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the fragmentation of c- or b-quarks. The observed yield in each channel is consistent with

the Standard Model background expectation. Leptoquarks with masses below 1.8 TeV and
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flavour. Upper limits on the aforementioned branching ratio are also given as a function
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1 Introduction

Leptoquarks (LQs) are hypothetical colour-triplet particles that carry both baryon and

lepton quantum numbers (B 6= 0, L 6= 0). As such, LQs couple simultaneously to both

quarks and leptons, enabling direct transitions between the two. The spin of a LQ state

is either 0 (scalar LQ) or 1 (vector LQ), and only the former is considered in this paper.

Because of their SU(3) and SU(2) charge (colour and weak isospin, respectively), LQs can

mediate flavour-changing neutral currents, and enable the violation of lepton flavour uni-

versality, which has been suggested as an explanation of recent measurements of B-meson

decays [1–7]. New-physics models involving LQs might also resolve several interesting

physical phenomena observed in nature. For instance, LQs can be used to explain the

origins of the neutrino masses [8–11], as well as the origins of CP violation, thereby ex-

plaining the observed matter/antimatter asymmetry in the universe [12, 13]. In addition,

LQs could provide a satisfying connection between the apparent symmetry of lepton and

quark generations, as well as unification of the electromagnetic and weak forces at high

energy [14, 15].

At the LHC, the pair production of LQs is possible via gluon-gluon fusion and quark-

antiquark annihilation, as shown in figure 1, including strong and lepton t-channel exchange

production [16]. Only the lowest order is shown for the primary mechanisms by which LQs
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can be pair produced at the LHC, gluon-gluon and quark-antiquark initiated. The pro-

duction cross-section largely depends only on the mass of the LQ, mLQ. The cross-section

is taken to be equivalent to that calculated [17–20] for the direct pair production of top

squarks (t̃), the supersymmetric partners of the top quark, as both are massive, coloured,

scalar particles with the same production modes.1 Single production in association with a

lepton is also possible, but the cross-section is model-dependent and it is not considered in

this paper.

LQs are assumed to couple to the quark-lepton pair via a single Yukawa interaction,

with decays involving either charged leptons or neutrinos. The couplings are determined by

two parameters, the model parameter β and the coupling parameter λ. The coupling to the

charged lepton is given by
√
βλ and the coupling to the neutrino by

√
1− βλ. Only the case

of decays via electrons and muons is addressed in this paper. A traditional approach to LQ

decay (such as in the Buchmüller-Rückl-Wyler model [22]), is to assume that LQs interact

only with leptons and quarks of the same generation. This paper relaxes that restriction

and considers cross-generational LQ decays. While the results are interpreted assuming

one decay mode at a time (100% branching ratio, B = 1), LQs with cross-generational

decays might provide a possible solution to the anomalies in B-meson decays as observed

by LHCb [23] if mixed decays into charged leptons (e.g. LQ → bµ and → sµ) are allowed.

The couplings to leptons and quarks are small such that LQs have narrow decay widths

(< 10% of mLQ) and on-shell production dominates.

This paper presents a dedicated search for the pair production of LQs using the com-

plete Run 2 dataset of 139 fb−1 of proton-proton (pp) collision data with
√
s = 13 TeV.

Events are selected by requiring an oppositely charged electron or muon (` = e, µ) pair

and at least two jets that may be identified as originating from the fragmentation of c- or

b-quarks (referred to as c-jets and b-jets, respectively) using dedicated tagging algorithms.

The LQ decay channels that are searched for are therefore eq, µq, ec, µc, eb, and µb, where

q is a u-, d- or s-quark. The results are presented as a function of mLQ. This paper

reports the first dedicated ATLAS search for cross-generational LQ decays using c- and

b-jet identification.

The most recent searches for scalar leptoquark pairs from ATLAS and CMS were

performed using 36.1 fb−1 of integrated luminosity at a 13 TeV centre-of-mass energy. A

search by ATLAS for first- and second-generation LQs [24] did not use b-tagging in the

signal regions and so excluded LQs decaying with 100% branching ratio (B) into eQ or

µQ, where Q = u, d, s, c or b, below a mass of 1400 GeV. CMS has also searched for first-

generation [25] and second-generation [26] LQ pairs, excluding masses below 1435 GeV and

1530 GeV respectively for B = 1. ATLAS has searched for third-generation up- and down-

like LQ pairs, decaying into tν/bτ or bν/tτ [27] with limits on LQ masses up to 1100 GeV.

CMS has excluded third-generation LQs decaying into τt [28] for mLQ < 900 GeV and

τb [29] for mLQ < 1020 GeV, and cross-generational LQ decays into µt [30] for mLQ <

1420 GeV. Searches for new physics in `+b-jets events have also been performed by ATLAS

1Recent calculations [21] show that diagrams involving t-channel lepton exchange might lead to correc-

tions to the total cross-section at the percent level. Those are not taken into account for the interpretation

of the results, but effects are expected to be within the uncertainties of the calculated cross-sections [17–20].
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Figure 1. The primary mechanisms by which LQs can be pair produced at the LHC, gluon-gluon

and quark-antiquark initiated, are shown.

using 36.1 fb−1 of Run 2 data, targeting B−L R-parity-violating supersymmetric models,

and top squarks in particular [31]. As the production cross-section and decay modes of

top squarks are equivalent to those of LQs, the exclusion limits on m
t̃

can be directly

translated into mLQ constraints. That search excludes top squarks with masses between

600 and 1500 GeV depending on the branching ratio into charged leptons and b-quarks.

