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A search is presented for the electroweak production of a top-quark pair in association with a W boson
and at least one additional jet known as the tt̄WjEW process. This process has embedded within it a tW-
scattering vertex, which is probed directly for the first time. The collision data were collected with the
ATLAS detector during Run 2 of the LHC and correspond to an integrated luminosity of 140 fb−1 atffiffiffi
s

p ¼ 13 TeV. The search uses same-charge pairs of electrons and muons together with jets, of which at
least one is b-tagged. The properties of the most forward jet relative to the rest of the event are used to
discriminate the electroweak tt̄WjEW production process from its strong tt̄W production counterpart. A
measured (expected) 95% CL upper limit on the cross section is set at σtt̄WjEW < 251 fb (230 fb), to be
compared with the expected Standard Model (SM) cross section of 47.7 fb. Limits are set on the SM

effective field theory (EFT) operators OHt and Oð1Þ
HQ, which modify the electroweak couplings of the top

quark through contributions to the tW-scattering vertex. The interpretation acts as a case study to
emphasize the importance of energy-dependent sensitivity, multiprocess, and multioperator EFT
contributions.
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I. INTRODUCTION

One of the key physics goals of the Large Hadron
Collider (LHC) physics program is to probe the nature of
electroweak (EW) symmetry breaking (EWSB), both in the
Standard Model (SM) and beyond (BSM). The production
of top quarks in association with EW bosons offers a
unique testing ground to contribute to these goals. In
particular, tt̄W production, which superficially appears to
be a simple process composed of well-known SM cou-
plings, proves to have a rich phenomenology. The EW
production of tt̄W in association with an additional jet,
tt̄WjEW, is especially interesting because it probes new
dynamics at the LHC, the tW-scattering vertex. The
dominant contributing Feynman diagrams for the tt̄W
process, including additional quantum chromodynamics
(QCD) and EW corrections, are presented in Fig. 1, where
Fig. 1(d) shows an example of one tt̄WjEW contribution.
The tt̄WjEW process produces a “forward” jet with greater
pseudorapidity than the QCD tt̄W production process. This

forward jet can be used to separate the processes exper-
imentally. The tW-scattering vertex provides strong
energy-enhanced sensitivity potential to BSM effects not
present in the SM EWSB. These EWSB-specific BSM
signatures can be investigated through effective field theory
(EFT) approaches. A deviation of the top EW couplings
from the SM with a signature of energy growth that
diverges quadratically with momentum would be a signal
of BSM physics. This would indicate that the top quark is
strongly coupled to the sector responsible for EWSB [1,2].
The tt̄WjEW process can be understood in the wider

context of next-to-leading-order (NLO) QCD and EW
corrections to tt̄W production. The traditionally “leading”
NLO EW corrections (of order α2α2s, where α and αs refer
to the electroweak and strong coupling constants, respec-
tively) cause few-percent negative changes to the inclusive
tt̄W cross section; however, even larger positive contribu-
tions from traditionally “subleading” NLO EW corrections
(of order α3αs) were pointed out in Refs. [1,4,5]. It is this
subleading contribution, of order α3αs, which corresponds
to the tt̄WjEW signal considered here.
Measurements of tt̄WjEW production also provide a

better understanding of tt̄W production. The tt̄W process
is an important background in LHC searches and precision
measurements, as one of the few SM processes that
provides an irreducible source of same-charge dilepton
and trilepton events. This is especially important given
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existing observations of tension with the SM predictions in
direct measurements of tt̄W production. Measurements of
tt̄W production by the ATLAS and CMS Collaborations atffiffiffi
s

p ¼ 8 TeV [6,7] were in agreement with the SM.
However, at

ffiffiffi
s

p ¼ 13 TeV higher precision measurements
[3,8–11] observe tensions with the SM predictions. These
tensions are somewhat alleviated by the inclusion of higher-
order effects [4,12,13]. Therefore, tests of the modeling of
higher-order effects, i.e., tt̄W with additional jets, are
especially important for measurements where this is the
dominant background, such as tt̄H [14,15] and tt̄tt̄ [16,17].

A. EFT sensitivity

As shown in Fig. 2, the tt̄WjEW process can be considered
to contain an effective vertex probing various SM couplings
such as the top-quark Z boson (t–Z) and top Yukawa (yt)
couplings. The sensitivity of this vertex to new physics has a
significant quadratic energy dependence due to the scattering
topology, contrasting with at most linear energy dependence
in tt̄Z and tt̄H processes. This enhanced energy dependence
is also true of BSMEWSBEFToperators that can contribute
to tt̄WjEW production.
This unique sensitivity to the t–Z coupling, which is com-

plementary to dedicated measurements, serves as an addi-
tional handle on deviations from the SM that could be a sign
of new physics effects in the EWSB mechanism [18–25].

The different structure of tt̄WjEW production, comparedwith
tt̄Z production, lifts degeneracies when consideringmultiple

EFT operators, such as OHt and Oð1Þ
HQ.

The tW-scattering vertex shown in Fig. 2 is also sensitive
to EFT operators affecting the top-quark Higgs boson
coupling, such as OtH. However, the sensitivity is less
than in dedicated measurements [26] and therefore these
are not considered in this analysis.
EFT frameworks are a self-consistent way to search for

new physics at high energies. A general SM EFT (SMEFT)
Lagrangian considering operators up to mass-dimension-
six takes the form

LEFT ¼ LSM þ
X
i

ci
Λ2

Oi;

whereLSM is the SMLagrangian, theOi are the operators of
mass-dimension-six, and the ci are the associated Wilson
coefficients for a given general cutoff scale Λ. In a meas-
urement only the ratio ci=Λ2 is relevant, and hereΛ ¼ 1 TeV
is used to set the counting scale of ci. The cutoff scale for the
EFT corresponds to the energy scale where new physics
would arise. Using the notation defined in Ref. [27], the two
operators of relevance for this analysis are

cHt

Λ2
OHt ¼

cHt

Λ2
ðH†iDμ

↔
HÞðt̄RγμtRÞ

FIG. 1. Illustrative Feynman diagrams for the dominant production modes of tt̄W [3]: (a) the leading-order (LO) contribution (αα2s),
(b) a real emission diagram from the NLO QCD contribution (αα3s ), (c) the tree-level EW contribution (α3), and (d) a representative
diagram of the combined NLO QCD and EW contributions (α3αs). The pink circles correspond to QCD couplings and the blue circles
correspond to EW couplings.

