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Abstract This paper presents the observation of four-top-
quark (t t̄ t t̄) production in proton-proton collisions at the
LHC. The analysis is performed using an integrated luminos-
ity of 140 fb−1 at a centre-of-mass energy of 13 TeV collected
using the ATLAS detector. Events containing two leptons
with the same electric charge or at least three leptons (elec-
trons or muons) are selected. Event kinematics are used to
separate signal from background through a multivariate dis-
criminant, and dedicated control regions are used to constrain
the dominant backgrounds. The observed (expected) signifi-
cance of the measured t t̄ t t̄ signal with respect to the standard
model (SM) background-only hypothesis is 6.1 (4.3) stan-
dard deviations. The t t̄ t t̄ production cross section is mea-
sured to be 22.5+6.6

−5.5 fb, consistent with the SM prediction of
12.0 ± 2.4 fb within 1.8 standard deviations. Data are also
used to set limits on the three-top-quark production cross
section, being an irreducible background not measured pre-
viously, and to constrain the top-Higgs Yukawa coupling and
effective field theory operator coefficients that affect t t̄ t t̄ pro-
duction.
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1 Introduction

The top quark is the heaviest elementary particle in the Stan-
dard Model (SM) and has a strong connection to the SM
Higgs boson as well as potentially new particles in various
theories beyond the SM (BSM). It is therefore relevant to
study rare processes involving the top quark, such as the pro-
duction of four top quarks (t t̄ t t̄), which is predicted by the SM
but has not been observed yet. The t t̄ t t̄ cross section could be
enhanced in many BSM models, including gluino pair pro-
duction in supersymmetric theories [1,2], scalar-gluon pair
production [3,4], the associated production of a heavy scalar
or pseudoscalar boson with a top-quark pair in two-Higgs-
doublet models [5–7], or in top-quark-compositeness mod-
els [8]. Additionally, the t t̄ t t̄ cross section is sensitive to the
strength of the top-quark Yukawa coupling, and its charge
conjugation and parity (C P) properties [9,10]. It is also sen-
sitive to various four-fermion interactions [11–14] and the
Higgs oblique parameter [15] in the context of an effective
field theory (EFT) framework.

Within the SM, the predicted cross section of t t̄ t t̄ pro-
duction in proton–proton (pp) collisions at a centre-of-mass
energy

√
s = 13 TeV is σt t̄ t t̄ = 12.0 fb at next-to-leading

order (NLO) in QCD including electroweak corrections, with
a relative scale uncertainty of± 20% [16–18]. This prediction
is used as a reference throughout this paper, as for the previ-
ous publications [19,20]. Including threshold resummation at
next-to-leading logarithmic accuracy increases the total pro-
duction cross section by approximately 12% and reduces the
scale uncertainty significantly, leading to σt t̄ t t̄ = 13.4+1.0

−1.8 fb
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Fig. 1 Illustrative tree-level
Feynman diagrams for the SM
t t̄ t t̄ signal. The mediator
connecting two top quarks can
be a gluon, a neutral
electroweak gauge boson (γ or
Z ), or a Higgs boson

[21]. Illustrative Feynman diagrams for SM t t̄ t t̄ production
are shown in Fig. 1. Other rare multi-top-quark production
processes which haven’t been observed yet, such as three-
top-quark production (t t̄ t),1 are expected to have cross sec-
tions of O(1 fb) in the SM, an order of magnitude smaller than
t t̄ t t̄ production. They can also be sensitive to BSM effects.

The t t̄ t t̄ process results in various final states depend-
ing on the top quark decays. These final states are classified
based on the number of electrons or muons produced in the
semileptonic top quark decays, including those originating
from subsequent τ leptonic decays. This paper focuses on
two types of events: those with exactly two same-charge iso-
lated leptons (2LSS) and those with at least three isolated
leptons (3L). In the SM, 7% and 5% of the produced four
top-quark events result in 2LSS and 3L final states, respec-
tively. While these channels, referred to as 2LSS/3L, are rel-
atively rare final states, they are advantageous due to low
levels of background. The t t̄ t t̄ topology is also characterised
by a high light-jet and b-jet multiplicity and a large rest mass
of the event, amounting to about 700 GeV.

The ATLAS and CMS experiments have reported evi-
dence for t t̄ t t̄ production in 13 TeV pp collisions at the
LHC. The latest ATLAS result combines two analyses using
139 fb−1 at

√
s = 13 TeV: one in the 2LSS/3L channel [19]

and the other in the channel comprising events with one lep-
ton or two leptons with opposite electric charge. This com-
bination results in a measured cross-section of 24+7

−6 fb, cor-
responding to an observed (expected) signal significance of
4.7 (2.6) standard deviations over the background-only pre-
dictions [20]. The latest CMS result is from a combination
of several measurements using 138 fb−1 at

√
s = 13 TeV,

in the channels with zero, one and two electrons or muons
with opposite-sign electric charges and the 2LSS/3L chan-
nel, yielding an observed (expected) significance of 4.0 (3.2)
standard deviations [22]. The t t̄ t t̄ cross section measured by
the CMS collaboration is 17 ± 5 fb.

This paper presents a re-analysis of the 140 fb−1 data set
at

√
s = 13 TeV in the 2LSS/3L channel with the ATLAS

detector and supersedes the result of Ref. [19]. Compared
to the previous result that showed evidence for t t̄ t t̄ pro-
duction [19], this new measurement brings several improve-

1 In the following, t t̄ t is used to denote both t t̄ t and its charge conjugate,
t̄ t t̄ . Similar notation is used for other processes, as appropriate.

ments: an optimised selection with lower cuts on the leptons’
and jets’ transverse momenta; improved b-jet identification;
a new data-driven estimation of the t t̄W +jets background,
one of the main backgrounds in this channel; a revised set
of systematic uncertainties; an improved treatment of the
t t̄ t background and a more powerful multivariate discrimi-
nant to separate the signal from background. This paper also
presents limits under several BSM scenarios, such as lim-
its on the three-top-quark production cross section, on the
top-Higgs Yukawa coupling, and on EFT operators corre-
sponding to heavy-flavour four-fermion interactions and the
Higgs oblique parameter.

2 The ATLAS detector

The ATLAS detector [23] 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 superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing 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 |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit normally being in the insertable
B-layer (IBL) installed before Run 2 [24,25]. It is followed
by the silicon microstrip tracker (SCT), which usually pro-
vides 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 correspond-
ing to transition radiation.

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
	R ≡

√

(	η)2 + (	φ)2.
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The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |η| < 1.8 to cor-
rect for energy loss in material upstream of the calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadron endcap calorimeters.
The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, covers the region
|η| < 2.7, complemented by cathode-strip chambers in the
forward region, where the background is highest. The muon
trigger system covers the range |η| < 2.4 with resistive-plate
chambers in the 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 selec-
tions made by algorithms implemented in software in the
high-level trigger [26]. 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 about 1 kHz.

An extensive software suite [27] 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 Monte Carlo simulation samples

This analysis was performed using the pp collision data col-
lected by the ATLAS detector between 2015 and 2018 at√

s = 13 TeV. After the application of data-quality require-
ments [28], the data set corresponds to an integrated lumi-
nosity of 140 fb−1.

Samples of simulated, or Monte Carlo (MC), events were
produced to model the different signal and background pro-
cesses. Additional samples were produced to estimate the
modelling uncertainties for each process. The configurations
used to produce the samples are summarised in Table 1.
The effects of the additional pp collisions in the same or
a nearby bunch crossing (pile-up) were modelled by over-
laying minimum bias events simulated using Pythia8.186

[29] with the A3 set of tuned parameters (tune) [30] on
events from hard-scatter processes. The MC events were
weighted to reproduce the distribution of the average number
of interactions per bunch crossing observed in the data. All
samples generated with PowhegBox [31–34] and Mad-

Graph5_aMC@NLO [35] were interfaced to Pythia8 to
simulate the parton shower, fragmentation, and underlying
event with the A14 tune [36] and the NNPDF2.3lo distri-
bution function (PDF) set. Samples using Pythia8 and Her-

wig7 have heavy-flavour hadron decays modelled by EvtGen
v1.2.0 or EvtGen v1.6.0 [37]. All samples include leading-
logarithm photon emission, either modelled by the parton
shower generator or by PHOTOS [38]. The masses of the
top quark, mtop, and of the SM Higgs boson, m H , are set to
172.5 GeV and 125 GeV, respectively. The signal and back-
ground samples were processed through the simulation of the
ATLAS detector geometry and response using Geant4 [39],
and then reconstructed using the same software as for collider
data. Some of the alternative samples used to evaluate sys-
tematic uncertainties were instead processed through a fast
detector simulation making use of parameterised showers in
the calorimeters [40].