2 The ATLAS detector

The ATLAS detector [32] is a multipurpose particle physics detector with a forward-

backward symmetric cylindrical geometry and nearly 4π coverage in solid angle.2 The

inner tracking detector consists of silicon pixel and microstrip detectors covering the pseu-

dorapidity region |η| < 2.5, surrounded by a transition radiation tracker which enhances

electron identification in the region |η| < 2.0. Between Run 1 and Run 2, a new inner pixel

layer, the insertable B-layer [33, 34], was added at a mean sensor radius of 3.3 cm. The

inner detector (ID) is surrounded by a thin superconducting solenoid providing an axial 2 T

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the

centre of the detector. The positive x-axis is defined by the direction from the interaction point to the

centre of the LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the

z-axis. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around

the z-axis. The component of momentum in the transverse plane is denoted by pT. The pseudorapidity η is

defined in terms of the polar angle θ by η = − ln tan(θ/2). Rapidity is defined as y = 0.5 ln[(E+pz)/(E−pz)]

where E denotes the energy, and pz is the component of the momentum along the beam direction. The

separation of two objects in η–φ space is given by ∆R =
√

(∆η)2 + (∆φ)2.
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magnetic field, and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorime-

ter covering |η| < 3.2. A steel/scintillator-tile calorimeter provides hadronic coverage in the

central pseudorapidity range (|η| < 1.7). The endcap and forward regions (1.5 < |η| < 4.9)

of the hadronic calorimeter are made of LAr active layers with either copper or tungsten

as the absorber material. An extensive muon spectrometer (MS) with an air-core toroidal

magnet system surrounds the calorimeters. Three layers of high-precision tracking cham-

bers provide coverage in the range |η| < 2.7, while dedicated fast chambers allow triggering

in the region |η| < 2.4. The ATLAS trigger system consists of a hardware-based level-1

trigger followed by a software-based high-level trigger [35].

3 Data and Monte Carlo samples

The data analysed in this study correspond to 139 fb−1 of pp collision data collected by

the ATLAS detector between 2015 and 2018 with a centre-of-mass energy of 13 TeV and

a 25 ns proton bunch crossing interval. The uncertainty in the combined 2015–2018 inte-

grated luminosity is 1.7% [36], obtained using the LUCID-2 detector [37] for the primary

luminosity measurements. All detector subsystems were required to be operational during

data taking and to fulfil data quality requirements. The presence of additional interactions

in the same bunch crossing, referred to as pile-up, is characterised by the average number

of such interactions, 〈µ〉, which was 33.7 for the combined dataset.

Candidate events were recorded by either single-muon or single-electron triggers [35]

with various transverse momentum pT (muons) or transverse energy ET (electrons) thresh-

olds. The lowest pT (ET) threshold without trigger prescaling was 24 (26) GeV and included

a requirement on the energy in a cone around the lepton, referred to as ‘isolation’, that was

not applied for triggers with higher thresholds. A trigger matching requirement [35] was

applied, where the lepton must lie in the vicinity of the corresponding trigger-level object.

Dedicated Monte Carlo (MC) simulated samples are used to model SM processes and

to estimate the expected signal yields. All samples were produced using the ATLAS sim-

ulation infrastructure [38] and Geant4 [39]. A subset of samples use a faster simulation

based on a parameterisation of the calorimeter response and Geant4 for the other detector

systems [38]. The simulated events are reconstructed with the same algorithms as used for

data, and contain a realistic modelling of pile-up interactions. The pile-up profiles in the

simulation match those of each dataset between 2015 and 2018, and are obtained by over-

laying minimum-bias events, simulated using the soft QCD processes of Pythia 8 [40] using

the NNPDF2.3LO set of PDFs [41] and a set of tuned parameters called the A3 tune [42].

Signal event samples with LQs pair produced via the strong interaction3 were generated

at next-to-leading order (NLO) with MadGraph5 aMC@NLO [43] v2.6.0 and interfaced

to Pythia 8.230 for the modelling of parton showers (PS), hadronisation, and the underly-

ing event with the A14 tune [44]. The matrix element (ME) calculation was performed at

tree level and includes the emission of up to two additional partons. The ME-PS matching

was done using the CKKW-L [45] prescription, with a matching scale set to one quarter of

the LQ mass. The NNPDF2.3 LO [41] parton distribution function (PDF) set was used.

3It should be noted that t-channel lepton exchange production is not included in these samples.
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Process Generator PDF set
PS and

UE tune
Cross-section

fragmentation/hadronisation order

Top pair (tt̄) Powheg-Box v2 [48] NNPDF 3.0 [49] Pythia 8 A14 NNLO+NNLL [50]

Single-top

{
t-channel Powheg-Box v1 NNPDF 3.0 Pythia 8 A14 NNLO+NNLL [51]

s- and Wt-channel Powheg-Box v2 NNPDF 3.0 Pythia 8 A14 NNLO+NNLL [52, 53]

W+jets, Z/Drell–Yan+jets Sherpa 2.2.1 [54–58] NNPDF 3.0 Sherpa Default NNLO [59]

Diboson Sherpa 2.2.1 – 2.2.2 NNPDF 3.0 Sherpa Default NLO [54]

Table 1. List of generators used for the different background processes. Information is given about

the underlying-event (UE) tunes, the PDF sets and the perturbative QCD highest-order accuracy

(NLO, NNLO, and NNLL) used for the normalisation of the different samples.

Samples with LQ mass set between 400 GeV and 2000 GeV were generated at mass inter-

vals of 50 GeV within the range 800–1600 GeV, 100 GeV otherwise. Signal cross-sections

are considered equivalent to those of pair-produced top squarks. They are calculated to

approximate next-to-next-to-leading order (NNLO) in the strong coupling constant, adding

the resummation of soft gluon emission at next-to-next-to-leading-logarithm (approximate

NNLO+NNLL) accuracy [17–20]. The nominal cross-section and its uncertainty are de-

rived using the PDF4LHC15 mc PDF set, following the recommendations of ref. [46]. For

LQ masses between 400 GeV and 2.0 TeV, the cross-sections range from 2.1 pb to 0.02 fb.