FIG. 2. A schematic representation of the tW-scattering vertex in the Feynman diagram of the tt̄WjEW process, showing different
contributing subprocesses, modified from Ref. [1].
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and

cð1ÞHQ

Λ2
Oð1Þ

HQ ¼ cð1ÞHQ

Λ2
ðH†Dμ

↔
HÞðQ̄Lγ

μQLÞ:

These operators have a strong effect on the tt̄WjEW
process at current experimental constraints. In tt̄Z produc-
tion EFT effects for these operators manifest mainly
through corrections that are linear in ci=Λ2, whereas in
tt̄WjEW the energy growth leads to a significant quadratic
dependence in ci=Λ2 where the linear interference term is
strongly suppressed due to symmetries in the SM amplitude
[2]. This phenomenology arises because of the presence of
two longitudinally polarized gauge bosons in the tW-
scattering topology but not in tt̄Z production [1,2]. The
EFT can still be valid in the perturbative expansion in this
case even when the linear term is very small compared with
the quadratic term [28]. Several EFT interpretation con-
figurations are considered in this measurement and it is
shown that additional constraints from tt̄WjEW production

can provide separation between the OHt and Oð1Þ
HQ oper-

ators, which can otherwise suffer from degenerate direc-
tions in the measurement.

B. Analysis strategy

A signal-enriched region (SR) is defined to target the
signal tt̄WjEW production process by selecting events that
contain two same-charge leptons (electrons or muons) and
at least four jets. At least one jet is required to be identified
as containing a b-hadron (b-tagged). In addition, control
regions (CRs) are defined that are enriched in and used to
normalize background processes.
The signal contribution in the SR is then measured with a

simultaaneous binned profile-likelihood fit exploiting the
difference in kinematics between the signal and the
dominant QCD-induced tt̄Wj background.
Finally, an EFT interpretation is performed, using

Monte Carlo (MC) samples to model the contributions

of the OHt and Oð1Þ
HQ operators on both the tt̄WjEW and tt̄Z

processes. Sensitivity to tt̄Z comes primarily from the CR
enriched in this process. The EFT operators are considered
both independently and simultaneously and 95% confi-
dence intervals are determined.
The paper is structured as follows: Section II briefly

describes the ATLAS detector, Section III provides an
overview of the data and MC samples used in the
measurements, and Sec. IV details the object reconstruction
and selection. Section V describes the event selection
criteria, and data-driven background estimates are
described in Sec. VI. An overview of the systematic
uncertainties is given in Sec. VII, the results of the SM
measurement are presented in Sec. VIII, and the EFT
interpretation is detailed in Sec. IX. Finally, conclusions are
given in Sec. X.

II. ATLAS DETECTOR

The ATLAS detector [29] 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 of 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 [30,31]. It is
followed by the SemiConductor Tracker, which usually
provides eight measurements per track. These silicon
detectors are complemented by the Transition Radiation
Tracker (TRT), which enables radially extended track
reconstruction up to jηj ¼ 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 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 (MS) comprises separate trigger

and high-precision tracking chambers measuring the
deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field inte-
gral of the toroids ranges between 2.0 and 6.0 Tm 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

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward. 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
lnðEþpz

E−pz
Þ in the relativistic limit. Angular

distance is measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
.
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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

[32] detector that records Cherenkov light produced in the
quartz windows of photomultipliers located close to the
beampipe.
Events were 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 [33]. The first-level trigger accepted events
from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger further reduced to
record complete events to disk at about 1.25 kHz.
A software suite [34] 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 SIMULATED EVENT SAMPLES

The data used are the full LHC Run 2 (2015–2018)
recorded by the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV, which
corresponds to an integrated luminosity of 140 fb−1. Only
events from time periods in which LHC beams were
stable and all ATLAS detectors were operational are
selected [35]. The data are collected using a combination
of single-electron and single-muon triggers, with require-
ments on the identification, isolation, and transverse
momentum (pT) of the leptons to maintain high efficiency
across the full momentum range while controlling the
trigger rates [33,36,37]. For electrons the trigger thresholds
for 2016–2018 (2015) data are pT ¼ 26, 60, and 140 GeV
(pT ¼ 24, 60, and 120 GeV), whereas for muons the
thresholds are pT ¼ 26 and 50 GeV (pT ¼ 20 and
50 GeV). Isolation requirements are applied to the
triggers with the lowest pT threshold for both electrons
and muons [38–41].
Samples of simulated events are used to model the signal

and the prompt SM background. The samples are processed
to include the effects of the ATLAS detector with a
simulation in Geant4 [42]. All simulated events are processed
with the same reconstruction software as the data and
corrected so that the object reconstruction, identification
and trigger efficiencies, energy scales, and energy reso-
lutions match the data. The effect of multiple interactions in
the same and neighboring bunch crossings (pileup) is
modeled by overlaying each simulated hard-scattering
event with inelastic pp events generated with Pythia 8.1

[43] using the NNPDF2.3LO [44] set of parton distribution
functions (PDFs) and the A3 set of tuned parameters.
Separate MC production campaigns are used to model the
different pileup distributions observed in the 2015–2016,
2017, and 2018 data. The samples of simulated events are
reweighted to reproduce the observed distribution of the
average number of collisions per bunch crossing in each
data-taking period.

In all cases, the top-quark mass is set to 172.5 GeV.
Unless specified below, samples interfaced to Pythia 8.2 [45]
use NNPDF3.0NLO [46] and NNPDF2.3LO PDF sets for the
matrix element (ME) and the parton showering respec-
tively, and the A14 tune. The decays of bottom and charm
hadrons are simulated using the EvtGen 1.2-1.6 program [47]
for all generators except Sherpa.
The tt̄WjEW signal sample is generated with Sherpa

2.2.10 [48,49] at LO, namely Oðαsα3Þ, for the ME and
showered with the default Sherpa 2.2.10 settings and
NNPDF3.0NNLO [50]. The renormalization and factorization

scales,μR andμF, are set toHT=2 ¼ 1
2

P
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ p2
T;i

q
where

i runs over all outgoing partons from theMEcalculation. The
cross section from the generator is σtt̄WjEW ¼ 42.1þ1.7

−1.3 fb.
This is scaled (by a factor of 1.13) to match the theoretical
cross section predicted at NLO in QCD from
Ref. [12], σtt̄WjEW ¼ 47.7þ1.9

−1.4 fb.
The tt̄W QCD sample is generated with Sherpa 2.2.10 at

NLO accuracy in QCD with μR ¼ μF ¼ HT=2. The ME
was calculated for up to one additional parton at NLO and
up to two partons at LO using COMIX [51] and OpenLoops

[52–54], and merged with the Sherpa parton shower [55]
using the MEPS@NLO prescription [56,56–59] with a
merging scale of 30 GeV. The sample is normalized to the
next-to-next-to-leading-order (NNLO) cross section of
710.7þ37.4

