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Measurement of single top-quark production in association with a W boson

in pp collisions at
ffiffi

s
p

= 13 TeV with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 23 July 2024; accepted 11 September 2024; published 17 October 2024)

The inclusive cross section for the production of a single top quark in association with a W boson is
measured using 140 fb−1 of proton-proton collision data collected with the ATLAS detector at
ffiffiffi

s
p ¼ 13 TeV. Events containing two charged leptons and at least one jet identified as originating from
a b-quark are selected. A multivariate discriminant is constructed to separate the tW signal from the tt̄

background. The cross section is extracted using a profile likelihood fit to the signal and control regions and
it is measured to be σtW ¼ 75

þ15

−14
pb, in good agreement with the Standard Model prediction. The measured

cross section is used to extract a value for the left-handed form factor at theWtb vertex times the Cabibbo-
Kobayashi-Maskawa matrix element jfLVVtbj of 0.97� 0.10.

DOI: 10.1103/PhysRevD.110.072010

I. INTRODUCTION

Top quarks are predominantly produced at the Large
Hadron Collider (LHC) [1] in pairs via the strong inter-
action. However, they can also be produced singly through
processes that involve the electroweak Wtb vertex, thus
providing important tests of the electroweak interaction
involving the third-generation quarks. In the Standard
Model (SM), single top-quark production at leading-
order (LO) can be classified as proceeding through three
distinct channels: qb → tq0 and qq̄0 → tb̄ (and their charge
conjugates) via t-channel and s-channel W-boson
propagators, respectively, and tW production, as shown
in Fig. 1.
At the LHC, the tW-channel has the second largest

single top-quark production cross section following the
qb → tq0 t-channel. It represents approximately 26%
of the total single top-quark production rate at 13 TeV,
which makes it experimentally accessible at the LHC. In
addition, tW production is the only single top-quark
production mechanism that can be measured in the dilepton
final state with relatively clean signatures where the
only significant background is from top-quark pair
production (tt̄).
The cross section for each of the three single top-quark

production channels is primarily dominated by the coupling
between theW boson and the top and bottom quarks, which

is proportional to the square of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element jVtbj2 [2,3]. Single top-
quark production therefore presents an opportunity to
precisely test the structure of the SM, and to search for
signs of physics beyond the SM (BSM) that can affect the
Wtb vertex. The value of jfLVVtbj2, where fLV is the left-
handed form factor, was measured to be 1.015� 0.031 in
the qb → tq0 t-channel [4]. In contrast to the t-channel and
qq̄0 → tb̄ s-channel processes, where BSM effects can arise
from both the existence of four-fermion operators and
corrections to the Wtb vertex, the tW-channel solely relies
on the latter. It is therefore crucial to investigate this
channel independently to make a detailed comparison with
the other channels [5,6]. Furthermore, a precise measure-
ment and good modeling of the tW process is needed for
many BSM searches [7,8] and in Higgs boson and other
top-quark measurements, where it is one of the main
background processes.
The predicted cross section of tW production in proton-

proton (pp) collisions at a center-of-mass energy of 13 TeV
is σ

theory
tW ¼ 79.3þ1.9

−1.8ðscaleÞ � 2.2ðPDFÞ pb and is com-
puted at next-to-leading-order (NLO) in quantum chromo-
dynamics (QCD) with the addition of third-order
corrections from soft-gluon emissions by resumming
next-to-next-to-leading-logarithmic (NNLL) terms [9]. The
top-quark mass is set to 172.5 GeV and the PDF4LHC21
set of parton distribution functions (PDFs) [10] is used. The
quoted uncertainty includes the uncertainty due to the
choice of the renormalization scale μr and the factorization
scale μf, as well as the uncertainty in the PDFs. The
uncertainty in the scale choice is determined by varying the
scales simultaneously up and down by a factor of two
relative to the nominal value. The PDF uncertainties are
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based on the Hessian method and include the uncertainty in
the strong coupling constant αs.
Accurate estimates of rates and kinematic distributions

of the tW process are made more difficult at higher orders
in αs due to quantum interference with the tt̄ process. Two
commonly used approaches to separate tW and tt̄ produc-
tion beyond LO are diagram removal (DR) and diagram
subtraction (DS) [11]. In the DR approach, all doubly
resonant NLO diagrams are removed from the calculation
of the tW amplitude. Instead, in the DS approach a
subtraction term is implemented in the matrix-element
calculation to locally cancel out the tt̄ doubly resonant
contributions. This interference effect was studied using
13 TeV collision data by the ATLAS collaboration [12] and
the results provide an important constraint on interference
models.
At the LHC, evidence for the tW process with 7 TeV

collision data was presented by the ATLAS collaboration
[13] (with a significance of 3.6σ), and by the CMS
collaboration [14] (with a significance of 4.0σ). With
8 TeV collision data, CMS reported the observation of
the tW-channel with a significance of 6.1σ [15] while
ATLAS observed it with a significance of 7.7σ [16,17]. The
tW cross section was also measured with 13 TeV collision
data inclusively and differentially by the ATLAS [18,19]
and CMS collaborations [20–22].
In this paper, a measurement of tW production is

reported, extending previous measurements, by using a
data sample collected with the ATLAS detector from 2015
to 2018 and corresponding to an integrated luminosity of
140 fb−1 of pp collisions at a center-of-mass energy of
ffiffiffi

s
p ¼ 13 TeV. After a brief introduction of the ATLAS
detector in Sec. II, further details of the data sample and the
simulated samples used for the measurement are given in
Sec. III. The measurement is made using events containing
at least one b-jet (identified as containing a b-hadron) and
exactly one electron and one muon with opposite charge in
the final state, produced either directly from the decay of a
W boson or from the decay of an intermediate τ-lepton. The
tW signal appears in this final state when the top quark
decays into a W boson and a b-quark, with both the W
bosons decaying leptonically, as shown in Fig. 1. The ee
and μμ dilepton channels are not considered due to an
additional large background from Drell-Yan Z=γ� → eþe−

