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1 Introduction

The search for exclusive production of top-quark pairs with the same electric charge (same-
sign, SS)1 is driven by the potential to uncover phenomena beyond the Standard Model
(BSM) of particle physics. In the Standard Model (SM), SS top-quark pair production is
forbidden at leading order (LO) in perturbation theory. This process can only occur at the
lowest perturbative order through the exchange of two W bosons, as shown in figure 1(a). The
cross-section for this process is calculated to be approximately σ(pp → tt)SM ≃ 4 · 10−15 pb
for proton-proton collisions at

√
s = 13 TeV [1], which is not detectable at the Large Hadron

Collider (LHC). The observation of this process at the LHC would therefore imply the
existence of BSM physics processes.

Model-independent searches for BSM processes at high energies can be conducted using
the Standard Model Effective Field Theory (SMEFT). In this approach, the SM is assumed
to be a LO and low-energy approximation of a more fundamental theory, with a new-physics
energy scale Λ substantially larger than the SM electroweak (EW) scale.

1For simplicity, throughout this paper charge conjugation is implicitly assumed, therefore “same-sign

top-quark pairs” refers to both tt and tt.
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Figure 1. Lowest-order Feynman diagrams for same-sign top-quark pair production (a) in the SM
and (b) as a pointlike effective-field-theory (EFT) four-fermion interaction.

In this paper, a search for SS top-quark pair production is presented. The process is
described, using the SMEFT framework, as a pointlike interaction involving four up-type
fermions as shown in figure 1(b). Among the complete set of dimension-6 EFT operators
expressed in the Warsaw basis [2], only five can be responsible for the production of this SS
top-quark signal [3] with a flavor universality assumption. The following notation is used
for the operators following the conventions of ref. [3]:

O(1)
tu = [tRγ

µuR][tRγµuR],

O(1)
Qq = [QLγ

µqL][QLγµqL],

O(3)
Qq = [QLγ

µσaqL][QLγµσ
aqL],

O(1)
Qu = [QLγ

µqL][tRγµuR],

O(8)
Qu = [QLγ

µTAqL][tRγµT
AuR].

In these expressions, QL and tR are the left-handed doublet and right-handed singlet of
the third quark generation, qL and uR are related to the first two generations, and σa and
TA are the generators of SU(2)L and SU(3)C, respectively. Only O(1)

tu , O(1)
Qu, and O(8)

Qu are

considered, since O(1)
Qq and O(3)

Qq are already constrained by Bd mixing and dijet production
measurements [4]. The effective Lagrangian related to these operators is expressed as:

Lqq→tt
D=6 =

1

Λ2

(

c
(1)
tu O(1)

tu + c
(1)
QuO(1)

Qu + c
(8)
QuO(8)

Qu

)

+ h.c. (1.1)

where c(1)
tu , c(1)

Qu and c
(8)
Qu are the Wilson coefficients (WCs) related to the EFT operators.

Searches for new physics processes containing two SS leptons have only small background
contributions from known SM processes, such as diboson production including vector boson
scattering W±W±, and ttW , ttZ and ttH production in the multilepton final state, where
one or more leptons may be undetected.

Both the ATLAS and CMS collaborations have searched for anomalous production of
events containing pairs of SS leptons at the LHC, using proton-proton (pp) collision data
at

√
s = 7, 8 and 13 TeV [5–10].

A previous ATLAS analysis [7] with 20 fb−1 of pp collision data at
√
s = 8 TeV set 95%

confidence level (CL) upper limits on σ(pp → tt) at 62, 51 and 38 fb assuming a contact
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interaction for left-left, left-right and right-right chirality of the SS top quarks, respectively.
This corresponds to limits on the WCs of |c|/Λ2 < 0.053, 0.137 and 0.042 TeV−2 [7]. A 95% CL
limit on the tt production cross-section at

√
s = 13 TeV of σ(pp → tt) < 89 fb is set by the

ATLAS collaboration using 36 fb−1 of pp collision data, assuming a BSM flavor-changing
neutral current mediator with a mass of 1 TeV [9].

In this paper, a dedicated analysis is designed to specifically target the search for SS
top-quark pair production with a minimized model dependence.

2 ATLAS detector

The ATLAS detector [11] at the LHC covers nearly the entire solid angle around the collision
point.2 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadron calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range of |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer. It is followed by the silicon microstrip 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 |η| = 2.0. The TRT also provides electron identification information based on the
fraction of hits (typically 30 in total) above a higher energy-deposit threshold corresponding
to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. In the region |η| < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-
argon (LAr) calorimeters, with an additional thin LAr presampler covering |η| < 1.8 to correct
for energy loss in material upstream of the calorimeters. Hadron calorimetry is provided by
the steel/scintillator-tile calorimeter, segmented into three barrel structures with |η| < 1.7,
and two copper/LAr hadron endcap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter 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 supercon-
ducting 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 |η| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system

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

centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of

the LHC ring, and the y-axis points upwards. Polar coordinates (r, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as

η = − ln tan(θ/2) and is equal to the rapidity y = 1
2

ln
(

E+pzc

E−pzc

)

in the relativistic limit. Angular distance is

measured in units of ∆R ≡

√

(∆y)2 + (∆ϕ)2.
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covers the range |η| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom
hardware, followed by selections made by algorithms implemented in software in the high-level
trigger [12]. 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 events
to disk at an average rate of about 1 kHz.

An extensive software suite [13] 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.

3 Data and simulated events

This analysis uses pp collision data at
√
s = 13 TeV collected with the ATLAS detector

between 2015 and 2018. After the application of data-quality requirements [14], the data
sample corresponds to an integrated luminosity of 140 fb−1 [15]. Only events recorded under
stable beam conditions and for which all detector subsystems were known to be in a good
operating condition are used.

Monte Carlo (MC) simulated events were produced to study signal and background
processes. The simulated events were processed through either a full simulation of the ATLAS
detector using Geant4 [16, 17], or a fast simulation, in which the simulation of the calorimeter
response is replaced by a parameterization of the shower shapes [18]. Both types of simulated
events were processed through the same reconstruction software used for the pp collision data.

Additional inelastic pp collisions from the same and neighboring bunch crossings (pileup)
are modeled using events from minimum-bias interactions simulated with Pythia 8.186 [19]
using the NNPDF2.3lo set of parton distribution functions (PDFs) [20] and the A3 set
of tunable parameters [21], referred to as “tune”. They were overlaid onto the simulated
hard-scatter events according to the luminosity profile of the recorded data. The number
of pp interactions per bunch crossing in the data used here ranges from about 8 to 70,
with an average of 34.

Unless otherwise specified, events generated with MadGraph5_aMC@NLO [22] or
Powheg Box [23–25] were interfaced to Pythia 8 [26] and used the A14 tune [27] with
the NNPDF2.3lo PDF set to model the parton shower (PS), underlying event (UE) and
hadronization. Events interfaced to Herwig 7 [28, 29] used the MMHT2014lo PDF set [30]
and the corresponding tune provided by Herwig, H7.2-Default or H7-UE-MMHT. Events
simulated with Sherpa [31] used the PS and hadronization model and the tune provided by
the Sherpa authors. All simulated events, except those produced with the Sherpa event
generator, used EvtGen [32] to model the decays of heavy-flavor hadrons. The mass of the
top quark and the Higgs boson were set to 172.5 GeV and 125 GeV, respectively.

Samples of simulated MC events were produced for the different signal and background
processes. The generators used for the matrix element (ME) and PS simulation and the PDF
configurations of all samples are summarized in table 1, with the samples used to estimate
the systematic uncertainties that are described in section 6.2 given in parentheses.
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3.1 Signal simulation

SS top-quark signal samples were simulated using MadGraph5_aMC@NLO v2.9.3 together
with the SMEFTsim3.0 Feynrules package [33–35], using the mW electroweak input scheme.
Only the three operators O(1)

tu , O(1)
Qu, and O(8)

Qu were considered. Flavor universality was
imposed, so that the WCs for uutt, uctt, and cctt vertices were bound to the same value. The
ME calculation for the signal processes was performed at LO in quantum chromodynamics
(QCD) without additional jets using the NNPDF30lo [36] PDF set.3 Top quarks were
decayed into a W boson and a b-quark, and the W bosons subsequently decayed into a
charged lepton and a neutrino of the same flavor.

