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A measurement of 𝑡𝑡 production is presented in the invariant-mass region near the pair
production threshold, 𝑚𝑡𝑡 ∼ 345 GeV, in final states with two charged leptons and multiple jets.
The measurement is based on 140 fb−1 of proton-proton collision data collected at

√
𝑠 = 13 TeV

with the ATLAS detector at the Large Hadron Collider. The data are compared to two models
of 𝑡𝑡 production: a baseline model including only perturbative QCD predictions for the hard
process at approximate next-to-next-to leading order accuracy in the strong coupling, and
an extended model that, in addition, incorporates non-relativistic QCD simulations that also
include the formation of colour-singlet quasi-bound-states near the 𝑡𝑡 threshold. The agreement
between the data and the models is quantified via a profile-likelihood fit to the reconstructed
𝑚𝑡𝑡 distributions, in bins of two angular observables sensitive to spin-correlations in the 𝑡𝑡

system. An excess of events is observed over the baseline perturbative QCD prediction, with an
observed significance over 8 standard deviations. This excess is consistent with the formation
of colour-singlet and spin-singlet 𝑆-wave quasi-bound 𝑡𝑡 states, as predicted by non-relativistic
QCD, and corresponds to an observed cross-section of 9.3+1.4
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1 Introduction

The unprecedented centre-of-mass energies and luminosities of proton–proton collisions delivered by
the Large Hadron Collider (LHC) [1] at CERN enable the study of the top quark, the heaviest known
elementary particle, across a broad kinematic range. The high top-quark production rate at the LHC,
dominated by top–antitop production (𝑡𝑡), and the excellent event reconstruction capabilities of the ATLAS
detector allow for precision analyses across a variety of final states and different kinematic regimes. This
includes precision measurements and direct searches for new phenomena in distinct parts of the phase
space, including previously inaccessible ones characterised by high Lorentz boosts of the top quarks.

In recent years, growing attention has turned to the opposite end of the kinematic spectrum where top
quarks are produced with low velocities in the 𝑡𝑡 centre-of-mass frame. In the case of top-quark pair (𝑡𝑡)
production, the dominant production mode for top quarks at the LHC, this regime corresponds to events in
which the invariant mass of the system, 𝑚𝑡𝑡 , is close to the production threshold, 𝑚𝑡𝑡 ≈ 2𝑚𝑡 ≃ 345 GeV.
In this kinematic regime, a large fraction of the 𝑡𝑡 events are produced in a colour-singlet state and are
maximally entangled [2, 3]. By focusing exclusively on events with 𝑚𝑡𝑡 near the production threshold, the
first observation of quantum entanglement at the LHC became possible [4, 5]. Moreover, the 𝑡𝑡 production
cross-section in the threshold region is sensitive to the top-quark mass [6] and the top Yukawa coupling to
the Higgs field, which can be constrained indirectly via measurements targeting this regime [7, 8].

An intriguing property of this non-relativistic 𝑡𝑡 system emerges when it is produced in a colour singlet
state. In this case, the top quarks experience an attractive potential. This phenomenon is well known for
charm or bottom quarks, which form narrow quark–antiquark bound states, referred to as "charmonia"
and "bottomia", respectively. These states appear as distinct narrow, resonant enhancements in the
quark–antiquark production cross-section and typically decay via annihilation of the quark and antiquark.
By contrast, the large mass of the top quark and its correspondingly short lifetime strongly suppress the
formation of 𝑡𝑡 bound states because typically either the top or antitop quark decays via the weak interaction
before a full bound state can be formed or quark–antiquark annihilation can occur [9]. Therefore, these 𝑡𝑡
quasi-bound-states, sometimes referred to as "toponia", do not appear in the 𝑚𝑡𝑡 spectrum as individual
sharp resonance peaks but as a local enhancement, broader than the hadronic resonances formed by
the lighter quarks but with a width well below the current experimental resolution. First hypothesised
in the late 1980s [10–12], well before the 1995 discovery of the top quark [13, 14], measurements
of 𝑡𝑡 quasi-bound-states would provide a stringent probe of quantum chromodynamics (QCD) in the
non-relativistic regime (NRQCD) [15, 16].

A key challenge of measurements and searches targeting the 𝑡𝑡 production threshold lies in the accurate
modelling of NRQCD effects, as well as missing higher-order contributions in pQCD, and off-shell effects
in the top-quark decay. Calculations of the 𝑡𝑡 invariant mass spectrum that incorporate NRQCD effects
were developed in the past [17, 18], and now also include the resummation of soft and collinear gluon
emissions near the threshold [2, 19]. They predict an enhancement of 𝑡𝑡 production below the 𝑡𝑡 threshold
compared with next-to-leading-order (NLO) and next-to-next-to-leading-order (NNLO) pQCD predictions
due to the formation of quasi-bound-states. The resummation of additional terms that scale in powers of
𝛼s/𝑣 [20, 21] (where 𝑣 is the velocity of the top quarks) can also yield an enhancement of 𝑡𝑡 production
below the 𝑡𝑡 threshold compared with current (N)NLO pQCD predictions. Additionally, off-shell effects
and interference between 𝑡𝑡 and the production of a single top quark with a 𝑊 boson (𝑡𝑊) at NLO in pQCD
are known to be sizeable close to threshold [20], especially with regard to 𝑡𝑡 spin correlations. Predictions
for a consistent NLO description of 𝑡𝑡 and 𝑡𝑊 production and decay, including quantum interference effects,
were derived for both dileptonic [22] and semileptonic [23] final states.
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Tensions between data and current Monte Carlo (MC) models for 𝑡𝑡 production were observed in several
precision measurements and searches near the kinematic threshold by both the ATLAS [4, 24–27] and
CMS [5, 28–30] Collaborations. The MC models used in these measurements rely on matrix elements (ME)
at NLO accuracy in pQCD matched to a parton shower (PS) model. In some cases, the NLO predictions
were additionally reweighted to more accurate predictions at NNLO in pQCD and NLO accuracy in
the electroweak coupling. The CMS Collaboration has shown for two of these results [5, 30] that the
observed tension between the data and these models close to the production threshold can be alleviated by
supplementing pQCD predictions with a simplified model [31–33] in which 𝑡𝑡 quasi-bound-state effects
are modelled as a narrow pseudo-scalar resonance, 𝜂𝑡 , with mass close to 2 · 𝑚𝑡 and no interference with
pQCD 𝑡𝑡 production. Most recently, CMS reported an excess with a significance greater than five standard
deviations near the 𝑡𝑡 threshold compared with the pQCD predictions, consistent with the production of a
quasi-bound-state 𝜂𝑡 [34].

