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Search for R-parity violating supersymmetric decays of the top squark to a

b-jet and a lepton in
ffiffi

s
p

= 13 TeV pp collisions with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 28 June 2024; accepted 20 September 2024; published 12 November 2024)

A search is presented for direct pair production of the stop, the supersymmetric partner of
the top quark, in a decay through an R-parity violating coupling to a charged lepton and a b-quark.
The dataset corresponds to an integrated luminosity of 140 fb−1 of proton-proton collisions at a center-
of-mass energy of

ffiffiffi

s
p ¼ 13 TeV collected between 2015 and 2018 by the ATLAS detector at the

LHC. The final state has two charged leptons (electrons or muons) and two b-jets. The results of
the search are interpreted in the context of a Minimal Supersymmetric Standard Model with an
additional B − L gauge symmetry that is spontaneously broken. No significant excess is observed over
the Standard Model background, and exclusion limits on stop pair production are set at 95% confidence
level. The corresponding lower limits on the stop mass for 100% branching ratios to a b-quark and an
electron, muon, or tau-lepton are 1.9 TeV, 1.8 TeV and 800 GeV, respectively, extending the reach of
previous LHC searches.

DOI: 10.1103/PhysRevD.110.092004

I. INTRODUCTION

The extension of the Standard Model (SM) of particle
physics with supersymmetry (SUSY) [1–9] leads to proc-
esses that violate both baryon number (B) and lepton
number (L). This in turn may lead to rapid proton decay
and lepton-number-violating processes, such as decays of
μ → eγ, in conflict with experimental bounds. A conven-
tional assumption to prevent these processes is to impose
conservation of a multiplicative quantum number R-parity
[10–14], defined as R ¼ ð−1Þ3ðB−LÞþ2s, where s is the spin
of the particle. R has a value ofþ1 for SM particles and −1
for SUSY particles. R-parity conservation requires SUSY
particles to be produced in pairs and the lightest super-
symmetric particle (LSP) to be stable. The LSP cannot
carry electric charge or color charge without coming into
conflict with astrophysical data [15,16]. At the LHC, the
conventional experimental signature for SUSY particles
includes significant missing transverse momentum due to
the noninteraction of the LSP with the detector.
An alternative approach is an R-parity violating (RPV)

model which adds a local symmetry Uð1ÞB−L to the
SUð3ÞC × SUð2ÞL ×Uð1ÞY SM and includes three
generations of right-handed neutrino supermultiplets.

The minimal supersymmetric extension then only needs
a vacuum expectation value (VEV) for a right-handed
sneutrino in order to spontaneously break the B − L
symmetry. The size of the RPV coupling is directly
related to the right-handed sneutrino VEV, and therefore
to the neutrino sector. The size of the coupling is kept
small by the small values of the neutrino mass [17–30].
This minimal B − L model, with a scalar top squark (stop
or t̃) decaying into a quark and a lepton, violates lepton
number but not baryon number. This model is consistent
with proton stability and the bounds on lepton number
violation [31]. The most noticeable effect of this small
coupling related to the neutrino mass is that the LSP can
now decay via RPV processes, and can carry color and
electric charge. This leads to unique signatures [28,32–35]
that are disallowed in conventional models with R-parity
conservation.
A novel possibility with RPV is that the LSP could be a

stop, where the large mass of the top quark acts to make the
stop significantly lighter than the other squarks due to
renormalization group effects [36–38]. Although, accord-
ing to theory predictions based on this model, a stop LSP is
much less likely than an electroweak gaugino LSP even
when taking naturalness considerations into account; it is
interesting nonetheless to perform a search for the stop in
the LHC data. The stop pair production rate via the strong
interaction is higher than the pair production rate of
electroweak gauginos in the experimentally accessible
mass ranges [34,35]. The total width of the stop is expected
to be negligible relative to experimental resolution accord-
ing to this model. Theory predicts stop pair production
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cross sections from 610 to 0.015 fb for 500 GeV to 2 TeV
mass stops [39].
This paper presents a search for direct stop pair pro-

duction, with the decay of each stop via an RPV interaction
to a charged lepton and a b-quark (see Fig. 1), based on
140 fb−1 of proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV

recorded with the ATLAS detector. Previous related results
include the RPV stop search with a partial Run 2 dataset
with an integrated luminosity of 36.1 fb−1 [40], the RPV
chargino/neutralino search with a trilepton resonance [41]
and the search for top squarks in final states with two top
quarks and several light-flavored jets [42]. Leptoquark
results and RPV long-lived searches also include similar
final states to this analysis [43–49]. In contrast to R-parity
conserving searches for the stop, there is no significant
missing transverse momentum. The stop decay branching
ratios to eb, μb, and τb depend on the neutrino mass
hierarchy [50,51]. The experimental signature comprises
two oppositely charged leptons, which do not have to be
the same flavor, and two b-jets. For this analysis, only
events with electron or muon signatures are selected, and
final states are split by flavor into ee, eμ, and μμ channels.
Sensitivity for a stop decaying to a b-jet and τ-lepton
(through leptonic τ decay) is obtained through investiga-
tion of these electron and muon channels. A loose
requirement of one or more identified b-jets is used to
maximize signal selection efficiency for high values of the
stop mass. There are two permutations of the leptons and
jets to form lepton-jet pairs; the permutation with the
smallest mass asymmetry is chosen to reconstruct the stop
decays correctly with high efficiency and the value of the
asymmetry is required to be small to reject background.
The invariant mass of each lepton-jet resonance is
required to be above the top quark mass to further reduce
background from top quark pair and single top quark
production. This analysis extends the reach of previous
searches by performing a fit to the distribution of the mass
of the leading lepton-jet pair.

The ATLAS detector is described in Sec. II, with the
dataset collected during Run 2 of the LHC and the
corresponding Monte Carlo simulation samples presented
in Sec. III. The identification and reconstruction of jets and
leptons is presented in Sec. IV, and the discriminating
variables used to construct the signal regions are described
in Sec. V. The method of background estimation is
described in Sec. VI, and the systematic uncertainties
are detailed in Sec. VII. Results are presented in Sec. VIII.