A nominal sample was produced, in which the WCs were set to c(1)
tu = 0.04, c(1)

Qu = 0.1

and c
(8)
Qu = 0.1. This set of WC values corresponds to cross-sections of σ(pp → tt) = 97.6 fb

and σ(pp → t̄t̄) = 2.4 fb, assuming a new-physics scale Λ = 1 TeV. The SS top-quark signal is
highly charge-asymmetric leading to a cross-section which is approximately 40 times larger
for tt production compared to t̄t̄ production. Instead of generating multiple signal samples
associated with different assumptions on WCs, the MadGraph5_aMC@NLO reweighting
tool [37] was exploited to obtain the necessary set of signal predictions from the nominal
sample. An event weight for a different set of WCs is obtained as:

Wnew =
|Mnew|2
|Morig|2Worig (3.1)

where Worig is the original event weight and Mnew, Morig are the re-computed and original

MEs, respectively. The chosen ranges for the WCs, c(1)
tu = [0.01, 0.05], c(1)

Qu = [0.05, 0.15],

and c
(8)
Qu = [0.10, 0.30], imply values for the SS top pair production cross-section in the

dileptonic decay channel ranging from 1 fb to 100 fb, approximately, assuming a new-physics
scale Λ = 1 TeV.

3.2 Simulation of background events

SM processes such as the production of tt̄W , tt̄Z, tt̄γ, tt̄H, tt̄tt̄, WW+jets, WZ+jets and
ZZ+jets can have two leptons of the same electric charge in the final state and mimic
the signal signature.

The tt̄W production is expected to constitute the largest fraction of the background in
the signal-dominated regions. The used simulation setup for tt̄W production follows ref. [38].
It was simulated using Sherpa 2.2.10. Both the factorization and renormalization scales, µF

and µR, were set to HT/2, where HT is the sum of the transverse masses mT =
√

m2 + p2
T

of all particles generated in the ME calculation. The sample was simulated at next-to-
leading order (NLO) in QCD accuracy for MEs for up to one jet and LO accuracy for
up to two additional jets. The additional partons were matched and merged with the
Sherpa PS based on Catani-Seymour dipole factorization [39, 40], using the MEPS@NLO

prescription [41–44] with a CKKW merging scale of 30 GeV. The virtual QCD corrections
for MEs at NLO accuracy were provided by the OpenLoops 2 library [45–47]. Samples were

3The ME calculation is at LO and the jet multiplicity could hence be mismodeled. This was tested by

applying scale variations to the jet multiplicity distribution and it was found to have a negligible impact on

the results.
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Process Generator ME order PS PDF (ME) Tune

tt/t̄t̄ EFT signal MadGraph5_aMC@NLO LO Pythia 8 NNPDF3.0lo A14

tt̄W Sherpa 2.2.10 NLO Sherpa NNPDF3.0nnlo Sherpa default

(MadGraph5_aMC@NLO) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)

(Powheg Box) (NLO) (Pythia 8) (NNPDF2.3lo) (A14)

(Powheg Box) (NLO) (Herwig 7.2) (NNPDF3.0nlo) (H7.2-Default)

ttZ/γ∗ MadGraph5_aMC@NLO NLO Pythia 8 NNPDF3.0nnlo A14

(MadGraph5_aMC@NLO) (NLO) (Herwig 7.2) (NNPDF3.0nlo) (H7.2-Default)

(MadGraph5_aMC@NLO) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14 Var3c)

tt̄ll MadGraph5_aMC@NLO NLO Pythia 8 NNPDF3.0nlo A14

tt̄H Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

(Powheg Box) (NLO) (Herwig 7.04) (NNPDF3.0nlo) (H7UE-MMHT)

(MadGraph5_aMC@NLO) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)

V V , qqV V , V V V Sherpa 2.2.2 NLO Sherpa NNPDF3.0nnlo Sherpa default

Four top MadGraph5_aMC@NLO NLO Pythia 8 NNPDF3.1nlo A14

tt̄ Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

s-, t-channel, Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

Wt single top

Z → l+l− (Mat Conv) Powheg Box NLO Pythia 8 CT10nlo AZNLO

Z → l+l−+(γ∗) Powheg Box NLO Pythia 8 CT10nlo AZNLO

Z → l+l− Sherpa 2.2.1 NLO Sherpa NNPDF3.0nnlo Sherpa default

W+jets Sherpa 2.2.1 NLO Sherpa NNPDF3.0nnlo Sherpa default

V γ Sherpa 2.2.8 NLO Sherpa NNPDF3.0nnlo Sherpa default

t(Z/γ∗), tt̄t, tt̄WH MadGraph5_aMC@NLO LO Pythia 8 NNPDF2.3lo A14

tt̄W+W−, tt̄ZZ, tt̄HH MadGraph5_aMC@NLO LO Pythia 8 NNPDF2.3lo A14

tW (Z/γ∗), tWH, tHqb MadGraph5_aMC@NLO NLO Pythia 8 NNPDF3.0nlo A14

V H Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

Table 1. The samples used for event generation of signal and background processes. Those used to
estimate the systematic uncertainties are shown in parentheses. The production of an electroweak
boson is denoted by V (W or Z/γ∗). The parton density function (PDF) shown in the table is the
one used for the matrix element (ME). The tune is the set of tuned parameters of the parton-shower
(PS) generator.

simulated using the NNPDF3.0nnlo [36] PDF set. The LO EW contributions were obtained
from a dedicated sample simulated with Sherpa 2.2.10 and were combined with the NLO
QCD sample described above. Three alternative tt̄W samples are used in the estimation
of systematic uncertainties and are listed in table 1. The events were normalized using a
cross-section of 722 fb as calculated in ref. [48].

The production of ttZ/γ∗ events was modeled using the MadGraph5_aMC@NLO

generator. The functional forms of µF and µR were set to 0.5×∑

i

√

m2
i + p2

T,i, where the sum
runs over all the particles generated in the ME calculation. The cross-sections were calculated
at NLO QCD and NLO EW accuracy using MadGraph5_aMC@NLO as reported in
ref. [49]. The cross-section of tt̄Z (ℓℓ) with an off-shell Z boson, denoted by tt̄ℓℓ, was scaled
by an off-shell correction estimated at one-loop level in αs. Two alternative ttZ/γ∗ samples
were simulated at NLO QCD with the MadGraph5_aMC@NLO generator and interfaced
either to Pythia 8 or Herwig 7.2.
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The production of tt̄H events was modeled using the Powheg Box v2 [23, 50–53]

generator. The functional form of µF and µR was set to 3

√

mT(t) ·mT(t̄) ·mT(H). The
cross-section was calculated at NLO accuracy as reported in ref. [49]. Two alternative tt̄H
samples were simulated, one with the MadGraph5_aMC@NLO generator interfaced to
Pythia 8 and one with the Powheg Box generator interfaced to Herwig 7.2.

Diboson final states (V V ) were simulated with the Sherpa 2.2.2 generator using the
NNPDF3.0nnlo [36] PDF set, taking off-shell effects into account. MEs at NLO (LO)
accuracy in QCD were used for up to one (three) additional parton emission(s). Loop-induced
processes were simulated at LO for up to one additional parton emission. The calculations
were matched and merged with the Sherpa parton shower based on Catani-Seymour dipole
factorization using the MEPS@NLO prescription. The virtual QCD corrections were provided
by the OpenLoops library.

