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Abstract A search for leptoquark pair production decaying
into te− t̄ e+ or tµ− t̄µ+ in final states with multiple leptons
is presented. The search is based on a dataset of pp collisions
at

√
s = 13 TeV recorded with the ATLAS detector during

Run 2 of the Large Hadron Collider, corresponding to an inte-
grated luminosity of 139 fb−1. Four signal regions, with the
requirement of at least three light leptons (electron or muon)
and at least two jets out of which at least one jet is identi-
fied as coming from a b-hadron, are considered based on the
number of leptons of a given flavour. The main background
processes are estimated using dedicated control regions in a
simultaneous fit with the signal regions to data. No excess
above the Standard Model background prediction is observed
and 95% confidence level limits on the production cross sec-
tion times branching ratio are derived as a function of the
leptoquark mass. Under the assumption of exclusive decays
into te− (tµ−), the corresponding lower limit on the scalar
mixed-generation leptoquark mass mLQd

mix
is at 1.58 (1.59)

TeV and on the vector leptoquark mass m
Ũ1

at 1.67 (1.67)
TeV in the minimal coupling scenario and at 1.95 (1.95) TeV
in the Yang–Mills scenario.
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1 Introduction

The similarities in the structure of the lepton and quark sec-
tors of the Standard Model (SM) raise the possibility of
an existing underlying symmetry connecting the two sec-
tors. Consequently, many extensions of the SM of particle
physics contain leptoquarks (LQ) [1–7], hypothetical parti-
cles that carry non-zero baryon and lepton quantum numbers
and are charged under all SM gauge groups. In particular, LQs
are triplets with respect to the strong interaction, and have
fractional electric charge. A LQ state can have either spin 0
(scalar LQ) or spin 1 (vector LQ), and both are considered
in this paper. Due to their quantum numbers, LQs couple
simultaneously to both quarks and leptons, enabling direct
transitions between the two. Consequently, LQs can mediate
processes that violate lepton-flavour universality, and were
proposed [8–13] as an explanation for measurements of B-
meson decays that exhibit deviations from the SM predictions
[14–18]. Contributions from a scalar LQ could also account
[9,19–21] for the longstanding discrepancy between the mea-
sured and the predicted anomalous magnetic moment of the
muon (g − 2)µ [22,23].

In pp collisions at the Large Hadron Collider (LHC), pairs
of LQs are mainly produced via gluon–gluon fusion and
quark–antiquark annihilation, mediated by the strong inter-
action. There are also lepton-mediated t- and u-channel pro-
duction processes that depend on the coupling strength (λ) of
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the quark–lepton–LQ interaction. However, these contribu-
tions can usually be neglected in the scenario where LQs cou-
ple preferentially to third-generation quarks, since the latter
would be required in the initial state. The LQ pair-production
cross section can therefore, to a very good approximation,
be taken to depend only on the assumed value of the LQ
mass (mLQ) for a given LQ spin and centre-of-mass energy
[24,25]. Single LQ production in association with a lepton is
also possible, but the cross section depends on the strength
of the quark–lepton–LQ interaction and it is not considered
in this paper.

Most searches [26–40] by the ATLAS and CMS exper-
iments at the LHC have targeted the scenario where LQs
only interact with leptons and quarks of the same genera-
tion as suggested by the models in Ref. [41]. However, the
possibility of flavour-off-diagonal couplings should also be
explored as part of a broad and exhaustive LQ search pro-
gramme. While the simultaneous coupling of a LQ to more
than one generation of quarks or to more than one generation
of leptons would lead to quark and lepton flavour violation
(K − K̄ mixing, µ → eγ ), the coupling of LQ to a quark
from one generation and to a lepton from another one can still
preserve the flavour symmetries [42]. The cross-generational
LQ search has gained additional interest given the fact that
explanations of the B-meson and (g −2)µ anomalies require
LQs with couplings to quarks of the second or third gen-
eration and leptons of the first, second or third generation
[43,44].

The ATLAS Collaboration has performed searches for
pair production of both scalar and vector LQs. The differ-
ent ATLAS search results are presented as a function of the
LQ mass and the branching ratio into charged leptons (B).
In the case of scalar LQs interacting with mixed quark and
lepton generation (LQmix), two different types were consid-
ered: up-type LQs coupling to a third generation quark (top-
quark t or b-quark b) and a first or second generation lepton
(LQu

mix → bℓ+ or t ν̄), with ℓ = e, µ, and down-type LQs
(LQd

mix → tℓ− or bν). The LQu
mix and LQd

mix have frac-
tional electric charges of +2/3e and −1/3e, respectively. In
the case of vector LQ, the iso-singlet LQ (U1) carrying elec-
tric charge +2/3e with two different coupling scenarios to
the SM gauge bosons was considered: the minimal (U min

1 )
and the Yang–Mills (U YM

1 ) coupling scenarios. Using the
full Run 2 dataset, corresponding to 139 fb−1 of pp colli-
sions at

√
s = 13 TeV, these searches have excluded at the

95% confidence level (CL) masses below 1.8 TeV (1.7 TeV)
for LQu

mix [29], and below 1.48 TeV (1.47 TeV) for LQd
mix

[45], assuming B = 1 into electrons (muons). A dedicated
search optimised for B = 0.5 [46] has probed a wide range of
scenarios, including both LQu

mix and LQd
mix, as well as U min

1
and U YM

1 . The corresponding mass exclusions for scalar LQs
range from 1.37 TeV to 1.46 TeV, whereas for U min

1 and U YM
1

they range from 1.62 TeV to 1.98 TeV. The CMS Collabora-

tion has also published searches for pair production of scalar
LQs decaying into a top-quark and an electron or a muon
[47,48], achieving comparable or lower mass exclusions than
ATLAS.

This paper presents a dedicated search for the pair pro-
duction of LQd

mix in the tℓ− t̄ℓ+ decay mode (denoted as tℓtℓ

hereafter), where same-flavour leptons from the LQd
mix decay

are considered (denoted as tete and tµtµ), and the top-quark
pair is required to decay into a final state with one or two
leptons as illustrated in Fig. 1. This selection is orthogonal to
that used by Ref. [45], where the top-quark pair is required
to decay into a final state with jets, and therefore provides
additional sensitivity to probe LQd

mix. The multi-lepton final
state in this analysis takes advantage of the similar top-quark
pair branching fraction to final states with at least one lep-
ton compared to those with jets, and of the suppression of
SM background processes when selecting events with mul-
tiple leptons. Figure 1a, b illustrate the signal processes tar-
geted in this analysis. These decay modes are hereafter indi-
cated without labelling the particle and anti-particle charges.
This search uses the full Run 2 dataset of pp collisions at√

s = 13 TeV recorded with the ATLAS detector and cor-
responding to an integrated luminosity of 139 fb−1. Events
are selected if they have at least two light leptons (electron
or muon), and at least two jets, at least one of which must be
identified as originating from B-hadrons. Three final states
defined by the multiplicity of lepton candidates, 2ℓ with same
electric charge (2ℓSS), 3ℓ, and 4ℓ, are considered in the anal-
ysis. Each of them is split into multiple event categories.
Signal-enriched event categories require at least three lep-
tons and exploit the presence of energetic final-state objects,
whereas signal-depleted regions are also defined containing
2ℓSS events.

The composition of background processes varies among
the signal-enriched event categories, however the main back-
ground contributions arise from SM processes yielding mul-
tiple leptons in the final state, such as t t̄ production in asso-
ciation with a vector boson and diboson production. In those
event categories the final discriminating variable used is the
scalar sum of the transverse momenta of all selected lep-
tons, the selected jets and the missing transverse momentum.
Higher values of this variable are expected for the signal com-
pared to the background. The rest of the event categories are
designed to be enriched in the most relevant backgrounds.
A maximum-likelihood fit is performed across event cate-
gories to search for the signal and constrain several leading
backgrounds simultaneously. This search is performed in the
LQd

mix mass range between 1 TeV and 1.9 TeV. The results
are also interpreted for the first time in the context of an
iso-singlet vector LQ with electric charge +5/3e [41]. This
vector LQ has right-handed coupling to a top quark and a
charged lepton and is labelled as Ũ1. The mass range consid-
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Fig. 1 Signal diagrams of the decay modes of pair-produced scalar lep-
toquarks LQd

mix targeted in this analysis: a 3ℓ and b 4ℓ. Decays of the
W -boson to an electron or a muon of via a τ -lepton (W → τν → ℓνν)

are also considered. The vector leptoquarks Ũ1 production and decay
modes can be described with analogous diagrams

ered is between 1 TeV and 2 TeV for two different coupling
assumptions with other gauge bosons.

2 ATLAS detector

The ATLAS detector [49] 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 superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial
magnetic field and provides charged-particle tracking in the
range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit normally being in the insertable
B-layer (IBL) installed before Run 2 [50,51]. It is followed
by the silicon microstrip tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|η| = 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 correspond-
ing to transition radiation.

1 ATLAS 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 centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, φ) 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 = − ln tan(θ/2). Angular distance is measured in units of
�R ≡

√

(�η)2 + (�φ)2.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |η| < 1.8 to cor-
rect for energy loss in material upstream of the calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadron endcap calorimeters.
The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0T m across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
|η| < 2.7, complemented by cathode-strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive-plate
chambers in the barrel, and thin-gap chambers in the endcap
regions.

Interesting events are selected by the first-level trigger
system implemented in custom hardware, followed by selec-
tions made by algorithms implemented in software in the
high-level trigger [52]. The first-level trigger accepts events
from the 40MHz bunch crossings at a rate below 100kHz,
which the high-level trigger further reduces in order to record
events to disk at about 1kHz.

An extensive software suite [53] is used in the reconstruc-
tion and analysis of real and simulated data, in detector oper-
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ations, and in the trigger and data acquisition systems of the
experiment.

3 Data and simulated event samples

A dataset of pp collisions at
√

s = 13 TeV collected by the
ATLAS experiment during 2015–2018 and corresponding to
an integrated luminosity of 139 fb−1 is used. The number
of additional pp interactions per bunch crossing (pile-up) in
this dataset ranges from about 8 to 70, with an average of 34.
Only events recorded under stable beam conditions and for
which all relevant detector subsystems were known to be in a
good operating condition are used. Events are selected with
a combination of lepton triggers, as discussed in Sect. 5.

