satisfy the mass bounds and the constraints from rare B−meson

decays. Blue points represent the solutions with SS(Signal 1) < 1,
while red, black and green correspond to 1 ≤ SS(Signal 1) < 2,
2 ≤ SS(Signal 1) < 3 and SS(Signal 1) ≥ 3, respectively for 14
TeV with 36.1 fb−1 luminosity

Fig. 6 Plots for the stop pair production and LSP neutralino-stop mass correlation in the σ(pp → t̃1 t̃1) − mt̃1 and mχ̃0
1

− mt̃1 planes at 27 TeV
(left) and 100 TeV (right) center of mass energies. The color coding is the same as in Fig. 5

the most optimized benchmark points which yield the largest
branching ratios in the processes listed in Eq. (11), the main
suppression comes from the smallness of the stop pair pro-
duction cross-section. Figure 5 represents the cross-section
for the stop pair production and the strength of the processes
classified in Signal 1. The σ(pp → t̃1 t̃1) −mt̃1 plane shows
that the stop pair in the LHC allowed region (green) can be
produced at σ(pp → t̃1 t̃1) ∼ 1 pb when the stop weighs
about 500 GeV, and it drops below 10−5 pb for mt̃1 � 2 TeV.

Even though the correlation between the cross-section of the
stop pair production and the stop mass is mostly a smooth
curve, there is a region of scattered points. This region hap-
pens as a result of an interplay among the different processes
of stop pair production such asqq̄ interactions and hard gluon
corrections, as mentioned before. Following the approxima-
tion given in Eq. (13) and assuming absence of a direct signal,
the mχ̃0

1
− mt̃1 plane shows that the results can exclude the

stop masses up to about 1.2 TeV at 68% CL (red), while
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Fig. 7 Exclusion curves for the stop mass through t̃1 → t χ̃0
1 . The

color coding is the same as in Fig. 2. In the left panel, orange curve
represents the exclusion at the current energy, while the dark green and
red are obtained at 27 TeV and 100 TeV, repsectively. Luminosity is

set to 36.1 fb−1 at all energies. The right panel is the same exclusion
curve for the stop mass at 100 TeV center of mass energy and 3000 fb−1

luminosity

mt̃1 � 1.1 TeV is excluded at 95% CL (black). Note that
the blue points represent the solutions with SS < 1, which
means the stop does negligibly decay into a LSP neutralino
along with a top quark. Thus, our analyses and results do not
apply to the solutions shown in blue.

We continue to discuss the stop pair production and the
strength of Signal 1 in Fig. 6 with plots in the σ(pp →
t̃1 t̃1) − mt̃1 and mχ̃0

1
− mt̃1 planes at 27 TeV (left) and 100

TeV (right) center of mass energies. The color coding is the
same as in Fig. 5. The luminosity is set to 36.1 fb−1 in both
cases. When the center of mass energy is raised to 27 TeV,
the stop pair production cross-section is realized of the order
O(10) pb, while it can be expected as high as O(100) pb in
the collider experiments with 100 TeV center of mass energy,
as seen from the top panels. The strength of Signal 1 should
be enhanced accordingly. The bottom panel shows that the
stop can be probed to about 1.6 TeV at 27 TeV, and about 3
TeV at 100 TeV with 68% CL (red). Requiring 95% CL yield
the mass scales of about 1.4 TeV at 27 TeV, and 2.6 TeV at
100 TeV (black) to probe the stop, if the stop decays follow
the cascade in Signal 1.