−48.1 fb quoted in Ref. [13].
The tt̄Z=γ�, tt̄H, tqZ=γ�, tqH, tWZ, and tWH samples

are generated at NLO with MadGraph5_aMC@NLO and show-
ered with Pythia 8.2. These samples are normalized to the best
theoretical predictions at NLO using k-factors [60]. Other
minor backgrounds with top quarks (tt̄t, tt̄tt̄, tt̄WþW−) are
generated at LO with MadGraph5_aMC@NLO and showered
with Pythia 8.2.
Diboson (VV) processes with four charged leptons, three

charged leptons, and a neutrino, or two charged leptons and
two neutrinos (all with or without extra partons) are simu-
lated with Sherpa 2.2.2 with the PDF set NNPDF3.0NNLO. The
processes are generated with up to one extra parton at NLO
and up to three extra partons at LO using the same formalism
as in tt̄W.
Nonprompt and fake leptons can be generated from many

different sources. Nonprompt leptons originate mainly from
semileptonic hadron decays, while fake leptons are mostly
due to misidentified jets. These two categories are jointly
hereafter referred to as “fake leptons.” The fake-lepton
background, primarily arising from tt̄ production, is derived
from a data-driven approach. TheMCproduction of tt̄ events
is modeled using the Powheg Box2 generator [61] at NLO with
the NNPDF3.0NLO PDF set and the damping factor hdamp set
to 1.5 times the top-quark mass. The events are interfaced
with Pythia 8.2. Single top-quark production in the s- and
t-channels, and tW production, is simulated similarly.
The production of W and Z bosons with multiple jets

(V þ jets) is simulated with the Sherpa 2.2.1 generator using
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NLO-accurate MEs for up to two jets and LO-accurate MEs
for up to four jets, calculated with the COMIX [51] and
OpenLoops libraries. They are matched with the Sherpa parton
shower using the MEPS@NLO prescription. The
NNPDF3.0NNLO set of PDFs is used and the samples are
normalized to NNLO predictions.
Processes with three heavy gauge bosons (WWW,

WWZ, WZZ, and ZZZ) with up to six leptons in the final
state are simulated with Sherpa 2.2.2 and the NNPDF3.0NLO

PDF set. Final states with no additional partons are
calculated at NLO, whereas final states with one, two,
or three additional partons are calculated at LO.
For the dominant prompt processes, alternative MC

samples are used to estimate modeling uncertainties.
These are described in more detail in Sec. VII.
Additional MC samples for EFT contributions are pro-

duced at LO inQCD for the tt̄WjEW and tt̄Z processes, using
the MadGraph v2.9.3 generator and Pythia 8.2 parton shower.
The SMEFTsim 3.0 model [62] is used as the Universal
FeynRules Output [63], in the MW electroweak input scheme
[64] with the top flavor restrictions. The nominal events are
generated according to the SM, and theMadGraph reweighting
module is used to compute alternative event weights
corresponding to the inclusion of dimension-six EFT
vertices and linearized propagator corrections in the pro-
duction Feynman diagrams. The event weights are used to
extract the dependence of various observables, including the
cross section, on different EFToperators. The EFT samples
are processed to include the effects of the ATLAS detector
with a fast simulation in AtlFast II [65] and are reconstructed to
perform the EFT interpretation in Sec. IX.

IV. OBJECT RECONSTRUCTION

Interaction vertices from the pp collisions are recon-
structed from at least two trackswithpT larger than 500MeV
that are consistent with originating from the beam collision
region in the x–y plane. If more than one primary vertex
candidate is found in the event, the candidate for which the
associated tracks from the largest sum of squared pT is
selected as the hard-scatter primary vertex [66].
Electron candidates are reconstructed from energy clus-

ters in the electromagnetic calorimeter matched to a track in
the ID [67]. They are required to satisfy pT > 7 GeV and
jηj < 2.47, excluding the transition region between the end
cap and barrel calorimeters (1.37 < jηj < 1.52). “Loose”
and “tight” electron identification working points are used,
which are based on a likelihood discriminant employing
calorimeter, tracking, and combined variables that provide
separation between electrons and jets. Electrons are further
required to satisfy a boosted decision tree (BDT) discrimi-
nant threshold designed to reject charge misidentification.
Muon candidates are reconstructed by performing a

combined fit to the track information from the ID and
MS [68]. The resulting muon candidates are refitted using
the complete track information from both detector systems.

They are required to satisfy pT > 7 GeV and jηj < 2.5. The
“medium” muon identification working point is used.
Electron (muon) candidates are matched to the primary

vertex by requiring that the significance of their trans-
verse impact parameter, d0,

2 satisfies jd0=σðd0Þj < 5ð3Þ,
where σðd0Þ is the measured uncertainty in d0, and by
requiring that their longitudinal impact parameter, z0,

3

satisfies jz0 sin θj < 0.5 mm.
Leptons from heavy-flavor hadron decays, misidentified

jets, or photon conversions are suppressed using a BDT
discriminant referred to as the nonprompt lepton BDT [68].
This BDT uses isolation and lifetime information associ-
ated with a track jet that matches the electron or muon
candidate. A “tight”working point is defined with a prompt
electron (muon) efficiency of 65% (80%) for a candi-
date lepton pT ¼ 20 GeV, increasing to 90% (95%) at
pT ¼ 45 GeV. The rejection factors for nonprompt elec-
trons (muons) from heavy-flavor decays range from 60 (30)
at low pT to 30 (20) at high pT. The rejection factor for
electrons from photon conversions is 5 at low pT and 1.5 at
high pT.
The constituents for jet reconstruction are identified by

combining measurements from both the ID and the
calorimeter using a particle flow (PFlow) algorithm [69].
Jet candidates are reconstructed from “PFlow objects”
using the anti-kt algorithm [70,71] with a radius parameter
of R ¼ 0.4. They are calibrated using simulation with
corrections obtained by using in situ techniques in data
[72]. Only jet candidates with pT > 25 GeV and within
jηj < 4.5 are selected. To reduce the effect of pileup, each
jet with pT < 60 GeV and jηj < 2.4 must satisfy the tight
working point of the jet vertex tagger (JVT) [73] used to
identify jets that originate from the primary vertex. A set of
quality criteria is also applied to reject events containing at
least one jet arising from noncollision sources or detector
noise [74].
Jets containingb-hadrons are identified (b-tagged)with an

algorithm [75] that uses a deep-learning neural network
based on the distinctive features of b-hadron decays, pri-
marily the impact parameters of tracks and the displaced
vertices reconstructed in the ID. Additional input to this
network is provided by discriminating variables constructed
by recurrent neutral networks [76], which exploit the spatial
and kinematic correlations between tracks originating from
the same b-hadron. A multivariate b-tagging discriminant
value is calculated for each jet. A jet is consideredb-tagged if
it satisfies jηj < 2.4 and passes the working point corre-
sponding to 77%average expected efficiency to tag ab-quark
jet, with rejection factors of 5.6 and 192 for c-jets and

2The transverse impact parameter, d0, is defined in the x–y
plane as the distance of closest approach of the track to the
beamline.