Background samples were simulated using different MC event generators depending on

the process. These include top-quark pair (tt̄) and single (Wt, s- and t-channel) production,

associated production of W or Z bosons or Drell-Yan with jets (W+jets, Z/Drell-Yan+jets)

and diboson production. All background processes are normalised to the best available

theoretical calculation of their respective cross-sections. The event generators, the accuracy

of theoretical cross-sections, the underlying-event parameter tunes, and the PDF sets used

in simulating the SM background processes most relevant for this analysis are summarised

in table 1. For all samples, except those generated using Sherpa, the EvtGen v1.2.0 [47]

program was used to simulate the properties of the b- and c-hadron decays.

4 Event reconstruction and object definitions

An event is selected if it passes at least one of the single-lepton trigger requirements de-

scribed in the previous section. The event quality is checked to remove events with noise

bursts or coherent noise in the calorimeters. At least one pp interaction vertex is required to

be reconstructed in an event. The primary vertex is chosen to be the vertex with the high-

est summed p2
T of tracks with transverse momentum pT > 0.5 GeV which are associated

with that vertex.

Electron candidates are reconstructed by matching inner-detector tracks to clusters of

energy deposited in the EM calorimeter. Electrons must have peT > 20 GeV and |ηe| < 2.47.

The associated track must have |d0|/σd0 < 3 and |z0| sin θ < 0.5 mm, where d0 (z0) is

the transverse (longitudinal) impact parameter relative to the primary vertex and σd0 is

the associated error in d0. Candidates are identified with a likelihood method and must

satisfy the ‘medium’ identification criteria according to ref. [60]. The likelihood relies

on the shape of the EM shower measured in the calorimeter, the quality of the track
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reconstruction, and the quality of the match between the track and the cluster. To suppress

candidates originating from photon conversions, hadron decays, or jets misidentified as

electrons, candidates are required to satisfy the gradient isolation criteria based on tracking

and calorimeter measurements [60].

Muon candidates are reconstructed in the range |ηµ| < 2.5 by combining tracks in

the ID with tracks in the MS. For 2.5 < |ηµ| < 2.7, muons may be reconstructed solely

from the MS track and a loose requirement on the compatibility of originating from the

interaction point is applied. An additional category of muons, called calorimeter-tagged

muons, are used in the region |ηµ| < 0.1, where the MS is only partially instrumented.

For these muons the ID track must be compatible with energy deposits in the calorimeter

consistent with a minimum-ionising particle.

All muon candidates must have pµT > 20 GeV, |d0|/σd0 < 3, and |z0| sin θ < 0.5 mm.

Muons from hadron decays are suppressed by imposing a track-based isolation require-

ment [61]. In order to improve the momentum resolution, further quality requirements are

placed on the muons. The ‘medium’ quality requirements described in ref. [61] are used

for candidates with pµT < 800 GeV. The main requirements are a minimum of three hits

in the muon detector in a minimum of two layers (except for |ηµ| < 0.1, where there is

a minimum of one hit) and for the difference between the momentum measurements in

the ID and MS to have a q/p significance of less than 7.0. The significance is defined as

the absolute value of the difference between the ratio of the charge and momentum of the

muons measured in the ID and MS divided by the sum in quadrature of the corresponding

uncertainties. As muons with pµT > 800 GeV have poorer momentum resolution, the more

stringent ‘high-pT’ quality requirements are imposed: muons with |ηµ| > 2.5 without an

inner-detector track are rejected; candidates must have hits in each of the three layers

of the muon detector; and regions where the alignment is suboptimal are removed. The

‘high pT’ quality requirements remove 20% of muons but improve the pµT resolution by

approximately 30% [61] above 1.5 TeV and suppress backgrounds.

Jets in the range |ηj | < 4.5 and pjT > 20 GeV are reconstructed from energy deposits

in the calorimeter [62], using the anti-kt algorithm [63, 64] with a radius parameter of 0.4.

To suppress jets arising from pile-up, a jet-vertex-tagging technique using a multivariate

likelihood [65] is applied to jets with pjT ≤ 60 GeV, requiring that at least 60% of the total

pT of tracks in the jet be associated with the event’s primary vertex.

To resolve the reconstruction ambiguities among electrons, muons, and jets, an overlap

removal procedure is applied. First, any electron with the same ID track as a muon is

rejected, unless it is a calorimeter-tagged muon, in which case the muon is removed. If

the electron shares the same ID track with another electron, the one with lower pT is

discarded. Next, candidate jets with fewer than three associated tracks are discarded if

they lie within a cone of ∆R = 0.2 around a muon candidate, irrespective of the track

requirement for the electron candidates. Subsequently, electrons within a cone of size

∆R = min(0.4, 0.04 + 10 GeV/pT) around a jet are removed. Last, muons within a cone,

defined in the same way as for electrons, around any remaining jet are removed.

Jets in the range |ηj | < 2.5 are categorised as b-tagged or c-tagged jets, exploiting a

multivariate algorithm that uses calorimeter and tracking information [66]. Jets are first

– 6 –
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tested using the b-tagging algorithm, which has an efficiency of about 70% for true b-jets

with a rejection factor of about 8 for charm jets and about 300 for light-flavour jets [67]. In

the c` channels, jets that are not b-tagged are tested with the c-tagging algorithm, which has

an efficiency of about 27% for true c-jets and approximate rejection factors of 12 for b-jets

and 59 for light-flavour jets. The c-tagging algorithm is not used in the other channels.

When the selection requires two b-tagged jets, the substantial rejection rate of the tag-

ging algorithm results in a significant statistical uncertainty for simulated Drell-Yan (DY)

events containing only light-flavour jets or c-jets. Hence, instead of applying the b-tagging

requirement, all events with c-jets or light-flavour jets are weighted by the probability

that these jets pass it. This procedure, documented in ref. [68], significantly increases the

number of simulated events present after the full event selection, reducing the statistical

uncertainty of the Drell-Yan background by up to a few orders of magnitude.

The event’s missing transverse momentum (its modulus referred to Emiss
T ) is computed

as the negative vectorial sum of the transverse momenta of leptons and jets. The Emiss
T

calculation also includes a track-based soft term [69] accounting for the contribution from

particles from the primary vertex that are not already included in the Emiss
T calculation.