Figure 7 summarizes our finding in the analyses over Sig-
nal 1 in the mχ̃0

1
− mt̃1 plane. The color coding is the same

as in Fig. 2. In the left panel, orange curve represents the
exclusion at the current energy, while the dark green and
red are obtained at 27 TeV and 100 TeV, respectively. Lumi-
nosity is set to 36.1 fb−1 at all energies. The right panel is
the exclusion curve for the stop mass at 100 TeV center of
mass energy and 3000 fb−1 luminosity. As seen from the
left panel, the current collider experiments can exclude the
stop within the mass scales up to about 1.2 TeV, while the
future experiments with 27 TeV and 100 TeV center of mass
energy are promising to probe the stop up to about 1.6 TeV
and 3 TeV, respectively. The right panel displays the reach-
able mass scales when 3000 fb−1 luminosity is achieved at
100 TeV. As seen from the results, the stop will be able to be

probed up to about 6 TeV, if it decays into a LSP neutralino
along with a top quark.

As we discussed in the previous section, Signal 2 is not
expected to be strong enough due to the right-handed stop
forming the lightest stop mass eigenstate, unless the left
handed-stop can take part considerably in forming t̃1. A size-
able mixing between left- and right-handed stops requires
large At and/or tan β. However, avoiding a color/charge
breaking minimum requires A2

t < 3(m2
t̃R

+ m2
t̃L

+ m2
Hu

)

[204], which may result in heavier stop at the weak scale,
and such solutions could be beyond the reach of the cur-
rent collider experiments. The impact of mixing between the
left- and right-handed stops is shown in Fig. 8 with plots
in the mχ̃0

1
− mt̃1 plane at 14 TeV with 36.1 fb−1 luminos-

ity (left), and 100 TeV with 3000 fb−1 luminosity (right).
The green, black and red points indicate that Signal 2 can
be available only if the solutions lead to 0.8 � mt̃1 � 1.2
TeV and 0.6 � mχ̃0

1
� 1 TeV. On the other hand, the right

panel displays interesting results that Signal 2 becomes avail-
able for the analyses when 3000 fb−1 luminosity is reached
at 100 TeV collider experiments. Indeed, one can probe the
stop mass up to about 4.8 TeV through Signal 2 in the future
experiments. As discussed before, the processes represented
as Signal 2 are available when the Wino significantly con-
tributes to the composition of the chargino, and the LSP neu-
tralino is mostly Bino-like. In this case, the Signal 2 pro-
cesses can occur through the mixing of the left-handed stop
in t̃1 because of the chirality of SU (2)L . In this context, the
future results can also probe the mixing between the left- and
right-handed stops in this class of SO(10) GUT models.

Finally, we discuss the results for Signal 3 from similar
analyses performed for Signal 1 and Signal 2 in Fig. 9 by
displaying the exclusion curves at various center of mass
energies. The left panel shows that the current experiments
can exclude the stop mass below about 1.2 TeV, while it can
be probed up to about 2 TeV at 27 TeV and 2.8 TeV at 100
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Fig. 8 Plots in the mχ̃0
1

− mt̃1 plane at 14 TeV with 36.1 fb−1 lumi-

nosity (left), and 100 TeV with 3000 fb−1 luminosity (right). All solu-
tions satisfy the mass bounds and the constraints from rare B−meson

decays. Blue points represent the solutions with SS(Signal 2) < 1,
while red and black correspond to 1 ≤ SS(Signal 2) ≤ 2, and
2 ≤ SS(Signal 2) ≤ 3, respectively. The green points yield SS > 3

Fig. 9 Exclusion curves for the stop mass through t̃1 → bχ̃±
1

with χ̃±
1 → qq̄ ′χ̃0

1 . The color coding is the same as in Fig. 2.
In the left panel, orange represents the exclusion at the cur-
rent energy, while the dark green and red are obtained at 27

TeV and 100 TeV, repsectively. Luminosity is set to 36.1 fb−1

at all energies. The right panel is the same exclusion curve for
the stop mass at 100 TeV center of mass energy and 3000 fb−1

luminosity

TeV. The right panel reveals that the future experiments can
probe the stop masses further up to about 5 TeV through
Signal 3, if Signal 3 is available.

