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Current searches for squarks are inefficient in cases when the squark does not directly decay to the
lightest supersymmetric particle (LSP), because those decays are Yukawa suppressed. This occurs when
producing the first two generations of squarks and when, at the same time, there are several electroweakinos
lighter than those squarks. In this paper, we analyze the signal of the pair production of squarks that
subsequently decay to an intermediate neutralino (χ̃03) plus jets. The neutralino will then decay to the LSP
(mainly Higgsino) and a Higgs. We have simulated the events and designed a discovery strategy based on a
signal of two jets, four b quarks, and missing transverse energy. We obtain very promising values for the
Large Hadron Collider sensitivity at 14 TeV and 300 fb−1.
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I. INTRODUCTION

Supersymmetry (SUSY) is one of the prime scenarios
for physics beyond the Standard Model (SM). It can
achieve a solution to the big hierarchy problem, accom-
modate gauge coupling unification, and, if one assumes
R-parity conservation, produce a candidate for dark
matter. One of the consequences of R-parity conservation
is that the lightest supersymmetric particle (LSP) is
neutral and stable at the cosmological level, which means
a lot of missing transverse energy (MET) on cascade
decays at the Large Hadron Collider (LHC). In particular,
the minimal supersymmetric SM extension (MSSM) is, at
present, the subject of extensive experimental searches
at the LHC, mainly concerning gauginos, Higgsinos (the
supersymmetric partners of gauge and Higgs bosons),
squarks, and sleptons (the supersymmetric partners of
quarks and leptons).
In the MSSM, the gaugino sector contains, on top of the

gluino (a Majorana fermion), the electroweak neutralinos
(four Majorana fermions χ̃0i , i ¼ 1;…4, an admixture of the

bino, the neutral wino, and the two neutral Higgsinos) and
charginos (two Dirac fermions χ̃�a , a ¼ 1, 2, an admixture
of the two charged winos and the two charged Higgsinos).
The mass matrices for the neutralino and chargino sectors
only depend, leaving aside the electroweak breaking
parameters in the MSSM (v and tan β), on three mass
parameters: the soft breaking masses for binos (M1) and
winos (M2) and the supersymmetric Higgsino mass (μ). In
view of the above comments, it should be clear that the
neutralino sector is pretty much independent of the par-
ticular mechanism of SUSY breaking in the scalar sector, as
well as the subsequently induced electroweak breaking.
Moreover, in R-parity-conserving scenarios, the neutralino
sector is an excellent candidate to accommodate the LSP
(i.e., χ̃01), which makes experimental SUSY searches with a
lot of MET as model independent as possible. In this paper,
we will assume that the LSP is the lightest neutralino, and
is usually a Higgsino, thus easily avoiding cosmological
problems.
However, in most experimental analyses, it is further

assumed that the LSP ðχ̃01Þ is an isolated neutral state, and
squark searches assume 100% branching ratios (BR) to χ̃01
plus jet. This scenario is only possible, for neutralino
masses larger than the electroweak scale, if the neutralino
LSP is mostly bino. That assumption can have problems
when one makes dark matter considerations, as the bino
tends to overclose the Universe [1]. If, on the other hand,
one assumes that the Higgsino is lighter than the bino and
the wino, since the Higgsino is an SUð2Þ doublet, one has a
neutral state as the LSP ðχ̃01Þ and a charged and a neutral
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one ðχ̃þ1 ; χ̃02Þ very close in mass. In this case, the Higgsino
has no cosmological problems for masses below 1.1 TeV
(but it only accounts for all the relic abundance for a mass
of 1.1 TeV; for lower masses, one needs other components
for DM) and, if there are no other electroweakinos with
masses below the squark masses, the experimental signa-
ture is captured in current analyses that assume a 100% BR
to the LSP. Then, even though there may be decays from
squarks to the other two light electroweakinos ðχ̃þ1 ; χ̃02Þ,
subsequent decays of these electroweakinos will lead to the
same signal, since any of their decay products will be
very soft.
A far more interesting situation, which we will consider