The nominal sample used to model the SM t t̄ t t̄ signal was
generated using the MadGraph5_aMC@NLOv2.6.2 [45]
generator, which provides matrix elements at NLO in QCD.
The renormalisation (μR) and factorisation (μF ) scales are
set to μR = μF = mT/4, where mT is the scalar sum of

the transverse masses
√

p2
T + m2 of the particles generated

from the matrix element calculation, following Ref. [16].
An alternative t t̄ t t̄ sample generated with the same Mad-

Graph5_aMC@NLO set-up, but interfaced to Herwig7.04
[46,47] with the H7UE tune [47], is used to evaluate uncer-
tainties due to the choice of parton shower and hadronisation
model. Another t t̄ t t̄ sample was produced at NLO using the
Sherpa 2.2.11 [48] generator to account for the modelling
uncertainty from an alternative generator choice. The scales
for this sample are set to μR = μF = ĤT/2, where ĤT

is defined as the scalar sum of the transverse momenta of
all final state particles. To mitigate the effect of the large
fraction of events with negative weights present in the nom-
inal sample that would be detrimental to the training of the
multivariate discriminant used to separate signal from back-
ground, an additional sample with settings similar to the
nominal ones was generated using leading order (LO) matrix
elements (MEs). The t t̄ t t̄ MC samples with different BSM
effects such as non-SM top Yukawa coupling and various
EFT operators, including the four-fermion and the Higgs
oblique operators, were generated at LO with MadGraph5.
They are referred to as “t t̄ t t̄ κt ” and “t t̄ t t̄ EFT” in Table 1.
Dedicated UFO models implemented in MadGraph5 with
FeynRules [49,50] are used to simulate these BSM effects.
The alternative Yukawa coupling scenarios were simulated
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Table 1 Summary of the generation setups used for the signal and
background simulation. The samples used to estimate the systematic
uncertainties are indicated in parentheses. V refers to production of
an electroweak boson (W or Z/γ ∗). The matrix element (ME) order
refers to the order in QCD of the perturbative calculation. The parton

distribution function (PDF) used for the ME is shown in the table. Tune
refers to the underlying-event tune of the parton shower (PS) generator.
MEPS@NLO and FxFx refer to the methods used to match the ME
to the PS in Sherpa [41–44] and in MadGraph5_aMC@NLO [35],
respectively

Process Generator ME order PDF Parton shower Tune

t t̄ t t̄ MadGraph5_aMC@NLO NLO NNPDF3.1nlo Pythia8 A14

(MadGraph5_aMC@NLO) (NLO) (MMHT2014 LO) (Herwig7) (H7UE)

(Sherpa 2.2.11) (NLO) (NNPDF3.0nnlo) (Sherpa) (Sherpa)

(MadGraph5) (LO) (MMHT2014 LO) (Pythia8) (A14)

t t̄ t t̄ κt MadGraph5 LO MMHT2014 LO Pythia8 A14

t t̄ t t̄ EFT MadGraph5 LO MMHT2014 LO Pythia8 A14

t t̄ t MadGraph5 LO NNPDF2.3lo Pythia8 A14

t t̄W Sherpa 2.2.10 MEPS@NLO NNPDF3.0nnlo Sherpa Sherpa

(MadGraph5_aMC@NLO) (FxFx) (NNPDF2.3lo) (Pythia8) (A14)

t t̄W EW Sherpa 2.2.10 LO NNPDF3.0nnlo Sherpa Sherpa

(MadGraph5) (LO) ( NNPDF2.3lo) (Pythia8) (A14)

t t̄ Z/γ ∗ MadGraph5_aMC@NLO NLO NNPDF3.0nlo Pythia8 A14

(Sherpa 2.2.11) (MEPS@NLO) (NNPDF3.0nnlo) (Sherpa) (Sherpa)

t t̄ H PowhegBox NLO NNPDF3.0nlo Pythia8 A14

(PowhegBox) (NLO) (NNPDF3.0nlo) (Herwig7) (H7UE)

(MadGraph5_aMC@NLO) (NLO) (NNPDF3.0nlo) (Pythia8) (A14)

t t̄ PowhegBox NLO NNPDF3.0nlo Pythia8 A14

Single-top PowhegBox NLO NNPDF3.0nlo Pythia8 A14

tW Z MadGraph5_aMC@NLO NLO NNPDF3.0nlo Pythia8 A14

t Zq MadGraph5 LO NNPDF2.3lo Pythia8 A14

t t̄V V MadGraph5 LO NNPDF2.3lo Pythia8 A14

V Sherpa 2.2.1 MEPS@NLO NNPDF3.0nnlo Sherpa Sherpa

V V ,V V V Sherpa 2.2.2 MEPS@NLO NNPDF3.0nnlo Sherpa Sherpa

V H Pythia8 LO NNPDF2.3lo Pythia8 A14

using the Higgs characterisation model [51]. The effects of
the four-fermion and Higgs oblique operators are simulated
using the SMEFT@NLO model [52] and the dedicated UFO
model from Ref. [15], respectively.

The t t̄W process was simulated using the Sherpa 2.2.10
[48,53] generator. The MEs were calculated for up to one
additional parton at NLO and up to two partons at LO using
Comix [42] and OpenLoops [41], and merged with the
Sherpa parton shower [43] using the MEPS@NLO pre-
scription [44] with a merging scale of 30 GeV. The choice
of scales is μR = μF = mT/2. In addition to the nominal
prediction at NLO in QCD, higher-order corrections related
to electroweak (EW) contributions are also included. Event-
by-event correction factors are applied that provide virtual
NLO EW corrections to O(α2α2

s ) and LO corrections to
O(α3) [48,54,55]. An independent Sherpa 2.2.10 sam-
ple was produced at LO to account for the sub-leading EW
corrections to O(α3αs) [16]. The NLO QCD and NLO EW
contributions from Sherpa are combined following the

method of Ref. [56]. The t t̄W samples are normalised using
a cross section of 722 fb computed at NLO including the hard
non-logarithmically enhanced radiation at NLO in QCD [56].
This normalisation is used to determine the contribution of
the t t̄W +jets background before additional data-driven cor-
rections are derived. The impact of the systematic uncertainty
associated with the choice of generator is evaluated using an
alternative t t̄W sample generated with up to one additional
parton in the final state at NLO accuracy in QCD using Mad-

Graph5_aMC@NLO. In this sample, the different jet mul-
tiplicities were merged using the FxFx NLO matrix-element
and parton-shower merging prescription [35] with a merging
scale of 30 GeV. A separate MadGraph5 t t̄W +jets sample
including only the sub-leading EW corrections to O(α3αs) is
also included.

The t t̄ Z/γ ∗ sample was generated at NLO, including
off-shell Z contributions with m(ℓ+ℓ−) > 1 GeV and is
normalised to the calculation of Ref. [57], extrapolated to
take into account off-shell effects down to m(ℓ+ℓ−) =
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1 GeV. The t t̄ H process was generated at NLO QCD using
the five-flavour scheme with the hdamp parameter3 set to
0.75 × (2mtop + m H ). It is normalised to the cross section
computed at NLO QCD plus NLO EW [57,58]. The pro-
duction of t t̄ and single-top-quark events were modelled at
NLO QCD using PowhegBox. For the t t̄ sample, the hdamp

parameter is set to 1.5 mtop [59]. The t t̄ and single-top-quark
simulated samples are normalised to the cross sections calcu-
lated at next-to-next-to-leading order (NNLO) QCD includ-
ing the resummation of next-to-next-to-leading logarithmic
(NNLL) soft-gluon terms [60–63]. The overlap between the
t t̄ and the single top tW final states is removed using the
diagram-removal scheme [64]. The t t̄ t sample was gener-
ated at LO QCD using the five-flavour scheme, and includes
t t̄ tW and t t̄ tq processes. The t t̄ tW and t t̄ tq samples are
normalised to a cross section of 1.02 fb and 0.65 fb, respec-
tively, computed at NLO using MadGraph5_aMC@NLO,
with a central scale choice of ĤT/2 and the NNPDF23
PDF set. Rare and small background contributions includ-
ing tW Z , t Zq, t t̄V V , t t̄ H H , t t̄W H , V , V V , V V V and
V H are normalised using their NLO theoretical cross sec-
tions.