The tt̄ production was simulated with Powheg Box v2 and normalized to the cross-
section prediction at next-to-next-to-leading order (NNLO) in QCD including the resum-
mation of next-to-next-to-leading logarithmic (NNLL) soft-gluon terms calculated using
Top++ 2.0 [54–60]. The hdamp parameter that controls the transverse momentum of the
first gluon emission beyond the Born configuration in Powheg Box was set to 1.5 mtop [61].

The associated production of single top quarks with W bosons (tW ) was modeled with
the Powheg Box v2 generator at NLO in QCD. The diagram-removal scheme [62] was
used to remove interference and overlap with tt̄ production. The inclusive cross-section
was corrected to the theory prediction calculated at NLO in QCD with NNLL soft-gluon
corrections [63]. Single top-quark production in the s-channel and t-channel was modeled
with the Powheg Box v2 generator at NLO in QCD using the five- and four-flavor scheme,
respectively. The inclusive cross-section for the single-top t-channel process was corrected to
the theory prediction calculated at NLO in QCD with Hathor 2.1 [64, 65].

The contribution from material photon conversions (Mat Conv) and internal photon
conversion (Int Conv) were estimated by using Z → ℓ+ℓ− events, simulated with the
Powheg Box generator at NLO in QCD using the CT10nlo PDF set interfaced to Pythia 8
using the AZNLO tune [66].

The production of tt̄tt̄ events was simulated with the MadGraph5_aMC@NLO gen-
erator using the NNPDF3.1nlo PDF set and was interfaced to Pythia 8. Several rare
processes were also considered in the background estimate: tZ, V H, tt̄WW , tt̄HH, tt̄WH,
tt̄ZZ, tWZ, tWH , tHqb, ttt, and V V V production. All processes involving at least one top
quark were simulated with MadGraph5_aMC@NLO, while V V V events were simulated
with Sherpa 2.2.2 and V H was simulated with Powheg Box v2.

The simulated events were normalized to the cross-sections computed at the highest
order available in perturbation theory. Corrections were applied to the simulated events so
that the selection efficiencies, energy scales and energy resolutions of reconstructed objects
match those determined from data control samples.

4 Event reconstruction and object identification

Events of interest for this analysis are those compatible with the production of two top
quarks with the same electric charge. The dilepton final state studied here is characterized

– 7 –



J
H
E
P
0
2
(
2
0
2
5
)
0
8
4

by the presence of two SS leptons, two b-hadrons and missing transverse momentum from
the two undetected neutrinos.

Interaction vertices are reconstructed from at least two tracks with transverse momentum
(pT) larger than 500 MeV. The primary vertex of the event is defined as the one with the
largest

∑

tracks p
2
T value [67]. Events were selected using a combination of single-lepton and

dilepton triggers. Single-electron triggers required a minimum pT threshold of 24 (26) GeV in
the 2015 (2016–2018) data-taking period. Single-muon triggers had a lowest pT threshold
of 20 (26) GeV in 2015 (2016–2018). The dielectron triggers required two electrons with
minimum pT thresholds ranging from 12 GeV in 2015 to 24 GeV in 2017–2018, whereas
the dimuon triggers used asymmetric pT thresholds for the leading (subleading) muons:
18 (8) GeV in 2015 and 22 (8) GeV in 2016–2018. Finally, the electron+muon trigger required
events to have an electron candidate with a 17 GeV threshold and a muon candidate with
a 14 GeV threshold for all periods.

Electron candidates are reconstructed from energy clusters in the electromagnetic calorime-
ter matched to a track in the ID [68]. They are required to satisfy pT > 10 GeV and
|ηcluster| < 2.47, excluding the pseudorapidity region corresponding to the transition between
the barrel and endcap calorimeters (1.37 < |ηcluster| < 1.52). Loose and tight electron
identification working points (WPs) are used [68].

Muon candidates are reconstructed by combining tracks in the ID with tracks in the
MS [69]. They are required to satisfy pT > 10 GeV and |η| < 2.5. Loose and medium muon
identification WPs are used [69].

Only lepton candidates with ID tracks originating from the primary vertex of the
interaction are considered. Electron (muon) candidates are required to have a transverse
impact parameter, d0, satisfying |d0/σ(d0)| < 5 (3), where σ(d0) is the measured uncertainty
in d0, and a longitudinal impact parameter, z0, satisfying |z0 sin θ| < 0.5 mm (0.5 mm), where
θ is the polar angle of the track.

To reject objects mistakenly identified as prompt leptons, namely misidentified jets and
leptons from heavy-flavor hadron decays or photon conversions, lepton candidates are also
required to fulfill track and calorimeter-based isolation criteria [69, 70]. Additionally, a boosted
decision tree (BDT) discriminant, developed for ref. [71], referred to as the non-prompt lepton
BDT, is employed to reject non-prompt leptons. These leptons mainly originate from the
decay of c- and b-hadrons that can be identified by their track isolation and origin in displaced
vertices, due to the decay of long-lifetime hadrons. Two working points, named Tight and
VeryTight, are defined based on the BDT output score. The Tight WP selects prompt leptons
with an efficiency for muons (barrel/endcap electrons) that satisfy the calorimeter- and
track-based isolation criteria of about 60% (60/70%) for pT ∼ 20 GeV and reaches a plateau
of 95% (95/90%) at pT ∼ 40 (40/65) GeV. The prompt lepton efficiency of the VeryTight WP
for muons (barrel/endcap electrons) that satisfy the calorimeter- and track-based isolation
criteria is about 55% (55/60%) for pT ∼ 20 GeV and reaches a plateau of 90% (85/83%) at
pT ∼ 40 (40/65) GeV. The corresponding rejection factor against muons (electrons) from
the decay of b-hadrons ranges from 33 to 50 (20 to 50) for the Tight WP, and from 50 to
100 (33 to 66) for the VeryTight WP, depending on pT and |η|, after resolving ambiguities
between overlapping reconstructed objects.
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Lepton e µ

Category Linc Minc M T Linc Minc M T

Isolation Yes Yes

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

VeryTight VeryTight

Identification Loose Tight Medium

Electron charge-misassignment veto No Yes Not applicable

Electron conversion candidate veto No Yes Not applicable

|d0|/σd0 < 5 < 3

|z0 sin θ| < 0.5 mm

Table 2. Summary of the definitions of the loose inclusive (Linc), medium inclusive (Minc), medium
(M), and tight (T ) leptons.

To reject background electrons due to a wrong charge assignment, a BDT based on
calorimeter and track reconstruction parameters is used, obtaining an efficiency of approxi-
mately 96% in the barrel region and 81% in the endcaps, with corresponding rejection factors
of 19 and 40 in the two regions, respectively. Electrons originating in the detector material
or from photon conversions are suppressed by rejecting candidates that are associated with a
displaced vertex at radial distance from the interaction point (IP) r > 20 mm and an invariant
mass of their combination with their closest opposite-charge tracks smaller than 100 MeV.
The definitions of the lepton categories used in the analysis to define signal or control regions
are summarized in table 2 and comprise loose inclusive (Linc), medium inclusive (Minc),
medium (M), and tight (T ) leptons.4

Jets are reconstructed from collections of tracks in the ID and energy deposit clusters
in the calorimeters, combined using a particle-flow (PFlow) algorithm [72]. Jet candidates
built from PFlow objects using the anti-kt algorithm [73, 74] with a radius parameter of
R = 0.4 are calibrated using simulation with corrections obtained from in situ techniques
in data [75]. Jets are required to satisfy pT > 25 GeV and |η| < 2.5. A jet-vertex tagger
(JVT) [76] algorithm is applied to jets with pT < 60 GeV and |η| < 2.4 to reduce pileup. Jets
containing b-hadrons are identified (b-tagged) via the DL1r algorithm [77] that makes use of
the impact parameters of tracks and the displaced vertices reconstructed in the ID, combined
with discriminating variables constructed with a recurrent neural network (NN) [77], which
exploits the spatial and kinematic correlations between tracks originating from the same
b-hadron. Three b-tagging WPs, corresponding to average b-tagging efficiencies of 60%, 70%
and 77%, are used. The three WPs correspond to light-jet5 rejection factors of about 2500,
700 and 200, and charm-jet (c-jet) rejection factors of about 40, 12 and 6, as determined
for jets with pT > 20 GeV and |η| < 2.5 in simulated tt̄ events [77].