II. ATLAS DETECTOR

The ATLAS detector [52] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadron calorim-
eters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.
The inner-detector system (ID) is immersed in a 2 Taxial

magnetic field and provides charged-particle tracking in the
range jηj < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit normally being in
the insertable B-layer installed before Run 2 [53,54]. It is
followed by the silicon microstrip tracker, which usually
provides eight measurements per track. These silicon
detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track
reconstruction up to jηj ¼ 2.0. The TRT also provides
electron identification information based on the fraction of
hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. Within the region jηj < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering jηj < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadron calorimetry is provided by the steel/
scintillator-tile calorimeter, segmented into three barrel
structures within jηj < 1.7, and two copper/LAr hadron
end cap calorimeters. The solid angle coverage is com-
pleted with forward copper/LAr and tungsten/LAr calo-
rimeter modules optimized for electromagnetic and
hadronic energy measurements respectively.

FIG. 1. Diagram for stop pair production, with each stop
decaying into a charged lepton and a b-quark.

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward. Polar
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle θ as η ¼ − ln tanðθ=2Þ, and is equal
to the rapidity y ¼ 1

2
lnðEþpzc

E−pzc
Þ in the relativistic limit. Angular

distance is measured in units of ΔR≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔyÞ2 þ ðΔϕÞ2
p

.
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The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field inte-
gral of the toroids ranges between 2.0 and 6.0 Tm across
most of the detector. Three layers of precision chambers,
each consisting of layers of monitored drift tubes, cover the
region jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest.
The muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the end cap regions.
Events are selected by the first-level trigger system

implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger [55]. The first-level trigger accepts events from
the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to
record complete events to disk at about 1 kHz.
A software suite [56] is used in data simulation, in the

reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

III. DATA AND SIMULATED EVENT SAMPLES

This analysis is performed using data from the LHC pp

collisions with center-of-mass energy of
ffiffiffi

s
p ¼ 13 TeV,

collected during 2015–2018 with the ATLAS detector. The
total integrated luminosity of this dataset is 140 fb−1. The
uncertainty of the combined 2015–2018 integrated lumi-
nosity is 0.83% [57], obtained by the LUCID-2 detector
[58] for the primary luminosity measurements, comple-
mented by measurements using the inner detector and
calorimeters. Due to the high instantaneous luminosity and
large total inelastic pp cross section, there are on average
33.7 simultaneous (“pileup”) collisions in each bunch
crossing. Data events must satisfy quality requirements
to be included in the analysis [59].
Monte Carlo (MC) simulation is used to predict the

backgrounds from SM processes, estimate the detector
response and efficiency to reconstruct the signal process
and the associated systematic uncertainties. The largest
sources of SM background are top quark pair production

(tt̄), single top quark production (single top), and Z þ jets
production, and their yields are estimated through data-
driven methods described in Sec. VI. Smaller backgrounds
originate from W þ jets, tt̄þ VðV ¼ W;ZÞ, and triboson
and diboson (vector boson) production and are estimated
directly from MC simulation. Details of the MC simulation
are given below and are summarized in Table I.
The production of tt̄ events was modeled using the

POWHEG BOX v2 [60–62] generator at next-to-leading order
(NLO) in QCD with the NNPDF3.0NLO [65] set of parton
distribution functions (PDF) and the hdamp parameter2 set to
1.5 times themass of the top quark,which is about 172.5GeV
[74]. The associated production of top quarks withW bosons
(single topWt)wasmodeledby the POWHEGBOX v2generator
at NLO in QCD using the five-flavor scheme and the
NNPDF3.0NLO PDF set. [65]. The diagram removal scheme
[75] was used to remove interference and overlap with tt̄
production. The uncertainty on the single top yield due to the
destructive interference between the tt̄ and Wt processes is
estimated by using inclusive WWbb samples generated at
leading order (LO) usingMADGRAPH5_AMC@NLO 2.3.3 [70].
The events were interfaced to PYTHIA 8.230 [76] for the
modeling of the parton shower (PS), hadronization and the
underlying event (UE), using theA14 set of tuned parameters
(tune) [77] and the NNPDF2.3LO set of PDFs [78].
Due to the majority of tt̄ and single top events being

produced with significantly lower HT than the targeted
signal region, special HT-sliced tt̄ and single top samples
were utilized. HT is defined as the scalar sum of the pT of
the decay products. These samples apply HT requirements
on produced events in order to boost available statistics at
high HT. This improves estimation of systematic uncer-
tainties on the background in the signal regions with the
highest values of the leading lepton-jet mass. Other than the
additional HT filter, the generation configuration is iden-
tical to the nominal samples.
MC samples modeling pairs of stops decaying into bl

are generated for use in optimizing the selections and
estimating the analysis sensitivity. Signal samples are

TABLE I. MC simulation details by physics process.

Process Event generator PS and hadronization UE tune PDF Cross section order

tt̄ POWHEG BOX v2 PYTHIA 8 A14 NNPDF3.0NLO NNLO þ NNLL [60–63]
single top (Wt) POWHEG BOX v2 PYTHIA 8 A14 NNPDF3.0NLO NNLOþNNLL [60–62,64]
W=Z þ jets SHERPA 2.2.1 SHERPA 2.2.1 Default NNPDF3 LOþ NLO [65–67]
Diboson, triboson SHERPA 2.2.2 SHERPA 2.2.2 Default NNPDF3 LOþ NLO [66,68,69]
tt̄þ V MADGRAPH5_AMC@NLO 2.3.3 PYTHIA 8 A14 NNPDF3 NLO [70]

t̃ ¯̃t signal MADGRAPH5_AMC@NLO 2.6.2 PYTHIA 8 A14 CTEQ6L1 NLOþ NLL [71–73]