(or μþμ−) processes. The object and event selection details
are provided in Sec. IV.
Selected events are grouped into three different regions

based on jet and b-jet multiplicities. A boosted decision tree
(BDT) analysis is performed in each of the three regions to
build discriminants to separate the tW signal from the
dominant tt̄ background. Details of the input variables and
the BDT training are given in Sec. V, while the systematic
uncertainties considered are discussed in Sec. VI. A
simultaneous fit to the three regions is used to extract
the signal strength, defined as the measured tW cross

section over the SM prediction, and the tt̄ normalization.
The systematic uncertainties are included as nuisance
parameters in the fit to data. To avoid overconstraining
some systematic uncertainties in nonphysical ways, a
limited range of the BDT discriminant is used in a
profile-likelihood fit. This approach enhances the reliability
of the measurement, at the cost of a slightly larger
uncertainty. The fit procedure and the results are detailed
in Secs. VII and VIII, respectively, and conclusions are
given in Sec. IX.

II. ATLAS DETECTOR

The ATLAS detector [23] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic calo-
rimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.
The inner-detector system (ID) is immersed in a 2 Taxial

magnetic field and provides charged-particle tracking in the
range jηj < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit generally being in
the insertable B-layer installed before run 2 [24,25]. It is
followed by the SemiConductor Tracker, which usually
provides eight measurements per track. These silicon

FIG. 1. A representative leading-order Feynman diagram for
the production of a single top quark in the tW-channel and then
the decay of theW boson and the top quark giving two leptons in
the final state.

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

2
lnðEþpzc

E−pzc
Þ in

the relativistic limit. Angular distance is measured in units of
ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔyÞ2 þ ðΔϕÞ2
p

.
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detectors are complemented by the transition radiation
tracker, which enables radially extended track
reconstruction up to jηj ¼ 2.0. The transition radiation
tracker also provides electron identification information
based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition
radiation.
The calorimeter system covers the pseudorapidity range

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

high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of
the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, cover the
region jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the end cap regions.
The luminosity is measured mainly by the LUCID-2 [26]

detector that records Cherenkov light produced in the
quartz windows of photomultipliers located close to the
beam pipe.
Events are selected by the first-level trigger system

implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger [27]. The first-level trigger accepts events from
the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to
record complete events to disk at about 1 kHz.
A software suite [28] is used in data simulation, in the

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

III. DATA AND SIMULATION

Data were collected with the ATLAS detector from 2015
to 2018 in pp collisions at a center-of-mass energy of
ffiffiffi

s
p ¼ 13 TeV delivered by the LHC. The full data sample
corresponds to an integrated luminosity of 140 fb−1.
Monte Carlo (MC) simulation is used to model the signal

and background processes. The effect of multiple

interactions in the same and neighboring bunch crossings
(pileup) is modeled by overlaying the original hard-scatter-
ing event with simulated minimum-bias events generated
with PYTHIA8.186 [29] using the NNPDF2.3LO PDF set [30]
and the A3 set of tuned parameters (tune) [31]. The MC
simulated events are weighted to reproduce the distribution
of the interactions per bunch crossing observed in the data,
referred to as “pileup reweighting”. In all top-quark
samples, the top-quark mass is set to mtop ¼ 172.5 GeV.
The decays of bottom and charm hadrons are simulated
using the EVTGEN program [32] for all non-SHERPA
samples.
Single-top tW production is modeled using the POWHEG

BOX V2 [33–36] generator which provides matrix elements
at NLO in the strong coupling constant αs in the five-flavor
schemewith the NNPDF3.0NLO PDF set. The functional form
of the renormalization and factorization scale is set to the
default scale, which is equal to the top-quark mass. The
diagram-removal scheme is used to treat the interference
with tt̄ production [37]. The events are interfaced with
PYTHIA8.230 [38] using the A14 tune [39] and the
NNPDF2.3LO PDF set. The inclusive cross section is nor-
malized to the theory prediction calculated at NLO in QCD
with NNLL soft-gluon corrections [9].
The tt̄ events are simulated using the POWHEG BOX V2

[34–36,40] generator at NLO with the NNPDF3.0NLO PDF
and the hdamp parameter2 set to 1.5mtop [37]. The events are
interfaced with PYTHIA8.230 using the A14 tune [39] and the
NNPDF2.3LO PDF set. The NLO tt̄ inclusive production
cross section is corrected to the theory prediction at next-to-
next-to-leading-order (NNLO) in QCD including the
resummation of NNLL soft-gluon terms calculated using
TOP++2.0 [41–47]. The tt̄ samples are normalized to a
reference cross section of 832þ20

−29
� 35 pb, where the first

uncertainty corresponds to QCD scale uncertainties and the
second to PDF uncertainties.
Various samples are simulated to evaluate the modeling

uncertainties in the tW and tt̄ production. Further variations
are obtained from the baseline sample, by using event
weights to change the QCD factorization and renormaliza-
tion scales, and the amounts of initial and final state
radiation. Alternative samples to evaluate the parton shower
and hadronization uncertainties of tW and tt̄ are produced
with the POWHEG BOX V2 generator at NLO in QCD
in the five-flavor scheme using the NNPDF3.0NLO PDF.
The events are interfaced with HERWIG7.04 [48,49], using
the H7UE tune [49] and the MMHT2014LO PDF set [50].
To assess the uncertainty in the hard scattering simu-

lation and the matching scheme, additional tW and tt̄
samples are generated with the MADGRAPH5_AMC@NLO