In parallel, significant progress was made in providing a more complete MC model of contributions from
NRQCD at the 𝑡𝑡 threshold, particularly concerning the inclusion of quasi-bound-states [31, 35, 36]. In this
approach, NRQCD effects in colour-singlet 𝑡𝑡 production, including the formation of quasi-bound-states, are
described using a reweighting of the 𝑡𝑡 production MEs for colour-singlet states through the non-relativistic
QCD Green’s function, which includes the resummation of terms proportional to (𝛼s/𝑣)𝑘 . The kinematics
of the associated predictions for 𝑡𝑡 quasi-bound-states using Green’s Function Reweighted 𝑡𝑡, referred to as
𝑡𝑡GFRW in the following, were shown to differ from those of the simplified pseudo-scalar model 𝜂𝑡 [37].
Adding these predictions to the standard pQCD 𝑡𝑡 MC provides a more complete prediction of the 𝑡𝑡

threshold dynamics.

In this paper, a measurement of 𝑡𝑡 production near the kinematic threshold is presented, with a particular
focus on NRQCD effects, including the formation of 𝑡𝑡 quasi-bound-states. The analysis targets dileptonic 𝑡𝑡
decays in events with two oppositely charged electrons or muons (𝑒𝑒, 𝑒𝜇, 𝜇𝜇). It is based on proton–proton
(𝑝𝑝) collision data recorded with the ATLAS detector at a centre-of-mass energy of

√
𝑠 = 13 TeV during

LHC Run 2 (2015–2018), corresponding to an integrated luminosity of 140 fb−1. The measurement relies
on 𝑚𝑡𝑡 and two angular observables, 𝑐hel and 𝑐han (Section 5), evaluated in the 𝑡𝑡 centre-of-mass frame,
which are sensitive to 𝑡𝑡 spin correlations. These observables were found to be powerful in selecting
events with a spin-singlet contribution, which is the dominant contribution of the quasi-bound-state. The
inclusion of the 𝑐hel and 𝑐han observables, together with the full 𝑡𝑡 reconstruction, significantly enhances the
sensitivity of this measurement to spin-singlet states compared with the search in Ref. [26] on the same data
sample, which included dileptonic 𝑡𝑡 decays without reconstructing the full 𝑡𝑡 system and used a different
set of spin-sensitive angular variables in both the dilepton and single-lepton channels. A profile-likelihood
fit is used to compare the level of agreement with data of two models of 𝑡𝑡 production: a baseline model
including only PS-matched pQCD predictions reweighted to NNLO accuracy in 𝛼s and NLO accuracy in
the electroweak (EW) coupling (NNLO-QCD+NLO-EW); and an extended model that includes, in addition
to the pQCD predictions, state-of-the-art MC simulations of NRQCD effects, including the formation
of colour-singlet quasi-bound-states near the 𝑡𝑡 production threshold [31, 35]. The normalisation of the
quasi-bound-state component in the extended model is a free-floating parameter in the fit. Its fitted value is
used to extract the total observed cross-section for the quasi-bound-state contribution.
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2 ATLAS detector

The ATLAS experiment [38] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |𝜂 | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity within the region |𝜂 | < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|𝜂 | < 1.7). The endcap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements up to |𝜂 | = 4.9. The muon spectrometer surrounds
the calorimeters and is based on three large superconducting air-core toroidal magnets with eight coils
each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The
muon spectrometer includes a system of precision tracking chambers up to |𝜂 | = 2.7 and fast detectors for
triggering up to |𝜂 | = 2.4. The luminosity is measured mainly by the LUCID–2 [39] detector which is
located close to the beampipe. A two-level trigger system was used to select events [40]. The first-level
trigger is implemented in hardware and used a subset of the detector information to accept events at a rate
close to 100 kHz. This is followed by a software-based trigger that reduced the accepted rate of complete
events to 1.25 kHz on average depending on the data-taking conditions. A software suite [41] 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 event samples

The data used in this measurement were collected with the ATLAS detector in 𝑝𝑝 collisions at
√
𝑠 = 13 TeV

during the years 2015 to 2018, corresponding to an integrated luminosity of 140 fb−1 [42]. Candidate events
were selected online using trigger algorithms requiring at least one muon [43] or one electron [44], with
transverse momentum (𝑝T) thresholds that were progressively raised during the data-taking period. The
lowest un-prescaled electron trigger reached the efficiency plateau region for electrons with reconstructed
𝑝T > 25 GeV in 2015 and 𝑝T > 27 GeV in 2016–18. The corresponding thresholds for the muon trigger
were 21 GeV for 2015 and 27 GeV thereafter. These lowest un-prescaled lepton triggers included a lepton
isolation requirement. Only events recorded with all components of the ATLAS detector fully functional
were selected.

Simulated event samples are used to model the different processes expected to contribute in the regions
defined in the analysis. For all MC samples, the ATLAS simulation infrastructure [45] was used. All
nominal samples and several alternative samples used to assess systematic uncertainties, were produced
with a detailed Geant4 [46] detector simulation, while a faster simulation was used for the remaining
alternative background samples. Pile-up effects are modelled by overlaying minimum-bias events simulated
using the soft QCD processes of Pythia 8.1 [47] with the NNPDF2.3lo set of parton distribution functions

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

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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(PDFs) [48] and the A3 [49] tune. The events are reweighted to match the pile-up conditions of each
dataset corresponding to the years 2015–2018. The same offline reconstruction methods used for data are
applied to the simulated event samples. Corrections are applied to match the selection efficiencies, energy
and mass scales and resolutions of reconstructed simulated particles to those measured in data.

The ME generators are interfaced with different models for the simulation of the PS, hadronisation and
the underlying event. Apart from events simulated with Sherpa [50], all MC samples use the EvtGen
programme [51] for the simulation of bottom and charm hadron decays. Except for the pile-up effects
discussed above, all events interfaced with Pythia 8 [52, 53] for the parton shower and hadronisation, the
A14 tune [54] and the NNPDF2.3lo set of PDFs are employed in the parton shower. If not mentioned
otherwise, the top-quark mass is set to 172.5 GeV.

