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Abstract A search is presented for the production of a
single top quark via left-handed flavour-changing neutral-
current (FCNC) interactions of a top quark, a gluon and an
up or charm quark. Two production processes are consid-
ered: u + g → t and c + g → t . The analysis is based on
proton–proton collision data taken at a centre-of-mass energy
of 13 TeV with the ATLAS detector at the LHC. The data set
corresponds to an integrated luminosity of 139 fb−1. Events
with exactly one electron or muon, exactly one b-tagged
jet and missing transverse momentum are selected, resem-
bling the decay products of a singly produced top quark.
Neural networks based on kinematic variables differentiate
between events from the two signal processes and events
from background processes. The measured data are con-
sistent with the background-only hypothesis, and limits are
set on the production cross-sections of the signal processes:
σ(u + g → t) × B(t → Wb) × B(W → �ν) < 3.0 pb and
σ(c+ g → t)×B(t → Wb)×B(W → �ν) < 4.7 pb at the
95% confidence level, with B(W → �ν) = 0.325 being the
sum of branching ratios of all three leptonic decay modes of
the W boson. Based on the framework of an effective field
theory, the cross-section limits are translated into limits on the
strengths of the tug and tcg couplings occurring in the theory:
|C ut

uG |/�2 < 0.057 TeV−2 and |C ct
uG |/�2 < 0.14 TeV−2.

These bounds correspond to limits on the branching ratios
of FCNC-induced top-quark decays: B(t → u + g) <

0.61 × 10−4 and B(t → c + g) < 3.7 × 10−4.
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1 Introduction

Direct searches for on-shell production of new heavy par-
ticles at the Large Hadron Collider (LHC) have not yet
been successful. For this reason, indirect searches targeting
non-standard couplings among Standard Model (SM) par-
ticles attract increasing interest. Among these analyses are
searches for flavour-changing neutral-current (FCNC) pro-
cesses in the top-quark sector. The SM does not contain
FCNC processes at tree level, and even though these pro-
cesses exist at higher orders, they are suppressed due to the
Glashow–Iliopoulous–Maiani mechanism [1]. Compared to
the b-quark sector, where decays of b-hadrons via FCNCs
were first observed in 1995 [2], FCNC decays of top quarks
are even more suppressed. Depending on the decay mode,
FCNC branching ratios (B) of the top quark are predicted to
range from 10−12 to 10−17 [3], and are thus well below the
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experimentally accessible regime, at present and in the fore-
seeable future. The observation of FCNC top-quark decays
or top-quark production via FCNCs would therefore be an
unambiguous signal of physics beyond the SM.

Many extensions of the SM predict significantly higher
rates for FCNC processes in the top-quark sector. These
extensions include new scalar particles introduced in two-
Higgs-doublet models [4,5] or in supersymmetry [6–8]. In
certain regions of the parameter space of these models, the
predicted branching ratios of top quarks decaying via FCNC
can be as large as 10−5 to 10−3 and thus become detectable
at the LHC.

Searches for FCNCs involving a top quark and a gluon
were performed at the Tevatron [9,10] and in data from Run 1
of the LHC [11–13]. Rather than looking for the top-quark
decays t → u+g and t → c+g in top-quark–antiquark pair
(t t̄ ) production, these analyses searched for the production
of a single top quark (t) via the FCNC processes u + g → t
(ugt process) and c+g → t (cgt process), exploiting specific
kinematic features of single-top-quark production to sepa-
rate a potential signal from the large W+jets and multijet
backgrounds. The analysis presented in this paper extends
the Run 1 ATLAS search to the Run 2 data set collected
with the ATLAS detector in the years 2015 to 2018, dur-
ing which the LHC operated at a centre-of-mass energy of
13 TeV. Conceptually, the scope of the analysis is expanded
by performing independently optimised searches for the ugt
and cgt processes. Differences between these two processes
are due to differences in the parton distribution functions
(PDFs) for valence and sea quarks. For top antiquarks the
charge-conjugate processes are implied. The FCNC interac-
tion is assumed to be left-handed. Another novelty compared
to the Run 1 analysis is the interpretation of the results in an
effective field theory framework provided by the TopFCNC
model [14].

The event selection targets the t → e+νb and t → μ+νb
decay modes of the top quark. However, there is also addi-
tional but lower acceptance for events with the decay t →
τ+νb and the subsequent decay of the τ -lepton into e+νeν̄τ

or μ+νμν̄τ . A leading-order (LO) Feynman diagram illustrat-
ing the signature of the targeted scattering events is shown
in Fig. 1.

Considering the signature of the signal events, the required
reconstructed objects are exactly one charged-lepton candi-
date (an electron or a muon) with high transverse momentum
(pT), exactly one jet which is identified to originate with a
high probability from a b-quark, and large missing transverse
momentum as an indication of a high-pT neutrino.

The main background processes are W+ bb̄ production,
t-channel single-top-quark (tq) production, t t̄ production
and multijet production. Artificial neural networks (NNs) are
used to separate signal events from background events. The
observed distributions of the NN discriminants are analysed

Fig. 1 Leading-order Feynman diagram of non-SM production of a
single top quark via the FCNC process u(c) + g → t

statistically with a profile maximum-likelihood fit in which
all systematic uncertainties are treated as nuisance parame-
ters.

The structure of the paper is as follows. A brief descrip-
tion of the ATLAS detector is given in Sect. 2, followed by
a comprehensive summary of the collision data and the sam-
ples of simulated events in Sect. 3. Section 4 describes the
reconstruction of detector-level objects and the event selec-
tion. The modelling of multijet background events and the
estimation of their rate is discussed in Sect. 5. Section 6 pro-
vides details about the separation of signal and background
events using NNs. Systematic uncertainties are outlined in
Sect. 7 and the results are presented in Sect. 8. Conclusions
are given in Sect. 9.

2 The ATLAS detector

The ATLAS detector [15] 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 superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing 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 detec-
tor covers the vertex region and typically provides four
measurements per track, the first hit normally being in the
insertable B-layer installed before Run 2 [16,17]. It is fol-
lowed by the silicon microstrip tracker, which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),

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.
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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.

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 calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic measurements respectively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by supercon-
ducting air-core toroids. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detec-
tor. A set of precision chambers covers the region |η| < 2.7
with three layers of monitored drift tubes, 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 bar-
rel, and thin-gap chambers in the endcap regions. Interesting
events are selected to be recorded 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 [18]. The first-level trigger accepts events
from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger reduces in order to record events
to disk at about 1 kHz.

An extensive software suite [19] is used in the reconstruc-
tion and analysis of real and simulated data, in detector oper-
ations, and in the trigger and data acquisition systems of the
experiment.

3 Samples of data and simulated events

The analysis uses proton–proton (pp) collision data recorded
with the ATLAS detector in the years 2015 to 2018 at a
centre-of-mass energy of 13 TeV. After applying data-quality
requirements [20], the data set corresponds to an integrated
luminosity of 139 fb−1 with a relative uncertainty of 1.7%
[21]. The LUCID-2 detector [22] was used for the primary
luminosity measurements. At the high instantaneous lumi-
nosity reached at the LHC, events were affected by additional
inelastic pp collisions in the same and neighbouring bunch

crossings (pile-up). The average number of interactions per
bunch crossing was 33.7.

Events were selected online during data taking by single-
electron or single-muon triggers [23,24]. Multiple triggers
were used to increase the selection efficiency. The lowest-
threshold triggers utilised isolation requirements for reducing
the trigger rate. The isolated-lepton triggers had pT thresh-
olds of 20 GeV for muons and 24 GeV for electrons in 2015
data, and 26 GeV for both lepton types in 2016, 2017 and
2018 data. They were complemented by other triggers with
higher pT thresholds but no isolation requirements in order
to increase the trigger efficiency.

Large sets of simulated events from signal and back-
ground processes were produced with event generator pro-
grams based on the Monte Carlo (MC) method to model
the recorded and selected data. After event generation, the
response of the ATLAS detector was simulated using the
Geant4 toolkit [25] with a full detector model [26] or a
fast simulation [27,28] which employed a parameterisation
of the calorimeter response. To account for pile-up effects,
minimum-bias interactions were superimposed on the hard-
scattering events and the resulting events were weighted to
reproduce the observed pile-up distribution. The minimum-
bias events were simulated using Pythia8.186 [29] with the
A3 [30] set of tuned parameters and the NNPDF2.3lo PDF
set [31]. Finally, the simulated events were reconstructed
using the same software as applied to the collision data.
Except for the multijet background, the same event selec-
tion requirements were applied and the selected events were
passed through the same analysis chain. Small corrections
were applied to simulated events such that the lepton trigger
and reconstruction efficiencies, jet energy calibration and b-
tagging efficiency were in better agreement with the response
observed in data. More details of the simulated event samples
are provided in the following subsections.

3.1 Samples of simulated events from the ugt and cgt
FCNC processes

Simulated events from the ugt and cgt processes were
produced with the METOP 1.0 event generator [32,33] at
next-to-leading order (NLO) in quantum chromodynamics
(QCD). The difference between LO and NLO is very rele-
vant for the analysis since a veto on a second jet is applied in
the event selection by requiring exactly one reconstructed jet
with pT > 30 GeV. Signal samples generated at NLO predict
a higher rate of events with two jets than samples generated
at LO, leading to a lower acceptance for signal events due
to the jet veto. The Lorentz structure of the vertex coupling
was taken to be left-handed. It was verified that the shapes
of kinematic distributions are independent of the value of
the coupling constant used for the event generation. The top
quark was assumed to decay as in the SM and the decay was
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simulated using MadSpin [34,35]. Only leptonic decays of
the W boson originating from top-quark decay were consid-
ered, including e±, μ± and τ± leptons. The renormalisation
scale μr and the factorisation scale μf were set to the top-
quark mass mt , for which a value of mt = 172.5 GeV was
used. The CT10 set of PDFs [36] was used for event gener-
ation. Parton showers and the hadronisation were simulated
with Pythia8.235 [37] with the A14 set of tune parameters
[38]. In the METOP + Pythia set-up, hard gluon emissions
can arise in both the NLO matrix-element generator and the
parton-shower generator. The matching between the two gen-
erators was achieved by limiting the phase-space region of
the first parton-shower emission in a way that depends on the
transverse momentum of the top quark. The matching scale
between the matrix-element generator and the parton shower
was set to 10 GeV.

Samples with alternative generator settings were pro-
duced to estimate systematic uncertainties. Samples with
μr = μf = 2 · mt and μr = μf = 0.5 · mt were used to
evaluate the impact of the scale choice on the signal model.
The uncertainty in modelling parton showers was evaluated
with METOP signal samples in which parton showers were
generated by Herwig7.0.4 [39,40] instead of Pythia . The
METOP +Herwig set-up used the same PDF set as the nom-
inal sample, CT10. In addition, METOP + Pythia samples
with a different matching scale of 15 GeV were produced to
evaluate the uncertainties due to the choice of this scale. All
samples of the ugt and cgt processes were passed through
the fast detector simulation.