2The hdamp parameter controls the transverse momentum pT of
the first additional emission beyond the leading-order Feynman
diagram in the parton shower and therefore regulates the high-pT
emission against which the tt̄ system recoils.
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generator at NLO in QCD in the five-flavor scheme,
interfaced with PYTHIA8.230.
Previous studies have seen improved agreement between

data and prediction in tt̄ events, particularly for the top-
quark pT distribution, when comparing with NNLO cal-
culations [51]. Therefore, all tt̄ samples are reweighted to
match their top-quark pT distribution to that predicted at
NNLO in QCD and NLO electroweak (EW) accuracy [52].
To estimate the uncertainty in the interference between

tW and tt̄ production, an alternative tW POWHEG+PYTHIA8

sample is simulated using the diagram-subtraction scheme.
Backgrounds with minor contributions, referred to as

minor backgrounds in the following, are also simulated.
The production of a vector boson in association with jets,
V þ jets (V ¼ W, Z) is simulated with the SHERPAV2.2.1 [53]
generator. In this setup, NLO-accurate matrix elements for up
to two jets, andLO-accuratematrix elements for up to four jets
are calculated with the Comix [54] and OPENLOOPS [55,56]
libraries. They are matched with the SHERPA parton shower
[57] using the MEPS@NLO prescription [58–61]. Diboson
samples, with fully leptonic and semileptonic decays, are
simulated with the SHERPAV2.2.2 [53] generator. In this setup
multiple matrix elements are matched and merged with the
SHERPA parton shower based on Catani-Seymour dipole
factorization [54,57] using the MEPS@NLO prescription.
The virtual QCD corrections for matrix elements at NLO
accuracy are provided by the OPENLOOPS library. These
SHERPA samples are simulated using the NNPDF3.0NNLO set,
along with the dedicated set of tuned parton-shower param-
eters developed by the SHERPA authors.
The MC simulated samples used for the nominal

estimates were processed through a simulation [62] of
the ATLAS detector based on GEANT [63], while those used
for evaluating systematic uncertainties were processed with
a fast simulation that relies on a parametrization of the
calorimeter response [64].

IV. OBJECT AND EVENT SELECTION

This section describes the reconstruction of the basic
objects used in the analysis and how events are selected
using these objects. Events must first be selected by a
single-electron trigger [65] or a single-muon trigger [66].
The lowest pT threshold used for electrons was 24 GeV
(26 GeV) in 2015 (2016–2018), while for muons the
threshold was 20 GeV (26 GeV).

A. Object reconstruction

The primary vertex is selected as the pp vertex candidate
that has at least two tracks and the highest sum of the
squared transverse momenta of all the matched tracks with
pT > 500 MeV [67].
Electron candidates are reconstructed from energy depos-

its in the electromagnetic calorimeter matched with ID
tracks [68]. The clusters are required to be in the

pseudorapidity range jηj < 2.47, with the transition region
between the barrel and end cap electromagnetic calorime-
ters, 1.37 < jηj < 1.52, excluded. The candidate electrons
are required to have transverse energy ET > 20 GeV.
Further requirements on the electromagnetic shower shape,
calorimeter energy to tracker momentum ratio, and other
discriminating variables are combined into a likelihood-
based object quality cut, to enhance electron selection
efficiency while rejecting backgrounds from photon con-
versions and hadrons misidentified as electrons [68].
Furthermore, electrons are required to be isolated from
other activity in the event using criteria based on the
calorimeter energy in a cone of radius ΔR ¼ 0.2 around
the electron, and the sum of the pT of tracks in a cone with
size varying with electronpT. The efficiency of the isolation
requirement depends on the electron pT. For example, in
Z → ee decays, it is 90% (99%) efficient for electrons with
pT > 25 GeV (pT > 60 GeV). Electron tracks are also
required to be consistent with coming from the primary
vertex requiring jd0=σd0 j < 5 and jz0 sin θj < 0.5 mm.Here
d0 and σðd0Þ are the transverse impact parameter and its
uncertainty, and z0 is the longitudinal impact parameter
relative to the primary vertex of the event along the
beam line.
Muon candidates are identified by matching recon-

structed ID tracks with tracks in the muon spectrometer
[69], and are required to have jηj < 2.5 and pT > 20 GeV.
To reduce background from heavy flavor decays into
muons inside jets, muons are required to satisfy analogous
isolation requirements to electrons. Muon tracks are also
required to be consistent with the primary vertex requiring
jd0=σd0 j < 3 and jΔz0 sin θj < 0.5 mm. Similarly to elec-
trons, correction factors are applied to simulated muons to
account for small differences between data and simulation
in the identification efficiencies.
Jets are reconstructed using a particle-flow algorithm

[70], using calorimeter measurements for the energies of
neutral particles and ID track-momentummeasurements for
charged hadrons. Jet reconstruction starts with particle-flow
objects and are formed using the anti-kt algorithm with
radius parameter of R ¼ 0.4 [71,72]. These jets are then
calibrated to the particle level by the application of a jet
energy scale derived from simulation. The jet energy is
further corrected by applying in situ corrections for the
contribution from pileup events based on

ffiffiffi

s
p ¼ 13 TeV

data [73]. Selected jets are required to have pT > 20 GeV
and jηj < 2.5 to ensure all of the matched charged particles
are inside the coverage of the ID. To suppress jets arising
from pileup, a discriminant called the jet-vertex-tagger
(JVT) [74] is constructed using a two-dimensional like-
lihood method. The JVT discriminates between jets
produced in the hard-scatter and pileup processes, and is
required to be larger than 0.59 for the jets with
pT < 60 GeV and jηj < 2.4, corresponding to 92% effi-
ciency in tt̄ events.
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Jets containing b-hadrons (b-jets) are identified using the
DL1r [75] algorithm, which uses a deep feed-forward
neural network to calculate the probability that a jet is a
b-jet, c-jet, or light jet (jets containing neither a b- or
c-hadron). The inputs to this b-tagging algorithm include
impact parameter and reconstructed secondary vertex
information from tracks in the jet. Candidate b-jets are
required to have a b-tagging discriminant value greater than
a threshold that corresponds to a b-tagging efficiency of
77% in simulated tt̄ events. With this requirement the
rejection factors are 170 for light jets and five for c-jets.
Correction factors are applied to account for remaining
differences between data and simulation separately for
b-jets, c-jets, and light jets.
The missing transverse momentum, with magnitude