3.1 Modelling of 𝒕 𝒕 production in pQCD

3.1.1 Models based on Powheg v2 hvq + Pythia 8 (hvq)

The production of 𝑡𝑡 events is modelled using the Powheg Box v2 [55–59] generator with the hvq model
(Powheg v2 hvq), which provides ME predictions for the production process 𝑝𝑝 → 𝑡𝑡 at NLO accuracy
in pQCD. For brevity, these samples are referred to in the text as hvq. The NNPDF3.0nlo [60] PDF set
is used and the ℎdamp parameter, which effectively regulates the high 𝑝T radiation against which the 𝑡𝑡

system recoils, is set to 1.5𝑚𝑡 [61]. The value of the strong coupling constant 𝛼s is taken at the reference
value measured at the 𝑍-boson mass scale, 𝛼s(𝑚𝑍 ) = 0.118, and is consistently evolved to the relevant
scales. The renormalisation (𝜇𝑅) and factorisation (𝜇𝐹) scales are dynamic, using the functional form:√︃
𝑚2

𝑡 + 𝑝2
T(𝑡). The mass and transverse momentum of the top quark are taken before radiation. The ME

predictions from Powheg v2 hvq are interfaced with Pythia 8.2. The value of the strong coupling constant
in the final state shower of Pythia (𝛼FSR

𝑠 ) is set to 0.127. ME corrections that approximate NLO QCD are
enabled in Pythia for all emissions, compensating for the leading-order (LO) accuracy used in Powheg v2
hvq to simulate the top-quark decay. The 𝑝T,hard parameter, which affects the matching of the PS to the
ME calculation, is set to 0. The recoil for secondary and subsequent gluon emissions from the 𝑏-quark
in the 𝑡 → 𝑊𝑏 vertex is assigned to the 𝑏-quark.2 The early-resonance-decay parameter, which controls
whether resonance decays can occur before or after colour reconnection (CR) happens in the simulation, is
set such that resonance decays can only occur after CR.

Alternative pQCD Powheg v2 hvq 𝑡𝑡 samples obtained with different generator choices and settings are
used to estimate systematic uncertainties related to the modelling of this dominant contribution. The details
can be found in Section 8.2.1.

The 𝑡𝑡 samples are normalised to the cross-section prediction at NNLO in QCD including the resummation
of next-to-next-to-leading-logarithmic (NNLL) soft-gluon terms calculated using Top++ 2.0 [62–68].
For 𝑝𝑝 collisions at a centre-of-mass energy of

√
𝑠 = 13 TeV, this cross-section is calculated to be

𝜎(𝑡𝑡)NNLO+NNLL = 834+37
−43 pb. In this calculation, the PDF4LHC21 PDF set [69] is used. The uncertainty

is obtained by summing in quadrature the uncertainties related to the PDF set, the uncertainties in the
values of 𝜇𝑅, 𝜇𝐹 , and 𝛼s, and the top-quark mass uncertainty of ±1 GeV. The 𝑡𝑡 normalisation is a
free-floating parameter in the fit, hence the central cross-section value and its uncertainty only affect the
pre-fit predictions, not the final fitted rate.

2 This corresponds to the setting recoilToColor=on in the TimeShower class in Pythia.
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Additionally, kinematic variables of the top-quark in the nominal hvq and all alternative pQCD 𝑡𝑡 samples
are corrected to more accurate differential predictions calculated at NNLO-QCD+NLO-EW accuracy.
The Matrix programme [70] is used to obtain the predictions at NNLO in 𝛼s, while Hathor [71–74] is
used to obtain the EW predictions at NLO. In both programmes, 𝜇𝑅 and 𝜇𝐹 are set to the dynamic scale
values of 1

2
∑

𝑖∈{𝑡 ,𝑡 }

√︃
𝑚2

𝑡 + 𝑝2
T,i. The predictions allow for a two-dimensional reweighting in (𝑚𝑡𝑡 , cos 𝜃∗),

where 𝜃∗ denotes the angle between the momentum of the top quark in the 𝑡𝑡 centre-of-mass frame and
the momentum of the reconstructed 𝑡𝑡 system in the laboratory frame. They are provided in the ranges
340 ≤ 𝑚𝑡𝑡 ≤ 3500 GeV in bins of 10 GeV and −1 ≤ cos 𝜃∗ ≤ +1 in bins of 0.1. Since both the NNLO-QCD
and NLO-EW predictions assume that both top quarks are on-shell, no reweighting can be applied for
events with 𝑚𝑡𝑡 < 340 GeV.

3.1.2 Models based on Powheg v2 bb4l + Pythia 8 (bb4ℓ)

Another pQCD 𝑡𝑡 sample was generated using the bb4ℓ model implemented in Powheg Box Res [22, 23,
75] (Powheg v2 bb4l). These samples are referred to in the text as bb4ℓ. This model includes off-shell
and non-resonant contributions as well as exact spin correlations at NLO accuracy and simulates the
inclusive production of 𝑏𝑏̄ℓ+ℓ−𝜈𝜈̄ final states. In this way interference effects between 𝑡𝑡 and 𝑡𝑊 are taken
into account. It also uses the new inverse-width correction described in Ref. [23] to correct for spurious
width effects. The same settings as those used in the nominal 𝑡𝑡 sample are adopted for the renormalisation
and factorisation scales, top-quark mass, PDF set, and value of 𝛼s. The 𝑏𝑏4ℓ predictions are interfaced
with Pythia 8.3 using the A14 tune and the same PDF set as in the nominal sample. The 𝑏𝑏4ℓ sample
uses a recoil scheme in which the top-quark participates in the recoil to QCD radiation from 𝑏-quarks3

and the 𝑝maxMatch
T and the 𝑝def

T parameters4 are both set to 2. This sample is used to evaluate a systematic
uncertainty related to the modelling of top-quark decays and off-shell effects (Section 8). Additionally, it is
used to provide an alternative baseline 𝑡𝑡 pQCD prediction, replacing the nominal hvq setup, which is
compared with the data in Appendix A. The detailed settings used to generate the sample are specified in
Ref. [76].

The bb4ℓ sample is normalised to the sum of the calculated higher-order cross-sections for 𝑡𝑡 (Section 3.1.1)
and 𝑡𝑊 (Section 3.3) production. An alternative cross-section calculation for bb4l-dl at approximate
NNLO-QCD accuracy using the double-pole approximation has recently become available [77]. The
cross-section value obtained from this calculation is around 4.5% below the sum of the calculated higher-
order cross-sections for 𝑡𝑡 and 𝑡𝑊 and compatible with it within one standard deviation of the relevant
uncertainties. Kinematic distributions are not reweighted to higher-order calculations, since isolating 𝑡𝑡

events within the bb4ℓ sample, which also includes 𝑡𝑊 contributions and their interference, would affect
the overall modelling accuracy.

3.2 Modelling of 𝒕 𝒕 quasi-bound-state effects

At the LHC, the dominant NRQCD contribution to the 𝑡𝑡 cross-section near the production threshold arises
from the production of colour-singlet 𝑡𝑡 pairs via gluon–gluon fusion (𝑔𝑔 → 𝑡𝑡), which experience an
attractive QCD potential, leading to the formation of quasi-bound-states. Although top–antitop quark pairs
produced in a colour-octet configuration experience a repulsive QCD potential, gluon exchange between

3 This corresponds to the setting recoilStrategyRF=3 in the TimeShower class in Pythia 8.3.
4 Setting 𝑝maxMatch

T to 2 allows emissions up to the kinematic limit, the setting for 𝑝def
T enables the use of the Pythia 𝑝T definition.
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the pair still leads to an effect on the cross-section, though it is subleading compared with the enhancement
arising from colour-singlet states.