in this paper, occurs when there is an intermediate neutral
state ðχ̃03Þ between the squarks and the LSP (and associated
states). This situation happens when there is a small
hierarchy between the masses ðμ < M1 < Mq̃ < M2Þ:
i.e., the Higgsino is lighter than the bino, which in turn
is lighter than the squarks, while the wino is essentially
decoupled. This spectrum with χ̃03 lighter than strongly
interacting sparticles was previously analyzed for the case
of gluino production [2,3], and also for the case of stop-pair
production [4]. This kind of spectrum escapes current
experimental searches because the experimental cuts are
very inefficient for this particular signal.
In this paper, we are interested in decays of squarks

within the MSSM for the case of Higgsinos being the LSP,
much heavier winos, and first- and second-generation
squarks at an intermediate scale between those of the bino
and wino masses. We then assume the decay channel q̃ →
χ̃03j and prevent the direct decay into the LSP by assuming
third-generation squarks, which would decay into the LSP
by the Yukawa interaction, to be heavier than first- and
second-generation ones. The assumption that the third-
generation squarks are heavier than those of the first two
generations, a hierarchy which appears naturally in the
quark and lepton sectors in the SM, can be theoretically
implemented in the effective theory of superstring models
[5], where the sfermion soft masses do depend on the
corresponding modular weights.
The paper is structured as follows: In Sec. II, we present

a search strategy for this class of experimental signature at
the LHC, characterizing the signal against the background.
Section III is devoted to the analysis of the corresponding
LHC sensitivity, by means of our search strategy, within the
masses of the bino and squark parameter space. We finally
conclude with a brief discussion of the main results in
Sec. IV. The details of the benchmark point considered in
this work are summarized in the Appendix.

II. SQUARK-PAIR PRODUCTION AT THE LHC:
COLLIDER STUDY

Within the MSSM Higgsino LSP scenarios presented
above, the proposed experimental LHC signature originates

from the squark-pair production, pp → q̃q̃�, that decays
into χ̃03 (essentially a bino) and one light jet (q̃ → χ̃03j). Each
χ̃03 decays then into the LSP (χ̃01) and h, the lightest MSSM
Higgs boson considered here as the 125 GeV Higgs boson,
which in turn decays into a b-quark pair. Thus, the LHC
signature is made of two light jets, four b jets, and a lot of
missing transverse energy (2jþ 4bþ Emiss

T ), as shown in
Fig. 1. The main backgrounds are separated into the
following categories: QCD multijet; tt̄ production; tt̄
production associated with electroweak or Higgs bosons,
tt̄þ X (X ¼ W, Z, γ�, h); Z þ jets and W þ jets produc-
tions; and diboson production (WW, ZZ,WZ,Wh, and Zh)
plus jets.
Our LHC search strategy is developed for a center-of-

mass energy of
ffiffiffi
s

p ¼ 14 TeV and an integrated luminosity
of L ¼ 1 ab−1, corresponding to the high-luminosity LHC
(HL-LHC) stage. MadGraph_aMC@NLO 2.8.1 [6] is used for
the Monte Carlo generation of the signal and the main
backgrounds; the parton showering and hadronization are
obtained with PYTHIA 8.2 [7], and the detector response is
simulated with Delphes 3.3.3 [8].
On the other hand, we have confronted our spectrum of

interest with the general searches at the LHC of new
physics for 13 TeV by using the software CheckMATE 2.0.24

[9], and we conclude that the spectrum is allowed by the
validated analyses. For each validated search, the ratio of
the resulting signal events and the 95% C.L. limits on the
signal is computed, and the r parameter is the maximum of
these ratios. In particular, the resulting r parameters are
below 0.1, with the search (Ref. [10]) in the SRI −MLL −
60 region carrying the most weight. From this comparison,
the general validated searches in CheckMATE are far
from being sensitive to squark-pair production with our

FIG. 1. Relevant SUSY process corresponding to squark
production with 2jþ 4bþ Emiss