Emiss
T , serves as an indicator of the transverse momentum

attributed to undetected neutrinos, computed as the mag-
nitude of the negative vector sum of the momenta of all
identified particles (electrons, photons, muons, τ-leptons,
and jets) in the event transverse plane [76]. It also includes a
contribution from soft hadronic activity by using recon-
structed charged-particle tracks matched with the primary
vertex but not with any of the reconstructed objects.
To avoid cases where the detector response to a single

physical object is reconstructed as two separate final-state
objects, an overlap-removal procedure is employed. First, if
an electron candidate and a muon candidate share a track,
the electron candidate is removed. Next, the closest jet to
each electron within a ΔR distance of 0.2 is removed to
reduce the portion of electrons being reconstructed as jets.
Electrons within distances of 0.2 ≤ ΔR < 0.4 from any of
the remaining nonpileup jets are removed to reduce back-
grounds from nonprompt, nonisolated electrons resulting
from heavy flavor hadron decays. Jets with fewer than three
matched tracks and a distance ΔR < 0.2 from a muon
candidate are then removed to reduce fake jets from muons
depositing energy in the calorimeters. Finally muons that
are a distance of 0.2 ≤ ΔR < 0.4 from any of the surviving
jets are removed to avoid contamination with nonprompt
muons from heavy flavor hadron decays.

B. Event selection and categorization

After the objects are identified, a selection is applied to
maximize the purity of tW signal events while reducing
major background contributions from tt̄ and minor con-
tributions from Z þ jets,W þ jets, and diboson production.
Simulated events with at least one selected electron or
muon which is misidentified or nonprompt (i.e., matched to
a b- or c-hadron decay, a misidentified jet, a kaon or pion
decay, or an electron from a photon conversion) are
separated out from all available MC samples and are
merged to estimate the misidentified/nonprompt back-
ground. The contribution where both the leptons are
misidentified/nonprompt was determined to be negligible.
The misidentified/nonprompt background estimate is

validated using e�μ� same-charge regions with the same
jet multiplicities, where a larger contribution of such
background is present.
The tW final state used for this measurement comprises

two oppositely charged leptons (e�μ∓ events) and missing
transverse momentum from the two W boson decays, and
one b-jet from the top-quark decay. The event preselection
begins by requiring an oppositely charged electron-muon
pair (dilepton e�μ∓ events). The leading lepton in the event
must satisfy pT > 27 GeV, while an event is rejected if a
third lepton is present with pT > 20 GeV. One of the
selected leptons must be matched to the trigger object used
to select the event. At least one jet with pT > 25 GeV,
jηj < 2.5, and b-tagged at the 77% efficiency criterion
discussed above, is required in each event.
After preselection, the dilepton events are categorized

based on the jet and b-jet multiplicities. At LO the signal
process results in a final state with one b-jet arising from the
top-quark decay, while the tt̄ process results in two b-jets
from the two top-quark decays. Events with one additional
jet are also considered due to the expected contributions to
the tW signal mostly from QCD radiation in higher-order
processes.
Based on the expected final states, three orthogonal event

categories are defined: events with exactly one selected jet
that is also b-tagged (denoted 1j1b), events with exactly
two selected jets one of which is b-tagged (2j1b), and
events with exactly two jets where each are b-tagged
(2j2b). The third category helps to constrain the tt̄
background normalization. These three categories,
1j1b, 2j1b, and 2j2b, are referred to as fit regions,
as they are used in the simultaneous fit procedure described
in Sec. VII.
The expected event yields after preselection, separated

according to fit region, for the signal and background
processes with their total uncertainties before fit, are shown
in Table I. Also shown is the number of observed data
events in each fit region. Agreement between data and
simulation in all regions is observed.

V. SEPARATION OF SIGNAL FROM

BACKGROUND

After the event preselection described in Sec. IV, the
selected dilepton events consist primarily of tt̄ and tW with
minor contributions from other processes as listed in
Table I.
To better separate events from tW production and those

from tt̄, BDTs are used, based on the implementation
provided by the LightGBM software package [77]. One
BDT is trained for each analysis fit region, with simulated
tW events serving as signal and simulated tt̄ events serving
as background. Other minor backgrounds are not included
in the training procedure.
Reconstructed final-state objects (jets, leptons, Emiss

T )
are used to construct various kinematic quantities.
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The definitions of these variables are given in Table II. For a
given object type, the subscript 1 is used to denote the
object with highest pT, referred to as the leading object. For
example, pTðl1l2j1Emiss

T Þ is the pT of the vector sum of
momenta of the leading lepton, subleading lepton, leading
jet, and Emiss

T . Although jets are required to have pT >

25 GeV to define the fit regions, the transverse momentum
of additional soft jets (jS) in events is considered, where the
soft jets are defined by having 20 GeV < pT < 25 GeV. In
cases where no soft jet is present, a value of zero is used.
For each fit region, an optimization procedure max-

imizes the area under the receiver operating characteristic
curve value while reducing overtraining. The signal and
background samples are separated into three categories for
the optimization procedure: training set (40% of each
sample), validation set (20% of each sample), and testing
set (40% of each sample). A grid search is performed to
find the optimal hyperparameters of the BDT model.
Two strategies are used to prevent overtraining in parallel

with the grid search optimization. The first strategy is the
practice of early stopping. Early stopping is a mechanism to
end the training procedure if the area under the receiver
operating characteristic curve value of the validation set
stops improving. The second strategy is to do a two-sample
Kolmogorov-Smirnov (KS) test [78,79] on the training and

test sets. The KS test is performed on the signal and
background samples (comparing the training and testing
distributions). If one of the signal or background KS-test p
values is less than 0.05, then the specific grid point is
rejected. The final hyperparameter configuration is chosen
by selecting the training configuration with the highest area
under the curve after rejecting any overtrained models. The
final hyperparameter configuration for each region is
reported in Table III.
The list of variables used and their rank for all fit regions

is given in Table IV. The number of variables is signifi-
cantly smaller and thus the training procedure is simplified;
compared with using the complete set of variables, a
performance loss of less than 2% of the maximum

TABLE II. Definitions of variable names constructed from the set of final-state objects s ¼ ðo1;…; onÞ for n ≥ 1. For variables that
compare two sets of objects, s1 and s2, s⃗i is the momentum-vector sum of the objects in set si.