3.2 Simulation of t t̄ and SM single-top-quark production

Samples of simulated events from t t̄ and single-top-quark
production were generated using the PowhegBoxv2 [41–
47] NLO matrix-element generator, settingmt = 172.5 GeV.
For t t̄ and tW production as well as s-channel single-top-
quark production (t b̄ production) theNNPDF3.0nloPDF set
[48] implementing the five-flavour scheme was used, while
t-channel single-top-quark events (tq production) were pro-
duced with the NNPDF3.0nlo_nf4 PDF set, which imple-
ments the four-flavour scheme, following a recommendation
given in Ref. [47]. Parton showers, hadronisation, and the
underlying event were modelled using Pythia8.230 with
the A14 set of tuned parameters and the NNPDF2.3lo PDF
set. The PowhegBox + Pythiagenerator set-up applies a
matching scheme to the modelling of hard emissions in the
two programs. The matrix-element-to-parton-shower match-
ing is steered by the hdamp parameter, which controls the pT

of the first additional gluon emission beyond the LO Feyn-
man diagram in the parton shower and therefore regulates the
high-pT emission against which the t t̄ system recoils. Event
generation was run with hdamp = 1.5 × mt [49]. The renor-
malisation and factorisation scales were set dynamically on

an event-by-event basis, namely to μr = μf =
√
m2

t + p2
T(t)

for t t̄ production and to μr = μf = 4
√
m2

b + p2
T(b) for tq

production, with pT(t) being the pT of the top quark and
pT(b) being the pT of the b-quark originating from the initial-
state gluon, splitting into a bb̄ pair. The scale choice for tq
production followed a recommendation of Ref. [47]. When
generating tW events, the diagram-removal scheme [50] was
employed to handle the interference with t t̄ production [49].

In the case of t t̄ production, top-quark decays were han-
dled by PowhegBoxdirectly, while in the case of single-
top-quark production, top-quark decays were modelled by
MadSpin . The decays of bottom and charm hadrons were
simulated using the EvtGen 1.6.0 program [51] for all sam-
ples involving top-quark production.

The t t̄ production cross-section was scaled to σ(t t̄ ) =
832+47

−51 pb, the value obtained from next-to-next-to-leading-
order (NNLO) predictions from the Top++ 2.0 program (see
Ref. [52] and references therein), which includes the resum-
mation of next-to-next-to-leading logarithmic (NNLL) soft-
gluon terms. The total cross-sections for tq and t b̄ produc-
tion were computed at NLO in QCD with the Hathor v2.1

program [53,54] and the corresponding samples of simu-
lated events were scaled to the following values: σ(tq) =
136.0+5.5

−4.7 pb, σ(t̄q) = 81.0+4.1
−3.7 pb and σ(t b̄ + t̄ b) =

10.3 ± 0.38 pb. The cross-section used for normalising the
tW sample is σ(tW + t̄ W ) = 71.7 ± 3.8 pb [55,56]. All
cross-section calculations assumed mt = 172.5 GeV as a
fixed value.

3.3 Simulation of W+jets and Z+jets production

The production of W bosons and Z bosons in association
with jets, including heavy-flavour jets in particular, was sim-
ulated with the Sherpa2.2.1 generator [57]. In this set-up,
NLO-accurate matrix elements for up to two partons and
LO-accurate matrix elements for up to four partons were
calculated with the Comix [58] and OpenLoops1 [59–61]
libraries. The default Sherpaparton shower [62] based on
Catani–Seymour dipole factorisation and the cluster hadro-
nisation model [63] were used. The generation employed
the dedicated set of tuned parameters developed by the
Sherpaauthors and the NNPDF3.0nlo PDF set.

The NLO matrix elements of a given jet multiplicity were
matched to the parton shower using a colour-exact variant
of the MC@NLO algorithm [64]. Different jet multiplicities
were then merged into an inclusive sample using an improved
CKKW matching procedure [65,66] which was extended to
NLO accuracy using the MEPS@NLO prescription [67]. The
merging threshold was set to 20 GeV. The W+jets and Z+jets
samples were normalised to NNLO predictions [68] of the
total cross-sections, obtained with the FEWZ package [69].
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3.4 Simulation of diboson and multijet production

Samples of on-shell diboson production (WW , WZ and Z Z )
were also simulated with the Sherpa2.2.1 generator. Moti-
vated by the targeted signature of the signal events, only
semileptonic final states were produced, in which one boson
decayed leptonically and the other hadronically. The consid-
ered matrix elements contain all diagrams with four elec-
troweak vertices and they were calculated at NLO accuracy
in QCD for up to one additional parton and at LO accuracy
for up to three additional parton emissions. The matching
of NLO matrix elements to the parton shower and the merg-
ing of different jet multiplicities was done in the same way as
for W /Z+jets production. Virtual QCD corrections were pro-
vided by the OpenLoops1 library. The NNPDF3.0nlo PDF
set was used along with the dedicated set of tuned parameters
developed by the Sherpaauthors. The diboson event sam-
ples were normalised to the total cross-sections provided by
Sherpaat NLO in QCD.

Events featuring generic high-pT multijet production may
pass the event selection if a jet is misidentified as an electron
or muon, or if real electrons or muons coming from hadron
decays inside the jets pass the isolation requirements. The
former are called fake leptons, the latter non-prompt lep-
tons. In addition, non-prompt electrons occur as a result of
photon conversions in the detector material. Multijet events
with fake electrons or non-prompt electrons were modelled
with a sample of simulated dijet events, while events with
non-prompt muons were modelled with collision data. The
number of events with fake muons is negligible. The dijet
event sample was generated using Pythia8.186 with LO
matrix elements for dijet production and interfaced to a pT-
ordered parton shower. The scales μr and μf were set to
the square root of the geometric mean of the squared trans-
verse masses of the two outgoing particles in the matrix ele-

ment, μr = μf = 4
√

(p2
T,1 + m2

1)(p
2
T,2 + m2

2). At generator
level, a filter was applied which required the existence of one
particle-level jet with pT > 17 GeV. The generation used the
NNPDF2.3lo PDF set and the A14 set of tuned parameters.
The generated sample of dijet events was used to model the
event kinematics and to produce template distributions in the
electron channel, while the rate of the multijet background
was estimated in a data-driven way as described in Sect. 5.

4 Object reconstruction and event selection

The hard-scattering process was reconstructed by identifying
the particles occurring at parton level with objects which
were reconstructed at detector level, such as electron and
muon candidates and hadronic jets. The presence of high-pT

neutrinos is signalled by high missing transverse momentum.

4.1 Object definitions

Events were required to have at least one vertex reconstructed
from at least two ID tracks with transverse momenta of pT >

0.5 GeV. The primary vertex of an event was defined as the
vertex with the highest sum of p2

T over all associated ID
tracks [70].

Electron candidates were reconstructed from clusters of
energy deposited in the electromagnetic calorimeter with a
matched track reconstructed in the ID [71]. The pseudora-
pidity of clusters, ηcluster, was required to be in the range
|ηcluster| < 2.47. However, clusters were excluded if they are
in the transition region 1.37 < |ηcluster| < 1.52 between the
central and the endcap electromagnetic calorimeters. Elec-
tron candidates had to have pT > 10 GeV. A likelihood-
based method was used to simultaneously evaluate several
properties of electron candidates, including shower shapes in
the electromagnetic calorimeter, track quality, and detection
of transition radiation produced in the TRT. Two categories
of electrons with different quality were defined [71]: the first
category implemented Tight identification criteria and fea-
tured a high rejection of non-prompt or fake electrons, while
the second category with Loose criteria had higher efficiency
at the price of lower purity in prompt electrons. Electrons
from decays of weak gauge bosons pass the Tight criteria
with an average efficiency of 80% and the Loose criteria
with 93%.

Muon candidates were reconstructed by combining tracks
in the MS with tracks in the ID [72]. The tracks had to be in
the range of |η| < 2.5 and have pT > 10 GeV. Similarly to
electrons, two levels of identification criteria were applied,
defining Medium and Loose quality categories of muon can-
didates. Muons orginating from W bosons in t t̄ events with
pT > 10 GeV pass the Medium quality criteria with an effi-
ciency of 97% and the Loose criteria with 99%.

The tracks matched to electron and muon candidates had
to point to the primary vertex, which was ensured by require-
ments imposed on the transverse impact-parameter signifi-
cance, |d0/σ(d0)| < 5.0 for electrons and |d0/σ(d0)| <

3.0 for muons, and the longitudinal impact parameter,
|z0 sin(θ)| < 0.5 mm for both lepton flavours. Isolated Tight
electrons and Medium muons were selected by requiring
the amount of energy in nearby energy depositions in the
calorimeters and the scalar sum of the transverse momenta
of nearby tracks in the ID to be small. Isolation requirements
were not imposed on electrons and muons of Loose quality.
Scale factors were used to correct the efficiencies in sim-
ulation in order to match the efficiencies measured for the
electron [71] and muon [24] triggers, and the reconstruction,
identification and isolation criteria.

Jets were reconstructed from topological clusters [73,74]
in the calorimeters with the anti-kt algorithm [75] using Fast-
Jet [76] and a radius parameter of 0.4. Their energy was
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calibrated [77], and they had to fulfil pT > 20 GeV and
|η| < 4.5. Jets with pT < 120 GeV and |η| < 2.5 were
required to pass a requirement on the jet-vertex-tagger (JVT)
discriminant [78] to suppress jets originating from pile-up
collisions. The JVT-discriminant was required to be above
0.59, which corresponds to an efficiency of 92% for non-pile-
up jets. Similarly, a forward-JVT (fJVT) requirement was
used for jets with pT < 60 GeV and 2.5 < |η| < 4.5 [79].
Differences in the efficiencies of the JVT and fJVT require-
ments between collision data and simulation were accounted
for by corresponding scale factors.

Jets containing b-hadrons were identified (b-tagged) with
the MV2c10 algorithm [80], which used boosted decision
tree discriminants with severalb-tagging algorithms as inputs
[81]. The algorithms exploited the impact parameters of
charged-particle tracks, the properties of reconstructed sec-
ondary vertices and the topology of b- and c-hadron decays
inside the jets. In order to strongly reduce the misidenti-
fication rate of c-jets and light-flavour (u, d or s)/gluon
jets, a specific working point of the MV2c10 algorithm was
defined and calibrated, using the standard calibration tech-
nique [80]. With this working point, the b-tagging efficiency
for jets that originate from the hadronisation of b-quarks is
30% in simulated t t̄ events. The b-tagging rejection2 for jets
that originate from the hadronisation of c-quarks (u-, d-, s-
quarks or gluons) is 900 (30,000). By using the high-purity
b-tagging working point with 30% efficiency for b-jets the
analysis performance was considerably improved in com-
parison to an analysis based on the tightest standard working
point which features a tagging efficiency of 60% for b-jets.
The improvement is mainly due to a reduced impact of the
W+jets background, including uncertainties in mistagging c-
quark jets, light-flavour jets and gluon jets in W+jets produc-
tion. Differences in b-tagging efficiency between simulated
and collision events were corrected for by applying a pT-
dependent scale factor to simulated events. The scale factor
ranges from 0.96±0.04 in the interval 30 < pT(b) ≤ 40 GeV
to 1.01 ± 0.02 for 140 < pT(b) < 175 GeV, which is the
highest calibration interval relevant for this analysis. The b-
tagging scale factors were obtained by comparing samples of
collision data strongly enriched in t t̄ events with samples of
simulated events generated by Powheg+Pythia8.230. The
obtained scale factors depend on the parton-shower genera-
tor used to produce the t t̄ samples. When using samples with
a different parton-shower generator, for example Sherpa to
model W+ jets events, or when evaluating systematic uncer-
tainties with a set-up based on Herwig, additional correction
factors called MC-to-MC scale factors were applied.