3The longitudinal impact parameter, z0, is defined as the
distance in z between the primary vertex and the point on the
track used to evaluate d0.
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light-flavor jets,4 respectively. Correction factors derived
from dedicated calibration samples enriched in b-jets,
c-tagged jets, or light-tagged jets are applied to the simulated
event samples [77–79].
To avoid double counting of detector signatures,

objects are removed using the angular distance ΔR≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
, where y is the rapidity. The overlap

removal is performed in the following order: electrons
sharing a track with a muon; jets within ΔR ¼ 0.2 of an
electron; electrons within ΔR ¼ 0.4 of a jet; jets within
ΔR ¼ 0.4 of a muon if they have at most two associated
tracks; muons within ΔR ¼ 0.4 of a jet.
The missing transverse momentum p⃗miss

T (with magni-
tude Emiss

T ) is defined as the negative vector sum of the p⃗T
of all selected and calibrated objects in the event, including
a term to account for the momenta of soft particles that are
not associated with any of the selected objects [80]. This
soft term is calculated from ID tracks matched to the
primary vertex, which makes it more resilient to contami-
nation from pileup interactions.
Scale factors are used to correct the efficiencies in simu-

lation to match the efficiencies measured in data for the
electron [67,81] and muon [68,82] trigger, reconstruction,
and identification and isolation criteria. Additional scale
factors are also applied for the JVT requirement [73], for
pileup, and for the b-tagging efficiencies for jets that
originate from the hadronization of b-quarks [77], c-quarks
[78], and light quarks or gluons [79].

V. EVENT SELECTION

The analysis primarily targets ttWjEW events in which
the W boson decays leptonically, the same-charge top-
quark decays via aW boson to lνb, and the other top-quark
decays hadronically, giving rise to a dilepton signature
including same-charge leptons, which can be exploited to
suppress other dilepton backgrounds. Signal events are
expected to present five jets: two b-tagged jets originating
from the two top quarks, two light jets originating from the
hadronic top-quark decay, and an additional spectator jet.
A preselection, defined to loosely match the expected

signal topology, requires that the events contain exactly two
same-charge leptons (electrons or muons). At least one
lepton is required to be above pTðl0Þ > 28 GeV and to be
trigger matched, while pTðl1Þ > 20 GeV is required for the
subleading lepton to reduce the fake-lepton background.
The pseudorapidity of the muons must fulfill jηj < 2.5,
while jηj < 2.0 is required for the electrons. Electrons are
required to satisfy the tight identification working point.
The event is required to contain at least three jets, with the
leading jet having a transverse momentum pTðj0Þ >
60 GeV. A requirement of the dilepton invariant mass,

mll, to be greater than 30 GeV is imposed to remove fake-
lepton events. At least one of the jets must be b-tagged.
These requirements are summarized in Table I.
The signal is characterizedby a topologywith a forward jet

and a high energy scale. The selection for the signal region
requires at least four jets and the expected high energy scale is
reflected in the requirements for a highmll > 125 GeV and
lepton pTðl0ð1ÞÞ > 80 GeV (40 GeV) for the leading (sub-
leading) lepton. The presence of a forward jet in the signal is
exploited in the signal region definition, using the distribu-
tion of Δηj: the difference in pseudorapidity between the
most forward non-b-tagged jet and the jet with which it
produces the highest invariant mass. These variables all
help to provide separation between the tt̄WjEW process and
tt̄W QCD. In the case of dielectron events, events with
invariant masses compatible with the Z boson mass
(81.1 GeV < mee < 101.1 GeV) are removed to reduce
the contribution from electrons with misidentified charge.
Events with fake leptons are reduced by a requirement on the
scalarpT sumof all selected jets (

P
pTðjÞ > 250 GeV).The

fake leptons are primarily from the tt̄ process that has few jets
from the harder scatter process and subsequently on average
a lower

P
pTðjÞ. Photon conversions are reduced by

removing events with displaced vertices with a conversion
radius (the radial distance from the collision point to
conversion location) smaller than 50 mm associated with
the electron track, if the conversion vertex is reconstructed.
These requirements are also summarized in Table I.
An important background to tt̄WjEW but also crucial for

the EFT interpretation in Sec. IX, where it is considered a
signal, is tt̄Z production. A region created to isolate tt̄Z
production [3L-CR (ttZ)] is defined by requiring at least one
same-flavor opposite-charge (SFOC) lepton pairwithmll in a
range compatiblewith theZ bosonmass andgreater than four
jets, of which at least two must be b-tagged.

TABLE I. Summary of the definition of the preselection and
signal regions. The mee selection is used to exclude events with
an electron-pair invariant mass compatible with that of the Z
boson mass (81.1 GeV < mee < 101.1 GeV).

Preselection Signal region

Leptons 2 same-charge
leptons

2 same-charge
leptons

pTðl0Þ >28 GeV >80 GeV
pTðl1Þ >20 GeV >40 GeV
jηðeÞj <2.0 <2.0
jηðμÞj <2.5 <2.5
N (jets) ≥3 ≥4
N (b-jets) ≥1 ≥1
pTðj0Þ � � � >60 GeV
mll >30 GeV >125 GeV
mee � � � ∉ ½81.1; 101.1� GeV
jΔηjj � � � >2.0P

pTðjÞ � � � >250 GeV
Conversion radius (e) � � � ≥50 mm

4“Light jet” refers to a jet originating from the hadronization of
a light quark (u, d, s) or a gluon.
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Dedicated control regions enriched in the dominant back-
grounds are included in the fit to constrain these backgrounds
from data. Table II summarizes the definitions of the control
regions used. There are seven control regions in total. Two
single-bin regions target the normalizations of backgrounds
from photon conversions (Conv-CR) and misidentified
electron charge (“charge flips,” CF-CR). In CF-CR, a veto
on events with Emiss

T > 100 GeV is needed to reject con-
tributions from the tt̄W process, featuring neutrinos and
genuine Emiss

T . The region targeting diboson events (3L-CR)
has the same selection except with lower multiplicity jet
requirements of exactly three jets, of which exactly one must
be b-tagged. To increase the separation between the diboson
and tt̄Z processes, the two regions targeting them are binned
in HT (the scalar sum of transverse energy in the event
excluding the Emiss

T ). The other three regions (4J-loΔη, 4J-
hiΔη, and 3J CRs) are binned according to the channel (ee,
eμ, and μμ), the lepton charge, and the number of b-jets, for a
total of 12 bins per region. The 4J-loΔη region targets the
normalization of the tt̄W QCD background at low Δη. The
4J-hiΔη region targets the normalization of the tt̄WQCDand
the fake-lepton background at high Δη with the same Δη
requirement as in the signal region, but with orthogonalHT,
pTðl0Þ,pTðl1Þ, andmll requirements to the signal region.The
3J CR constrains the overall non-tt̄W QCD backgrounds at
high mll, in a phase space close to the SR.