2The hdamp parameter is a resummation damping factor and one
of the parameters that controls the matching of POWHEG matrix
elements to the parton shower and thus effectively regulates the
high-pT radiation against which the tt̄ system recoils.
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generated at LO in QCD for stop masses between
600 and 1900 GeV in increments of 50 GeV using
MADGRAPH5_AMC@NLO 2.6.2 [70] interfaced with
PYTHIA with the CTEQ6L1 PDF set [70,79]. Signal cross
sections are calculated at NLO in QCD in the strong
coupling constant, adding the resummation of soft-
gluon emission at next-to-leading-logarithmic accuracy
(NLOþ NLL) [71–73]. The nominal cross sections
and the uncertainty are taken from an envelope
of cross section predictions using different PDF sets
and factorization and normalization scales, as described
in Ref. [80]. The stops are allowed to decay directly
into a b-quark and either an electron, muon, or
τ-lepton, with identical branching ratios given by
Bðt̃ → ebÞ ¼ Bðt̃ → μbÞ ¼ Bðt̃ → τbÞ ¼ 1=3. In the inter-
pretation of the search results, various hypotheses were
tested for the branching ratios by reweighting events with
appropriate factors so that the branching ratios for all three
charged lepton flavors sum to unity.
The modeling of c-hadron and b-hadron decays was

performed with EVTGEN 1.6.0 [81]. EVTGEN is used for all
samples except those generated with SHERPA. Events from
all generators were propagated through a full simulation of
the ATLAS detector using GEANT4 [82] to model the
interactions of particles with the detector. The generation
of the simulated event samples includes the effect ofmultiple
pp interactions per bunch crossing, as well as the effect on
the detector response due to interactions from bunch cross-
ings before or after the one containing the hard interaction.

IV. PHYSICS OBJECT RECONSTRUCTION

Each event is required to have a primary reconstructed
vertex with two or more associated tracks, where the
primary vertex is chosen as the vertex with the highest
Σp2

T of associated tracks [83]. Two stages of quality and
kinematic requirements are applied to leptons and jets. The
looser baseline requirements are applied first, and baseline
leptons and jets are used to resolve any misidentification or
overlap among electrons, muons, and jets. The subsequent
tighter signal requirements are then applied to identify
high-quality leptons and jets in the kinematic phase space
of interest.
Electron candidates are reconstructed from energy

deposits in the electromagnetic calorimeter matched to a
charged-particle track in the ID. Baseline electron candi-
dates must have pT > 10 GeV, jηj < 2.47, and satisfy a
baseline Loose electron likelihood identification [84]. Each
baseline electron must have a longitudinal impact param-
eter with respect to the primary vertex (zPV

0
) that satisfies

jzPV
0

sin θj < 0.5 mm. Signal electrons must pass the base-
line electron selection, have pT > 40 GeV, and satisfy a
Tight electron likelihood identification. In addition, they
must be isolated from nearby activity, satisfying a loose pT-
dependent track-based criterion [84]. Finally, their trajec-
tory must be consistent with the primary vertex, such that

their impact parameter in the transverse plane (dPV
0
)

satisfies jdPV
0
j=σdPV

0

< 5, where σdPV
0

is the uncertainty in

dPV
0
. Muon candidates are reconstructed by combining

tracks in the ID with tracks in the MS. Baseline muon
candidates must have pT>10GeV, jηj< 2.7, jzPV

0
sin θj <

0.5 mm, and satisfy the Medium muon identification
criteria [85]. Signal muons must pass the baseline muon
selection, have pT > 40GeV, jηj < 2.7 and jdPV

0
j=σdPV

0

< 3.
As with electrons, muons must satisfy the pT-dependent
loose track-based isolation criteria [85]. Events containing
a poorly measured signal muon, as determined by having
incompatible momentum measurements in the ID and the
MS, are rejected. Absolute requirements of jzPV

0
j < 1 mm

and jdPV
0
j < 0.2 mm on the impact parameters of signal

muons are applied to reject cosmic muons.
Reconstructed jets are identified by combining measure-

ments from both the ID and the calorimeter using a particle
flow (PFlow) algorithm [86]. PFlow objects defined by this
algorithm are then passed as inputs to the anti-kt algorithm
[86,87] with a radius parameter R ¼ 0.4. Jets are further
calibrated to account for the predicted detector response in
MC simulation, and a residual calibration of jets in data is
derived through in situ measurements [88]. Baseline jet
candidates are required to have pT > 20 GeV and jηj < 4.5.
Jets with pT < 60 GeV and jηj < 2.4 must satisfy require-
ments on the jet vertex tagger [89], which is used to reject
pileup jets. Signal jetsmust pass the baseline jet selection and
have pT > 60 GeV. Events are rejected if they contain a jet
that fails the Loose quality criteria [90], reducing contami-
nation from noise bursts and noncollision backgrounds.
The identification of baseline jets containing b-hadrons

(b-jets) is performed using the DL1r b-tagging algorithm
[91]. The b-tagging requirements result in an efficiency of
85% for jets containing b-hadrons, as determined in a
sample of simulated tt̄ events with final states containing
two leptons, and the corrections are consistent with unity
with uncertainties at the level of a few percent over most of
the jet pT range. The 85% working point has a rejection
factor of 3.1 and of 33 on charm and light-jets, respec-
tively [92].
To avoid reconstructing a single detector signature in

multiple ways, an overlap removal procedure is performed
on baseline leptons and jets. The requirements are applied
sequentially, and failing particles are removed from con-
sideration in the subsequent steps. If an electron and muon
share a track in the ID, the electron is removed. Any jet that
is not b-tagged and is within a distance ΔRðe; jetÞ ≤ 0.2 of
an electron is removed. Any electron with ΔRðe; jetÞ ≤ 0.4
from a baseline jet is removed since this electron
is assumed to be a constituent of the jet. Any jet that is
within ΔRðμ; jetÞ ≤ 0.2 and has less than three tracks is
removed. If that jet is b-tagged, the muon is instead
removed. Any muon with ΔRðμ; jetÞ ≤ 0.4 of a baseline
jet is then removed.

G. AAD et al. PHYS. REV. D 110, 092004 (2024)

092004-4



The trigger, reconstruction, identification, and isolation
efficiencies of electrons [84] and muons [85] in MC
simulation are corrected using events in data with leptonic
Z and J=ψ decays. Similarly, corrections to the b-tagging
efficiency and mistag rate in MC simulation are derived
from various control regions in data [92–94].