In the present analysis, NRQCD effects close to the production threshold are modelled following the
approach described in Ref. [35]. In this framework, the formation of colour-singlet states is described using
the Green’s function of non-relativistic QCD in the Coulomb gauge, which determines the momentum
distribution of top quarks under the influence of the QCD potential. The Green’s function is computed
numerically by solving the Lippmann-Schwinger equation with input from the Fourier transform of the
QCD potential [31, 78–80]. The result is used to reweight the MEs obtained at LO accuracy in pQCD
for the production of a (potentially off-shell) colour-singlet 𝑡𝑡 pair in an 𝑆-wave configuration near the 𝑡𝑡
threshold, to simulate a sample of quasi-bound-state 𝑡𝑡 events. The model includes the full spectrum of
1𝑆0 mass states around the 𝑡𝑡 production threshold. It accounts only for gluon-initiated processes, which
can produce 1𝑆0 states, while subdominant quark–antiquark–initiated contributions to 3𝑆1 states are not
included.

The full production and decay into a six-body final state is simulated using MadGraph 3.4.2 [81] with
the NNPDF3.0nlo PDF set and interfaced with Pythia 8.3. For consistency with the calculations in
Ref. [35], which are used as input to the simulation of this sample, the top-quark mass and width are set to
173 GeV and 1.49 GeV, respectively. The value of the strong coupling constant in these calculations is
set to 𝛼s(𝑚𝑍 ) = 0.12. As recommended in Ref. [35], the Green’s function reweighting is applied only
to events with 𝑚𝑡𝑡 < 350 GeV and a top-quark momentum magnitude 𝑝∗ in the 𝑡𝑡 rest frame of less than
50 GeV, evaluated at the parton level. Such kinematic requirements are not applied to any other MC sample
used in this measurement. The overlap between the 𝑡𝑡GFRW sample and the pQCD 𝑡𝑡 samples described in
Sections 3.1.1 and 3.1.2 is assumed to be minimal, hence the double-counting corrections suggested in
Ref. [35] are not applied.

The model described above provides a more complete description of 𝑡𝑡 quasi-bound-state formation than
the simplified models introduced in Refs. [31, 32] that are used in Refs. [5, 29, 34] and compared in
Ref. [37]. In these simplified models, 𝑡𝑡 quasi-bound-states are represented either as a pseudo-scalar
spin-singlet resonance or as a combination of scalar and pseudo-scalar resonances. These simplified
models are motivated by the observation that the dominant 𝑆-wave contribution to 𝑔𝑔 → 𝑡𝑡 production near
the threshold arises mostly from the lightest pseudo-scalar 1𝑆

[1]
0 configuration [2, 18]. The contributions

from states with higher total angular momentum 𝐽 and colour-octet states are expected to be sub-dominant
and are neglected. In contrast, the nominal 𝑡𝑡 quasi-bound-state model, 𝑡𝑡GFRW, used in this analysis
includes the full set of 𝑆-wave colour-singlet contributions from gluon-initiated processes, incorporating
both bound-state and scattering-state effects.

The sample is normalised to a cross-section of 6.43 pb5 (including all decay channels), obtained from
analytical calculations [31]. No uncertainty estimate is currently available for this value. This calculated
cross-section is larger than the cross-section of 5.60 pb obtained directly from the MC simulation of this
model that does not include contributions from 𝑃-wave and colour-octet states. A branching ratio of
10.82% per lepton flavour is assumed in the normalisation to the calculated inclusive cross-section.

To facilitate a direct comparison with the CMS analysis of Ref. [34], an alternative 𝑡𝑡 quasi-bound-state
sample was simulated using the simplified model of Ref. [31, 32] with a pseudo-scalar resonance 𝜂𝑡 . The
sample was produced in MadGraph 3.5.5 with the NNPDF3.0nlo PDF set. The 𝜂𝑡 mass was set to
343 GeV, in line with the expectation that the mass of the 𝑡𝑡 quasi-bound ground state is twice that of the
top quark minus a binding energy of about 2 GeV [18, 31]. Its total width was set to 2.8 GeV, i.e. roughly
5 The value of the cross-section depends significantly on the chosen 𝑚𝑡𝑡 integration range.
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twice that predicted for the top quark [11]. No kinematic requirements on 𝑚𝑡𝑡 or 𝑝∗ were applied. The full
production and decay into the four-body 𝑊𝑏𝑊𝑏 final state was simulated. The PS and hadronisation were
modelled with Pythia 8.3. As in the nominal 𝑡𝑡GFRW model, the sample cross-section is set to 6.43 pb.

Recently, another MC model of quasi-bound-state formation near the production threshold has become
available in Pythia 8.316 [82]. It provides NRQCD corrections close to threshold for both colour-singlet
and -octet states, derived with the formalism developed in Ref. [11]. It does not, however, account for spin
correlations between the top quark and antiquark, and it is not used in this paper.

3.3 Modelling of other Standard Model processes

Single-top 𝑡𝑊 associated production is modelled at NLO in pQCD using the Powheg Box v2 generator in
the five-flavour scheme with the NNPDF3.0nlo PDF. The renormalisation and factorisation scales are
dynamically set to 𝐻T/2, where 𝐻T is defined as the scalar sum of the 𝑝T and invariant masses of the top
quark and 𝑊 boson [83]. The diagram-removal scheme [84] is employed to handle the interference with 𝑡𝑡

production [61]. The events are interfaced with Pythia 8.2 for the PS and hadronisation. The inclusive
cross-section is corrected to the theory prediction of 𝜎(𝑡𝑊) = 79.3+2.9

−2.8 pb, computed at NLO in QCD with
the addition of third-order corrections of soft-gluon emissions by resummation of NNLL terms [85]. The
top-quark mass is set to 172.5 GeV and the PDF4LHC21 PDF set is used. The quoted uncertainty includes
variations in the scales 𝜇𝑅, 𝜇𝐹 , and the PDFs.

Single-top 𝑡-channel production is modelled using Powheg Box v2 to provide ME predictions at NLO in
pQCD using the four-flavour scheme with the corresponding NNPDF3.0nlo PDF set. The functional form
of 𝜇𝑅 and 𝜇𝐹 is set to 4

√︃
𝑚2

𝑏
+ 𝑝2

T,𝑏 following the recommendation of Ref. [86]. Top quarks are decayed
at LO using MadSpin [87, 88]. The events are interfaced with Pythia 8.2 for the PS and hadronisation.
The cross-section is applied according to the calculation in Ref. [89].

