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Combination of searches for pair-produced leptoquarks at 
√
𝑠 = 13 TeV 

with the ATLAS detector
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser A statistical combination of various searches for pair-produced leptoquarks is presented, using the full LHC Run 2 
(2015–2018) data set of 139 fb−1 collected with the ATLAS detector from proton–proton collisions at a centre-
of-mass energy of 

√
𝑠 = 13 TeV. All possible decays of the leptoquarks into quarks of the third generation and 

charged or neutral leptons of any generation are investigated. Since no significant deviations from the Standard 
Model expectation are observed in any of the individual analyses, combined exclusion limits are set on the 
production cross-sections for scalar and vector leptoquarks. The resulting lower bounds on leptoquark masses 
exceed those from the individual analyses by up to 100 GeV, depending on the signal hypothesis.
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1. Introduction

Leptoquarks (LQs) are hypothetical particles that carry both baryon 
and lepton quantum numbers (𝐵 ≠ 0, 𝐿 ≠ 0). They are either scalar 
(spin zero) or vector (spin one) particles, carry colour and have a 
fractional electric charge. LQs therefore couple simultaneously to both 
quarks and leptons, providing a connection between the lepton and 
quark sectors, which appear to have similar structures. As such, LQs 
have already been discussed for many decades not only in unified theo-
ries [1–3] but also in technicolour [4–6] or composite models [7–9].

In the past decade, there has been renewed interest in LQs because 
of anomalies in various measurements of 𝐵-meson decays. While a re-
cent reanalysis of data from the LHCb Collaboration has yielded results 
in agreement with lepton-flavour universality [10,11], other anoma-
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lies such as in the 𝑏 → 𝑠𝜇𝜇 angular distribution or in charged-current 
𝑏 → 𝑐𝓁𝜈 transitions remain [12–20].

This Letter combines searches from the ATLAS experiment for pair 
production of LQs that decay into a charged or neutral lepton and either 
a top or bottom quark. All analyses use the full Run 2 data set with an 
integrated luminosity of 139 fb−1. This dataset was recorded between 
2015 and 2018 with the ATLAS detector [21], when the Large Hadron 
Collider (LHC) collided protons at 

√
𝑠 = 13 TeV.

LQs decay into a quark and lepton of the same or of different gener-
ations [22]. Third-generation scalar LQs have a charge of either ±1∕3
(LQd

3) with decays into 𝑏̄𝜈̄𝜏 or 𝑡𝜏+ (and charge conjugate decays) or 
±2∕3 (LQu

3) with decays into 𝑏𝜏+ or 𝑡𝜈̄𝜏 (and charge conjugate decays). 
Mixed-generation scalar LQs can decay into a first- or second-generation 
lepton and a third-generation quark. Similarly to LQ3, they can have 
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Fig. 1. Pair production of (a) up-type LQs of the third generation via gluon–gluon fusion with decays into a top quark and a neutrino or into a bottom quark and a 
𝜏-lepton, and of (b) down-type mixed LQs via quark–antiquark annihilation with decays into a top quark and a muon or into a bottom quark and a neutrino.

charge ±1∕3 (LQd
mix) or ±2∕3 (LQu

mix). Pairs of LQs would be produced 
at the LHC mainly via gluon–gluon fusion or quark–antiquark anni-
hilation. These mechanisms are shown in Fig. 1, together with some 
example decays. The pair-production cross-section for scalar LQs de-
pends only on the LQ mass (𝑚LQ).

This Letter considers nine independent searches that between them 
are sensitive to all decays into a bottom or top quark and any one of 
the charged or neutral leptons of all three generations. Sets of these 
analyses are combined to produce two-dimensional exclusion limits for 
both third-generation and mixed scalar LQs, as a function of 𝑚LQ and 
branching ratio () to the charged lepton in order to obtain limits that 
are more stringent than those from the individual analyses. A limited 
set of searches is also interpreted in vector LQ models [23]. The pair-
production cross-section for vector LQs depends not only on 𝑚LQ but 
also on the coupling to gluons. An additional coupling of Yang–Mills 
type to gluons is either present or absent (“minimal coupling”) [24].

It should be noted that because the ATLAS analyses included here 
do not have any requirements on the LQ charge, the results for decays 
to a charged lepton are also valid for LQs with charge ±4∕3, e.g. with 
decays into 𝑏̄𝜏+, or charge ±5∕3, e.g. with decays into 𝑡𝜏+.

2. Signal models

Simulated events with pair-produced scalar up-type and down-type 
LQs were generated at next-to-leading order (NLO) in quantum chromo-
dynamics (QCD) with MADGRAPH5_AMC@NLO 2.6.0 [25]. The method 
described in Ref. [26] is used, in which fixed-order NLO QCD calcula-
tions [27,28] are interfaced to PYTHIA 8.230 [29] for the parton shower 
(PS) and hadronisation. Parton luminosities were provided by the five-
flavour scheme NNPDF3.0NLO [30] parton distribution functions with 
𝛼s = 0.118, and the underlying event (UE) was modelled with the A14 
set of tuned parameters [31]. MADSPIN [32] was used for the decay of 
the LQ. The branching ratio of LQ decays to a charged lepton is con-
trolled by the model parameter 𝛽, so for 𝛽 = 0 there are only decays 
into a neutrino and a quark, and for 𝛽 = 1 there are only decays into a 
charged lepton and a quark. However, for equal couplings to charged 
and neutral leptons, i.e. 𝛽 = 0.5,  differs from 0.5 due to the sizeable 
top-quark mass [33]. Signal samples were mostly produced for a model 
parameter of 𝛽 = 0.5, and target branching fractions  were obtained 
by reweighting the samples using generator-level information, as de-
scribed in Ref [33]. The coupling strength parameter 𝜆 was set to 0.3, 
resulting in a LQ width of about 0.2% of its mass [22,34].

Signal cross-sections for scalar LQs were obtained from a calcula-
tion of the pair production of scalar coloured particles, e.g. the su-
persymmetric partner of the top quark. Such particles have the same 
production modes (except lepton t-channel contributions) and their 
pair-production cross-section depends only on their mass. These cross-
sections are computed at approximate next-to-next-to-leading order 

(NNLO) in QCD with resummation of next-to-next-to-leading logarith-
mic (NNLL) soft gluon terms [35–38]. Lepton 𝑡-channel contributions 
are neglected and may lead to corrections at the percent level [39].

In addition to scalar LQs, two models of vector LQs are investigated. 
Simulated events with pair-produced 𝑈1 and 𝑈̃1 LQs were generated 
at leading order (LO) in QCD with MADGRAPH5_AMC@NLO, handling 
PDFs and the UE in the same way as for scalar LQs. For 𝑈1 LQs, a 
simplified model [23] is used, neglecting further degrees of freedom 
relevant for the ultraviolet (UV) completion of the model. The sam-
ples were produced with a coupling strength parameter of 𝑔𝑈 = 3.0, 
leading to a signal width of approximately 11% [40]. The large value 
of 𝑔𝑈 is motivated by a suppression of the production cross-section 
for additional mediators in an UV-complete model, which might oth-
erwise be in tension with existing LHC 𝑍′ limits [24]. The coupling 
to gluons is determined through the chosen value of the model param-
eter 𝜅, where 𝜅 = 0 corresponds to the Yang–Mills coupling scenario 
(𝑈YM

1 ) and 𝜅 = 1 to the minimal coupling scenario (𝑈MC
1 ). The coupling 

strength to left- and right-handed quarks and leptons of the various 
generations is determined by the model parameters 𝛽L / R. While right-
handed couplings are assumed to vanish in this analysis, 𝛽L is set to 
unity, resulting in equal coupling strengths of 𝑈1 LQs to top quarks and 
neutrinos or bottom quarks and charged leptons of a certain generation. 
Conversely, 𝑈̃1 LQs [24,41] carry an electric charge of ±5∕3, and thus 
only decays into a top quark and 𝜏-lepton are allowed. Couplings of 
𝑈̃1 to the Standard Model gluon are governed by the model parameter 
𝜅𝑡. Additional couplings of 𝑈̃1 to the heavy gluon 𝑔′, required for the 
UV completion of the model, depend on the model parameter 𝜅𝑠. The 
choice of 𝜅𝑡 = 𝜅𝑠 = 0 corresponds to the Yang–Mills scenario (𝑈̃YM

1 ), 
whereas 𝜅𝑡 = 𝜅𝑠 = −1 gives the minimal coupling scenario (𝑈̃MC

1 ). Since 
production via an intermediate 𝑔′ contributes only in quark-initiated 
processes, which are subdominant compared to gluon–gluon fusion, 
the pair-production cross-section of 𝑈̃1 LQs depends only very slightly 
on the heavy-gluon mass, which is assumed to vanish in this analy-
sis. No higher-order cross-section computations are available for the 𝑈1
and 𝑈̃1 models. Therefore, the cross-sections computed at LO by MAD-
GRAPH5_AMC@NLO are used in the analysis.

Additional details of the Monte Carlo simulation and the estimation 
of background processes in the individual analyses can be found in the 
respective publications.

3. Experimental signatures

In the following, each of the analyses contributing to the com-
bined results is described briefly, with further details available in the 
references. The final state in all analyses is reconstructed from elec-
trons [42], muons [43], hadronically decaying 𝜏-leptons (𝜏had) [44], 
jets and missing transverse momentum (with magnitude 𝐸miss

T ) [45]. 



Physics Letters B 854 (2024) 138736

3

The ATLAS Collaboration

Different quality criteria, isolation requirements and transverse momen-
tum (𝑝T) thresholds are applied in each analysis because of the different 
backgrounds present. No attempt is made to distinguish between a lep-
tonically decaying 𝜏-lepton and a prompt electron or muon (𝓁). Jets are 
reconstructed from energy deposits in the calorimeter system [46] or 
from particle-flow objects [47,48], using the anti-𝑘𝑡 algorithm [49,50]
with a radius parameter of 0.4 by default. Jets can be categorised as 𝑏-
tagged (i.e. as “𝑏-jets”) if they satisfy the requirements of a multivariate 
algorithm [51–53]. In order to better reconstruct high-𝑝T top quarks, 
jets with a larger radius-parameter value are used in some analyses, 
with the top-quark decay products reconstructed from jet substructure 
information.

In most of the analyses, one or both LQs have a neutrino in the fi-
nal state, so they cannot be fully reconstructed. Various methods are 
employed to separate background from signal, such as the usage of 
event-level variables designed to identify one or more missing particles, 
or multivariate techniques that combine several final-state variables in 
an optimised way. In addition to signal-enriched regions, also called sig-
nal regions (SRs), control regions (CRs) are defined for the purpose of 
constraining major background processes. CRs and SRs are designed to 
be mutually exclusive.

Third-generation quarks and leptons

𝑡𝜈𝑏𝜏 [54]: The main selection requirements for this search are one 
𝜏had, two 𝑏-jets, and large 𝐸miss

T , allowing searches in the LQu
3 → 𝑡𝜈 or 

𝑏𝜏 and LQd
3 → 𝑡𝜏 or 𝑏𝜈 channels. The 𝑝T of the 𝜏had is used as the dis-

criminant. This channel is also interpreted in the 𝑈YM
1 and 𝑈MC

1 models.

𝑏𝜏𝑏𝜏 [55]: This search targets the LQu
3 → 𝑏𝜏 channel by selecting 

events with either two or one 𝜏had and one light charged lepton (arising 
from a leptonic 𝜏 decay), together with one or more 𝑏-jets. The dis-
criminant is the output of a parameterised neural network [56], which 
uses as input various kinematic variables including the partially recon-
structed LQ masses. This channel is also interpreted in the 𝑈YM

1 and 
𝑈MC
1 models.