V. EVENT SELECTION

To identify the pair production of stops, events are
required to have at least two leptons and two jets. If more
than two leptons or two jets are found, the two highest-pT
leptons and jets are selected. At least one of the two
leading jets must be b-tagged. The selected leptons are
required to have opposite charge, and one of them must
be consistent with the associated single-lepton trigger
[95,96]. The lepton is not required to be the leading
lepton in the event, but must exceed the offline pT
threshold for that trigger. The offline pT requirement
for each trigger is set to 1 GeV above online for electron
triggers and 5% above for muon triggers. The trigger
requirement is applied in both data and MC. To account
for the difference in trigger efficiency, a trigger scale
factor is applied to MC events that passed the trigger
requirement [97]. This trigger requirement is highly
efficient for signal events, with an efficiency of 93%
for the μμ channel and 98% for the ee channel.
The lepton-jet pair from each stop decay reconstructs

the invariant mass mbl of the original stop. In an event
with two leptons and two jets, two pairings are possible:
one that reconstructs the correct stop masses, and one
which inverts the pairing and incorrectly reconstructs
the masses. As the two masses for the correct pairing
should be roughly equal, the pairing that minimizes
the mass asymmetry between m0

bl and m1

bl is chosen,
defined as

m
asym
bl ¼ m0

bl −m1

bl

m0

bl þm1

bl

:

Here m0

bl is chosen to be the larger of the two masses.
Events are further selected to have small mass asymmetry

m
asym
bl < 0.2. This reduces the contamination from back-

ground processes with a more uniform m
asym
bl distribution.

The power of the asymmetry variable can be seen in the
reference to the previous iteration of this search [40].
Several other kinematic selections are defined to
reduce the contribution from the largest backgrounds.
As the stop decay products are generally very energetic, a
selection on their scalar pT sum is applied such that
HT > 1000 GeV, withHT defined as the scalar sum of the
pT of the selected two leptons and two jets. To reduce
contamination from Z þ jets events, a requirement is
placed on the invariant mass of two leptons of
mll > 300 GeV. A large fraction of the background from
processes involving a top quark is suppressed through the
requirement on m0

bl and m
asym
bl , with correctly paired top

quark masses falling well below the signal region (SR)
requirements. However, top quark decays in which the
lepton and b-jet decay products are mispaired can enter
the SRs if the invariant masses happen to be large. In
such cases it is the rejected pairing that properly recon-
structs the decay of a top quark, with one of the two bl
pair masses below the kinematic limit for a top quark
decay. To suppress such backgrounds, events are rejected
if the subleading bl mass of the rejected pairing, m1;rej

bl ,
is indicative of that of a reconstructed top quark,
with m

1;rej
bl < 150 GeV.

All of the SRs require the leading lepton-jet mass to be
above 400 GeV. A set of 15 variable-width bins in the
leading lepton-jet mass were chosen from optimization
studies based on simulated signal and backgrounds. The
signal width of the reconstructed lepton-jet resonances
increases with mass, from ∼20–80 GeV for stop mass
values of 600–1900 GeV. The optimization studies for
the bin widths included the systematic uncertainty on the
background separately for each bin. In contrast to the
previous search with two nested SRs above 800 GeV and
above 1100 GeV [40], this search extends the sensitivity to
lower and higher values for the stop mass and to lower
values for the stop decay branching ratio to an electron and
a b-jet or to a muon and a b-jet. A full list of region
selections is given in Table II.

TABLE II. Summary of the requirements used in signal, control, and validation regions. All regions require at least two jets and two
oppositely charged leptons. In the CRZ both leptons are required to be of the same flavor.

Region Nb m0

bl [GeV] m
1;rej
bl [GeV] HT [GeV] m

asym
bl mll [GeV] m

0;rej
bl [GeV]

SR ≥ 1 > 400 > 150 > 1000 < 0.2 > 300 GeV � � �
CRtt ≥ 1 [180, 500] < 150 [500, 800] < 0.2 > 200 GeV < 180

CRst ¼ 2 [180, 500] < 150 [400, 800] < 0.2 > 200 GeV > 180

CRZ ≥ 1 > 700 � � � > 1000 < 0.2 [76.2, 106.2] � � �
VR m0

bl ≥ 1 > 500 < 150 [600, 800] < 0.2 > 300 GeV � � �
VR m

1;rej
bl ≥ 1 [200, 500] > 150 [600, 800] < 0.2 > 300 GeV � � �

VR HT ≥ 1 [200, 500] < 150 > 800 < 0.2 > 300 GeV � � �
VRZ ¼ 0 [500, 800] > 150 > 1000 < 0.2 > 300 GeV � � �
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VI. BACKGROUND ESTIMATION

For each of the relevant backgrounds in the signal
regions, one of two methods is used to estimate the
contribution. The small W þ jets, tt̄þ V, diboson and
triboson backgrounds are estimated directly from MC
simulation and the normalization is corrected to the high-
est-order theoretical cross section available. For the dom-
inant tt̄, single top, and Z þ jets backgrounds, the expected
yield in the signal regions (SRs) is estimated by scaling
each MC prediction by a normalization factor derived from
three dedicated control regions (CRs), one for each back-
ground process. Each CR is defined to be kinematically
close to the SRs while inverting or relaxing specific
selections. This enhances the contribution from the targeted
background process in the CR designed for each major
background while reducing the contamination from
other backgrounds and the benchmark signals.
To derive a background-only estimate, the normaliza-

tions of the tt̄, single top, and Z þ jets backgrounds are
determined through a likelihood fit [98] performed simul-
taneously to the observed number of events in each CR.
The expected yield in each region is given by the inclusive
sum over all background processes in the ee, eμ, and μμ

channels. The normalization factors for each of the tt̄,
single top, and Z þ jets backgrounds are free parameters
of the fit. The other systematic uncertainties are treated as
nuisance parameters in the fit and are not significantly
constrained.
Several validation regions (VRs) are defined to test the

extrapolation from the CRs to SRs over the relevant
kinematic variables. The VRs are disjoint from both the
CRs and SRs, and are constructed to fall between one or
more CRs and the SRs in one of the extrapolated variables.
The VRs are not included in the fit, but provide a
statistically independent cross-check of the background
prediction. Four VRs are constructed to test the extrapo-
lation in the m0

bl, m
1;rej
bl , mll and HT observables.