Monte Carlo (MC) simulation samples were produced
for the different signal and background processes. All simu-
lated samples, except those produced with the Sherpa [54]
event generator, utilised EvtGen 1.2.0 [55] to model the
decays of heavy-flavour hadrons. Pile-up was modelled by
overlaying the simulated hard-scattering event with inelas-
tic pp events generated with Pythia 8.186 [56] using the
NNPDF2.3LO set of parton distribution functions (PDF) [57]
and the A3 set of tuned parameters [58] (referred to as the
‘tune’). The MC samples were produced using either the
detailed ATLAS detector simulation [59] based on Geant4

[60] or a faster simulation where the full Geant4 simulation
of the calorimeter response is replaced by a parameterisa-
tion of the shower shapes [59]. In both cases, the simulated
events were processed through the same reconstruction soft-
ware as the dataset of pp collisions. Corrections were applied
to the simulated events so that the particle candidates’ selec-
tion efficiencies, energy scales and energy resolutions match
those determined from data control samples. The simulated
samples are normalised to their cross sections, and generated
to the highest order available in perturbation theory.

Simulated events with pair-produced scalar LQs were
generated at next-to-leading-order (NLO) in quantum chro-
modynamics (QCD) with MadGraph5_aMC@NLO 2.6.0
[61], using the method described in Ref. [62], in which
fixed-order NLO QCD calculations [63,64] are interfaced
to Pythia 8.230 [56] for the parton shower (PS) and hadro-
nisation. Parton luminosities are provided by the five-flavour
scheme NNPDF3.0nlo [65] PDF set with αs = 0.118 and
the underlying event (UE) is modelled with the A14 tune [66].
Madspin [67] was used for the decay of the scalar LQd

mix.
The QCD pair production of LQd

mixdoes not depend on the
coupling parameter λ to the first order, therefore the choice of
this parameter is arbitrary for the production. However, the
decay width depends on λ and a narrow width is necessary
for on-shell production to dominate [68,69]. A small value
(λ = 0.3) of this parameter was set, resulting in a narrow
width of about 0.2% of its mass. The charge of the scalar

LQd
mixis set to −1/3e, allowing decays into either tℓ− or

bν̄. Samples were generated for masses in the range of 1.0
TeV to 1.9 TeV in 100 GeV steps. The LQ pair-production
cross sections were obtained from the calculation of the pair
production of supersymmetric partner of top quarks assum-
ing that all other supersymmetric particles are heavier, since
the production modes of this process are the same. These
cross sections are computed at approximate next-to-next-to-
leading-order (NNLO) in QCD with resummation of next-
to-next-to-leading logarithmic (NNLL) soft gluon terms [70–
73]. The cross sections do not include lepton t-channel con-
tributions, which are neglected in Ref. [62] and may lead to
corrections at the percent level [25]. The cross section val-
ues range from 6.8 fb to 0.02 fb for the LQd

mixmass range
considered in this search.

The vector Ũ1 signal samples were generated at leading-
order (LO) in QCD with MadGraph5_aMC@NLO 2.8.1
and the NNPDF2.3lo PDF set using the Boston model
[42,74], and matched to Pythia 8.244 [56] with A14 tune.
The Ũ1 is an isospin singlet, has an electrical charge of +5/3e

and can couple to a top quark and a charged lepton [68].
The coupling parameter λ was also set to 0.3. The model
introduces a new massive coloured gauge boson known as
heavy gluon (g′). There are two main coupling parameters
considered for this production, labelled as κt and κs . The κt

represents the coupling of the gluon to Ũ1 while κs repre-
sents the coupling of the heavy gluon g′ to Ũ1. The κt = κs

= 0 setup corresponds to the Yang–Mills coupling scenario
(Ũ YM

1 ), whereas the κt = κs = -1 setup, referred to as the
minimal coupling scenario (Ũ min

1 ), corresponds to the sce-
nario where the Yang–Mills couplings are turned off [42].
The vector leptoquark samples were generated setting the g′

mass to zero, where each Ũ1 decays into a top quark and a
charged lepton (electron or muon), for masses in the range
of 1.0 TeV to 2 TeV in steps of 100 GeV. The corresponding
cross section values range from 19.7 fb to 0.02 fb (105 fb to
0.1 fb) for the minimal (Yang–Mills) coupling scenarios.

The sample used to model the t t̄W (t t̄ Z/γ ∗) background
process was generated using Sherpa 2.2.10 (Sherpa 2.2.11)
[75]. The matrix element (ME) was calculated for up to
one (zero) additional parton at NLO in QCD and up to
two partons at LO in QCD using Comix [76] and Open-

Loops [77] and merged with the Sherpa parton shower [78]
using the MePs@Nlo prescription [79]. A CKKW merging
scale of 30 GeV was used for the t t̄W sample. These sam-
ples are generated using the NNPDF3.0nnlo [65] PDF set.
Both the factorisation and renormalization scales are set to
µR = µF = HT/2 in the t t̄W sample, where HT is defined

as the scalar sum of the transverse masses
√

p2
T + m2 of all

final state particles. The LO t t̄W electroweak (EW) contri-
butions are obtained from a dedicated sample simulated with
Sherpa 2.2.10 and are added together with the NLO QCD
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sample described above. The invariant mass of the lepton
pair (mℓ+ℓ− ) in the t t̄ Z/γ ∗ sample is set to be greater than
1 GeV. The complete t t̄W simulation is normalised to the
total cross section of σ(t t̄W ) = 614.7 fb that comes from
the Sherpa configuration outlined above considering NLO
QCD and NLO EWK effects, based on a similar strategy as
used in Ref. [80]. The t t̄ Z/γ ∗ sample is normalised to the
cross section σ(t t̄ Z/γ ∗) = 839 fb calculated at NLO QCD
and NLO EW accuracy using MadGraph5_aMC@NLO as
reported in Ref. [81] and scaled by an off-shell correction
estimated at one-loop level in αs.

Diboson (W Z , Z Z and W W including off-shell produc-
tions) background processes are simulated with Sherpa 2.2.2
[75]. The matrix element was calculated using Comix [76]
and OpenLoops [77] with NLO accuracy in QCD for up
to one additional parton and at LO accuracy for up to
three additional partons, and merged with the Sherpa using
MePs@Nlo prescription [79]. The NNPDF3.0nnlo set
of PDFs was used, along with the dedicated set of tuned
parton-shower parameters developed by the Sherpa authors.
The cross section of σ(V V ) = 104 pb was computed by
Sherpa 2.2.2.

Samples for t t̄ H , t t̄ , and single top production were gen-
erated using the NLO generator Powheg- Box [82–87] with
NNPDF3.0nlo PDF set and interfaced with Pythia 8 with
the A14 tune. The hdamp parameter, which controls the trans-
verse momentum of the first additional emission beyond the
Born configuration and therefore regulates the high-pT radi-
ation, is set to 3(mt + m t̄ + m H )/4 in the t t̄ H sample and
to 1.5mt in the t t̄ and single top samples, where mt (m H )
denotes the mass of the top quark (Higgs boson).

A dedicated t t̄ sample including relatively rare t →
W bγ ∗(→ ℓ+ℓ−) radiative decays, t t̄ → W +bW −b̄ℓ+ℓ−, is
generated using a ME calculated at LO in QCD and requiring
mℓ+ℓ− > 1 GeV. In this sample the photon can be radiated
from the top quark, the W boson, or the b-quark. Both the
t t̄ Z/γ ∗ and t t̄ → W +bW −b̄ℓ+ℓ− samples are combined
and together form the “t t̄ Z (high mass)” sample. The contri-
bution from internal photon conversions (γ ∗ → ℓ+ℓ−) with
mℓ+ℓ− < 1 GeV are modelled by QED multi-photon radia-
tion via the PS in an inclusive t t̄ sample and is referred to
as “t t̄γ ∗ (LM)”. Dedicated Z+jets samples containing elec-
trons from material photon conversion (γ → e+e−) or inter-
nal photon conversion are generated with Powheg- Box and
interfaced with Pythia8 for the parton showering and frag-
mentation. These samples are used to model the data in con-
trol regions enriched in material and internal conversion elec-
trons, as explained in Sect. 5.

The production of t t̄ t t̄ events was modelled using the
Madgraph5_aMC@NLO v2.6.2 generator that provides
matrix elements at NLO in QCD with the NNPDF3.1nlo
PDF set matched to Pythia 8.186 with the A14 tune.

Table 1 shows the configurations used in this analysis, with
the samples in parentheses and in bold indicating those used
to estimate the systematic uncertainties. Parton shower gener-
ator refers to the generator used for parton shower, hadronisa-
tion and underlying events. The remaining rare background
contributions listed in this table are normalised using their
NLO theoretical cross sections, except for the t t̄ t process,
for which a LO cross section is used.

4 Event reconstruction and object identification

Interaction vertices from the pp collisions are reconstructed
from at least two tracks with transverse momentum (pT)
larger than 500 MeV that are consistent with originating from
the beam collision region in the x–y plane. If more than one
primary vertex candidate is found in the event, the candi-
date for which the associated tracks form the largest sum
of squared pT is selected as the hard-scatter primary vertex
[91].

Electron candidates are reconstructed from energy clus-
ters in the electromagnetic calorimeter matched to a track in
the ID [92]. They are required to satisfy pT > 10 GeV and
|ηcluster| < 2.47, excluding the transition region between the
endcap and barrel calorimeters (1.37 < |ηcluster| < 1.52).
Loose and tight electron identification working points are
used [92], based on a likelihood discriminant employing
calorimeter, tracking and combined variables that provide
separation between electrons and jets. The associated track
of an electron candidate is required to have at least two hits in
the pixel detector and seven hits total in the pixel and silicon-
strip detectors combined. For the tight identification working
point, one of these pixel hits must be in the innermost layer
(or the next-to-innermost layer if the module traversed in the
innermost layer is non-operational), and there must be no
association with a vertex from a reconstructed photon con-
version [93] in the detector material (denoted as ‘material
conversion’ in this paper).