To avoid double-counting objects satisfying more than one
selection criterion, a procedure called overlap removal was
applied. Reconstructed objects defined with Loose quality

2 The rejection is defined as the inverse of the efficiency.

criteria were removed in the following order: electrons shar-
ing an ID track with a muon; jets within �R = 0.2 of an
electron, thereby avoiding double-counting electron energy
deposits as jets; electrons within �R = 0.4 of a remain-
ing jet, for reducing the impact of non-prompt electrons;
jets within �R = 0.2 of a muon if they have two or fewer
associated tracks; muons within �R = 0.4 of a remaining
jet, reducing the rate of non-prompt muons. The Tight and
Medium criteria were applied to those objects which survived
overlap removal.

The missing transverse momentum �pmiss
T was recon-

structed as the negative vector sum of the pT of the recon-
structed leptons and jets, as well as ID tracks that pointed
to the primary vertex but were not associated with a recon-
structed object [82]. The magnitude of �pmiss

T is denoted by
Emiss

T .

4.2 Basic event selection

To be selected, events were required to have exactly one elec-
tron of Tight quality or exactly one muon of Medium quality,
both with pT > 27 GeV. The charged lepton was required to
match the object which triggered the event. To reduce con-
tributions from t t̄ events in the dilepton decay channel, any
event with an additional lepton satisfying the Loose quality
conditions with pT > 10 Gev was rejected (dilepton veto).

Multijet events containing fake or non-prompt leptons
tend to have, in contrast to events with prompt leptons from
W and Z decays, low Emiss

T and low W transverse mass,
which is defined as

mT(W ) =
√

2pT(�)Emiss
T

(
1 − cos �φ

(
�, �pmiss

T

))
. (1)

To reduce the multijet background, Emiss
T > 30 GeV and

mT(W ) > 50 Gev were applied as additional selection
requirements.

At least one jet with pT > 30 GeV was required. In
order to even further suppress the multijet background and
to remove poorly reconstructed leptons with low pT, the
event selection applied an additional requirement based on
the azimuthal angle between the primary lepton (�) and the
leading jet ( j1), i.e. the jet with the largest pT. This quantity
is denoted by �φ ( j1, �). The imposed requirement was

pT (�) > 50 Gev ·
(

1 − π − |�φ ( j1, �) |
π − 1

)
,

which led to a tighter pT requirement on the charged lep-
ton if the leading jet and the lepton had a back-to-back
topology, namely if |�φ( j1, �)| > 0.687π . For the maxi-
mum separation |�φ( j1, �)| = π between the two objects,
pT(�) > 50 Gev had to be satisfied.
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4.3 Definition of signal and validation regions

A signal region (SR) and three validation regions (VRs) were
defined by applying further requirements to the sample of
events passing the basic selection. Only events in the SR were
used at a later stage of the analysis for a profile-likelihood fit
to the data in the search for a signal contribution, while the
VRs were used to validate the modelling of different back-
ground contributions. A summary of the selection require-
ments used to define the four analysis regions is given in
Table 1.

All requirements mentioned before are common to all
regions considered. The SR was defined by narrowing the jet
requirement relative to the basic event selection. Each event
had to have exactly one jet with pT > 30 GeV and |η| < 2.5,
i.e. events with additional central jets were vetoed. This sin-
gle jet had to be b-tagged. The selection efficiency for signal
events in which the top quark decays into Wb and the result-
ing W boson decays leptonically was 1.36% for ugt events
and 2.30% for cgt events. For the ugt search, the SR was
split according to the sign of the charge of the primary lep-
ton sgnq(�). Two NN discriminants D1 and D2, described
in Sect. 6, were formed to separate signal and background
events in these three SRs.

The first VR was defined for validating the modelling of
the events kinematics of W+ jets production (W+ jetsVR)
by the Sherpa2.2.1 generator. To suppress top-quark back-
grounds a less stringent b-tagging requirement was used.
Exactly one jet with pT > 30 GeV was required to be b-

tagged at a working point with an efficiency of 60%. All
other selection requirements were the same as for the SR.
However, events in the SR were vetoed. The modified b-
tagging requirement leads to a different flavour composition
of the jets in the W+ jetsVR compared to the SR; the com-
ponents of W+c-jets and W+light-flavour jets are increased
relative to W+b-jets. To enrich the region further in W+ jets
events and reduce the number of signal events, the NN dis-
criminant D1, specified in Sect. 6, was required to be in the
range 0.3 < D1 < 0.6. The modelling of events with pos-
itive lepton charge was separately checked by requiring the
NN discriminant D2 to be in the range 0.3 < D2 < 0.6,
defining the �+ W+ jetsVR. When normalising the FCNC
processes to the observed limits from the previous ATLAS
results obtained at a centre-of-mass energy of 8 TeV, the
FCNC signal contamination is 1.2% in the W+ jetsVR and
0.9% in the �+ W+ jetsVR.

The second VR was enriched in t t̄ events by selecting
events with exactly two b-tagged jets using the 30% b-
tagging working point (t t̄ VR). When normalising the FCNC
processes to the observed limits from the previous ATLAS
results obtained at a centre-of-mass energy of 8 TeV, the
FCNC signal contamination is at a very low level of a few
times 10−4. The third VR checked the modelling of tq events
(tqVR). Events with exactly two jets were required. Exactly
one of the jets had to be b-tagged at the 30% efficiency work-
ing point, while the second jet was required to be in the for-
ward region with |η| > 2.5, which is a characteristic feature
of tq events. Thus, the tqVR was a subset of the SR, since

Table 1 Summary of selection requirements used to define the four
analysis regions. The left column lists the observables on which the
requirements are based. The first part of the table lists requirements
which are common to all four analysis regions and define the basic event
selection described in Sect. 4.2. Tight electrons and medium muons were
counted based on a pT threshold of 27 GeV and they are a subset of the

corresponding Loose quality category. Loose charged leptons had to
exceed a threshold of pT(�) = 10 GeV. The transverse mass of the W
boson, mT(W ), is defined in Eq. (1). The efficiency of the b-tagging
working point used to identify b-jets is denoted by εb. The symbol D1
represents one of the NN discriminants defined in Sect. 6

Observable Common requirements

nTight(e) + nMedium(μ) = 1

nLoose(e) + nLoose(μ) = 1

Emiss
T > 30 GeV

mT(W ) > 50 Gev

n( j) ≥ 1

pT (�) > 50 Gev ·
(

1 − π−|�φ( j1,�)|
π−1

)

Analysis regions

SR W+ jetsVR t t̄ VR tqVR

n(|η( j)| < 2.5) = 1 = 1 = 2 = 1

n(b) = 1 = 1 = 2 = 1

εb 30% 60% (veto 30%) 30% 30%

n(|η( j)| > 2.5) ≥ 0 ≥ 0 ≥ 0 = 1

D1(2) – 0.3 < D1(2) < 0.6 – 0.2 < D1(2) < 0.4
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there was no condition on jets in the forward region when
defining the SR. To further enhance the fraction of tq events
and to suppress signal events, the NN discriminant D1 was
required to be in the range 0.2 < D1 < 0.4. The mod-
elling of events with positive lepton charge was separately
checked by requiring the NN discriminant D2 to be in the
range 0.2 < D2 < 0.4, defining the �+ tqVR. When nor-
malising the FCNC processes to the observed limits from the
previous ATLAS results obtained at a centre-of-mass energy
of 8 TeV, the FCNC signal contamination is 1.2% in the tqVR
(cgt analysis) and 0.8% in the �+ tqVR.

5 Estimation of the multijet background

By requiring electron and muon candidates to be isolated,
the object definition and the event selection strongly favour
prompt leptons originating from decays of W bosons or
Z bosons. However, there is a small probability for non-
prompt electrons or muons occurring in hadron decays, either
directly or through the decay of a τ -lepton, to be recon-
structed as isolated leptons. The main source is b-hadron
decays in jets, but c-hadrons and long-lived weakly decay-
ing states such as π± and K mesons also contribute. In addi-
tion, prompt electrons are mimicked by fake electrons which
arise from the misidentification of direct photons, photons
from π0 decays, or bremsstrahlung and photon conversions.
Even though the probabilities of misidentification are rela-
tively low, some multijet events still pass the selection and
contribute to the background, since their production cross-
section is approximately three orders of magnitude higher
than the cross-sections of top-quark production processes. As
the mechanisms of misidentification are not well modelled by
the detector simulation, the rate of the multijet background
was determined in a data-driven way by fitting the Emiss

T dis-
tribution for events with an electron (electron channel) and
the mT(W ) distribution for events with a muon (muon chan-
nel).

In the electron channel, the multijet background was mod-
elled using the jet-electron method [83]. Simulated events
from dijet production (see Sect. 3.4 for a description of the
sample) were selected if they contained a jet depositing a
large fraction (>80%) of its energy in the electromagnetic
calorimeter. This jet was classified as an electron, the jet-
electron, and treated in the subsequent steps of the analy-
sis in the same way as a properly identified prompt elec-
tron. The jet-electrons had to pass the nominal pT and |η|
requirements, but electron identification requirements were
not applied. Since the relative numbers of electrons detected
in the barrel (|η| < 1.37) and endcap (|η| > 1.52) sections
of the electromagnetic calorimeter were not modelled well
enough by the sample of simulated dijet events, the electron

channel was divided into two subchannels: a barrel-electron
channel and an endcap-electron channel.

In the muon channel, multijet events were modelled with
collision events highly enriched in non-prompt muons [83].
Starting from the same sample of collision events as the
nominal selection, a subset of events enriched in non-prompt
muons was obtained by inverting or modifying some of the
muon isolation requirements, such that the resulting sam-
ple did not overlap with the nominal sample. The kinematic
requirements on muon pT and |η| remained the same as for
the nominal selection.