To prevent leptons and jets being reconstructed multiple times as different objects in
the event, a sequential overlap removal procedure is applied to Linc leptons to remove such
reconstruction ambiguities. If two electrons are within ∆R = 0.1, only the one with the higher
pT is considered. If an electron and a muon are within ∆R = 0.1, the muon is removed if it

4The M and T WPs are mutually exclusive while the Minc WP is the disjoint union of M and T .
5Light jet refers to a jet not containing a b- or c-hadron.
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is only reconstructed from an ID track and the associated calorimeter deposit is consistent
with a minimum ionizing particle, otherwise the electron is removed. If an electron and a jet
are within ∆R < 0.2 of each other, the jet is removed if it is not b-tagged (70% WP) or if it
has pT > 200 GeV, otherwise the electron is removed. Jets that are not b-tagged and contain
less than three tracks with pT > 500 MeV and are within ∆R < 0.4 from muons are rejected,
otherwise, the muon is rejected. For each lepton satisfying all previous criteria a variable-size
cone of ∆R < 0.04 + 10 GeV/pT,lep and up to a maximum ∆R = 0.4 is defined. If a selected
jet that survived the previous steps is found within this cone, the lepton is rejected.

The missing transverse momentum, Emiss
T , is defined as the magnitude of the vector

sum of the pT of all selected and calibrated leptons and jets, plus a term to account for the
momentum of soft particles that are not associated with any of the selected objects [76]. This
soft term is calculated from ID tracks matched to the selected primary vertex, enhancing
its resilience to contamination from pileup interactions.

5 Analysis workflow

In this search for SS top-pair production only the decay topology where both W bosons
decay leptonically is considered. Events are divided into non-overlapping phase-space regions.
Four signal regions (SRs), nine control regions (CRs), and four validation regions (VRs),
enriched in either signal or background events, are defined based on the predictions from
the simulation of signal and background events in the ATLAS detector.

Signal event candidates are pre-selected by requiring the presence of precisely two leptons,
ℓ = e, µ, of the same electric charge and with pT > 20 GeV. Events with more than two
leptons are rejected. At least two jets are required in the event. For the suppression of
background contributions, either both leptons are classified as Minc and at least two jets
satisfy the 77% efficiency b-tagging WP, or both leptons are classified as T and only one jet
has to satisfy the 77% WP. The dominant background processes in the SRs are the production
of tt̄W , tt̄Z and tt̄H. The tt̄W and tt̄Z normalizations are constrained by a likelihood fit to
data described in section 7. The tt̄H is normalized as described in section 3.

The pre-selected events are classified using deep neural networks to create two separate
regions enriched in events from the different EFT operators. A split by total lepton charge is
applied to further divide the events into ++ and −− regions, in order to be sensitive to the
different rates and kinematic properties of tt and t̄t̄ events.6 The SRs and VRs are defined
by splitting the pre-selected events based on the azimuthal angle between the two charged
leptons, ∆ϕℓ,ℓ. Figure 2 shows the definition of the SRs and VRs. In figure 3 the distribution
of the sum of the pT of the leptons (H lep

T ) and the distribution of the invariant mass of the
two leptons (mℓℓ) is shown for the merged region (SRs+VRs) split by charge. A second set of
NNs, called NNSvsB, is used in the SRs to discriminate signal from background events. The
output of NNSvsB is split into four bins per region, which are used in a maximum-likelihood fit
to data. The nine CRs are specifically designed to constrain different sources of background.
The fit is performed simultaneously in all SRs and CRs to extract the signal strength and

6Although the analysis is sensitive to both charge configurations, for the EFT interpretation in which the

cross-section is highly asymmetric, the analysis gets most of its sensitivity from the tt channel.
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Initial same-sign             
lepton event selection

Evaluate with
Signal vs Signal NN (NN      )

Split by total 
lepton charge

Evaluate with 
Signal vs Bkg NN (NN      )

SR+VR (ctu)

SR+VR 
ctu --

SR+VR 
ctu ++

VR
ctu++

SR
ctu++

VR 
ctu--

SR 
ctu--

SR+VR
cQu ++

SR+VR
cQu --

SR+VR (cQu)

VR
cQu++

SR
cQu++

VR
cQu--

SR
cQu--

Δϕ    < 2.5
or

Δϕ    ≥ 2.5

NN output
4 bins

NN output
4 bins

NN output
4 bins

NN output
4 bins

SvsS

SvsB

ℓ,ℓ

ℓ,ℓ

Figure 2. Flowchart representation of the definition of signal regions (SRs) and validation regions
(VRs). The first step is the selection of signal-like events. This is followed by the discrimination using
a first set of deep neural networks, trained to separate signal events from the different EFT operators.
The output of the NNs is used to define the SRs for c(1)

tu and cQu. Afterwards, the regions are split by
total lepton charge into ++ and −− regions. A second set of NNs is used to separate the signal from
background contributions. As a last step, the regions are split based on the ∆ϕℓ,ℓ variable to define
the final SRs and VRs. The output of this NNSvsB is split into four bins per signal region.

several background normalization factors. The VRs are used to validate the background
modeling and are not used in the fit.

5.1 Definition of signal enhanced regions via NNs

The two sets of NNs are trained based on the Keras library [78] with Tensorflow as a
backend [79] and the Adam optimiser [80]. Both sets of NNs have the same architecture, with
one input layer, five hidden layers consisting of 128, 64, 32, 16, and 8 nodes and a single node
in the output layer. The networks are trained with MC simulated samples. To make use of all
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Figure 3. Comparison between data and the background expectation of the H lep
T and mℓℓ distributions

in the merged regions (SRs+VRs) split by lepton charge, shown after the background-only likelihood
fit. Two signal samples using the Wilson coefficient values of c(1)

tu = 0.04, c(1)
Qu = 0.0, c(8)

Qu = 0.0 and
c

(1)
tu = 0.0, c(1)

Qu = 0.1, c(8)
Qu = 0.2 are shown as a dotted line and a dashed line, respectively. They are

normalized to their respective predicted cross-sections. The ratio of the data to the total post-fit
background is shown in the lower panel. The combined statistical and systematic uncertainty in the
MC simulation is indicated by the hatched band, while the vertical error bars represent the statistical
uncertainty in the data. Overflow events are added to the last bin.

the generated events, the samples are split into two orthogonal subsets and a cross-training
procedure is adopted in which each subset is alternatively used for training and testing.

The operator O(1)
tu and the two operators O(1)

Qu, O(8)
Qu have different kinematic properties

due the different chirality of the operators. The kinematic properties of the two OQu operators
are very similar and therefore are combined into a single signal category. A set of NNs,
referred to as NNSvsS, are trained to discriminate between SS top-quark pairs generated by
the different EFT operators. Signal events in the nominal tt and t̄t̄ samples are weighted
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Figure 4. NN output variable for NNSvsS used to classify the data into c(1)
tu - and cQu-like regions.

The distribution for signal c(1)
tu was generated with c(1)

tu = 0.04 with the other Wilson coefficients being
set to zero, while the other signal distribution was produced with c

(1)
tu = 0, c(1)

Qu = 0.1 and c
(8)
Qu = 0.2.