𝑡𝜏𝑡𝜏 [57]: The search targets the LQd
3 → 𝑡𝜏 channel. Events are se-

lected by requiring between one and three light charged leptons, at 
least one 𝜏had and two or more jets, one of which is 𝑏-tagged. The phase 
space of interest is divided into seven mutually exclusive SRs, based on 
the light charged-lepton and 𝜏had multiplicities. In each SR, the effective 
mass, 𝑚eff , defined as the scalar sum of 𝐸miss

T and the transverse mo-
menta of all reconstructed leptons and jets is used as the discriminant. 
This channel is also reinterpreted in the 𝑈̃YM

1 and 𝑈̃MC
1 models.

Third-generation quarks and first- or second-generation leptons

𝑡𝜈𝑏𝓁 [40]: The strategy of this search is to select events with one light 
charged lepton, large 𝐸miss

T and four or more jets, of which at least one 
must be 𝑏-tagged. It is therefore sensitive to the LQu

mix → 𝑡𝜈, 𝑏𝑒 or 𝑏𝜇
and LQd

mix → 𝑏𝜈, 𝑡𝑒 or 𝑡𝜇 channels. The discriminant is the output of a 
neural network with kinematic variables as input. This channel is also 
interpreted in the 𝑈YM

1 and 𝑈MC
1 models.

𝑏𝓁𝑏𝓁 [58]: This analysis targets either the LQu
mix → 𝑏𝑒 or 𝑏𝜇 channels. 

Events are required to contain exactly two electrons or two muons with 
opposite electric charges and at least two jets. Events are then cate-
gorised according to the multiplicity of the 𝑏-tagged jets. LQ candidates 
are identified by choosing the combination of leptons and jets resulting 
in the smallest difference between the two lepton–jet invariant masses. 
The average mass of the two LQ candidates serves as the discriminant.

𝑡𝓁𝑡𝓁 (2𝓁) [59]: The search targets the LQd
mix → 𝑡𝑒 or 𝑡𝜇 channels. The 

analysis is optimised for signal events with both top quarks decaying 
hadronically by requiring exactly two opposite-sign same-flavour lep-
tons and two 𝑅 = 1.0 jets containing the top decay products. A boosted 
decision tree classifier (BDT) is trained to separate signal events from 
background events. In addition to variables calculated from the 𝑝T of 
leptons and jets as well as 𝐸miss

T , observables obtained using recursive 
jigsaw reconstruction techniques [60] serve as input to the BDT. The 
BDT output score is used as the discriminant in the SRs.

𝑡𝓁𝑡𝓁 (≥ 3𝓁) [61]: Complementing the 𝑡𝓁𝑡𝓁 (2𝓁) analysis, this search 
targets the same signal hypotheses in final states with at least three 
light charged leptons. In addition, events are required to have at least 
two reconstructed jets, at least one of which must be 𝑏-tagged. The 
SR is split on the basis of lepton multiplicity, and 𝑚eff is used as the 
discriminant.

Third-generation quarks and neutrinos

𝑡𝜈𝑡𝜈 [62]: The search for pair-produced scalar partners of the top 
quark in final states consisting of two hadronically decaying top quarks 
and large 𝐸miss

T is also interpreted as a search for pair-produced LQs, 
primarily targeting the LQu

3 → 𝑡𝜈 channel. The main selection require-
ments in the SR are four jets, two of which are 𝑏-tagged, no charged 
leptons, and large 𝐸miss

T . Top candidates are reconstructed using jets 
with 𝑅 = 1.2. Two such top candidates are required, and the SR is sub-
divided according to both the mass of the top candidate with lower 
transverse momentum and the kinematic variable 𝑚T2,𝜒2 [63], which is 
a transverse mass suited to the case where there are two missing parti-
cles. For this publication, this channel is also reinterpreted in the LQu

mix, 
𝑈YM
1 and 𝑈MC

1 models.

𝑏𝜈𝑏𝜈 [64]: The search for scalar partners of the bottom quark in events 
with no light charged leptons, two 𝑏-tagged jets and large 𝐸miss

T also tar-
gets pair-produced LQs in the LQd

3 → 𝑏𝜈 channel. However, since there 
is neither a requirement on additional jets nor explicit 𝜏 reconstruction 
the search also has sensitivity to the LQd

3 → 𝑡𝜏 channel. A cut-based ap-
proach is used for high values of a specific mass reconstructed in the 
presence of neutrinos, 𝑚CT [65]. The SR is subdivided into regions de-
pending on 𝑚CT and 𝑚eff . At lower values of 𝑚CT a BDT is used as 
the discriminant, with input variables based on the kinematics of the 
final-state jets and 𝐸miss

T . For this publication, this channel is also rein-
terpreted in the LQd

mix models.
A summary of the channels considered in this Letter, together with 

which interpretations are made and the main selection requirements, is 
given in Table 1.

4. Statistical interpretation

The statistical combination of the different searches follows the 
same formalism as the individual analyses. Simultaneous binned 
profile-likelihood fits to CRs and SRs, steered by the cabinetry li-
brary [66,67], are performed, and a modified frequentist method, the 
CLs method [68] as implemented in pyhf [69,70], is used to set ex-
clusion limits on various signal hypotheses. Systematic uncertainties 
are accounted for by including them in the fits via nuisance param-
eters (NPs). The binned likelihood function (𝜇, 𝜃) is constructed as 
the product of Poisson probability terms over all bins considered in 
the analysis and a number of Gaussian or log-normal priors for the 
NPs associated with systematic uncertainties. It depends on the signal 
strength parameter, 𝜇, a multiplicative factor applied to the theoretical 
signal production cross-section, and on 𝜃, a set of NPs including a num-
ber of unconstrained multiplicative factors for the major background 
processes as well as those entering the Gaussian and log-normal priors, 
which adjust the expectations for signal and background according to 
the corresponding systematic uncertainties.
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Table 1

Overview of the individual analyses, together with the models used to interpret them and the main object 
selections in the signal region: number of electrons or muons (𝑁𝓁 ), number of hadronically decaying 𝜏-leptons 
(𝑁𝜏had ) and number of 𝑏-jets (𝑁𝑏jets). All analyses interpreted in the same model are combined except for 𝑈1 in 
the 𝑡𝜈𝑏𝓁 final state, where no other channels are available for combination.

Interpretation

Search Scalar Vector Signal Region

Final State Citation LQu
3 LQd

3 LQu
mix LQd

mix 𝑈
YM∕MC
1 𝑈̃

YM∕MC
1 𝑁𝓁 𝑁𝜏had 𝑁𝑏jets

𝑡𝜈𝑏𝜏 [54] ✓ ✓ – – ✓ – 0 1 ≥ 2
𝑏𝜏𝑏𝜏 [55] ✓ – – – ✓ – {0,1} {1,2} {1,2}
𝑡𝜏𝑡𝜏 [57] – ✓ – – – ✓ {1,2,3} ≥ 1 ≥ 1

𝑡𝜈𝑏𝓁 [40] – – ✓ ✓ ✓ – 1 – ≥ 1
𝑏𝓁𝑏𝓁 [58] – – ✓ – – – 2 – {0,1,2}
𝑡𝓁𝑡𝓁 (2𝓁) [59] – – – ✓ – – 2 – –
𝑡𝓁𝑡𝓁 (≥ 3𝓁) [61] – – – ✓ – – {3,4} – ≥ 2

𝑡𝜈𝑡𝜈 [62] ✓ – ✓ – ✓ – 0 0 ≥ 2
𝑏𝜈𝑏𝜈 [64] – ✓ – ✓ – – 0 – ≥ 2

The test statistic used to determine the exclusion limits is based on 
the profile likelihood ratio

𝑡𝜇 = −2 ln (𝜇, ̂̂𝜃)
(𝜇̂, 𝜃̂)

,

where 𝜇̂ and 𝜃̂ are the values of the parameters that maximise the 
likelihood function, and ̂̂𝜃 are the values of the NPs that maximise 
the likelihood function for a given value of 𝜇. Upper limits on the 
signal production cross-section are derived for each of the signal sce-
narios considered in this analysis. For a given signal scenario, values of 
the production cross-section (parameterised by 𝜇) yielding CLs < 0.05, 
where CLs is computed using the asymptotic approximation [71], are 
excluded at ≥ 95% confidence level (CL).

The sensitivity of each individual analysis entering the combination 
is limited primarily by statistical uncertainties. As such, systematic un-
certainties do not have a major impact in the combined analysis, and 
therefore assumptions about their correlation across the different analy-
ses do not affect the results significantly. Detector-related uncertainties 
are assumed to be correlated across analyses, unless that is not valid 
because of different approaches to event reconstruction or a different 
choice of correlation model in individual analyses. Similarly, uncer-
tainties in the modelling of the signal process are only assumed to be 
correlated when parameterised in the same way in individual analy-
ses. However, treating these uncertainties as fully uncorrelated yields 
a difference of at most 5% on the cross-section limit. Uncertainties in 
the modelling and normalisation of background processes are assumed 
to be uncorrelated between analyses, since the phase spaces of inter-
est and background estimation techniques can differ significantly. As 
is standard in ATLAS searches, theory uncertainties affecting the sig-
nal acceptance are considered when setting exclusion limits, but those 
affecting the production cross-section are not.

In each combination, the SRs and CRs defined for the individual 
searches are generally statistically independent between the various 
analyses, due to the selection requirements on the multiplicity and 
flavour of the charged leptons. Additional criteria are used in the one-
lepton CRs in the (otherwise zero-lepton) 𝑡𝜈𝑡𝜈 channel, such as the 
requirement that the lepton 𝑝T is below the threshold used in the SRs 
and CRs of the other channels. Residual overlaps caused by the use of 
different lepton identification criteria were found to be negligible in all 
cases except between one of the six SRs of the 𝑡𝜈𝑡𝜈 analysis and the SR 
of the 𝑡𝜈𝑏𝜏 analysis. Since this SR in the 𝑡𝜈𝑡𝜈 analysis does not signifi-
cantly affect the sensitivity for LQ signal processes, it is removed from 
the combination. Other overlaps between SRs of different analyses do 
not exceed 7% (2%), as estimated with Monte Carlo signal samples 
(data), and have negligible impact on the results presented in this Let-
ter. Similarly, statistical overlaps between CRs in one analysis and SRs 

or CRs in other analyses have negligible impact on the results and are 
therefore ignored.

5. Results

No significant deviations from the Standard Model expectation are 
observed in any of the analysis channels considered in this Letter, and 
good agreement is also found in the combined background-only fits to 
data. Upper limits on the cross-sections for LQ pair production are cal-
culated at 95% CL using simultaneous signal-plus-background fits to the 
CRs and SRs, in which the background normalisations and possible sig-
nal contributions are determined. Such limits on the cross-sections are 
evaluated for a wide range of values for the branching ratio of LQs into 
charged leptons. Comparisons with theoretical cross-section predictions 
provide mass exclusion limits.

The exclusion limits for scalar third-generation up-type LQs obtained 
from the combined analysis are shown in Fig. 2(a) on top of an over-
lay of the limits from the three individual analyses. As discussed in 
Section 4 the limits are dominated by statistical uncertainties. As an 
example, at  = 0.4 and a LQ mass of 1.3 TeV the dominating system-
atic uncertainties on the cross-section are due to background modelling 
(7%) and signal modelling (4%). Compared to the individual searches, 
the exclusion reach is improved by up to 100 GeV for intermediate val-
ues of , where more than one individual analysis provides sensitivity. 
Similar observations are made in the case of scalar third-generation 
down-type LQs, where the exclusion limits improve by up to 70GeV as 
shown in Fig. 2(b).