5 Event selection

The event selection prioritises events consistent with scalar leptoquark production in high

signal-to-background kinematic regions and has been optimised to reject signatures consis-

tent with reducible backgrounds or poorly modelled event reconstruction.

Events are required to have exactly two electrons or two muons, oppositely charged and

with transverse momenta greater than 27 GeV, ensuring the full efficiency of the trigger.

At least two jets with pjT > 45 GeV and |ηj | < 2.5 are required. Selections on the dilepton

pair invariant mass, m`` > 130 GeV, and transverse momentum, p``T > 75 GeV, are made

to suppress background from the DY production and on-shell Z boson production. If there

are more than two jets in the event, firstly those jets with b- or c-tags are chosen as the

candidate jets arising from the decays of the leptoquarks. For events with one tagged jet,

the highest-pT untagged jet is chosen as the second candidate. For events with zero tagged

jets, the two highest-pT jets are chosen. Events with more than two tagged jets are likely to

be background and are rejected for the c` and b` channels. Background from tt̄ production

is suppressed by requiring Emiss
T /

√
HT < 3.5 GeV1/2, where HT is the scalar sum of the

transverse momenta of all lepton candidates and selected jets in the event. This selection

is preferable to a simple Emiss
T selection as it is looser at higher pT where the resolutions

for the leptons and jets are worse.

Leptoquark candidates are identified from the two possible lepton-jet combinations by

selecting the pairs closest in lepton-jet invariant mass, m`j . SM background contributions

are suppressed by requiring that

masym =
mmax
`j −mmin

`j

mmax
`j +mmin

`j

< 0.4,

– 7 –
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Preselection

2 oppositely charged leptons (e, µ)

2 or more jets

peT > 27 GeV, |ηe| < 2.47; pµT > 27 GeV, |ηµ| < 2.7

pjT > 45 GeV, |ηj | < 2.5

p``T > 75 GeV

Emiss
T /

√
HT < 3.5 GeV1/2

m`` > 130 GeV

SB SR Top CR

ee or µµ eµ

0.2 < masym < 0.4 masym < 0.2

Table 2. Summary of the preselection and region-specific selections applied before flavour tagging.

where mmax
`j and mmin

`j are the reconstructed masses of the two LQ candidates, ordered

such that mmax
`j > mmin

`j . The selected region is further divided into a signal region (SR),

requiring masym < 0.2, and a sideband region (SB) where 0.2 < masym < 0.4. The SB

is used in the maximum-likelihood fit, as described in section 8, to help constrain the

normalisation of the main backgrounds in a region with a low signal expectation. The

results are presented as a function of the average of the two reconstructed leptoquark

masses, mAv
`j = (mmax

`j + mmin
`j )/2. The reconstructed mass resolution is found to not

exceed 7% of the LQ mass in all channels.

A summary of the event selections for signal and SB regions is given in table 2 before

any specification of the flavour tags. The main selections for the Top control regions (CRs),

used to aid in the estimation of the tt̄ background and described in detail in section 6, are

also reported.

The SR and SB are further categorised to isolate kinematic regions that separate events

consistent with light, charm and bottom quark production. These regions are defined by

the number of b- and c-tagging jets in the events. An inclusive selection (referred to as

pretag) is used for the q` channels. Although the LQ → q` interpretations do not benefit

from jet tagging when assuming that B = 1 as considered in this paper, a selection of

this kind might also provide sensitivity to cross-generational LQ decays if mixed decays

into charged leptons are possible. The b-tagging selections are used in the b` channels and

target LQ → b`,B = 1 models, while both the b-tagging and c-tagging selections are used

in the c` channels, targeting LQ→ c`,B = 1 models. In the b` channels the events are split

into those with zero, one, or two b-tags (referred to as 0-tag, 1-tag, and 2-tag, respectively).

In the c` channels the events are split into those with zero tags (untagged), at least one

c-tag (c-tag), and at least one b-tag (b-tag). Events with one c-tagged jet and one b-tagged

jet are placed in the c-tag category.

The signal and SB regions are not mutually exclusive between the search channels.

The acceptance times detector efficiency for LQ events after all selections is highest in the

electron channel qe for LQ masses around 1.3 TeV (62%) and between 45% and 55% for
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the mass range 400–2000 GeV in all channels. For muon-based selections, this is reduced

to a maximum of 53% for LQ masses (around 900 GeV) in qµ channels and to about 30%

for high LQ masses overall, due to the low efficiency of the high-pT muon selection and the

poorer efficiency of the Emiss
T /

√
HT selection for muons than for electrons.

6 Background determination

The backgrounds in the analysis are estimated from simulated samples described in sec-

tion 3, with the aid of control and sideband regions for checks and estimates of systematic

uncertainties. The dominant background in the pretag (q`), untagged (c`) and 0-tag (b`)

SRs arises from DY production in association with two or more jets, followed by tt̄ back-

ground. In the 1-tag, 2-tag, c-tag, and b-tag categories, the tt̄ background dominates whilst

DY background is subdominant. The DY background is further split into three categories,

referred to as DY+light-jets, DY+c-jets, and DY+b-jets, based on the flavour of the heav-

iest quark as determined from simulation in either of the jets selected to reconstruct the

LQ candidates.

To compensate for the limited number of events at high values of the average mass of

the LQ candidates, a fit is made to the smoothly falling distributions for tt̄ samples, and

extrapolated to high mAv
`j with the following function

f tt̄(mAv
`j ) = a(mAv

`j )b,

where a and b are the fitted parameters. In all cases, checks are performed to guarantee that

the function reproduces the event yields at lower mAv
`j values and that its cumulative distri-

bution (starting from the highest mAv
`j values) is consistent with the small integrated event

yields available in the MC samples. Other SM processes, dibosons (WW,WZ,ZZ) and

single-top production (mostly Wt), contribute less than 10% in all SRs and are estimated

directly from MC samples. Rare processes such as tt̄V , with V = W,Z or Higgs bosons,

and tribosons are negligible. Contributions from events where one or both electrons or

muons are misidentified jets or non-promptly produced (referred to as ‘fake’ background)

are checked using a same-sign lepton control region mirroring the SR selections. They

are found to be dominated by single-electron fake contributions and well described by the

W (→ `ν) + jets simulated samples, which are used for this estimate. A systematic error

is assigned which covers any disagreement between the data and MC simulation in the

same-sign region as described in section 7.