VI. BACKGROUND ESTIMATES

Backgrounds consisting of prompt leptons are estimated
with the Monte Carlo templates described in Sec. III. The
normalizations of the tt̄Z, VV, and tt̄W QCD processes are
adjusted using unconstrained normalization factors that
are determined by performing a likelihood fit to data across
the CRs simultaneously with the SR.
Events containing CF electrons or fake leptons are

significant backgrounds to the tt̄WjEW process. These
two categories are difficult to accurately model in simu-
lations and are estimated from data.
The CF background is estimated by extracting charge-

flip efficiency in dielectron events close to the Z boson
invariant mass peak. The selected events have at most one
jet and no b-tagged jets. The corresponding efficiencies are
binned in electron pT and η and then applied to opposite-
charge events that have otherwise the same event selection
applied as in the signal region.
The fake-lepton event yield is estimated from data events

using the matrix method (MM) [83], where contributions
from “real leptons” (prompt leptons with correctly assigned
charge), charge flip, and photon conversion sources are
subtracted using simulation.
The MM requires a sample of events with relaxed

lepton criteria, which is achieved by removing the iso-
lation requirements for both muons and electrons, and
using the loose electron identification selection. The MM
model input parameters are the real and fake electronTA
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and muon selection efficiencies for both the nominal and
the relaxed criteria, which are extracted from a global
simultaneous fit of the MM model. The output of the MM
model is a solution in terms of prompt and fake leptons, the
latter of which are then used for the estimation of this
background in the analysis. The efficiencies are para-
metrized in lepton flavor, lepton charge, lepton transverse
momentum, and number of b-tagged jets. In the following,
the fake background estimate is therefore provided
grouped into four different templates corresponding to
one or two b-jets and positive or negative lepton charges:
fakes 1bþþ=1b − −=2bþþ=2b − −. The fake effi-
ciency extraction regions are similar to the preselection
but with inverted requirements on the invariant mass of the
two leptons in three-jet events, and inverted maximum jet
pT in four-jet events to ensure orthogonality to the other
control and signal selections. Avalidation of the fake-lepton
source composition is performed by confirming that agree-
ment with data is observed in validation regions, defined by
changing the three-jet selection to a four-jet selection.
The MM control regions have a relatively high pre-

dicted contamination of tt̄W events, ranging from 17% in
one-b-tagged events to 31% in two-b-tagged events. To
reduce the modeling dependence on this process, the MM
parameters are determined as a function of the tt̄W cross
section. The actual tt̄W cross section is later measured in situ
and the fake-lepton background is automatically adjusted
during the minimization of the likelihood used for the
tt̄WjEW measurement. This procedure properly accounts
for the additional uncertainty induced by the tt̄W dependence
of the fake-lepton estimate.
Thebackgroundof leptons arising fromphoton conversions

is estimated from simulated samples, isolating this contribu-
tion using generator-level information, and are normalized
with a dedicated control region described in Sec. V.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties from experimental sources and
theoretical predictions can affect both the overall yield and
the shape of the observables used in the fit for the statistical
analysis.
The MC event yields are normalized to the data using the

total integrated luminosity. The uncertainty in the combined
2015–2018 integrated luminosity is 0.83% [84], obtained
using the LUCID-2 detector [32] for the primary luminosity
measurements, complemented by measurements using the
ID and calorimeters. The uncertainty in the reweighting of
theMCpileup distribution tomatch the distribution in data is
evaluated by varying the visible inelastic cross section.
For electrons and muons, the reconstruction, identifica-

tion, isolation, and trigger efficiency scale factors have
associated uncertainties [82,85]. The impact of the lepton
energy scale and resolution uncertainty is evaluated by
scaling or smearing the pT of all leptons accordingly and
reapplying the event selection [67,68].

Uncertainties are assigned to the scale and resolution of
the soft track component of the Emiss

T . They are derived
from differences between data and MC simulation in the
measurement of the pT balance between the hard and soft
Emiss
T components [80].
The jet energy scale (JES) is calibrated using MC

simulations, data taken during LHC runs, and test beams
as well as in situ information [86]. The uncertainty in the JES
consists of many correlated components. To achieve a
simplified setup with a minimum loss of correlation infor-
mation, an eigenvector decomposition is used. A similar
approach is used for the jet energy resolution uncertainty.
The uncertainty associated with the JVT discriminant for
pileup jet rejection is obtained by varying the efficiency
correction factors [73]. Uncertainties are also considered in
the b-tagging algorithm correction factors to the efficiencies
measured from data which depend on the jet flavor and
kinematic quantities of the jets. Additionally, flavor tagging
extrapolation uncertainties for jets with pT above the
calibration range are considered.
Alongside detector-related sources of systematic uncer-

tainties, there are also uncertainties associated with the
modeling of the MC predictions including their migrations
between analysis regions. For prompt backgrounds that do
not have free-floating normalizations in the fit, uncertain-
ties in the predicted cross section are included as nuisance
parameters: 20% for tt̄H [87], 17% for tZq [88], 20% for
other top-quark processes, and 30% for “other” minor
processes. These values are chosen as constraints based on
previous measurements of the relevant processes.
For the tt̄WjEW process the uncertainty due to the ME

calculation and the parton shower choices is estimated by
comparing the nominal Sherpa sample with the alternative
MadGraph5_aMC@NLO+Pythia8 sample also at LO accuracy.
The uncertainty due to the choice of parton shower,
hadronization, and underlying event model is estimated
by comparing the difference between Powheg + Pythia 8 and
Powheg + Herwig 7 alternative samples and applying that
difference to the nominal Sherpa sample. To estimate the
effect of missing higher-order corrections, variations of μR
and μF simultaneously up or down by a factor of 2 are
applied. Uncertainties in the PDFs are evaluated by
following the recommended PDF4LHC prescription [89]
and include variations of the αs scale and uncertainties
related to the PDF choice. An uncertainty in the JES related
to the fractions of quark- and gluon-initiated jets is included
through variations relative to the nominal tt̄WjEW sample,
parametrized in jet η and pT .
For the tt̄W QCD process, the uncertainty due to the

generation of the hard-scattering process and the parton
shower choices is estimated by comparing the nominal
Sherpa sample with an alternative MadGraph5_aMC@NLO+Pythia

8 sample generated with up to one additional parton at NLO
with FxFx merging [12]. The uncertainty due to the choice
of parton shower, hadronization, and underlying event
model is estimated by computing the difference between
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the Powheg + Pythia 8 and Powheg + Herwig 7 alternative samples
and applying that difference to the nominal Sherpa sample.
The estimation of the effect of missing higher-order
corrections via variations of μR and μF, the PDF uncer-
tainties, and the jet flavor uncertainties are evaluated in the
same way as in the tt̄WjEW process.
For the tt̄Z and tZq processes, the uncertainty due to the

simulation of the initial-state radiation is taken into account
by varying the Var3c parameter of the PYTHIA A14 tune.
The uncertainty due to the parton shower choice is
estimated by comparing the nominal MadGraph5_aMC@NLO

+Pythia 8.2 sample with an alternative MadGraph5_aMC@NLO

sample interfaced with Herwig. The PDF uncertainties and
the jet flavor uncertainties are evaluated in the same way as
in the tt̄WjEW process.
As described in Sec. VI, several sources of uncertainties

affecting the estimate of the fake rates are considered.
These include the correlation of the lepton fakes with the
tt̄W QCD process, the number of events in each pT bin, and
the uncertainties in the background processes that enter into
the likelihood fit to estimate the fake-lepton efficiency.