Finally, we exemplify our findings for the signal processes
over three tables of benchmark points. We select these bench-
mark points such that they are all allowed by the current mass
bounds and the constraints from rare B−meson decays. We
employ the bound on the relic density of LSP neutralino
when there exists a solution for the 68% and 95% CL probes
of stop. Table 1 displays four benchmark points, which can be
tested in the current and future collider experiments through
the Signal 1 processes. Point 1 predicts a signal strength of
1.12 in the collisions with 14 TeV center of mass energy and
36.1 fb−1 luminosity, which corresponds to 68% CL exclu-
sion. Point 2 shows a solution which can be probed at 68%
CL in the collision experiments with 27 TeV center of mass
energy. Point 3 depicts a solution which can be probed at
95% CL, when the center of mass energy of the collisions

is set to 100 TeV. Even though the mass spectrum is heavier
than those shown in Points 1 and 2, the pair production cross-
section of stops will be expected to be high in these collision
experiments. Point 4 displays a solution for 68% CL probe
of the stop when 3000 fb−1 luminosity is reached in the col-
lisions with 100 TeV center of mass energy. The stop mass
in such solutions is about 5.8 TeV, and its pair production
cross-section is expected to be small in comparison with the
other points in Table 1. Point 4 shows that future collider
experiments with high center of mass energy and high lumi-
nosity will have the sensitivity to probe such solutions. In all
these points, the LSP neutralino is formed mostly by Bino,
while Wino mass is also near by the Bino mass. Higgsinos do
not take part in forming LSP neutralino, since their masses
are as μ ∼ m0. Considering small branching ratios for the
t̃ → bχ̃±

1 processes, these points cannot be tested through
the processes given in Signal 2 and Signal 3, and thus, they
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Table 1 Benchmark points for
Signal 1 which can be tested in
the current and near future
experiments within 68% and
95% CL. All masses are given in
GeV unit, while the units of
other parameters are given in the
table. All points are chosed as to
be consistent with the mass
bounds and rare B− meson
decays. The constraint on the
relic density of LSP neutralino
is applied when there exist a
solution within 68% and/or 95%
CL probe