The background distribution shown is the sum of all background processes from MC simulations before
the likelihood fit. The value chosen to separate the signal events is shown by the vertical dashed line.
An efficiency of 65 % is obtained for the correct classification of cQu events and of c(1)

tu events.

first according to the EFT benchmark c
(1)
tu = 0.04, c(1)

Qu = 0, c(8)
Qu = 0 and then according

to c(1)
tu = 0, c(1)

Qu = 0.1, c(8)
Qu = 0.2.7 These two weighted samples are used to train and test

the NNSvsS. The classification is based on nine kinematic quantities: the angular variables
∆ϕℓ,ℓ, ∆Rℓ,ℓ, ∆ηℓ,ℓ between the two leptons, the invariant mass of the two-lepton system, the
scalar sum of the pT of all jets, the scalar sum of the pT of all leptons, the pT of the leading
jet, Emiss

T and the transverse mass of the combined leptons and Emiss
T system. The NNSvsS

output distributions for the simulated signal and background events from MC simulations
before the fit are shown in figure 4. Lower or higher values correspond to O(1)

tu - or OQu-like
events, respectively. Two orthogonal regions are defined by requiring NNSvsS ≤ 0.538 and
NNSvsS > 0.538. This value corresponds to a classification efficiency of 65% for both categories.
The efficiency times acceptance values for signal events that enter the SRtu and SRQu regions

are 26.8% and 12.4% for signal events that originate from the O(1)
tu operator, and 15.8% and

19.5% for signal events that originate from the OQu operators.
A second set of NNs, referred to as NNSvsB, are used to discriminate the SS top-quark

signal from background events. The discrimination is based on six kinematic quantities: the
sum of the pT of the leptons, the b-tagging score of the leading and sub-leading pT jets,
the pT of the leading jet, the transverse mass of the leptons and the Emiss

T system, and the
number of jets in the event. The distributions of these quantities show significant differences
between the signal regions SRQu and SRtu and for tt and t̄t̄ events, therefore NNSvsB is
trained separately for each of the four signal regions defined by the EFT operators and the
charge of the two leptons: SR++

tu , SR−−

tu , SR++
Qu and SR−−

Qu .8 Although ∆ϕℓ,ℓ and ∆Rℓ,ℓ also
show significant differences between signal and background, these quantities are not used in

7It was found that using c
(8)
Qu = 0.2 instead of 0.1 for the NN training increases its discrimination power.

8Charge splitting of the signal samples is not applied in NNSvsS training because it is found to be ineffective.
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the training of NNSvsB. Instead, the value of ∆ϕℓ,ℓ is used after the NNSvsB classification to
define the validation regions (∆ϕℓ,ℓ < 2.5) with a minor signal contamination and to enhance
the purity of the signal regions (∆ϕℓ,ℓ ≥ 2.5). Applying this cut results in the following
rejection rates: 4.1% (9.0%) of the signal events and 24.8% (24.5%) of the background events
are rejected for SR++

tu (SR−−

tu ), while 31.4% (54.8%) of the signal events and 85.7% (85.9%)
of the background events are rejected for SR++

Qu (SR−−

Qu ).

5.2 Definition of background-enriched regions

The background contributions from different physics processes are modeled using MC sim-
ulations, data-driven techniques, or a combination of both.

The tt̄W production is the dominant background in the SRs. Its contribution is modeled
using MC events, as described in section 3. Dedicated analyses of tt̄W production have
measured larger cross-sections [38] than predicted in theoretical calculations [48]. It is
therefore crucial for this search to constrain the tt̄W normalization in data. This is done
using the NNSvsB distributions in the SRs, which are enriched in tt̄W events especially in
the first bins where the SS top-quark pair contribution is negligible.

The normalization of the other backgrounds are either taken from simulation, highest
order perturbation theory calculations or determined in dedicated CRs. In these CRs the
different background contributions are enhanced through specific event selections that differ
from those used to define the SRs.

Irreducible backgrounds are those which can produce two prompt SS leptons, and include
tt̄V , tt̄H, tZ, V V and tt̄tt̄ production, with V being a vector boson, W or Z, and rare
processes. The rare processes are combined with the tZ process in the category Other in
the following. Their shape estimation relies on good modeling of these processes in the
MC simulation.

The CRs defined for tt̄Z and V V share some common selection requirements. Events
with three charged leptons in the final state, an opposite-sign (OS) pair with the same flavor
plus an additional lepton of any flavor are selected. The invariant mass of the OS pair is
required to be within 10 GeV of the Z boson mass. The transverse momentum of the OS pair
and of the SS pair are required to be pT(OS) > 10 GeV and pT(SS) > 20 GeV, respectively.
Furthermore both SS leptons must be classified as Minc while the other lepton is required
to be classified as Linc. At least four jets are required in the tt̄Z CR, while events with
exactly two or three jets are selected for the V V CR. Finally, in both CRs, at least one
jet is required to be b-tagged according to the 60% WP or at least two jets are required
to be b-tagged according to the 77% WP.

Reducible backgrounds contain at least one charge misidentified lepton or one fake or
non-prompt lepton. These backgrounds mainly come from tt̄ and V+jets production. Their
shape is estimated from simulation, and the normalization is estimated by using data-driven
procedures. Their contributions depend on the lepton reconstruction, so they are estimated
separately for electrons and muons.

Seven CRs enriched in non-prompt lepton events are defined. Among these, five are used
to estimate non-prompt leptons coming from the decay of b, c, and light hadrons, referred to
as heavy-flavor CRs, two for electrons (HFe) and three for muons (HFµ). In the heavy-flavor
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CRs, events with at least two jets and two SS leptons with pT > 20 GeV are selected. Separate
CRs are defined depending on the flavor of the sub-leading lepton. Additionally, separate
CRs are defined depending on the lepton classification according to the categories used in
the analysis: namely the TM, MT and MM combinations. This results in three CRs for
each lepton flavor, namely HFe TM, HFµ TM, HFµ MT, HFe MM and HFµ MM. The
CR for HFe MT is not used as some differences between the data and MC, which could be
of statistical origin, are observed in this region and as removing this CR from the fit has
no impact on the expected result. To suppress the contribution from tt̄W production in
these regions, only events with exactly one b-tagged jet (77% WP) are selected and in the
TM and MT regions, the transverse mass of the lepton and Emiss

T system is required to be
mT,ℓEmiss

T

< 250 GeV. The pT distribution of the sub-leading lepton is used to extract the
two normalization factors for e and µ, by leaving them free in the fit to data.

Two CRs are defined to estimate the contributions to the background from leptons
originating from photon conversions γ/γ∗ → e+e− in the detector material (CR Mat Conv)
or in the vicinity of the interaction point (CR Int Conv). Three-lepton events, where two
leptons are of the same sign and have pT > 20 GeV and one lepton is of opposite sign
with pT > 10 GeV are selected. The flavor of the selected leptons is not directly restricted;
instead, one of the same-sign leptons must be an electron to ensure the presence of a photon
conversion candidate. Both SS leptons must be classified as Minc while the OS lepton
must satisfy the Linc criteria. Events with b-tagged jets (77% WP) are rejected. Events
in which the invariant mass of the OS same-flavor leptons is within 10 GeV of the Z boson
mass are removed. Furthermore, the invariant mass of the three-lepton system must satisfy
|mℓℓℓ − mZ | < 10 GeV, and Emiss

T < 50 GeV. The two CRs require different selections on
the invariant mass of the electron candidates and its closest track evaluated at the primary
vertex, mtrk−trk,PV, and conversion vertices, mtrk−trk,CV. Specifically, material conversions
candidates are required to have a conversion vertex found with a radial distance from the IP
r > 20 mm and 0 < mtrk−trk,CV < 100 MeV, while interaction conversion candidates have to
be rejected as material conversion candidates and have 0 < mtrk−trk,PV < 100 MeV.

An additional source of background is identified from electron charge misidentification
(QMisID), mainly in tt̄ events.9 This background is estimated with a data-driven method
using Z → ee events and is negligible in the four 3ℓ CRs. A likelihood-based method is used
to measure the rate of reconstructed SS and OS electron pairs in specific control regions,
while the non-Z backgrounds are subtracted via a sideband method utilizing events outside
the Z boson mass window. The QMisID is then extracted from the ratio of SS to OS electron
pairs in different pT and η bins and varies from 10−5 for low-pT electrons up to 4 · 10−4 for
high-pT electrons. The QMisID backgrounds are then estimated by applying these rates
to data events that satify the requirements for the 2ℓ regions, except that the two leptons
are required to have opposite charges.