The combined exclusion limits also show improvement with respect 
to the three individual analyses sensitive to scalar up-type LQs decaying 
into a third-generation quark and a first- or second-generation lepton. 
This is especially true for low and intermediate values of . The corre-
sponding exclusion contours are shown in Fig. 3 for decays to a muon 
(a) or an electron (b), with improvements in the observed exclusion 
limits of up to 80 GeV and 90GeV, respectively.

In the case of scalar down-type LQs decaying into a third-generation 
quark and a first- or second-generation lepton, improvements in sen-
sitivity are observed across the whole range of , since a total of four 
individual analysis channels are combined here, generally also resulting 
in higher exclusion limits when the LQ is assumed to decay exclusively 
into a top quark and a charged lepton. Corresponding results are shown 
in Fig. 4, with the combination improving the exclusion limits by up 
to 60GeV for decays to a muon and by up to 80GeV for decays to an 
electron. For LQs decaying into a top quark and a muon with  ≈ 1, 
the observed combined lower limit on the LQ mass is slightly weaker 
than the one observed in 𝑡𝜇𝑡𝜇 (≥ 3𝓁) since a worse-than-expected limit 
is observed in 𝑡𝜇𝑡𝜇 (2𝓁).
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Fig. 2. Expected and observed 95 % CL exclusion limits on the LQ mass as a function of the branching ratio to a charged lepton. Limits are presented for third-
generation (a) up-type and (b) down-type LQs decaying into a third-generation quark and lepton. The full  parameter space is not evaluated for some analyses if 
they have limited sensitivity.

Fig. 3. Expected and observed 95 % CL exclusion limits on the LQ mass as a function of the branching ratio to a charged lepton. Limits are presented for up-type 
scalar LQs decaying into a third-generation quark and (a) a muon or (b) an electron. The full  parameter space is not evaluated for some analyses if they have 
limited sensitivity.

Fig. 4. Expected and observed 95 % CL exclusion limits on the LQ mass as a function of the branching ratio to a charged lepton. Limits are presented for down-type 
scalar LQs decaying into a third-generation quark and (a) a muon or (b) an electron. The full  parameter space is not evaluated for some analyses if they have 
5

limited sensitivity.
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Fig. 5. Expected and observed 95 % CL exclusion limits on the 𝑈YM
1 production cross-section as a function of the LQ mass, with a branching ratio of 0.5 to a 𝜏-lepton. 

The limits obtained from the combined analysis, including uncertainty bands, are presented in (a), whereas (b) shows the limits obtained from the individual analyses 
for comparison. The theoretical prediction and its ±1𝜎 uncertainty due to variations of the parton distribution functions, the strong coupling parameter and the 
renormalisation and factorisation scales are shown in red.

Fig. 6. Expected and observed 95 % CL exclusion limits on the 𝑈MC
1 production cross-section as a function of the LQ mass with a branching ratio of 0.5 to a 𝜏-lepton. 

The limits obtained from the combined analysis, including uncertainty bands, are presented in (a), whereas (b) shows the limits obtained from the individual analyses 
for comparison. The theoretical prediction and its ±1𝜎 uncertainty due to variations of the parton distribution functions, the strong coupling parameter and the 
renormalisation and factorisation scales are shown in red.

In addition to mass exclusion limits for scalar LQs, limits on the pro-
duction cross-section of 𝑈1 vector LQs decaying into a third-generation 
quark and lepton are provided, assuming  = 0.5. The results of com-
bining the three contributing analyses are shown in Fig. 5 and Fig. 6
for 𝑈YM

1 and 𝑈MC
1 , respectively. The observed (expected) lower lim-

its on the 𝑈1 mass are 1840GeV (1810GeV) for 𝑈YM
1 and 1580GeV

(1560GeV) for 𝑈MC
1 . For these signal hypotheses, the combined ex-

pected limits are primarily driven by the searches in the 𝑡𝜈𝑏𝜏 final 
state as expected. The combined observed limits are slightly higher 
than the expected ones, mainly due to the 𝑏𝜏𝑏𝜏 channel showing simi-
lar behaviour, and are improved by 70GeV (𝑈YM

1 ) and 80GeV (𝑈MC
1 ) 

compared to the individual analyses.
Finally, the search in 𝑡𝜏𝑡𝜏 final states is reinterpreted in the 𝑈̃1 vec-

tor LQ model. Since 𝑈̃1 carries an electric charge of ±5∕3, it decays 
exclusively into a top quark and a 𝜏-lepton. The resulting upper lim-
its on the production cross-section are shown in Fig. 7, with observed 
(expected) lower limits on the 𝑈̃1 mass of 1810GeV (1810GeV) and 
1540GeV (1530GeV) for 𝑈̃YM

1 and 𝑈̃MC
1 , respectively.

Table 2 summarises the lower limits on the LQ mass obtained in 
this analysis at  = 0.0, 0.5, 1.0, including four additional limits [40] on 
𝑈1 vector LQs that decay into a third-generation quark and a first- or 
second-generation lepton, where no other channels are available for a 
combination. Since the analyses are not sensitive to the quark charge, 
the results shown for scalar LQs with  = 1, i.e. the last column and 
first six rows of Table 2, are also valid for scalar LQs with charge ±4∕3
and 𝑏𝑒, 𝑏𝜇 or 𝑏𝜏 decays or with charge ±5∕3 and 𝑡𝑒, 𝑡𝜇, or 𝑡𝜏 de-
cays.

A comparison to results from the CMS collaboration is not directly 
possible for results on vector LQs [72–74] due to the different models 
used by ATLAS and CMS. For the pair production of scalar LQs the 
individual limits are already better than the CMS limits [72–76]1 at 
 = 0.0, 0.5, 1.0 for all decay channels. The limits shown in Figs. 2 to 4
therefore constitute the best limits to date for any value of .

1 After submission of this paper a new result from the CMS Collaboration has 
been reported [77], yielding results on the search for scalar and vector LQs in 
the 𝑏𝜇𝑏𝜇 final state.
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Fig. 7. Expected and observed 95 % CL exclusion limits on the 𝑈̃1 production cross-section as a function of the LQ mass with a branching ratio of 1.0 to a 𝜏-lepton. 
Limits are presented for (a) 𝑈̃YM

1 and (b) 𝑈̃MC
1 . The theoretical prediction and its ±1𝜎 uncertainty due to variations of the parton distribution functions, the strong 

coupling parameter and the renormalisation and factorisation scales are shown in red.

Table 2

Expected and observed 95 % CL lower limits on the LQ mass at branching ratios to a 
charged lepton of  = 0.0, 0.5, 1.0 for the signal hypotheses considered in this analysis, in-
cluding four additional limits [40] on the 𝑈1 vector LQs decaying into a third-generation 
quark and a first- or second-generation lepton, where no other channels are available for 
a combination.

 = 0.0  = 0.5  = 1.0

95% CL Limit [GeV] 95% CL Limit [GeV] 95% CL Limit [GeV]

Observed Expected Observed Expected Observed Expected

LQu
3 → 𝑡𝜈∕𝑏𝜏 1240 1240+70−90 1340 1300+70−80 1480 1440+70−80

LQd
3 → 𝑡𝜏∕𝑏𝜈 1260 1260+80−80 1360 1340+60−70 1520 1470+70−70

LQu
mix → 𝑡𝜈∕𝑏𝜇 1230 1310+70−70 1570 1510+70−70 1710 1650+90−90

LQu
mix → 𝑡𝜈∕𝑏𝑒 1230 1310+70−70 1510 1550+80−80 1730 1740+90−100

LQd
mix → 𝑡𝜇∕𝑏𝜈 1240 1260+70−80 1430 1470+70−70 1600 1650+80−80

LQd
mix → 𝑡𝑒∕𝑏𝜈 1230 1250+70−70 1450 1500+70−70 1650 1660+90−90

𝑈YM
1 → 𝑡𝜈∕𝑏𝜏 - - 1840 1810+80−90 - -

𝑈MC
1 → 𝑡𝜈∕𝑏𝜏 - - 1580 1560+70−70 - -

𝑈YM
1 → 𝑡𝜈∕𝑏𝜇 - - 1980 1930+50−60 - -

𝑈MC
1 → 𝑡𝜈∕𝑏𝜇 - - 1710 1660+50−50 - -

𝑈YM
1 → 𝑡𝜈∕𝑏𝑒 - - 1900 1930+50−70 - -

𝑈MC
1 → 𝑡𝜈∕𝑏𝑒 - - 1620 1650+50−60 - -

𝑈̃YM
1 → 𝑡𝜏 - - - - 1810 1810+80−70
𝑈̃MC

1 → 𝑡𝜏 - - - - 1540 1530+90−60

6. Conclusion

A statistical combination of searches for pair-produced leptoquarks 
that decay into a third-generation quark (𝑡 or 𝑏) and any charged or 
neutral lepton is presented. The analysis exploits the full data sample 
recorded with the ATLAS detector in Run 2 of the LHC, corresponding to 
139 fb−1 of proton–proton collisions at 

√
𝑠 = 13 TeV. No significant de-

viation from the Standard Model expectation is observed. At 95% CL the 
lower limits on the masses of scalar LQs are found to range from 1230 
to 1730 GeV, depending on branching ratio, leptoquark charge and lep-
ton flavour. The combined analyses extend the mass exclusion range by 
up to 100 GeV compared to the previous best individual analyses. For 
any combination of these parameters the ATLAS limits constitute the 
best limits to date.

Limits are also placed on some benchmark models of vector LQs. In 
the 𝑈MC

1 model, where the coupling to gluons is minimal, LQs are ex-
cluded in the mass range below 1580 to 1710 GeV for  = 0.5, depend-
ing on LQ flavour. For the Yang–Mills model 𝑈YM

1 , LQs are excluded in 

the mass range below 1840 to 1980 GeV for  = 0.5, depending on LQ 
flavour. The combined analysis extends the mass exclusion range by up 
to 80GeV compared to the best individual analyses. Vector LQs with 
charge ±5∕3 and 𝑡𝜏 decays are excluded up to 1540 GeV for 𝑈̃MC

1 and 
up to 1810 GeV for 𝑈̃YM

1 .
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P. Fiedler 132, , A. Filipčič 93, , E.K. Filmer 1, , F. Filthaut 113, , M.C.N. Fiolhais 130a,130c, ,c, L. Fiorini 163, , 

W.C. Fisher 107, , T. Fitschen 101, , P.M. Fitzhugh 135, I. Fleck 141, , P. Fleischmann 106, , T. Flick 171, , 

M. Flores 33d, ,ad, L.R. Flores Castillo 64a, , L. Flores Sanz De Acedo 36, , F.M. Follega 78a,78b, , N. Fomin 16, , 

J.H. Foo 155, , A. Formica 135, , A.C. Forti 101, , E. Fortin 36, , A.W. Fortman 17a, , M.G. Foti 17a, , 
L. Fountas 9, ,j, D. Fournier 66, , H. Fox 91, , P. Francavilla 74a,74b, , S. Francescato 61, , S. Franchellucci 56, , 
M. Franchini 23b,23a, , S. Franchino 63a, , D. Francis 36, L. Franco 113, , V. Franco Lima 36, , L. Franconi 48, , 
M. Franklin 61, , G. Frattari 26, , W.S. Freund 83b, , Y.Y. Frid 151, , J. Friend 59, , N. Fritzsche 50, , 
A. Froch 54, , D. Froidevaux 36, , J.A. Frost 126, , Y. Fu 62a, , S. Fuenzalida Garrido 137f , , M. Fujimoto 102, , 