Signal 1 Point 1 Point 2 Point 3 Point 4

m0 2120 3232 2859 4060

M1 1974 1467 2377 2827

M2 1069 799.3 1285 1542

M3 1028 1063 1306 4142

tan β 17.7 27.7 1.65 21.5

A0/m0 −2.35 −2.05 −1.26 −1.93

μ 2398 2792 2077 5550

mh 124.1 125.3 123.6 126.5

mH 3028 3489 3453 6390

mA 3028 3488 3452 6389

mH± 3029 3490 3453 6389

mg̃ 2355 2488 2957 8418

mũ1,2 2879, 2912 3767, 3777 3735, 3772 8083, 8097

md̃1,2
2851, 2913 3757, 3777 3705, 3773 8068, 8098

mt̃1,2
1121, 2174 1483, 2627 2309, 3098 5785, 6879

mb̃1,2
2148, 2709 2606, 3334 3084, 3602 6870, 7783

mẽ1,2 2238, 2248 3271, 3274 2987, 2994 4179, 4188

m τ̃1,2 2049, 2162 2709, 3007 2867, 2938 3782, 3988

mχ̃0
1,2

872.7, 894.8 653, 682 1058, 1077 1274, 1290

mχ̃0
3,4

2392, 2393 2785, 2786 2108, 2111 5612, 5612

mχ̃±
1,2

894.9, 2394 682.1, 2787 1077, 2111 1289, 5613

BR(Bs → μμ) 3.2 × 10−9 3.3 × 10−9 3.2 × 10−9 3.23 × 10−9

BR(B → Xsγ ) 3.06 × 10−4 3.04 × 10−4 3.13 × 10−4 3.15 × 10−4

	h2 0.120 0.122 0.121 0.120

σ SI (pb) 2.87 × 10−9 1.21 × 10−9 1.75 × 10−8 7.92 × 10−11

σ SD (pb) 5.38 × 10−9 2.02 × 10−9 1.73 × 10−8 1.19 × 10−10

BR(t̃1 → t χ̃0
1 ) 0.81 0.90 0.65 0.93

BR(t̃1 → bχ̃±
1 ) 0.13 0.07 0.15 0.03

BR(χ̃±
1 → W χ̃0

1 ) − − − −
BR(χ̃±

1 → qq ′χ̃0
1 ) 0.69 0.43 0.42 0.78

σ(pp → t̃ t̃) (pb) 2.67 × 10−3 5.48 × 10−3 3.98 × 10−2 1.75 × 10−4

SS 1.12 1.40 2.69 1.17√
s (TeV) 14 27 100 100

L (fb−1) 36.1 36.1 36.1 3000

are included in regions of blue points in the plots discussed
for Signal 2 and Signal 3.

Table 2 represents two benchmark points which can be
tested in the current and future experiments at 95% CL or
beyond. In these solutions, the left- and right-handed stops
mix considerably in forming the lightest mass eigenstate of
stop such that its decay into the lightest chargino along with
a bottom quark has large enough to be probed. Point 1 dis-
plays a solution in which BR(t̃1 → bχ̃±

1 ) = BR(χ̃±
1 →

W χ̃0
1 ) = 0.99. This point can be probed only through the

Signal 2 processes, and it is in blue region in the plots of
Signal 1 and Signal 3. It should also be noted that its signal

strength is very high (SS = 42), and definitely it would have
been seen in the current experiments, if there was a direct
signal. Point 2 shows a solution which can be probed at 95%
CL in the experiments with high center of mass energy and
luminosity. Since the chargino decays only into a W boson
and LSP neutralino, this point cannot be probed through the
other signal processes.

We list four benchmark points also for Signal 3 in Table
3. Point 1 depicts a solution in which the stop decays only
into a bottom quark and chargino, and subsequently the
chargino decays only into a pair of quarks and LSP neu-
tralino. This solution predicts the signal strength as 2.36 in
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Table 2 Benchmark points for 68% and 95% CL probe of stops through
Signal 2. Point selection is the same as explained in Table 1

Signal 2 Point 1 Point 2

m0 2180 3629

M1 2705 4764

M2 1546 3327

M3 849.7 2448

tan β 13.6 29.3

A0/m0 −1.65 −0.77

μ 1769 2518

mh 123.1 124.2

mH 2888 4156

mA 2888 4154

mH± 2889 4155

mg̃ 2113 5209

mũ1,2 2754, 2843 5668, 5908

md̃1,2
2697, 2843 5586, 5909

mt̃1,2
1216, 2244 3996, 5001

mb̃1,2
2225, 2624 4992, 5231

mẽ1,2 2395, 2435 4024, 4258

m τ̃1,2 2312, 2394 3588, 4023

mχ̃0
1,2

1200, 1284 2166, 2575

mχ̃0
3,4

1772, 1779 2589, 2799

mχ̃±
1,2

1284, 1779 2573, 2798

BR(Bs → μμ) 3.23 × 10−9 3.24 × 10−9

BR(B → Xsγ ) 3.08 × 10−4 3.14 × 10−4

	h2 0.58 0.123

σ SI (pb) 4.95 × 10−8 3.77 × 10−8

σ SD (pb) 5.16 × 10−8 3.13 × 10−8

BR(t̃1 → t χ̃0
1 ) − 0.12

BR(t̃1 → bχ̃±
1 ) 0.99 0.42

BR(χ̃±
1 → W χ̃0

1 ) 0.99 0.99

BR(χ̃±
1 → qq ′χ̃0

1 ) − −
σ(pp → t̃ t̃) (pb) 1.17 × 10−2 1.81 × 10−3

SS 42 2.46√
s (TeV) 14 100

L (fb−1) 36.1 3000

the current experiment, and its exclusion is at 95% CL. Point
2 is listed for the experiments conducted at 27 TeV center
of mass energy, which can probe this solution at 95% CL.
Point 3 and Point 4 show solutions which can be tested with
100 TeV collisions at 68% and 95% CL, respectively. Point
4 also shows that the future experiments will be so sensi-
tive that the Signal 3 processes can be probed even when
BR(t̃1 → bχ̃±

1 ) ∼ 0.06. The last three points can be also
tested through the Signal 1 processes, since they have con-
siderable percentage for the decay t̃1 → t χ̃0

1 .

