
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2026-130
2026/06/09

CMS-SUS-21-005

Search for new physics using single-lepton events with
high multiplicities of jets and b jets in proton-proton

collisions at
√

s = 13 TeV

The CMS Collaboration*

Abstract

This paper presents a search for beyond the standard model physics using single-
lepton events with a high multiplicity of jets, including those identified as bottom
quark jets, without a requirement on missing transverse momentum. The analysis is
based on proton-proton collision data collected with the CMS detector at the CERN
LHC at a center-of-mass energy of 13 TeV, corresponding to an integrated luminos-

ity of 138 fb−1. This search is sensitive to R-parity violating supersymmetry models,
where supersymmetric particles can decay into standard-model particles through in-
teractions that violate baryon number conservation. In particular, the signal model
considered is gluino pair production, where each gluino decays into top, bottom, and
strange quarks. The sum of large-radius jet masses is used to distinguish the sig-
nal from background, as it effectively captures the features of high jet multiplicity
and high interaction energy. No significant excess of data over the background pre-
dictions is observed. Gluinos in this model have been excluded for masses below
1890 GeV at 95% confidence level.
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1 Introduction

The standard model (SM) has been remarkably successful in describing a wide array of phe-
nomena, but it remains incomplete as a comprehensive framework for fundamental particles
and their interactions. There are still theoretical challenges that remain unanswered, such as
explaining the observed particle mass hierarchies in the presence of quantum corrections [1–
9]. In addition, the running of the gauge couplings in the SM does not lead to a unification at
a single energy scale [10–13]. Supersymmetry (SUSY) is a framework that offers a promising
solution to these challenges.

In various SUSY models, a conserved quantum number called R-parity is introduced [14] and
defined as (−1)2S+3(B−L), where S represents the particle’s spin, while B and L denote its
baryon and lepton numbers, respectively. The R-parity has significant implications for SUSY
phenomenology. If R-parity is conserved, SUSY particles are produced in pairs at the CERN
LHC, and their decay chains terminate in the lightest SUSY particle (LSP), which becomes a
dark-matter candidate if it is electrically neutral. Since the LSP is stable in these models and in-
teracts via the weak force, the presence of two neutral LSPs in the final state typically produces
a signature characterized by large missing transverse momentum (pmiss

T ). Searches targeting
SUSY models that conserve R-parity generally require large pmiss

T . They have limited sensitiv-
ity to the R-parity violating (RPV) SUSY models because the LSPs are allowed to decay into
SM particles, eliminating the pmiss

T signature. While RPV SUSY models do not contain the con-
ventional stable LSPs, viable dark-matter candidates may still arise in extended or alternative
sectors. In addition, they can address significant theoretical limitations of the SM [15]. Explor-
ing both scenarios is essential for a comprehensive examination of the SUSY parameter space.

If R-parity violation is permitted, the following additional term (W) in the superpotential is
allowed [15]:

W =
1

2
λijkLiLj ēk + λ′ijkLiQjd̄k + µ′iLi Hu +

1

2
λ′′ijkūid̄jd̄k.

The fields Li, Qj, and Hu are SU(2) doublets corresponding to leptons, quarks, and the Higgs

boson, while the singlet fields ēk, ūi, and d̄j represent the charged leptons, up- and down-type
quarks, respectively. Color indices are omitted, and the indices i, j, k denote the three different
generations. The parameters λ and µ stand for the coupling strengths associated with the
corresponding interactions.

The search described in this paper is sensitive to signals with large multiplicities of jets and
bottom quark (b) jets, and low pmiss

T in single-lepton final states. A specific model of RPV
within SUSY is used for the interpretation of the results, known as minimal flavor-violating
SUSY [16]. In this framework, the RPV couplings are derived from the SM Yukawa couplings,
and this causes the third-generation RPV Yukawa couplings to dominate over those for the
first two generations. This hierarchy is consistent with the stringent experimental constraint
from the lack of neutron-antineutron oscillations [17], which imposes strong limits on baryon
number violation involving the lighter two generations. In particular, we are interested in the
production of gluino pairs where the gluino decays to a top quark (t) and a top squark (̃t). The t̃

subsequently decays into b and strange quark (s) via the λ′′
323 coupling (g̃ → tt̃ → tbs). For the

simplified model interpretation, several assumptions are made following Ref. [18], including
that t̃ is virtual. In this scenario, the gluino decays directly to t, b, and s, and the branching
fraction for g̃ → tbs is 100%. The diagram of this model is shown in Fig. 1.