Variable Definition

pTðsÞ Transverse component of the vector sum of momenta
mðsÞ Invariant mass of the system of multiple objects s
HðsÞ Scalar sum of momenta
HTðsÞ Scalar sum of transverse momenta
Centrality(s) Centrality of the system s, given by HTðsÞ=HðsÞ
ΔRðs⃗1; s⃗2Þ η − ϕ separation between s⃗1 and s⃗2
ΔpTðs⃗1; s⃗2Þ Magnitude of the transverse component of s⃗1 − s⃗2
HT

ratioðs1; s2Þ Ratio of the HT of the two systems: HTðs1Þ=HTðs2Þ
pTðjS1Þ pT of the leading soft jet
mTðo1Emiss

T Þ Transverse mass of object o1 and Emiss
T : mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pTðo1ÞEmiss
T ð1 − cosΔϕðo1; Emiss

T ÞÞ
p

TABLE I. Expected and observed number of events in each fit region of the analysis after preselection. The tW and tt̄ processes are
normalized to their respective theoretical cross sections. The uncertainties include statistical and systematic uncertainties while the
uncertainties stemming from the theoretical calculation of the tW and tt̄ processes are not included.

1j1b 2j1b 2j2b

tW 27 500� 2 400 17 500� 1 900 5 400� 900

tt̄ 111 000� 11 000 182 000� 12 000 155 000� 14 000

Z þ jets 1 810� 230 1 000� 120 87� 19

Diboson 820� 180 840� 190 23.2� 3.2
Misidentified/nonprompt lepton 430� 220 800� 400 180� 90

Total prediction 141 000� 12 000 202 000� 12 000 160 000� 14 000

Data 139349 199095 158314

TABLE III. The final hyperparameter settings of the BDTs
trained in each analysis region.

Region
Learning

rate
Number
of leaves

Minimum
data

in a leaf
Maximum
depth

1j1b 0.2 20 50 4
2j1b 0.1 20 120 7
2j2b 0.2 20 50 4
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performance is achieved. LightGBM can report the impor-
tance based on how much the performance is improved by
using a particular variable. The top three variables from
each region according to this importance metric is given
where the sum of gains for all variables is normalized to
one. Distributions of the three highest ranked variables for
each region are shown in Fig. 2. The BDT outputs are
shown in Fig. 3. The prefit uncertainty shown in each
distribution includes the complete set of uncertainties
described in Sec. VI. The BDT range used in the fit
described in Sec. VII is indicated by vertical dashed lines.
The MC predictions describe the data well, consistent with
the total systematic uncertainties.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are divided into experimental
and theoretical sources. Each uncertainty is assigned a
Gaussian distributed nuisance parameter that allows the
uncertainty to be constrained by data.

A. Experimental uncertainties

Sources of experimental uncertainty include the uncer-
tainties in the lepton efficiencies, the lepton energy scale
and resolution, the Emiss

T soft-term calculation, the jet
energy scale (JES) and resolution (JER), the JVT, the b-
tagging efficiency, the pileup reweighting and the lumi-
nosity measurement. Among these, the dominant sources of
uncertainty are those in the determination of JES and JER.

The differences between the electron (muon) trigger,
reconstruction and isolation efficiencies in data and those in
MC simulation are corrected for by scale factors derived
from dedicated Z → ee (Z → μμ) enriched control samples
using a tag-and-probe method [68,69].
The JES is calibrated using simulation and in situ

techniques [73]. The JES uncertainty is decomposed into
a set of 30 uncorrelated components. The contributing
effects are from pileup, jet flavor composition and
response, single particle detector response, η intercalibra-
tion, in situ measurement, and the properties of jets not
completely contained inside of the calorimeter volume. The
JER uncertainty is represented by eight components
accounting for differences between data andMC simulation
[73]. The uncertainties in the b-tagging calibration are
determined separately for b-jets, c-jets, and light-flavor jets
[80–82]. A total of 19 components, accounting for
differences between data and simulation, are used (nine
for b-jets, four for c- and light jets, and two for the MC-
based extrapolation to high-pT jets). These uncertainty
factors are applied as changes to the scale factor weights on
a per-event basis.
The energy scale and resolution uncertainties for hard

objects (leptons and jets) are propagated to the Emiss
T

through the recomputation of its corresponding terms.
Therefore, the impact is evaluated when the event selec-
tions are reapplied after having shifted the lepton or jet
energy. The soft track related uncertainties are derived from
comparisons between data and MC simulation of the pT

balance between the hard and soft Emiss
T components using

Z þ jets events [76].
The uncertainty in the combined 2015–2018 integrated

luminosity is 0.83% [83], derived from the calibration of
the luminosity scale using x-y beam-separation scans, and
using the LUCID-2 detector for the baseline luminosity
measurements [26].

B. Theoretical uncertainties

Uncertainties stemming from theoretical models are
estimated by comparing a set of predicted distributions
produced with different modeling assumptions.
One of the most important theoretical uncertainties is the

interference between tW and tt̄ processes. The uncertainty
is evaluated by comparing the DR and DS schemes as
implemented in POWHEG BOX2 while the tt̄ sample remains
unchanged. The uncertainty is symmetrized.
The uncertainty due to the choice of the matching

scheme is assessed by comparing the nominal generator
setup with an alternative setup for tt̄ and tW, using
MADGRAPH5_AMC@NLO [84] with the NNPDF3.0NLO PDF
set for the hard-scattering calculation. These are interfaced
with PYTHIA8.230 using the A14 tune and the NNPDF23LO

PDF set. This uncertainty is symmetrized.
The uncertainty in parton showering and hadronization is

evaluated by comparing POWHEG BOX2+ PYTHIA8 and

TABLE IV. Importance ranks for the variables used in the BDT
for all three regions. The variable name definitions are given in
Table II. The variables without a rank are not used in that region
and “–” indicates undefined variables in that region.