Muon candidates are reconstructed by combining tracks
in the ID with tracks in the MS [94]. The resulting muon
candidates are re-fitted using the complete track information
from both detector systems [95]. They are required to satisfy
pT > 10 GeV and |η| < 2.5. Loose and medium muon iden-
tification working points are used [95]. Medium muon can-
didates with pT > 800 GeV are in addition required to have
hits in at least three MS stations (referred to as the ‘high-pT

working point’), in order to maximise the momentum resolu-
tion for the muon track and thus suppress backgrounds with
high-pT muons arising from momentum mismeasurements.

Electron (muon) candidates are matched to the primary
vertex by requiring the significance of their transverse impact
parameter, d0, satisfies |d0/σ(d0)| < 5 (3), where σ(d0) is
the measured uncertainty in d0. Additionally, the longitudinal
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Table 1 The configurations used for event generation of signal and
background processes. The samples used to estimate the systematic
uncertainties are indicated in parentheses. An electroweak boson (W
or Z/γ ∗) is denoted as V for the associated production sample with
Higgs boson. The matrix element order refers to the order in the strong
coupling constant of the perturbative calculation. The “t t̄W (EW)” sam-
ple includes additionally next-to-leading-order electroweak corrections.

Tune refers to the underlying-event tune of the parton shower genera-
tor. MG5_aMC refers to MadGraph5_aMC@NLO 2.2, 2.3, or 2.6;
MePs@Nlo refers to the method used in Sherpa to match the matrix
element to the parton shower. All samples include leading-logarithm
photon emission, either modelled by the parton shower generator or by
Photos [88]. The mass of the top quark (mt ) and SM Higgs boson were
set to 172.5 GeV and 125 GeV, respectively

Process Generator ME order Parton shower PDF Tune

LQd
mixLQ

d
mix MG5_aMC NLO Pythia 8.230 NNPDF3.0nlo A14 [66]

Ũ1
¯̃

U1 MG5_aMC LO Pythia 8.244 NNPDF2.3lo A14

t t̄W Sherpa 2.2.10 MePs@Nlo Sherpa NNPDF3.0nnlo Sherpa default

(MG5_AMC) (NLO) (PYTHIA 8.210) (NNPDF3.0nlo) (A14)

t t̄W (EW) Sherpa 2.2.10 LO Sherpa NNPDF3.0nnlo Sherpa default

(MG5_AMC) (LO) (PYTHIA 8.230) (NNPDF3.0nlo) (A14)

Diboson, Triboson Sherpa 2.2.2 MePs@Nlo Sherpa NNPDF3.0nnlo Sherpa default

t t̄(Z/γ ∗ → ℓ+ℓ−) Sherpa 2.2.11 MePs@Nlo Sherpa NNPDF3.0nnlo Sherpa default

(MG5_AMC) (NLO) (PYTHIA 8.210) (NNPDF3.0nlo) (A14)

t t̄ H Powheg- BOX NLO Pythia 8.230 NNPDF3.0nlo A14

(POWHEG-BOX) (NLO) (HERWIG7.0.4 [89]) (NNPDF3.0nlo) (H7-UE-MMHT [89])

(MG5_AMC) (NLO) (PYTHIA 8.230) (NNPDF3.0nlo) (A14)

t t̄ → W +bW −b̄(γ ∗ → ℓ+ℓ−) MG5_aMC LO Pythia 8.212 NNPDF3.0lo A14

t (Z/γ ∗) MG5_aMC NLO Pythia 8.230 NNPDF2.3lo A14

tW (Z/γ ∗) MG5_aMC NLO Pythia 8.212 NNPDF2.3lo A14

t t̄ Powheg- BOX NLO Pythia 8.230 NNPDF3.0nlo A14

(POWHEG-BOX) NLO (HERWIG7.1.3) (NNPDF3.0nlo) (H7-UE-MMHT)

t t̄ t MG5_aMC LO Pythia 8.186 NNPDF2.3lo A14

t t̄ t t̄ MG5_aMC NLO Pythia 8.186 NNPDF3.1nlo A14

Single top Powheg- Box NLO Pythia 8.230 NNPDF3.0nlo A14

(t-, W t-, s-channel)

Z → ℓ+ℓ− Sherpa 2.2.1 MePs@Nlo Sherpa NNPDF3.0nlo Sherpa default

Z → ℓ+ℓ−(γ → e+e−) Powheg- BOX NLO Pythia 8.186 CTEQ6L1nlo [90] A14

Z → ℓ+ℓ−(γ ∗ → e+e−) Powheg- BOX NLO Pythia 8.240 CTEQ6L1nlo A14

W+jets Sherpa 2.2.1 MePs@Nlo Sherpa NNPDF3.0nlo Sherpa default

V H Powheg- BOX NLO Pythia 8.186 NNPDF3.0nlo A14

t t̄W +W − MG5_aMC LO Pythia 8.186 NNPDF2.3lo A14

tW H MG5_aMC LO Pythia 8.235 NNPDF2.3lo A14

t H jb MG5_aMC LO Pythia 8.230 NNPDF2.3lo A14

impact parameter, z0, satisfies |z0 sin θ | < 0.5 mm, where θ

is the polar angle of the track.
To further suppress leptons from heavy-flavour hadron

decays, misidentified jets, or photon conversions (collec-
tively referred to as ‘non-prompt leptons’), lepton candi-
dates are also required to be isolated in the tracker and in
the calorimeter. A track-based lepton isolation criterion is
defined by calculating the quantity IR = ∑

ptrk
T , where the

scalar sum includes all tracks (excluding the lepton candi-
date itself) within the cone defined by �R < Rcut around
the direction of the lepton. The value of Rcut is the smaller of
rmin and 10 GeV/pℓ

T, where rmin is set to 0.2 (0.3) for elec-

tron (muon) candidates and where pℓ
T is the lepton pT. All

lepton candidates must satisfy IR/pℓ
T < 0.15. Additionally,

electrons (muons) are required to satisfy a calorimeter-based
isolation criterion: the sum of the transverse energy within a
cone of size �R = 0.2 around the lepton, after subtracting
the contributions from pile-up and the energy deposit of the
lepton itself, is required to be less than 20% (30%) of pℓ

T.
The selection criteria described above largely suppresses

the contribution from non-prompt leptons. Additional require-
ments are applied in the 2ℓSS and 3ℓ categories to further sup-
press the main non-prompt lepton types. Non-prompt leptons
from hadrons decays that contain bottom- and charm-quarks
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(denoted as ‘heavy-flavour (HF) non-prompt leptons’) are
further rejected using a boosted decision tree (BDT) discrim-
inant, referred to as the non-prompt-lepton BDT [96]. This
BDT discriminant is based on isolation and lifetime infor-
mation associated with a jet reconstructed from tracks in the
ID that matches the selected light lepton. Three exclusive
working points (WPs) determined from the BDT score are
used: Tight, VeryTight, and Tight-not-VeryTight. The Tight

WP allows to select prompt-like leptons with an efficiency for
muons (barrel/endcap electrons) that satisfy the calorimeter-
and track-based isolation criteria of about 60% (60/70%) for
pT ∼ 20 GeV and reaches a plateau of 95% (95/90%) at
pT ∼ 40 (40/65) GeV. The prompt lepton efficiency of
the VeryTight WP for muons (barrel/endcap electrons) that
satisfy the calorimeter- and track-based isolation criteria is
about 55% (55/60%) for pT ∼ 20 GeV and reaches a plateau
of 90% (85/83%) at pT ∼ 40 (40/65) GeV. The corre-
sponding rejection factor2 against muons (electrons) from
the decay of b-hadrons ranges from 33 to 50 (20 to 50) for the
Tight WP, and from 50 to 100 (33 to 66) for the VeryTight WP,
depending on pT and η, after resolving ambiguities between
overlapping reconstructed objects. The latter allows to select
non-prompt-like leptons and is part of the event selection of
the control regions enriched in HF non-prompt lepton back-
ground, as described in Sect. 6.

In order to further suppress electrons with incorrect charge
assignment, a BDT discriminant based on calorimeter and
tracking quantities [97] is used. An efficiency of approxi-
mately 96% in the barrel region and 81% in the endcaps is
obtained, with rejection factors of 19 in the barrel region
and 40 in the endcaps. Material (γ → e+e−) and internal
(γ ∗ → e+e−) conversion candidates are identified based
on a combination of requirements on the invariant mass of
tracks and the radius from the reconstructed displaced vertex
to the primary vertex. Material conversion candidates have
a reconstructed displaced vertex with radius r > 20 mm
that includes the track associated with the electron.3 The
invariant mass of the associated track and the closest (in �η)
opposite-charge track reconstructed in the silicon detector,
calculated at the conversion vertex, is required to be less than
100 MeV. Internal conversion candidates, which correspond
to the internal photon conversions (see Sect. 3), are required
to fail the criteria for material conversions, but the invari-
ant mass of the two tracks matched to the primary vertex is
required to be less than 100 MeV.

After the initial categorisation based on loose leptons (cor-
responding to L), the most optimal lepton working point
to further optimise the event selection is chosen depend-
ing on the main background processes and statistics of each

2 The rejection factor is defined as the reciprocal of the efficiency.
3 The beampipe and insertable B-layer inner radii are 23.5 mm and
33 mm, respectively.

category. The medium inclusive (M) lepton working point
corresponds to leptons passing the Tight non-prompt-lepton
BDT WP, whereas the medium exclusive (Mex ) lepton work-
ing point requires leptons to pass the Tight-not-VeryTight

non-prompt-lepton BDT WP. The tight (T ) lepton work-
ing point selects leptons passing the VeryTight non-prompt-
lepton BDT WP and provides the highest purity of prompt
leptons. The various choices can be seen for all categories
used in this analysis in Sect. 5. All M , Mex , and T electrons
in the analysis are required to not be material nor internal
conversion candidates, with the exception of the electron in
the control regions enriched with internal and material con-
versions, denoted as e∗. The various lepton working points
used in this analysis are summarised in Table 2.