As seen from the tables of benchmark points, different
solutions can yield different observation mechanisms such
that a solution can be invisible in one signal process, while it
might be strong enough to be probed through another process.
In this context, one can conclude the impact from the collider
experiments on the stop detection by considering the com-
bined signal strength from all three classes of signals, whose
results are shown in Fig. 10. The top left panel displays the
total signal strength of stop signals in the collider experiments
with 14 TeV center of mass energy, and our results show that
all the solutions in the region with mt̃1 � 1.2 TeV lead to
SS > 1. Following the color coding summarized in Eq. (15)
the current experiments can exclude the region with mt̃ � 1
TeV (green), while they can probe the stop mass up to about
1.1 TeV at 95% C.L, and 1.2 TeV at 68% C.L. Despite the
blue points, it is also possible to probe the stop mass up to
about 1.4 TeV if at least one of these signal processes yield
visible strength in the current collider experiments. The top
right panel shows the similar results for the 27 TeV center
of mass energy. These experiments can probe the stop mass
through the signal processes up to about 1.4 TeV. Note that
there are a few solutions in this region shown in blue. These
solutions predict Wino to be lighter than Bino, and thus the
lightest chargino and LSP neutralino are mostly formed by
Wino. The right-handedness of the lightest stop suppresses
the signal strength for these solutions. Apart from the hand-
edness, it is also possible to probe the stop up to about 1.9
TeV in these experiments.

The bottom panels reveal the results for the 100 TeV col-
lider experiments with 36.1 fb−1 (left) and 3000 fb−1 (right)
luminosity. The 100 TeV collider experiments are expected
to probe the solutions for Wino-like LSP discussed for the 27
TeV center of mass energy above, since they provide enough
sensitivity to even a small mixing between left- and right-
handed stops. In addition, the region with mt̃1 � 2 TeV is
expected to be significantly probe in such experiments. It
will also be possible to probe the stop mass up to about 3
TeV, if one of the signals yield enough strength. The probed
mass scale for the stop will be shifted about 1–2 TeV when a
high luminosity such 3000 fb−1 is obtained as shown in the
bottom right panel. It is interesting to see the blue points in
the region with 2 � mt̃1 � 3 TeV, despite the high lumi-
nosity. The gluino can happen to be lighter than stop in this
region, and these solutions remain in blue, since we do not
consider the signal processes in which the stop decays into
a gluino along with a top quark. These solutions are shown
in the mg̃ −mt̃1 plane of Figure 1 (those below the diagonal
line). Such signals can be allowed only in a small region, but
one can also follow analyses over some benchmark points to
explore the sensitivity of the experiments to the t̃ → g̃t .

In the benchmark points displayed above, the LSP neu-
tralino is mostly bino, while the chargino happens to be
NLSP except those listed in Table 2. In this case masses of
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Table 3 Benchmark points of
stop probes within 68% and
95% CL through Signal 3. The
point selection is the same as
explained in Table 1