Variable 1j1b 2j1b 2j2b

pTðl1l2j1Emiss
T Þ 1 3

pTðjS1Þ 2
Centrality(l1l2) 3
mTðj1Emiss

T Þ 4
mðl1j1Þ 5 2 1
mðl2j1Þ 6 4
ΔpTðl1; l2Þ 7
pTðl1l2Þ 8 5
mðl2j1Emiss

T Þ 9
pTðj1Emiss

T Þ 10
ΔRðl2; j1Þ 6
pTðl1l2Emiss

T Þ 6
mðl1j2Þ – 1 2
pTðl1l2j1j2Emiss

T Þ – 4
HT

ratioðl1l2;l1l2j1j2Emiss
T Þ – 7

HT
ratioðl1l2;l1l2j1Emiss

T Þ – 8
pTðj2Þ – 3
mðl2j2Þ – 5
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POWHEG BOX2+ HERWIG7 samples for tt̄ and tW. A total
normalization uncertainty is constructed from the differ-
ence between the total yields predicted by the two models.
A migration uncertainty is constructed by normalizing the
overall yields of the two samples to be the same and
comparing the yields in individual regions (one nuisance
parameter for tW and one for tt̄). Shape uncertainties are
defined in each of the three analysis regions and assumed to
be uncorrelated.

Initial and final state radiation (ISR/FSR) uncertainties
are evaluated using internal weights stored in the nominal tt̄
and tW POWHEG BOX2+ PYTHIA8 samples. The uncertainty
due to missing higher-order QCD corrections in the matrix-
element computation is estimated by independently varying
the renormalization and factorization scales by factors of
2.0 and 0.5 relative to the central value. The nominal tuning
used in the parton shower generator (called the A14 tune) is
also varied up (called the VAR3CUP variation) and down

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 2. BDT input distributions for the three highest ranked variables (defined in Table IV) from the 1j1b region [(a)–(c)], the 2j1b
region [(d)–(f)], and the 2j2b region [(g)–(i)] before the fit. The “minor background” includes Z þ jets, diboson, and misidentified/
nonprompt lepton contributions. The first and last bin include the underflow and overflow, respectively. The upper panels give the yields
in number of events per bin, while the lower panels give the ratios of the numbers of observed events to the total prediction in each bin.
The uncertainty bands represent both statistical and systematic uncertainties, where all sources of systematic uncertainty are assumed to
be uncorrelated.
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(called the VAR3CDOWN variation). The FSR uncertainty is
evaluated by varying the scale μFSR by factors of 2.0 and
0.5 relative to the central value. These uncertainties are
taken to be uncorrelated across regions and samples. The
uncertainty due to the scale choice for matching the matrix-
element calculation of the tt̄ process to the parton shower is
estimated by using an additional tt̄ sample produced with
the hdamp parameter set to 3.0mtop instead of 1.5mtop, while
keeping all other generator settings the same as in the
nominal sample of tt̄ events. This uncertainty is treated
uncorrelated across regions and labeled “hdamp” in the
following.

The PDF uncertainties are evaluated using the 30 eigen-
vectors of the PDF4LHC15 combined PDF set [85], taking
into account the different effects on the tt̄, tW, Z þ jets, and
inclusive Z processes and their correlations.
For the tt̄ process, a one-sided symmetrized uncertainty

is constructed in all analysis regions by comparing the
nominal distribution after the top-quark pT reweighting
with the distribution before the reweighting.
The modeling uncertainties in the minor background

normalizations are estimated as follows. An overall uncer-
tainty of 11% is applied to Z þ jets events in the two
regions with one b-jet, and a 17% uncertainty is applied in

FIG. 3. The pre-fit BDT response distributions for the three regions used in the fit. The BDT range used in the fit described in Sec. VII
is indicated by vertical dashed lines. The first and last bins include the underflow and overflow, respectively. The uncertainty bands
represent both statistical and systematic uncertainties, where all sources of systematic uncertainty are assumed to be uncorrelated.

TABLE V. Yields of each process, and total yields, before and after the fit, in each fit region. The prefit uncertainties include statistical
and systematic uncertainties while the uncertainties stemming from the theoretical calculation of the tW and tt̄ processes are not
included. The postfit uncertainties include statistical and systematic uncertainties, as well as the uncertainties in μtW and μtt̄. The postfit
errors in the total prediction are reduced compared with the sum in quadrature of the individual uncertainties due to correlations resulting
from the fit.

1j1b 2j1b 2j2b

Prefit tW 13 000� 1400 11 900� 1200 2000� 400

Prefit tt̄ 28 000� 4000 112 000� 8000 43 000� 4000

Prefit Z þ jets 1130� 160 750� 100 38� 12

Prefit diboson 380� 80 570� 130 8.5� 1.3
Prefit nonprompt 140� 70 450� 220 54� 27

Prefit total prediction 43 000� 5000 126 000� 8000 45 000� 4000

Postfit tW 12 500� 2000 11 400� 2200 2000� 400

Postfit tt̄ 27 400� 2000 110 300� 2200 42 100� 500

Postfit Z þ jets 1100� 120 750� 80 38� 6

Postfit diboson 380� 80 570� 120 8.6� 1.1
Postfit nonprompt 140� 70 450� 220 53� 27

Postfit total prediction 41 600� 210 123 500� 400 44 150� 210

Data 41 591 123 531 44 149
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the region with two b-jets [86]. A 22% uncertainty is
applied to diboson events with one b-jet, and a 13%
uncertainty used for diboson events with two b-jets, based
on comparisons between SHERPA and POWHEG+PYTHIA

models [87]. A 50% uncertainty is applied to the normali-
zation of the backgrounds from nonprompt and misidenti-
fied leptons [87]. All minor backgrounds normalization
uncertainties are uncorrelated across regions, and found to
have a relatively minor impact on the final measurements
due to the small contributions from these processes.