Validation regions show signal contamination generally
below 10% for stop masses > 600 GeV. Details of the
selection criteria in each CR and VR are provided in
Table II.

A. Control regions

The tt̄ CR (CRtt) has specific requirements to separate it
from the SR. The SR selection on m

1;rej
bl is inverted to

m
1;rej
bl < 150 GeV. This enhances the fraction of tt̄ events

where the jets and leptons are mispaired. The average HT
value needs to be lower in CRtt with respect to the SRs to
remove contamination from signal events: a selection of
500 ≤ HT ≤ 800 GeV is applied. The selection on mll is
loosened to mll > 200 GeV, and the m0

bl selection is
restricted to between 180 and 500 GeV to enhance the tt̄
contribution in the CRtt. This tt̄ contribution comes from
the incorrectly paired mbl. The b-tagging requirement is

kept the same as the SR. The expected distributions ofm0

bl,
mbl

1;rej, and HT are shown in Figs. 2(a)–2(c) for the tt̄
control region.
The Z þ jets control region (CRZ) places selections on

the dilepton pair to isolate the leptons coming from a Z
boson. The dilepton invariant mass must be consistent
with the mass of the Z boson (jmll −mZj ≤ 15 GeV) and
the leptons are required to be of the same flavor, while still
having opposite charge. The mll selection is very effec-
tive at removing signal contamination, which makes it
possible to keep the HT and m0

bl of the CRZ events close
to the SR. The requirements of HT > 1000 GeV and
m0

bl > 700 GeV are placed. The m
asym
bl is required to be

less than 0.2.
As single top production has a smaller cross section than

tt̄, there is some difficulty with tt̄ contamination in the
single top CR (CRst). To allow the single top background to
have lower purity, the tt̄ CR was designed to have higher
statistics to constrain the tt̄ normalization factor. The purity
for single top is about 30% in CRst. The main difference
between the CRst and CRtt is that the selection on m

0;rej
bl is

inverted. While tt̄ events are expected to have both bl
masses in the rejected pairing compatible with the top quark
mass, only one is for single top backgrounds. This
distinction allows for selecting the m

0;rej
bl above the top

quark mass to reject tt̄ events in the CRst. This region
additionally requires both leading jets to be b-tagged, as
this strengthens the discriminating power of the higher
m

0;rej
bl requirement. The expected distribution of m

0;rej
bl is

shown in Fig. 2(d) for the CRst. In the case of tt̄ events,
requiring 2 b-tags improves the confidence that the correct
jets are selected from the top quark decay, leading to at least
one of the potential jet-lepton pairing schemes to properly
reconstruct both top quarks. The selections m0

bl ≥

180 GeV and m
0;rej
bl ≥ 180 GeV are thus very effective at

removing tt̄ events. The values of HT, mll and m0

bl of the
leading bl pair are constrained to reduce signal contami-
nation, as described in Table II.

B. Validation regions

Four disjoint validation regions are used to test the
extrapolation of the background fit from the CRs to the
SRs. A full list of the region selections is given in Table II.
The main extrapolations are from the tt̄ and single top CRs
to the SR: in particular, there is a significant extrapolation
on the invariant mass of the leading accepted bl pair m0

bl,
on the invariant mass of the subleading rejected bl pair
m

1;rej
bl , and on the HT. For this reason, three separate

validation regions are defined by keeping all the tt̄ CR
selections, and reverting the selection on these three
variables respectively. The upper bound on m

0;rej
bl is also

removed from the VRs. Such regions allow for validation of
the extrapolations from the CRs to the SRs. The CRZ
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applies similar selections as the SR, with the exception
of the mll selection that needs to be modified to select the
Z-boson peak. For this reason, a VR is defined with exactly
zero b-tagged jets, to enhance the Z þ jets background with
respect to tt̄ and single top. The VRm1;rej

bl is divided into
opposite-flavor leptons and same-flavor leptons, where the
latter region allows a check of the estimate of the Z þ jets
background in the region with one or more b-tagged
jets. All the other SR selections are applied, including
mll > 300 GeV, with the only exception being m0

bl, for
which a window of [500, 800] GeV is used to reduce signal
contamination.
The observed data yield and the post-fit background

prediction for each CR and VR are shown in Fig. 3. Good
agreement is seen in all validation regions, with differences
between the data and SM prediction within 1σ. The
modeling of the extrapolated variable for each VR is

shown in Fig. 4, demonstrating good agreement in the
shape of the variables of interest. The resulting normali-
zation factors for the tt̄, single top, and Z þ jets back-
grounds are 0.88� 0.03 for tt̄, 1.35� 0.24 for single top,
and 0.88� 0.08 for Z þ jets. Normalization factors are
obtained from the background-only fit (constrained only by
CRs) considering all systematic uncertainties for each of
the three main backgrounds.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in the signal and background
predictions arise from theoretical uncertainties in the
expected yield and MC modeling, and from experimental
sources. Experimental uncertainties reflect the precision
of the energy and momentum calibration of jets and
leptons, as well as corrections for the identification and

FIG. 2. Distributions of (a) m0

bl in the CRtt, (b)m
1;rej
bl in the CRtt, (c)HT in the CRtt, and (d)m

0;rej
bl in the CRst for the data and post-fit

MC prediction. Normalization factors are derived from the background-only fit configuration are applied to the dominant tt̄, single top,
and Z þ jets processes. The “Other” category consists of W þ jets, tt̄þ V, diboson, and triboson processes. Processes are listed from
largest to smallest contribution to the given region reading left to right and then top to bottom. The relevant CR event selections are
applied for each flavor inclusive distribution except the selection on the variable shown for (d). The arrow indicates the CR selection on
the m0;rej

bl variable. The hatched band represents statistical and theoretical uncertainties on the backgrounds. The bottom panel of each
plot shows the ratio between the data and the post-fit MC prediction. The last bin includes the overflow events.
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reconstruction efficiencies in MC simulation. The domi-
nant experimental uncertainties on the signal efficiency
are related to jets, including those in the jet energy scale
and resolution [88] and the calibration of the b-tagging
efficiency [92–94]. The largest experimental uncertainties
in the fitted background prediction in the SR are from
the mistagging of light-flavor jets and the jet energy
resolution. The experimental uncertainties associated
with leptons each have a small impact on the final
measurement, and include uncertainties in the efficiency,
energy scale and resolution of electrons [84] and muons
[85,100], and the calibration of the lepton trigger, identi-
fication, reconstruction, and isolation efficiencies.
Theoretical and MC modeling uncertainties of the tt̄ and