The rate of the multijet background was normalised by
performing a binned maximum-likelihood fit to the Emiss

T
and mT(W ) distributions observed in the electron and muon
channels, respectively. All selection criteria were applied,
except for the Emiss

T requirement in the electron channels
(barrel and endcap) and the requirement on mT(W ) in the
muon channel. The three channels were further split accord-
ing to the sign of the charge of the primary lepton sgnq(�),
leading to six channels per analysis region. Separate fits were
performed for the SR and the three VRs. In each region,
all six channels were fit simultaneously. Since the multijet
background is expected to be independent of lepton charge,
its rates in the �+ and the �− channels were assumed to
be the same. On the other hand, the rates of some of the
other background processes, i.e. tq, t b̄ and W+ jets pro-
duction, are different in the �+ and the �− channels due to
the PDFs. For the purpose of these fits, scattering processes
other than multijet production were grouped in the follow-
ing way: (1) top-quark production comprises t t̄ production
and all three single-top-quark production processes (tq, t b̄
and tW production), (2) W+ jets production, including the
production of light-quark, gluon, b-quark and c-quark jets
in association with a W boson, and (3) Z+jets and diboson
production (WW , WZ and Z Z production). The templates
of the fit distributions for these three groups of processes
were derived from simulated events and the rates were nor-
malised to the theory predictions reported in Sect. 3. As the
shapes of the distributions for Z+jets and diboson produc-
tion are very similar to those of W+ jets production, the rates
of Z+jets and diboson production were fixed in the fitting
process to the values predicted by simulation. Uncertainties
in the normalisation of top-quark production and W+ jets
production were accounted for by Gaussian constraints on
the normalisation factors of these groups of processes. In
the W+ jetsVR, only the rate of W+jets production was var-
ied, while the top-quark background was fixed. Similarly,
in the t t̄ VR and tqVR only the rate of top-quark produc-
tion was varied, while the rate of W+ jets production was
fixed. In the SR, both rates were free to vary within uncer-
tainties.

The fits yielded estimates of the rates of the multijet
background in the four analysis regions before applying
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Fig. 2 Illustration of the estimation of the multijet background by fit-
ting the Emiss

T and mT(W ) distributions in the analysis regions. As rep-
resentative examples, the Emiss

T distribution is shown in the e+ barrel
channel in (a) and the mT(W ) distribution is shown in the μ+ chan-
nel in (b). Both distributions are in the SR. The stacked histograms
were normalised to the fit result. The uncertainty band represents the

uncertainty due to limited sample size and the rate uncertainties of
the different processes (20% for W+jets production, 30% for the mul-
tijet background and 6% for the top-quark processes). The ratio of
observed to predicted (Pred.) numbers of events in each bin is shown in
the lower panel. Events beyond the axis range are included in the last
bin

the requirements on Emiss
T and mT(W ). An uncertainty of

30% was assigned to the estimates, covering alternative
results obtained in studies of fits to different discriminating
observables. As examples illustrating the fit results, Fig. 2
shows the Emiss

T distribution in the e+ barrel channel of the
SR and the mT(W ) distribution in the μ+ channel of the
SR.

The stacked histograms were normalised to the fit result.
The low Emiss

T and mT(W ) regions drove the estimate of the
multijet background, since its fraction of the total yield was
larger there than at higher values of the two observables. The
yield of the multijet background after applying the require-
ments of Emiss

T > 30 GeV andmT(W ) > 50 GeV is based on
the normalised histograms of the multijet background nor-
malised to the fit result and was later used as a starting value
for the profile-likelihood fit in the final statistical analysis.
The normalisation factors obtained for top-quark production
and W+ jets production were applied to normalise the respec-
tive backgrounds when validating the modelling of kinematic
distributions prior to the statistical analysis of the NN dis-
criminants, but they were not used in the statistical analysis
itself.

All backgrounds other than the multijet background were
modelled by simulated events and the event rate was esti-
mated by scaling the samples of simulated events to the inte-
grated luminosity of the sample of collision data being anal-
ysed. The event kinematics of the multijet background is
described with the jet-electron model and with non-prompt
muon events, normalising the rate of the multijet background
to the results of the fits to the Emiss

T and mT(W ) distributions.
Figure 3 provides a summary of the fractional contributions
of the different background processes to the expected event
yield in the SR.

+jets 36.8%W

 4.8%VV+jets,Z
Multijet 7.6%

 22.2%qt,tq  28.7%bt,b,Wt,ttt

 SR
ATLAS -1 139 fb,=13 TeVs

Fig. 3 Pie chart of the background composition of the SR. The SR
comprises the two electron channels (barrel and endcap) and the muon
channel. The pre-fit event yields are reported in Table 3

The three largest backgrounds are W+ jets production, the
combined t t̄ -tW -t b̄ background, and tq production.

6 Neural networks separating signal and background
events

Two NNs were employed to enhance the separation of signal
events from background events by combining several kine-
matic (input) variables to form two discriminants named
D1 and D2. The kinematics of signal events depends on
whether the quark (antiquark) in the initial state is a valence
quark or a sea quark (antiquark). Sea quarks (antiquarks)
and valence quarks of the proton carry, on average, differ-
ent fractions x of the proton momentum and this difference
leads to different rapidity distributions for the correspond-
ing produced top quarks (antiquarks) and their decay prod-
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Table 2 Input variables to the two NNs

Variable Definition

Variables common to the D1 and D2 NNs

pT(b) Transverse momentum of the b-tagged jet

m(�b) Invariant mass of the charged lepton (�) and the b-tagged jet (b)

mT(W ) Transverse mass of the reconstructed W boson

�R(W, b) Distance in the η–φ plane between the reconstructed W boson and the b-tagged jet

|�φ(W, b)| Azimuthal angle between the reconstructed W boson and the b-tagged jet

m(�νb) Top-quark mass reconstructed from the charged lepton, neutrino, and b-tagged jet

Variables used only for the D1 NN

sgn q(�) Sign of the charge of the primary lepton

HT(�, b, Emiss
T ) Scalar sum of the transverse momenta of all reconstructed objects

η(W ) Pseudorapidity of the reconstructed W boson

|�φ(�, �pmiss
T )| Azimuthal angle between the charged lepton and �pmiss

T .

|�φ(W, �)| Azimuthal angle between the reconstructed W boson and the charged lepton

pT(�νb) Transverse momentum of the reconstructed top quark

Variables used only for the D2 NN

η(b) Pseudorapidity of the b-tagged jet

pT(W ) Transverse momentum of the reconstructed W boson

�R(�νb,W ) Distance in the η–φ plane between the reconstructed top quark and W boson

ucts. Top quarks produced in the u + g → t process tend
to have higher absolute rapidity values than top antiquarks
produced in the ū + g → t̄ process and top quarks or top
antiquarks produced in the c + g → t and c̄ + g → t̄
processes. The two discriminants D1 and D2 exploit these
differences.

The first network was trained only with events from the
cgt process and was thus optimised for events featuring a
sea quark or antiquark in the initial state. The discriminant
obtained from this network is defined to be D1. The second
NN was trained with events from top-quark production via
the ugt process as signal, excluding the charge-conjugate
process of top-antiquark production. The corresponding dis-
criminant is called D2. The discriminant D1 is used in a
search for the cgt process. The second analysis searches for
the ugt process and makes use of both discriminants, D1 and
D2. In this case, two SRs were defined based on sgnq(�).
The discriminant D1 was used in the �− channel targeting
top-antiquark production (ū + g → t̄ ). The discriminant
D2 was computed in the �+ channel, aimed at the search for
direct top-quark production (u + g → t).

The NNs were implemented using the NeuroBayes pack-
age [84,85], which combines a three-layer feed-forward NN
with a complex and robust preprocessing of the input vari-
ables before they are presented to the NN. The training of the
NNs was based on generated signal and background events
and used back-propagation to determine the weights of con-
nections among nodes. As a non-linear activation function,
NeuroBayes uses the symmetric sigmoid function

S(x) = 2

1 + e−x
− 1

which maps the interval (−∞,+∞ ) to the interval (−1,+1 ).
In the region close to zero, the sigmoid function has a linear
response. The D1 and D2 discriminants were obtained by
linearly scaling the outputs of the corresponding NNs to the
interval (0, 1).

Sets of input variables were selected based on stud-
ies considering the sensitivity of the analyses as given by
the expected upper limits on the production cross-sections
(Sect. 8 provides more details about the computation of upper
limits), how well the observed distributions of the input vari-
ables are modelled by simulation, and the ranking of the input
variables provided by the preprocessing step of NeuroBayes.
The D1 NN used 12 input variables, the D2 NN nine. Six of
those variables were common to both NNs. Table 2 provides
the list of input variables.

Some of the variables, for example �R(W, b) and
m(�νb), required reconstruction of the leptonically decay-
ing W boson, which in turn required reconstruction of the
neutrino momentum. While the x- and y-components of the
neutrino momentum, px (ν) and py(ν), were approximated
by the components of �pmiss

T , the z-component, pz(ν), was
determined by constraining the mass of the reconstructed W
boson to match the measured world average. If the resulting
quadratic equation had two real solutions, the one with the
smallest |pz(ν)| was chosen. In the case of complex solu-
tions, which could occur due to the limited Emiss

T resolution,
a kinematic fit was performed that rescaled the neutrino px
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and py such that the imaginary part vanished and at the same
time the transverse components of the neutrino momentum
were kept as close as possible to the �pmiss

T . The W boson
was formed by adding the four-vectors of the reconstructed
neutrino and the charged lepton.

NeuroBayes uses Bayesian regularisation techniques for
the training process to improve the generalisation perfor-
mance and to avoid overtraining. In general, the network
infrastructure consists of one input node for each input vari-
able plus one bias node, an arbitrary, user-defined number
of hidden nodes arranged in a single hidden layer, and one
output node which gives a continuous output in the inter-
val (−1,+1). For the two NNs of this analysis, 15 nodes
were used in the hidden layer and the ratio of signal to back-
ground events in the training was chosen to be 1:1. The differ-
ent background processes were weighted according to their
expected number of events. Only t t̄ , W+jets and single-top-
quark events were used as background processes in the train-
ing. The multijet background was not used, since its mod-
elling has considerable uncertainties and attempting to opti-
mise the separation of this background from signal events
would likely make the results of the analysis more sensitive
to any mismodelling of the kinematics of multijet produc-
tion. After the training step, samples of simulated signal and
background events as well as the observed events were pro-
cessed by the NNs. The resulting distributions of D1 and D2

normalised to unit area are shown in Fig. 4.
The signal distributions peak at high values between 0.8

and 0.9, while the distributions of the background processes
peak at low values. Compared to the t t̄ process, which has
a low event fraction in the highest bins, the tq and W+jets
production processes have higher event fractions in the most
signal-like bins.

Prior to the application of the NNs to the observed colli-
sion data in the SR, the modelling of the input variables was
checked. The corresponding distributions in the VRs were
validated as well. The normalisation of the different scatter-
ing processes in the grouping reported in Fig. 3 was taken
from the fits to the Emiss

T andmT(W ) distributions for the esti-
mation of the multijet background, reported in Sect. 5. As an
additional check, the trained NNs were applied in the VRs
using input variables corresponding to those in the SR. Three
examples of discriminant distributions in the VRs are pre-
sented in Fig. 5. In all cases, the model describes the observed
discriminant distributions within the estimated uncertainties.