VII. FIT STRATEGY

BDT distributions of the observed data, simulated
samples, and systematic uncertainty templates, are used
together in a binned profile-likelihood fit to extract the
measured tW and tt̄ cross sections. The fit to all of the bins
of all three regions is used to calculate the expected yields
of each process. The core components of the likelihood
function are Poisson distribution terms that account for the
probability of observing the expected yields in data, and
additional (Gaussian distribution) terms parametrized by
nuisance parameters that account for variations from the
central value of each source of systematic uncertainty. The
strength parameters for both the processes, μtW and μtt̄,
defined as the ratio of the measured cross section to that of
the theoretical prediction, are free parameters of the fit. The
strength parameters for all other (minor) processes are
Gaussian distributed and constrained by their respective
systematic uncertainties to their SM expectations.
Sources of uncertainty are removed from the fit if their

effects are determined to be below a certain threshold.
Specifically, a threshold of 0.05% is applied to normali-
zation effects, and for shape effects, at least one bin must
vary by more than 0.1%.
A challenge presented by the DR versus DS uncertainty

arises from its nature as a two-point systematic uncertainty,
making its constraint difficult to justify. Given that the DS
scheme includes doubly resonant diagrams while the DR
scheme does not, the DS sample tends to contain more
events similar to tt̄. Selectively excluding certain ranges of
the BDT response distributions helps mitigate the stringent
constraint while retaining a similar level of sensitivity,
benefitting from the large available data sample. Therefore,
additional cuts on the BDT response are applied to reduce
the large impact of this uncertainty and its undesired
constraint by the fit.
The impact of another two-point systematic uncertainty,

the tt̄ parton shower uncertainty, in this measurement is
notable as tt̄ is the dominant background. The showering
algorithm can lead to variations in the kinematic properties
and final-state particles of the tt̄ events and consequently on
the BDT distribution. Therefore, the BDT distribution
range is further reduced by also taking the parton shower-
ing effects into account.

This optimization alleviates the stringent constraints
imposed on the nuisance parameters of both the tW DR
vs DS uncertainty and the tt̄ parton shower uncertainty,
changing the postfit uncertainty to the prefit uncertainty
ratios from an initial 30–40% across fit regions to a more
relaxed 60–90%. The postfit error of μtW increases from
13% to 19% with these selections on the BDT responses.
The fractions of tW and tt̄ events satisfying the additional
selection cuts are 53% and 41%, respectively. The final fit
range for each region can be seen in Sec. V.

2� 1.5� 1� 0.5� 0 0.5 1 1.5 2

��)/
0
�-�(

Jet Flavor Response

MET SoftTrk ResoPara

 pT reweight 2j1btt

MET SoftTrk Scale

tW Parton Shower Migration

 FSR 2j2btt

b-tag ev B0

Jet BJES Response

 pT reweight 1j1btt

 hdamp 2j2btt

tW DR vs DS

JER EffNP 2

tW Parton Shower Shape 1j1b

 pT reweight 2j2btt

Jet Pileup RhoTopology

MET SoftTrk ResoPerp

tW Parton Shower Norm

 Parton Shower Shape 2j1btt

 hdamp 1j1btt

Jet Flavor Composition

0.15� 0.1� 0.05� 0 0.05 0.1 0.15

��:�Pre-fit impact on 

��+� = � ��-� = �

:�Post-fit impact on 
��+� = � ��-� = �

Nuis. Param. Pull

ATLAS

-1 = 13 TeV, 140 fbs

FIG. 4. Ranking of the top 20 nuisance parameters by their
most significant postfit impact on μtW in the fit, after applying the
additional BDT selection criteria shown in Fig. 3. The empty and
filled blue rectangles represent respectively the prefit and postfit
impacts on μtW and are referring to the upper scale. The impact of
a nuisance parameter,Δμ, is computed by comparing the nominal
best-fit value of μtW with the fit result obtained when fixing the
respective nuisance parameter to its best-fit value, θ̂, shifted by its
prefit (postfit) uncertainties �Δθ (�Δθ̂). The black points show
the pulls of the nuisance parameters relative to their nominal
values, θ0. The pulls and their corresponding postfit errors,
expressed as Δθ̂=Δθ, are also depicted on the lower scale.
“MET SoftTrk ResoPerp (ResoPara)” denotes the Emiss

T uncer-
tainty in the soft-track pT resolution smearing perpendicular
(parallel) to the Emiss

T direction.
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VIII. RESULTS

A. Measurement of the inclusive cross section

The observed and predicted yields after the BDT cuts in
the three regions are shown in Table V. Good agreement is
observed between data and prediction.
The ten nuisance parameters with the largest postfit

impact on μtW are shown in Fig. 4. Due to the additional
BDT selection criteria applied, the impact of the DR vs DS
uncertainties are significantly reduced as is reflected in the
ranking. No unacceptable constraint is observed and the
only significant pull comes from the tW parton shower in
the 1j1b region. The dominant uncertainties are in the
signal and background modeling, jet reconstruction, and
Emiss
T . Some of these modeling uncertainties are estimated

from a comparison between two alternative MC generators
that crucially provide a conservative coverage of the
uncertainty stemming from the modeling of the processes.
After fitting to data the observed signal strengths are

μtW ¼ 0.95þ0.19
−0.18 for tW and μtt̄ ¼ 0.99þ0.07

−0.06 for tt̄. The fit
value for μtW corresponds to a measured cross section of

σtW ¼ 75
þ15

−14
pb ¼ 75� 1ðstatÞþ15

−14
ðsystÞ � 1ðlumiÞ pb:

to be compared with the theory prediction of
σ
theory
tW ¼ 79.3þ1.9

−1.8ðscaleÞ � 2.2ðPDFÞ pb. The additional
BDT selection criteria do not introduce any bias in the
final result, which has an uncertainty of 19%, compared to
13% without these criteria applied. They make the
final result less sensitive to modeling uncertainties and
assumptions, resulting in a more robust measurement.
The observed (expected) significance is 5.3 (5.8)
standard deviations calculated using the asymptotic

approximation [88]. The uncertainty in the measured cross
section is reduced by around 40% compared with the
previous measurement [18].

FIG. 5. The postfit BDT response distributions for the three regions used in the fit, after applying the additional BDT selection criteria
shown in Fig. 3. The uncertainty bands represent both statistical and systematic uncertainties, with each source of systematic uncertainty
taking into account correlations with other sources.