4 Objects and event selection

Events were selected using single-lepton or dilepton triggers
with variable electron and muon transverse momentum (pT)
thresholds, and various identification and isolation criteria
depending on the lepton flavour and the data-taking period
[65–68]. Events are required to have at least one vertex with
at least two associated ID tracks with pT > 0.5 GeV. In
each event, the primary vertex is defined as the reconstructed
vertex having the highest scalar sum of squared pT of associ-
ated tracks [69] and is consistent with the average beam-spot
position.

Electron candidates are reconstructed from energy deposits
in the EM calorimeter associated with ID tracks [70]
and are required to consist of a calorimeter energy clus-
ter with a pseudorapidity of |ηcluster| < 2.47, exclud-
ing candidates in the transition region between the bar-
rel and the endcap calorimeters (|ηcluster| /∈ [1.37, 1.52]).
Electrons are required to meet the ‘tight’ likelihood-based
identification criterion [70]. Muon candidates are recon-
structed by combining tracks in the ID with tracks in the
muon spectrometer [71]. They are required to have |η| <

2.5 and meet the ‘medium’ cut-based identification crite-
rion.

3 The hdamp parameter controls the transverse momentum pT of the
first additional emission beyond the leading-order Feynman diagram in
the parton shower and therefore regulates the high-pT emission against
which the t t̄ system recoils.

The electron and muon candidates are required to have
pT > 15 GeV and meet the tight working point of the
prompt-lepton isolation discriminant [72], trained to sepa-
rate prompt and non-prompt leptons. The transverse impact
parameter divided by its estimated uncertainty, |d0|/σ(d0),
is required to be lower than five (three) for electron (muon)
candidates. The longitudinal impact parameter must satisfy
|z0 sin(θ)| < 0.5 mm for both lepton flavours. To suppress
the background arising from incorrect charge assignment,
an additional requirement is imposed on electrons based on
the score of a boosted decision tree (BDT) discriminant that
uses their calorimeter energy clusters and track properties
[70]. Electrons and muons passing these criteria are referred
to as ‘tight’ in the following. ‘Loose’ electrons are required
to pass the same set of requirements as tight electrons except
that they satisfy the ‘medium’ likelihood-based identification
and loose isolation instead. Similarly, for ‘loose’ muons, the
isolation requirement is relaxed.

Jets are reconstructed using a particle flow algorithm
[73,74] by combining measurements from both the ID and
the calorimeter. The anti-kt algorithm [75,76] with a radius
parameter of R = 0.4 is used. Jets are required to have
pT > 20 GeV and |η| < 2.5 and are calibrated as described
in Ref. [74]. To reduce the effect from pile-up, the jet-vertex
tagger [77], which identifies jets originating from the selected
primary vertex, is applied to jets with pT < 60 GeV and
|η| < 2.4.

Jets containing b-hadrons are identified (b-tagged) via the
DL1r algorithm [78,79]. This algorithm uses deep-learning
neural networks exploiting the distinct features of b-hadrons
in terms of track impact parameters and displaced vertices
reconstructed in the ID. A jet is considered b-tagged if it
passes the operating point corresponding to 77% average
efficiency for b-quark jets in simulated t t̄ events, with rejec-
tion factors against light-quark/gluon jets and c-quark jets of
192 and 6, respectively. Three additional operating points are
defined with average b-tagging efficiencies of 85%, 70% and
60%. To fully exploit the b-tagging information of an event,
each jet is assigned a pseudo-continuous b-tagging (PCBT)
score that defines if a jet passes a given operating point but
fails the adjacent tighter one. A score of two, three, four or
five is assigned to a jet passing the 85%, 77%, 70% or 60%
operating point. If a jet does not pass any operating point, a
score of one is assigned.

The missing transverse momentum in the event, whose
magnitude is denoted in the following by Emiss

T , is defined as
the negative vector sum of the pT of the reconstructed and
calibrated objects in the event [80]. This sum also includes
the momenta of the ID tracks that are matched to the primary
vertex but are not associated with any other reconstructed
objects.

A sequential overlap removal procedure described in Ref.
[19] and based on loose leptons is applied, such that the same
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calorimeter energy deposit or the same track being recon-
structed is not used in two different objects.

The event selection closely follows that of Ref. [19].
Each event must have at least one reconstructed lepton that
matches a lepton that fired the trigger. The highest pT lep-
ton is required to have pT > 28 GeV to be always above
the trigger threshold. The events are required to have one
same-sign tight lepton pair or at least three tight leptons,
and at least one b-tagged jet. Each event must have at
least one reconstructed lepton that matches a lepton that
fired the trigger. Events with two same-sign electrons are
required to have invariant mass satisfying mee > 15 GeV
and |mee − 91 GeV| > 10 GeV, to reduce the charge
mis-assignment background originating from low-mass res-
onances and Z boson decays. In events with at least three lep-
tons, all opposite-sign same-flavour lepton pairs are required
to satisfy |mℓℓ − 91 GeV| > 10 GeV to reduce the contam-
ination from Z boson decay.

Events in the signal region (SR) are required to contain at
least six jets, two of which are b-tagged. The scalar sum of the
transverse momentum of the selected leptons and jets in the
event (HT) is required to be above 500 GeV. This requirement
is motivated by the high light-flavour jet and b-jet multiplicity
as well as the large overall event activity characteristic of the
t t̄ t t̄ process.

The main sources of physics background are t t̄W +jets,
t t̄ Z+jets and t t̄ H+jets processes. Smaller backgrounds, for
which all selected leptons are from W or Z boson decays
or from leptonic τ -lepton decays, include diboson or tri-
boson production, single-top-quark production in associa-
tion with a Z boson (tW Z , t Zq) and rare processes such
as t t̄ t , t t̄ H H , t t̄W H and t t̄V V , where V = W, Z . These
backgrounds, except for t t̄W +jets production, are evaluated
using simulated events. The t t̄W +jets background is eval-
uated based on the information from the simulation and a
data-driven technique described in Sect. 5. This is motivated
because the t t̄W +jets process is notoriously challenging to
model accurately using only simulation [16], and because
existing measurements of its cross section [19,81,82] are
consistently above the theoretical predictions. The back-
ground events originating from t t̄+jets and tW +jets pro-
duction pass the selection if prompt leptons have a mis-
assigned charge (QmisID) or leptons are fake/non-prompt.
The QmisID background is evaluated using a data-driven
technique while the fake/non-prompt background estimation
is based on the template method utilising inputs from both
simulation and data as described in Sect. 5 and already used
in Ref. [19].

The estimated yield for each source of background is given
in Sect. 8.