7 Systematic uncertainties

Several sources of systematic uncertainty affect the expected
event yield from signal and background processes as well
as the shape of the NN discriminants used in the maximum-
likelihood fit. The systematic uncertainties are divided into

two major categories. Experimental uncertainties are asso-
ciated with the reconstruction of the four-momenta of final-
state partonic objects: electrons, muons, b-jets, and Emiss

T
as an indication of a primary neutrino. The second category
of uncertainties is related to the modelling of scattering pro-
cesses with event generators. In the following, the estimation
of experimental and modelling uncertainties is explained in
more detail.

7.1 Experimental uncertainties

The uncertainty in the integrated luminosity of the combined
2015–2018 data set is 1.7% and is based on a calibration
of the luminosity scale using x–y beam-separation scans
[21]. The luminosity uncertainty was applied to the signal
and background event yields except for the multijet back-
ground, which was estimated in a data-driven way. Scale
factors were applied to simulated events to correct for recon-
struction, identification, isolation and trigger performance
differences between data and detector simulation for elec-
trons and muons. These scale factors, as well as the lep-
ton momentum scale and resolution, were assessed using
Z → �+�− events in simulation and data [71,72]. Their sys-
tematic uncertainties were propagated to the expected event
yields and discriminant distributions used in the maximum-
likelihood fit.

The jet energy scale (JES) was calibrated using a combi-
nation of test-beam data, simulation and in situ techniques
[77]. Its uncertainty is decomposed into a set of 30 uncor-
related components, of which 29 are non-zero in a given
event depending on the type of simulation used. Sources
of uncertainty contributing to the JES uncertainties include
pile-up modelling, jet flavour composition, single-particle
response and effects of jets not fully contained within the
calorimeter. The uncertainty of the jet energy resolution
(JER) is represented by eight components accounting for
jet-pT and η-dependent differences between simulation and
data [86]. The uncertainty in the efficiency to pass the JVT
requirement for pile-up suppression was also considered
[78].

The uncertainties in the b-tagging calibration were deter-
mined for b-jets [80], broken down into 45 orthogonal com-
ponents. The uncertainties depend on the pT of the b-jets
and were propagated through the analysis as weights. Since
b-jets were identified with very high purity, the misidentifi-
cation rate of c-jets and light-flavour jets was very low and
a dedicated calibration was not performed. Only the W+jets
background has a small component of misidentified c-jets
and light-flavour jets. For other backgrounds and for the sig-
nal processes these components are negligible. Since the rate
of the W+jets background was determined directly from the
final maximum-likelihood fit, there was no need for an over-
all rate uncertainty on the W+jets background. Instead a
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Fig. 4 Distributions of the D1 and D2 discriminants for signal and
background processes. Each distribution is normalised to unit area. The
discriminant D1 was used for cgt analysis and the �− channel of the
ugt analysis. The discriminant D2 was used in the �+ channel of the

ugt analysis. The histograms in (a) show the distributions obtained in
the cgt analysis, that is, the discriminant was evaluated for all selected
events independent of sgn q(�). The distributions in the �+ channel of
the ugt analysis are shown in (b)

Fig. 5 Distributions of the NN
discriminants D1 and D2
observed in a the tqVR, b the
t t̄ VR and c the �+ W+ jetsVR.
The observed data are compared
with the distribution of
simulated background events
normalised to the number of
expected events, accounting for
the normalisation factors
obtained in the fits of the Emiss

T
and mT(W ) distributions for
estimating the multijet
background. The uncertainty
band represents the uncertainty
due to limited sample size and
the rate uncertainties of the
different processes (20% for
W+jets production, 30% for the
multijet background and 6% for
the top-quark processes). The
ratio of observed to predicted
(Pred.) numbers of events in
each bin is shown in the lower
panel
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dedicated shape uncertainty was assigned to the modelling
of the contamination by c-jets and light-flavour jets. More
details are given in the next section on modelling uncertain-
ties.

The uncertainty in Emiss
T due to a possible miscalibration

of its soft-track component was derived from data–simulation
comparisons of the pT balance between the hard and soft
Emiss

T components [82]. To account for pile-up distribution
differences between simulation and data, the pile-up profile
in the simulation was corrected to match the one in data. The
uncertainty associated with the correction factor was applied.

7.2 Modelling uncertainties

Uncertainties in the theoretical cross-sections were evalu-
ated for the SM top-quark processes (tq, t t̄ , tW and t b̄ ) as
quoted in Sect. 3.2. The single largest background, W+jets
production, was allowed to float in the likelihood fit and thus
a cross-section uncertainty was not applied. A symmetric
uncertainty of ±20% was assigned to the Z+jets production
cross-section by evaluating the effect of seven variations of
μr and μf in the matrix-element computation [87]. In this
estimate, which is meant to account for missing higher-order
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corrections, the scales were independently varied by factors
of 0.5 and 2.0, avoiding the variations with ratios of four
between the two scales. The biggest impact on the cross-
sections was found for a correlated variation of μr and μf .
The same uncertainty of ±20% was assigned to diboson pro-
duction. The uncertainty in the event yield of the multijet
background is 30%.

Uncertainties in modelling parton showers and hadroni-
sation were assigned to the FCNC signal and the SM top-
quark production processes (t t̄ , tW , tq and t b̄ production) by
comparing the nominal samples with alternative samples for
which METOP and PowhegBoxwere interfaced to Her-

wig7.0.4 instead of Pythia8.235 or Pythia8.230, respec-
tively. When generating parton showers the MMHT2014lo

[88] PDF set was used as well as the H7-UE-MMHT [40] set
of tuned parameters. The uncertainties were defined indepen-
dently for each scattering process, namely the FCNC signal
process and the four SM top-quark production processes. In
addition, normalisation and shape effects were decorrelated
as well.

Uncertainties related to the choice of renormalisation and
factorisation scales for the matrix-element calculations were
evaluated by varying the scales in a correlated way by fac-
tors of 2 and 0.5, separately for each process. In the case of
the FCNC signal processes, dedicated samples of simulated
events were generated with varied scales. For the SM top-
quark production processes and for W+ jets production, the
scale variations were implemented as generator weights in
the nominal sample. These weights were propagated through
the entire analysis.

The uncertainty due to the choice of a scale for match-
ing the matrix-element calculation of the t t̄ process to the
parton shower was estimated using an additional t t̄ sample
produced with the hdamp parameter set to 3×mt , while keep-
ing all other generator settings the same as for the nomi-
nal sample of t t̄ events. The uncertainty due to the choice
of matrix-element-to-parton-shower matching scale used in
the generation of the FCNC signal samples was evaluated
by comparisons with alternative samples produced with a
matching scale of 15 GeV instead of the 10 GeV scale used
for the nominal sample. The uncertainty related to the spe-
cific algorithm for matching the NLO-matrix-element com-
putation to parton showers was evaluated for the SM top-
quark production processes (tq, t t̄ , tW and t b̄ ) by compar-
ing samples generated by PowhegBoxwith samples gener-
ated by MadGraph5_aMC@NLO [89]. Both set-ups used
Pythia for the parton-shower computation. The effects of
this matching-algorithm uncertainty on the shape of the NN
discriminants and on the event yields were decorrelated in
the maximum-likelihood fit.

Uncertainties in the amount of initial-state and final-
state radiation were assessed for the FCNC signal processes
and the SM top-quark production processes by varying the

parameter Var3c of the A14 parton-shower tune within the
uncertainties of the tune and, for final-state radiation, by vary-
ing the renormalisation scale μr , at which the strong coupling
constant αs was evaluated, by factors of 0.5 and 2.0. The two
variations, the one of Var3c and the one of μr, were han-
dled independently. The uncertainty due to the scheme for
removing the overlap of the tW process with t t̄ production
was evaluated by comparing the nominal sample, using the
diagram-removal scheme, with a sample produced with an
alternative scheme (diagram subtraction) [50]. In all uncer-
tainty evaluations mentioned above the alternative samples
or reweighted samples were normalised to the total cross-
section of the nominal samples.

Uncertainties due to PDFs were evaluated for the tq
process and the combined t t̄ -tW -t b̄ process using the
PDF4LHC15 combined PDF set [90] with 30 symmetric
eigenvectors. Samples of simulated events were reweighted
to the central value and the eigenvectors of the combined
PDF set. Systematically varied templates were constructed
by taking the differences between the samples reweighted
to the central value and those reweighted to the eigenvec-
tors. In the likelihood fit the PDF uncertainties were treated
as correlated between the tq process and the combined t t̄ -
tW -t b̄ process. The uncertainty in the average number of
interactions per bunch crossing was accounted for by varying
accordingly the scale factors applied to weight the simulated
events in order to obtain the pile-up distribution observed in
collision data.

The uncertainty in the multijet background was evaluated
by modifying the respective selection criteria for the jet-
lepton and the non-prompt-muon candidate. For each lepton
type, two alternative selections were defined by varying the
requirements on the energy fraction measured in the elec-
tromagnetic calorimeter in the case of the jet-lepton and by
varying the isolation criteria for the muon candidates. The
variations leading to the larger deviations from the nominal
set-up were chosen when defining uncertainties in the shape
of the NN discriminant distribution for the multijet back-
ground.

With a fraction of 92% the W+b-jets component dom-
inates the W+jets background. Since the number of sim-
ulated events with jets of different flavour, c-jets or light-
flavour jets, was very limited, theW+jets template was based
on the W+b-jets component only. The expected event yield
was scaled such that the events with jets of different flavour
were also considered. To account for small shape differences
between the NN-discriminant distributions for W+b-jets,
W+c-jets and W+light-flavour jets, two alternative W+jets
template histograms were created by adding to the nominal
W+b-jets component the W+c-jets and W+light-flavour jets
contributions with three times the expected rate. The result-
ing shape differences were applied in a symmetric way in the
maximum-likelihood fit, which constrained the input uncer-
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tainties to a level of 80% for W+c-jets in both searches (ugt
and cgt) and 40% (70%) for W+light-flavour jets in the ugt
analysis (cgt analysis). In the cgt analysis using the D1 dis-
criminant, the W+c-jets input uncertainty is approximately
±9% for NN discriminant values below 0.7 and rises to
±12% at high values. The W+light-flavour jets input uncer-
tainty is approximately ±4% for NN discriminant values of
0.75 to 1.0, while at values below 0.1 it reaches ±10%. In the
ugt analysis, the corresponding uncertainties in the shapes
of the D1 and D2 discriminants have very similar features.

The uncertainties due to the finite number of simu-
lated events, also called the MC statistical uncertainty, was
accounted for by adding a nuisance parameter for each
bin of the NN discriminant distributions separately for
each scattering process, implementing the Barlow–Beeston
approach [91].

8 Results

The observed distributions of the NN discriminants were
subjected to a binned maximum-likelihood fit, probing for
a potential FCNC signal. Two analyses were performed,
searching separately for the ugt and cgt FCNC processes.
The likelihood function L was constructed as a product of
Poisson probability terms over all bins of the NN discrimi-
nants. The function L(μ, �θ) depends on the signal-strength
parameter μ, a multiplicative factor to the signal production
cross-section used to normalise the simulated signal sam-
ples, and �θ , a set of nuisance parameters including the effects
of systematic uncertainties on the signal and background
expectations. The range of each nuisance parameter was con-
strained in the likelihood function by a Gaussian term. The
signal strength of the W+jets process, μ(W j), was treated
as a free multiplicative factor as well. In the ugt analysis,
in contrast to the cgt analysis, the rates of the W++jets and
W−+jets processes were determined separately in a simul-
taneous fit using two independent normalisation parameters.