Signal 3 Point 1 Point 2 Point 3 Point 4

m0 2158 2910 2274 2859

M1 2786 3515 2518 2377

M2 1470 1257 1354 1285

M3 1032 925.3 1137 1306

tan β 12.8 30.6 17.5 16.5

A0/m0 −2.09 −1.67 −2.14 −1.23

μ 2246 2130 2427 2077

mh 124 125.1 124.5 124

mH 3165 2906 3207 3453

mA 3165 2905 3207 3452

mH± 3166 2907 3208 3453

mg̃ 2365 2183 2583 2957

mũ1,2 2944, 3006 3438, 3455 3135, 3185 3735, 3772

md̃1,2
2887, 3006 3377, 3439 3093, 3185 3705, 3773

mt̃1,2
1294, 2337 1682, 2457 1431, 2444 2309, 3098

mb̃1,2
2315, 2814 2435, 2958 2421, 2953 3084, 3602

mẽ1,2 2387, 2399 3076, 3181 2453, 2467 2987, 2994

m τ̃1,2 2297, 2360 2654, 2821 2273, 2384 2867, 2938

mχ̃0
1,2

1226, 1238 1062, 1570 1119, 1133 1058, 1077

mχ̃0
3,4

2244, 2248 2137, 2140 2425, 2427 2108, 2111

mχ̃±
1,2

1226, 2248 1062, 2140 1132, 2428 1077, 2111

BR(Bs → μμ) 3.23 × 10−9 3.31 × 10−9 3.24 × 10−9 3.23 × 10−9

BR(B → Xsγ ) 3.10 × 10−4 3.02 × 10−4 3.08 × 10−4 3.13 × 10−4

	h2 0.074 0.033 0.121 0.121

σ SI (pb) 1.24 × 10−7 1.04 × 10−7 6.90 × 10−9 1.75 × 10−8

σ SD (pb) 1.49 × 10−7 1.14 × 10−7 9.26 × 10−9 1.73 × 10−8

BR(t̃1 → t χ̃0
1 ) − 0.31 0.80 0.65

BR(t̃1 → bχ̃±
1 ) 1.00 0.68 0.12 0.06

BR(χ̃±
1 → W χ̃0

1 ) − − − −
BR(χ̃±

1 → qq ′χ̃0
1 ) 1.00 0.73 0.78 0.78

σ(pp → t̃ t̃) (pb) 8.87 × 10−4 2.36 × 10−3 4.59 × 10−1 3.98 × 10−2

SS 2.36 2.48 1.07 2.54√
s (TeV) 14 27 100 100

L (fb−1) 36.1 36.1 36.1 3000

the two lightest neutralinos and lightest chargino are at the
same order in the mass spectrum, and the relic density of the
LSP neutralino is reduced through the chargino-neutralino
coannihilation processes, which result in 	h2 � 0.12 for
some of the solutions. On the other hand, it is also possible
to realize the relic density of LSP neutralino smaller than
the current bounds (Point 1 in Table 2, Points 1 and 2 in
Table 3). If the dark matter relic density is saturated only
by the LSP neutralino, then these points are also excluded
by the current WMAP and Planck measurements. However,
such solutions can be still available in conjunction with
other form(s) of the dark matter [19,176]. In addition to the

chargino-neutralino coannihilation scenario, Point 1 in Table
2 represents a solution in which stop is NLSP and nearly
degenerate to the LSP neutralino in mass. Such solutions
favor stop-neutralino coannihilation scenario. In Point 2 of
Table 2, mA � 2mχ̃0

1
, and it is an A−resonance solution in

which two LSP neutralinos annihilate into a CP−odd Higgs
boson.

Since the Higgsino are rather heavy (μ ∼ m0), they do
not take part in forming the LSP neutralino; thus, the dark
matter solutions yield small cross-sections for the dark mat-
ter scattering at nuclei. On the other hand, since the wino
may mix with bino in the LSP neutralino, it may give some
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Fig. 10 Plots in the mχ̃0
1

− mt̃1 planes showing the combined signal
strength of the three class of the signal processes in the same color cod-
ing as Fig. 5 for the experiments of 14 TeV (top left), 27 TeV (top right),