single top backgrounds account for the choice of event
generator, underlying-event tune, and their parameters. The
uncertainties are derived separately for each background
process and are treated as uncorrelated nuisance parame-
ters. For tt̄ and single top backgrounds the theory system-
atics uncertainties considered arise from renormalization
and factorization scale choices, PDF, αs, MC generator, and
parton shower modeling. For the Z þ jets background only
uncertainties from renormalization and factorization scale
choices, PDF and αs are considered. As the normalization
for the tt̄, single top and Z þ jets background is constrained
in the likelihood fits, the uncertainties are derived from the
normalization factor of the relevant CR to each SR bin
independently by comparing CR-to-SR yield ratios in

alternative models. The uncertainty in the background
estimate due to the choice of MC event generator is
estimated for tt̄ and single top backgrounds by comparing
the CR-to-SR yield ratios derived using the nominal tt̄
sample with another event sample produced with the
MADGRAPH5_AMC@NLO 2.6.2 generator at NLO in QCD
using the five-flavor scheme and the NNPDF2.3NLO PDF set.
The events were interfaced with PYTHIA 8.230, using the
A14 set of tuned parameters and the NNPDF2.3LO PDF. The
uncertainty due to the parton shower and hadronization
model was evaluated by comparing the nominal sample of
events with a sample where events generated with the
POWHEG BOX v2 generator were interfaced to HERWIG 7.04

[101,102], using the H7UE set of tuned parameters [102]
and the MMHT2014LO PDF set [103].
An uncertainty in the single top yield due to the

destructive interference between the tt̄ and Wt processes
is estimated by using inclusiveWWbb samples generated at
LO using MADGRAPH5_AMC@NLO split by different
requirements on the presence of resonant top quarks.
The yields for each set of requirements is calculated in
each SR bin and compared to one another to calculate a
relative uncertainty on the Wt yields. This relative uncer-
tainty is applied as an uncertainty on the transfer of the
normalization factor from the CRst to each SR bin. For
background processes that are not normalized in the CRs
(W þ jets, tt̄þ V, diboson, triboson), the theoretical uncer-
tainty on the NLO cross section is applied.

FIG. 3. Comparison of the observed data and expected numbers of events in the CRs (pre-fit) and VRs (post-fit). The “Other” category
consists of W þ jets, tt̄þ V, diboson and triboson processes. Processes are listed from largest to smallest contribution for the given
region reading left to right and then top to bottom. The background prediction is derived with the background-only fit configuration. The
bottom panel of the plot shows the relative difference, the difference between the observed data and total background divided by the
observed data, for the CRs as well as the significance of the difference for the VRs. The significance is computed through a profile
likelihood method [99].
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Uncertainties in the expected yields of the stop signal
samples are derived for each m0

bl bin of the SR as the
envelope of variations to the renormalization and factori-
zation scales, αS, and PDF set. A theoretical uncertainty on
the stop cross section is independently applied by varying
the signal yield in all regions, and ranges from8% to 22% for
stop mass values from 600 to 1900 GeV. Uncertainties
that affect the signal acceptance include the electron
efficiency, with uncertainties calculated between 3%
and 4% for the various stop masses when assuming
Bðt̃ → beÞ ¼ Bðt̃ → bμÞ ¼ 50%, and are between 5%
and 8% when assuming Bðt̃ → beÞ ¼ 100%. Similarly,
the muon efficiency uncertainties are between 2% and

4% when assuming Bðt̃ → beÞ ¼ Bðt̃ → bμÞ ¼ 50%, and
rise to 6% when assuming Bðt̃ → bμÞ ¼ 100%. The elec-
tron, muon, and jet energy scale and resolution uncertain-
ties are generally below 1% for the stop signal models,
reaching 1% for masses near thembl threshold of 800 GeV.
The b-tagging efficiency uncertainties are between 1% and
3%, reaching the largest value for the 600 GeV sig-
nal model.

VIII. RESULTS

To evaluate the presence of signal in this analysis, a
multibin fit is used to maximize the likelihood function

FIG. 4. Flavor-inclusive distributions of (a)m0

bl in the VRm
0

bl, (b)m
1;rej
bl in the VRm1;rej

bl , (c)HT in the VRHT, and (d)mll in the VRZ
for the data and post-fit MC prediction. Normalization factors are derived from the background-only fit configuration and are applied
to the dominant tt̄, single top, and Z þ jets processes. The “Other” category consists of W þ jets, tt̄þ V, diboson and triboson
processes. Processes are listed from largest to smallest contribution to the given region reading left to right and then top to bottom.
The relevant VR event selections are applied for each flavor-inclusive distribution except the selection on the variable shown for
(a) m0

bl in the VRm0

bl, (b) m
1;rej
bl in the VRm1;rej

bl , and (c) HT in the VRHT. Figure 4(d) includes all relevant VR event selections.
Regions outside of the proposed cut may show slight discrepancy from applying normalization factors designed for the regions of
interest. The hatched band represents statistical and theoretical uncertainties on the backgrounds. The arrow indicates the VR
selection on the variable shown. The bottom panel of each plot shows the ratio between the data and the post-fit MC prediction. The
last bin includes the overflow events.
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Lðμsig; θÞ. The likelihood function is a product of Poisson
distributions for each bin and depends on the parameter of
interest, μsig. This parameter, referred to as the signal
strength, is defined by the ratio of the fitted signal cross
section versus the theoretical cross section. The effect of
systematic uncertainties in the signal and background
predictions are described by nuisance parameters subject
to Gaussian penalty terms in the likelihood function. For
model dependent results, two exclusion fits were performed
for each lepton branching ratio point probed: one inclusive
15-bin fit, which is agnostic to lepton final state, and one
45-bin fit simultaneously across all three lepton flavor
channels ðeμ; μμ; eeÞ as separate SRs. For each stop mass
and branching ratio, the configuration that provides the
strongest expected limit on the signal strength will be

used. The flavor-agnostic configuration typically has the
stronger expected sensitivity when Bðt̃ → beÞ, Bðt̃ → bμÞ,
and Bðt̃ → bτÞ are similar in size, while the flavor-aware
configuration is more sensitive in the corners of the
branching ratio plane.
The observed yields and fitted background predictions

for the SRs are shown in Fig. 5 for the 45-bin fit and in
Fig. 6 for the 15-bin fit. Yields for the 45-bin SR
configurations are split across three plots (one for each
lepton flavor channel). Estimated background is in agree-
ment with observed data within 1σ over almost all signal
bins. Validation regions show that background is modeled
well. Model-dependent limits are given in Fig. 7 for a range
of assumed stop masses. The model-dependent results
show observed limits that are stronger than the expected