Systematically varied discriminant distributions were
smoothed and nuisance parameters of systematic uncertain-
ties with negligible impact were entirely removed in order
to reduce spurious effects in minimisation, improve conver-
gence of the fit, and reduce the computing time. Normalisa-
tion and shape effects of a source of systematic uncertainty
were treated separately in the pruning process.

Single-sided systematic variations were turned into sym-
metric variations by taking the full difference in event yield
and shape between the nominal model and the alternative
model and mirroring this difference in the opposite direc-
tion. For sources with two variations, their effects were made
symmetric by using the average deviation from the nominal
prediction.

8.1 Results of the profile likelihood fit

The results of the maximum-likelihood fits yielded:μ(ugt) =
0.10 ± 0.18,3 μ(W+ j) = 1.25 ± 0.15 and μ(W− j) =
1.32 ± 0.17 as well as μ(cgt) = 0.15 ± 0.17 and μ(W j) =
1.19 ± 0.15. The normalisation factors of the W+jets pro-
cess were determined to be above 1 in all cases. This find-
ing is similar to that from a dedicated measurement of the
cross-section of the Z + ≥1 b-jet process [92]. No signif-
icant nuisance parameters pulls were observed in either fit.
The impact of systematic uncertainties on the sensitivity is
much larger than that of the data statistical uncertainties. An
importance ranking of systematic uncertainties was deter-
mined by computing the shifts �μ j in the signal-strength
parameters μ(ugt) and μ(cgt) when fixing a particular nui-
sance θ j related to the uncertainty j to its estimated value θ̂ j

plus or minus its post-fit uncertainty �θ̂ j . In the ranking, the
uncertainties are sorted in |�μ j | in descending order.

The five leading systematic uncertainties in the ugt fit are
due to the MC statistical uncertainty in the highest bin of the
NN discriminant D2 of the W+jets process, the W+c-jets
shape uncertainty, the first effective nuisance parameter of
the uncertainty in the jet-energy resolution, the MC statistical
uncertainty in the second-highest bin of the NN discriminant
D2 of the W+jets process, and the normalisation component
of the uncertainty in the matrix-element-matching algorithm
of the tq process. Out of these leading uncertainties, the three
non-MC-statistical uncertainties were constrained in the fit
to the range of 80% to 90% of their original value. The five
leading systematic uncertainties in the cgt fit are due to the
modelling of the parton shower of the FCNC cgt process,
the shape component of the parton-shower uncertainty of
the tq process, the uncertainty in the resolution of the soft-
track term of the Emiss

T computation, the shape component
of the uncertainty in the matrix-element-matching algorithm
of the tq process, and the MC statistical uncertainty in the
highest bin of the NN discriminant D1 of theW+jets process.
Out of these leading uncertainties of the cgt analysis, the fit
constrained the three non-MC-statistical uncertainties to the
range of 65% to 90% of their original value.

Table 3 provides the expected, the observed, and the fitted
event yields in the SR.

The results of the ugt and cgt analyses differ slightly, but
agree well within uncertainties. The event yields after the
fit account for pulls of the nuisance parameters. The fitted
discriminant distributions are shown in Figs. 6 and 7 for the
ugt and cgt analyses, respectively.

3 The reference cross-sections of the signal processes are σ(u + g →
t)×B(t → Wb)×B(W → �ν) = 6.27 pb and σ(c+g → t)×B(t →
Wb) × B(W → �ν) = 8.52 pb.
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Fig. 6 The NN discriminants D1 and D2 of the ugt search are shown
with the post-fit normalisation applied to the stacked histograms of the
different hard-scattering processes. The histograms in a and b show the
full discriminant range in the negatively charged lepton channel and
the positively charged lepton channel, respectively. The histograms c

and d show a zoomed-in view of the high discriminant region between
0.7 and 1.0. The hatched bands represent the post-fit uncertainty of
the total event yield in each bin. Correlations among uncertainties were
taken into account as determined in the fit. The fitted signal contribution
is included but is barely visible because its relative size is very small
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Table 3 Expected pre-fit and post-fit event yields along with the
observed event yield in the SR. The quoted uncertainties include the
statistical and systematic uncertainties of the event yields. Correlations,

including anticorrelations, among the nuisance parameters related to the
uncertainties were taken into account as determined in the maximum-
likelihood fit

Process Pre-fit Post-fit cgt Post-fit ugt

ugt FCNC process 0 0 1200 ± 2100

cgt FCNC process 0 4100 ± 4500 0

tq 138,600 ± 9300 149,200 ± 9400 150,000 ± 10,000

t t̄ , tW , t b̄ 179,000 ± 17,000 179,000 ± 14,000 175,200 ± 9700

W+jets 229,000 ± 30,000 281,000 ± 21,000 292,000 ± 18,000

Z+jets, VV 29,700 ± 6000 30,000 ± 6000 29,800 ± 6000

Multijet 47,000 ± 14,000 45,000 ± 14000 40,000 ± 12,000

Total 650,000 ± 46,000 688,600 ± 2400 688,700 ± 3500

Observed 688,380 688,380 688,380

Fig. 7 The NN discriminant D1 of the cgt search is shown with the
post-fit normalisation applied to the stacked histograms of the differ-
ent hard-scattering processes. The histogram in a shows the full dis-
criminant range. The histogram b shows a zoomed-in view of the high

discriminant region between 0.7 and 1.0. The hatched bands represent
the post-fit uncertainty of the total event yield in each bin. Correlations
among uncertainties were taken into account as determined in the fit

The observed discriminant distributions are very well
described by the fitted model and they are compatible with
the background-only hypothesis.

8.2 Upper limits on cross-sections, EFT coefficients and
branching ratios

Since the observed NN-discriminant distributions were
found to be compatible with the background-only hypoth-

esis, upper limits were set on the cross-sections of the ugt
and the cgt processes at the 95% confidence level (CL). The
limits were computed by applying the CLs method [93,94] as
implemented in the RooFit package [95] to the test statistic
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q̃μ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−2 ln

⎛

⎝
L

(
μ,

ˆ̂�θ(μ)

)

L
(

0,
ˆ̂�θ(0)

)

⎞

⎠ if μ̂ < 0,

−2 ln

⎛

⎝
L

(
μ,

ˆ̂�θ(μ)

)

L
(
μ̂, �̂θ

)

⎞

⎠ if 0 ≤ μ̂ ≤ μ,

0 if μ̂ > μ.

(2)

In Eq. (2), the symbols μ̂ and �̂θ represent the values of the

parameters maximising the likelihood function and
ˆ̂�θ are the

values of the nuisance parameters which maximise the like-
lihood function for a fixed value of μ. The obtained upper
limits on the cross-sections times branching ratio are

σ(ugt) × B(t → Wb) × B(W → �ν) < 3.0 pb and (3)

σ(cgt) × B(t → Wb) × B(W → �ν) < 4.7 pb, (4)

with B(W → �ν) = 0.325 being the sum of branching
ratios of all three leptonic decay modes of the W boson.
The expected cross-section-times-branching-ratio limits are
2.4 pb and 2.5 pb, respectively. The observed limits are larger
than the expected ones because non-zero signal yields are fit-
ted.

The cross-section limits are interpreted within the
TopFCNCmodel [14], which implements an effective opera-
tor formalism and is based on the FeynRules 2.0 framework
[96] used inside the MadGraph5_aMC@NLOevent gener-
ator. With this set-up the cross-sections of the FCNC pro-
cesses under consideration were calculated at NLO in QCD,
providing a significant improvement on LO calculations,
since NLO corrections for this class of processes were found
to be between 30% and 80% [14].4 In the TopFCNC model,
the two operatorsO ut

uG andO ct
uG generate the ugt and cgt pro-

cesses, and the coupling strengths of the corresponding ver-
tices are given by the two coefficients C ut

uG and C ct
uG divided

by the square of the new-physics scale �. The total cross-
sections are found to be related to the EFT coefficients by

σ(u + g → t) = 2773 ×
(
C ut
uG

�2

)2

pb TeV4 and (5)

σ(c + g → t) = 719 ×
(
C ct
uG

�2

)2

pb TeV4. (6)

Using Eqs. (5) and (6) the cross-section limits of Eqs. (3)
and (4) become limits on the EFT coefficients:

|C ut
uG |

�2 < 0.057 TeV−2 and

|C ct
uG |

�2 < 0.14 TeV−2 at the 95% CL. (7)

4 WhileMadGraph5_aMC@NLOcan be used for a fixed-order calcu-
lation at NLO, events for which a matching to a parton-shower program
is needed can only be generated at LO in the current implementation.

Since the u-quark is a valence quark of the proton, it car-
ries on average a much larger momentum fraction than the
c-quark, and thus the cross-section of the ugt process is
much larger than the cross-section of the cgt process, when
considering the same value of the corresponding coefficient
(C ut

uG = C ct
uG). For a certain experimental sensitivity, the

sensitivity to C ut
uG is therefore higher than to C ct

uG . However,
in the two-Higgs-doublet models mentioned in Sect. 1 the
predicted FCNC couplings to charm quarks are much higher
than to up quarks. For this reason, the limits onC ct

uG have phe-
nomenological relevance even though they are weaker than
the limits onC ut

uG . The limits presented in Eq. (7) tighten con-
straints set by the CMS Collaboration using dilepton events
recorded in Run 2 of the LHC [97] by more than a factor of
three. The CMS analysis searched for tW production cross-
section via FCNC.

An alternative and very accessible way of comparing the
upper limits on the EFT coefficient with previous results uses
the branching ratios of FCNC top-quark decays: B(t → u +
g) and B(t → c + g). These branching ratios are given as a
function of the EFT coefficients by the relation

B(t → q + g) = 0.0186 ×
(
C qt
uG

�2

)2

TeV4,

with q = u, c [98], assuming the top-quark width to be �t =
1.32 GeV. The resulting upper limits at the 95% CL are

B(t → u + g) < 0.61 × 10−4 and

B(t → c + g) < 3.7 × 10−4. (8)

These new bounds are approximately a factor of two more
restrictive than the previous ATLAS results obtained at a
centre-of-mass energy of 8 TeV [12]. The bound on the cgt
mode is comparable to that of the CMS analysis combining
7 and 8 TeV data [11], while the bound on the ugt mode is
significantly weaker than the CMS one.