VIII. MEASUREMENT UNDER SM HYPOTHESIS
AND CROSS SECTION UPPER LIMIT

EXTRACTION

The tt̄WjEW production cross section, σtt̄WjEW, is obtained
using a profile-likelihood fit [90] to a SR binned in jΔηjj and
multiple CRs. The fit is performed simultaneously to 46 CR
and three SR bins using the TRExFitter [91] framework.

The expected signal and background distributions are mod-
eled using template histograms from the MC simulated
samples and the data-driven estimates as described in
Sec. VI. The sum of signal and background contributions
is fitted to the data. The likelihood function is constructed
as a product of Poisson terms for the event yields and
Gaussian functions to constrain nuisance parameters,
which represent systematic uncertainties, across all bins
included in the search. For uncertainties related to the finite
number of simulated MC events, the Gaussian terms are
replaced by Poisson terms, following the Beeston-Barlow
“lite” method [92]. The signal strength, which is the ratio
of the observed tt̄WjEW production cross section (σobs)
to the theoretical tt̄WjEW cross section (σSM) and denoted
by μtt̄WjEW ¼ σobs=σSM, is a free parameter in the profile-
likelihood fit. The normalizations of the tt̄Z, tt̄W QCD,
VV, photon conversion, and electron charge misiden-
tification processes are also free parameters in the profile-
likelihood fit.
Table III shows the yields in the SR and CRs following a

representative fit to data with the tt̄WjEW signal normali-
zation fixed to the SM expectation ðμtt̄WjEW ¼ 1Þ. The
quadrature sum of uncertainties is not equal to the total
uncertainty because of correlations introduced by the fit.
There is significant correlation between some of the fitted
parameters, including an approximately 70% anticorrela-
tion between the tt̄W QCD normalization and μtt̄WjEW, as
well as approximately 30% anticorrelations between some
of the nuisance parameters relating to the fake-lepton
estimates and the tt̄W QCD normalization. Most relevant

TABLE III. Observed and expected event yields in the signal and control regions obtained for an integrated luminosity of 140 fb−1

after performing a fit to the data with the tt̄WjEW normalization fixed to the SM expectation (μtt̄WjEW ¼ 1) but with theory uncertainties
implemented as nuisance parameters. The indicated errors include the Monte Carlo statistical uncertainties and all other systematic
uncertainties. The quadrature sum of uncertainties is not equal to the total uncertainty because of correlations introduced by the fit. A
dash (—–) indicates event yields smaller than 0.1 events.

SR 4J-loΔη-CR 4J-hiΔη-CR 3J-CR 3L-CR (ttZ) 3L-CR Conv-CR CF-CR

tt̄WQCD 121� 26 250� 40 106� 22 67� 13 2.6� 0.6 24� 5 0.93� 0.25 7.6� 1.4
tZq 7.6� 1.4 2.20� 0.35 9.2� 2.2 7.5� 1.2 23� 4 68� 11 —– 0.88� 0.22
tt̄Z 31� 4 43� 8 30� 4 7.2� 1.7 133� 15 66� 14 0.26� 0.15 2.2� 0.4
VV 30� 6 26� 5 34� 7 34� 6 14.1� 2.7 152� 27 0.23� 0.04 3.8� 0.7
tt̄H 21� 4 59� 12 29� 6 3.9� 0.9 3.7� 0.8 9.3� 1.9 0.27� 0.06 2.3� 0.5
Other top bkg. 30� 6 30� 6 27� 6 12.8� 3.0 13.2� 2.7 25� 5 14.1� 3.2 2.4� 0.6
Other 0.25� 0.07 1.6� 0.5 1.04� 0.30 0.20� 0.06 —– —– 0.34� 0.10 6.6� 1.9
Conversions 20� 7 28� 10 24� 8 17� 6 1.5� 0.5 9� 4 27� 8 13� 5
Charge flips 62� 9 29� 4 55� 8 80� 12 —– —– 0.68� 0.11 68� 10
Fakes 1bþþ 11� 5 30� 10 25� 8 15� 7 —– 16� 5 0.8� 0.6 1.6� 1.4
Fakes 1b−− 3.5� 1.6 30� 7 27� 5 10.0� 3.1 —– 15.0� 3.4 0.9� 0.4 3.2� 1.4
Fakes 2bþþ 16� 6 22� 10 13� 6 8.0� 3.1 0.9� 0.7 —– 0.71� 0.31 0.65� 0.30
Fakes 2b−− 7.1� 2.9 22� 8 14� 5 4.1� 2.0 0.66� 0.10 —– 1.9� 0.5 1.8� 0.6

tt̄WjEW (μtt̄WjEW ¼ 1) 15.7� 2.6 7.3� 2.6 11.5� 1.9 1.31� 0.26 —– 0.124� 0.028 —– 0.53� 0.13

Total 376� 20 584� 23 405� 16 268� 12 192� 14 384� 19 48� 7 114� 8

Data 379 586 393 267 193 387 49 119
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(a) (b)

(c) (d)

(e)

Postfit Postfit

Postfit Postfit

Postfit

FIG. 3. Postfit distributions in each of the analysis regions: (a) 4J-hiΔη-CR, (b) 4J-loΔη-CR, (c) 3J-CR, (d) 3L-CR, and (e) 3L-CR
(ttZ). The shaded uncertainty bands include all statistical and systematic uncertainties. For the 3L-CR and 3L-CR (tt̄Z) distributions, the
last bin includes overflow events. For comparison with Table III, “Top” refers to “tZq” and “Other top backgrounds,” “CF” refers to
“charge-flip” events, and “Conv” refers to “Conversions”.
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for the processes targeted by the 3L CRs are the approx-
imately 25% anticorrelations between the VV normaliza-
tion and tt̄Z and tZq normalizations.
Figures 3 and 4 show the postfit distributions in the CRs

and the SR, for a fit to data also including a free-floating
normalization factor for the tt̄WjEW signal. The fitted
normalization factors for the free-floating processes in this
fit are listed in Table IV.
Within the experimental sensitivity, good agreement is

found between the data and the SM prediction, resulting in
an observed (expected) measurement of μtt̄WjEW ¼ 0.9þ2.4

−3.0

ð1.0þ2.4
−2.5Þ. After applying the CLs method [93] the observed

(expected) 95%CLs upper limit on the normalization
factor is μtt̄WjEW < 5.3 (4.8), which translates to an
observed (expected) upper limit on the cross section of
σtt̄WjEW < 251 fb (230 fb), to be compared with the
expected SM cross section of 47.7þ1.9

−1.4 fb [12]. The meas-
urement is overall dominated by systematic uncertainties
detailed in Table V. The leading sources of uncertainty
in the fitted value of μtt̄WjEW are the normalization and
modeling of the tt̄W QCD process, uncertainties related to
the jet modeling, and the estimate of the fake-lepton
contributions. None of the nuisance parameters with
significant impact on the signal strength are constrained
to less than 70% of their original values. Of those most
relevant, the nuisance parameters relating to the statistical
uncertainty in fake-lepton estimate (tt̄W QCD parton
shower modeling) are constrained to 70% (80%) of their
original values.