6 Systematic uncertainties

The signal and background event yields in signal, validation and control regions are affected
by uncertainties due to the imperfect modeling of the physics processes and of the detector

9The muon charge misidentification rate is estimated to be of the order of 10−5 and has a negligible impact.
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response. The systematic uncertainties are divided into two categories. The first category
includes experimental uncertainties in the reconstruction of the final-state objects: leptons,
jets, b-tagged jets and Emiss

T . The second category are modeling uncertainties, which are
related to the choice of the MC generator, the PS and hadronization models, the choice of
µF and µR, and the uncertainties in the PDFs.

All systematic uncertainties are incorporated in the likelihood function used to extract the
yields of signal and backgrounds. Nuisance parameters (NPs) are associated with each source
of systematic uncertainty considered in the analysis. The nominal values and ±1 standard
deviation (σ) variations of each NP are provided by dedicated studies. The maximum-
likelihood fit used to determine the signal and background yields also provides the values
and uncertainties of all NPs.

6.1 Experimental uncertainties

The uncertainty in the integrated luminosity is 0.83% [15], obtained using the LUCID-2
detector [81] for the primary luminosity measurements, complemented by measurements using
the inner detector and the calorimeters. The MC samples are reweighted to reproduce the
pileup distribution observed in the data. The corresponding pileup uncertainty is evaluated
by varying these reweighting factors within their uncertainties, derived to cover the differences
between the predicted and measured inelastic cross-section values [82].

Scale factors are applied to simulated events to account for differences between simulation
and data in the efficiencies of electrons and muons when applying reconstruction, identification,
trigger and isolation criteria. These scale factors and their systematic uncertainties are
evaluated for electrons and muons as a function of transverse energy (or pT) and η using
tag-and-probe methods on e+e− and µ+µ− decays in Z and J/ψ events [68, 69, 83]. The
lepton energy/momentum scale and resolution and their corresponding uncertainties are
also obtained from leptonic Z decays [68, 84].

The jet energy scale (JES) is calibrated using test-beam data, simulation, and in situ
techniques [75]. The corresponding uncertainty has 30 uncorrelated components, including
effects due to pileup modeling, jet flavor composition and response, differences between jets
from b-quarks and those from gluons or light quarks and effects of jets not fully contained in
the calorimeter. The uncertainty in the jet energy resolution (JER) is evaluated via thirteen
orthogonal components as a function of jet pT and η [75].

The uncertainty in the efficiency originating from the JVT requirement is obtained using
Z(→ µ+µ−)+jets events [85]. The uncertainty in Emiss

T due to possible miscalibration of its
soft-track component is derived from data-simulation comparisons of the pT balance between
the hard and soft Emiss

T components [76].
The uncertainties related to the b-tagging efficiency of true b-jets and the mistagging

rates of light-quark and c-jets is also considered. The b-tagging efficiency is measured in
dileptonic tt̄ events as a function of the jet pT. Differences between data and simulation are
corrected using scale factors. The uncertainty in these scale factors consists of 45 orthogonal
components [86]. The rate of mistagging c-jets as b-jets is measured in semileptonic tt̄ events,
where one W boson can decay to a c-quark and a down-type quark [87]. The mistagging rate
of c-jets is calculated as a function of the jet pT and has an overall uncertainty between 3% and
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17%, broken down into 20 orthogonal components. The misidentification rate of light-quark
jets is evaluated based on techniques described in ref. [88]. The resulting uncertainties in
the scale factors are also decomposed into 20 orthogonal components.

6.2 Modeling uncertainties

For QCD tt̄W , tt̄Z, diboson, HFe, HFµ, material photon conversions and internal photon
conversions, the normalization is allowed to float freely in the fit. No normalization uncertainty
is hence applied to tt̄, single-top-quark, Z+jets and W+jets production, as all of these
processes exclusively contribute to non-prompt lepton backgrounds. For all other processes,
dedicated normalization uncertainties are included as NPs in the fit. For the additional
contributions to tt̄W from NLO electroweak diagrams a 20% normalization uncertainty is
applied [89], as only QCD tt̄W events are considered in the free normalization parameter.
The tt̄tt̄, tt̄H, and tZ processes are assigned uncertainties of 20% [90], 11% [49], and 20% [91],
respectively. An additional 50% normalization uncertainty is assigned to EW tt̄W , tt̄Z, tt̄H
and tt̄ events containing additional heavy-flavor jets, following ref. [92]. For the QmisID
process a normalization uncertainty of 20% is applied. All other minor processes are assigned
a conservative 50% normalization uncertainty.

For the dominant backgrounds, additional modeling uncertainties are considered, which
use the alternative samples listed in parentheses in table 1. The comparison between
different generator setups include acceptance effects, migration between event categories
and effects on the kinematic distributions. The impact of the generator choice is used as a
systematic uncertainty for tt̄W and tt̄H. For tt̄W production this uncertainty is evaluated
by comparing the nominal Sherpa 2.2.10 sample with alternative samples generated with
MadGraph5_aMC@NLO interfaced to Pythia 8. For tt̄H the nominal Powheg Box

sample is compared with the alternative MadGraph5_aMC@NLO sample interfaced to
Pythia 8. Uncertainties in the PS and hadronization modeling are assigned to the tt̄W ,
tt̄H and tt̄Z processes. For tt̄H and tt̄Z, the uncertainties are derived by comparing the
nominal samples with alternative samples for which the individual ME generators were
interfaced to Herwig 7 instead of Pythia 8. For tt̄W production, two alternative samples
were generated. The matrix element of both samples was generated with Powheg Box

interfaced to Pythia 8 for one sample and to Herwig 7 for the other. The relative differences
between the two samples are determined for all bins in the analysis and applied to the
nominal Sherpa 2.2.10 tt̄W sample.

Uncertainties related to the choice of µF and µR for the ME calculations are also taken
into account for the tt̄H, tt̄W , tt̄Z, and V V processes by varying their values by factors of
0.5 and 2.0 independently. For tt̄W , separate scale uncertainties are derived for the QCD
and EW components. For the signal samples, the effect of varying µR and µF is evaluated at
generator level. Its effect on the jet multiplicity distribution is propagated via a reweighting
procedure to the NN-output distributions in the SRs, resulting in a shape uncertainty of
2%–25% depending on the signal region and NN-output bin.

Uncertainties in initial-state radiation are taken into account by varying αISR
s according

to the Var3c variation of the A14 tune [27] for tt̄Z events. For tt̄W , two additional PDF
uncertainties are taken into account. The first uncertainty is defined by comparing the
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nominal PDF with αs = 0.118 to variations with αs = 0.117 and αs = 0.119. The second
uncertainty is based on the comparisons of the nominal PDF set NNPDF3.0nlo to the
alternative PDF sets CT14nnlo [93] and MMHT2014nnlo68cl [30].

6.3 Non-prompt-lepton background modeling uncertainties

Non-prompt lepton background estimates are affected by uncertainties due to an imperfect
modeling of the variables used in the non-prompt lepton BDT. Systematic uncertainties,
based on the residual disagreement observed between data and MC in the BDT input
variables, are included as 34 NPs that can affect the shape of the distributions but not their
normalization. Additional uncertainties, accounting for differences between the efficiencies
of the non-prompt lepton BDT working points when using an alternative simulation, are
considered. This uncertainty is estimated for the Tight-not-VeryTight and VeryTight WPs,
respectively, by comparing the efficiencies in the nominal Powheg+Pythia 8 tt̄ simulation
with an alternative tt̄ simulation (Powheg+Herwig 7.1.3 or Sherpa 2.2.10) as a function
of the lepton pT. As a consequence a normalization uncertainty of 20% is applied to both
HFe and HFµ in the SRs.