The shape of the DY background is taken from simulation, while the systematic un-

certainty on the shape, as described in section 7, is determined by comparing data with

the predictions in two control regions dominated by the DY process. The first of these is

an extended SB region, which has masym > 0.4 and is used to validate the off-shell DY

prediction; the second is an on-shell Z control region defined by inverting the selection on

m`` (< 130 GeV) and removing the masym requirement.

An additional set of control regions is used to constrain the normalisation of the tt̄

production background (Top CRs) in the pretag and tagged categories. The regions are

identical to the default SR selections, corresponding to pretag for the q` channels, c-tag
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Figure 2. Distributions of mmax
`j in the combined be and bµ 0-tag SB for the b` channels (left) and

the b-tag Top CR for the c` channels (right). The total modelling uncertainty combined with the

MC statistical error is shown as the hatched band as explained in section 7. The category ‘Other’

represents the sum of all SM background contributions except those from top-quark processes (tt̄

and single-top) and, for the 0-tag SB distribution, Drell-Yan processes.

and b-tag for the c` channels, and 1-tag and 2-tag for the b` channels, except that an

electron-muon pair is taken in place of the same-flavour lepton pair. The 0-tag/untagged

categories do not utilise this region as tt̄ production is not dominant.

Figure 2 shows distributions of mmax
`j in the 0-tag SB region used to validate the DY

predictions, and the b-tag Top CR for the c` channels used for tt̄ background contributions.

Distributions are depicted before the profile-likelihood fit described below. Differences

between data and MC predictions are used to estimate modelling uncertainties for these

SM background processes, as explained in section 7. The mmax
`j variable is used instead of

mAv
`j to retain more statistics in the tail of the distributions.

7 Systematic uncertainties

Several sources of experimental and theoretical systematic uncertainty in the signal and

background estimates are considered.

For the LQ processes, experimental uncertainties in the signal yields are dominated by

the uncertainty arising from lepton identification and jet energy scale and resolution (q`

channels) and from the b- and c-tagging efficiencies and mis-tagging rates (c` and b` chan-

nels). The uncertainties in the jet energy scale and resolution are based on their respective

measurements in data [70, 71] and account for up to 2% of the signal yields. Uncertainties

in electron identification efficiency, trigger efficiency, isolation efficiency, energy scale, and

resolution amount to less than 6% [60, 61], while the muon uncertainties are less than

10% [60, 61]. The b- and c-tagging uncertainties are estimated by varying the η-, pT- and

flavour-dependent scale factors applied to each jet in the simulation within a range that

reflects the systematic uncertainty in the measured tagging efficiency and mis-tag rates

in data [66]. Uncertainties in b- and c-tagging are found to be less than 16% for the c`

channels and 19% for the b` channels. The uncertainty due to the pile-up modelling [72] is
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typically less than 1%. Overall, the experimental uncertainties in the signals are between

1% and 20% of the yields, including the 1.7% uncertainty in the combined 2015–2018

integrated luminosity.

Theoretical uncertainties in the yields predicted using the approximate NNLO+NNLL

cross-section are calculated for each LQ mass [17–20]. They are dominated by the uncer-

tainties in the renormalisation and factorisation scales followed by the uncertainty in the

PDFs, and range between 7% and 22% for LQ masses between 400 GeV and 2000 GeV.

Additional uncertainties in the acceptance and efficiency in simulated signal samples are

also taken into account. They are dominated by uncertainties due to the modelling of

initial- and final-state radiation and renormalisation and factorisation scale variations in

simulated signal samples and contribute up to 5% at LQ masses above 1 TeV.

Uncertainties in the modelling of the simulated SM background processes and in their

theoretical cross-sections are also taken into account.

The shape uncertainty in the modelling of the DY background is defined by taking the

largest difference between data and MC predictions in the control regions dominated by

the DY process. The uncertainty is split into two parts, σZ = ±0.2 log(mmax
`j /800 GeV)

and σZ = ±0.4 log(mmax
`j /200 GeV), to allow a shape difference between low and high m`j .

When added in quadrature these uncertainties approximately cover the observed disagree-

ment. The mmax
`j variable is used instead of mAv

`j as this leads to slightly larger, hence

more conservative uncertainties. MC predictions were found to describe the data within

these errors in the SB region. Since the DY shape modelling uncertainty is determined

directly from the difference between the data and the simulation, most of the experimen-

tal uncertainties are not applied as this avoids double counting. Simulated samples also

exhibit differences with respect to data, for example due to jet energy resolution, which

might contribute to any disagreement. The b- and c-tagging uncertainties are, however,

applied as these can change the normalisation between regions, and this is not taken into

account in the modelling studies. The DY shape modelling uncertainty is treated as un-

correlated among DY+light-jets, DY+c-jets, and DY+b-jets processes. In addition to the

shape uncertainties, the DY+c-jets and DY+b-jets processes are each assigned a 10% nor-

malisation uncertainty, where this value represents the largest difference between data and

MC simulation in the Z control region for any number of b-tags.

The tt̄ modelling is determined in a similar way to the DY by comparing data and MC

predictions in the Top control regions. Reasonable agreement between data and simulation

is found and an error of σtt̄ = ±0.5 log(mmax
`j /200 GeV) is assigned to cover any possible

differences. As in the DY estimates, the experimental uncertainties, with the exception of

b- and c-tagging ones, are not applied to the tt̄ simulation. The normalisation of the tt̄

background is left as a free parameter in all fits.