8.3 Comparison of expected upper limits

For assessing the sensitivity of this analysis and comparing
it with the sensitivity of other results, and for evaluating the
impact of different groups of systematic uncertainties, the
computation of expected upper limits is more suitable than
using the observed results, since biases caused by statisti-
cal fluctuations are avoided and the signal contribution is
set to zero. The expected limits were derived by using the
expected distributions of the NN discriminants, considering
background processes only. The initially predicted rate of the
W+jets process was scaled by a factor of μ(W+b) = 1.22
or μ(W−b) = 1.30 for the ugt analysis and by a factor of
μ(Wb) = 1.18 for the cgt analysis. These normalisation fac-
tors were obtained from background-only fits to the observed
NN discriminants in background-dominated regions, namely
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Table 4 Impact of systematic uncertainties on the expected upper lim-
its on the branching ratios of the FCNC decay modes B(t → u + g)
and B(t → c+ g). Four scenarios are considered: (1) include only data

statistical uncertainties, (2) include the experimental systematic uncer-
tainties in addition, (3) include all systematic uncertainties except for
the MC statistical uncertainties and (4) include all uncertainties

Scenario Description Bexp
95 (t → u + g) Bexp

95 (t → c + g)

(1) Data statistical only 1.1 × 10−5 2.4 × 10−5

(2) Experimental uncertainties also 3.1 × 10−5 12 × 10−5

(3) All uncertainties except MC statistical 3.9 × 10−5 18 × 10−5

(4) All uncertainties 4.9 × 10−5 20 × 10−5

the ranges 0.0 to 0.7 for the D1 discriminant and 0.0 to 0.55
for the D2 discriminant. The resulting expected upper limits
in terms of branching ratios are

Bexp
95 (t → u + g) = 0.49 × 10−4 and

Bexp
95 (t → c + g) = 2.0 × 10−4. (9)

Compared to the ATLAS analysis at 8 TeV centre-of-mass
energy, significant improvements in sensitivity are obtained
for both the ugt and cgt analyses. However, the improve-
ments in sensitivity are smaller than expected from a simple
scaling of the number of expected events with the increase
in integrated luminosity and the increase in signal cross-
sections. The main reason for this effect is that the cross-
sections of the top-quark background processes rise faster
with the centre-of-mass energy than the cross-sections of the
FCNC signal processes.

The expected upper limits are lower than the observed
upper limits in Eq. (8), since non-zero, yet insignificant, sig-
nals are observed, while the expected limits are obtained from
expected distributions without any signal events included.
The effect is larger for the cgt analysis than for the ugt anal-
ysis because the fitted signal event yield is more than three
times larger in the cgt case, as seen in Table 3.

In order to quantify the impact of different groups of sys-
tematic uncertainties, expected upper limits were computed
for different scenarios: (1) include only data statistical uncer-
tainties, (2) include the experimental systematic uncertainties
in addition, (3) include all systematic uncertainties except
for the MC statistical uncertainties and (4) include all uncer-
tainties. The last case leads to the limits quoted in Eq. (9).
The results of this study are reported in Table 4 and clearly
demonstrate how large the impact of systematic uncertain-
ties is. Both the experimental and modelling uncertainties are
relevant. MC statistical uncertainties increase the expected
upper limits by approximately 20% in the ugt case and by
about 10% for the cgt process.

9 Conclusions

A search for the production of a single top quark via left-
handed FCNC interactions of a top quark, a gluon and an

up or charm quark was performed. The analysis used the full
LHC Run 2 proton–proton collision data set recorded with the
ATLAS detector at a centre-of-mass energy of 13 TeV, cor-
responding to an integrated luminosity of 139 fb−1. Events
with exactly one electron or muon, exactly one b-tagged jet
and missing transverse momentum were selected, resembling
the decay products of a single top quark. A dedicated high-
purity working point was devised for the identification of
b-jets, reducing the background of W+c-jets and W+light-
flavour jets considerably. Neural networks were used to sep-
arate signal events from background events, and a binned
maximum-likelihood fit to the neural-network discriminants
was performed to search for a contribution from theu+g → t
and c + g → t processes. The observed distributions were
found to be compatible with the background-only hypothesis
and therefore upper limits on the production cross-sections
times branching ratios were derived, leading to

σ(ugt) × B(t → Wb) × B(W → �ν) < 3.0 pb and

σ(cgt) × B(t → Wb) × B(W → �ν) < 4.7 pb.

The cross-section limits were interpreted in the framework
of an effective field theory, yielding limits on the coeffi-
cients of the operators producing the FCNC processes under
investigation: |C ut

uG |/�2 < 0.057 TeV−2 and |C ct
uG |/�2 <

0.14 TeV−2 at the 95% confidence level. These limits are
also expressed in terms of branching ratios of corresponding
FCNC top-quark decays, resulting in

B(t → u + g) < 0.61 × 10−4 and B(t → c + g)

< 3.7 × 10−4.

The new bounds improve on previous ATLAS results
obtained at a centre-of-mass energy of 8 TeV by approxi-
mately a factor of two.
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R. Mazini154 , I. Maznas158 , S. M. Mazza141 , C. Mc Ginn27 , J. P. Mc Gowan100 , S. P. Mc Kee102 ,
T. G. McCarthy111 , W. P. McCormack16 , E. F. McDonald101 , A. E. McDougall115 , J. A. Mcfayden152 ,
G. Mchedlidze155b , M. A. McKay40, K. D. McLean171 , S. J. McMahon139 , P. C. McNamara101 ,
R. A. McPherson171,y , J. E. Mdhluli31f , Z. A. Meadows99 , S. Meehan34 , T. Megy36 , S. Mehlhase110 ,
A. Mehta88 , B. Meirose41 , D. Melini156 , B. R. Mellado Garcia31f , A. H. Melo51 , F. Meloni44 , A. Melzer22 ,
E. D. Mendes Gouveia135a , A. M. Mendes Jacques Da Costa19 , H. Y. Meng162, L. Meng34 , S. Menke111 ,