There have been several searches for this model with the CMS experiment. Reference [19] re-
ports searches in the 0, 1, 2, and ≥3 charged-lepton modes at

√
s = 8 TeV. Reference [18] reports

the results with the 2016 data at 13 TeV in the 1-lepton final state. The ATLAS experiment has
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Figure 1: Diagram of the signal model considered in this analysis. Gluinos are produced in
pairs and decay to t, b, and s.

reported results using the full Run 2 data set, excluding gluino masses up to 1830 GeV at 95%
confidence level (CL) [20].

We search for beyond-the-SM physics in regions determined by the jet multiplicity, Njet, and
the number of identified bottom quark (b-tagged) jets, Nb . In each region, a signal would ap-
pear as an excess at high values of the sum of the masses of large-radius jets, MJ. To suppress
background and maintain a high signal acceptance, we target signal events where one of the
top quarks decays leptonically. Therefore, the presence of an identified electron or muon is
required. Hereafter, Nlep denotes the number of identified electrons or muons. The quantity
MJ, originally proposed in phenomenological studies [21–23], was used in searches by ATLAS
and CMS for the all-hadronic [24, 25] and single-lepton final states [18, 26, 27], respectively. It
captures the characteristics of high jet multiplicity and large interaction energy, thereby provid-
ing discrimination between signal and backgrounds. After applying corrections derived from
comparisons of the MJ templates between data and simulation in control regions, the distri-
bution of MJ is found to be reliably modeled. However, the MJ distribution can have residual
dependence on the event kinematics, particularly Njet in the event. Thus, to avoid relying on
simulation to accurately model the tails of the Njet and Nb distributions, the background es-
timation is performed using data-driven techniques in bins of Njet and Nb . By binning in Nb

and normalizing backgrounds separately in each Nb bin, the analysis becomes less sensitive to
any mismodeling of the Nb shape, such as that arising from the treatment of high-momentum
gluons splitting into two b quarks.

The remainder of the paper is organized as follows. Section 2 describes the CMS detector,
data, and simulated samples. The object reconstruction and event selections are presented
in Section 3. Section 4 details the analysis strategy and background estimation, followed by
the systematic uncertainties in Section 5. The results and their interpretation are presented in
Section 6, and the paper concludes with a summary in Section 7. Tabulated results are provided
in the HEPData record for this analysis [28].

2 The CMS detector, data, and simulated samples

This analysis uses the complete sample of proton-proton (pp) collisions at a center-of-mass

energy of
√

s = 13 TeV corresponding to an integrated luminosity of 138 fb−1 [29–31], collected
with the CMS detector during 2016–2018.

The CMS apparatus [32, 33] is a multipurpose, nearly hermetic detector, designed to trigger
on [34–36] and identify electrons, muons, photons, and (charged and neutral) hadrons [37–39].
Its central feature is a superconducting solenoid of 6 m internal diameter, providing a magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate
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crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudo-
rapidity (η) coverage provided by the barrel and endcap detectors. Muons are reconstructed
using gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.
More detailed descriptions of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Refs. [32, 33].

In this search, Monte Carlo (MC) simulation samples are used for the background prediction.
Samples for top quark pair production (tt), a W boson produced with additional jets (W+jets),
Drell–Yan production with additional jets (DY+jets), and multiple jets due to quantum chromo-
dynamics interactions (QCD multijet) are generated using MADGRAPH5 aMC@NLO [40] v2.6.5
and v2.7.3 at leading-order (LO) accuracy, with 2–4 extra partons in the matrix-element calcu-
lations. Samples for top quark pair production in association with a W boson (ttW), Z boson
(ttZ), and Higgs boson (ttH), as well as for four top quark production (tttt) and s-channel sin-
gle top quark production are generated by MADGRAPH5 aMC@NLO at next-to-LO (NLO) accu-
racy. The single top quark production with a W boson and t-channel single top quark process
are generated with POWHEG v2.0 [41–43], while the diboson and triboson processes are gen-
erated with PYTHIA 8.240 [44]. The signal samples are generated by MADGRAPH5 aMC@NLO

v2.6.5 at LO accuracy, using MSSM SLHA2 Universal FEYNRULES Output model [45, 46], with
two extra partons in the matrix-element calculations. The signal production cross sections are
approximated to next-to-NLO (NNLO) plus next-to-next-to-leading logarithmic (NNLL) accu-
racy [47]. The signal sample assumes that the gluino is the LSP and that all other particles are
decoupled by taking their masses sufficiently large that they do not affect the phenomenol-
ogy. All samples are generated with the NNPDF3.1 set of parton distribution functions [48] at
NNLO accuracy. Samples generated at NLO accuracy with the MADGRAPH5 aMC@NLO use
the FxFx matching and merging scheme [49], while those generated at LO accuracy with the
same generator employ the MLM merging scheme [50]. Fragmentation and hadronization pro-
cesses are simulated by PYTHIA, and underlying events are described by CP5 tune [51]. Finally,
detector response is simulated by GEANT4 [52].