Single-top 𝑠-channel production are modelled using Powheg Box v2 to provide MEs at NLO in pQCD in
the five-flavour scheme with the NNPDF3.0nlo PDF set, while 𝜇𝑅 and 𝜇𝐹 are set to 𝑚𝑡 . The events are
interfaced with Pythia 8.2. The inclusive cross-section is corrected to the theory predictions calculated to
approximate NNLO in QCD [90].

The production of a 𝑍 or 𝑊 boson in association with jets (𝑉+jets) are simulated with the Sherpa 2.2.11 or
Sherpa 2.2.14 [50] generator using NLO MEs for up to two partons, and LO MEs for up to five partons
calculated in the five-flavour scheme with the Comix [91] and OpenLoops [92–94] libraries. These
predictions are matched with the Sherpa PS [95] using the MEPS@NLO prescription [96–99] and the set
of tuned parameters recommended for Sherpa. The NNPDF3.0nnlo PDF set is used and the samples
are normalised to the cross-section calculated at NNLO in pQCD [100]. The 𝑍+jets samples include
contributions from virtual photon exchange and their interference with processes involving intermediate 𝑍

bosons.

Diboson (𝑉𝑉) productions are simulated with Sherpa 2.2.1 or 2.2.2 depending on the process, including off-
shell effects and Higgs-boson contributions where appropriate. Fully leptonic final states and semileptonic
final states, where one boson decays leptonically and the other hadronically, are generated at NLO accuracy
in pQCD for up to one additional parton and at LO accuracy in pQCD for up to three additional parton
emissions. Samples for the loop-induced processes 𝑔𝑔 → 𝑉𝑉 are generated at LO accuracy for up to one
additional parton emission for both fully leptonic and semileptonic final states. The ME calculations are
matched and merged with the Sherpa PS based on Catani–Seymour dipole factorisation [91, 95] using
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the MEPS@NLO prescription [96–99]. The virtual QCD corrections are taken from the OpenLoops
library [92–94]. The NNPDF3.0nnlo set of PDFs is used, along with the dedicated set of tuned
parton-shower parameters recommended for Sherpa.

Other small backgrounds include the production of 𝑡𝑡𝐻 events, modelled at NLO in pQCD using
Powheg Box v2 with the NNPDF3.0nlo PDF set, interfaced with Pythia 8.2 for the PS and hadronisation.
The samples are normalised to the calculated total 𝑡𝑡𝐻 cross-section at NLO QCD+EW accuracy [101].
The production of 𝑡𝑡𝑉 events is modelled at NLO in pQCD using the MadGraph5_aMC@NLO 2.3.3 [81]
generator with the NNPDF3.0nlo PDF set, interfaced with Pythia 8.2. The samples are normalised to
the calculated cross-sections for 𝑡𝑡+𝑍 and 𝑡𝑡+𝑊 production, which are available at NLO in pQCD and
NLO in the EW coupling [101]. The production of 𝑡𝑊𝑍 events is modelled at NLO in pQCD using
MadGraph5_aMC@NLO 2.3.3 with the NNPDF3.0nlo PDF set, interfaced with Pythia 8.2. Finally,
𝑡𝑍𝑞 events were generated at NLO in pQCD using MadGraph5_aMC@NLO 2.9.16 in the 4-flavour
scheme and interfaced with Pythia 8.3.

4 Object reconstruction

Common event-quality criteria and object definitions are applied to all events considered for further analysis,
including standard data-quality requirements to select data events with the detector in good operating
condition [102]. Additional event selection criteria that are specific to the objects and kinematic variables
of interest in dileptonic 𝑡𝑡 events are applied as described in Section 5.

Events are required to have at least one reconstructed 𝑝𝑝 interaction vertex with a minimum of two
associated tracks with transverse momenta 𝑝T > 0.5 GeV. The primary vertex is defined as the vertex with
the highest sum of squared transverse momenta of associated tracks [103].

Muon candidates are reconstructed from matching tracks in the inner detector with tracks or track segments
in the muon spectrometer, refined through a global fit that uses the hits from both subdetectors. They
must have 𝑝T > 10 GeV and |𝜂 | < 2.5, and satisfy a set of “Medium” identification criteria [104]. The
longitudinal track impact parameter 𝑧0 is required to satisfy |𝑧0 sin 𝜃 | < 0.5 mm and |𝑑0/𝜎(𝑑0) | < 3 is
required for the transverse impact parameter 𝑑0 and its uncertainty 𝜎(𝑑0). Muons are required to be
isolated [104]; that is, the sum of the transverse momenta of the tracks within a variable-radius cone around
the muon direction, excluding the muon track, must be less than 6% of the transverse momentum of the
muon. The track isolation cone size is given by the minimum of 𝑅 = 10 GeV/𝑝𝜇

T and 𝑅 = 0.3.

Electron candidates are reconstructed from energy deposits in the electromagnetic calorimeter matched to a
charged-particle track in the inner detector [105]. The track is required to be matched to the primary vertex
by imposing the requirement |𝑧0 sin 𝜃 | < 0.5 mm and |𝑑0/𝜎(𝑑0) | < 5. Electron candidates are required
to be within |𝜂cluster | < 2.47, excluding the transition region between the barrel and endcap calorimeters
(1.37 < |𝜂cluster | < 1.52). They are further required to satisfy 𝑝T > 10 GeV and the “TightLH” likelihood
identification criteria. The same variable-cone isolation requirement as for muons is imposed on electrons,
with the exception that the maximum cone radius is set to 0.2.

Jets are reconstructed from particle-flow objects [106, 107] using the anti-𝑘𝑡 algorithm [108, 109] with
a radius parameter 𝑅 = 0.4. The energy scale of jets is calibrated using both simulation and data [107].
Contributions from pile-up are subtracted using the jet-area method [110]. Corrections are also applied to
the simulation to bring the jet energy resolution in simulation into agreement with the jet energy resolution
measured in data [107]. To suppress jets arising from pile-up, a jet-vertex-tagging (JVT) technique using a
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multivariate likelihood [111] is applied to jets with 𝑝T < 60 GeV and |𝜂 | < 2.4, ensuring that selected jets
are matched to the primary vertex. The jets are selected by requiring 𝑝T > 25 GeV and |𝜂 | < 2.5.

Jets likely to contain decays of a 𝑏-hadron (henceforth called 𝑏-tagged) are identified using the “DL1r”
algorithm [112]. This algorithm is based on a multivariate classification technique with a deep neural
network combining information from the impact parameters of tracks and topological properties of
secondary and tertiary decay vertices reconstructed from the tracks associated with the jet. A working point
(WP) corresponding to a 𝑏-tagging efficiency of 70 % is used. It provides rejection factors of approximately
380 for light-flavour jets and 10 for 𝑐-jets [112]. Efficiency and rejection correction factors are applied to
the simulated jets, depending on whether they are 𝑏-tagged [113] or mistagged [114, 115]. The correction
for 𝑏-jets is derived from 𝑡𝑡 events with final states containing two leptons, and the corrections are consistent
with unity within uncertainties at the level of a few percent over most of the jet 𝑝T range.