5 Data-driven background estimation

5.1 Estimation of the t t̄W background

The theoretical modelling of the t t̄W background at high jet
multiplicity, corresponding to the phase space of this analy-
sis, suffers from large uncertainties. To mitigate this effect,
the normalisation of this background in jet multiplicity bins is
determined using a data-driven approach, while other charac-
teristics of the t t̄W events are modelled by simulated events.
The uncertainties related to the modelling of the kinematic
distributions taken from simulation are discussed in Sect. 7.3.
The estimate of the normalisation in each jet bin is based on
a functional form that describes the evolution of the num-
ber of t t̄W events N as a function of the jet multiplicity j ,
R( j) = N ( j + 1)/N ( j) [83–86]. At high jet multiplicity,
R( j) follows the so-called ’staircase scaling’ with R( j)being
a constant denoted a0. This behaviour implies a fixed proba-
bility of additional jet radiation. For lower jet multiplicities,
Poisson scaling is expected [86] with R(n) = a1/(1 + n),
where a1 is a constant and n is the number of additional jets
to the hard process. It was derived in the Abelian limit of
QCD by considering gluon radiation off hard quark legs and
validated using experimental data [86]. The transition point
between these scaling behaviours depends on the jet kine-
matic selection. Since t t̄W production in the phase-space
region of this analysis is dominated by events that include
at least four jets in the matrix element at tree level, the
parameterisation of the t t̄W events starts at the fourth jet
(n = j − 4). Independent normalisation factors (NF) for the
expected number of t t̄W + and t t̄W − events are introduced
to take into account different production rates of these pro-
cesses in pp collisions. The normalisation factor for t t̄W

events with j > 4 is then given by

NFt t̄W ( j) = NFt t̄W+(4jet) × 

j ′= j−1
j ′=4

[

a0 + a1

1 + ( j ′ − 4)

]

+NFt t̄W−(4jet) × 

j ′= j−1
j ′=4

[

a0 + a1

1 + ( j ′ − 4)

]

. (1)

Dedicated control regions (CR) labelled as CR t t̄W ++jets,
CR t t̄W −+jets, CR 1b(+) and CR 1b(-) are defined to
determine the a0 and a1 scaling parameters and the over-
all number of t t̄W + and t t̄W − events with exactly 4 jets,
NFt t̄W+(4jet) and NFt t̄W−(4jet), respectively. The definition of
these CRs is summarised in Table 2. The CR t t̄W ++jets and
CR t t̄W −+jets regions are primarily used to adjust the t t̄W

normalisation in a phase space with at least two b-tagged jets
as in the SR, while the CR 1b(+) and CR 1b(-) regions, which
include events with N j ≥ 4, are mainly used to determine
the t t̄W jet multiplicity spectrum.

The t t̄W CRs, along with the CRs defined in Sect. 5.2, are
included in the likelihood fit to data, together with the SR
(see Sect. 6). Figure 2 shows the jet-multiplicity distributions
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Table 2 Definition of the signal and control regions. The control
regions labeled as CR t t̄W ++jets, CR t t̄W −+jets, CR 1b(+) and CR
1b(-) are defined to determine the background modelling parameters
of t t̄W + and t t̄W − events. The control regions labeled as CR HF e,
CR HF μ, CR Mat. Conv. and CR Low mγ ∗ are defined to determine
the normalisation of fake/non-prompt lepton background events. Nj
(Nb) indicates the jet (b-tagged jet) multiplicity in the event. HT is

defined as the scalar sum of the transverse momenta of the isolated lep-
tons and jets. ℓ1, ℓ2 and ℓ3 refer to the highest pT, second-highest pT
and third-highest pT leptons, respectively. η(e) refers to the electron
pseudorapidity. Total charge is the sum of charges for all leptons. GNN
denotes the Graph Neural Network discriminant trained to separate t t̄ t t̄

signal from the background described in Sect. 6

Region Channel Nj Nb Other selection Fitted variable

CR Low mγ ∗ SS, ee or eμ 4 ≤ Nj < 6 ≥ 1 ℓ1 or ℓ2 is from virtual photon (γ *) decay Event yield

ℓ1 and ℓ2 are not from photon conversion

CR Mat. Conv. SS, ee or eμ 4 ≤ Nj < 6 ≥ 1 ℓ1 or ℓ2 is from photon conversion Event yield

CR HF μ eμμ or μμμ ≥ 1 = 1 100 < HT < 300 GeV

Emiss
T > 50 GeV

Total charge = ±1

CR HF e eee or eeμ ≥ 1 = 1 100 < HT < 275 GeV p
ℓ3
T

Emiss
T > 35 GeV

Total charge = ±1

CR t t̄W ++jets SS, eμ or μμ ≥ 4 ≥ 2 |η(e)| < 1.5 Nj

when Nb = 2: HT < 500 GeV or N j < 6

when Nb ≥ 3: HT < 500 GeV

Total charge > 0

CR t t̄W −+jets SS, eμ or μμ ≥ 4 ≥ 2 |η(e)| < 1.5 Nj

when Nb = 2: HT < 500 GeV or N j < 6

when Nb ≥ 3: HT < 500 GeV

Total charge < 0

CR 1b(+) 2LSS+3L ≥ 4 = 1 ℓ1 and ℓ2 are not from photon conversion Nj

HT > 500 GeV

Total charge > 0

CR 1b(-) 2LSS+3L ≥ 4 = 1 ℓ1 and ℓ2 are not from photon conversion Nj

HT > 500 GeV

Total charge < 0

SR 2LSS+3L ≥ 6 ≥ 2 HT > 500 GeV GNN score

in each of the four t t̄W CRs. After the fit, the predictions
provide a good description of the data.

As mentioned above, unlike the signal and other back-
ground processes, t t̄W production has a pronounced charge
asymmetry in pp collisions: t t̄W + events are produced
approximately twice as abundantly as t t̄W − events. This
property is used to validate the data-driven estimation of this
background by examining the difference between the num-
ber of events with all tight leptons positively charged (pos-
itive events) and the number of events with all tight leptons
negatively charged (negative events). The charge-symmetric
t t̄ t t̄ signal and most non-t t̄W backgrounds are expected to
cancel in this difference, providing a validation of the t t̄W

background. The distribution of the number of jets obtained
from this procedure for events entering the four t t̄W CRs and
the SR defined in Table 2 is shown in Fig. 3. A good descrip-
tion of the jet multiplicity distribution in data confirms that it
can be predicted by two scaling parameters, as given in Eq. 1.

5.2 Fake/non-prompt lepton background

A template method is used to estimate the fake/non-prompt
background. This method relies on simulation samples to
model the kinematic distributions of the background pro-
cesses arising from fake and non-prompt leptons and on CRs
to determine the normalisation of these components. These
CRs are included in the fit, together with the t t̄W CRs and
the SR, and the normalisation factors are determined simul-
taneously with the t t̄ t t̄ signal. The uncertainties related to
the modelling of the kinematic distributions predicted in the
simulation are discussed in Sect. 7.4. The method is similar
to that used in the previous analysis [19].
The following main contributions of the fake/non-prompt
background are distinguished:
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Fig. 2 Post-fit distributions for the number of jets (N j ) in each of the
four t t̄W CRs: a CR t t̄W ++jets, b CR t t̄W −+jets, c CR 1b(+) and d

CR 1b(-). The ratio of the data to the total post-fit prediction is shown in
the lower panel. The dashed blue lines show the pre-fit prediction in the

upper panel and the ratio of the data to the total pre-fit prediction in the
lower panel. The shaded band represents the total post-fit uncertainty
in the prediction

• Events with a single reconstructed non-prompt electron
(muon) from heavy-flavour decay; this contribution is
referred to as HF e (HF μ).

• Events with a single reconstructed non-prompt electron
originating from photon conversions in the detector mate-
rial (Mat. Conv.).
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Fig. 3 Post-fit distribution for the difference between the number of
positive events and the number of negative events (N+ − N−) as a
function of the number of jets (Nj) in the sum of four t t̄W CRs and
the SR. The uncertainties on the normalisation factors and on the t t̄W

modelling parameters are represented by the shaded band. The ratio of
the data to the total post-fit prediction is shown in the lower panel

• Events with a virtual photon (γ ∗) leading to an e+e−

pair where only one of the electrons is reconstructed
(Low mγ ∗ ).

Minor contributions to the fake/non-prompt background aris-
ing from events with a lepton originating from light-meson
decay or with a jet mis-identified as a lepton are determined
using simulated events.

As summarised in Table 2, the CRs labelled as CR HF e
and CR HF μ are defined to determine the normalisation of
the HF e and HF μ backgrounds, respectively. Similarly, the
CRs labelled as CR Mat. Conv. and CR Low mγ ∗ are defined
to determine the normalisation of Mat. Conv. and Low mγ ∗

backgrounds, respectively. Each region is designed to have a
dominant background component.

Figure 4 shows the distributions and event yields used in
the template method: the third-highest lepton pT and the
number of events. A good description of the data distribu-
tions by the fitted predictions is observed in all CRs.