The constituents for jet reconstruction are identified by
combining measurements from both the ID and the calorime-
ter using a particle flow (PFlow) algorithm [98,99]. Jet can-
didates are reconstructed from these PFlow objects using
the anti-kt algorithm [100,101] with a radius parameter of
R = 0.4. They are calibrated using simulation with correc-
tions obtained from in situ techniques in data [99]. Only jet
candidates with a pT > 25 GeV and within |η| < 2.5 are
selected. In order to reduce the effect from pile-up, each jet
with pT < 60 GeV and |η| < 2.4 is required to satisfy the
“Tight” working point, correspondng to an efficiency of 95–
97% depending on jet pT of the Jet Vertex Tagger (JVT)
[102] criteria used to identify the jets as originating from
the selected primary vertex. A set of quality criteria is also
applied to reject events containing at least one jet arising from
non-collision sources or detector noise [103].

Jets containing b-hadrons are identified (b-tagged) via an
algorithm [104,105] that uses a deep-learning neural network
based on the distinctive features of the b-hadrons such as the
impact parameters of tracks and the displaced vertices recon-
structed in the ID. Additional input to this network is pro-
vided by discriminant variables constructed by a recurrent
neural network [106], which exploits the spatial and kine-
matic correlations between tracks originating from the same
b-hadron. For each jet, a value for the multivariate b-tagging
discriminant is calculated. A jet is b-tagged if the b-tagging
score is above a certain threshold, referred to as an operat-
ing point (OP). In this search, a jet is considered b-tagged
if it passes the OP corresponding to 85% efficiency to tag a
b-quark jet, with a light-jet4 rejection factor of about 40, and
a charm-jet (c-jet) rejection factor of about 3, as determined
for jets with pT > 20 GeV and |η| < 2.5 in simulated t t̄

events. Correction factors derived from dedicated data sam-
ples enriched in b-jets, c-jets, or light jets, are applied to the
simulated samples [104,107,108].

4 ‘Light jet’ refers to a jet originating from the hadronisation of a light
quark (u, d, s) or a gluon.
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Table 2 Description of the loose inclusive (L), medium inclusive (M),
medium exclusive (Mex ), and tight (T ) lepton definitions. The electron
e∗ is required to fulfil, in addition to the corresponding lepton definition

requirements, those corresponding to an internal or material conversion
candidate

e µ

Lepton definition L M Mex T L M Mex T

Isolation Yes Yes

Non-prompt lepton WP No Tight Tight-not- VeryTight No Tight Tight-not- VeryTight

VeryTight VeryTight

Identification Loose Tight Loose Medium

Electron charge-misassignment veto No Yes N/A

Electron conversion candidate veto No Yes (except e∗) N/A

Transverse impact parameter < 5 < 3

significance |d0|/σd0

Longitudinal impact parameter < 0.5 mm

|z0 sin θ |

The ambiguities among leptons satisfying the L crite-
ria and selected jets are resolved by following an overlap
removal procedure that takes into account whether a jet is
b-tagged or not. If two electrons are closer than �R = 0.1,
only the one with the higher pT is considered. If an electron
and a muon overlap within �R = 0.1, the muon is rejected if
it is reconstructed from a track and calorimeter deposits con-
sistent with a minimum ionising particle (i.e. calo-tagged),
else the electron is rejected. If an electron and a selected jet
are found within �R < 0.2, the jet is rejected if it is not
b-tagged5 or if it has pT > 200 GeV. Muons are required
to be separated by �R > 0.4 from any jet that is ghost-
associated [109] to it. If the jet satisfying the �R < 0.4
requirement is not a b-tagged jet and contains less than three
tracks with pT > 500 MeV, the overlapping jet is rejected
from the event, otherwise, the muon is rejected. If the over-
lapping jet is b-tagged, the muon is rejected. A lepton lying
within a variable-size cone depending on the lepton pT and
with a maximum radius of R = 0.4 around a selected jet that
survived all previous overlap criteria is rejected.

The missing transverse momentum �pmiss
T (with magnitude

Emiss
T ) is defined as the negative vector sum of the pT of

all selected and calibrated objects in the event, including a
term to account for the momentum from soft particles in the
event that are not associated with any of the selected objects
[110]. This soft term is calculated from inner-detector tracks
matched to the selected primary vertex, which makes it more
resilient to contamination from pile-up interactions.

5 For the overlap removal, a jet is considered b-tagged if it passes the
70% working point. However, the choice of the b-tagging working point
does not have a sizeable impact on the signal acceptance.

5 Search strategy

This search targets primarily scalar LQd
mix pair production

where each LQd
mix decays into te or tµ. In each final state,

tete or tµtµ, events contain two light leptons from the
LQd

mix decays, plus possibly additional leptons from the top-
quark(s) decay chain. Additionally, the final state comprises
two b-jets from the top-quark decays, and may contain addi-
tional light-jets from initial- or final-state radiations or from
a hadronically decaying W boson in one of the top-quark
decays. The presence of at least three leptons in the signal-
enriched event categories is exploited to substantially reduce
the SM background and to improve the search sensitivity.
This also makes this search orthogonal to a previous ATLAS
search [45] with two oppositely charged light leptons, and
thus allow for an eventual combination. The analysis chan-
nels are sub-divided into different event categories depending
on the multiplicity of light leptons and the sign of their elec-
tric charges. A maximum-likelihood fit is performed across
all event categories to search for the signal and constrain
several leading backgrounds simultaneously. The kinematic
reconstruction of top quarks and consequently of the LQ is
difficult with multiple light leptons and neutrino(s) in the
selected events. The decay of a pair of massive LQs results
in energetic final state objects. Therefore the effective mass
(meff ), defined as the sum of pT of light leptons, jets, and the
Emiss

T , is chosen as the final discriminant due to its power to
discriminate signal against background in the search chan-
nels. The results of the search are also interpreted for the
vector Ũ1 models for each decay mode (tete or tµtµ) of the
LQ pair.
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5.1 Event selection

A combination of lepton triggers [111–113], which are based
on electron and muon signatures, are used for the events
selection. Single-electron (muon) triggers are required to
have an electron (muon) satisfying certain identification
requirements and with a pT above a certain threshold. For the
data collected in 2015, the pT thresholds are 24 GeV, 60 GeV
and 120 GeV for the single-electron triggers and 20 GeV
and 50 GeV for the single-muon triggers. For the data col-
lected during 2016–2018, the thresholds were raised slightly
to 26 GeV, 60 GeV, and 140 GeV for the single-electron trig-
gers and 26 GeV and 50 GeV for the single-muon triggers.
The electron identification criteria are relaxed for the higher
pT threshold single-electron triggers. Single-lepton triggers
with low pT threshold and lepton isolation requirements are
combined in a logical OR with the high pT threshold trig-
gers without isolation requirements. The dielectron trigger
requires two electrons satisfying loose identification with pT

threshold of 12 GeV in 2015, 17 GeV in 2016, and 24 GeV in
2017 and 2018. The dimuon trigger requires two muons with
asymmetric pT thresholds of 8 GeV and 18 GeV (8 GeV
and 22 GeV) in the 2015 (2016–2018) data period(s). The
electron+muon trigger requires events to have an electron
candidate satisfying loose identification with a pT threshold
of 17 GeV and a muon candidate with a pT threshold of
14 GeV for all data-taking periods. Events are selected using
the logical OR of the single-lepton and dilepton triggers.

Events selected by the trigger are required to further sat-
isfy basic preselection requirements. They must have at least
one primary vertex candidate. Events are required to contain
at least two leptons satisfying the L criteria (see Sect. 4) with
pT > 10 GeV. The selected light leptons are required to
match, with �R < 0.15, the corresponding leptons recon-
structed by the trigger and to have a pT exceeding the trig-
ger pT threshold by 1 GeV. Furthermore, two or more jets
with pT > 25 GeV must be present in the event. The trig-
ger requirement has an efficiency of 99.9% for signal events
satisfying the preselection requirements.

5.2 Event categorisation

Three orthogonal final states, termed “channels”, are anal-
ysed, defined by the multiplicity of leptons with pT >

10 GeV:

• 2ℓSS: two same-charge light leptons
• 3ℓ: three light leptons
• 4ℓ: at least four leptons

The channels are subdivided into different event categories
optimised either to search for the signal (referred to as ‘signal
regions’, or SR), to obtain improved background estimates

(referred to as ‘control regions’, or CR), or to validate the
estimated backgrounds (referred to as ‘validation regions’,
or VR). Only SRs and CRs are included in the maximum-
likelihood fit.

Signal and control regions are defined in the 3ℓ channels,
whereas the 4ℓ (2ℓSS) channel contains only signal (con-
trol) regions. Validation regions close to the signal regions
are additionally present in the 3ℓ and 4ℓ channels. Impor-
tant background contributions to this analysis come from
t t̄W , t t̄ Z , and diboson processes. The 2ℓSS control regions
are enriched in t t̄W and reducible background from non-
prompt leptons, while the 3ℓ control regions are dominated
by t t̄ Z , diboson, and the photon conversion backgrounds.
Signal events are required to have at least three reconstructed
leptons and the SRs are further optimised depending on the
lepton multiplicity and kinematics of final-state objects. The
signal-to-background ratio and the background compositions
are different in the 3ℓ and 4ℓ channels. The 3ℓ SR targets LQ
pair signal events where one of the top quarks decays lep-
tonically, whereas the 4ℓ SR is enriched in LQ pair events
where both top quarks decay into leptons. Figure 2 illustrates
the categorisation and definition of the signal and control
regions being fit simultaneously in this analysis.

The variable meff is powerful in discriminating between
the signal and background as shown in Fig. 3a. An additional
kinematic variable exploited in the optimisation of SRs is the
invariant mass mmin

ℓℓ , defined as the minimum of all combi-
nations of dilepton-pair invariant masses (see Fig. 3b). The
SR labelled as SR-e (SR-µ) is defined for the LQ pair search
in the tete (tµtµ) channel. A total of 7 CRs are defined to
provide background-rich samples that do not overlap with
the SRs. The VRs are defined, using cuts on meff and mmin

ℓℓ ,
to be kinematically closer to the SRs but orthogonal to the
CRs in order to validate the extrapolation of the background
estimation. The definitions of all of these regions is given
below.