K.Y. Fung 64a, , E. Furtado De Simas Filho 83b, , M. Furukawa 153, , J. Fuster 163, , A. Gabrielli 23b,23a, , 

A. Gabrielli 155, , P. Gadow 36, , G. Gagliardi 57b,57a, , L.G. Gagnon 17a, , S. Galantzan 151, , E.J. Gallas 126, , 

B.J. Gallop 134, , K.K. Gan 119, , S. Ganguly 153, , Y. Gao 52, , F.M. Garay Walls 137a,137b, , B. Garcia 29, 

C. García 163, , A. Garcia Alonso 114, , A.G. Garcia Caffaro 172, , J.E. García Navarro 163, , 
M. Garcia-Sciveres 17a, , G.L. Gardner 128, , R.W. Gardner 39, , N. Garelli 158, , D. Garg 80, , R.B. Garg 143, ,n, 

J.M. Gargan 52, C.A. Garner 155, C.M. Garvey 33a, , P. Gaspar 83b, , V.K. Gassmann 158, G. Gaudio 73a, , 

V. Gautam 13, P. Gauzzi 75a,75b, , I.L. Gavrilenko 37, , A. Gavrilyuk 37, , C. Gay 164, , G. Gaycken 48, , 

E.N. Gazis 10, , A.A. Geanta 27b, , C.M. Gee 136, , A. Gekow 119, C. Gemme 57b, , M.H. Genest 60, , 
A.D. Gentry 112, , S. George 95, , W.F. George 20, , T. Geralis 46, , P. Gessinger-Befurt 36, , M.E. Geyik 171, , 

M. Ghani 167, , M. Ghneimat 141, , K. Ghorbanian 94, , A. Ghosal 141, , A. Ghosh 159, , A. Ghosh 7, , 
B. Giacobbe 23b, , S. Giagu 75a,75b, , T. Giani 114, , P. Giannetti 74a, , A. Giannini 62a, , S.M. Gibson 95, , 

M. Gignac 136, , D.T. Gil 86b, , A.K. Gilbert 86a, , B.J. Gilbert 41, , D. Gillberg 34, , G. Gilles 114, , 

L. Ginabat 127, , D.M. Gingrich 2, ,ag, M.P. Giordani 69a,69c, , P.F. Giraud 135, , G. Giugliarelli 69a,69c, , 

D. Giugni 71a, , F. Giuli 36, , I. Gkialas 9, ,j, L.K. Gladilin 37, , C. Glasman 99, , G.R. Gledhill 123, , 

G. Glemža 48, , M. Glisic 123, I. Gnesi 43b, ,f , Y. Go 29, , M. Goblirsch-Kolb 36, , B. Gocke 49, , D. Godin 108, 
B. Gokturk 21a, , S. Goldfarb 105, , T. Golling 56, , M.G.D. Gololo 33g, , D. Golubkov 37, , J.P. Gombas 107, , 

A. Gomes 130a,130b, , G. Gomes Da Silva 141, , A.J. Gomez Delegido 163, , R. Gonçalo 130a,130c, , L. Gonella 20, , 

A. Gongadze 149c, , F. Gonnella 20, , J.L. Gonski 143, , R.Y. González Andana 52, , S. González de la Hoz 163, , 

R. Gonzalez Lopez 92, , C. Gonzalez Renteria 17a, , M.V. Gonzalez Rodrigues 48, , R. Gonzalez Suarez 161, , 

S. Gonzalez-Sevilla 56, , G.R. Gonzalvo Rodriguez 163, , L. Goossens 36, , B. Gorini 36, , E. Gorini 70a,70b, , 

A. Gorišek 93, , T.C. Gosart 128, , A.T. Goshaw 51, , M.I. Gostkin 38, , S. Goswami 121, , C.A. Gottardo 36, , 
S.A. Gotz 109, , M. Gouighri 35b, , V. Goumarre 48, , A.G. Goussiou 138, , N. Govender 33c, , 

I. Grabowska-Bold 86a, , K. Graham 34, , E. Gramstad 125, , S. Grancagnolo 70a,70b, , C.M. Grant 1,135, 

P.M. Gravila 27f , , F.G. Gravili 70a,70b, , H.M. Gray 17a, , M. Greco 70a,70b, , C. Grefe 24, , I.M. Gregor 48, , 

P. Grenier 143, , S.G. Grewe 110, A.A. Grillo 136, , K. Grimm 31, , S. Grinstein 13, ,t, J.-F. Grivaz 66, , 
E. Gross 169, , J. Grosse-Knetter 55, , J.C. Grundy 126, , L. Guan 106, , C. Gubbels 164, , 

J.G.R. Guerrero Rojas 163, , G. Guerrieri 69a,69c, , F. Guescini 110, , R. Gugel 100, , J.A.M. Guhit 106, , 

A. Guida 18, , E. Guilloton 167, , S. Guindon 36, , F. Guo 14a,14e, , J. Guo 62c, , L. Guo 48, , Y. Guo 106, , 
R. Gupta 48, , R. Gupta 129, , S. Gurbuz 24, , S.S. Gurdasani 54, , G. Gustavino 36, , M. Guth 56, , 

http://orcid.org/0000-0003-1289-2141
http://orcid.org/0000-0003-3731-820X
http://orcid.org/0000-0003-2596-8264
http://orcid.org/0000-0002-2190-9091
http://orcid.org/0000-0001-5137-473X
http://orcid.org/0000-0003-4176-2768
http://orcid.org/0000-0002-1733-7158
http://orcid.org/0000-0003-4124-7862
http://orcid.org/0000-0002-1403-0951
http://orcid.org/0000-0002-0731-9562
http://orcid.org/0000-0001-9138-3200
http://orcid.org/0000-0002-0698-1482
http://orcid.org/0000-0001-5155-3420
http://orcid.org/0000-0003-1002-6880
http://orcid.org/0000-0001-5489-1759
http://orcid.org/0000-0003-2352-7334
http://orcid.org/0000-0003-0172-9373
http://orcid.org/0000-0002-7818-6971
http://orcid.org/0000-0003-2372-1444
http://orcid.org/0000-0002-1007-7816
http://orcid.org/0000-0003-2887-5311
http://orcid.org/0000-0002-1387-153X
http://orcid.org/0000-0001-5566-1373
http://orcid.org/0000-0002-5687-9240
http://orcid.org/0000-0002-5562-7893
http://orcid.org/0000-0002-4610-5612
http://orcid.org/0000-0002-1217-4097
http://orcid.org/0000-0001-5671-1555
http://orcid.org/0000-0001-6967-7325
http://orcid.org/0000-0003-3338-2247
http://orcid.org/0000-0001-9035-0335
http://orcid.org/0000-0002-5070-2735
http://orcid.org/0000-0003-3043-3045
http://orcid.org/0000-0002-1152-7372
http://orcid.org/0000-0003-1461-8648
http://orcid.org/0000-0001-6968-340X
http://orcid.org/0000-0002-8356-6987
http://orcid.org/0000-0002-4462-2851
http://orcid.org/0000-0003-1551-5974
http://orcid.org/0000-0002-4006-3597
http://orcid.org/0000-0003-2317-9560
http://orcid.org/0000-0001-9457-394X
http://orcid.org/0000-0003-4577-0685
http://orcid.org/0000-0001-8308-2643
http://orcid.org/0000-0002-0532-7921
http://orcid.org/0000-0002-6418-9522
http://orcid.org/0000-0001-9454-9069
http://orcid.org/0000-0002-0976-7246
http://orcid.org/0000-0002-9986-6597
http://orcid.org/0000-0003-4836-0358
http://orcid.org/0000-0003-3089-6090
http://orcid.org/0000-0003-1164-6870
http://orcid.org/0000-0001-5315-9275
http://orcid.org/0000-0003-0695-0798
http://orcid.org/0000-0002-4554-252X
http://orcid.org/0000-0002-8159-8010
http://orcid.org/0000-0002-1687-4314
http://orcid.org/0000-0002-3761-209X
http://orcid.org/0000-0002-0647-6072
http://orcid.org/0000-0002-6595-883X
http://orcid.org/0000-0002-7829-6564
http://orcid.org/0000-0003-4473-1027
http://orcid.org/0000-0003-1565-1773
http://orcid.org/0009-0001-8430-1454
http://orcid.org/0000-0002-9350-1060
http://orcid.org/0000-0002-8259-2622
http://orcid.org/0000-0003-3986-3922
http://orcid.org/0000-0003-3562-9944
http://orcid.org/0000-0002-7370-7395
http://orcid.org/0000-0002-7835-5157
http://orcid.org/0000-0002-6701-8198
http://orcid.org/0000-0003-2131-2970
http://orcid.org/0000-0001-8707-785X
http://orcid.org/0000-0003-4888-2260
http://orcid.org/0000-0002-1290-2031
http://orcid.org/0000-0001-5346-7841
http://orcid.org/0000-0003-0768-9325
http://orcid.org/0000-0003-4475-6734
http://orcid.org/0000-0002-3550-4124
http://orcid.org/0000-0003-3000-8479
http://orcid.org/0000-0001-5047-5889
http://orcid.org/0000-0002-1259-1034
http://orcid.org/0000-0001-7401-5043
http://orcid.org/0000-0002-1550-1487
http://orcid.org/0000-0003-1285-9261
http://orcid.org/0000-0001-6326-4773
http://orcid.org/0000-0002-6670-1104
http://orcid.org/0000-0003-1625-7452
http://orcid.org/0000-0002-9566-7793
http://orcid.org/0000-0001-9095-4710
http://orcid.org/0000-0002-0279-0523
http://orcid.org/0000-0002-5800-4210
http://orcid.org/0000-0002-8980-3314
http://orcid.org/0000-0003-1433-9366
http://orcid.org/0000-0003-0534-9634
http://orcid.org/0000-0001-8383-9343
http://orcid.org/0000-0002-2691-7963
http://orcid.org/0000-0001-8849-4970
http://orcid.org/0000-0002-9232-1332
http://orcid.org/0000-0002-6833-0933
http://orcid.org/0000-0003-4841-5822
http://orcid.org/0000-0001-7219-2636
http://orcid.org/0000-0003-3837-6567
http://orcid.org/0000-0002-9354-9507
http://orcid.org/0000-0002-2941-9257
http://orcid.org/0000-0002-9272-4254
http://orcid.org/0000-0003-2781-2933
http://orcid.org/0000-0002-3271-7861
http://orcid.org/0000-0002-1702-5699
http://orcid.org/0000-0002-4098-2024
http://orcid.org/0009-0003-8477-0095
http://orcid.org/0000-0003-3565-3290
http://orcid.org/0000-0003-3674-7475
http://orcid.org/0000-0001-7188-979X
http://orcid.org/0000-0002-3056-7417
http://orcid.org/0000-0002-7491-0838
http://orcid.org/0000-0002-4123-508X
http://orcid.org/0000-0002-4931-2764
http://orcid.org/0000-0002-7985-9445
http://orcid.org/0000-0003-0661-9288
http://orcid.org/0000-0003-0819-1553
http://orcid.org/0000-0002-5716-356X
http://orcid.org/0000-0003-2987-7642
http://orcid.org/0000-0001-9192-3537
http://orcid.org/0000-0001-7135-6731
http://orcid.org/0000-0002-3721-9490
http://orcid.org/0000-0002-5683-814X
http://orcid.org/0000-0002-1236-9249
http://orcid.org/0000-0003-4155-7844
http://orcid.org/0000-0001-9021-8836
http://orcid.org/0000-0002-8813-4446
http://orcid.org/0000-0003-0731-710X
http://orcid.org/0000-0003-0341-0171
http://orcid.org/0000-0001-8451-4604
http://orcid.org/0000-0002-7834-8117
http://orcid.org/0000-0002-2552-1449
http://orcid.org/0000-0002-0792-6039
http://orcid.org/0000-0002-8485-9351
http://orcid.org/0000-0001-5765-1750
http://orcid.org/0000-0002-6976-0951
http://orcid.org/0000-0002-8506-274X
http://orcid.org/0000-0002-8402-723X
http://orcid.org/0000-0001-9422-8636
http://orcid.org/0000-0003-2025-3817
http://orcid.org/0000-0001-7701-5030
http://orcid.org/0000-0003-4977-5256
http://orcid.org/0000-0002-0772-7312
http://orcid.org/0000-0003-1253-1223
http://orcid.org/0000-0002-2785-9654
http://orcid.org/0000-0001-8074-2538
http://orcid.org/0000-0002-6045-8617
http://orcid.org/0000-0002-1677-3097
http://orcid.org/0000-0001-8535-6687
http://orcid.org/0000-0002-0689-5402
http://orcid.org/0000-0002-5521-9793
http://orcid.org/0000-0002-8285-3570
http://orcid.org/0000-0002-5940-9893
http://orcid.org/0000-0002-3552-1266
http://orcid.org/0000-0003-4315-2621
http://orcid.org/0000-0002-3826-3442
http://orcid.org/0000-0002-4919-0808
http://orcid.org/0000-0001-8183-1612
http://orcid.org/0000-0003-0885-1654
http://orcid.org/0000-0003-2037-6315
http://orcid.org/0000-0002-0700-1757
http://orcid.org/0000-0001-5304-5390
http://orcid.org/0000-0003-2302-8754
http://orcid.org/0000-0003-0079-8924
http://orcid.org/0000-0002-7906-8088
http://orcid.org/0000-0002-6126-7230
http://orcid.org/0000-0003-4458-9403
http://orcid.org/0000-0002-6816-4795
http://orcid.org/0000-0002-2536-4498
http://orcid.org/0000-0003-4177-9666
http://orcid.org/0000-0002-7688-2797
http://orcid.org/0000-0002-3903-3438
http://orcid.org/0000-0002-8867-2551
http://orcid.org/0000-0002-5704-0885
http://orcid.org/0000-0002-4311-3756
http://orcid.org/0000-0001-9566-4640
http://orcid.org/0000-0003-0348-0364
http://orcid.org/0000-0002-7518-7055
http://orcid.org/0000-0002-9551-0251
http://orcid.org/0000-0002-1294-9091
http://orcid.org/0000-0001-6211-7122
http://orcid.org/0000-0002-5068-5429
http://orcid.org/0000-0001-9159-1210
http://orcid.org/0000-0002-5832-8653
http://orcid.org/0000-0001-5792-5352
http://orcid.org/0000-0001-8490-8304
http://orcid.org/0000-0002-0154-577X
http://orcid.org/0000-0003-2422-5960
http://orcid.org/0000-0002-5293-4716
http://orcid.org/0000-0001-8687-7273
http://orcid.org/0000-0001-7050-5301
http://orcid.org/0000-0002-5976-7818
http://orcid.org/0000-0002-9926-5417
http://orcid.org/0000-0003-2950-1872
http://orcid.org/0000-0001-6587-7397
http://orcid.org/0000-0002-6460-8694
http://orcid.org/0000-0003-4793-7995
http://orcid.org/0000-0003-1244-9350
http://orcid.org/0000-0003-3085-7067
http://orcid.org/0000-0001-7136-0597
http://orcid.org/0000-0003-1897-1617
http://orcid.org/0000-0003-2329-4219
http://orcid.org/0000-0001-8487-3594
http://orcid.org/0000-0002-3403-1177
http://orcid.org/0000-0001-5351-2673
http://orcid.org/0000-0002-3349-1163
http://orcid.org/0000-0002-9802-0901
http://orcid.org/0000-0001-9021-9038
http://orcid.org/0000-0003-4814-6693
http://orcid.org/0000-0001-7595-3859
http://orcid.org/0000-0002-3864-9257
http://orcid.org/0000-0001-8125-9433
http://orcid.org/0000-0002-6785-9202
http://orcid.org/0000-0002-6027-5132
http://orcid.org/0000-0003-1510-3371
http://orcid.org/0000-0002-8508-8405
http://orcid.org/0000-0002-9152-1455
http://orcid.org/0000-0002-8836-0099
http://orcid.org/0000-0002-5938-4921
http://orcid.org/0000-0002-6647-1433