3 Object and event selection

The reconstruction of physics objects in an event proceeds from the candidate particles identi-
fied by the particle-flow (PF) algorithm [53], which uses information from the tracker, calorime-
ters, and muon systems to identify the candidates as charged or neutral hadrons, photons,
electrons, or muons. Charged-particle tracks are required to originate from the primary vertex
(PV) of the event. It is taken as the vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in Ref. [39].

The charged PF candidates associated with the PV and the neutral PF candidates are clustered
into jets using the anti-kT algorithm [54] with a distance parameter R = 0.4, as implemented
in the FASTJET package [55]. The estimated pileup contribution to the transverse momentum
(pT) of a jet from neutral PF candidates is removed with a correction based on the area of the
jet and the average energy density of the event [56]. The jet energy is calibrated using pT- and
η-dependent corrections; the resulting calibrated jet is required to satisfy pT > 30 GeV and
|η| < 2.4. Each jet must also meet the tight identification requirements specified in Ref. [57] to
suppress, for example, calorimeter noise. Finally, as defined below, jets with PF constituents
matched to the selected lepton are removed from the jet collection.

A subset of the jets is “tagged” as originating from b quarks using the DEEPCSV algorithm [58],
with performance evaluated using simulated tt events. The signal efficiency for b jets at the
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medium working point (WP) is 68%. The probability of misidentifying jets arising from c
quarks is 12%, while from light-flavor quarks or gluons is 1.1%.

Electrons are reconstructed by associating a charged-particle track with an ECAL supercluster.
The resulting candidate electrons are required to satisfy pT > 20 GeV and |η| < 2.5, excluding
the barrel-endcap transition region since the reconstruction of an electron object in this region is
not optimal. Additionally, they must pass the medium WP of the identification criteria based on
a multivariate analysis [37]. Muons are reconstructed by associating tracks in the muon system
with those found in the silicon tracker. Muon candidates are required to have pT > 20 GeV
and |η| < 2.4 and to pass the medium cutoff-based identification criteria [38]. Both types of
candidate leptons are required to be associated with the PV. To select leptons from the W boson
in the top quark decay, electrons and muons are required to have relative mini-isolation [59]
less than 0.1 and 0.2, respectively. The relative mini-isolation is defined as the sum of the pT of

other PF candidates within a cone of radius Rmini, divided by the lepton pT, p
ℓ

T. Rmini is given

by 0.2 for p
ℓ

T < 50 GeV, 10 GeV/p
ℓ

T for 50 < p
ℓ

T < 200 GeV, and 0.05 for p
ℓ

T > 200 GeV.

We use the anti-kT algorithm to cluster R = 0.4 jets and the selected isolated lepton into R =
1.2 jets. Hereafter, the R = 0.4 and R = 1.2 jets are referred to as “small-R” and “large-R”
jets, respectively. Clustering small-R jets, rather than PF candidates, incorporates jet pileup
corrections, thereby mitigating the mass dependence on pileup. The variable MJ is defined as
the sum of all large-R jet masses, MJ = ∑Ji=large-R jet m(Ji). This clustering technique, which
combines small-R jets into large-R jets, has been previously employed by both CMS [18, 60]
and ATLAS [61]. Including leptons in the large-R jets ensures the representation of the event’s
full kinematics. Throughout this analysis, quantities related to Njet or Nb are based solely on
small-R jets, excluding contributions from large-R jets.

The key issue in the analysis is suppression and estimation of the dominant SM backgrounds,
which arise primarily from the production of tt , QCD multijet, and W+jets. Backgrounds from
DY+jets, single top quark, multiboson, and tt + (W, Z, H, tt) productions are also considered
but are relatively small. Analysis regions are defined by requiring one isolated lepton, at least
four small-R jets, and HT > 1200 GeV, where HT is the scalar sum of the pT of selected small-R
jets. We further suppress the backgrounds by requiring MJ > 500 GeV. The combination of
these selections is referred to as the baseline selection.

The 2016 data sample used for this study is obtained using a set of triggers that require at least
one jet with pT > 450 GeV and HT > 900 GeV. For the 2017–2018 samples, a trigger that requires
HT > 1050 GeV is used. The analysis targets events with large hadronic activity, corresponding
to high HT and high MJ, for which these triggers are fully efficient after the baseline selection.
The trigger efficiency is consistent with 100% and does not depend on the analysis variables.