The extrapolation uncertainty for the tt̄ background is evaluated using a falling expo-

nential function as an alternative to the functional form described in section 6. Differences

from the nominal form are as large as 100% at very high LQ candidate mass for all channels,

but the impact on the results is minimal due to the low tt̄ rate above 1.3 TeV.

Finally, normalisation uncertainties are associated with the predictions of diboson and

single-top-quark processes, and non-prompt and misidentified leptons. A 30% uncertainty
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is assigned to the diboson predictions, dominated by theoretical modelling uncertainties and

estimated as in ref. [31]. The dominant uncertainty for single-top-quark predictions also

arise from theoretical and modelling uncertainties of the Wt process. They are found to be

around 35% and are computed using differences between the predictions from the nominal

sample and those from additional samples differing in hard-scattering generator, modelling

of the tt̄ and Wt interference term, and other parameter settings. A 25% uncertainty is

assigned to the background from non-prompt and misidentified leptons, computed using

the difference between data and MC W+jets predictions in the same-sign leptons control

sample described in section 6.

8 Results

The data are compared with the expectation by performing simultaneous maximum-

likelihood fits to the distribution of mAv
`j in the signal, sideband and Top control regions.

The Top CRs contain a negligible signal expectation and are used to constrain the top-

quark background. The SB regions are used to constrain the DY background. They have

a low but non-negligible signal expectation and therefore are treated in the fit in the same

way as the SRs. A separate fit is performed for each signal hypothesis. Confidence intervals

are based on a profile-likelihood-ratio test statistic [73], assuming asymptotic distributions

for the test statistic.4 The systematic uncertainties affecting the signal and background

normalisations and shapes across categories are parameterised by making the likelihood

function depend on dedicated nuisance parameters, constrained by additional Gaussian or

log-normal probability terms.

For the q` signals, the pretag SR, SB, and Top CR are used. For the c` channels, the

SR and SB in untagged, c-tag and b-tag categories are used together with the Top CR for

c-tag and b-tag. For the b` channels, the SR and SB in 0-, 1-, and 2-tag categories are used

together with the Top CR in 1- and 2-tag. In all fits the DY and tt̄ normalisations are

treated as a single free parameter while different uncertainties in the shapes of distributions

are assigned to the events as described in section 7.

All other backgrounds are set to their MC expectations and are allowed to float within

their respective uncertainties.

The event yields in the SR for all channels are listed in tables 3 to 5. The SM

background expectations resulting from the fits are reported showing statistical plus sys-

tematic uncertainties. The largest background contribution in q` channels arises from

DY+ light-jets, whilst the contribution from tt̄ is largest for the signal regions rele-

vant for the c`- and b`-jet channels. Single-top-quark and diboson processes as well as

misidentified/non-prompt lepton contributions are subdominant in all regions. No signif-

icant differences are observed between expected and observed yields in all selections and

4Cross-checks with sampling distributions generated using pseudo-experiments were performed to test

the accuracy of the asymptotic approximation for the high-mass part of the lepton-jet spectrum. The

approximation is found to lead to limits that are slightly stronger than those obtained with pseudo-

experiments, i.e. about 15% at 1.8 TeV, independent of the channel. The impact of this approximation on

the mass limits is below 50 GeV.
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LQ→ qe LQ→ qµ

tt̄ 1790 ± 220 1910 ± 240

Single top 390 ± 110 430 ± 120

DY+light-jets 2820 ± 180 3040 ± 180

DY+c-jets 521 ± 93 528 ± 90

DY+b-jets 233 ± 44 252 ± 46

W+jets 126 ± 32 8.5 ± 2.2

Diboson 31.8 ± 9.6 12.4 ± 3.7

Fitted SM background events 5910 ± 67 6185 ± 77

Observed events 5881 6169

Signal (mLQ = 1 TeV) 591 ± 45 503 ± 27

Signal (mLQ = 1.5 TeV) 22.1 ± 1.7 15.4 ± 1.0

Table 3. Observed and expected numbers of events in pretag SRs for LQ → q`, where SM

predictions are the result of fits performed using 139 fb−1 of data. The uncertainties quoted for the

fitted SM background include both the statistical and systematic components. Yields for two LQ

scenarios are also shown for comparison.

LQ→ ce LQ→ cµ

untagged b-tag c-tag untagged b-tag c-tag

tt̄ 291 ± 18 964 ± 51 227 ± 14 293 ± 16 1049 ± 50 237 ± 14

Single top 35 ± 11 129 ± 39 28.7 ± 9.0 37 ± 10 166 ± 46 38 ± 11

DY+light-jets 2872 ± 74 32.3 ± 8.6 101 ± 11 3120 ± 71 29.0 ± 9.4 123 ± 13

DY+c-jets 367 ± 49 80 ± 12 135 ± 17 340 ± 46 67 ± 10 155 ± 20

DY+b-jets 39.4 ± 5.7 166 ± 24 31.5 ± 4.8 40.4 ± 5.7 165 ± 23 35.1 ± 5.2

W+jets 101 ± 26 10.2 ± 2.7 7.5 ± 2.0 6.3 ± 1.6 1.39 ± 0.36 0.81 ± 0.21

Diboson 23.5 ± 7.2 2.58 ± 0.79 3.6 ± 1.1 9.0 ± 2.7 1.21 ± 0.37 1.45 ± 0.44

Fitted SM events 3728 ± 53 1384 ± 26 534 ± 17 3846 ± 55 1478 ± 26 591 ± 18

Observed events 3714 1366 535 3824 1484 591

Signal (mLQ = 1 TeV) 312 ± 26 71 ± 12 129 ± 13 265 ± 17 58.0 ± 9.1 111.5 ± 9.5

Signal (mLQ = 1.5 TeV) 13.7 ± 1.2 2.33 ± 0.38 3.10 ± 0.30 9.72 ± 0.69 1.49 ± 0.28 1.99 ± 0.20

Table 4. Observed and expected numbers of events in untagged, c- and b-tag SRs for LQ → c`,

where SM predictions are the result of fits performed using 139 fb−1 of data. The uncertainties

quoted for the fitted SM background include both the statistical and systematic components. Yields

for two LQ scenarios are also shown for comparison.

channels considered. Since the SRs are not mutually exclusive, the same data are used

across the various channels.