100 TeV (bottom) center of mass energies with 36.1 fb−1 luminosity.
The bottom right panel shows the results for the 100 TeV center of mass
energy with 3000 fb−1 luminosity

enhancement to the scattering cross-section. In this context,
some of the solutions represented in our work can poten-
tially be tested in dark matter direct detection experiments, as
well. We present the results for dark matter scattering cross-
section in comparison with the current and future projected
exclusion curves from several direct detection experiments
in Fig. 11. Even though the spin-independent cross-section
results are mostly below the current and projected experi-
mental results, there are some solutions placed between the
current and projected LUX-Zeplin results. Such solutions
are expected to be tested in direct detection experiments in
near future. On the other hand, the spin-dependent scattering
results are way below the current and projected experimental
exclusion curves, and the solutions should wait for further
upgrades in the ongoing experiments to be tested. Before
concluding, we should note that since our scans are devoted
to the collider analyses, the statistics for the direct dark mat-
ter experiments are rather able to give some rough results.
More thorough scans may display more solutions between
the current and projected curves, which will be tested soon.

Besides, we assume the relic density of the dark matter
to be saturated only by the LSP neutralino, and this condi-
tion yields a strong impact on the solutions. As seen from
the left panel in Fig. 11, there are green points around the

current exclusion curve from the LUX-Zeplin experiment
within 2σ uncertainty. Even though these solutions do not
satisfy the relic density constraint from the measurements of
the WMAP and Planck satellites due to our assumption, as
we mentioned above, they may still be available in conjunc-
tion with other form(s) of dark matter and they can be tested
within more thorough dark matter analyses. This approach,
on the other hand, does not resolve the issue for the solutions
yielding large relic density for neutralino (see, for instance,
Point 2 in Table 2). Such solutions can be accommodated
into models where the mass spectrum involves another LSP
such as right-handed sneutrino or gravitino, while neutralino
happens to be NLSP. The existence of these LSPs brings
stronger constraints on the supersymmetric particles such as
stau, stop, gluino etc. Since these particles interact with the
LSP very weakly, they can escape from the detector, and
this escape should be noticed as the missing color/charge in
the final state of the events, when these particles are real-
ized as NLSP. Thus, neutralino NLSP solutions are safe for
the collider analyses, while they can be strictly constrained
by the dark matter analyses. In this context, we also present
solutions with incompatible density of neutralino, since such
solutions can still be accommodated in models, and available
for the collider experiments and analyses.
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Fig. 11 The Spin-independent and Spin-dependent scattering cross-
sections of the dark matter. All points are compatible with the REWSB
and LSP neutralino conditions. Green points are allowed by the mass
bounds and constraints from rare B−meson decays. Blue and brown
points are subsets of green, and they satisfy, respectively, the WMAP
and Planck bounds on the relic abundance of LSP neutralino within 5σ .
In the σ SI −mχ̃0

1
plane, the blue solid (dashed) curve represents the cur-

rent (projected) results of the CDMS experiment [206], while the black
solid (dashed) curve is the current (projected) exclusion from the LUX-

Zeplin experiment [207]. The magenta curve shows the results from the
XENON-1T [208]. In the σ SD − mχ̃0

1
plane, the black solid (dashed)

curve shows the current (projected) results from the LUX-Zeplin exper-
iment [209], the orange curve is from the SuperKamiokande experiment
[210]. The magenta curve represents the results from XENON-1T [211],
while the red curve is obtained from the collider experiments [212].
Finally, the blue solid (dashed) curve is the current (projected) results
from the IceCube/DeepCore experiment

6 Conclusion

We have discussed the stop masses and possible signal pro-
cess within a class of SUSY GUTs with non-universal gaug-
ino masses. This class of models predicts the stop mass in
a wide range from about 400 GeV to 8 TeV, and the DM
constraints yield a further lower bound on the stop mass as
mt̃1 � 500 GeV. The mass spectrum also includes the gluino
mass from 2.1 TeV (as stated by the gluino mass bound) to
beyond 10 TeV. It usually happens to be heavier than the
stop, despite the presence of a very narrow region in which
the stop can slightly be heavier than gluino. However, this
region is excluded by the DM constraints. The LSP neutralino
always takes part in possible signal processes, and its mass is
realized as heavy as about 2.3 TeV in the fundamental param-
eter space. Even though LHC allowed region allows almost
massless neutralino, the DM constraints bounds its mass at
about 200 GeV from below. Similarly the lightest chargino
mass can be realized beyond 3 TeV, while the DM constraints
bound its mass at about 2.7 TeV from above.