IX. EFFECTIVE FIELD THEORY
INTERPRETATION

New physics could affect the tt̄WjEW process at high
energy scales and can be parametrized in the context of an

Postfit

FIG. 4. Postfit distribution of the jΔηjj observable in the signal
region after the signal-plus-background fit to data. The shaded
uncertainty band includes all statistical and systematic uncer-
tainties. The binning starts from 2, following the signal region
definition in Table I. For comparison with Table III, “Top” refers
to “tZq” and “Other top backgrounds,” “CF” refers to “charge-
flip” events, and “Conv” refers to “conversions.” In addition to
the stacked histogram, the signal process is also shown as a
dashed line overlaid, multiplied by a factor of 20.

TABLE IV. Signal and background normalization factors
measured in the profile-likelihood signal-plus-background fit
to the data. All sources of statistical and systematic uncertainties
are included.

Process Normalization factor (μ)

tt̄WjEW 0.9þ2.4
−3.0

tt̄Z 0.94þ0.14
−0.13

tt̄WQCD 1.06þ0.28
−0.26

VV 1.11þ0.20
−0.20

Conversions 1.12þ0.37
−0.34

Charge flips 0.92þ0.14
−0.14

TABLE V. Grouped impact of systematic uncertainties in the
tt̄WjEW signal strength, μtt̄WjEW , after the profile-likelihood
signal-plus-background fit to the data. The impact of each
uncertainty is assessed by fixing the relevant fit parameters for
a given uncertainty and refitting to data. The reduction in the
total uncertainty in this modified fit gives the quoted impact.
The quadrature sum of individual groups of uncertainties is not
equal to the total uncertainty because of correlations introduced
by the fit.

Uncertainty source Δμtt̄WjEW

Total statistical and systematic þ2.4= − 3.0
Total systematic þ2.2= − 2.8
Total statistical þ0.9= − 0.9

tt̄WQCD normalization þ1.6= − 2.2
Jets and Emiss

T þ1.6= − 2.2
tt̄WjEW modeling þ0.4= − 1.5
tt̄WQCD modeling þ0.6= − 1.2
MC statistical þ0.7= − 0.9
Fake leptons þ0.5= − 0.7
Pileup þ0.2= − 0.5
tt̄Z normalization þ0.3= − 0.4
tt̄Z modeling þ0.23= − 0.27
Background cross sections þ0.18= − 0.31
Electron ID and isolation þ0.09= − 0.09
b-tagging þ0.09= − 0.09
Muons þ0.07= − 0.07
tZq modeling þ0.07= − 0.07
Luminosity þ0.034= − 0.034
Electron energy scale and resolution þ0.024= − 0.024
JVT <0.01
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EFT. The tt̄WjEW cross section is increased by nonzero

Wilson coefficients for operators such as OHt and O
ð1Þ
HQ [1].

These operators also contribute to modifications of the
tt̄Z process [94]. Therefore, along with an assessment of

the effect of OHt and Oð1Þ
HQ on tt̄WjEW production, the

complementarity with tt̄Z is exploited in a fit assessing
contributions from the two EFT operators to both physics
processes.

As the effects of OHt and Oð1Þ
HQ grow with the energy

scale of the scattering process, the signal region is rebinned
in four bins of pTðl0Þ to maximize the sensitivity to the EFT
operators. Figure 5 shows the pTðl0Þ distribution in the
signal region, comparing observed events to the SM
prediction normalized in a fit to the control regions only.
The subsequent EFT fits are otherwise performed identi-
cally to the SM measurement, with the exception that when
an EFT operator is considered to affect the tt̄WjEW (tt̄Z)
process, the floating normalization factor for that process is
replaced with a dedicated cross section uncertainty nui-
sance parameter of size þ4%

−3% [4,12] (�9.5% [95]).
Additionally, a new free-floating parameter is introduced
to parametrize the effect of the EFToperator on the tt̄WjEW
(tt̄Z) normalization in each bin of the analysis. The
assumed energy scale is set to Λ ¼ 1 TeV. Several fit
configurations are considered for the EFT interpretations.
One configuration allows EFT variations only on tt̄WjEW
production and not tt̄Z, and another configuration allows
EFT variations on both tt̄WjEW and tt̄Z. For both these
configurations, interpretations are made considering each
EFT operator alone, and both operators simultaneously.
This combination of interpretations is designed to disen-
tangle the sensitivity from each process to each operator
and probes the nature of their complementarity. For these
configurations the EFT effects are applied to the relevant
processes in the rebinned SR and all CRs.
The asymptotic likelihood approach relies on Wilks’s

theorem [96] for the extraction of the confidence intervals
using the properties of a χ2 distribution [90]. However, in
the EFT fits the tt̄WjEW process has non-negligible

Postfit

FIG. 5. Distribution of the EFT-sensitive observable pTðl0Þ in
the signal region, after a fit to data of the SM processes in the
control regions only. The dashed line represents the expected total
distribution of an EFT signal stacked on top of the SM processes,
with cHt ¼ 5 for illustration purposes. The shaded uncertainty
band includes all statistical and systematic uncertainties. The
highest bin is inclusive and includes all events above the upper
bin edge.

FIG. 6. Difference in the log-likelihood as a function of (a) cHt and (b) cð1ÞHQ Wilson coefficients, as determined in the EFT fit to data,
considering the impact of each coefficient independently on the tt̄WjEW process. The solid lines show the asymptotic χ2 68% and 95%
thresholds (Asymp.) for calculating confidence intervals. The dashed lines show alternative estimations of the 68% and 95% confidence
interval thresholds using pseudodatasets (Pseud.), as described in the text.
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quadratic dependencies on Wilson coefficients, which lead
to violations of Wilks’s theorem [97] and over- or under-
coverage of the true intervals. An alternative method for
extracting confidence intervals is employed in which
pseudodatasets are generated at different values of a
Wilson coefficient and fitted individually. From these fits,
test-statistic distributions are constructed to derive the final
confidence intervals.
Figure 6 shows likelihood scans considering the impact

of OHt and Oð1Þ
HQ independently on the tt̄WjEW process

alone. The one-dimensional χ2 threshold at
−Δ lnðLÞ ¼ 0.5, which relies on Wilks’s theorem, results
in compatible but looser confidence intervals than deter-
mined from the alternative threshold using pseudodatasets.