Physics Letters B 854 (2024) 138736

14

The ATLAS Collaboration

P. Gutierrez 120, , L.F. Gutierrez Zagazeta 128, , M. Gutsche 50, , C. Gutschow 96, , C. Gwenlan 126, , 

C.B. Gwilliam 92, , E.S. Haaland 125, , A. Haas 117, , M. Habedank 48, , C. Haber 17a, , H.K. Hadavand 8, , 
A. Hadef 50, , S. Hadzic 110, , A.I. Hagan 91, , J.J. Hahn 141, , E.H. Haines 96, , M. Haleem 166, , 

J. Haley 121, , J.J. Hall 139, , G.D. Hallewell 102, , L. Halser 19, , K. Hamano 165, , M. Hamer 24, , 

G.N. Hamity 52, , E.J. Hampshire 95, , J. Han 62b, , K. Han 62a, , L. Han 14c, , L. Han 62a, , S. Han 17a, , 

Y.F. Han 155, , K. Hanagaki 84, , M. Hance 136, , D.A. Hangal 41, , H. Hanif 142, , M.D. Hank 128, , 

J.B. Hansen 42, , P.H. Hansen 42, , K. Hara 157, , D. Harada 56, , T. Harenberg 171, , S. Harkusha 37, , 

M.L. Harris 103, , Y.T. Harris 126, , J. Harrison 13, , N.M. Harrison 119, , P.F. Harrison 167, N.M. Hartman 110, , 
N.M. Hartmann 109, , Y. Hasegawa 140, , R. Hauser 107, , C.M. Hawkes 20, , R.J. Hawkings 36, , 

Y. Hayashi 153, , S. Hayashida 111, , D. Hayden 107, , C. Hayes 106, , R.L. Hayes 114, , C.P. Hays 126, , 

J.M. Hays 94, , H.S. Hayward 92, , F. He 62a, , M. He 14a,14e, , Y. He 154, , Y. He 48, , Y. He 96, , 

N.B. Heatley 94, , V. Hedberg 98, , A.L. Heggelund 125, , N.D. Hehir 94, ,∗, C. Heidegger 54, , 

K.K. Heidegger 54, , W.D. Heidorn 81, , J. Heilman 34, , S. Heim 48, , T. Heim 17a, , J.G. Heinlein 128, , 

J.J. Heinrich 123, , L. Heinrich 110, ,ae, J. Hejbal 131, , A. Held 170, , S. Hellesund 16, , C.M. Helling 164, , 

S. Hellman 47a,47b, , R.C.W. Henderson 91, L. Henkelmann 32, , A.M. Henriques Correia 36, H. Herde 98, , 

Y. Hernández Jiménez 145, , L.M. Herrmann 24, , T. Herrmann 50, , G. Herten 54, , R. Hertenberger 109, , 

L. Hervas 36, , M.E. Hesping 100, , N.P. Hessey 156a, , E. Hill 155, , S.J. Hillier 20, , J.R. Hinds 107, , 

F. Hinterkeuser 24, , M. Hirose 124, , S. Hirose 157, , D. Hirschbuehl 171, , T.G. Hitchings 101, , B. Hiti 93, , 

J. Hobbs 145, , R. Hobincu 27e, , N. Hod 169, , M.C. Hodgkinson 139, , B.H. Hodkinson 126, , A. Hoecker 36, , 

D.D. Hofer 106, , J. Hofer 48, , T. Holm 24, , M. Holzbock 110, , L.B.A.H. Hommels 32, , B.P. Honan 101, , 
J. Hong 62c, , T.M. Hong 129, , B.H. Hooberman 162, , W.H. Hopkins 6, , Y. Horii 111, , S. Hou 148, , 

A.S. Howard 93, , J. Howarth 59, , J. Hoya 6, , M. Hrabovsky 122, , A. Hrynevich 48, , T. Hryn’ova 4, , 

P.J. Hsu 65, , S.-C. Hsu 138, , Q. Hu 62a, , S. Huang 64b, , X. Huang 14c, , X. Huang 14a,14e, , Y. Huang 139, , 

Y. Huang 14a, , Z. Huang 101, , Z. Hubacek 132, , M. Huebner 24, , F. Huegging 24, , T.B. Huffman 126, , 

C.A. Hugli 48, , M. Huhtinen 36, , S.K. Huiberts 16, , R. Hulsken 104, , N. Huseynov 12, , J. Huston 107, , 

J. Huth 61, , R. Hyneman 143, , G. Iacobucci 56, , G. Iakovidis 29, , I. Ibragimov 141, , 

L. Iconomidou-Fayard 66, , J.P. Iddon 36, , P. Iengo 72a,72b, , R. Iguchi 153, , T. Iizawa 126, , Y. Ikegami 84, , 

N. Ilic 155, , H. Imam 35a, , M. Ince Lezki 56, , T. Ingebretsen Carlson 47a,47b, , G. Introzzi 73a,73b, , 

M. Iodice 77a, , V. Ippolito 75a,75b, , R.K. Irwin 92, , M. Ishino 153, , W. Islam 170, , C. Issever 18,48, , 

S. Istin 21a, ,ak, H. Ito 168, , R. Iuppa 78a,78b, , A. Ivina 169, , J.M. Izen 45, , V. Izzo 72a, , P. Jacka 131,132, , 

P. Jackson 1, , B.P. Jaeger 142, , C.S. Jagfeld 109, , G. Jain 156a, , P. Jain 54, , K. Jakobs 54, , 

T. Jakoubek 169, , J. Jamieson 59, , K.W. Janas 86a, , M. Javurkova 103, , L. Jeanty 123, , J. Jejelava 149a, ,aa, 

P. Jenni 54, ,g, C.E. Jessiman 34, , C. Jia 62b, J. Jia 145, , X. Jia 61, , X. Jia 14a,14e, , Z. Jia 14c, , S. Jiggins 48, , 

J. Jimenez Pena 13, , S. Jin 14c, , A. Jinaru 27b, , O. Jinnouchi 154, , P. Johansson 139, , K.A. Johns 7, , 
J.W. Johnson 136, , D.M. Jones 32, , E. Jones 48, , P. Jones 32, , R.W.L. Jones 91, , T.J. Jones 92, , 
H.L. Joos 55,36, , R. Joshi 119, , J. Jovicevic 15, , X. Ju 17a, , J.J. Junggeburth 103, , T. Junkermann 63a, , 