T in the final state.
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spectrum, so that it is relevant to develop a dedicated search
strategy for the signature considered here. Notice that as the
r-parameter values are too low, we do not expect that the
current experimental analysis for L ¼ 1000 fb−1 will
exclude our spectrum. More recent experimental
searches—see, for instance, Refs. [11,12]—have similar
signatures to ours, although they are not dedicated to our
spectrum, since there are no squarks as intermediate states.
We will see that our most optimistic observed number of
signal events for L ¼ 137 fb−1 is ∼2 (see our Table IV),
and this value is roughly inside the uncertainties of the

results in Refs. [11,12]. Then these similar searches do not
exclude our spectrum.
For the simulation of the signal, the default cuts on the

transverse momenta of the light jets and b jets are used
(pj

T > 20 GeV and pb
T > 20 GeV). However, in order to

decrease the large background cross sections and make event
generationmore efficient, thegenerator-level cuts of Eq. (1), on
the pT of the light jets and b jets, are imposed for the
background simulation, since very energetic b jets and light
jets from the decays ofHiggs bosons and squarks are expected,
respectively:

pj1
T > 180 GeV; pj2

T > 140 GeV; pj3
T > 70 GeV; pj4

T > 35 GeV;

pb1
T > 90 GeV; pb2

T > 20 GeV; pb3
T > 20 GeV; pb4

T > 20 GeV; ð1Þ

with j1 (b1) being the most energetic light (b) jet, and j4
(b4) the least energetic one. The MLM algorithm [13,14]
has been implemented for jet matching and merging. With
the intention of optimizing the event simulation and
checking that the jet distributions are smooth, xqcut is
chosen to be 20 GeV for all generated samples, and qcut
is equal to 30, 50, and 250 GeV for backgrounds with
vector bosons, tt̄, and signal, respectively. These para-
meters in the run and PYTHIA cards represent the minimum
kT jet measure between partons. A working point for the
efficiency of b tagging of 0.75 is used, with a rate of
misidentification of 0.01 for light jets and 0.1 for c jets
(internal analysis codes and simulation input files are
available upon request to authors).
It is appropriate to make the following comments on the

signal and its corresponding backgrounds:
(1) Signal. Supersymmetric spectrum and decay rates for

the signal have been calculated with SOFTSUSY.4.1.10

[15–21], while the production cross section of a pair of
squarks is obtained from Ref. [22]. We consider two
cases: the Left case, for ũLũL and d̃Ld̃L productions,
and theRight case, for ũRũR production. In both cases,
we keep the LSP mass almost fixed around 500 GeV,
and we scan over the parameter space Mq̃ ∈
½800; 1100� GeV andMχ̃0

3
∈ ½600; 900� GeV. In these

parameter space regions, for the Left case, we
have q̃Lq̃L production cross sections in the range
[45, 160] fb and BRðq̃L → qχ̃03Þ ∈ ½0.19; 0.88�.
On the other hand, for theRight case,we have σðpp →
ũRũRÞ ∈ ½58; 400� fb and BRðũR → uχ̃03Þ ∈
½0.56; 0.95�. See the Appendix for more details.
However, production cross sections for pp → d̃Rd̃R
are typically 1 order of magnitude smaller than q̃Lq̃L

and ũRũR cases, and we will not take this process into
account (see, for instance, Ref. [23]).

(2) QCD multijet background. It is commonly treated
using data-driven techniques and is intractable with
our computational capacity. An estimate of this
background by recasting the analysis in Ref. [24]
is included, in which a similar cut-based analysis is
performed for a similar experimental signature. In
particular, as our signal is expected to have a large
amount of Emiss

T , variables related to this observable,
such as the Emiss

T significance, will substantially
decrease this class of background with nongenuine
missing transverse energy. Moreover, the character-
istic  pmiss

T spatial configuration can be used for
reducing this background.

(3) tt̄ production. Its fully hadronic and semileptonic
decay channels are included. The branching fraction
of the fully hadronic channel is 0.457, while that of
the semileptonic is 0.438. After applying the cuts of
Eq. (1), one expects 1.36 × 106 events for the fully
hadronic channel and 0.42 × 106 events for the
semileptonic one. To be somewhat more realistic
with the simulation of this background, we consider
an extra jet, which translates to 0.83 × 106 and
0.25 × 106 more events for the fully hadronic and
semileptonic channels, respectively. An estimate of
tt̄þ 2j is also included through an extra factor of
10% for the simulated events of tt̄ plus tt̄þ j (this
10% comes from the ratio of the corresponding cross
sections).