The reconstruction of the same energy deposits as multiple objects is resolved using an overlap removal
procedure. First, the closest selected jet within Δ𝑅𝑦 < 0.2 of an electron is removed.6 Next, if an electron
is found to be close to a jet (Δ𝑅𝑦 (electron, jet) < 0.4), the electron is removed. Then jets that have fewer
than three matched tracks are removed if they are within Δ𝑅𝑦 < 0.2 of a muon candidate. Finally, muons
that are within 0.2 < Δ𝑅𝑦 < 0.4 of a remaining jet are removed to suppress non-prompt muons.

The missing transverse momentum, 𝐸miss
T , is defined as the magnitude of the negative vectorial sum of the

transverse momenta, ®𝑝miss
T , of all physics objects defined above. Tracks that are not associated with these

physics objects but originate from the primary vertex are taken into account as a soft term [116].

5 Event selection and categorisation

Events with a detector signature consistent with that expected to arise from dileptonic 𝑡𝑡 events are selected
by first imposing a set of loose preselection requirements. They are required to have fired one of the
single-electron or single-muon triggers described in Section 3. Candidate events are further required to
have exactly two charged leptons (electrons or muons) and at least two reconstructed jets. Depending on
the lepton flavour, events are referred to as 𝑒𝑒, 𝜇𝜇, or 𝑒𝜇 events. At least one of these leptons is required to
have 𝑝T > 25/27/28 GeV for data taken in 2015, 2016 and 2017+2018, respectively, to ensure that the
single-lepton triggers are fully efficient. Additionally, this lepton is required to match within Δ𝑅 < 0.15
the lepton with the same flavour reconstructed by the trigger algorithm. Additionally, at least one of the
jets is required to be 𝑏-tagged. The invariant mass of the reconstructed 𝑡𝑡 system (Section 6) must satisfy
𝑚𝑡𝑡 ≤ 500 GeV to prevent potential mis-modellings at high 𝑚𝑡𝑡 values from impacting the measurement.

The events are then further categorised into a set of signal regions (SRs) and two sets of control regions
(CRs), used to estimate the background from 𝑍+jets events (CR-Z) and from non-prompt and fake-lepton
events (CR-Fakes).

Events in the SRs are required to contain two leptons with opposite electric charge, i.e. 𝑒+𝑒− , 𝜇+𝜇− , 𝑒+𝜇−

or 𝑒−𝜇+. Additionally, for 𝑒+𝑒− and 𝜇+𝜇− events, the dilepton invariant mass, 𝑚ℓℓ , is required to be
greater than 15 GeV, not within the range 81–101 GeV around the 𝑍-boson mass and the event is required
to have 𝐸miss

T ≥ 60 GeV, to reduce 𝑍+jets events.

The CR-Z region comprises opposite-charge 𝑒𝑒 and 𝜇𝜇 events compatible with the production of an
on-shell 𝑍 boson. This is achieved by inverting the 𝑍-boson mass-window requirement of the SRs. The

6 The quantity Δ𝑅𝑦 is defined in analogy to the angular separation Δ𝑅 but using the rapidity 𝑦 instead of the pseudorapidity 𝜂.
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same 𝐸miss
T requirement as for the SRs is applied here. Finally, three CR-Fakes regions are constructed

to contain same-charge 𝑒𝑒, 𝜇𝜇, and 𝑒𝜇 events, respectively. For 𝑒𝑒 and 𝜇𝜇 events, the dilepton invariant
mass is required to be outside the range 81–101 GeV and additionally required to be greater than 15 GeV.
No 𝐸miss

T requirement is applied for the CR-Fakes regions. The contributions from quasi-bound-state
formation to the overall 𝑡𝑡 contributions in the different CRs were found to be negligible. The event
selection requirements are summarised in Table 1.

Table 1: Summary of event selection criteria for the SRs and CRs in the analysis. The letter ℓ refers to 𝑒 and 𝜇, and
OSSF refers to a lepton pair with opposite charge and the same flavour.

SRs CR-Z CR-Fakes

= 2ℓ with 𝑝T(ℓ) ≥ 10 GeV
≥ 1 trigger-matched lepton with 𝑝T ≥ 25/27/28 GeV

≥ 2 jets with 𝑝T ≥ 25 GeV
≥ 1 𝑏-tagged jet (70% efficiency WP)
𝑚ℓℓ ≥ 15 GeV for 𝑒𝑒 and 𝜇𝜇 events

𝑚𝑡𝑡 ≤ 500 GeV

𝐸miss
T ≥ 60 GeV for OSSF events —

ℓ±ℓ
′∓ 𝑒±𝑒∓/𝜇±𝜇∓ ℓ±ℓ

′±

|𝑚ℓℓ − 𝑚𝑍 | ≥ 10 GeV |𝑚ℓℓ − 𝑚𝑍 | ≤ 10 GeV |𝑚ℓℓ − 𝑚𝑍 | ≥ 10 GeV

Events in the SR are further categorised into nine angular regions based on the reconstructed values of the
observables 𝑐hel and 𝑐han. Details on the reconstruction of the 𝑡𝑡 system can be found in Section 6. The
observable 𝑐hel is the cosine of the angle between the charged-lepton momenta after Lorentz boosting
the charged-lepton four-momenta first into the 𝑡𝑡 centre-of-mass frame, and then separately into their
parent top-quark and antitop-quark’s rest frames. It is the same angle used in the ATLAS and CMS 𝑡𝑡

entanglement analyses in 𝑡𝑡 dileptonic final states [4, 5]. A linear distribution is expected, with a slope
proportional to the trace of the spin correlation matrix of the 𝑡𝑡 pair. For a spin-singlet, the spins are
maximally anti-correlated, and therefore the diagonal spin-correlations are −1. Therefore, the distribution
has a maximum slope for a spin-singlet state [3, 117]. The observable 𝑐han is the cosine of the same
angle, where the sign of the component of the lepton momentum along the top-quark flight direction is
flipped [118]. Its distribution has a maximum slope for a spin-triplet state. Both 𝑐hel and 𝑐han exhibit
different shapes in 𝑡𝑡GFRW compared with pQCD 𝑡𝑡 events, as shown in Figure 1, which displays the
parton-level distributions directly from the matrix-element calculation, prior to parton showering. The
𝑡𝑡GFRW distributions agree well with those obtained analytically for pure 1𝑆0 states. The small differences
between these contributions can be attributed to a small 𝑃-wave contribution in the underlying pQCD
𝑔𝑔 → 𝑡𝑡 ME, which is reweighted with the NRQCD Green’s function to obtain the 𝑡𝑡GFRW MC sample
(Section 3.2). The Green’s function itself does not include 𝑃-wave contributions. The impact of these
differences on the measurement results was tested by reweighting the 𝑡𝑡GFRW sample to the analytical
predictions for pure 1𝑆0 states in the relevant angular variables. The impact was found to be negligible.