4 Analysis strategy and background prediction

The distributions of Njet, Nb , and MJ for tt and signal events after the baseline selection are
shown in Fig. 2. The signal process with one lepton in the final state contains at least eight
quarks, including four b quarks, leading to the signal events predominantly populating the
tails of these distributions. Motivated by this, the analysis regions are defined using Njet and
Nb , with regions of high Njet and Nb designated as signal regions (SRs), as summarized in
Table 1. Regions denoted as control regions (CRs) contribute minimally to sensitivity and are
primarily used to constrain systematic uncertainties of the background in the SR. Specifically,
the Njet bins are defined as 4–5, 6–7, and ≥8, and the Nb bins as 0, 1, 2, 3, and ≥4. The two
highest Nb bins in the 4 ≤ Njet ≤ 5 region are merged due to limited data sample size. The
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Figure 2: Distributions of Njet (left), Nb (middle), and MJ (right) for tt and signal events in two
gluino mass scenarios, after applying the baseline selection, as described in Section 3.

corresponding Nb bins in Nlep = 0 region are merged as well for consistency. In each (Nb , Njet)
bin, the MJ template is used to predict the background and discriminate the signal from it. The
dominant background in the high-Nb bins is tt , while W+jets and QCD multijet dominate the
low-Nb bins.

Table 1: A diagram representing the analysis regions after the baseline selection. Here, “CR”
denotes a control region and “SR” denotes a signal region. Darker yellow indicates regions
where the MJ template is used, while lighter yellow corresponds to regions where it is not
used.

Nb

Nlep = 0 Nlep = 1

Njet Njet

6–7 8–9 ≥10 4–5 6–7 ≥8

0 CR CR CR CR CR CR
1 CR CR CR CR CR CR
2 CR CR CR CR CR SR
3 CR CR SR SR
≥4

CR
CR CR

CR
SR SR

In the Nlep = 1 analysis region we are interested in, the Njet and Nb distributions may not
be modeled properly in simulation. This difficulty is mitigated by binning the sample in Njet

and Nb , and then fitting the MJ distribution to data. This approach allows determining the

normalization of the main backgrounds—QCD multijet, W+jets, and tt—in each (Nb , Njet) bin.
Furthermore, the corresponding (Nb , Njet) bin in the Nlep = 0 region is used to constrain the

normalization of the dominant backgrounds. The normalization of the tt background is largely
determined by the lowest MJ bin, while the normalization of the QCD multijet background is
controlled using Nlep = 0 events. For the W+jets normalization, we use one global normaliza-
tion parameter for all (Nb , Njet) bins. This is because the small number of events in the high-Nb

region does not allow for the W+jets background to be constrained. This way, the normaliza-
tion of W+jets is constrained by low-Njet and low-Nb bins. Since the Njet shape may not be well
modeled in MC simulation, an additional uncertainty is applied as described in Section 6.

The previous study [18] used Nb templates in bins of Njet and MJ, but this study uses MJ tem-
plates in bins of Njet and Nb . By normalizing backgrounds separately in each Nb bin, the anal-
ysis becomes less sensitive to systematic effects that can potentially alter the Nb shape, such as
gluon splitting and composition of jet flavor. Gluon-splitting effects were the main source of
systematic uncertainty in the previous version of the analysis, and the new strategy helps to
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mitigate such effects.

The MJ templates are taken from MC simulation with corrections applied for jet energy and b
tagging efficiency differences with respect to data. Even after applying these corrections, the
modeling of MJ shapes may still not be perfect and residual corrections are needed. We measure
the correction factors, hereafter referred to as κ factors, in independent control samples. The
measured correction factors and their uncertainties are used as input to a global fit to the MJ

distributions in Njet and Nb bins, as discussed in Section 6. The MJ templates have three bins:
MJ = 500–800, 800–1100, and >1100 GeV. For each MJ template, there are two κ factors, κ1 and
κ2. They are defined as

κ1 =
Rdata

1

RMC
1

=

(
N(800<MJ<1100 GeV)

N(500<MJ<800 GeV)

)

data(
N(800<MJ<1100 GeV)

N(500<MJ<800 GeV)

)

MC

,

κ2 =
Rdata

2

RMC
2

=

(
N(MJ>1100 GeV)

N(500<MJ<800 GeV)

)

data(
N(MJ>1100 GeV)

N(500<MJ<800 GeV)

)

MC

.

(1)

Since jet flavor information is not considered when constructing the MJ variable, the baseline
correction for the MJ shape is performed using κ factors. Its residual correlation with Nb is esti-
mated and taken into account as an uncertainty in the κ factors. This allows us to construct the
fit model such that the κ factors are constrained by the large sample of events in the low-Nb re-
gion. Our strategy is to derive conservative uncertainties in the κ factors from the independent
CRs and let the global fit further constrain the κ factors, particularly using the low-Nb region.