We consider three possible signal processes to probe the
stop in this class of SUSY GUTs. The strongest impact can
be obtained when a stop significantly decays into a LSP neu-
tralino along with a top quark, which we refer to Signal 1.
The current experiments at 14 TeV center of mass energy with
36.1 fb−1 luminosity can exclude the stop mass up to about
1.2 TeV through this decay channel, while the stop mass can
be expected to be probed up to about 1.6 TeV in the exper-
iments with 27 TeV center of mass energy, while the probe
scale will raise to about 3 TeV when the 100 TeV center of
mass energy is set in the collider experiments. If 3000 fb−1

luminosity is reached in 100 TeV collider experiments, this
channel can probe the stop mass up to about 6 TeV. Another
decay mode of the stop can be listed as Signal 2, in which
it decays into a bottom quark along with a chargino, and the
chargino successively decays into a W−boson and LSP neu-
tralino. We found that this channel is not available for the cur-
rent collider experiments, since the lightest stop mass eigen-
state is formed mostly by the right-handed stop in this class
of SUSY GUTs. Only a small region with 0.8 � mt̃1 � 1.2
TeV can yield a considerable left-handed stop mixing, and it
leads to a visible signal. Despite the lack of good statistics
for the current experiments, this channel can be expected to
be available and probe the stop mass to about 4.8 TeV in
the experiments with 100 TeV center of mass energy and
3000 fb−1 luminosity. However, a similar signal can be con-
sidered in which the chargino’s successive decay is into two
quarks and a LSP neutralino, which is stated as Signal 3 in our
discussion. Similar analyses have revealed that this channel
is available for the current experiments, and it excludes the
solutions with mt̃1 � 1.2. It provides also a promising signal
through which the stop mass can be probed to about 2 TeV
at 27 TeV, and 2.8 TeV at 100 TeV center of mass energies.
Besides, high luminosity lifts the probing scale for the stop
mass up to about 5 TeV. These results are applicable when
the stop decays follow the signal processes under concern.
The solutions with SS < 1 (shown in blue) mean the signal
process considered is not strong enough to be tested and/or
probed. As discussed over the tables of benchmark points,
such solutions might be tested through different signal pro-
cesses, and they may bound and probe the stop at different
mass scales.
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The solutions with SS < 1 (shown in blue) mean that a
signal process considered is not strong enough to be tested
and/or probed. On the other hand, such solutions may yield
visible signals if one considers different processes. In this
context, we also present combined results for the strength
of all the three signals. The current experiments can exclude
the region with mt̃1 � 1 TeV in this class of SO(10) models,
since all solutions in this region yield SS > 3. The experi-
ments with 27 TeV center of mass energy can be eligible to
probe the stop mass up to about 1.4 TeV. However, one can
still identify a few blue points in the region with mt̃1 � 1.4
TeV. Such solutions predict the Wino-like LSP neutralino,
and the SU (2)L interactions are suppressed due to the right-
handedness of the lightest stop mass eigenstate. The experi-
ments with 100 TeV center of mass energy can probe the stop
mass up to about 3 TeV, and 6 TeV when a high luminosity
is obtained. We identified some solutions which yield weak
signal strength despite the high center of mass energy and
luminosity. These solutions predict the gluino to be lighter
than stop, and they can be tested through different signal
processes such as t̃1 → g̃t .
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