For each angular observable, three bins of equal width are defined: −1 ≤ 𝑐hel < −1
3 , − 1

3 ≤ 𝑐hel <
1
3 ,

1
3 ≤ 𝑐hel < 1 (and similarly for 𝑐han). Here and in the following the SRs are numbered from 1 to 9,
corresponding to the bins shown in Figure 2. In each SR, the distribution of the reconstructed invariant
mass of the 𝑡𝑡 system, 𝑚𝑡𝑡 , is analysed in four equidistant bins across the range 300 – 500 GeV, see Section 9
for further details on the final fit setup.
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Figure 1: Parton-level distributions of (a) 𝑐hel and (b) 𝑐han for pQCD 𝑡𝑡 and 𝑡𝑡GFRW production, emphasizing their
different shapes. The distributions for a pure spin-singlet state (1𝑆0) and a pure spin-triplet state (3𝑃0), obtained
analytically, are shown as well. The 𝑡𝑡GFRW sample includes the full spectrum of 1𝑆0 states, and therefore has a shape
similar to the analytical 1𝑆0 distribution.

Figure 2: Definition of the nine signal regions based on the angular variables 𝑐hel and 𝑐han.
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6 Reconstruction of the top-antitop system

The reconstruction of the 𝑡𝑡 system from the two selected 𝑏-jet candidates, the charged leptons, and the ®𝑝miss
T

is based on the Ellipse Method [119], a geometric approach to analytically solve a system of constrained
equations to obtain the four-vectors of the two neutrinos from the leptonically decaying 𝑊 bosons. The
two 𝑏-jet candidates associated with the decays of the top and antitop quarks are chosen from all selected
hadronic jets. If more than two of them are 𝑏-tagged, the two highest-𝑝T 𝑏-tagged jets are selected. If
there is only one 𝑏-tagged jet, the highest-𝑝T jet among the remaining untagged ones is selected.

The following kinematic constraints are imposed: the invariant masses of the ℓ+𝜈ℓ𝑏 and ℓ− 𝜈̄ℓ 𝑏̄ are equal
to 𝑚𝑡 = 172.5 GeV; the invariant masses of the ℓ+𝜈ℓ and ℓ− 𝜈̄ℓ systems are equal to the 𝑊-boson mass
of 80.4 GeV; and the two neutrinos 𝜈ℓ and 𝜈̄ℓ are the only source of ®𝑝miss

T . The constraint equations are
solved for both possible lepton-𝑏-jet combinations in an event. The Ellipse Method can yield between zero
and four solutions. If there are multiple solutions, the solution with the smallest 𝑚𝑡𝑡 value is used. If no
solution is found for any of the lepton-𝑏-jet combinations, the constraint equations are evaluated for 100
different random values of the top-quark and 𝑊-boson masses, with the mass values following a Gaussian
distribution with mean 𝜇 = 172.5 (80.379) GeV, and standard deviation 𝜎 = 1.48 (2.085) GeV for the
top quark (𝑊 boson), respectively. If several of these pseudo-experiments yield at least one solution, again
the solution with the lowest value of 𝑚𝑡𝑡 is chosen.

The Ellipse Method provides a solution for about 95% of 𝑡𝑡 dilepton events for both the hvq and 𝑡𝑡GFRW
samples in the SR. Events where no solution was found are discarded. The fraction of events without
a solution is consistent between data and simulation. The resolution of the reconstructed 𝑚𝑡𝑡 , 𝑚reco

𝑡𝑡
,

quantifies the migration of events between different 𝑚𝑡𝑡 bins. It is taken as the standard deviation of the
distribution of the quantity ( |𝑚reco

𝑡𝑡
−𝑚true

𝑡𝑡
|)/𝑚true

𝑡𝑡
, where 𝑚true

𝑡𝑡
is the parton-level 𝑚𝑡𝑡 after the emission of

final-state radiation. It is evaluated in bins of the 𝑚true
𝑡𝑡

distribution, each with a width of 5 GeV, and is
about 22% at the 𝑡𝑡 threshold and improves to about 18% for 𝑚true

𝑡𝑡
≈ 500 GeV.

7 Estimation of other Standard Model processes

After applying all selection requirements, the SRs are expected to contain about 650,000 𝑡𝑡 events based on
the baseline hvq model before the profile-likelihood fit to data. This number increases by around 1.1%
(+6,900 events) for the extended sample, which includes in addition the predictions for 𝑡𝑡 quasi-bound-state
formation using the normalised nominal sample described in Section 3.1. Smaller background contributions
arise from various sources. The largest non-𝑡𝑡 background is the production of a single top-quark in
association with a 𝑊 boson (𝑡𝑊), with a 4% contribution to the total event yields. Rare processes involving
top quarks, labelled 𝑡 + 𝑋 and including e.g. 𝑡𝑡 + 𝑍 , 𝑡𝑡 +𝑊 , 𝑡𝑡 +𝐻 and their single-top counterparts, as well
as diboson (𝑉𝑉+jets) production account for 0.3% and 0.2% of the total pre-fit event yields, respectively.
These processes are all taken from MC simulation.

Two additional background components are estimated by using MC simulation corrected with data from
dedicated control regions. The background from 𝑍+jets production contributes to the SRs mostly via
non-resonant Drell-Yan production and also on-shell via 𝑍 → 𝜏+𝜏− where the 𝜏-leptons decay leptonically.
This contribution represents 0.8% of the total number of events in the SRs. The 𝑍+jets process is separated
into three components according to the flavour of the additional leading jet in the event: 𝑍 + 𝑏, 𝑍 + 𝑐 and
𝑍 + light. The 𝑍 + 𝑏 component is dominant and subject to significant modelling uncertainties in this
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region of phase space [120]. A normalisation factor for 𝑍 + 𝑏 is therefore obtained in the profile-likelihood
fit from the dedicated CR-Z regions (Section 5). The 𝑍 + 𝑐 and 𝑍 + light components are taken directly
from the MC simulations and assigned conservative normalisation uncertainties (Section 8).