The MJ shapes of the main backgrounds are overall similar, but not identical. To address the
possible dependence of κ factors on processes, we use separate κ factors for QCD multijet,
W+jets, and tt, and estimate them in dedicated measurement regions, as described in Table 2.
The regions for QCD multijet and W+jets are orthogonal to the Nlep = 1 analysis region. How-

ever, the region for the tt background has a partial overlap and the global fit does not use it
to constrain the κ factors. For QCD multijet, the measured κ factors are used to correct the MJ

templates, while for tt and W+jets, they are treated as uncertainties and constrained by the
global fit.

Table 2: Selection criteria applied for measuring the κ factors of the main backgrounds.

Process Nlep Njet Nb HT [GeV] MJ [GeV]

QCD multijet 0 5–6 7–8 ≥9 0 >1200 >500

W+jets

Two opposite-sign,
same-flavor leptons

with 81 < mℓℓ < 101 GeV
3–4 5–6 ≥7 ≤2 >1200 >500

tt 1 4–5 6–7 ≥8 1 >1200 >500

The κ factors for the QCD multijet process are measured in the Nlep = 0 and Nb = 0 region.
After this selection, the purity of QCD multijet is close to 99% in all Njet bins. Though their
contributions are small, other backgrounds are subtracted from data.

For W+jets, the κ factors are measured using DY+jets events selected with two opposite-sign
and same-flavor leptons (OSSF) whose invariant mass (mℓℓ ) satisfies 81 < mℓℓ < 101 GeV. The
Njet requirement in the selection is relaxed by 1 because of the requirement Nlep = 2 (note
that leptons are included in large-R jet clustering). The purity of DY+jets events is higher than
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90% in all Njet regions, and other contributions estimated from MC simulation are subtracted
from data. Potential differences in MJ shapes between DY+jets and W+jets backgrounds are
estimated from simulation, showing agreement within 20% in all Njet bins.

For the tt process, the κ factors are measured in the Nlep = 1, Nb = 1 region. This region is

dominated by tt in the high-Njet region, while W+jets dominates the low-Njet region. The QCD

multijet contribution is also non-negligible. Because of the low purity of tt events in this region,
the measurement of tt κ factors is prone to mismodeling of the MJ shape of QCD multijet
and W+jets backgrounds. This potential issue is mitigated by performing a fit described in
Section 6, using only the 0 ≤ Nb ≤ 1 region. The fitted QCD multijet and W+jets contributions
are subtracted from data for the measurement of κ factors.

Figure 3 shows the MJ shape comparisons between data and simulation in the κ factor measure-
ment regions for QCD multijet (left), W+jets (middle), and tt (right) in the high-Njet region. The
simulation is normalized to data.
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Figure 3: Comparison of MJ shapes between data and simulation in the CRs used to measure
the κ factors for QCD multijet (left), W+jets (middle), and tt (right). The selection corresponds
to Nlep = 0, Njet ≥ 9, Nb = 0 for QCD multijet; a DY+jets background dominated region with

Nlep = 2, Njet ≥ 7, Nb ≤ 2 for W+jets; and Nlep = 1, Njet ≥ 8, Nb = 1 for tt . The simulation is
normalized to data in all regions.

Figure 4 shows the κ factors measured in the dedicated CRs. Three colored areas show the mea-
surements of QCD multijet (yellow), W+jets (purple), and tt (blue) κ factors. In each region,
the three measurements correspond to the three Njet bins. All κ factors for the QCD multijet
background are measured with high precision, allowing us to use these κ factors as corrections
to the QCD multijet background MJ shapes. Therefore, the QCD multijet background MJ tem-
plates in Nlep = 1 region are corrected based on these κ factors, and the difference from unity
is used as the uncertainty.