Additional uncertainties are introduced to cover possible discrepancies between data
and MC in the estimated rate of electron conversions. These uncertainties are derived by
comparing the conversion rates in data and MC in dedicated 2ℓ validation regions, which
require two Tight SS leptons where one of them is required to be a conversion candidate.
Interaction and material conversion extrapolation uncertainties of 50% and 10%, respectively,
are assigned to the conversion rates in the SRs.

A systematic uncertainty is assigned to the QmisID background process. The uncertainty
is assessed by combining four different sources of uncertainty: the differences between misiden-
tified electrons and positrons, the variation of rates within the mZ window, the difference
between the measured rates with the likelihood method and those obtained by matching
reconstructed to generated Z → e+e− simulated events, and the statistical uncertainty
from the likelihood method. The uncertainty increases as a function of the electron pT and
decreases with |η| and ranges between 10% and 60%.

7 Results

A maximum-likelihood fit is performed in the four SRs and the nine CRs to simultaneously
determine the signal strength of the SS top-quark pair production and the background
normalization factors defined in section 6.2. For the four SRs the NNSvsB distributions are
used as discriminants, while simpler discriminants are used in the CRs. The number of
b-tagged jets is used for the tt̄Z and diboson CRs, the transverse momentum of the sub-leading
lepton is used for the HFe TM and HFµ TM CRs, and for the remaining HF CRs and photon
conversion CR the total number of events per region is used.

The likelihood function L(µ, λ⃗, θ⃗), defined as the product of Poisson probability terms
for all bins, depends on the signal strength parameter µ, the normalization factors for several
backgrounds λ⃗, and a set of NPs θ⃗, each one linked to a source of systematic uncertainty
described in section 6. Both µ and λ⃗ are allowed to vary freely in the likelihood fit. The
NPs θ⃗ can produce variations in the signal and background expectations and are subject to
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Figure 5. Comparison between the event yields in data and the background expectation after the
likelihood fit for the nine control regions. The post-fit background expectations are shown as filled
histograms, the combined pre-fit background expectations are shown as dashed lines. The ratio of
the data to the total post-fit background is shown in the lower panel. The combined statistical and
systematic uncertainty in the simulation is indicated by the hatched band, while the vertical error
bars represent the statistical uncertainty in the data.

Gaussian constraints in the likelihood fit. Statistical uncertainties in each bin, due to the
limited size of the experimental and simulated samples, are taken into account with dedicated
parameters. The statistical analysis is performed using the RooFit framework [94] with
the statistical model built following the HistFactory format [95].

Figures 5 and 6 show the observed and expected number of events in the nine CRs and
four SRs, respectively, after the likelihood fit under the signal-plus-background hypothesis.
The corresponding post-fit yields are shown in tables 3–5. They are consistent with the
observed data within their uncertainties and align with the pre-fit yields. In the VRs good
agreement between data and simulation is also observed post-fit.

The fitted signal yield in each of the four SRs is found to be ≤ 0.001 events and is
therefore rounded to zero. A negative signal yield is not allowed in the fit as the quadratic
EFT parameterization only allows for positive cross-sections by definition. Since no significant
signal is observed, upper limits on the three WCs are determined by running 1D- and 2D-
likelihood scans. Expected limits are also derived using a hybrid-Asimov data sample [96],
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Figure 6. Distributions of the NNSvsB output for data and the expected background after the
likelihood fit in the four signal regions. The post-fit background expectations are shown as filled
histograms, the combined pre-fit background expectations are shown as dashed lines. The signal
distribution using the Wilson coefficient values c(1)

tu = 0.04, c(1)
Qu = 0.1, c(8)

Qu = 0.1 is shown with a
dotted line, normalized to the same number of events as the background. The ratio of the data to
the total post-fit background is shown in the lower panel. The combined statistical and systematic
uncertainty in MC simulation is indicated by the hatched band, while the vertical error bars represent
the statistical uncertainty in the data.

which combines real data distributions in all nine CRs and the first two bins of each SRs,
with Asimov data for the remaining bins determined under the background-only assumption.

The results of ref. [97] indicate that Wilks’ theorem is violated by quadratic EFT terms,
which can lead to over- or undercoverage for the derived confidence intervals (CIs). It is
carefully checked if this affects the results of this analysis by comparing the observed limits
with limits that are derived from MC pseudo-data samples. No undercoverage is observed,
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Process CR HFµ TM CR HFµ MT CR HFµ MM CR HFe TM CR HFe MM

tt̄W 24.0 ± 4.9 10.3 ± 2.0 3.73 ± 0.86 15.1 ± 2.9 2.76 ± 0.59
tt̄(Z/γ∗) 13.6 ± 2.6 6.2 ± 1.1 2.59 ± 0.58 8.4 ± 1.8 1.90 ± 0.37
tt̄H 6.6 ± 4.0 3.2 ± 1.9 1.28 ± 0.79 4.1 ± 2.4 0.90 ± 0.58
Four top 0.113 ± 0.028 0.071 ± 0.017 0.046 ± 0.012 0.069 ± 0.019 0.036 ± 0.009
Diboson 11.9 ± 6.1 4.9 ± 2.5 2.2 ± 1.1 8.6 ± 4.4 1.35 ± 0.71
HFe 1.6 ± 1.1 5.9 ± 2.9 1.71 ± 0.97 37 ± 12 4.5 ± 1.6
HFµ 80 ± 14 21.9 ± 5.6 13.7 ± 3.2 2.20 ± 0.66 3.62 ± 0.99
Mat Conv 2.0 ± 7.1 1.20 ± 0.56 1.62 ± 0.51 3.7 ± 2.1 1.38 ± 0.43
Int Conv 0.68 ± 0.41 1.7 ± 1.0 0.30 ± 0.18 5.5 ± 3.2 0.48 ± 0.31
QMisID 0.28 ± 0.13 0.75 ± 0.54 0.38 ± 0.26 5.2 ± 2.9 1.6 ± 1.0
Other 5.6 ± 1.5 2.71 ± 0.68 0.81 ± 0.22 4.2 ± 1.1 0.63 ± 0.17

Total Bkg. 147 ± 12 59.0 ± 5.1 28.4 ± 3.4 94.4 ± 9.2 19.1 ± 2.2

Data 150 57 28 95 19

Table 3. Summary of the observed and predicted number of events in the five 2ℓ control regions.
The background prediction is shown after the combined likelihood fit to data under the signal-plus-
background hypothesis across all control regions and signal regions. The uncertainties in the total
yields are smaller than the sum in quadrature of the uncertainties in the individual contributions due
to anti-correlations resulting from the likelihood fit.

Process CR Int Conv CR Mat Conv CR ttZ CR VV

tt̄W — — 8.4 ± 1.8 24.5 ± 4.7
tt̄(Z/γ∗) — — 378 ± 32 230 ± 28
tt̄H — — 10.0 ± 6.3 6.3 ± 4.0
Four top — — 1.61 ± 0.32 0.092 ± 0.020
Diboson 0.025 ± 0.019 1.40 ± 0.72 29 ± 15 90 ± 45
HFe — — 0.47 ± 0.35 9.2 ± 6.8
HFµ — — 1.04 ± 0.35 7.5 ± 1.8
Mat Conv 1.3 ± 1.1 37.6 ± 8.6 0.59 ± 0.40 2.19 ± 0.77
Int Conv 42.5 ± 6.8 15.6 ± 4.3 0.14 ± 0.15 1.66 ± 0.96
QMisID — — 0.22 ± 0.17 0.83 ± 0.41
Other — — 74 ± 23 218 ± 41