A. Juste Rozas 13, ,t, M.K. Juzek 87, , S. Kabana 137e, , A. Kaczmarska 87, , M. Kado 110, , H. Kagan 119, , 

M. Kagan 143, , A. Kahn 41, A. Kahn 128, , C. Kahra 100, , T. Kaji 153, , E. Kajomovitz 150, , N. Kakati 169, , 

I. Kalaitzidou 54, , C.W. Kalderon 29, , N.J. Kang 136, , D. Kar 33g, , K. Karava 126, , M.J. Kareem 156b, , 

E. Karentzos 54, , I. Karkanias 152, , O. Karkout 114, , S.N. Karpov 38, , Z.M. Karpova 38, , 

V. Kartvelishvili 91, , A.N. Karyukhin 37, , E. Kasimi 152, , J. Katzy 48, , S. Kaur 34, , K. Kawade 140, , 

M.P. Kawale 120, , C. Kawamoto 88, , T. Kawamoto 62a, , E.F. Kay 36, , F.I. Kaya 158, , S. Kazakos 107, , 

http://orcid.org/0000-0003-2326-3877
http://orcid.org/0000-0003-0374-1595
http://orcid.org/0000-0002-0947-7062
http://orcid.org/0000-0003-0857-794X
http://orcid.org/0000-0002-3518-0617
http://orcid.org/0000-0002-9401-5304
http://orcid.org/0000-0002-3676-493X
http://orcid.org/0000-0002-4832-0455
http://orcid.org/0000-0002-7412-9355
http://orcid.org/0000-0002-0155-1360
http://orcid.org/0000-0001-5447-3346
http://orcid.org/0000-0003-2508-0628
http://orcid.org/0000-0002-8875-8523
http://orcid.org/0000-0002-2079-4739
http://orcid.org/0000-0002-1677-4735
http://orcid.org/0000-0002-5417-2081
http://orcid.org/0000-0003-3826-6333
http://orcid.org/0000-0002-6938-7405
http://orcid.org/0000-0002-8304-9170
http://orcid.org/0000-0001-6267-8560
http://orcid.org/0000-0002-0759-7247
http://orcid.org/0000-0002-9438-8020
http://orcid.org/0000-0003-1550-2030
http://orcid.org/0000-0002-4537-0377
http://orcid.org/0000-0001-7988-4504
http://orcid.org/0000-0002-1008-0943
http://orcid.org/0000-0002-1627-4810
http://orcid.org/0000-0003-3321-8412
http://orcid.org/0000-0002-6353-9711
http://orcid.org/0000-0001-8383-7348
http://orcid.org/0000-0002-7084-8424
http://orcid.org/0000-0003-0676-0441
http://orcid.org/0000-0001-8392-0934
http://orcid.org/0000-0002-3826-7232
http://orcid.org/0000-0002-0984-7887
http://orcid.org/0000-0002-4731-6120
http://orcid.org/0000-0002-3684-8340
http://orcid.org/0000-0002-6764-4789
http://orcid.org/0000-0003-1629-0535
http://orcid.org/0000-0002-0792-0569
http://orcid.org/0000-0001-8682-3734
http://orcid.org/0000-0002-0309-4490
http://orcid.org/0009-0001-8882-5976
http://orcid.org/0000-0001-5816-2158
http://orcid.org/0000-0003-2576-080X
http://orcid.org/0000-0002-7461-8351
http://orcid.org/0000-0001-9111-4916
http://orcid.org/0000-0003-0047-2908
http://orcid.org/0000-0003-2683-7389
http://orcid.org/0000-0001-7682-8857
http://orcid.org/0000-0001-9167-0592
http://orcid.org/0000-0001-9719-0290
http://orcid.org/0000-0002-1222-4672
http://orcid.org/0000-0002-5924-3803
http://orcid.org/0000-0001-5220-2972
http://orcid.org/0000-0002-0298-0351
http://orcid.org/0000-0001-7752-9285
http://orcid.org/0000-0003-2371-9723
http://orcid.org/0000-0003-1554-5401
http://orcid.org/0000-0002-0972-3411
http://orcid.org/0000-0003-3733-4058
http://orcid.org/0000-0003-0514-2115
http://orcid.org/0000-0002-0619-1579
http://orcid.org/0000-0001-8068-5596
http://orcid.org/0009-0005-3061-4294
http://orcid.org/0000-0003-2204-4779
http://orcid.org/0000-0002-4596-3965
http://orcid.org/0000-0002-7736-2806
http://orcid.org/0000-0003-0466-4472
http://orcid.org/0000-0001-8821-1205
http://orcid.org/0000-0003-3113-0484
http://orcid.org/0000-0001-9539-6957
http://orcid.org/0000-0001-6792-2294
http://orcid.org/0000-0002-2639-6571
http://orcid.org/0000-0002-7669-5318
http://orcid.org/0000-0001-6878-9405
http://orcid.org/0000-0002-0253-0924
http://orcid.org/0000-0002-4048-7584
http://orcid.org/0000-0002-4600-3659
http://orcid.org/0000-0002-8924-5885
http://orcid.org/0000-0002-4424-4643
http://orcid.org/0000-0002-2657-7532
http://orcid.org/0000-0002-5415-1600
http://orcid.org/0000-0001-8231-2080
http://orcid.org/0000-0001-8926-6734
http://orcid.org/0000-0001-9844-6200
http://orcid.org/0000-0002-8794-0948
http://orcid.org/0000-0002-1478-3152
http://orcid.org/0000-0001-7661-5122
http://orcid.org/0000-0002-2646-5805
http://orcid.org/0000-0002-0778-2717
http://orcid.org/0000-0002-2447-904X
http://orcid.org/0000-0002-6698-9937
http://orcid.org/0000-0002-1725-7414
http://orcid.org/0000-0002-7599-6469
http://orcid.org/0000-0001-7844-8815
http://orcid.org/0000-0002-0556-189X
http://orcid.org/0000-0003-4988-9149
http://orcid.org/0000-0002-2389-1286
http://orcid.org/0000-0002-7998-8925
http://orcid.org/0000-0001-8978-7118
http://orcid.org/0000-0002-8668-6933
http://orcid.org/0000-0001-5404-7857
http://orcid.org/0000-0001-7602-5771
http://orcid.org/0000-0001-5241-0544
http://orcid.org/0000-0002-1040-1241
http://orcid.org/0000-0002-2244-189X
http://orcid.org/0000-0002-6596-9395
http://orcid.org/0000-0003-0028-6486
http://orcid.org/0000-0003-2799-5020
http://orcid.org/0000-0001-5407-7247
http://orcid.org/0000-0001-8018-4185
http://orcid.org/0000-0003-0684-600X
http://orcid.org/0000-0002-2698-4787
http://orcid.org/0000-0002-7494-5504
http://orcid.org/0000-0001-7834-328X
http://orcid.org/0000-0002-4090-6099
http://orcid.org/0000-0001-7814-8740
http://orcid.org/0000-0003-0457-3052
http://orcid.org/0000-0001-9861-151X
http://orcid.org/0000-0003-0625-8996
http://orcid.org/0000-0002-0560-8985
http://orcid.org/0000-0002-7562-0234
http://orcid.org/0000-0003-4223-7316
http://orcid.org/0000-0002-5411-114X
http://orcid.org/0000-0001-5914-8614
http://orcid.org/0000-0003-3895-8356
http://orcid.org/0000-0001-6214-8500
http://orcid.org/0000-0002-9705-7518
http://orcid.org/0000-0002-1177-6758
http://orcid.org/0000-0002-6617-3807
http://orcid.org/0009-0004-1494-0543
http://orcid.org/0000-0003-1826-2749
http://orcid.org/0000-0002-5972-2855
http://orcid.org/0000-0002-9008-1937
http://orcid.org/0000-0003-3250-9066
http://orcid.org/0000-0002-1162-8763
http://orcid.org/0000-0002-7472-3151
http://orcid.org/0000-0002-5332-2738
http://orcid.org/0000-0002-3654-5614
http://orcid.org/0000-0002-1752-3583
http://orcid.org/0000-0002-3277-7418
http://orcid.org/0000-0002-0095-1290
http://orcid.org/0000-0003-2201-5572
http://orcid.org/0000-0001-9097-3014
http://orcid.org/0000-0002-6867-2538
http://orcid.org/0000-0002-9093-7141
http://orcid.org/0000-0001-9965-5442
http://orcid.org/0000-0002-0330-5921
http://orcid.org/0000-0001-8847-7337
http://orcid.org/0000-0001-6334-6648
http://orcid.org/0000-0002-2851-5554
http://orcid.org/0000-0002-5035-1242
http://orcid.org/0000-0002-0940-244X
http://orcid.org/0000-0001-5312-4865
http://orcid.org/0000-0001-7287-6579
http://orcid.org/0000-0003-0105-7634
http://orcid.org/0000-0002-7854-3174
http://orcid.org/0000-0001-6907-0195
http://orcid.org/0000-0002-3699-8517
http://orcid.org/0000-0002-1314-2580
http://orcid.org/0000-0003-4446-8150
http://orcid.org/0000-0001-5126-1620
http://orcid.org/0000-0001-6067-104X
http://orcid.org/0000-0002-7185-1334
http://orcid.org/0000-0002-5624-5934
http://orcid.org/0000-0001-8259-1067
http://orcid.org/0000-0001-8504-6291
http://orcid.org/0000-0003-2018-5850
http://orcid.org/0000-0001-5038-2762
http://orcid.org/0000-0002-9152-383X
http://orcid.org/0000-0002-9846-5601
http://orcid.org/0000-0002-8770-1592
http://orcid.org/0000-0003-2489-9930
http://orcid.org/0000-0002-0847-402X
http://orcid.org/0000-0002-5094-5067
http://orcid.org/0000-0002-1669-759X
http://orcid.org/0000-0001-8067-0984
http://orcid.org/0000-0001-7277-9912
http://orcid.org/0000-0001-8885-012X
http://orcid.org/0000-0001-7038-0369
http://orcid.org/0000-0001-9554-0787
http://orcid.org/0000-0001-5411-8934
http://orcid.org/0000-0001-8798-808X
http://orcid.org/0000-0001-6507-4623
http://orcid.org/0000-0002-0159-6593
http://orcid.org/0000-0002-4539-4192
http://orcid.org/0000-0002-2839-801X
http://orcid.org/0000-0002-5725-3397
http://orcid.org/0000-0003-4178-5003
http://orcid.org/0000-0002-5254-9930
http://orcid.org/0000-0002-2657-3099
http://orcid.org/0000-0003-2906-1977
http://orcid.org/0000-0002-8705-628X
http://orcid.org/0000-0002-5076-7803
http://orcid.org/0000-0001-7449-9164
http://orcid.org/0000-0001-5073-0974
http://orcid.org/0000-0001-5410-1315
http://orcid.org/0000-0001-9147-6052
http://orcid.org/0000-0002-4837-3733
http://orcid.org/0000-0002-9204-4689
http://orcid.org/0000-0001-6289-2292
http://orcid.org/0000-0002-6293-6432
http://orcid.org/0000-0002-6427-3513
http://orcid.org/0000-0002-2580-1977
http://orcid.org/0000-0003-4313-4255
http://orcid.org/0000-0001-6249-7444
http://orcid.org/0000-0001-5650-4556
http://orcid.org/0000-0002-9745-1638
http://orcid.org/0000-0001-7205-1171
http://orcid.org/0000-0002-1119-8820
http://orcid.org/0000-0002-1558-3291
http://orcid.org/0000-0002-7269-9194
http://orcid.org/0000-0003-0568-5750
http://orcid.org/0000-0002-8880-4120
http://orcid.org/0000-0002-1003-7638
http://orcid.org/0000-0002-4693-7857
http://orcid.org/0000-0002-3386-6869
http://orcid.org/0000-0001-7131-3029
http://orcid.org/0000-0002-9003-5711
http://orcid.org/0000-0002-6532-7501
http://orcid.org/0000-0002-8464-1790
http://orcid.org/0000-0003-2155-1859
http://orcid.org/0000-0002-4563-3253
http://orcid.org/0000-0002-2875-853X
http://orcid.org/0000-0001-5009-0399
http://orcid.org/0000-0002-4238-9822
http://orcid.org/0000-0002-5010-8613
http://orcid.org/0000-0001-8967-1705
http://orcid.org/0000-0002-1037-1206
http://orcid.org/0000-0002-6940-261X
http://orcid.org/0000-0002-4907-9499
http://orcid.org/0000-0002-2230-5353
http://orcid.org/0000-0003-0254-4629
http://orcid.org/0000-0002-1957-3787
http://orcid.org/0000-0001-9087-4315
http://orcid.org/0000-0002-7139-8197
http://orcid.org/0000-0003-3121-395X
http://orcid.org/0000-0002-7602-1284
http://orcid.org/0000-0002-7874-6107
http://orcid.org/0009-0008-7282-7396
http://orcid.org/0000-0002-3057-8378
http://orcid.org/0000-0002-5841-5511
http://orcid.org/0000-0002-6304-3230
http://orcid.org/0000-0002-9775-7303
http://orcid.org/0000-0002-7252-3201