Figures 3 to 7 show comparisons between the observed data and the post-fit SM pre-

dictions for mAv
`j for all signal regions in the q`, c`, and b` channels. In each case, the

expected distribution for one scenario with LQ mass of 1 TeV is shown for illustrative

purposes, considering LQ → qe/qµ for the pretag channels (with q = u-, d- or s-quark),

LQ → ce/cµ for the c` channels, and LQ → be/bµ for the b` channels. Only the data
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LQ→ be LQ→ bµ

0-tag 1-tag 2-tag 0-tag 1-tag 2-tag

tt̄ 469 ± 22 919 ± 33 255 ± 11 487 ± 22 1001 ± 35 295 ± 12

Single top 51 ± 11 109 ± 24 48 ± 10 48 ± 10 122 ± 25 49 ± 10

DY+light-jets 3035 ± 95 29.2 ± 8.0 0.105 ± 0.057 3318 ± 93 36 ± 11 0.099 ± 0.059

DY+c-jets 479 ± 77 92 ± 15 1.68 ± 0.34 464 ± 75 75 ± 13 1.61 ± 0.33

DY+b-jets 54.2 ± 7.7 165 ± 23 25.9 ± 3.6 52.5 ± 7.6 151 ± 22 21.1 ± 3.0

W+jets 113 ± 29 9.4 ± 2.4 1.02 ± 0.27 7.5 ± 1.9 0.97 ± 0.25 0.110 ± 0.028

Diboson 27.8 ± 8.5 2.63 ± 0.81 0.33 ± 0.10 10.8 ± 3.2 1.21 ± 0.37 0.141 ± 0.043

Fitted SM events 4229 ± 57 1326 ± 25 332.4 ± 9.0 4389 ± 59 1387 ± 25 367.1 ± 9.3

Observed events 4214 1314 316 4367 1408 340

Signal (mLQ = 1 TeV) 102 ± 13 237 ± 19 149 ± 13 87 ± 11 200 ± 12 124.1 ± 8.7

Signal (mLQ = 1.5 TeV) 5.69 ± 0.90 8.72 ± 0.76 3.57 ± 0.33 3.89 ± 0.61 6.11 ± 0.50 2.38 ± 0.20

Table 5. Observed and expected numbers of events in 0-, 1- and 2-tag SRs for LQ → b`, where

SM predictions are the result of fits performed using 139 fb−1 of data. The uncertainties quoted for

the fitted SM background include both the statistical and systematic components. Yields for two

LQ scenarios are also shown for comparison.

and predictions within the mass range shown in the figures are used in the fit, although it

should be noted that no data events are recorded above the range.

As no evidence of an excess at any mass in any of the channels was found, upper limits

on the leptoquark production cross-section are computed at the 95% confidence level using

a modified frequentist CLs method [73, 74]. The limits are shown in figure 8 as a function

of mLQ for a 100% branching ratio into charged leptons. They were calculated for LQ

masses of the generated samples, and a linear interpolation has been made between mass

points. The theoretical prediction for the cross-section of scalar leptoquark pair production

is shown by the solid line along with the uncertainties. Exclusion limits are driven by the

small number of data events populating the high-mass part of the lepton-jet spectrum.

The limits at large mLQ are more stringent for decays with electrons than for decays with

muons, due to the better electron resolution at high pT. The decays involving c- and b-

quarks have lower cross-section limits at low mass, due to the lower rate of SM background

contributions in the tagged categories.

The results of the fit may also be expressed as limits on the branching ratio into charged

leptons as shown in figure 9. In this case, it is assumed that there is zero acceptance for

LQ decays involving neutrinos or top quarks. Furthermore, it is assumed that the LQs can

decay into only one specific combination of lepton flavour and quark flavour. The B limit

is computed as
√
σobs/σtheory, where σobs is the observed LQ pair production cross-section

exclusion limit with B = 1 into charged leptons and σtheory is the theoretical cross-section.

Constraints on the LQ masses are reduced by no more than 20% for B = 0.5, and LQs

with mass around 800 GeV can be excluded for branching ratios into charged leptons as

low as 0.1 (up to 900 GeV for b` channels). This result improves upon the sensitivity of

previous scalar LQ searches by about 300–400 GeV in LQ mass depending on the lepton

flavour, and it establishes for the first time limits on cross-generational LQ decays using

dedicated c- and b-tagging algorithms.
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Figure 3. Post-fit distributions of mAv
`j in the pretag signal regions for the qe (left) and qµ (right)

channels. The expected signals, shown for mLQ = 1 TeV and B(LQ → qe/qµ) = 1, are shown for

illustrative purposes. The category ‘Top-quark’ refers to tt̄ and single-top-quark processes. The

category ‘Other’ refers to diboson and W+jet production. The hatched band represents the total

uncertainty in the background predictions.
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Figure 4. Post-fit distributions of mAv
`j in the ce signal regions: untagged (left), c-tag (middle),

and b-tag (right). The expected signals, shown for mLQ = 1 TeV and B(LQ → ce) = 1, are shown

for illustrative purposes. The category ‘Top-quark’ refers to tt̄ and single-top-quark processes. The

category ‘Other’ refers to diboson and W+jet production. The hatched band represents the total

uncertainty in the background predictions.
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Figure 5. Post-fit distributions of mAv
`j in the cµ signal regions: untagged (left), c-tag (middle),

and b-tag (right). The expected signals, shown for mLQ = 1 TeV and B(LQ→ cµ) = 1, are shown

for illustrative purposes. The category ‘Top-quark’ refers to tt̄ and single-top-quark processes. The

category ‘Other’ refers to diboson and W+jet production. The hatched band represents the total

uncertainty in the background predictions.
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Figure 6. Post-fit distributions of mAv
`j in the be signal regions: 0-tag (left), 1-tag (middle), and