TABLE VI. Impact of relative uncertainties in the tW cross
section σtW , broken down into major categories. For each
category the impact is calculated by performing a fit where
the nuisance parameters in the category are fixed to their best-fit
values, and then subtracting the resulting uncertainty in the
parameter of interest in quadrature from the uncertainty from the
nominal fit. The symmetric impact is given for simplicity. “MC
statistical uncertainty” is derived from the nuisance parameters
associated with the Poisson distribution terms that represent the
effect of the limited size of the MC samples. “Data statistical
uncertainty” is derived as the subtraction in quadrature of the
“Total uncertainty” and “Total systematic uncertainty”. The total
systematic uncertainty is not equal to the sum in quadrature of the
individual contributions due to correlations resulting from the fit.

Uncertainty source ΔσtW=σtW [%]

tt̄ modeling 13.2
Jet energy scale 12.0
Emiss
T reconstruction and calibration 11.0

tW modeling 7.9
Jet energy resolution 7.0
Jet flavor tagging 3.7
Pileup 2.5
Lepton (e and μ) reconstruction and calibration 1.9
Other background modeling 0.9
Luminosity 0.8
PDF (tW and tt̄) 0.6
MC statistical uncertainty 4.7
Total systematic uncertainty 19.2
Data statistical uncertainty 1.4
Total uncertainty 19.3

MEASUREMENT OF SINGLE TOP-QUARK PRODUCTION IN … PHYS. REV. D 110, 072010 (2024)

072010-11



The postfit BDT response distributions are shown in
Fig. 5. The postfit uncertainties are significantly smaller
compared with those in the prefit distributions of Fig. 3 due
to the correlations between sources of systematic uncer-
tainty and constraints imposed by the data.
The impact of the uncertainties in the tW signal strength,

broken down into major categories, is summarized in
Table VI. The statistical uncertainty in the measurement
is estimated by performing the fit after fixing all nuisance
parameters to their postfit values. The total systematic
uncertainty is calculated by subtracting in quadrature the
statistical component of the uncertainty from the total.

B. Constraints on jfLVVtbj
The inclusive cross section depends on the magnitude of

the CKM matrix element Vtb. Assuming that tW-channel
production through jVtsj and jVtdj is small, the ratio of the
measured cross section to the theoretical prediction is equal
to jfLVVtbj2, where the left-handed form factor fLV could
be modified by new physics or radiative corrections
through anomalous coupling contributions. By assuming
that the CKM matrix elements jVtdj and jVtsj are much
smaller than jVtbj and a V − A interaction in the Wtb
vertex, the measured cross section gives jfLVVtbj ¼
0.97� 0.10, consistent with the SM prediction of unity.
In addition to the uncertainty in the measurement, the
uncertainty in the tW cross section calculation is taken into
account and is found to be negligible.

IX. CONCLUSION

A measurement of the tW cross section using data
collected with the ATLAS detector from 2015 to 2018
in pp collisions at a center-of-mass energy of

ffiffiffi

s
p ¼

13 TeV delivered by the LHC is presented. The full data
sample corresponds to an integrated luminosity of
140 fb−1. The tW final state used for this measurement
comprises two oppositely charged leptons (e�μ∓ events)
and missing transverse momentum from the two W-boson
decays, and one b-jet from the top-quark decay. BDTs are
used to separate the signal from the dominant tt̄
background.
The cross section for the production of a W boson in

association with a single top quark is measured to be

σtW ¼ 75
þ15

−14
pb ¼ 75� 1 ðstatÞþ15

−14
ðsystÞ � 1 ðlumiÞ pb;

which is in good agreement with the SM prediction of
σ
theory
tW ¼ 79.3þ1.9

−1.8ðscaleÞ � 2.2ðPDFÞ pb. The uncertainty
in the measured cross section is reduced by around 40%
compared with the previous ATLAS measurement using a
partial run 2 dataset. The stringent constraints imposed on
the nuisance parameters of both the tW DR vs DS
uncertainty and the tt̄ parton shower uncertainty are largely
reduced by excluding bins of the BDT response in the fit

compared with the previous analysis, which leads to a more
reliable measurement at the cost of a certain degradation of
the precision. The measured cross section allows a direct
extraction of the form factor times the CKM matrix
element, jfLVVtbj ¼ 0.97� 0.10, which is consistent with
the SM prediction of unity.
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36e
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Departamento de Física, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal
134

Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
135

Czech Technical University in Prague, Prague, Czech Republic
136

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
137

Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
138
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mAlso at Università di Napoli Parthenope, Napoli, Italy.
nAlso at Institute of Particle Physics (IPP), Canada.
oAlso at University of Colorado Boulder, Department of Physics, Colorado, USA.
pAlso at Borough of Manhattan Community College, City University of New York, New York, New York, USA.
qAlso at National Institute of Physics, University of the Philippines Diliman (Philippines), Philippines.
rAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
sAlso at Centro Studi e Ricerche Enrico Fermi, Italy.
tAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
uAlso at Technical University of Munich, Munich, Germany.
vAlso at CMD-AC UNEC Research Center, Azerbaijan State University of Economics (UNEC), Azerbaijan.
wAlso at Yeditepe University, Physics Department, Istanbul, Türkiye.
xAlso at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia.

MEASUREMENT OF SINGLE TOP-QUARK PRODUCTION IN … PHYS. REV. D 110, 072010 (2024)

072010-29



yAlso at CERN, Geneva, Switzerland.
zAlso at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki, Greece.
aaAlso at Hellenic Open University, Patras, Greece.
bbAlso at Department of Physics, Stellenbosch University, South Africa.
ccAlso at Department of Physics, California State University, Sacramento, USA.
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eeAlso at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany.
ffAlso at Department of Physics, Stanford University, Stanford, California, USA.
ggAlso at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia, Bulgaria.
hhAlso at Washington College, Chestertown, Maryland, USA.
iiAlso at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco.

G. AAD et al. PHYS. REV. D 110, 072010 (2024)

072010-30