Figure 7 shows likelihood scans considering the impact of

OHt and Oð1Þ
HQ independently on both the tt̄WjEW and tt̄Z

processes. The larger linear contributions of the EFT
operators to the tt̄Z process mitigate coverage changes
due to the violation of Wilks’s theorem.
Figure 8 shows the full two-dimensional 95% confidence

intervals determined using pseudodatasets when fitting

both cHt and cð1ÞHQ simultaneously (OHt þOð1Þ
HQ). The

numerical results of all fits are summarized in Figs. 9
and 10 and are detailed in Table VI. The EFT fits use both
linear and quadratic terms and consider either both EFT

operators simultaneously, cHt þ cð1ÞHQ (profiled), or only
individual EFT Wilson coefficients (independent). The fits

FIG. 7. Difference in the log-likelihood as a function of (a) cHt and (b) cð1ÞHQ Wilson coefficients, as determined in the EFT fit to data,
considering the corresponding EFT contributions from one coefficient at a time but simultaneously on both the tt̄WjEW and tt̄Z
processes. The solid lines show the asymptotic χ2 68% and 95% thresholds (Asymp.) for calculating confidence intervals. The dashed
lines show alternative estimations of the 68% and 95% confidence interval thresholds using pseudodatasets (Pseud.), as described in
the text.
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FIG. 8. Two-dimensional 68% and 95% confidence intervals for the simultaneous EFT fit to data of the Wilson coefficients cHt and

cð1ÞHQ, considering their impact on (a) the tt̄WjEW process alone or (b) on both the tt̄WjEW and tt̄Z processes. The confidence intervals are
determined using pseudodatasets (Pseud.).
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EFT contributions to ttWj-
EW

and ttZ-

FIG. 9. 95% confidence intervals determined using pseudodatasets (Pseud.) for the cHt and cð1ÞHQ Wilson coefficients from fits to both
tt̄WjEW and tt̄Z. The intervals are obtained from both fits to each EFToperator independently (independent), and from two-dimensional
fits to both operators simultaneously (profiled).

FIG. 10. 95% confidence level exclusion limits on the new physics scale Λ for different assumptions on the value of the

(dimensionless) Wilson coefficients cHt and cð1ÞHQ. The limits are determined for each EFT operator independently by converting the
average magnitude of the up and down uncertainties from the pseudodatasets (Pseud.) fits to both tt̄WjEW and tt̄Z.

TABLE VI. Observed one-dimensional and marginalized 95% confidence intervals on the cHt and cð1ÞHQ Wilson
coefficients for different fit configurations using pseudodatasets.

95% CI (observed) (TeV−2)

Operators Processes cHt cð1ÞHQ

OHt tt̄WjEW ½−10;−2.7� ∪ ½3.3; 9.6� � � �
Oð1Þ

HQ
tt̄WjEW � � � ½−11;−4.5� ∪ ½4.3; 13�

OHt þOð1Þ
HQ

tt̄WjEW ½−9.9; 9.3� ½−12; 14�
OHt tt̄WjEW þ tt̄Z ½−10; 3.2� � � �
Oð1Þ

HQ
tt̄WjEW þ tt̄Z � � � ½−11; 7.4�

OHt þOð1Þ
HQ

tt̄WjEW þ tt̄Z ½−10;−0.96� ∪ ½1.5; 7.3� ½−12; 0.33� ∪ ½3.4; 12�
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consistently prefer a nonzero value for the EFT Wilson
coefficients, due to the difference between data and MC
observed in the highest pT bin of Fig. 5, which can be

accommodated by the impacts ofOHt andO
ð1Þ
HQ. In the most

complex fit, considering the impact of both OHt or O
ð1Þ
HQ on

the tt̄WjEW and tt̄Z processes, the 95% confidence interval
contains the SM expectation.
It is informative to visualize the benefits of exploiting the

energy-growth dependency of the EFT operators using the
pTðl0Þ observable. Figure 11 shows the observed two-
dimensional 95% confidence interval contours, using the
asymptotic likelihood approach, as a function of the
energy-growth dependency of the EFT operators. Fitting
from only the first bin of the signal region, with the lowest
pT, to all of the signal region up to the highest pT bin, the
improvement in the limits is clear from the decreasing size
of the contours. Figure 11 also shows the complementarity
from considering both the tt̄WjEW and tt̄Z processes
together. The limits from the tt̄Z process alone, which
has larger linear contributions and greater degeneracies
between the two EFT operators, is shown by the outermost
dotted contour. The degeneracies are reduced by the
inclusion of the tt̄WjEW process in the fit.

X. CONCLUSIONS

A search is presented for tt̄WjEW production in proton-
proton collisions using data collected with the ATLAS
detector corresponding to an integrated luminosity of
140 fb−1 at

ffiffiffi
s

p ¼ 13 TeV. From the search, limits are
set on the Standard Model tt̄WjEW process and on effective

field theory operators modifying the couplings of the top
quark to the Z boson. The search uses same-charge pairs of
electrons and muons together with jets, out of which at least
one is b-tagged, and uses the properties of the most forward
jet to discriminate tt̄WjEW production from tt̄W QCD
background.
The search is affected by the tt̄W and fake-lepton

backgrounds. State-of-the-art modeling is used for tt̄W
and data-driven techniques are used for the fake-lepton
yield estimate, with special attention paid to the interplay
between the two.
The observed (expected) normalization factor is

μtt̄WjEW ¼ 0.9þ2.4
−3.0 ð1.0þ2.4

−2.5Þ, resulting in an observed 95%
CLs upper limit of μtt̄WjEW < 5.3. The corresponding 95%
CLs upper limit on the observed cross section is
σtt̄WjEW < 251 fb, to be compared with the Standard
Model cross section of 47.7þ1.9

−1.4 fb [12]. The results from
the measurements are consistent with the Standard Model
expectations, and are limited by systematic uncertainties.
The unique tW-scattering vertex embedded within the

tt̄WjEW process is exploited to gain new sensitivity to EFT
operators. The interplay between different processes

(tt̄WjEW and tt̄Z) and different operators (OHt and Oð1Þ
HQ)

is investigated, demonstrating the benefits of a combined
analysis of this type with a detailed case study. Considering

both processes when looking at OHt and Oð1Þ
HQ simulta-

neously closes a degenerate direction present when con-
sidering the effects of these operators on tt̄Z production
alone. The EFT sensitivity is dominated by uncertainties
due to the limited number of events in data, especially at
high pT. Increased sensitivity is expected with the LHC

(a) (b)

FIG. 11. Two-dimensional 68% and 95% confidence intervals for the simultaneous EFT fit to data of the Wilson coefficients cHt and

cð1ÞHQ, considering their impact on (a) the tt̄WjEW process alone or (b) on both the tt̄WjEW and tt̄Z processes. The dashed, dotted, and
solid line contours use the asymptotic likelihood approach, and highlight the energy-growth behavior of the EFT operators. On (b), the
outermost open contour shows the confidence interval when considering the EFT operators on tt̄Z only. Subsequently, on both (a) and
(b) the closed contours consider the EFToperators also on tt̄WjEW in the four pT bins in the signal region. The outer closed contour uses
only the first pT bin and moving inward the contours include higher energy information for the two-bin, three-bin, and four-bin
confidence intervals. The solid filled region is the 95% confidence interval determined using pseudodatasets (Pseud.) and the full signal
region.
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Run 3 data where the interplay between processes with and
without sensitivity from significant high energy growth will
be even more interesting.
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41LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand, France

42Nevis Laboratory, Columbia University, Irvington NewYork, USA
43Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

44aDipartimento di Fisica, Università della Calabria, Rende, Italy
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