5.3 Charge mis-assignment background

The QmisID background affects only the ee and eμ channels
of the 2LSS region, and is estimated using the same method

as in the previous analysis [19]. The probability for an elec-
tron to have its charge incorrectly assigned is estimated using
a data sample of Z → ee events requiring the invariant mass
of the electron pair to be within 10 GeV of the Z boson
mass and without any requirement on the charge of the two
electrons. The charge mis-assignment rate extracted from
the fraction of events with same-charge electrons within this
sample, is parameterised as a function of the electron trans-
verse momentum and pseudorapidity. The rate varies from
0.004% to 4% depending on the electron pT and |η|. The
expected number of events arising from the QmisID back-
ground is determined by applying the measured charge mis-
assignment rate to data events satisfying the requirements of
the kinematic selection of the 2LSS channel, except that the
two leptons are required to be of opposite charge.

6 Signal extraction and cross section measurement

The background composition of the SR is largely domi-
nated by the production of top-quark pairs in association with
bosons. A multivariate discriminant built with a Graph Neu-
ral Network (GNN) [87] is used to separate the t t̄ t t̄ signal
from the background using the graph_nets library from
TensorFlow [88]. From each event, a fully connected graph
is constructed with ‘nodes’, corresponding to reconstructed
jets, electrons, muons, and the missing transverse momen-
tum of the event. The features of each node include the four
momentum of the object, assumed to be massless,4 the jet
PCBT score, the lepton charge, and an integer labelling the
type of object represented by the node. The ‘edges’ between
nodes carry three features with information about the angu-
lar separation between the objects they connect. Additionally,
the jet multiplicity is treated as a ‘global’ feature. The nodes,
edges, global feature and the GNN hyperparameters are opti-
mised to maximise the integral under the receiver operating
characteristic curve of the GNN event classifier.

The GNN training is performed for events passing the SR
requirements. The LO t t̄ t t̄ simulated signal sample is used
in the training. The MC simulated samples, corresponding to
all background components, represent the background in the
training. The GNN discriminant is chosen as the observable
of the analysis to extract the t t̄ t t̄ signal. Figure 5 shows the
distribution of the GNN score in the signal region.

Following the strategy of the previous publication [19], a
BDT discriminant is also trained as a cross-check in the SR
by combining several input observables, of which the sum
of the four highest PCBT scores among all jets in the event
has the highest discriminating power. The separation power

4 The energy of each object is computed from the four momentum
assuming that its mass is zero. For jets, this avoids any dependence on
the jet mass calibration.
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Fig. 4 Post-fit distributions for the fitted variables in the CRs for the
fake/non-prompt lepton background. For a CR HF e and b CR HF μ,
the third-highest lepton pT is fitted, while for c CR Mat. Conv. and d

CR Low mγ ∗ , the number of events is used. The ratio of the data to the
total post-fit prediction is shown in the lower panel. The dashed blue

lines show the pre-fit prediction in the upper panel and the ratio of the
data to the total pre-fit prediction in the lower panel. The shaded band
represents the total post-fit uncertainty in the prediction. In a, b, the last
bin contains the overflow

of the t t̄ t t̄ signal from the background is slightly better for
the GNN, leading to a 10% higher expected significance for
this method.

The t t̄ t t̄ production cross-section, the normalisation fac-
tors of the backgrounds, and the t t̄W modelling parameters
defined in Sect. 5.1 are determined via a binned likelihood

fit to the discriminant score distribution in the SR and to the
event yields or to the discriminating variable distributions
in the eight CRs listed in Table 2. The maximum-likelihood
fit is performed with the RooFit package [89] based on a
likelihood function built on the Poisson probability that the
observed data are compatible with the model prediction. The
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value of each nuisance parameter, describing the systematic
uncertainties for both signal and background processes (see
Sect. 7), is constrained by a Gaussian penalty term present in
the likelihood function, while all normalisation factors and
t t̄W modelling parameters, described in Sect. 5, are uncon-
strained.

7 Systematic uncertainties

Systematic uncertainties arise from the modelling of the sig-
nal processes, from theoretical or data-driven predictions
of the background processes, as well as from experimen-
tal effects. These uncertainties affect both the shape and the
normalisation of the estimations. In addition, they can lead
to event migration between different regions. The different
sources of systematic uncertainty are described below and
their impact on the t t̄ t t̄ cross section measurement after the
fit is shown in Table 6.

7.1 Experimental uncertainties

The dominant experimental uncertainties arise from the mea-
surement of the b-tagging efficiencies and mis-tagging rates
[90–92]. Corrections applied to simulated samples to match
the performance in data and the associated uncertainties are
determined for each jet flavour separately in five PCBT score
bins and in bins of jet pT. The resulting uncertainties are
decomposed into 40 independent components (referred to
as eigenvector components) for b-jet tagging, 20 for c-jet
and 20 for light-jet mis-tagging. Due to a lack of data for b-
/c-/light jets calibration with pT > 400/300/250 GeV, the
corrections for these jets are extrapolated from the highest
pT bin below these thresholds; uncertainties in this extrapo-
lation are determined from the simulation, independently for
b-/c-/light jets.

Uncertainties in the calibration of the jet energy scale and
resolution [93–95] play a subleading role among the experi-
mental uncertainties. An additional minor uncertainty arises
from the correction applied to simulated events associated
with the jet-vertex-tagger selection [96].

Other experimental uncertainties have minor impacts on
the measurements. The uncertainty in the combined 2015–
2018 integrated luminosity is 0.83% [97], obtained using
the LUCID-2 detector [98], complemented by measurements
using the inner detector and calorimeters. An uncertainty in
the corrections on the pile-up profile in the simulated sam-
ples is also considered. Uncertainties in electrons and muons
arise from the calibration of the simulated samples to data.
The calibrations correct for the efficiencies of the trigger,
reconstruction, identification and isolation requirements, as
well as the energy scale and resolution [70,71]. For elec-
trons, an additional uncertainty associated with the efficiency

Fig. 5 Comparison between data and the predictions after a fit to data
for the GNN distribution in the SR. The first bin contains underflow
events. The ratio of the data to the total post-fit prediction is shown in
the lower panel. The dashed blue lines show the pre-fit prediction in the
upper panel and the ratio of the data to the total pre-fit prediction in the
lower panel. The shaded band represents the total post-fit uncertainty
in the prediction

of the electric-charge identification is considered. Finally, an
uncertainty in the measurement of Emiss

T is assigned due to a
possible mis-calibration of its soft-track component [80].

7.2 Signal modelling uncertainties

Uncertainties in the modelling of SM t t̄ t t̄ production
have the dominant impact on the measurements. They
affect both the signal acceptance and the shape of the
GNN discriminant. The two leading uncertainties are deter-
mined by comparing the nominal prediction with alterna-
tive samples generated with Sherpa and with Mad-

Graph5_aMC@NLO+Herwig7. These uncertainties mainly
cover two effects: different matching schemes between the
matrix element and parton shower generators as well as dif-
ferent parton shower, hadronisation and fragmentation mod-
els. The uncertainty due to missing higher-order QCD correc-
tions in simulated events is estimated by varying the renor-
malisation and factorisation scales in the matrix element indi-
vidually or simultaneously up or down by a factor of two, and
taking the maximum up and down variations. The PDF uncer-
tainty is 1%. It is calculated as the RMS of the predictions
from the 100 replicas of the NNPDF30_nlo_as_0118
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PDF set following the PDF4LHC prescription [99]. The
effect of PDF variation on the shape of the fitted distribu-
tions was found to be negligible.

7.3 Uncertainties in irreducible backgrounds

The dominant uncertainty in the background predictions
arises from the modelling of t t̄W , t t̄ H and t t̄ Z/γ ∗ events.
Uncertainties due to generator choices are determined by
comparing the nominal predictions with those obtained with
the alternative matrix element and/or parton shower gen-
erators specified in Table 1. Given that the Nj distribu-
tion in t t̄W production is estimated using a data-driven
method, the alternative MC sample simulated using Mad-

Graph5_aMC@NLO is weighted to have the same Nj distri-
bution as the nominal prediction. This avoids double counting
of the systematic effects in Nj modelling. Minor uncertain-
ties due to missing higher-order QCD corrections and PDF
variations for each of the three processes are studied and
determined using the same method as for t t̄ t t̄ production.