(4) tt̄þ X production. In relation to tt̄, the extra boson
generates a genuine source of Emiss

T (more b jets)
for thehadronic (semileptonic) top-quarkpair. tt̄semilepþ
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ðh → bb̄Þ, tt̄semilep þ ðγ� → bb̄Þ, tt̄had þ ðW → lνÞ,
tt̄had þ ðZ → ννÞ, and tt̄semilep þ ðZ → bb̄Þ are con-
sideredwith one extra jet to eachprocess,which leads to
2.9 × 103 expected events in this category.1

(5) V þ jets production (V ¼ Z or W). A b-jet pair and
a light-jet pair leading to four extra jets and a
genuine source of Emiss

T through neutrinos coming
from the gauge boson decays [with BRðZ → ννÞ ¼
0.2 and BRðW → lνÞ ¼ 0.21]. For L ¼ 1000 fb−1,
5.6 × 104 events for Z þ jets and 3 × 105 events for
W þ jets are expected.

(6) Diboson production. It is subdominant, with ∼10−3
times the V þ jets number of events (which we will
keep under control). Therefore, one can safely
neglect this background.

In what follows, we will characterize the signal against the
dominant SM backgrounds, which will allow us to find
signal regions suitable for our search strategy. In the
collider study to be developed, the backgrounds we have
just defined fall into four categories: tt̄had þ 2j and
tt̄semilep þ 2j (both inclusive), V þ jets, and tt̄þ X þ j
(also inclusive).
Distributions of the fraction of the number of identified b

jets Nb, and the number of light jets Nj for the signal and
the main backgrounds, are depicted in Fig. 2 (left and right
panels, respectively). We consider the generic squark
masses of 1 TeV for both the Left and Right production
cases. First, a lepton veto (Nl ¼ 0) is set (already imposed
on Fig. 2) in order to reduce the semileptonic tt̄ production,
which is one of the most dangerous backgrounds. It is
important to note that the maximum of the Nj distribution
for the signal is found for four light jets, while most of the
backgrounds are chopped for a lower value of the light-jet
multiplicity. In addition, the fact of having four bottom
quarks coming from the two Higgs-boson decays is a

challenging task, since in principle one wants to identify the
four b jets. All of this motivates, on the one hand, the
requirement of at least four light jets in our search strategy
and, on the other hand, the definition of two signal regions:
a first signal region (SR1) requiring at least four b jets in the
final state, and a second one (SR2) with at least three
identified b jets.
Figure 3 is devoted to the usual distributions—in

particular, those related to the missing transverse energy
Emiss
T . The missing energy distributions for the backgrounds

have peaks below 100 GeV, while the signal has most of its
events above this value.
Furthermore, the Emiss

T significance distributions of
signal and background present different patterns with a
clear separation near 5 GeV1=2. The Δϕðj1;  pmiss

T Þ distri-
butions show a noncentral behavior for signal and most of
the irreducible backgrounds, but this variable is useful in
order to reject most of the QCD multijet background.
Following the data-driven analysis of this background in
Ref. [24], we will include a conservative estimate of 0.7
events as the final number for the multijet background in
the cut flow for L ¼ 1000 fb−1 (corresponding to a direct
extrapolation from L ¼ 139 fb−1 to the luminosity con-
sidered here in the signal regions with at least four jets).
Finally, the meff variable is constructed as the sum of the

missing transverse energy and the scalar sum of the
transverse momenta of all the reconstructed jets (HT).
The corresponding distributions of the background events
have peaks below 1000 GeV, while the signal peak is near
this value.
The distributions for both signal cases, Left (gray lines)

and Right (black lines), are slightly different, but the
general conclusions and the resulting cuts can be joined
in order to get a less model-dependent search strategy.
Taking all this into account, the definition of the SR1

search strategy contains the cuts listed below:
(1) Selection cuts Nb ≥ 4, Nj ≥ 4, Nl ¼ 0.
(2) χHH

2 cut lower than 2.