On the other hand, κ factors for tt and W+jets, particularly κ2, have large uncertainties due
to limited sample size in data. This makes the measurements prone to statistical fluctuations.
Therefore, we do not correct the MJ templates of tt and W+jets in the Nlep = 1 region but
take the larger of the statistical uncertainty in the κ factor and its deviation from unity as the
shape variation uncertainty. Table 3 shows the actual values of uncertainties of κ factors used
as input to the global fit. As mentioned already, the goal of the measurements in this section is
to provide a reasonable initial range of κ factors, which will then be constrained in the global
fit.
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5 Systematic uncertainties

5.1 Background systematic uncertainties

As discussed in Section 4, the MJ distribution and the κ factors are generally not expected
to have a strong correlation with Nb . Nevertheless, we estimate potential dependencies and
incorporate them into the global fit. In particular, high b jet multiplicity can lead to variations
in the MJ shape, which may arise from effects such as gluon splitting. In some Nb regions, the
MJ shape was found to deviate from that of other Nb bins beyond the statistical uncertainty of
the MC simulation samples. This could be an issue because the κ factors in the high-Nb bins are
constrained by those in the low-Nb bins. To address this, we assign separate uncertainties in
the MJ shape to the primary background processes in each Nb bin. For the W+jets background,
the uncertainty is evaluated based on the MJ shape difference between Nb = 0 and the other

Nb bins. For the tt background, uncertainties are derived from the difference of the MJ shape
between Nb = 1 and other Nb bins, using the large number of events available in the Nb = 1
region. In the bin with Njet ≥ 8 and Nb ≥ 4, which drives the sensitivity of the analysis, the
associated uncertainty ranges 3–10% for κ1, and 10–36% for κ2.

In addition, systematic effects can cause the MJ templates to have different shapes across the
Nb bins. These variations are evaluated by modifying the MJ templates according to different
systematic sources. To quantify the impact of each systematic source, the κ factors are recal-
culated using simulation samples of the main backgrounds where each systematic variation is
applied. The resulting ±1 standard deviation variations in the κ factors are generally within
the statistical uncertainty of the MC simulation samples, however, some systematic effects ap-
pear to show small but consistent trends. To address this, a linear fit of κ factor as a function of
Nb is performed for each Njet bin to estimate the potential Nb-dependence of the κ factor. This
procedure is carried out separately for each systematic source and for each data-taking year.
Most systematic sources contribute marginally; therefore, their effects, defined as (κ − 1), are
summed in quadrature within each Nb bin. The jet energy scale (JES) and jet energy resolution
(JER) are excluded and treated separately due to their comparatively larger impacts. Finally, all
contributions are incorporated as uncertainties in the κ factors. For the tt background, in the
bin with Njet ≥ 8 and Nb ≥ 4, the total uncertainty from these sources ranges 5–13%.

5.2 Signal systematic uncertainties

Several systematic uncertainties affecting the signal yield are evaluated. These include the JES,
JER, heavy-flavor jet b tagging scale factors, light-flavor and gluon jet mistagging scale factors,
renormalization and factorization scales, gluon-splitting description, muon efficiency, electron
efficiency, and pileup. For the gluon splitting uncertainty, the cross section of events in which
gluons split into two quarks is varied by ±20% based on the measurements in Ref. [62]. The
trigger efficiency is consistent with 100%. Based on their maximum variations in the region of
HT > 1200 GeV, we assign a flat 1% as the uncertainty in the trigger efficiency. Additionally,
corrections for initial-state radiation are not applied, and a flat 1% uncertainty is assigned based
on the chosen simulation settings. The systematic uncertainties for a signal corresponding to
mg̃ = 1800 GeV, evaluated over all three years in the Njet ≥ 8 with Nb ≥ 4 bin, are shown in
Table 4. In the MJ > 1100 GeV region of this bin, which provides the highest sensitivity, the
dominant signal systematic uncertainties for all data-taking years arise from heavy-flavor jet b
tagging scale factors and the JES.
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Table 4: List of signal systematic uncertainties and their effects on the yields in the Njet ≥ 8 and
Nb ≥ 4 bin for all three years combined. The signal model corresponds to mg̃ = 1800 GeV.

Systematic source
Uncertainty [%]

MJ [GeV]
500–800 800–1100 >1100

MC event count 3.6 2.8 2.4
Combination of renormalization and factorization scales 0.3 0.2 0.8
Renormalization scale 0.4 <0.1 <0.1
Factorization scale 0.3 0.2 0.8
Electron efficiency 0.4 0.4 0.4
Muon efficiency <0.1 <0.1 <0.1
Jet energy resolution 0.7 0.5 0.5
Jet energy scale 0.5 1.0 3.6
Across-year correlated b tagging scale factor for light-flavor jet 2.6 2.6 2.4
Across-year uncorrelated b tagging scale factor for light-flavor jet 1.1 1.2 1.1
Across-year correlated b tagging scale factor for heavy-flavor jet 9.7 10.0 10.6
Across-year uncorrelated b tagging scale factor for heavy-flavor jet 8.0 8.3 9.2
Pileup 0.8 0.8 1.0
Initial-state radiation 1.0 1.0 1.0
Trigger efficiency 1.0 1.0 1.0
Gluon splitting 0.4 0.7 1.2

Total 13.6 13.9 15.3

6 Results and interpretation

The signal is extracted via a simultaneous fit of MJ templates to data in all bins of Njet and Nb ,
as shown in Table 1. A binned maximum likelihood fit is performed using the CMS statistical
analysis tool COMBINE [63]. Observed and expected 95% CL upper limits are computed using
an asymptotic approximation of the CLs method detailed in Ref. [64–66] with a profile likeli-
hood ratio test statistic, in which systematic uncertainties are modeled as nuisance parameters
following a frequentist approach.