The uncertainty in the predicted cross-sections of the
background processes have minor impact on the measure-
ments. The uncertainty in the t t̄ t production cross section is
set to 35%. This includes the effect of varying the renormali-
sation and factorisation scales up and down by a factor of two
in the NLO QCD prediction, and the uncertainties from the
PDF choice, EW LO contribution and the acceptance differ-
ence between MC samples generated using the five-flavour
and the four-flavour schemes.

Uncertainties of 12% and 10% are included for the t t̄ Z/γ ∗

and t t̄ H production cross sections, respectively [57]. An
uncertainty of 30% is applied to the sum of t Zq and tW Z pro-
cesses [100–102]. The uncertainty in V V production is taken
as the discrepancies between the measured differential cross
section as a function of the jet multiplicity and the prediction
from Sherpa 2.2.2 [103]. For V V events with ≤ 3/4/ ≥ 5
jets, an uncertainty of 20%/50%/60% is applied. The three
components are considered as uncorrelated. An uncertainty
of 50% is considered for t t̄W W production based on the
NLO prediction [45]. For all other minor background pro-
cesses with negligible impact including the production of
V H , V V V , t t̄ Z Z , t t̄W Z , t t̄ H H and t t̄W H , a single uncer-
tainty of 50% is considered. This value is based on previous
analyses in a similar final state [19,104], and is large enough
to cover the different predictions listed in Ref. [45].

For all background contributions estimated based on sim-
ulations, additional uncertainties are considered for events
produced with associated b-jets. This is motivated by the
expected high b-jet multiplicities in signal-like events and
the general difficulty in modelling additional heavy-flavour
jets in simulations. For each background process, an uncor-
related uncertainty of 50% is assigned to events with exactly

three ‘true’ b-jets5 and to events with at least four true b-
jets. Since t t̄ t events have three b-jets arising from top quark
decays, an uncertainty of 50% is only assigned to t t̄ t events if
they have at least four true b-jets. These estimates are based
on the measurement of t t̄+jets production with additional
heavy-flavour jets [105] and on comparisons between data
and prediction in t t̄γ events with three and four b-tagged
jets.

7.4 Uncertainties in reducible backgrounds

Uncertainties in the estimate of the fake/non-prompt and
QmisID backgrounds have minor impact. These uncertain-
ties are derived and treated in the same way as in Ref.
[19]. The resulting uncertainties for the QmisID background
range from 5–30% depending on the pT and η of the lepton.
For leptons from heavy-flavour hadron decay, the uncertain-
ties range from 20–100%. For material conversion and vir-
tual photon conversion, the uncertainties are 30% and 21%,
respectively. Conservative uncertainties are applied to other
smaller contributions, including an uncertainty of 100% for
events with fake/non-prompt leptons from light jets, and a
30% uncertainty for all other sources of fake/non-prompt
background. These values are taken from previous analyses
in a similar final state [19,104].

Given that t t̄+jets events are the main source of fake/non-
prompt and QmisID backgrounds, additional uncertainties
are considered for t t̄+jets events produced in association
with additional b-jets. An uncorrelated uncertainty of 50%
is assigned to events with 3 b-jets and to events with at least
four b-jets.

8 Result for the t t̄ t t̄ cross section measurement

A maximum-likelihood fit is performed to the GNN score
distribution in the SR and the different distributions used in
the CRs (see Table 2). Figure 5 shows the distribution of the
GNN score in the SR before and after performing the fit. Good
agreement is observed between data and the prediction after
the fit. The best-fit value of the signal strength μ, defined
as the ratio of the measured t t̄ t t̄ cross section to the SM
expectation of σt t̄ t t̄ = 12.0 ± 2.4 fb from Ref. [16], is found
to be:

μ = 1.9 ± 0.4(stat) +0.7
−0.4(syst) = 1.9 +0.8

−0.5.

5 ‘True’ b-jets are identified in simulated events as jets that are ghost-
associated with b-hadrons [75].
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The corresponding measured t t̄ t t̄ production cross section
is:

σt t̄ t t̄ = 22.5+4.7
−4.3(stat) +4.6

−3.4(syst) fb = 22.5 +6.6
−5.5 fb.

The systematic uncertainty, is determined by subtracting the
statistical uncertainty in quadrature from the total uncer-
tainty. The statistical uncertainty is obtained from a fit where
all nuisance parameters are fixed to their post-fit values. The
systematic uncertainty on the signal strength includes the the-
oretical uncertainty on the SM t t̄ t t̄ cross section. The mea-
sured t t̄ t t̄ production cross section is consistent within 1.8
standard deviations with the SM prediction of Ref. [16], and
within 1.7 standard deviations with the resummed σt t̄ t t̄ cal-
culation of Ref. [21].

The probability for the background-only hypothesis to
result in a signal-like excess at least as large as seen in data is
derived using the profile-likelihood ratio following the pro-
cedure described in Ref. [106]. From this, the significance
of the observed signal is found to be 6.1 standard devia-
tions, while 4.3 standard deviations are expected using the
SM cross section of σt t̄ t t̄ = 12.0 ± 2.4 fb from Ref. [16].
Using the SM cross section of 13.4+1.0

−1.8 fb from Ref. [21], the
expected significance would be 4.7 standard deviations. The
goodness-of-fit evaluated using a saturated model [107,108]
yields a probability of 76%. Compared to the previous result
of Ref. [19], the gain in expected sensitivity comes from the
updated lepton and jet selection and uncertainties, from the
use of the GNN discriminant and from the improved treat-
ment of the t t̄ t background. This leads to a better purity of
the signal and a smaller uncertainty on the background in the
signal-enriched region. The overall uncertainty on the cross
section is slightly smaller than the result in Ref. [19], mainly
because of an updated treatment of the systematic uncertainty
for signal modelling.

The normalisation factors of the different fake/non-
prompt lepton background sources and the parameters of the
data-driven t t̄W background model determined from the fit
are shown in Tables 3 and 4. The post-fit values of the back-
ground and signal yields before and after the fit as well as
for events with a GNN score equal to or higher than 0.6 are
shown in Table 5. The post-fit number of t t̄W events with
6 and 7 jets is smaller than at the pre-fit level, while the
number of t t̄W events with ≥9 jets is increased compared
to the pre-fit prediction. The overall number of fitted t t̄W

is in agreement with the t t̄W cross section measurement in
Ref. [82]. The number of background events from material
conversion is also increased. The post-fit normalisation fac-
tors from Tables 3 and 4 agree with their nominal value of 1,
except for NFMat. Conv.. They provide good agreement with
data as shown in Table 5 and Fig. 5.

Figure 6 presents the distributions of the number of jets,
the number of b-jets, the sum of the four highest PCBT scores

Table 3 The normalisation factors for fake and non-prompt lepton
background processes determined from the fit. The uncertainties include
both the statistical and systematic uncertainties. The nominal pre-fit
value for these factors is 1

Fake/non-prompt
background

NFMat. Conv. NFLow mγ ∗ NFHF e NFHF μ

Value 1.80+0.47
−0.41 1.08+0.37

−0.31 0.66+0.75
−0.46 1.27+0.53

−0.46

Table 4 The t t̄W modelling parameters determined from the fit. The
uncertainties include both the statistical and systematic uncertainties.
The nominal pre-fit value for a0 and a1 is 0, while the nominal pre-fit
value for NFt t̄W+(4jet) and NFt t̄W−(4jet) is 1

t t̄W background a0 a1 NFt t̄W+(4jet) NFt t̄W−(4jet)

Value 0.51 ± 0.10 0.22+0.25
−0.22 1.27+0.25

−0.22 1.11+0.31
−0.28

Table 5 Pre-fit and post-fit background and signal yields in the signal
region and for events with GNN score larger than 0.6. The total sys-
tematic uncertainty differs from the sum in quadrature of the different
uncertainties due to correlations