FIG. 2. Distributions (with Nl ¼ 0) of the fraction of Nb (left panel) and Nj (right panel) for signal and background.

1The tt̄þ bb̄ with the extra b pair coming from a gluon was
simulated with 47.5 × 103 expected events after generator cuts.
However, the strong MET cut that we apply in the following
search cancels all these events, and we then demand a genuine
source of missing energy yielding to the described processes for
this category and omit the tt̄þ bb̄ process from now on.

2Following the definition in Ref. [25], this variable quantifies
the requirement of two reconstructed bottom pairs coming from
the Higgs bosons.

ARGANDA, DELGADO, MORALES, and QUIRÓS PHYS. REV. D 107, 015024 (2023)

015024-4



(3) MET cuts given by Emiss
T > 150 GeV, jΔϕðj1;  pmiss

T Þj > 0.4, and meff > 1300 GeV.
Meanwhile, the search strategy for the signal region SR2 is defined with the following cuts:
(1) Selection cuts Nb ≥ 3, Nj ≥ 4, Nl ¼ 0.
(2) pT cuts of Eq. (2):

pj1
T > 200 GeV; pj2

T > 150 GeV; pj3
T > 80 GeV; pj4

T > 40 GeV;

pb1
T > 100 GeV; pb2

T > 60 GeV; pb3
T > 35 GeV: ð2Þ

(3) MET cuts given by Emiss
T > 150 GeV, jΔϕðj1;  pmiss

T Þj > 0.4, and meff > 1400 GeV.
For the statistical analysis, we consider the significance, including background systematic uncertainties [26,27], given by

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðBþ SÞ log

�ðSþ BÞðBþ σ2BÞ
B2 þ ðSþ BÞσ2B

�
−
B2

σ2B
log

�
1þ σ2BS

BðBþ σ2BÞ
��s

; ð3Þ

where S (B) is the number of signal (background)
events, and σB ¼ ðΔBÞB, with ΔB being the relative
systematic uncertainty chosen to be a conservative value
of 30%. This conservative value takes the uncertainty
associated with our limited statistics into account, since
we mostly suppress the expected backgrounds by means
of the use of our search strategy, as shown in the next
section.

III. RESULTS

The cut-by-cut resulting significances with systematic
uncertainties of 30%, with our search strategy applied to
each signal region (SR1, SR2) and to Left, Right produc-
tions, are summarized in Tables I–IV. Remember that the
search strategy was developed for L ¼ 1000 fb−1, and a
QCD multijet estimate of 0.7 events [24] was included in
the significances of the last cut.

FIG. 3. Distributions (with Nl ¼ 0, at least three b jets, and four light jets) of the fraction of Emiss
T (upper-left panel), the Emiss

T
significance (upper-right panel), the azimuthal angle difference Δϕðj1;  pmiss

T Þ between the leading jet and the  pmiss
T (lower-left panel),

and the effective mass meff (lower-right panel), for signal and background.
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As we can see, most of the backgrounds were eliminated,
and we keep at least five signal events at the end of the
strategies. In particular, the results for SR1 in which we
demand four reconstructed b jets, corresponding to the Left
and Right productions, are collected in Tables I and II,

respectively. For each kind of signal, we expect signifi-
cances of 3.16σ and 2.74σ for L ¼ 1000 fb−1. Even results
at L ¼ 300 fb−1 are interesting with significances near 2σ.
On the other hand, Tables III and IV show the results for

the Left and Right productions in SR2 (in which we demand

TABLE I. Cut flow for SR1 with L ¼ 1000 fb−1 for the Left case signal production. Significances are from Eq. (3), with a systematic
uncertainty in the background of 30%. AQCD multijet estimate of 0.7 events [24] is taken into account for the significances of the last
cut-flow step.