Physics Letters B 854 (2024) 138736

15

The ATLAS Collaboration

V.F. Kazanin 37, , Y. Ke 145, , J.M. Keaveney 33a, , R. Keeler 165, , G.V. Kehris 61, , J.S. Keller 34, , 

A.S. Kelly 96, J.J. Kempster 146, , P.D. Kennedy 100, , O. Kepka 131, , B.P. Kerridge 134, , S. Kersten 171, , 

B.P. Kerševan 93, , S. Keshri 66, , L. Keszeghova 28a, , S. Ketabchi Haghighat 155, , R.A. Khan 129, , 

A. Khanov 121, , A.G. Kharlamov 37, , T. Kharlamova 37, , E.E. Khoda 138, , M. Kholodenko 37, , 
T.J. Khoo 18, , G. Khoriauli 166, , J. Khubua 149b, , Y.A.R. Khwaira 66, , B. Kibirige 33g, A. Kilgallon 123, , 

D.W. Kim 47a,47b, , Y.K. Kim 39, , N. Kimura 96, , M.K. Kingston 55, , A. Kirchhoff 55, , C. Kirfel 24, , 

F. Kirfel 24, , J. Kirk 134, , A.E. Kiryunin 110, , C. Kitsaki 10, , O. Kivernyk 24, , M. Klassen 63a, , C. Klein 34, , 

L. Klein 166, , M.H. Klein 44, , S.B. Klein 56, , U. Klein 92, , P. Klimek 36, , A. Klimentov 29, , 
T. Klioutchnikova 36, , P. Kluit 114, , S. Kluth 110, , E. Kneringer 79, , T.M. Knight 155, , A. Knue 49, , 

R. Kobayashi 88, , D. Kobylianskii 169, , S.F. Koch 126, , M. Kocian 143, , P. Kodyš 133, , D.M. Koeck 123, , 

P.T. Koenig 24, , T. Koffas 34, , O. Kolay 50, , I. Koletsou 4, , T. Komarek 122, , K. Köneke 54, , 

A.X.Y. Kong 1, , T. Kono 118, , N. Konstantinidis 96, , P. Kontaxakis 56, , B. Konya 98, , R. Kopeliansky 68, , 

S. Koperny 86a, , K. Korcyl 87, , K. Kordas 152, ,e, A. Korn 96, , S. Korn 55, , I. Korolkov 13, , 

N. Korotkova 37, , B. Kortman 114, , O. Kortner 110, , S. Kortner 110, , W.H. Kostecka 115, , 
V.V. Kostyukhin 141, , A. Kotsokechagia 135, , A. Kotwal 51, , A. Koulouris 36, , 

A. Kourkoumeli-Charalampidi 73a,73b, , C. Kourkoumelis 9, , E. Kourlitis 110, ,ae, O. Kovanda 123, , 

R. Kowalewski 165, , W. Kozanecki 135, , A.S. Kozhin 37, , V.A. Kramarenko 37, , G. Kramberger 93, , 

P. Kramer 100, , M.W. Krasny 127, , A. Krasznahorkay 36, , J.W. Kraus 171, , J.A. Kremer 48, , T. Kresse 50, , 

J. Kretzschmar 92, , K. Kreul 18, , P. Krieger 155, , S. Krishnamurthy 103, , M. Krivos 133, , K. Krizka 20, , 

K. Kroeninger 49, , H. Kroha 110, , J. Kroll 131, , J. Kroll 128, , K.S. Krowpman 107, , U. Kruchonak 38, , 

H. Krüger 24, , N. Krumnack 81, M.C. Kruse 51, , O. Kuchinskaia 37, , S. Kuday 3a, , S. Kuehn 36, , 

R. Kuesters 54, , T. Kuhl 48, , V. Kukhtin 38, , Y. Kulchitsky 37, ,a, S. Kuleshov 137d,137b, , M. Kumar 33g, , 

N. Kumari 48, , P. Kumari 156b, , A. Kupco 131, , T. Kupfer 49, A. Kupich 37, , O. Kuprash 54, , 

H. Kurashige 85, , L.L. Kurchaninov 156a, , O. Kurdysh 66, , Y.A. Kurochkin 37, , A. Kurova 37, , M. Kuze 154, , 

A.K. Kvam 103, , J. Kvita 122, , T. Kwan 104, , N.G. Kyriacou 106, , L.A.O. Laatu 102, , C. Lacasta 163, , 

F. Lacava 75a,75b, , H. Lacker 18, , D. Lacour 127, , N.N. Lad 96, , E. Ladygin 38, , B. Laforge 127, , 

T. Lagouri 27b, , F.Z. Lahbabi 35a, , S. Lai 55, , I.K. Lakomiec 86a, , N. Lalloue 60, , J.E. Lambert 165, , 

S. Lammers 68, , W. Lampl 7, , C. Lampoudis 152, ,e, A.N. Lancaster 115, , E. Lançon 29, , U. Landgraf 54, , 

M.P.J. Landon 94, , V.S. Lang 54, , O.K.B. Langrekken 125, , A.J. Lankford 159, , F. Lanni 36, , K. Lantzsch 24, , 

A. Lanza 73a, , A. Lapertosa 57b,57a, , J.F. Laporte 135, , T. Lari 71a, , F. Lasagni Manghi 23b, , M. Lassnig 36, , 

V. Latonova 131, , A. Laudrain 100, , A. Laurier 150, , S.D. Lawlor 139, , Z. Lawrence 101, , R. Lazaridou 167, 
M. Lazzaroni 71a,71b, , B. Le 101, E.M. Le Boulicaut 51, , B. Leban 93, , A. Lebedev 81, , M. LeBlanc 101, , 
F. Ledroit-Guillon 60, , A.C.A. Lee 96, S.C. Lee 148, , S. Lee 47a,47b, , T.F. Lee 92, , L.L. Leeuw 33c, , 
H.P. Lefebvre 95, , M. Lefebvre 165, , C. Leggett 17a, , G. Lehmann Miotto 36, , M. Leigh 56, , 

W.A. Leight 103, , W. Leinonen 113, , A. Leisos 152, ,s, M.A.L. Leite 83c, , C.E. Leitgeb 18, , R. Leitner 133, , 

K.J.C. Leney 44, , T. Lenz 24, , S. Leone 74a, , C. Leonidopoulos 52, , A. Leopold 144, , C. Leroy 108, , 

R. Les 107, , C.G. Lester 32, , M. Levchenko 37, , J. Levêque 4, , L.J. Levinson 169, , G. Levrini 23b,23a, , 

M.P. Lewicki 87, , D.J. Lewis 4, , A. Li 5, , B. Li 62b, , C. Li 62a, C-Q. Li 110, , H. Li 62a, , H. Li 62b, , H. Li 14c, , 
H. Li 14b, , H. Li 62b, , J. Li 62c, , K. Li 138, , L. Li 62c, , M. Li 14a,14e, , Q.Y. Li 62a, , S. Li 14a,14e, , 
S. Li 62d,62c, ,d, T. Li 5, , X. Li 104, , Z. Li 126, , Z. Li 104, , Z. Li 14a,14e, , S. Liang 14a,14e, Z. Liang 14a, , 

M. Liberatore 135, , B. Liberti 76a, , K. Lie 64c, , J. Lieber Marin 83b, , H. Lien 68, , K. Lin 107, , 
R.E. Lindley 7, , J.H. Lindon 2, , E. Lipeles 128, , A. Lipniacka 16, , A. Lister 164, , J.D. Little 4, , B. Liu 14a, , 