In the 2ℓSS channel, events contain two same-charge lep-
tons with pT > 20 GeV and at least two jets, of which
at least one is b-tagged. A CR enriched in t t̄W is defined
by requiring both leptons to satisfy T identification criteria
to suppress the contributions from non-prompt leptons. The
contribution of t t̄W events in this CR region is more than
50% with negligible signal contamination. To estimate the
non-prompt-lepton background in the t t̄W CR, two addi-
tional 2ℓSS CRs are defined. These regions are enriched in
non-prompt leptons originating from heavy-flavour hadron
decays. The Mex identification criteria is applied to at least
one of the two leptons in these regions in order to be orthogo-
nal to the signal regions. Events fulfilling the criteria T Mex ,
Mex T , or Mex Mex for the leading and subleading leptons in
pT are selected and further split according to the subleading
lepton flavour. Additionally, the transverse mass of the lead-
ing lepton and the missing transverse energy, mT (ℓ0, Emiss

T ),
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Fig. 2 Illustrative sketch of the definition of the signal and control regions. The corresponding observable used in the simultaneous fit, as described
in Sect. 8, is given at the bottom of each region box

Fig. 3 Comparison of the
distribution of a meff in 3ℓSR-e
or 4ℓSR-e region without an
meff requirement, and b mmin

ℓℓ in
3ℓSR-µ or 4ℓSR-µ region
without a mmin

ℓℓ requirement,
between the total background
(shaded histogram) and the
various LQ signals. The shapes
of these variables (meff and
mmin

ℓℓ ) are very similar in the
electron and muon channels.
The last bin in each distribution
contains the overflow

Table 3 Summary of event categories for the 2ℓSS control regions. All
events are required to satisfy preselection requirements. The exclusive
medium lepton and tight lepton definitions (see Table 2) are denoted
as Mex and T , respectively. The lepton ordering of the e/µ selection
and combination rows is based on the lepton pT, with the first one cor-

responding to the leading lepton. The e internal (material) conversion
veto refers to the requirement where the electron candidate fails to fulfil
the criteria for the internal (material) photon conversion (see Sect. 4).
Dashes (–) refer to cuts that are not applicable

2ℓSS CRs

2ℓtt(e) 2ℓtt(µ) 2ℓttW

e/µ selection T Mex || Mex T || Mex Mex T T

e/µ combination ee/µe µµ/eµ ee/µµ/eµ/µe

ℓℓ charge ++ or −−
e internal conversion veto Yes

e material conversion veto Yes

Number of jets ≥ 2

Number of b–jets 1 ≥ 2

pℓ
T [GeV ] > 20

mT(ℓ0, Emiss
T ) [GeV ] < 250 –
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Table 4 Summary of control regions and signal regions categories
in the 3ℓ channel. All events are required to satisfy the preselection
requirements. The medium and loose lepton definitions (see Table 2) are
labelled as M and L , respectively. Same-charge (opposite-charge) lep-
ton pairs are also referred to as same-sign (opposite-sign) with abbrevia-
tion SS (OS), and the invariant mass of two same flavour and oppositely
charged lepton pair is labelled as mO S−SF

ℓ+ℓ− . The lepton with opposite-

sign charge to that of the other two same-sign leptons is denoted ℓ0, but
is not necessarily the one with highest pT; the remaining SS leptons are
denoted ℓ1 and ℓ2. The e internal (material) conversion veto refers to
the requirement where the electron candidate fails to fulfil the criteria
for the internal (material) photon conversion (see Sect. 4). No valida-
tion regions are included in the fit. Dashes (–) refer to cuts that are not
applicable

3ℓ

CR VR SR

3ℓVV 3ℓttZ 3ℓIntC 3ℓMatC 3ℓVR 3ℓSR-e 3ℓSR-µ

e/µ selection M (SS pair), L other

e/µ combination 3e / 2e1µ / 2µ1e / 3µ 3e / 2e1µ 3µ / 2µ1e

Total charge ±1 – ±1

e internal conversion Yes Inverted Yes Yes

veto (ℓ1 or ℓ2) (ℓ1 and ℓ2)

e material conversion Yes Yes Inverted Yes

veto (ℓ1 and ℓ2) (ℓ1 or ℓ2)

Number of jets ≥ 2 ≥ 0 ≥ 2

Number of b–jets 1 ≥ 2 0 ≥ 1

pℓ
T [GeV ] > 20 (SS pair), > 10 other > 20

mO S−SF
ℓ+ℓ− [GeV ] > 12

|mO S−SF
ℓ+ℓ− − m Z | [GeV ] < 10 > 10 > 10

|mℓℓℓ − m Z | [GeV ] – < 10 –

mmin
ℓℓ [GeV ] – < 200 ≥ 200

meff [GeV ] – – ≥ 500

defined as
√

2Emiss
T pT,ℓ0(1 − cos(φmiss − φℓ0)), is required

to be lower than 250 GeV in the T Mex and Mex T regions,
in order to reduce the t t̄W contribution in these CRs. The
region where the subleading lepton is an electron (muon) is
labelled as 2ℓtt(e) (2ℓtt(µ)). The selections applied to these
three CRs are given in Table 3.

In the 3ℓ channel, events are required to contain three lep-
tons, where two same-charge leptons satisfy the M identifi-
cation, and the remaining lepton passes the L identification.
Furthermore, events contain one opposite-charge (OS) and
same-flavour (SF) pair having invariant mass, mO S−SF

ℓ+ℓ− >

12 GeV. Selected events fall into seven event categories: two
SRs, four CRs and one VR. Regions enriched in diboson and
t t̄ Z background are defined by requiring mO S−SF

ℓ+ℓ− satisfy-

ing criteria compatible with a Z boson, |mO S−SF
ℓ+ℓ− − m Z | <

10 GeV, differing in the b-jet multiplicity requirement. These
regions are labelled as 3ℓVV and 3ℓttZ for the diboson
and t t̄ Z CRs, respectively. Both CRs have respective event
purities of more than 60%. Two additional control regions
enriched in photon conversions from Z → µµγ ∗(→ ee) are
defined, according to the identification of the electron as a
material conversion or internal conversion candidate, and are
labelled as 3ℓMatC and 3ℓIntC, respectively. These regions
are also required to have invariant mass of three leptons, mℓℓℓ,

compatible with a Z boson, |mℓℓℓ − m Z | < 10 GeV, while
satisfying |mO S−SF

ℓ+ℓ− − m Z | > 10 GeV. Events consisting of
three leptons with pT > 20 GeV, at least two jets, and at
least one b-tagged jet are split into two SRs depending on
the multiplicity of leptons with certain flavour. The 3ℓ SR-e
(SR-µ) is characterised by at least two electrons (muons),
and additionally has mmin

ℓℓ ≥ 200 GeV and meff ≥ 500 GeV.
One VR is defined by removing the meff requirement and
inverting the mmin

ℓℓ cut from the SR−e and SR-µ criteria and
merging the electron and muon channels. Selection criteria
of the 3ℓ CRs, VR and SRs are summarised in Table 4.

In the 4ℓ channel, events are required to have four L iden-
tified leptons, at least two jets, and at least one b-tagged jet.
Events with an OS and SF lepton pair compatible with a
Z boson are vetoed. Selected events are split into two SRs
and one VR. The 4ℓSR-e and 4ℓSR-µ are characterised by
mmin

ℓℓ ≥ 100 GeV and meff ≥ 500 GeV, while 4ℓVR has
mmin

ℓℓ < 100 GeV, no requirement on meff , and has the elec-
tron and muon regions merged. Table 5 summarises the def-
initions of the SRs and VR in the 4ℓ channel.

The total signal acceptance × efficiency in the tete

(tµtµ) selections ranges from 13.9% to 15.4% (13.3% to
17.5%) depending on the LQd

mixmass. Similar efficiencies
are obtained for the Ũ1 signal.
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Table 5 Summary of signal regions categories in the 4ℓ channel. All
events are required to satisfy the preselection requirements. The loose
lepton definition (see Table 2) is labelled as L . In 4ℓ channel the leptons
are ordered in pT. The signal region consisting of two electrons and two

muons is associated to 4ℓSR-e (4ℓSR-µ), if the leading light lepton in
pT is an electron (a muon). No validation regions are included in the
fit. Dashes (–) refer to cuts that are not applicable

4ℓ

VR SR

4ℓVR 4ℓSR-e 4ℓSR-µ

e/µ selection L

e/µ combination 4e / 3e1µ / 2e2µ / 3µ1e / 4µ 4e / 3e1µ / 2e2µ (lead e) 4µ / 3µ1e / 2µ2e (lead µ)

Total charge 0

Number of jets ≥ 2

Number of b–jets ≥ 1

pℓ
T [GeV ] > 10

mO S−SF
ℓ+ℓ− [GeV ] > 12

|mO S−SF
ℓ+ℓ− − m Z | [GeV ] > 10

mmin
ℓℓ [GeV ] < 100 ≥ 100

meff [GeV ] – ≥ 500

6 Background estimation

The background processes passing the signal region selec-
tions are categorised into irreducible and reducible back-
grounds. Irreducible backgrounds (Sect. 6.1) have only prompt
leptons, i.e. produced in W/Z boson decays, in leptonic
τ -lepton decays, or internal conversions. Reducible back-
grounds (Sect. 6.2) have prompt leptons with misassigned
charge or at least one non-prompt lepton.

All backgrounds with the exception of electrons with mis-
assigned charge (denoted as QMisID) are estimated using the
simulated samples described in Sect. 3. In some cases, the
simulation is improved using additional corrections derived
in data control samples before the simultaneous likelihood
fit to data. In particular, the Njets and Nb−jets of the simulated
diboson and non-prompt-lepton backgrounds, respectively,
require dedicated corrections, whereas the normalisation of
the background contribution from simulated t t̄ events with
at least one additional b-jet (t t̄ +≥ 1 b-jet) is scaled to bet-
ter describe the data. In addition, the yields of some simu-
lated backgrounds, in particular t t̄W , t t̄ Z , diboson and non-
prompt-lepton backgrounds, are adjusted via normalisation
factors that are determined by performing the likelihood fit
to data across all event categories (control and signal regions
as defined in Tables 3, 4 and 5), discussed in Sect. 8.