Process Signal tt̄had þ 2j (inc.) tt̄semilep þ 2j (inc.) V þ jets tt̄X þ j (inc.) S

Expected 2110 2.4 × 106 0.74 × 106 3.56 × 105 2.9 × 103 2 × 10−3

Selection cuts 173.1 2697 90.2 7.95 13.2 1.3 × 10−2

χHH cut 38.6 364.8 12.7 0 1.7 0.32
MET and meff cuts 6.9 1.1 0 0 0.1 3.16

L ¼ 300 fb−1 2.1 0.3 0 0 0 1.89

TABLE II. Cut flow for SR1 with L ¼ 1000 fb−1 for the Right case signal production. Significances are from Eq. (3), with a
systematic uncertainty in the background of 30%. AQCD multijet estimate of 0.7 events [24] is taken into account for the significances
of the last cut-flow step.

Process Signal tt̄had þ 2j (inc.) tt̄semilep þ 2j (inc.) V þ jets tt̄X þ j (inc.) S

Expected 1701 2.4 × 106 0.74 × 106 3.56 × 105 2.9 × 103 1.6 × 10−3

Selection cuts 136.7 2697 90.2 7.95 13.2 0.16
χHH cut 31.9 364.8 12.7 0 1.7 0.27
MET and meff cuts 5.7 1.1 0 0 0.1 2.74

L ¼ 300 fb−1 1.72 0.3 0 0 0 1.63

TABLE III. Cut flow for SR2 with L ¼ 1000 fb−1 for the Left case signal production. Significances are from Eq. (3), with a systematic
uncertainty in the background of 30%. A QCD multijet estimate of 0.7 events [24] is taken into account for the significances of the last
cut-flow step.

Process Signal tt̄had þ 2j (inc.) tt̄semilep þ 2j (inc.) V þ jets tt̄X þ j (inc.) S

Expected 2110 2.4 × 106 0.74 × 106 3.56 × 105 2.9 × 103 2 × 10−3

Selection cuts 616.9 3.06 × 104 2025 145.7 94.1 0.06
pT cuts 35.9 216.7 4.1 0 2.1 0.49
MET and meff cuts 16.8 0 0.3 0 0.0 7.22

L ¼ 300 fb−1 5 0 0.1 0 0 4.32

TABLE IV. Cut flow for SR2 with L ¼ 1000 fb−1 for the Right case signal production. Significances are from Eq. (3), with a
systematic uncertainty in the background of 30%. AQCD multijet estimate of 0.7 events [24] is taken into account for the significances
of the last cut-flow step.

Process Signal tt̄had þ 2j (inc.) tt̄semilep þ 2j (inc.) V þ jets tt̄X þ j (inc.) S

Expected 1701 2.4 × 106 0.74 × 106 3.56 × 105 2.9 × 103 1.6 × 10−3

Selection cuts 508.9 3.06 × 104 2025 145.7 94.1 0.05
pT cuts 38.3 216.7 4.1 0 2.1 0.05
MET and meff cuts 18.1 0 0.3 0 0.0 7.58

L ¼ 300 fb−1 5.4 0 0.1 0 0 4.55
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three reconstructed b jets). Then, for this signal region, the
results are very promising, with significances above 4σ (7σ)
for a luminosity of 300 ð1000Þ fb−1.
The search strategy exploits the large amount of Emiss

T
and pT of the several energetic b and light jets, which are
very characteristic for the spectrum that we are considering
—i.e., with the Higgsino LSP coming from an intermediate

bino state. Hence, we apply this general search strategy in
order to study the sensitivity in the plane ½Mq̃;Mχ̃0

3
�,

corresponding to the relevant parameters of these SUSY
scenarios in which we fix the LSP mass to 500 GeV and
decouple the rest of the spectrum. In particular, we explore
the ranges of interest Mq̃ ∈ ½800; 1100� GeV and
Mχ̃0