As the Njet and Nb dependence of the QCD multijet and tt contributions may not be modeled

perfectly by the simulation, the normalizations of the QCD multijet and tt contributions are
treated as independent parameters and are allowed to move freely. To constrain the normaliza-
tion of the QCD multijet background, we also use an Nlep = 0 CR with the same Nb selection,
and the requirement on Njet shifted up by 2 (6–7, 8–9, and ≥10). The shift is motivated by the

fact that events with fully hadronic tt decays have two more jets than those in which the tt
pair decays semileptonically. The normalization of the QCD multijet and tt backgrounds in
each (Nb , Njet) bin in the Nlep = 1 region moves simultaneously with the normalization of the
corresponding (Nb , Njet + 2) bin in the Nlep = 0 region. This allows the fit to constrain the QCD
multijet background normalization in an (Nb , Njet) bin by the (Nb , Njet + 2) bin in Nlep = 0

region where this background is dominant. On the other hand, the tt normalization, dominant
in the Nlep = 1 region, is effectively constrained by the same region. Mismodeling of Nlep in
the QCD multijet background normalization may affect this background yields in the Nlep = 1
region. The size of this effect is estimated by comparing the lepton isolation and identification
variables between the QCD multijet background simulation and data after subtracting all other
backgrounds. For the W+jets background, a global free parameter is used for its overall nor-
malization. To account for possible mismodeling of the Njet distribution in MC simulation, the
relative normalization between adjacent Njet bins is allowed to vary within an uncertainty, at
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the level of up to 50%, measured in the region dominated by DY+jets events.

Each main background process has dedicated κ factors for each Njet bin. However, all Nb bins
share the same κ factors, so they are constrained in low Nb bins that have larger statistical
power to constrain them. The κ1 and κ2 factors are allowed to move independently. The κ
factors for tt are measured in the Nb = 1 region. Therefore, this region is not used to constrain
them in the global fit. Using only the CR bins, the robustness of the fit model is confirmed by the
absence of ill-behaved nuisance parameters. Then, the global fit is performed including the SR
bins. The nuisance parameters are constrained and the total post-fit background uncertainties
are approximately 15% in the most sensitive region (the third MJ bin in Nb ≥ 3 and Njet ≥ 8).

Figure 5 shows the background-only post-fit MJ distributions in all analysis bins, while Table 5
presents the corresponding yields in the SR. No significant excess of data over the background
prediction is observed. Exclusion is set on the signal cross section. Figure 6 shows the expected
and observed upper limit on cross section times branching ratio at 95% CL. Comparing that
limit to the cross section for gluino pair production, we exclude mg̃ < 1890 GeV.
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Figure 5: Background-only post-fit MJ distributions in the Nlep = 1 region for all three data-
taking years, with pre-fit signal overlaid. The three MJ bins used, defined as 500 < MJ < 800,
800 < MJ < 1100, and MJ > 1100 GeV, are shown from left to right. The data-to-simulation
ratio is shown in the lower panel, where the hatched band represents the total (statistical and
systematic) uncertainty in the background prediction.
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Table 5: Background-only post-fit yields in the SR for all three data-taking years, with pre-fit
signal yields. The uncertainty shown for total background corresponds to the post-fit uncer-
tainty, while that for the signal is statistical only.

Nb Njet MJ [GeV] QCD multijet tt W+jets Other Total bkg. Data mg̃ = 1200 GeV mg̃ = 1800 GeV