FIG. 5. The observed data and post-fit Monte Carlo expectation for SM processes in each SR bin for the flavor-aware
configuration in (a) the ee channel, (b) the μμ channel, and (c) the eμ channel. Each plot shows the yields for a single
flavor channel of the 45-bin background-only fit. All systematic uncertainties are applied in this fit. The “Other” category
consists of W þ jets, tt̄þ V, diboson and triboson processes. Processes are listed from largest to smallest contribution to
the given region reading left to right and then top to bottom. The bottom panel of each plot shows the significance of the
difference between the expected yields and observed data. Expected signal contributions for different stop mass hypotheses
are shown, assuming equal branching ratios to electron, muon and τ-leptons. The significance is computed through a profile
likelihood method [99].
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limits at the 1σ level, primarily due to the highest mass
signal bin where zero events are observed while 2.14�
0.60 events are expected from background predictions. The
behavior of the limits shown in Fig. 7 is driven by the
highest mass bin of the SR, which has low statistics but an
observed deficit.
Exclusion limits are derived at 95% CL for stop pair

production. Limits are obtained through an exclusion fit
based on a profile log-likelihood ratio test using the CLs
prescription [104] and asymptotic approximation [105],
following the simultaneous fit to the CRs and SRs [98].
The signal contributions in both the SRs and CRs are
accounted for in the fit, although they are negligible in
the latter. Exclusion fits are performed separately for
various branching ratio assumptions, sampling, in steps
of 5%, values of Bðt̃ → beÞ, Bðt̃ → bμÞ, and Bðt̃ → bτÞ
whose sum is unity and reweighting events in the signal
samples according to the generated decays. The limits are
strongest at low values of Bðt̃ → bτÞ, where the expected
number of events with electrons or muons in the final
state is largest. Expected limits are slightly stronger for
increasing Bðt̃ → beÞ, reflecting a higher trigger effi-
ciency for electrons than for muons. Stops with Bðt̃ →
bτÞ up to 100% are excluded for masses below 800 GeV,
while those with Bðt̃ → bμÞ up to 100% are excluded up

to 1800 GeV and those with Bðt̃ → beÞ up to 100% are
excluded up to 1900 GeV. Observed limits are stronger
than expected, reflecting the lower-than-expected event
yield at high mbl. Exclusion contours reflecting the
highest stop mass excluded at a 95% CL for a given
point in the branching ratio plane are shown in
Fig. 8, which emphasizes this search’s ability to probe
different branching ratio regions. These branching
ratio regions can inform theoretical predictions for the
normal versus inverted neutrino mass ordering [51]. One-
dimensional limit plots for different branching ratio
benchmarks are shown in Fig. 9. Cross-section limits
for the stop decaying into a b-jet and lepton with
democratic branching ratio to each of the lepton flavors
without systematic uncertainties would be 2 times
stronger for lower stop masses and 1.2 times stronger
for higher stop masses.
In addition to using the aforementioned SR definitions

for model-dependent results, a second set of regions were
defined to produce model-independent results. These
model-independent regions use the same baseline SR
selections as the regions with the orthogonal bins in
m0

bl replaced by 15 inclusive, nested bins in m0

bl.
Each nested bin starts at the lower bin edge of the
respective nominal SR definition. For each inclusive

FIG. 6. The observed data and post-fit Monte Carlo expectation for SM processes in each SR bin for the flavor-agnostic
configuration. The results are obtained from the SRs using the 15-bin background-only fit. All systematic uncertainties are applied in
this fit. The “Other” category consists of W þ jets, tt̄þ V, diboson and triboson processes. Processes are listed from largest to
smallest contribution to the given region reading left to right and then top to bottom. The bottom panel of the plot shows the
significance of the difference between the expected yields and observed data. Expected signal contributions for different stop mass
hypotheses are shown assuming equal branching ratios to electron, muon and τ-leptons. The significance is computed through a
profile likelihood method [99].
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SR, model-independent upper limits are derived on the
visible cross section of potential beyond-the-SM (BSM)
processes at a 95% CL. The visible cross section is defined
to be σ · ϵ · A, where σ is the cross section, ϵ is the
efficiency, and A is the detector acceptance. A likelihood
fit is performed to the number of observed events in all

three CRs and the target SR where a generic BSM process
is assumed to contribute to the SR only. The p-value of
this statistical test is obtained using pseudo-experiments.
No theoretical or systematic uncertainties are considered
for the potential BSM signal except the luminosity
uncertainty from 2015 to 2018. The observed (S95obs) and

FIG. 7. Observed (solid red) and expected (dashed black) 95% CL exclusions in the Bðt̃ → bτÞ vs. Bðt̃ → beÞ plane for various mass
values between 1100 and 1900 GeV (a)–(i). The sum of Bðt̃ → beÞ, Bðt̃ → bμÞ, and Bðt̃ → bτÞ is assumed to be unity everywhere;
hence, the Bðt̃ → bμÞ can be inferred for each point in the figure. The yellow band reflects the�1σ uncertainty of the expected limit due
to theoretical, experimental, and MC statistical uncertainties. The shaded purple area represents the branching ratios that are observed to
be excluded. The dotted red lines correspond to the �1σ cross section uncertainty of the observed limit derived by varying the signal
cross section by the theoretical uncertainties. The black solid line represents previous limits placed by the early Run 2 analysis [40]. In
figures that do not have previous limits shown, there was no sensitivity for this mass range in the previous analysis. The chosen
branching ratio plane to interpret the results allows an easier comparison with the results of the scan over the neutrino mass hierarchy
presented in Ref. [51].
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expected (S95exp) limits on the number of BSM events are
derived at 95% CL inclusively across flavor channels to
avoid assumptions on the underlying model. These results
are shown in Table III. Also shown are the observed limits
on the visible cross section σvis, defined as S

95

obs normalized
to the integrated luminosity, and representing the product
of the production cross section, acceptance, and selection
efficiency of a generic BSM signal. Limits on σvis are set
between 0.02 and 0.16 fb, depending on the mbl

requirement.