3
∈ ½600; 900� GeV. The contour lines of S for SR1

FIG. 4. Contour lines for SR1 in the plane ½Mq̃;Mχ̃0
3
� corresponding to the q̃L (Left) and ũR (Right) productions. The brown, red, and

blue regions are the S (background systematic uncertainty of 30%) with values of at least 2σ, 3σ, and 5σ, respectively. The upper (lower)
panels correspond to L ¼ 300 ð1000Þ fb−1.
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corresponding to the Left and Right productions are shown
in Fig. 4. The upper and lower panels correspond to L ¼
300 and 1000 fb−1, respectively, and the brown, red, and
blue regions correspond to values of S of at least 2σ, 3σ,
and 5σ, respectively. With a luminosity of 300 fb−1, we
obtain significances at the evidence level in most of the
region forMq̃L ≳ 950 GeV andMχ̃0

3
≲ 750 GeV in the Left

case. However, this region is reduced in the Right case.
Notice that the projections to L ¼ 1000 fb−1 with discov-
ery-level significance are very similar to the previous ones
in both cases.
For SR2 in Fig. 5, we also include the green regions

corresponding to significances of at least 7σ, since the
results are improved with respect to the SR1 ones. We

FIG. 5. Contour lines for SR2 in the plane ½Mq̃;Mχ̃0
3
� corresponding to q̃L (left) and ũR (right) productions. The red, blue, and green

regions are the S (background systematic uncertainty of 30%) with values of at least 3σ, 5σ, and 7σ, respectively. Upper (lower) panels
correspond to L ¼ 300 ð1000Þ fb−1.
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expect more signal events after the cuts of this search
strategy, and discovery-level significances arise even for
L ¼ 300 fb−1. In particular, we have S ≥ 5σ for Mq̃L ≳
950 GeV andMχ̃0

3
≲ 750 GeV in the Left case, andMq̃R ≳

1000 GeV and 700 GeV≲Mχ̃0
3
≲ 800 GeV for the Right

case. It is not superfluous to again reiterate here that the
parameter space of interest of these SUSY scenarios is not
excluded by any of the experimental searches carried out
at the LHC by the ATLAS and CMS Collaborations, as we
have checked using CheckMATE. Therefore, with the very
promising results obtained for LHC sensitivity, with both
search strategies, we think that it would be interesting to
develop experimental analyses of these channels starting
from the signal interpretation that we propose.

IV. BRIEF DISCUSSION

Some comments are in order to summarize the main
conclusions of this work. When one deviates from the
assumption of 100% branching fractions of supersymmet-
ric decays to the LSP, the current searches have a different
interpretation. In this paper, we have analyzed a particular
spectrum such that the mass of the first two squark
generations is heavier than a mostly bino neutralino (χ̃03),
which in turn is heavier than a mostly Higgsino set of states
ðχ̃01;2; χ̃þ1 Þ. Pair production of squarks at the LHC will

generate a cascade decay via χ̃03, since the direct decay to
the LSP is Yukawa suppressed.
We have first shown that, for the values of the masses

considered along this work, the current LHC searches
provide no bounds. Then we have studied the feasibility of
discovery of this signal with two light jets, four b quarks
and MET. The results are very promising, especially in the
SR2 case, where one can even obtain 7σ significances for
300 fb−1, within regions of the parameter space of the
doublet case. The general message we want to convey is
that one needs to deviate from simplified models to be able
to cover a wide range of the parameter space in this class of
BSM scenarios.

ACKNOWLEDGMENTS

The work of E. A. is partially supported by the
“Atracción de Talento” program (Modalidad 1) of the
Comunidad de Madrid (Spain) under Grant No. 2019-
T1/TIC-14019, by the Spanish Research Agency (Agencia
Estatal de Investigación) through the IFT Centro de
Excelencia Severo Ochoa, Grant No. SEV-2016-0597,
and by CONICET and ANPCyT (Argentina) under
Projects No. PICT 2016-0164, No. PICT 2017-2751,
and No. PICT 2017-2765. The work of A. D. was partially
supported by the National Science Foundation under Grant
No. PHY-2112540. The work of R.M. was supported by
CONICET (Argentina). The work of M. Q. is partly
supported by Spanish MINEICO under Grant

No. FPA2017-88915-P, by the Catalan Government under
Grant No. 2017SGR1069, and by Severo Ochoa
Excellence Program of MINEICO under Grant No. SEV-
2016-0588. IFAE is partially funded by the CERCA
program of the Generalitat de Catalunya.