6.1 Irreducible backgrounds

Background contributions with prompt leptons originate
from a wide range of physics processes with the relative
importance of individual processes varying by channel. The
main irreducible backgrounds originate from t t̄W , t t̄ Z/γ ∗,
and diboson (in particular W Z ) production, and have final

states and kinematic properties similar to the leptoquark sig-
nal. Smaller contributions originate from the following rare
processes: t Z , tW , tW Z , t t̄W W , triboson, t t̄ t and t t̄ t t̄ pro-
duction.

6.1.1 t t̄W background

The t t̄W background represents the leading background in
several event categories. Despite the use of state-of-the-
art simulations, accurate modelling of additional QCD and
QED radiation in t t̄W production remains challenging. Since
the signal leptoquark events populate mostly the 3ℓ and 4ℓ

regions, the 2ℓSS region is split based on various combina-
tions of lepton requirements (see Table 2) and b-jet multiplic-
ities in order to create control regions enriched in non-prompt
leptons or t t̄W . The 2ℓttW control region is required to have
exactly two same-sign T leptons and ≥ 2 b-jets. The meff

distribution is the variable fitted in this category and pro-
vides additional constrain on this background in the tails of
the distribution.

An overall normalisation factor is derived from the final
simultaneous likelihood background-only fit that compares
the data-MC agreement in this region. The measured normal-
isation factor is λ̂t t̄W = 1.27±0.15, which is compatible with
that determined in the ATLAS SM t t̄ t t̄ analysis [114], and
with a previous ATLAS measurement of the t t̄W production
cross section [115].

Figure 4a displays the meff distribution in the 2ℓttW CR
after the likelihood fit to data. There is good agreement
between data and the background prediction after the fit
within the statistical and systematic uncertainty band at high
values of the meff distribution.
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Fig. 4 Comparison between data and the background prediction
(“Bkg.”) for the meff distribution in the a 2ℓttW, b 3ℓttZ, and c 3ℓVV
CRs. The background contributions after the likelihood fit to data (“Post-
Fit”) under the background-only hypothesis are shown as filled his-
tograms. The total background prediction before the likelihood fit to
data (“Pre-Fit Bkg.”) is shown as a dashed blue histogram in the upper

panel. The ratio of the data to the background prediction is shown in the
lower panel, separately for post-fit background (black points) and pre-fit
background (dashed blue line). The size of the combined statistical and
systematic uncertainty in the background prediction is indicated by the
blue hatched band. The last bin in each figure contains the overflow

123



818 Page 14 of 40 Eur. Phys. J. C (2024) 84 :818

Fig. 5 Comparison between data and prediction for the meff distri-
bution used in the validation regions: a 3ℓVR, b 4ℓVR. The back-
ground contributions after the likelihood fit to data (“Post-Fit”) under
the background-only hypothesis are shown as filled histograms. The
total background prediction before the likelihood fit to data (“Pre-Fit
Bkg.”) is shown as a dashed blue histogram in the upper panel. The

ratio of the data to the background (“Bkg.”) prediction is shown in the
lower panel, separately for post-fit background (black points) and pre-fit
background (dashed blue line). The size of the combined statistical and
systematic uncertainty in the background prediction is indicated by the
blue hatched band. The last bin in each figure contains the overflow

6.1.2 Diboson and t t̄ Z/γ ∗ backgrounds

The diboson simulated sample does not correctly model the
jet multiplicity spectrum in data. Therefore, a data-driven
correction is derived from an inclusive 3ℓ diboson-enriched
region with zero b-jets and at least one jet, referred to as
3ℓVV0b region. The events are required to have three leptons
passing the (L , M , M) selection, where the second and third
are the same-sign lepton pair, and the first lepton is opposite-
sign with respect to the other two. The Njets correction values
range between 0.99 for diboson events with one additional
jet to 0.67 for diboson events with at least seven additional
jets.

The 3ℓVV and 3ℓttZ CRs are used in the likelihood fit
to improve the prediction of the diboson background contri-
bution with at least one b- or c-jet (denoted as V V + HF)
and t t̄ Z/γ ∗ processes, respectively. The number of b-jets
provides good discrimination between these two processes
and is used to build the control regions. The discriminating
variable used in the fit is the meff distribution. The mea-
sured normalisation factors from the final simultaneous like-
lihood background-only fit are: λ̂V V +HF = 1.21 ± 0.18 and
λ̂t t̄Z = 0.98 ± 0.09.

Figure 4b, c display the meff distributions in the 3ℓVV
and 3ℓttZ CRs after the likelihood fit to data. There is good
agreement between data and the background prediction after
the fit within the statistical and systematic uncertainty band
at high values of the meff distribution.

6.1.3 Other irreducible backgrounds

The rate of the background from internal conversions with
m(e+e−) < 1 GeV is estimated using the two dedicated CRs
(3ℓIntC and 3ℓMatC), where at least one internal or material
conversion electron candidate is required, respectively. The
total yield in each category is used in the final likelihood
background-only fit to determine the following normalisa-
tion factor: λ̂IntC

e = 1.09 ± 0.24, where the uncertainty is
dominated by the statistical uncertainty.

6.2 Reducible backgrounds

6.2.1 Non-prompt leptons

Non-prompt leptons originate from material conversions,
heavy-flavour hadron decays, or the improper reconstruc-
tion of other particles, with an admixture strongly depend-
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ing on the lepton quality requirements and varying across
event categories. These backgrounds are in general small in
the 3ℓ SR and are estimated from simulation, with the nor-
malisation determined by the likelihood fit. The non-prompt
lepton background contribution in the 4ℓ SR is negligible
and is therefore taken from simulation without dedicated
data-driven corrections. The main contribution to the non-
prompt-lepton background is from t t̄ production, followed
by much smaller contributions from V +jets and single-top-
quark processes. The non-prompt leptons in the simulated
samples are labelled according to whether they originate from
HF or light-flavour (LF) hadron decays, or from a material
conversion candidate. The HF category includes leptons from
both bottom and charm decays.

Two corrections are applied to the t t̄ and the overall non-
prompt lepton background simulation before the fit. First,
the t t̄ +≥ 1 b-jet contribution is corrected by a factor of 1.3
as measured by a previous ATLAS analysis sensitive to the
in-situ measurement of this contribution in the single- and
opposite-sign di-lepton final states [116]. Second, the shape
of the b-jet multiplicity in the non-prompt lepton background
simulation is corrected to match data in an orthogonal 2ℓSS
validation region enriched with non-prompt leptons, where
one of the leptons in required to pass a looser non-prompt
lepton BDT score but not pass the M lepton WP.

Several of the event categories introduced in Sect. 5 were
designed to be enriched in specific processes and are used
to derive normalisation factors to improve their modelling
by the simulation. In three control regions (3ℓMatC, 2ℓtt(e),
2ℓtt(µ)) enriched in t t̄ events with non-prompt leptons, the
total event yield is used in the likelihood fit to estimate
the normalisation factors for these three non-prompt-lepton
background contributions. The estimate of non-prompt lep-
tons from heavy-flavour hadron decays or the improper
reconstruction of other particles is measured in the 2ℓtt(e)
and 2ℓtt(µ) control regions within the simultaneous fit and
only affects the same-sign pair in 2ℓSS and 3ℓ. The normal-
isation factor for HF non-prompt leptons is measured sepa-
rately for electrons and muons, λhad

e and λhad
µ respectively. An

additional normalisation factor is determined for the material
conversion background, λMatC

e . The measured normalisation
factors from the final simultaneous likelihood background-
only fit are: λ̂had

e = 0.86 ± 0.35, λ̂had
µ = 1.05 ± 0.22, and

λ̂MatC
e = 1.26 ± 0.39, where the uncertainties are dominated

by the statistical uncertainty.

6.2.2 Charge misassignment

The background process containing electrons with the charge
incorrectly assigned affects primarily the ≪ channel. This
background predominantly arises from t t̄ production, with
one electron having undergone a hard bremsstrahlung as well

Fig. 6 Comparison between data and the background prediction for the
event yields in a the four signal region categories and b the seven control
region categories. The background contributions after the likelihood fit
to data (“Post-Fit”) under the background-only hypothesis are shown as
filled histograms. In a the expected LQd

mix (mLQd
mix

= 1.6 TeV) signal
event yields before the fit are added to the background in the upper panel.
The signal shown in 3ℓSR –e and 4ℓSR –e (3ℓSR − µ and 4ℓSR − µ)
SRs corresponds to tete (tµtµ). The total background prediction before
the likelihood fit to data (“Pre-Fit Bkg.”) is shown as a dashed blue
histogram in the upper panel. The ratio of the data to the background
(“Bkg.”) prediction is shown in the lower panel, separately for post-fit
background (black points) and pre-fit background (dashed blue line).
The size of the combined statistical and systematic uncertainty in the
background prediction is indicated by the blue hatched band

as an asymmetric conversion (e± → e±γ ∗ → e±e+e−) or
a mismeasured track curvature. The muon charge misassign-
ment rate is negligible in the pT range relevant to this anal-
ysis. The electron charge misassignment rate is measured in
data using samples of Z → e+e− events reconstructed as
same-charge pairs and as opposite-charge pairs. The back-
ground in these events is estimated from the sideband of
me+e− distribution and subtracted from data.
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Table 6 Summary of observed and predicted yields in the four sig-
nal region categories. The background prediction is shown after the
combined likelihood fit to data under the background-only hypothe-
sis across all control region and signal region categories. The expected
signal yields that are obtained by using their theoretical cross sections
are also shown with their pre-fit uncertainties, assuming B=1 and µ=1.