123

http://orcid.org/0000-0001-6568-2047
http://orcid.org/0000-0003-0294-3953
http://orcid.org/0000-0002-7314-0990
http://orcid.org/0000-0001-6226-8385
http://orcid.org/0000-0003-4724-9017
http://orcid.org/0000-0002-8625-5586
http://orcid.org/0000-0002-7580-384X
http://orcid.org/0000-0002-0296-5899
http://orcid.org/0000-0002-6356-372X
http://orcid.org/0000-0002-7440-0520
http://orcid.org/0000-0002-6468-1381
http://orcid.org/0000-0003-4487-6365
http://orcid.org/0000-0002-8515-1355
http://orcid.org/0000-0002-1739-6596
http://orcid.org/0000-0001-9958-949X
http://orcid.org/0000-0002-7675-8024
http://orcid.org/0000-0001-6169-0517
http://orcid.org/0000-0002-0734-6122
http://orcid.org/0000-0001-9062-2257
http://orcid.org/0000-0001-6408-2648
http://orcid.org/0000-0001-9873-0228
http://orcid.org/0000-0003-1808-0259
http://orcid.org/0000-0001-6215-3326
http://orcid.org/0000-0002-0964-6815
http://orcid.org/0000-0001-9395-3430
http://orcid.org/0000-0003-2116-4592
http://orcid.org/0000-0001-8287-3961
http://orcid.org/0000-0001-5791-0345
http://orcid.org/0000-0002-1214-9262
http://orcid.org/0000-0003-3993-4903
http://orcid.org/0000-0002-3664-2465
http://orcid.org/0000-0002-0116-5494
http://orcid.org/0000-0003-4087-1575
http://orcid.org/0000-0001-9087-6230
http://orcid.org/0000-0001-5270-0920
http://orcid.org/0000-0002-1473-350X
http://orcid.org/0000-0003-4387-8756
http://orcid.org/0000-0002-3036-5575
http://orcid.org/0000-0002-3065-326X
http://orcid.org/0000-0003-3681-1588
http://orcid.org/0000-0001-9174-6200
http://orcid.org/0000-0002-3598-2847
http://orcid.org/0000-0003-3692-1410
http://orcid.org/0000-0002-7540-0012
http://orcid.org/0000-0003-3932-016X
http://orcid.org/0000-0001-9392-3936
http://orcid.org/0000-0002-1281-8462
http://orcid.org/0000-0001-7924-1517
http://orcid.org/0000-0002-1921-6173
http://orcid.org/0000-0001-8858-8440
http://orcid.org/0000-0001-7243-0227
http://orcid.org/0000-0001-5973-8729
http://orcid.org/0000-0001-8717-4449
http://orcid.org/0000-0002-0820-9998
http://orcid.org/0000-0002-2623-6252
http://orcid.org/0000-0003-4588-8325
http://orcid.org/0000-0002-7183-8607
http://orcid.org/0000-0002-1590-194X
http://orcid.org/0000-0002-3707-9010
http://orcid.org/0000-0001-6206-8148
http://orcid.org/0000-0001-7848-6088
http://orcid.org/0000-0002-4209-4194
http://orcid.org/0000-0001-7509-7765
http://orcid.org/0000-0002-9898-9253
http://orcid.org/0000-0002-4357-7649
http://orcid.org/0000-0003-0953-559X
http://orcid.org/0000-0002-5606-4164
http://orcid.org/0000-0002-2337-0958
http://orcid.org/0000-0001-9782-9920
http://orcid.org/0000-0002-0225-187X
http://orcid.org/0000-0002-8222-2066
http://orcid.org/0000-0001-6828-9769
http://orcid.org/0000-0001-9954-7898
http://orcid.org/0000-0003-1307-1441
http://orcid.org/0000-0001-6595-1382
http://orcid.org/0000-0001-8057-4351
http://orcid.org/0000-0002-7197-9645
http://orcid.org/0000-0002-0729-6487
http://orcid.org/0000-0003-4980-6032
http://orcid.org/0000-0001-6246-6787
http://orcid.org/0000-0002-4815-5314
http://orcid.org/0000-0002-1388-869X
http://orcid.org/0000-0001-6068-4473
http://orcid.org/0000-0002-9541-0592
http://orcid.org/0000-0001-9591-5622
http://orcid.org/0000-0001-7110-7823
http://orcid.org/0000-0001-6098-0555
http://orcid.org/0000-0002-2575-0743
http://orcid.org/0000-0002-3407-752X
http://orcid.org/0000-0003-3211-067X
http://orcid.org/0000-0002-9035-9679
http://orcid.org/0000-0002-4094-1273
http://orcid.org/0000-0003-1501-7262
http://orcid.org/0000-0002-9566-1850
http://orcid.org/0000-0001-5977-6418
http://orcid.org/0000-0002-9450-6568
http://orcid.org/0000-0001-9398-1909
http://orcid.org/0000-0002-5968-6954
http://orcid.org/0000-0002-5590-335X
http://orcid.org/0000-0002-3353-2658
http://orcid.org/0000-0001-5688-1212
http://orcid.org/0000-0002-3365-6781
http://orcid.org/0000-0001-8212-6624
http://orcid.org/0000-0002-7394-2408
http://orcid.org/0000-0002-5560-0586
http://orcid.org/0000-0002-9299-9020
http://orcid.org/0000-0002-8590-8231
http://orcid.org/0000-0001-5521-1655
http://orcid.org/0000-0001-9045-7853
http://orcid.org/0000-0002-2968-7841
http://orcid.org/0000-0002-8126-3958
http://orcid.org/0000-0003-0392-3663
http://orcid.org/0000-0002-0335-503X
http://orcid.org/0000-0002-2994-2187
http://orcid.org/0000-0002-1525-2695
http://orcid.org/0000-0002-9560-1778
http://orcid.org/0000-0001-6222-9642
http://orcid.org/0000-0002-7241-2114
http://orcid.org/0000-0001-9415-7903
http://orcid.org/0000-0003-3105-7045
http://orcid.org/0000-0002-8875-1399
http://orcid.org/0000-0001-5770-4883
http://orcid.org/0000-0002-5495-0656
http://orcid.org/0000-0002-0244-4743
http://orcid.org/0000-0003-0512-0856
http://orcid.org/0000-0003-4679-0485
http://orcid.org/0000-0002-7814-8596
http://orcid.org/0000-0002-7004-3802
http://orcid.org/0000-0002-1974-2229
http://orcid.org/0000-0003-3495-7778
http://orcid.org/0000-0002-1081-2032
http://orcid.org/0000-0002-4732-5633
http://orcid.org/0000-0001-9346-6982
http://orcid.org/0000-0003-4776-4123
http://orcid.org/0000-0002-2545-0329
http://orcid.org/0000-0001-6411-6107
http://orcid.org/0000-0003-4317-3203
http://orcid.org/0000-0001-6066-195X
http://orcid.org/0000-0001-7879-3272
http://orcid.org/0000-0001-7775-4300
http://orcid.org/0000-0001-6975-102X
http://orcid.org/0000-0003-3042-0893
http://orcid.org/0000-0003-1189-3505
http://orcid.org/0000-0001-9800-2626
http://orcid.org/0000-0001-7096-2158
http://orcid.org/0000-0003-0629-2131
http://orcid.org/0000-0002-8444-8827
http://orcid.org/0000-0002-6011-2851
http://orcid.org/0000-0002-5779-5989
http://orcid.org/0000-0003-0642-9169
http://orcid.org/0000-0002-2269-3632
http://orcid.org/0000-0002-4593-0602
http://orcid.org/0000-0001-9490-7276
http://orcid.org/0000-0002-3961-5016
http://orcid.org/0000-0001-5982-7326
http://orcid.org/0000-0002-8759-8564
http://orcid.org/0000-0002-1735-3924
http://orcid.org/0000-0002-1552-3651
http://orcid.org/0000-0002-9372-0730
http://orcid.org/0000-0003-2823-9307
http://orcid.org/0000-0002-0721-8331
http://orcid.org/0000-0003-3259-8775
http://orcid.org/0000-0001-5359-4541
http://orcid.org/0000-0001-5807-0501
http://orcid.org/0000-0003-0056-7296
http://orcid.org/0000-0002-0236-5404
http://orcid.org/0000-0002-9815-8898
http://orcid.org/0000-0003-1366-5530
http://orcid.org/0000-0002-3576-7004
http://orcid.org/0000-0003-3615-2332
http://orcid.org/0000-0001-9190-4547
http://orcid.org/0000-0003-4448-4679
http://orcid.org/0000-0002-5877-0062
http://orcid.org/0000-0003-0027-7969
http://orcid.org/0000-0002-5073-2264
http://orcid.org/0000-0001-9012-3431
http://orcid.org/0000-0002-2005-671X
http://orcid.org/0000-0003-2516-5015
http://orcid.org/0000-0002-9751-7633
http://orcid.org/0000-0003-1833-9160
http://orcid.org/0000-0001-8929-1243
http://orcid.org/0000-0002-2115-9382
http://orcid.org/0000-0002-0352-2854
http://orcid.org/0000-0002-2357-7043
http://orcid.org/0000-0003-3984-6452
http://orcid.org/0000-0002-4300-7064
http://orcid.org/0000-0002-0511-4766
http://orcid.org/0000-0001-6530-1873
http://orcid.org/0000-0002-7857-7606
http://orcid.org/0000-0001-9657-0910
http://orcid.org/0000-0002-6328-8561
http://orcid.org/0000-0002-8309-5548
http://orcid.org/0000-0003-0867-2189
http://orcid.org/0000-0003-4066-2087
http://orcid.org/0000-0001-7743-3849
http://orcid.org/0000-0002-7803-6674
http://orcid.org/0000-0003-0613-140X
http://orcid.org/0000-0001-8133-3533
http://orcid.org/0000-0001-7610-3952
http://orcid.org/0000-0002-8814-1670
http://orcid.org/0000-0002-2497-0509
http://orcid.org/0000-0002-9285-7452
http://orcid.org/0000-0001-7464-304X
http://orcid.org/0000-0002-1626-6255
http://orcid.org/0000-0002-5992-0640
http://orcid.org/0000-0001-8721-6901
http://orcid.org/0000-0001-5028-3342
http://orcid.org/0000-0003-3867-0336
http://orcid.org/0000-0001-6527-0253
http://orcid.org/0000-0003-4515-0224
http://orcid.org/0000-0002-9634-542X
http://orcid.org/0000-0003-2990-1673
http://orcid.org/0000-0002-8141-3995
http://orcid.org/0000-0002-7611-3728
http://orcid.org/0000-0003-0136-233X
http://orcid.org/0000-0001-8329-7994
http://orcid.org/0000-0002-8916-6220
http://orcid.org/0000-0001-9717-1508
http://orcid.org/0000-0002-3577-9347
http://orcid.org/0000-0001-5533-6300
http://orcid.org/0000-0002-7234-9522
http://orcid.org/0000-0001-7857-9188
http://orcid.org/0000-0002-3150-3124
http://orcid.org/0000-0002-6875-6408
http://orcid.org/0000-0003-4276-1046
http://orcid.org/0000-0002-6033-944X
http://orcid.org/0000-0001-8375-7532
http://orcid.org/0000-0002-9084-3305
http://orcid.org/0000-0003-0901-1817
http://orcid.org/0000-0002-3773-8573
http://orcid.org/0000-0003-0693-793X
http://orcid.org/0000-0001-5704-9700
http://orcid.org/0000-0002-2640-5941
http://orcid.org/0000-0002-3511-0133
http://orcid.org/0000-0001-9099-0009
http://orcid.org/0000-0003-4819-9226
http://orcid.org/0000-0001-8857-5770
http://orcid.org/0000-0002-6871-3395
http://orcid.org/0000-0001-5124-904X
http://orcid.org/0000-0002-8813-3830
http://orcid.org/0000-0001-8183-0468
http://orcid.org/0000-0003-1028-8602
http://orcid.org/0000-0002-0948-5775
http://orcid.org/0000-0002-3996-4662
http://orcid.org/0000-0001-7934-1649
http://orcid.org/0000-0003-4325-7378
http://orcid.org/0000-0002-3203-4243
http://orcid.org/0000-0001-6158-2751
http://orcid.org/0000-0001-5038-5154
http://orcid.org/0000-0002-0131-7523
http://orcid.org/0000-0003-1792-6793
http://orcid.org/0000-0002-4362-0088
http://orcid.org/0000-0001-7551-0169
http://orcid.org/0000-0003-3896-5222
http://orcid.org/0000-0001-7357-9648
http://orcid.org/0000-0002-8497-9038
http://orcid.org/0000-0003-4627-4026
http://orcid.org/0000-0001-5945-5518
http://orcid.org/0000-0001-5561-9909
http://orcid.org/0000-0002-2488-0511
http://orcid.org/0000-0002-7020-4098
http://orcid.org/0000-0003-2655-7643
http://orcid.org/0000-0003-0860-7897
http://orcid.org/0000-0001-6422-7018
http://orcid.org/0000-0002-9889-8271
http://orcid.org/0000-0002-4468-0154
http://orcid.org/0000-0003-0786-2570
http://orcid.org/0000-0002-3897-6223
http://orcid.org/0000-0002-1477-1645
http://orcid.org/0000-0003-3053-8146
http://orcid.org/0000-0003-3420-2105
http://orcid.org/0000-0002-4466-3864
http://orcid.org/0000-0002-3135-945X
http://orcid.org/0000-0001-8925-9518
http://orcid.org/0000-0001-7102-6388
http://orcid.org/0000-0001-9457-1928
http://orcid.org/0000-0002-4963-9441
http://orcid.org/0000-0001-9080-2944
http://orcid.org/0000-0003-4364-4351
http://orcid.org/0000-0003-0917-1618
http://orcid.org/0000-0002-0038-5372
http://orcid.org/0000-0001-5333-6016
http://orcid.org/0000-0002-6813-8423
http://orcid.org/0000-0002-4234-3111
http://orcid.org/0000-0002-3735-7762
http://orcid.org/0000-0002-9335-9690
http://orcid.org/0000-0002-9853-0194
http://orcid.org/0000-0002-8933-9494
http://orcid.org/0000-0001-9984-8009
http://orcid.org/0000-0002-6248-953X
http://orcid.org/0000-0002-2179-0350
http://orcid.org/0000-0002-5162-3713
http://orcid.org/0000-0002-1449-0317
http://orcid.org/0000-0001-8783-3758
http://orcid.org/0000-0003-0954-0970
http://orcid.org/0000-0001-8420-3742
http://orcid.org/0000-0003-3865-730X
http://orcid.org/0000-0003-1281-0193
http://orcid.org/0000-0001-7551-3386
http://orcid.org/0000-0002-4551-4502
http://orcid.org/0000-0002-1182-3526
http://orcid.org/0000-0002-0768-1959
http://orcid.org/0000-0002-8092-5331
http://orcid.org/0000-0002-2489-2598
http://orcid.org/0000-0001-9273-2564
http://orcid.org/0000-0003-3534-4164
http://orcid.org/0000-0001-5475-2521
http://orcid.org/0000-0002-3599-9075
http://orcid.org/0000-0002-0676-324X
http://orcid.org/0000-0001-9211-7019
http://orcid.org/0000-0002-9745-0504
http://orcid.org/0000-0001-8119-0333
http://orcid.org/0000-0002-3613-7514
http://orcid.org/0000-0001-8569-7094
http://orcid.org/0000-0002-1281-2060
http://orcid.org/0000-0003-2619-9743
http://orcid.org/0000-0003-0032-7022
http://orcid.org/0000-0002-7018-682X
http://orcid.org/0000-0003-4838-1546
http://orcid.org/0000-0002-3964-6736
http://orcid.org/0000-0001-7075-2214
http://orcid.org/0000-0002-7616-3290
http://orcid.org/0000-0002-7785-2047
http://orcid.org/0000-0001-6305-8400
http://orcid.org/0000-0002-2901-6589
http://orcid.org/0000-0002-8186-4032


Eur. Phys. J. C (2022) 82 :334 Page 27 of 35 334

M. Mentink34 , E. Meoni39a,39b , C. Merlassino130 , P. Mermod52,* , L. Merola67a,67b , C. Meroni66a ,
G. Merz102, O. Meshkov107,109 , J. K. R. Meshreki147 , J. Metcalfe5 , A. S. Mete5 , C. Meyer63 , J-
P. Meyer140 , M. Michetti17 , R. P. Middleton139 , L. Mijović48 , G. Mikenberg175 , M. Mikestikova136 ,
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