Pre-fit Post-fit

SR GNN≥0.6 SR GNN≥0.6

t t̄W 130 ± 40 9 ± 4 127 ± 35 12 ± 4

t t̄ Z 72 ± 15 3.4 ± 1.8 79 ± 15 4.4 ± 2.0

t t̄ H 65 ± 11 4.6 ± 1.3 68 ± 10 5.0 ± 1.4

QmisID 27 ± 4 1.78 ± 0.26 27 ± 4 1.80 ± 0.24

Mat. Conv. 16.5 ± 2.3 0.73 ± 0.25 30 ± 8 1.4 ± 0.5

HF e 3.1 ± 1.0 0.4 ± 0.5 2.3 ± 2.4 0.3 ± 0.4

HF μ 7.1 ± 1.2 0.31 ± 0.15 9 ± 4 0.41 ± 0.22

Low mγ ∗ 14.1 ± 2.0 0.52 ± 0.19 15 ± 5 0.56 ± 0.22

Others 47 ± 11 3.9 ± 1.2 50 ± 10 4.3 ± 1.2

t t̄ t 2.9 ± 0.9 1.5 ± 0.5 2.9 ± 0.9 1.5 ± 0.5

Total bkg 390 ± 50 26 ± 5 412 ± 21 32 ± 4

t t̄ t t̄ 38 ± 4 25.2 ± 3.2 69 ± 15 45 ± 10

Total 430 ± 50 51 ± 7 480 ± 19 77 ± 8

Data 482 83 482 83

of jets in the event and HT , in the signal-enriched region
for events with a GNN score equal to or higher than 0.6.
Good agreement between data and the post-fit predictions is
observed.

As a cross-check, a maximum-likelihood fit to the BDT
score distribution in data is also performed yielding the same
signal strength corresponding to the observed significance of
6.0 standard deviations while 3.9 is expected.

The largest systematic uncertainties in the measurement
of σt t̄ t t̄ arise from the modelling of the t t̄ t t̄ signal, with the
uncertainty from the choice of the MC generator being by
far the largest followed by the uncertainty from the parton
shower and hadronisation model. The uncertainty in the data-
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Fig. 6 Comparison between data and prediction after the fit to data in
the signal-enriched region with GNN≥ 0.6 for the distributions of a

the number of jets, b the number of b-jets, c the sum of the four highest
PCBT scores of jets in the event, and d the sum of transverse momenta

over all jets and leptons in the event (HT ). The ratio of the data to the
total post-fit computation is shown in the lower panel. The shaded band
represents the total post-fit uncertainty in the prediction. The first and
last bins contain underflow and overflow events, respectively

driven t t̄W background estimate is also significant. Among
the experimental uncertainties, the largest effects come from
the b-jet tagging and the jet energy scale. The parameter
associated with the t t̄ t t̄ MC generator choice is pulled by
around −0.5 standard deviations after the fit. No other nui-
sance parameter is found to be significantly adjusted or con-

strained by the fit. The uncertainties impacting the t t̄ t t̄ cross
section measurement are summarised in Table 6.

This analysis derives 95% confidence level (CL) inter-
vals on the cross section of the t t̄ t process, σt t̄ t . In the SM,
triple top quarks are always produced in association with
other particles, and can be split into the t t̄ tW and t t̄ tq pro-
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Table 6 List of the uncertainties in the cross section σt t̄ t t̄ , grouped in
categories. The quoted values are obtained by repeating the fit, fixing
a set of nuisance parameters of the sources corresponding to each cat-
egory, and subtracting in quadrature the resulting uncertainty from the
total uncertainty of the nominal fit presented in the last row. The total
uncertainty is different from the sum in quadrature of the components
due to correlations among nuisance parameters

Uncertainty source 	σ [fb] 	σ/σ [%]

Signal modelling

t t̄ t t̄ generator choice + 3.7 − 2.7 +17 − 12

t t̄ t t̄ parton shower model + 1.6 − 1.0 +7 − 4

Other t t̄ t t̄ modelling + 0.8 − 0.5 +4 − 2

Background modelling

t t̄ H + jets modelling + 0.9 − 0.7 +4 − 3

t t̄W + jets modelling + 0.8 − 0.8 +4 − 3

t t̄ Z + jets modelling + 0.5 − 0.4 +2 − 2

Other background modelling + 0.5 − 0.4 +2 − 2

Non-prompt leptons modelling + 0.4 − 0.3 +2 − 2

t t̄ t modelling + 0.3 − 0.2 +1 − 1

Charge misassignment + 0.1 − 0.1 +0 − 0

Instrumental

Jet flavour tagging (b-jets) + 1.1 − 0.8 +5 − 4

Jet uncertainties + 1.1 − 0.7 +5 − 3

Jet flavour tagging (light-flavour
jets)

+ 0.9 − 0.6 +4 − 3

Jet flavour tagging (c-jets) + 0.5 − 0.4 +2 − 2

Simulation sample size + 0.4 − 0.3 +2 − 1

Other experimental uncertainties + 0.4 − 0.3 +2 − 1

Luminosity + 0.2 − 0.2 +1 − 1

Total systematic uncertainty + 4.6 − 3.4 +20 − 16

Statistical

Intrinsic statistical uncertainty + 4.2 − 3.9 +19 − 17

t t̄W + jets normalisation and scal-
ing factors

+ 1.2 − 1.1 +6 − 5

Non-prompt leptons normalisa-
tion (HF, Mat. Conv., Low mγ ∗ )

+ 0.4 − 0.3 +2 − 1

Total statistical uncertainty + 4.7 − 4.3 +21 − 19

Total uncertainty + 6.6 − 5.5 +29 − 25

cesses [109–111]. These processes give rise to an experimen-
tal signature and kinematic properties of the event similar to
that of the t t̄ t t̄ signal, resulting in a similar GNN shape for
t t̄ t t̄ and t t̄ t production. Varying the normalisation of the t t̄ t t̄

and t t̄ t processes in the likelihood fit simultaneously results
in an anti-correlation between the two processes of −93%.
Figure 7 shows the two-dimensional negative log-likelihood
contour for the likelihood fit where the t t̄ t and t t̄ t t̄ cross
sections are treated as free parameters. Although the best-fit
value in this case is consistent with a t t̄ t t̄ cross section of
zero, it is also consistent with the SM prediction at the level
of 2.1 standard deviations.
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Fig. 7 Two-dimensional negative log-likelihood contour for the t t̄ t

cross section (σt t̄ t ) versus the t t̄ t t̄ cross section (σt t̄ t t̄ ) when the nor-
malisation of both processes are treated as free parameters in the fit.
The blue cross shows the SM expectation of σt t̄ t t̄ = 12 fb from Ref.
[16] and σt t̄ t = 1.67 fb (see Sect. 3), both computed at NLO, while the
black cross shows the best-fit value. The observed (expected) exclusion
contours at 68% (black) and 95% CL (red) are shown in solid (dashed)
lines. The gradient-shaded area represents the observed likelihood value
as a function of σt t̄ t and σt t̄ t t̄

Table 7 Observed 95% CL intervals for the t t̄ t , t t̄ tq and t t̄ tW cross
sections assuming a t t̄ t t̄ signal strength of 1 and 1.9. To derive the t t̄ tW

(t t̄ tq) cross section interval, the t t̄ tq (t t̄ tW ) cross section is fixed to its
SM prediction

Processes 95% CL cross section interval [fb]

μt t̄ t t̄ = 1 μt t̄ t t̄ = 1.9

t t̄ t [4.7, 60] [0, 41]

t t̄ tW [3.1, 43] [0, 30]

t t̄ tq [0, 144] [0, 100]

The two components of the t t̄ t process (t t̄ tW and t t̄ tq)
have different sensitivity to possible BSM effects. In partic-
ular, a number of higher-dimensional operators generating
flavour changing neutral currents involving the top quark
[112,113] lead to the production of t t̄ t events without an
associated W boson in the final state. Thus it is interesting
to derive 95% CL intervals on the cross sections of the t t̄ tW

and t t̄ tq processes separately. Under the assumption of a t t̄ t t̄

signal strength of 1 and of 1.9, the 95% CL intervals on t t̄ t ,
t t̄ tW and t t̄ tq are shown in Table 7. The 95% CL intervals
for the t t̄ tq process are wider than those for the t t̄ tW process
because the t t̄ tq process is characterised by lower lepton and
jet multiplicities in the final state, which results in a lower
selection efficiency.
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9 Interpretations

Limits and 95% CL intervals are also obtained on the top-
quark Yukawa coupling, on EFT operators that parametrize
BSM t t̄ t t̄ production, and on a Higgs oblique parameter.