2-tag (right). The expected signals, shown for mLQ = 1 TeV and B(LQ → be) = 1, are shown for

illustrative purposes. The category ‘Top-quark’ refers to tt̄ and single-top-quark processes. The

category ‘Other’ refers to diboson and W+jet production. The hatched band represents the total

uncertainty in the background predictions.
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Figure 7. Post-fit distributions of mAv
`j in the bµ signal regions: 0-tag (left), 1-tag (middle), and

2-tag (right). The expected signals, shown for mLQ = 1 TeV and B(LQ → bµ) = 1, are shown for

illustrative purposes. The category ‘Top-quark’ refers to tt̄ and single-top-quark processes. The

category ‘Other’ refers to diboson and W+jet production. The hatched band represents the total

uncertainty in the background predictions.
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Figure 8. The observed (solid line) and expected (dashed line) limits on the leptoquark pair

production cross-section at 95% CL for B = 1 into electrons or muons, shown as a function of mLQ

for the different leptoquark channels. The green and yellow bands show the ±1σ and ±2σ ranges

of the expected limit. Also included on the plots is the expected theoretical cross-section. The

thickness of the theory curve represents the theoretical uncertainty from PDFs, renormalisation

and factorisation scales, and the strong coupling constant αS.
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Figure 9. The observed (solid line) and expected (dashed line) limits on the leptoquark branching

ratio B into a quark and an electron or a muon at 95% CL, shown as a function of mLQ for the

different leptoquark channels. The green and yellow bands show the ±1σ and ±2σ ranges of the

expected limit. The error band on the observed curve (dotted lines) represents the uncertainty in

the theoretical cross-section from PDFs, renormalisation and factorisation scales, and the strong

coupling constant αS.
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9 Conclusion

A search for a new-physics resonances decaying into a lepton and a jet performed by

the ATLAS experiment is presented. Scalar leptoquarks, pair produced in pp collisions

at
√
s = 13 TeV at the LHC, are considered using an integrated luminosity of 139 fb−1,

corresponding to the full Run 2 dataset. Leptoquarks are searched for in events with two

electrons or muons and two or more jets. Tagging algorithms are used to identify jets arising

from the fragmentation of b-quarks (b-jets) and, for the first time, of c-quarks (c-jets). The

observed yield in each channel is consistent with SM background expectations. Leptoquarks

with masses below 1.8 TeV and 1.7 TeV are excluded in the electron and muon channels,

respectively, assuming a branching ratio into a charged lepton and a quark of 100%, with

minimal dependency on the quark flavour. Upper limits on the aforementioned branching

ratio are also presented. LQs with masses up to around 800 GeV can be excluded for

branching ratios into charged leptons as low as 0.1, assuming that there is zero acceptance

for LQ decays involving neutrinos or top quarks, and that only one charged lepton plus

quark decay mode at the time is possible. This result improves upon the sensitivity of

previous scalar LQ searches by about 300–400 GeV in LQ mass depending on the lepton

flavour, and it establishes for the first time limits on cross-generational LQ decays using

dedicated c- and b-jet identification algorithms.
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M. Moreno Llácer173, C. Moreno Martinez14, P. Morettini55b, M. Morgenstern159,

S. Morgenstern48, D. Mori151, M. Morii59, M. Morinaga178, V. Morisbak133,

A.K. Morley36, G. Mornacchi36, A.P. Morris95, L. Morvaj154, P. Moschovakos36,

B. Moser120, M. Mosidze158b, T. Moskalets144, J. Moss31,m, E.J.W. Moyse103,

S. Muanza102, J. Mueller138, R.S.P. Mueller114, D. Muenstermann90, G.A. Mullier97,

D.P. Mungo69a,69b, J.L. Munoz Martinez14, F.J. Munoz Sanchez101, P. Murin28b,

W.J. Murray177,143, A. Murrone69a,69b, J.M. Muse128, M. Muškinja18, C. Mwewa33a,
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M. Spangenberg177, F. Spanò94, D. Sperlich52, T.M. Spieker61a, G. Spigo36, M. Spina155,

D.P. Spiteri57, M. Spousta142, A. Stabile69a,69b, B.L. Stamas121, R. Stamen61a,

M. Stamenkovic120, A. Stampekis21, E. Stanecka85, B. Stanislaus134, M.M. Stanitzki46,

M. Stankaityte134, B. Stapf120, E.A. Starchenko123, G.H. Stark145, J. Stark58,

P. Staroba140, P. Starovoitov61a, S. Stärz104, R. Staszewski85, G. Stavropoulos44,

M. Stegler46, P. Steinberg29, A.L. Steinhebel131, B. Stelzer151,167a, H.J. Stelzer138,

O. Stelzer-Chilton167a, H. Stenzel56, T.J. Stevenson155, G.A. Stewart36, M.C. Stockton36,

G. Stoicea27b, M. Stolarski139a, S. Stonjek115, A. Straessner48, J. Strandberg153,

S. Strandberg45a,45b, M. Strauss128, T. Strebler102, P. Strizenec28b, R. Ströhmer176,
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Switzerland.
f Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona; Spain.
g Also at Department of Financial and Management Engineering, University of the Aegean, Chios;

Greece.
h Also at Department of Physics and Astronomy, Michigan State University, East Lansing MI;

United States of America.
i Also at Department of Physics and Astronomy, University of Louisville, Louisville, KY; United

States of America.
j Also at Department of Physics, Ben Gurion University of the Negev, Beer Sheva; Israel.
k Also at Department of Physics, California State University, East Bay; United States of America.
l Also at Department of Physics, California State University, Fresno; United States of America.

m Also at Department of Physics, California State University, Sacramento; United States of America.
n Also at Department of Physics, King’s College London, London; United Kingdom.
o Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg;

Russia.
p Also at Department of Physics, University of Fribourg, Fribourg; Switzerland.
q Also at Dipartimento di Matematica, Informatica e Fisica, Università di Udine, Udine; Italy.
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