Total Bkg. 43.9 ± 6.6 54.6 ± 7.3 503 ± 22 590 ± 23

Data 44 55 494 605

Table 4. Summary of the observed and predicted number of events in the four 3ℓ control regions.
The background prediction is shown after the combined likelihood fit to data under the signal-plus-
background hypothesis across all control regions and signal regions. The uncertainties in the total
yields are smaller than the sum in quadrature of the uncertainties in the individual contributions due
to anti-correlations resulting from the likelihood fit.
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Process SRctu++ SRctu−− SRcQu++ SRcQu−−

tt̄W 114 ± 15 62 ± 10 110 ± 15 56.9 ± 8.9
tt̄(Z/γ∗) 25.5 ± 3.0 24.1 ± 2.6 19.5 ± 2.0 19.1 ± 2.1
tt̄H 12.4 ± 7.5 12.3 ± 7.1 15.1 ± 9.6 15.1 ± 9.2
Four top 0.72 ± 0.15 0.69 ± 0.14 4.16 ± 0.83 4.07 ± 0.82
Diboson 18.1 ± 9.3 15.9 ± 8.1 6.3 ± 3.2 4.2 ± 2.1
HFe 6.5 ± 2.9 7.6 ± 3.0 3.0 ± 1.1 4.9 ± 2.5
HFµ 12.6 ± 2.7 15.7 ± 3.2 6.3 ± 1.8 5.7 ± 1.7
Mat Conv 7.6 ± 2.5 5.5 ± 1.6 2.73 ± 0.83 3.3 ± 1.2
Int Conv 2.7 ± 1.6 3.0 ± 1.7 2.1 ± 1.2 2.7 ± 1.6
QMisID 8.1 ± 2.2 8.1 ± 2.2 1.48 ± 0.39 1.48 ± 0.39
Other 20.3 ± 5.5 13.3 ± 4.0 9.3 ± 2.8 7.0 ± 2.7

Total Bkg. 228 ± 11 167.7 ± 7.9 180 ± 10 124.5 ± 6.3

Data 230 162 181 123

Table 5. Summary of the observed and predicted number of events in the four signal regions.
The background prediction is shown after the combined likelihood fit to data under the signal-plus-
background hypothesis across all control regions and signal regions. The uncertainties in the total
yields are smaller than the sum in quadrature of the uncertainties in the individual contributions due
to anti-correlations resulting from the likelihood fit.

while overcoverage is observed for WC values close to 0. The observed limits are slightly
affected by overcoverage leading to at most 9% looser limits.

In the likelihood scans, the WCs are varied in the range of [−0.01, 0.01] for c
(1)
tu ,

[−0.03, 0.03] for c(1)
Qu, and [−0.06, 0.06] for c(8)

Qu. All NPs, normalization factors, and the
other two WCs are allowed to vary freely. The resulting observed (expected) limits at 95% CL
in (TeV/Λ)2 are |c(1)

tu | < 0.0068 (0.0071), |c(1)
Qu| < 0.020 (0.022) and |c(8)

Qu| < 0.041 (0.046).

These observed (expected) WCs limits are translated into 95% CL cross-section limits
on SS top-quark pair production by using the fitted EFT parameterization, varying only one
WC at a time. For all three WCs the observed (expected) cross-section limit at 95% CL
is 1.6 (2.0) fb.

In table 6, the observed 95% CIs for the three WCs are shown for different sets of
uncertainties, considering either only statistical uncertainties, or statistical and modeling
uncertainties, or all uncertainties. The sensitivity of the analysis is limited by the available
number of events. A degradation of the observed limits of about 3% is observed when
including all systematic uncertainties, with the largest degradation caused by the modeling
uncertainties for tt̄W . The dominant uncertainties are indeed modeling uncertainties related
to the ME and the PS of tt̄W events.

In figure 7, the observed CIs on the three WCs are compared with the previous best
constraints from the ATLAS Run 1 analysis of events with b-tagged jets and a SS lepton
pair [7]. For the comparison with the ATLAS Run 1 analysis, the 95% CL cross-section
limits are converted to constraints on the WCs using the fitted EFT parameterization, as
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Wilson Coefficient CIs at 95% CL (×10−2)

Uncertainties c
(1)
tu c

(1)
Qu c

(8)
Qu

Statistical uncertainty only [−0.65, 0.65] [−1.9, 1.9] [−3.9, 3.9]

Statistical + modeling uncertainties [−0.67, 0.67] [−1.9, 1.9] [−4.0, 4.0]

Total uncertainty [−0.68, 0.68] [−2.0, 2.0] [−4.1, 4.1]

Table 6. Observed 95% CL confidence intervals on the three Wilson coefficients for different sets of
uncertainties. The first, second and third rows show the limits obtained by considering, respectively:
only the statistical uncertainties, both the statistical and modeling uncertainties, and all uncertainties.
The new-physics scale is set to Λ = 1 TeV.

0.2 0.1 0.0 0.1 0.2
c

c(1)
tu

c(1)
Qu

c(8)
Qu

ATLAS 
s = 13 TeV, 140 fb 1

Marginalised
= 1 TeV   68% CL

  95% CL

[1] ATLAS, JHEP 10 (2015) 150

Observed Limits
Run 1 Same-sign leptons [1]

Figure 7. Comparison of the observed limits on the three WCs to the limit obtained by the ATLAS
Run 1 analysis of events with b-tagged jets and a same-sign lepton pair [7]. The cross-section limits
from that analysis are converted to the limits on the WCs by using the fitted EFT parametrization.
The bounds on the WCs are shown at the 68% CL (solid) and/or 95% CL (dashed) levels. For the
ATLAS Run 1 analysis only the bounds at 95% CL are available. The vertical bar represents the SM
prediction. The new-physics scale is set to Λ = 1 TeV.

no specific WC limits were provided by the original analysis. The observed limits in this
analysis are found to be an order of magnitude more stringent than the limits from the
ATLAS Run 1 analysis.

In figure 8, the observed lower limits on Λ for the WCs values 0.01, 1 and 4π2 are
compared with the results of other analyses.
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Figure 8. Observed lower limits at 95% confidence level on the scale of new physics Λ for Wilson
coefficient values of 0.01, 1 and 4π2. The limits are compared with the limits obtained by the ATLAS
Run 1 analysis of events with b-tagged jets and a same-sign lepton pair [7].

Two-dimensional-likelihood scans are performed for the three WCs, whose results are
shown in figure 9.

8 Conclusion

A search for the production of top-quark pairs with the same electric charge is reported. This
search uses the full Run 2 data sample of

√
s = 13 TeV proton-proton collision data, with

an integrated luminosity of 140 fb−1, recorded from 2015 to 2018 with the ATLAS detector
at the Large Hadron Collider. Standard model effective field theory is used to simulate the
signal process, considering three Wilson coefficients associated with the O(1)

tu , O(1)
Qu, and O(8)

Qu

operators with the new physics scale set to Λ = 1 TeV. Neural networks are employed to
define signal regions sensitive to these Wilson coefficients. The largest background processes
are constrained using dedicated control regions. The results are in agreement with the SM,
with no significant signal detected. Upper limits at 95% CL are determined for the three WCs
and on the production cross-section of same-sign top-quark pairs. The observed (expected)
limits on the WCs are |c(1)

tu | < 0.0068 (0.0071), |c(1)
Qu| < 0.020 (0.022) and |c(8)

Qu| < 0.041 (0.046)

respectively. The observed (expected) upper limit on the total production cross-section of
same-sign top-quark pairs σ(pp → tt) is 1.6 (2.0) fb at 95% CL. These are the most stringent

limits on the WCs associated with the O(1)
tu , O(1)

Qu, and O(8)
Qu operators to date, improving

previous limits by approximately a factor of 10.
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Figure 9. 2D likelihood scans for the different combinations of Wilson coefficients: (a) c(1)
tu versus c(1)

Qu,
(b) c(1)

tu versus c(8)
Qu and (c) c(1)

Qu versus c(8)
Qu. The observed limits at 68% and 95% CL are represented

by solid and dashed lines, respectively, while the expected limits are illustrated by the inner and outer
shaded regions. The best fit value is marked with a cross. The SM prediction is marked with a star.
The new-physics scale is set to Λ = 1 TeV.
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