9.1 Limits on the top-quark Yukawa coupling

The top-quark Yukawa coupling enters the electroweak t t̄ t t̄

Feynman diagram where a pair of top quarks is mediated by a
Higgs boson (see Fig. 1). This makes t t̄ t t̄ production sensitive
to the top-quark Yukawa coupling, including the coupling
strength and its C P properties. An additional dependence on
the Yukawa coupling comes through the t t̄ H background.
The t t̄ t t̄ cross section can be parameterised as a function of
two parameters: the top Yukawa coupling strength modifier
κt , and the C P-mixing angle α [10,114]. The SM corre-
sponds to a pure C P-even coupling with α = 0 and κt =
1, while a C P-odd coupling is realised when α = 90◦. In
case of a pure C P-even coupling, κt can be expressed as a
ratio of the top-quark Yukawa coupling yt to the SM pre-
diction ySM

t . The t t̄ H cross section also depends on these
parameters, but unlike t t̄ t t̄ production, the t t̄ H kinematic
distributions change only when the C P-odd term κt sin(α)

is non-zero. The t t̄ t t̄ and t t̄ H yields in each bin of the GNN
distribution are parameterised as a function of κt and α. The
observed (expected) 95% CL limits are shown in Fig. 8 in the
two-dimensional parameter space (|κt cos(α)|, |κt sin(α)|).
Fixing the top-quark Yukawa coupling to be C P-even only
(i.e. α = 0), the following observed (expected) limits are
extracted: |κt | < 1.8 (1.6). This limit is less stringent than
that reported in Ref. [115] using a similar technique, due to a
slightly higher measured SM t t̄ t t̄ cross section than the pre-
diction. As a check to probe the effect from the t t̄ H process,
an alternative fit is performed. As opposed to the fit used
to obtain the nominal result, the t t̄ H background yields are
not parametrised, whilst the normalisation of the t t̄ H back-
ground is treated as a free parameter of the fit. This leads to
an observed (expected) limit of |κt | < 2.2 (1.8).

9.2 Limits on EFT operators and the Higgs oblique
parameter

Within the EFT framework, the t t̄ t t̄ process is sensitive to
four heavy-flavour fermion operators O1

t t , O1
Q Q , O1

Qt and

O8
Qt , which can probe the BSM models that enhance inter-

actions between the third-generation quarks [12]. The t t̄ t t̄

production cross section can be approximated by:

σt t̄ t t̄ = σ SM
tt̄ t t̄

+ 1

�2

∑

i

Ciσ
(1)
i + 1

�4

∑

i≤ j

Ci C jσ
(2)
i, j , (2)
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Fig. 8 Two-dimensional negative log-likelihood contours for
|κt cos(α)| versus |κt sin(α)| at 68% and 95%, where κt is the
top-Higgs Yukawa coupling strength parameter and α is the mixing
angle between the C P-even and C P-odd components. The gradient-
shaded area represents the observed likelihood value as a function of
κt and α. Both the t t̄ t t̄ signal and t t̄ H background yields in each fitted
bin are parameterised as a function of κt and α. The blue cross shows
the SM expectation, while the black cross shows the best fit value

Table 8 Expected and observed 95% CL intervals on EFT coupling
parameters assuming one EFT parameter variation in the fit

Operators Expected Ci /�
2 [TeV−2] Observed Ci /�

2 [TeV−2]

O
1
Q Q [− 2.4, 3.0] [− 3.5, 4.1]

O
1
Qt [− 2.5, 2.0] [− 3.5, 3.0]

O
1
t t [− 1.1, 1.3] [− 1.7, 1.9]

O
8
Qt [− 4.2, 4.8] [− 6.2, 6.9]

where Ci denotes the coupling parameters of the four heavy-
flavour fermion operators, Ciσ

(1)
i is the linear term that

represents the interference of dimension-6 operators with
SM operators, and Ci Ciσ

(2)
i, j is the quadratic term that also

includes the interference between different EFT operators.
The 95% CL intervals on the EFT parameters are extracted
by parameterising the t t̄ t t̄ yield in each bin of the GNN score
distribution as a quadratic function of the coefficient of the
corresponding EFT operator (Ci/�

2) and performing the fit
to data. The fit is carried out assuming that only one operator
contributes to the t t̄ t t̄ cross section, while the coefficients of
the other three operators are fixed to the SM value of zero.
The expected and observed 95% CL intervals on the coeffi-
cients are summarised in Table 8. To probe the importance
of the different terms in Eq. 2, the limits are also extracted
assuming only the linear terms as a test. The resulting upper
limits on the absolute values of the coefficients (|Ci/�

2|) of
O1

Q Q , O1
Qt , O1

t t and O8
Qt are 5.3, 3.3, 2.4 and 8.8 TeV−2,

respectively, at 95% CL. Comparable limits on these EFT
parameters can be found in Ref. [116].
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An oblique parameter is a self-energy correction term
applied to electroweak propagators in the SM. The BSM
additions to such a correction can be expressed as an EFT
expansion, with the self-energy correction to the Higgs boson
parameterised by the parameter Ĥ , where Ĥ = 0 corre-
sponds to the SM prediction [15]. The Ĥ parameter affects
the off-shell Higgs interaction, and thus the t t̄ t t̄ cross section,
as well as processes involving a Higgs boson, in particular
t t̄ H production, which is a significant background to the t t̄ t t̄

measurement. To account for this effect, the t t̄ H contribu-
tion is parameterised as a function of Ĥ [15]: μt t̄ H = 1− Ĥ ,
where μt t̄ H is the t t̄ H normalisation factor with respect to
the SM cross section. A limit on Ĥ is extracted from the like-
lihood scans shown on Fig. 9. The observed (expected) upper
limit on the Ĥ value is 0.20 (0.12) at 95% CL. The observed
limit coincides with the largest value of this parameter that
preserves unitarity in the perturbative theory. Previously, lim-
its on the Ĥ parameter were reported in Refs. [15,115,117].

10 Conclusion

This paper presents a measurement of t t̄ t t̄ production using
140 fb−1 of data at

√
s = 13 TeV with the ATLAS detector at

the LHC. Events are selected with exactly two same-charge
isolated leptons or at least three isolated leptons. The nor-
malisation of the t t̄W background in jet multiplicity bins is
determined using a data-driven approach. A Graph Neural
Network is used to separate the t t̄ t t̄ signal from the back-
ground. Four-top production is observed with a significance
of 6.1 standard deviations with respect to the background-
only hypothesis. The expected significance is 4.3 or 4.7 stan-
dard deviations depending on the assumed SM cross section.
The measured t t̄ t t̄ production cross section is 22.5+6.6

−5.5 fb. It

is consistent with the SM predictions within 1.8 or 1.7 stan-
dard deviations and with the previous ATLAS measurement.
In addition, 95% confidence level intervals on the cross sec-
tion for inclusive t t̄ t production and its subprocesses t t̄ tq and
t t̄ tW are provided, for the scenarios assuming the SM t t̄ t t̄

production cross section and the measured t t̄ t t̄ cross section.
The results are used to set limits on several new physics

scenarios. Constraints on the C P properties of the top-quark
Yukawa coupling are obtained in the form of limits in the
two-dimensional parameter space (|κt cos(α)|, |κt sin(α)|).
Assuming a pure C P-even coupling (α = 0), the observed
upper limit on |κt | = |yt/ySM

t | at 95% CL is 1.8. Con-
straints at 95% CL are obtained on the four dimension-6
heavy-flavour fermion operators. Assuming one operator tak-
ing effect at a time, the observed constraints on the coeffi-
cients (Ci/�

2) of O1
Q Q , O1

Qt , O1
t t and O8

Qt are [−3.5, 4.1],
[−3.5, 3.0], [−1.7, 1.9] and [−6.2, 6.9] TeV−2, respectively.
An observed upper limit at 95% CL of 0.20 is obtained for
the Higgs oblique parameter that coincides with the largest
value that preserves unitarity for the perturbative theory.
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