The uncertainties correspond to the combined statistical and system-
atic uncertainties in the predicted yields. The “Other” contribution is
dominated by t t̄ t t̄ and t t̄W W in the 3ℓ SRs, whereas it is dominated
by tW Z and t t̄W W in the 4ℓ SRs. Dashes refer to components that are
negligible or not applicable

3ℓSR-e 3ℓSR-µ 4ℓSR-e 4ℓSR-µ

Data 8 7 1 6

Total background 8.1 ± 0.6 10.2 ± 0.7 2.8 ± 0.2 3.3 ± 0.2

t t̄W 4.2 ± 0.6 5.6 ± 0.8 – –

Diboson 0.9 ± 0.1 1.5 ± 0.2 0.32 ± 0.05 0.40 ± 0.04

t t̄ Z/γ ∗ 1.33 ± 0.14 1.55 ± 0.15 1.69 ± 0.18 2.09 ± 0.21

tW Z – – 0.23 ± 0.12 0.22 ± 0.12

Non-prompt ℓ 0.25 ± 0.16 – – –

Other 1.44 ± 0.22 1.61 ± 0.31 0.53 ± 0.10 0.54 ± 0.12

LQd
mix 1.6 TeV 2.5 ± 0.2 2.7 ± 0.2 0.42 ± 0.11 0.40 ± 0.05

Ũ min
1 1.6 TeV 4.5 ± 0.2 4.6 ± 0.3 0.7 ± 0.1 0.7 ± 0.1

Ũ YM
1 1.6 TeV 27 ± 1 29 ± 2 4.4 ± 0.2 4.2 ± 0.3

Ũ YM
1 2.0 TeV 2.0 ± 0.2 2.0 ± 0.2 0.31 ± 0.08 0.30 ± 0.03

The charge misassignment rate is parameterised as a func-
tion of electron pT and |η|. It varies from about 10−5 for
low-pT electrons (17 ≤ pT ≤ 50 GeV) at |η| ≤ 1.37, to
about 3 × 10−4 for high-pT electrons (pT ≥ 100 GeV) at
1.52 ≤ |η| ≤ 2. The measured charge misassignment rate is
then applied to data events satisfying the requirements of the
≪ channels, except that the two leptons are required to be of
opposite charge, to estimate the QMisID background in each
of the corresponding event categories.

6.3 Validation of background modelling

Two validation regions are defined by requiring lower values
of mmin

ℓℓ than in the signal regions, as described in Sect. 5.2.
Figure 5 shows the meff distribution in the 3ℓVR and 4ℓVR
regions after the likelihood fit to data. The 3ℓVR is composed
of 30% t t̄W production, followed by t t̄ Z and diboson pro-
duction, whereas the 4ℓVR is enriched in t t̄ Z and diboson
processes. There is good agreement between data and the
background prediction after the fit within the statistical and
systematic uncertainty band.

7 Systematic uncertainties

Systematics uncertainties from the reconstructed objects and
from the theoretical modelling of various physics processes
can impact the estimated signal and background rates and the
shape of the fitted distributions in multiple event categories.
The impact of systematic uncertainties in the fit results were

found to be very small compared to the statistical uncertain-
ties due to limited number of data events in the signal regions.

The sources of uncertainties due to instrumental effects
include data luminosity and pile-up reweighting of recon-
structed events in the MC simulations. The uncertainty in the
combined 2015–2018 integrated luminosity is 1.7% [117],
obtained using the LUCID-2 detector [118] for the primary
luminosity measurements. There are also uncertainties asso-
ciated with the leptons’ and jets’ energy or momentum scale
and resolutions [99,119]. Furthermore, the uncertainties in
the scale factors to correct for the differences between data
and MC simulation in trigger [111,112], lepton reconstruc-
tion, identification and isolation [92,94], jet vertex tagging
[120,121] and b-tagging [104,122] efficiencies are taken into
account. Some of these uncertainties are split into several
components. These uncertainties are treated as correlated
across the signal and background in the fit, but uncorrelated
among individual components.

The impact of QCD renormalisation (µR) and factorisa-
tion (µF ) scale variations by a factor of 0.5 or 2 with respect
to the nominal scales, initial-state radiation scale variations
and the αs and NNPDF3.0nlo PDFs [123] are evaluated
on the signal acceptance in the signal regions. Total theo-
retical uncertainties on LQd

mix signal acceptance varies from
1% to 10% for low and intermediate masses and from 7%
to 19% for high mass (mLQd

mix
≥ 1.7 TeV) depending on the

signal region, with the dominant contributions arising from
the initial-state radiation variations and the µR and µF scale
variations. Similar uncertainties are found for the vector Ũ1

signal acceptances in the electron and muon channels.
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Fig. 7 Comparison between data and prediction for the meff distribu-
tion used in different signal region categories: a 3ℓSR –e, b 3ℓSR −µ, c

4ℓSR –e, and d 4ℓSR −µ. The background contributions after the like-
lihood fit to data (“Post-Fit”) under the background-only hypothesis
are shown as filled histograms. The total background prediction before
the likelihood fit to data (“Pre-Fit Bkg.”) is shown as a dashed blue
histogram in the upper panel. The ratio of the data to the background
(“Bkg.”) prediction is shown in the lower panel, separately for post-fit

background (black points) and pre-fit background (dashed blue line).
The expected LQd

mix (mLQd
mix

= 1.6 TeV) signal event yields before the
fit are added to the background in the upper panel. The signal shown in
3ℓSR –e and 4ℓSR –e (3ℓSR −µ and 4ℓSR−µ) SRs corresponds to tete

(tµtµ). The size of the combined statistical and systematic uncertainty
in the background prediction is indicated by the blue hatched band. The
blue triangles indicate points that are outside the vertical range of the
figure. The last bin in each figure contains the overflow

123



818 Page 18 of 40 Eur. Phys. J. C (2024) 84 :818

Fig. 8 The observed (solid) local p0 as a function of LQd
mix mass

(mLQd
mix

) assuming B = 1. The dashed curve shows the expected local

p0 under the hypothesis of a LQd
mix signal at that mass. The horizontal

dashed lines indicate the p-values corresponding to significances of 2
to 5 standard deviations

Theoretical uncertainties due to the modelling of various
irreducible background are included in the analysis. Mod-
elling uncertainties evaluated by comparing the fit distribu-
tions from nominal MC sample to those from the alternative
MC generator predictions are estimated for the t t̄W , t t̄ Z , and
t t̄ H processes, as listed in Table 1. Additional uncertainties
are evaluated from renormalisation and factorisation scale
variations by a factor of 0.5 and 2, relative to the nominal
scales, for the t t̄W , t t̄ Z , t t̄ H , and diboson samples.

The diboson background contribution with additional
light jets has a 2% uncertainty assigned on its cross section, as
calculated from the largest statistical uncertainty associated
to the data-driven diboson correction in the 3ℓVV0b region,
whereas the normalisation of the V V +HF background is
determined from the likelihood fit to the data (see Sect. 6.1).
Furthermore, an uncertainty derived from the fitted param-
eters for the jet-multiplicity-dependent diboson correction
is additionally applied to diboson processes (see Sect. 6.1).
The diboson scale variation uncertainties are uncorrelated
between LF and HF, whereas the jet-multiplicity-dependent
diboson correction uncertainty is correlated across the LF
and HF components.

Various sources of uncertainty in the estimation of the non-
prompt leptons, photon conversions and charge misidentified
background are taken into account. An extrapolation uncer-
tainty of 20% is assigned to capture possible differences in
mismodelling between the T and the Mex lepton definitions.
This uncertainty is estimated by comparing the T -over-M

non-prompt rate between the nominal Powheg+Pythia8 t t̄

sample and the alternative Powheg+Herwig7 t t̄ sample.
The input variables to the non-prompt lepton BDT were stud-
ied and non-closure uncertainties were derived for three of
them displaying some data and prediction disagreement in

Fig. 9 Observed (solid line) and expected (dashed line) 95% CL upper
limits on the LQd

mix pair production cross section as a function of mLQd
mix

for a tete and b tµtµ. The surrounding shaded band corresponds to the
±1 standard deviation around the combined expected limit. The red line
and band show the theoretical prediction and its ±1σ uncertainty

the 2ℓSS T Mex region. These variables are the relative muon
calorimeter cluster energy (Ecluster/Eexpected), the electron
track pT divided by the jet track pT, and the secondary vertex
longitudinal significance using tracks with pT > 500 MeV for
both electrons and muons. The statistical uncertainty associ-
ated to the data-driven correction of the b-jet multiplicity dis-
tribution in the non-prompt lepton background is considered
as a separate uncertainty. Additionally, a 50% uncertainty is
assigned to the t t̄ +≥ 1 b/c-jet contribution, although the
result is insensitive to this choice and remains unchanged if
a 100% uncertainty is assigned instead.

Uncertainties of 50% and 10% are estimated for internal
and material conversions, respectively, based on a compari-
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Fig. 10 Observed (solid line) and expected (dashed line) 95% CL
upper limits on B as a function of mLQd

mix
, a limits resulting from the

combination of tete analysis channels, b limits resulting from the com-
bination of tµtµ analysis channels. In each analysis, it is assumed that
B(LQd

mix → bν) = 1 − B(LQd
mix → tℓ), and there is no acceptance

for LQd
mix → bν decays. The surrounding shaded band corresponds to

the ±1σ uncertainty around the combined expected limit, as estimated
using pseudo-experiments. The dotted red line around the observed
limit indicates how the observed limit changes when varying the the-
oretical prediction for the LQd

mix pair production cross section by its
±1σ uncertainty

son between data and simulation in a dedicated 2ℓSS control
sample enhanced in conversion candidate events. This sam-
ple is defined by requiring two same-sign T leptons, at least
one of which is an electron that fails the internal or material
conversion veto requirement, respectively. This uncertainty

is applied to all categories, except for 3ℓIntC and 3ℓMatC,
as an extrapolation uncertainty.

The electron charge misassignment measurement is vali-
dated by a closure test in simulation using same-charge elec-
tron pairs, with the observed difference between measured
and predicted rates taken as the systematic uncertainty. Addi-
tional systematic uncertainties include the statistical uncer-
tainty from the data and the variation in the rates when the
Z -peak range definition is varied. The total systematic uncer-
tainty in the charge misassignment background estimate for
M electrons is about 30%, with the dominant contribution
at low pT originating from the closure tests and at high pT

from the statistical uncertainty.
Uncertainties in the modelling of other rare processes (e.g

t t̄ t t̄ , t (Z/γ ∗), tW (Z/γ ∗), t t̄ t , t t̄W +W −, V H , triboson) are
taken into account by assigning up to 50% uncertainties on
the production cross sections. These are conservative uncer-
tainties to account for limited information on the correct mod-
elling of these background processes. The choice of the size
of these uncertainties, as well as the t t̄ +≥ 1 c-jet uncertain-
ties, have negligible impact on the results.