IX. CONCLUSION

This paper presents the full Run 2 ATLAS results on the
search for stop pair production, with each stop decaying via
an RPV coupling to a b-quark and a lepton. The search uses
140 fb−1 of

ffiffiffi

s
p ¼ 13 TeV proton-proton collision data

collected with the ATLAS detector at the LHC from
2015 to 2018. The resulting final state is characterized
by two jets, at least one of which is b-tagged, and two light,
opposite-charge leptons (electron or muon). This signal is
searched for in the distribution of the leading invariant mass
of the lepton-jet resonance reconstructing the stop pair. No
significant excess of events over the SM prediction is

FIG. 8. The observed lower limits on the t̃ mass at 95% CL as a
function of t̃ branching ratios. The sum of Bðt̃ → beÞ, Bðt̃ → bμÞ,
and Bðt̃ → bτÞ is assumed to be unity everywhere; hence, the
Bðt̃ → bμÞ can be inferred for each point in the figure. As the
branching ratio Bðt̃ → bτÞ increases, the observed number of
events with electrons or muons in the final state decreases,
reducing the sensitivity of the search. Benchmark stop masses are
provided in 50 GeV intervals.

FIG. 9. Observed (solid black) and expected (dashed black) 95% CL upper limits on the stop pair production cross section as a
function of stop mass for different branching ratio hypotheses: (a) 100% to a b-quark and an electron, (b) 100% to a b-quark and a muon,
(c) 100% to a b-quark and a tau, and (d) democratic branching ratios for this decay. The red line represents theory prediction for the stop
cross section, and corresponding uncertainty is represented by a lighter red band [39].
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observed, and limits are set on the stop mass under different
hypotheses for the branching ratios at 95% confidence
level. Limits are set on stop masses up to 800 GeV for a bτ
branching ratio of 100%, 1800 GeV for a bμ branching
ratio of 100% and 1900 GeV for a be branching ratio of
100%. These results significantly extend the mass exclu-
sion limits from previous searches. The improvement in
sensitivity is due to the larger dataset, performing a fit to the
distribution of the mass of the leading lepton-jet pair,
increasing the threshold for the highest bin from 1100 to
1400 GeV, and reducing the impact of systematic uncer-
tainties with improved control regions. Model-independent
upper limits are set on the cross section of potential BSM
processes inclusive in the ee, eμ, and μμ channels and
between 0.02 and 0.16 fb.
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APC, Université Paris Cité, CNRS/IN2P3, Paris, France

6
High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois, USA

7
Department of Physics, University of Arizona, Tucson, Arizona, USA

8
Department of Physics, University of Texas at Arlington, Arlington, Texas, USA

9
Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10
Physics Department, National Technical University of Athens, Zografou, Greece
11
Department of Physics, University of Texas at Austin, Austin, Texas, USA
12
Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

13
Institut de Física d’Altes Energies (IFAE), Barcelona Institute of Science and Technology,

Barcelona, Spain
14
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China

15
Physics Department, Tsinghua University, Beijing, China

16
Institute of Physics, University of Belgrade, Belgrade, Serbia

17
Department for Physics and Technology, University of Bergen, Bergen, Norway

18a
Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA

18b
University of California, Berkeley, California, USA

19
Institut für Physik, Humboldt Universität zu Berlin, Berlin, Germany

20
Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics,

University of Bern, Bern, Switzerland
21
School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

22a
Department of Physics, Bogazici University, Istanbul, Türkiye

22b
Department of Physics Engineering, Gaziantep University, Gaziantep, Türkiye

SEARCH FOR R-PARITY VIOLATING SUPERSYMMETRIC … PHYS. REV. D 110, 092004 (2024)

092004-27



22c
Department of Physics, Istanbul University, Istanbul, Türkiye

23a
Facultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño, Bogotá, Colombia

23b
Departamento de Física, Universidad Nacional de Colombia, Bogotá, Colombia

24a
Dipartimento di Fisica e Astronomia A. Righi, Università di Bologna, Bologna, Italy
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mAlso at Università di Napoli Parthenope, Napoli, Italy.
nAlso at Institute of Particle Physics (IPP), Canada.
oAlso at University of Colorado Boulder, Department of Physics, Colorado, USA.
pAlso at Borough of Manhattan Community College, City University of New York, New York, New York, USA.
qAlso at National Institute of Physics, University of the Philippines Diliman (Philippines), Philippines.
rAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
sAlso at Centro Studi e Ricerche Enrico Fermi, Italy.
tAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
uAlso at Technical University of Munich, Munich, Germany.
vAlso at CMD-AC UNEC Research Center, Azerbaijan State University of Economics (UNEC), Azerbaijan.
wAlso at Yeditepe University, Physics Department, Istanbul, Türkiye.
xAlso at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia.
yAlso at CERN, Geneva, Switzerland.
zAlso at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki, Greece.
aaAlso at Hellenic Open University, Patras, Greece.
bbAlso at Department of Physics, Stellenbosch University, South Africa.
ccAlso at Department of Physics, California State University, Sacramento, USA.
ddAlso at Département de Physique Nucléaire et Corpusculaire, Université de Genève, Genève, Switzerland.
eeAlso at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany.
ffAlso at Department of Physics, Stanford University, Stanford, California, USA.
ggAlso at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia, Bulgaria.
hhAlso at Washington College, Chestertown, Maryland, USA.
iiAlso at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco.

G. AAD et al. PHYS. REV. D 110, 092004 (2024)

092004-32