2

500–800 114 2210 76 126 2520 ± 50 2516 353 ± 19 6.05 ± 0.07

≥8 800–1100 23 271 13.8 21 329 ± 15 336 259 ± 16 9.71 ± 0.09

≥1100 1.3 34 0.8 2.4 39 ± 5 39 114 ± 11 13.36 ± 0.10

3

500–800 21 451 17.9 46 535 ± 20 534 140 ± 12 2.51 ± 0.04

6–7 800–1100 1.3 33 1.99 5.5 41.5 ± 3.4 40 57 ± 8 2.20 ± 0.04

≥1100 0 3.3 0.28 0.16 3.8 ± 0.9 5 12.4 ± 3.5 1.76 ± 0.04

500–800 15.8 708 12.6 43 779 ± 28 790 351 ± 19 4.92 ± 0.06

≥8 800–1100 0.7 90 2.6 6.4 100 ± 6 88 255 ± 16 7.56 ± 0.08

≥1100 0 11.6 0.13 0.62 12.3 ± 1.8 13 106 ± 10 10.17 ± 0.09

≥4

500–800 2.3 63 1.59 7.1 74 ± 8 73 46 ± 7 0.670 ± 0.022

6–7 800–1100 0.7 4.7 0.132 0.32 5.9 ± 1.0 7 17 ± 4 0.564 ± 0.021

≥1100 0 0.56 0.034 0.022 0.62 ± 0.19 0 3.6 ± 1.9 0.443 ± 0.018

500–800 3.2 184 1.58 14 203 ± 14 201 178 ± 13 2.10 ± 0.04

≥8 800–1100 0.5 24.6 0.39 2.3 27.8 ± 2.8 29 136 ± 12 3.43 ± 0.05

≥1100 0 3.4 0.02 0.27 3.7 ± 0.6 4 54 ± 7 4.57 ± 0.06
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Figure 6: Cross section upper limits at 95% CL compared to the predicted cross section of gluino
pair production with g̃ → tbs (magenta). The theoretical uncertainties in the cross section are
represented by the dotted band corresponding to ±1 standard deviation (s.d.). The expected
limits are shown by the black dashed line, with 68% and 95% CL variations indicated by the
green inner and yellow outer bands, respectively. The observed limit is shown as a black solid
line with dots.
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7 Summary

This analysis investigates the existence of physics beyond the standard model in events char-
acterized by high multiplicities of jets and bottom quark (b) jets in the single-lepton final state,
without a requirement on missing transverse momentum. The scalar sum of the large-radius
jet masses (MJ) in an event is used for both background rejection and prediction. A simultane-
ous fit to the MJ templates, in bins of jet multiplicity Njet and the number of b-tagged jets Nb ,
is performed to extract potential excesses in data. The templates, derived from simulation, are
corrected by measurements comparing data and simulation in dedicated control regions. This
method enables a data-driven prediction of background across bins of Njet, Nb , and MJ.

The observed event yields are consistent with the background predictions. The result is inter-
preted within the framework of R-parity violating supersymmetry under the minimal flavor
violating scenario. The search focuses on gluino pair production, where each gluino decays
to a top, a bottom, and a strange quark via the λ′′

323 coupling. Using proton-proton collisions
at

√
s = 13 TeV from the CERN LHC collected by the CMS experiment from 2016 to 2018 and

corresponding to an integrated luminosity of 138 fb−1, gluinos are excluded up to a mass of
1890 GeV at 95% confidence level. This result exceeds existing limits on the considered gluino
pair production model.
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K.y. Lin , K. Lipka24 , W. Lohmann25 , J. Malvaso , R. Mankel , I.A. Melzer-
Pellmann , M. Mendizabal Morentin , A.B. Meyer , G. Milella , K. Moral Figueroa ,
A. Mussgiller , L.P. Nair , J. Niedziela , A. Nürnberg , J. Park , E. Ranken ,
A. Raspereza , D. Rastorguev , L. Rygaard , M. Scham26,23 , S. Schnake23 ,
C. Schwanenberger22 , D. Schwarz , P. Schütze , D. Selivanova , K. Sharko ,
M. Shchedrolosiev , D. Stafford , M. Torkian, A. Ventura Barroso , R. Walsh ,
D. Wang , Q. Wang , K. Wichmann, L. Wiens23 , C. Wissing , Y. Yang , S. Zakharov ,
A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
A.R. Alves Andrade , M. Antonello , S. Bollweg, M. Bonanomi , L. Ebeling,
K. El Morabit , Y. Fischer , M. Frahm , E. Garutti , A. Grohsjean , A.A. Guvenli ,
J. Haller , D. Hundhausen, G. Kasieczka , P. Keicher , R. Klanner , W. Korcari ,
T. Kramer , C.c. Kuo, F. Labe , J. Lange , A. Lobanov , J. Matthiesen, L. Moureaux ,



25

K. Nikolopoulos , A. Paasch , K.J. Pena Rodriguez , N. Prouvost, B. Raciti , M. Rieger ,
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M. Bluj , M. Górski , M. Kazana , M. Szleper , P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski , K. Doroba , A. Kalinowski , M. Konecki , J. Krolikowski ,
A. Muhammad

Warsaw University of Technology, Warsaw, Poland
P. Fokow , K. Pozniak , W. Zabolotny
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