APPENDIX: DETAILS OF
THE BENCHMARK POINTS

For each benchmark point generated with
SOFTSUSY.4.1.10, we compute the expected signal event
Sexp corresponding to the process pp → q̃ q̃ → 2jþ 4bþ
Emiss
T to a given luminosity L by

Sexp ¼ σðpp → q̃ q̃Þ
× ðBRðq̃ → qχ̃03ÞBRðχ̃03 → χ̃01;2hÞBRðh → bb̄ÞÞ2
× L: ðA1Þ

We summarize in Tables Vand VI the σ × BR values for
the Left and Right cases, respectively.

In addition, the SUSY-breaking input parameters pro-
vided to SOFTSUSY.4.1.10 in order to generate the benchmark
point corresponding to Mχ̃0

3
¼ 818 GeV and Mq̃L ¼

1000 GeV in Table V are (all masses are in TeV and at
the μ ¼ mZ scale): M1 ¼ 0.75, M2 ¼ 3, M3 ¼ 2.2,
At ¼ Ab ¼ Aτ ¼ 0, μ ¼ 0.5, mA ¼ 8, ml̃L

¼ ml̃R
¼ 10

(l ¼ e, μ, τ), mq̃L1 ¼ 0.955, mq̃L2 ¼ mq̃L3 ¼ 10, Md̃R
¼

15,Mq̃R ¼ 10 (q ¼ u, c, t, s, b), and tβ ¼ 10. The resulting

TABLE V. Values of σ × BR [fb] for each benchmark point in
the ½Mq̃;Mχ̃0

3
� plane of the Left case.

Mq̃L [GeV]

Mχ̃0
3
[GeV] 915 925 940 1000 1050 1100

660 4.207 3.917 3.582 2.413 1.746 1.269
712 4.515 4.216 3.934 2.727 2.000 1.469
765 3.642 3.491 3.368 2.500 1.888 1.414
818 2.008 2.107 2.265 2.035 1.645 1.283
871 0.259 0.445 0.747 1.306 1.265 1.083

TABLE VI. Values of σ × BR [fb] for each benchmark point in
the ½Mq̃;Mχ̃0

3
� plane of the Right case. For the (x) benchmark

points, the ũR → uχ̃03 channel is kinematically closed.

Mq̃R [GeV]

Mχ̃0
3
[GeV] 795 849 903 956 1009 1061

656 4.746 3.398 2.388 1.702 1.182 0.852
708 5.466 4.322 3.100 2.220 1.541 1.112
760 2.409 3.951 3.106 2.280 1.599 1.159
813 (x) 1.815 0.499 2.210 1.588 1.161
866 (x) (x) 1.294 1.947 1.522 1.139
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relevant branching ratios3 are BRðd̃L → dχ̃03Þ ¼ 0.75,
BRðũL→uχ̃03Þ¼0.74, BRðχ̃03→ χ̃01;2hÞ¼0.26, and BRðh→
bb̄Þ¼0.57.
Finally, the SUSY-breaking input parameters provided to

SOFTSUSY.4.1.10 in order to generate the benchmark point

corresponding to Mχ̃0
3
¼ 813 GeV and Mq̃R ¼ 1009 GeV

in Table VI are as follows (all masses are in TeV and at
the μ ¼ mZ scale): M1 ¼ 0.75, M2¼3, M3 ¼ 2.2,
At¼Ab¼Aτ¼0, μ ¼ 0.5, mA ¼ 8, ml̃L

¼ml̃R
¼10 (l¼e,

μ, τ), mq̃L1 ¼ mq̃L2 ¼ mq̃L3 ¼ 10, MũR ¼1.1, Mq̃R ¼ 10

(q ¼ c, t, d, s, b), and tβ ¼ 10. The resulting
relevant branching ratios are BRðd̃R → dχ̃03Þ ¼ 0.01,
BRðũR → uχ̃03Þ ¼ 0.94, BRðχ̃03 → χ̃01;2hÞ ¼ 0.26, and
BRðh → bb̄Þ ¼ 0.57.
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