http://orcid.org/0000-0002-4906-5468
http://orcid.org/0000-0001-5798-6665
http://orcid.org/0000-0003-0766-5307
http://orcid.org/0000-0002-0510-4189
http://orcid.org/0000-0002-1119-1004
http://orcid.org/0000-0001-7140-9813
http://orcid.org/0000-0003-4168-3373
http://orcid.org/0000-0002-8491-2570
http://orcid.org/0000-0002-2555-497X
http://orcid.org/0000-0003-4171-1768
http://orcid.org/0000-0002-0511-2592
http://orcid.org/0000-0002-4529-452X
http://orcid.org/0000-0003-3280-2350
http://orcid.org/0000-0001-6830-4244
http://orcid.org/0000-0002-8597-3834
http://orcid.org/0009-0005-8074-6156
http://orcid.org/0000-0001-9621-422X
http://orcid.org/0000-0002-1051-3833
http://orcid.org/0000-0002-0387-6804
http://orcid.org/0000-0001-8720-6615
http://orcid.org/0000-0002-8340-9455
http://orcid.org/0000-0002-5954-3101
http://orcid.org/0000-0002-6353-8452
http://orcid.org/0000-0003-2350-1249
http://orcid.org/0000-0001-8538-1647
http://orcid.org/0000-0003-1450-0009
http://orcid.org/0000-0002-9635-1491
http://orcid.org/0000-0003-3286-1326
http://orcid.org/0000-0002-8883-9374
http://orcid.org/0009-0003-7785-7803
http://orcid.org/0000-0001-5611-9543
http://orcid.org/0000-0003-1679-6907
http://orcid.org/0000-0001-6242-8852
http://orcid.org/0000-0001-8096-7577
http://orcid.org/0000-0001-7490-6890
http://orcid.org/0000-0003-4431-8400
http://orcid.org/0000-0002-6854-2717
http://orcid.org/0000-0002-4326-9742
http://orcid.org/0000-0002-3780-1755
http://orcid.org/0000-0002-0145-4747
http://orcid.org/0000-0002-9999-2534
http://orcid.org/0000-0002-2999-6150
http://orcid.org/0000-0001-7391-5330
http://orcid.org/0000-0003-1661-6873
http://orcid.org/0000-0003-2748-4829
http://orcid.org/0000-0002-9580-0363
http://orcid.org/0000-0001-6419-5829
http://orcid.org/0000-0001-8484-2261
http://orcid.org/0000-0002-6206-1912
http://orcid.org/0000-0003-2486-7672
http://orcid.org/0000-0002-1559-9285
http://orcid.org/0000-0002-7584-078X
http://orcid.org/0009-0002-0070-5900
http://orcid.org/0000-0002-2676-2842
http://orcid.org/0000-0003-4559-6058
http://orcid.org/0000-0002-8644-2349
http://orcid.org/0000-0002-9090-5502
http://orcid.org/0000-0002-0497-3550
http://orcid.org/0000-0001-9612-4988
http://orcid.org/0000-0003-2526-4910
http://orcid.org/0000-0002-8560-8917
http://orcid.org/0000-0002-3047-3146
http://orcid.org/0000-0002-6901-9717
http://orcid.org/0000-0001-8063-8765
http://orcid.org/0000-0003-1553-2950
http://orcid.org/0000-0002-4140-6360
http://orcid.org/0000-0002-4860-5979
http://orcid.org/0000-0002-1859-6557
http://orcid.org/0000-0002-8775-1194
http://orcid.org/0000-0002-2023-5945
http://orcid.org/0000-0001-8085-4505
http://orcid.org/0000-0003-0486-2081
http://orcid.org/0000-0002-3962-2099
http://orcid.org/0000-0001-9291-5408
http://orcid.org/0000-0002-9211-9775
http://orcid.org/0000-0003-3640-8676
http://orcid.org/0000-0001-7081-3275
http://orcid.org/0000-0003-0352-3096
http://orcid.org/0000-0001-8667-1814
http://orcid.org/0000-0003-1772-6898
http://orcid.org/0000-0002-0490-9209
http://orcid.org/0000-0002-8057-9467
http://orcid.org/0000-0003-3384-5053
http://orcid.org/0000-0003-1012-4675
http://orcid.org/0000-0002-6614-108X
http://orcid.org/0000-0003-0083-274X
http://orcid.org/0000-0001-6568-2047
http://orcid.org/0000-0003-0294-3953
http://orcid.org/0000-0002-7314-0990
http://orcid.org/0000-0001-6226-8385
http://orcid.org/0000-0003-4724-9017
http://orcid.org/0000-0002-8625-5586
http://orcid.org/0000-0002-7580-384X
http://orcid.org/0000-0002-0296-5899
http://orcid.org/0000-0002-7440-0520
http://orcid.org/0000-0002-6468-1381
http://orcid.org/0000-0003-3492-2831
http://orcid.org/0000-0003-4487-6365
http://orcid.org/0000-0003-0546-1634
http://orcid.org/0000-0002-8515-1355
http://orcid.org/0000-0002-1739-6596
http://orcid.org/0000-0001-9958-949X
http://orcid.org/0000-0001-6169-0517
http://orcid.org/0000-0001-9062-2257
http://orcid.org/0000-0001-6408-2648
http://orcid.org/0000-0001-9873-0228
http://orcid.org/0000-0003-1808-0259
http://orcid.org/0000-0001-6215-3326
http://orcid.org/0000-0002-0964-6815
http://orcid.org/0000-0001-9395-3430
http://orcid.org/0000-0003-2116-4592
http://orcid.org/0000-0001-8287-3961
http://orcid.org/0000-0001-5791-0345
http://orcid.org/0000-0002-3664-2465
http://orcid.org/0000-0002-0116-5494
http://orcid.org/0000-0001-5270-0920
http://orcid.org/0000-0002-8309-019X
http://orcid.org/0000-0002-1473-350X
http://orcid.org/0000-0003-4387-8756
http://orcid.org/0000-0002-3036-5575
http://orcid.org/0000-0002-3065-326X
http://orcid.org/0000-0003-3681-1588
http://orcid.org/0000-0001-9174-6200
http://orcid.org/0000-0002-6623-8586
http://orcid.org/0000-0003-3692-1410
http://orcid.org/0000-0002-6042-8776
http://orcid.org/0000-0002-7540-0012
http://orcid.org/0000-0003-3932-016X
http://orcid.org/0000-0001-9392-3936
http://orcid.org/0000-0002-1837-6984
http://orcid.org/0000-0002-1281-8462
http://orcid.org/0000-0001-7924-1517
http://orcid.org/0000-0001-8858-8440
http://orcid.org/0000-0001-7243-0227
http://orcid.org/0000-0001-5973-8729
http://orcid.org/0000-0001-8717-4449
http://orcid.org/0000-0002-8523-5954
http://orcid.org/0000-0001-6578-8618
http://orcid.org/0000-0002-2623-6252
http://orcid.org/0000-0003-4588-8325
http://orcid.org/0000-0002-7183-8607
http://orcid.org/0000-0002-1590-194X
http://orcid.org/0000-0002-3707-9010
http://orcid.org/0000-0001-6206-8148
http://orcid.org/0000-0002-4209-4194
http://orcid.org/0000-0001-7509-7765
http://orcid.org/0000-0002-3879-696X
http://orcid.org/0000-0002-9898-9253
http://orcid.org/0000-0002-4357-7649
http://orcid.org/0000-0003-0953-559X
http://orcid.org/0000-0002-5606-4164
http://orcid.org/0000-0003-2958-986X
http://orcid.org/0000-0002-2337-0958
http://orcid.org/0000-0001-9782-9920
http://orcid.org/0000-0001-6212-5261
http://orcid.org/0000-0002-0225-187X
http://orcid.org/0000-0002-8222-2066
http://orcid.org/0000-0001-6828-9769
http://orcid.org/0000-0001-9954-7898
http://orcid.org/0000-0001-8099-9042
http://orcid.org/0000-0001-8057-4351
http://orcid.org/0000-0002-7197-9645
http://orcid.org/0000-0002-0729-6487
http://orcid.org/0000-0003-4980-6032
http://orcid.org/0000-0001-6246-6787
http://orcid.org/0000-0002-4815-5314
http://orcid.org/0000-0002-1388-869X
http://orcid.org/0000-0001-6068-4473
http://orcid.org/0000-0002-9541-0592
http://orcid.org/0000-0001-9591-5622
http://orcid.org/0000-0001-6098-0555
http://orcid.org/0000-0002-2575-0743
http://orcid.org/0000-0003-3211-067X
http://orcid.org/0000-0002-9035-9679
http://orcid.org/0000-0002-4094-1273
http://orcid.org/0000-0002-8909-2508
http://orcid.org/0000-0003-1501-7262
http://orcid.org/0000-0002-9566-1850
http://orcid.org/0000-0001-5977-6418
http://orcid.org/0000-0001-9398-1909
http://orcid.org/0000-0002-3353-2658
http://orcid.org/0000-0003-0836-416X
http://orcid.org/0000-0001-7232-6315
http://orcid.org/0000-0002-3365-6781
http://orcid.org/0000-0002-7394-2408
http://orcid.org/0000-0002-5560-0586
http://orcid.org/0000-0002-9299-9020
http://orcid.org/0000-0001-9045-7853
http://orcid.org/0000-0003-1406-1413
http://orcid.org/0000-0002-2968-7841
http://orcid.org/0000-0002-1747-2544
http://orcid.org/0000-0002-8126-3958
http://orcid.org/0000-0003-0392-3663
http://orcid.org/0000-0002-0335-503X
http://orcid.org/0000-0002-2994-2187
http://orcid.org/0000-0002-1525-2695
http://orcid.org/0000-0002-9560-1778
http://orcid.org/0000-0001-6222-9642
http://orcid.org/0000-0002-7241-2114
http://orcid.org/0000-0001-9415-7903
http://orcid.org/0000-0003-3105-7045
http://orcid.org/0000-0002-8875-1399
http://orcid.org/0000-0001-5770-4883
http://orcid.org/0000-0002-5495-0656
http://orcid.org/0000-0002-0244-4743
http://orcid.org/0000-0003-4679-0485
http://orcid.org/0009-0000-5431-0029
http://orcid.org/0000-0002-8972-3066
http://orcid.org/0000-0002-7814-8596
http://orcid.org/0000-0003-4317-3342
http://orcid.org/0000-0002-1974-2229
http://orcid.org/0000-0003-3495-7778
http://orcid.org/0000-0002-1081-2032
http://orcid.org/0000-0002-4732-5633
http://orcid.org/0000-0002-2459-9068
http://orcid.org/0009-0003-1487-5940
http://orcid.org/0000-0001-9346-6982
http://orcid.org/0009-0000-5782-8050
http://orcid.org/0000-0002-2545-0329
http://orcid.org/0000-0001-6411-6107
http://orcid.org/0000-0003-4317-3203
http://orcid.org/0000-0001-6066-195X
http://orcid.org/0000-0003-1673-2794
http://orcid.org/0000-0001-7879-3272
http://orcid.org/0000-0001-7775-4300
http://orcid.org/0000-0001-6975-102X
http://orcid.org/0000-0001-9800-2626
http://orcid.org/0000-0001-7096-2158
http://orcid.org/0000-0003-1561-3435
http://orcid.org/0000-0003-0629-2131
http://orcid.org/0000-0002-8444-8827
http://orcid.org/0000-0002-6011-2851
http://orcid.org/0000-0002-5779-5989
http://orcid.org/0000-0003-0642-9169
http://orcid.org/0000-0001-8884-2664
http://orcid.org/0000-0002-2269-3632
http://orcid.org/0000-0002-2342-1452
http://orcid.org/0000-0001-9490-7276
http://orcid.org/0000-0001-5982-7326
http://orcid.org/0000-0002-8759-8564
http://orcid.org/0000-0002-1552-3651
http://orcid.org/0000-0002-9372-0730
http://orcid.org/0000-0003-2823-9307


Physics Letters B 854 (2024) 138736

16

The ATLAS Collaboration

B.X. Liu 142, , D. Liu 62d,62c, , J.B. Liu 62a, , J.K.K. Liu 32, , K. Liu 62d,62c, , M. Liu 62a, , M.Y. Liu 62a, , 
P. Liu 14a, , Q. Liu 62d,138,62c, , X. Liu 62a, , X. Liu 62b, , Y. Liu 14d,14e, , Y.L. Liu 62b, , Y.W. Liu 62a, , 
J. Llorente Merino 142, , S.L. Lloyd 94, , E.M. Lobodzinska 48, , P. Loch 7, , T. Lohse 18, , K. Lohwasser 139, , 

E. Loiacono 48, , M. Lokajicek 131, ,∗, J.D. Lomas 20, , J.D. Long 162, , I. Longarini 159, , L. Longo 70a,70b, , 

R. Longo 162, , I. Lopez Paz 67, , A. Lopez Solis 48, , N. Lorenzo Martinez 4, , A.M. Lory 109, , 

G. Löschcke Centeno 146, , O. Loseva 37, , X. Lou 47a,47b, , X. Lou 14a,14e, , A. Lounis 66, , P.A. Love 91, , 
G. Lu 14a,14e, , M. Lu 80, , S. Lu 128, , Y.J. Lu 65, , H.J. Lubatti 138, , C. Luci 75a,75b, , F.L. Lucio Alves 14c, , 
F. Luehring 68, , I. Luise 145, , O. Lukianchuk 66, , O. Lundberg 144, , B. Lund-Jensen 144, , N.A. Luongo 6, , 

M.S. Lutz 36, , A.B. Lux 25, , D. Lynn 29, , R. Lysak 131, , E. Lytken 98, , V. Lyubushkin 38, , 

T. Lyubushkina 38, , M.M. Lyukova 145, , H. Ma 29, , K. Ma 62a, , L.L. Ma 62b, , W. Ma 62a, , Y. Ma 121, , 

D.M. Mac Donell 165, , G. Maccarrone 53, , J.C. MacDonald 100, , P.C. Machado De Abreu Farias 83b, , 
R. Madar 40, , W.F. Mader 50, , T. Madula 96, , J. Maeda 85, , T. Maeno 29, , H. Maguire 139, , 

V. Maiboroda 135, , A. Maio 130a,130b,130d, , K. Maj 86a, , O. Majersky 48, , S. Majewski 123, , N. Makovec 66, , 

V. Maksimovic 15, , B. Malaescu 127, , Pa. Malecki 87, , V.P. Maleev 37, , F. Malek 60, ,o, M. Mali 93, , 
D. Malito 95, , U. Mallik 80, , S. Maltezos 10, S. Malyukov 38, J. Mamuzic 13, , G. Mancini 53, , 

M.N. Mancini 26, , G. Manco 73a,73b, , J.P. Mandalia 94, , I. Mandić 93, , L. Manhaes de Andrade Filho 83a, , 
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