8 Results

A maximum-likelihood fit is performed for each signal
hypothesis (tete and tµtµ) on all bins in the 7 control regions
and in the corresponding 2 signal regions to simultaneously
determine the background and the leptoquark signal yields
that are most consistent with the data. For the tete (tµtµ)
result, the 3ℓSR-e and 4ℓSR-e (3ℓSR-µ and 4ℓSR-µ) sig-
nal regions are considered in the fit. All control regions are
included in each fit. In the signal regions, as well as in the
2ℓttW, 3ℓttZ, and 3ℓVV control regions, the meff distribution
is fitted, thus ensuring that the main SM background pro-
cesses are correctly estimated in the tails of high meff values,
as well as maximising the sensitivity to the leptoquark signal.
In the remaining control regions 2ℓtt(e), 2ℓtt(µ), 3ℓIntC, and
3ℓMatC, the total event yield (i.e. a single bin) is used.

The likelihood function L(µ, �λ, �θ) is constructed as a
product of Poisson probability terms over all bins consid-
ered in the search. It depends on the signal-strength param-
eter, µ, defined as a multiplicative factor applied to the pre-
dicted yield for the pair-produced leptoquark signal, �λ, the
normalisation factors for several backgrounds (see Sect. 6),
and �θ , a set of nuisance parameters (NP) encoding system-
atic uncertainties in the signal and background expectations
[124]. The predicted signal yield depends on the assumed
mass mLQd

mix
and on the leptoquark being a scalar LQd

mix or

a vector Ũ1. Systematic uncertainties can impact the esti-
mated signal and background rates, the migration of events
between categories, and the shape of the fitted distributions;
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Fig. 11 Observed (solid line) and expected (dashed line) 95% CL
upper limits on the Ũ1 pair production cross section as a function
of m

Ũ1
for a minimal coupling scenario and Ũ min

1 exclusive decay

into te, b minimal coupling scenario and Ũ min
1 exclusive decay into

tµ, c Yang–Mills scenario and Ũ YM
1 exclusive decay into te, and d

Yang–Mills scenario and Ũ YM
1 exclusive decay into tµ. The surround-

ing shaded band corresponds to the ±1 standard deviation around the
combined expected limit. The red line and band show the theoretical
prediction and its ±1σ uncertainty

they are summarised in Sect. 7. Both µ and �λ are treated as
free parameters in the likelihood fit. The NPs �θ allow varia-
tions of the expectations for signal and background accord-
ing to the systematic uncertainties, subject to Gaussian con-
straints in the likelihood fit. Their fitted values represent the
deviations from the nominal expectations that globally pro-
vide the best fit to the data. Statistical uncertainties in each bin
due to the limited size of the simulated samples are taken into

account by dedicated parameters using the Beeston–Barlow
“lite” technique [125].

The test statistic qµ is defined as the profile likelihood

ratio: qµ = −2 ln(L(µ, �̂λµ, �̂θµ)/L(µ̂, �̂λµ̂, �̂θ µ̂)), where µ̂,

�̂λµ̂, and �̂θ µ̂ are the values of the parameters that maximise

the likelihood function, and �̂λµ and �̂θµ are the values of
the parameters that maximise the likelihood function for a
given value of µ. The test statistic qµ is evaluated with the
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RooFit package [126]. A related statistic is used to deter-
mine the probability that the observed data are compatible
with the background-only hypothesis (i.e. the discovery test)
by setting µ = 0 in the profile likelihood ratio (q0). The
p-value (referred to as p0) representing the probability of
the data being compatible with the background-only hypoth-
esis is estimated by integrating the distribution of q0 from
background-only pseudo-experiments above the observed
value of q0. Some model dependence exists in the estima-
tion of the p0, as a given signal scenario needs to be assumed
in the calculation of the denominator of q0, even if the overall
signal normalisation is allowed to float and is fitted to data.
The observed p0 is checked for each explored signal sce-
nario. Upper limits on the signal production cross section for
each of the signal scenarios considered are derived by using
qµ in the CLs method [127,128]. For a given signal scenario,
values of the production cross section (parameterised by µ)
yielding CLs < 0.05, where CLs is computed using pseudo-
experiments, are excluded at ≥ 95% confidence level (CL).

A comparison of the distributions of observed and expected
yields in the four SRs and the seven CRs after the combined
likelihood fit under the background-only hypothesis is shown
in Fig. 6a, b, respectively. The corresponding post-fit yields
for the 3ℓ and 4ℓ SRs can be found in Table 6. The system-
atic uncertainty with the largest impact on the signal strength
originates from the lepton identification. The search is domi-
nated by statistical uncertainties. In general, good agreement
between the data and predicted background yields is found
across all event categories.

The comparison between data and the background pre-
diction for the meff distributions used in the different SRs is
shown in Fig. 7. The binning used for the meff distributions in
the different SRs represents a compromise between preserv-
ing enough discrimination in the fit between the background
and the signal for the different values of the mLQd

mix
con-

sidered, and keeping the statistical uncertainty of the back-
ground prediction per bin well below 30%. No significant
excess is observed in any of the SRs. The observed p0 is
found to be consistent with the background-only hypothe-
sis for all values of mLQd

mix
considered. The observed and

expected p0 as a function of mLQd
mix

are shown in Fig. 8,
assuming the value of B = 1. This illustrates the significant
expected sensitivity of the search, which exceeds 5 standard
deviations for mLQd

mix
< 1.5 TeV and 3 standard deviations

for mLQd
mix

< 1.6 TeV.
In the absence of any significant excess above the SM

background prediction, 95% CL upper limits are set on the
cross section for the LQd

mix pair production as a function of
the assumed mLQd

mix
and B. Figure 9a, b show the 95% CL

upper limits on the LQd
mix pair production cross section as a

function of mLQd
mix

for tete and tµtµ, respectively, assuming
B = 1. The deviation in the observed tete limit compared to

the expected limit for masses below 1.6 TeV is caused by a
slight upward fluctuation in data in the third bin of the meff

distribution and by the leftward shift of the signal population
in meff spectra with the decrease of mLQd

mix
. The uncertainty

in the results is mainly due to limited statistics of selected
data events. The size of the ±1σ uncertainty band around
the expected limit shrinks for higher LQd

mix mass hypothe-
ses, for which the sensitivity is driven by meff bins with
very low expected background yield (typically ≤ 0.1 events;
see Fig. 7). This uncertainty band, which is computed using
pseudo-experiments, has been validated by comparing two
independent statistical frameworks.

Assuming B = 1, the observed and expected 95%
CL lower limits on scalar mLQd

mix
for tete (tµtµ) are

1.58 (1.59) TeV and 1.59 (1.59) TeV, respectively. Exclu-
sion limits on the scalar mLQd

mix
are also obtained for various

values of B into a charged lepton and top quark (as shown
in Fig. 10a, b). As the signal search, with the requirement of
at least three leptons, is only sensitive to 100% LQd

mix→ tℓ

decay modes, the limits for the alternative Bs, in steps of
0.1, are obtained by simply scaling theoretical cross sec-
tions by B2 covering the full plane. Under the assumption
of 50% B(LQd

mix → te), the lower observed (expected)
limit on the LQd

mixis 1.31 (1.35) TeV. In the case of 50%
B(LQd

mix → tµ), the lower observed (expected) limit on
the LQd

mixis 1.37 (1.36) TeV. These limits are competitive
with the previous ATLAS limits established by the comple-
mentary dedicated search for LQd

mixin the mixed decay mode
(LQd

mix → bν/tℓ) with 50% B [46].
Additionally, 95% CL upper limits are set on the Ũ1 pair

production cross section as a function of m
Ũ1

in the minimal
coupling scenario for tete and tµtµ, as shown in Fig. 11a, b,
and in the Yang–Mills coupling scenario for tete and tµtµ,
as shown in Fig. 11c, d. Assuming B = 1, the observed
and expected 95% CL lower limits on m

Ũ min
1

for minimum
coupling scenario in tete (tµtµ) are 1.67 (1.67) TeV and
1.67 (1.67) TeV, respectively, whereas analogous lower lim-
its on m

Ũ YM
1

for Yang–Mills coupling scenario in tete (tµtµ)
are 1.95 (1.95) TeV and 1.95 (1.95) TeV, respectively.

9 Conclusion

A search for pair production of cross-generation scalar and
vector leptoquarks with a significant branching fraction into
a top quark and an electron or muon is presented. The search
is based on the full Run 2 dataset recorded with the ATLAS
detector at the Large Hadron Collider, which corresponds
to 139 fb−1 of pp collisions at

√
s = 13 TeV. Events are

selected if they have at least two light leptons (electrons or
muons), and additional jets. Four signal-enriched categories,
defined by the multiplicity and flavour of the lepton candi-
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dates, are considered in the analysis in order to search for
the leptoquark signal. Additional background-enriched cate-
gories are used in the fit to improve the modelling of several
leading backgrounds. The signal-enriched categories require
at least three light leptons and employ the total effective mass
distribution to discriminate between the signal and the back-
ground. The search reaches an expected significance of 5
standard deviations for a scalar leptoquark decaying exclu-
sively into tℓ and with mass below about 1.5 TeV. Its sensitiv-
ity is improved compared to previous searches with multiple
light-leptons in the final state and is also complementary to
searches performed with hadronically-decaying top quarks.
This results from the sophisticated event selection and cate-
gorisation employed, which ensures a high signal acceptance
and low background yields. No significant excess above the
Standard Model expectation is observed in any of the con-
sidered event categories, and 95% CL upper limits are set on
the production cross section as a function of the leptoquark
mass, for different assumptions of its nature. Scalar lepto-
quarks decaying exclusively into te (tµ) are excluded up to
masses of 1.58 (1.59) TeV. For the vector leptoquarks, the
lower mass limit is about 1.67 (1.67) TeV in the minimal cou-
pling scenario, and about 1.95 (1.95) TeV in the Yang–Mills
coupling scenario for the decays into te (tµ), respectively.
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