Another small background component arises from processes with at least one fake or non-prompt lepton
that satisfies the lepton identification and isolation criteria (Section 4). This is mostly 𝑡𝑡 production with
one top quark decaying hadronically and the other leptonically, as well as single-top and 𝑊+jets production.
It contributes around 1.5% to the total event yield in the SRs. The two main sources of fake leptons are
electrons from photon conversions, with a contribution of 30-40% to the total fake-lepton background, and
electrons and muons from heavy-flavour hadron decays, accounting for most of the remaining fake-lepton
events. Electrons originating from heavy-flavour hadron decays are characterised by a softer transverse
momentum spectrum compared with those produced from photon conversions. The 𝑚𝑡𝑡 shapes in the SRs
for these three different fakes contributions in the SRs are taken from MC simulations. Their normalisation
is determined by fitting the 𝑝T distributions of the trailing lepton, defined as the lower-𝑝T lepton, to
data in the fake-lepton-enriched CR-Fakes regions (Section 5). Three independent normalisation factors,
𝑒-HF-fakes, 𝜇-HF-fakes, and 𝑒-PhConv-fakes, are defined, depending on whether the fake lepton is an
electron or a muon from a heavy-flavour decay or an electron arising from a photon conversion, respectively.
They are free-floating in the final profile-likelihood fit.

8 Systematic uncertainties

A broad range of experimental and modelling uncertainties are considered for hvq, 𝑡𝑡GFRW, and non-𝑡𝑡
processes. These can affect both the shape and the normalisation of the 𝑚𝑡𝑡 spectra in the different SRs.

8.1 Experimental uncertainties

Experimental uncertainties cover reconstructed objects, pile-up modelling, and luminosity. Most uncertain-
ties affect both shape and normalisation, while the luminosity only affects the normalisation. They are
applied to all processes, with details provided below.

Jets: The dominant jet-related uncertainties are uncertainties in the jet-energy scale (JES) and resolution
(JER) [107]. These include uncertainties related to the dependence of the jet response on the pseudo-rapidity
range (jet 𝜂 inter-calibration [107]), the jet flavour composition [121], punch-through, calorimeter response
to different jet flavours and pile-up effects. An uncertainty in the JVT efficiency is also included [111].

𝒃-tagging: Uncertainties in the 𝑏-tagging efficiency and mis-tag rates for 𝑐- and light-flavour jets, derived
from dedicated measurements in flavour-enriched data and MC samples [113–115], are included.

Leptons: Uncertainties in electron and muon trigger, identification, isolation and reconstruction efficiencies
as well as uncertainties related to the energy and momentum scale and resolution are also included. They
are derived from dedicated analyses using data control samples [104, 105, 122, 123].

𝑬miss
T : Object-related uncertainties are propagated to 𝐸miss

T , with additional contributions from the scale
and resolution of tracks not associated with leptons or jets [116].
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Pile-up: Uncertainties in the pile-up reweighting are included, accounting for differences between predicted
and measured values of the inelastic cross-sections and of the average number of interactions per bunch
crossing [111].

Luminosity: A 0.83% normalisation uncertainty in the integrated luminosity [42] is applied to all samples
except the fake-lepton and 𝑍+jets backgrounds, which are estimated from data.

8.2 Modelling uncertainties

8.2.1 pQCD 𝒕 𝒕 production

An extensive range of uncertainties related to the MC modelling of pQCD 𝑡𝑡 production using hvq is taken
into account. They include the following uncertainties in the NNLO-QCD+NLO-EW prediction to which
the generated nominal and alternative samples are reweighted.

NNLO-QCD scales: The effect of missing higher-order corrections is estimated by reweighting the hvq
sample to alternative NNLO-QCD+NLO-EW predictions obtained by varying 𝜇𝑅 and 𝜇𝐹 by factors of 2
and 0.5 and taking the envelope of the resulting variations. All 𝜇𝑅 and 𝜇𝐹 combinations are considered
except those for which 𝜇𝑅 = 2, 𝜇𝐹 = 0.5 and vice versa, see Ref. [63]. The envelope is dominated by the
𝜇𝑅 variation.

NLO-EW correction scheme: An additional uncertainty comes from the difference between additive and
multiplicative schemes used to combine NLO EW and NNLO pQCD corrections [73].

In the Standard Model, the top-quark mass and its Yukawa coupling are directly proportional to each other.
Since an uncertainty in the top-quark mass is explicitly accounted for (see below), no additional uncertainty
is assigned to the Yukawa coupling. The impact of an additional uncertainty in the NLO EW correction,
associated with a variation of the top-quark Yukawa coupling by ±10% [124], was nevertheless evaluated
and found to have a negligible effect on the results presented in Section 9.

Uncertainties related to generator and parameter choices in the nominal hvq sample are also taken into
account in the fit. They are described in the following. In the case of one-sided uncertainties, it is
assumed that the effect is symmetric to obtain effective up and down variations compared with the nominal
prediction.

Top-quark mass: The effect of the top-quark mass uncertainty is evaluated by comparing the 𝑚𝑡𝑡 spectra
obtained using the nominal sample to those generated with top quark masses of 172.0 and 173.0 GeV.

Recoil scheme: In simulating QCD radiation from 𝑏-quarks in top-quark decay, there is an ambiguity in
the choice of the recoil particle after the first gluon emission [125]. This affects out-of-cone radiation for
𝑏-tagged jets and hence the reconstructed top-quark mass. The associated uncertainty is evaluated using a
Pythia sample where, unlike the nominal sample, the top quark participates in the recoil [53].

Top-quark decay and off-shell effects: An uncertainty associated with the modelling of top-quark decays
and off-shell effects arises from differences in the treatment of spin correlations in 𝑡𝑡 production across
generators. This uncertainty is assessed by comparing the sum of the 𝑡𝑡 sample and the 𝑡𝑊 sample to an
alternative sample generated with the bb4ℓ setup. In this comparison, all samples use the Pythia setting in
which the top quark participates in the recoil after the first gluon emission.
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PDF + 𝜶s: PDF uncertainties are evaluated using the 30 eigenvectors in the PDF4LHC15 [126]
prescription, symmetrising the full difference between the nominal PDF4LHC weight and the variation for
each eigenvector. Alternative PDF sets corresponding to different 𝛼s values of 0.117 and 0.119 are also
included.

PS and hadronisation: The PS and hadronisation model uncertainty is estimated by comparing the
nominal Powheg + Pythia 8 predictions to those obtained from a sample generated at NLO in pQCD
with Powheg Box v2 using the same settings as the nominal Powheg sample for the hard scattering,
but interfaced with Herwig 7.2 [127, 128], using the default set of tuned parameters [128] and the
MMHT2014lo PDF set [129].

ME-PS matching: The ME-PS matching uncertainty is estimated by comparing the nominal sample to
one with the same settings but using 𝑝T,hard = 1 instead of 0 in Pythia [130].

𝒉damp setting: The uncertainty related to the modelling of high-𝑝T radiation is estimated by comparing
the nominal sample to one with the ℎdamp parameter increased by a factor of 2 [61].

Initial-state radiation (ISR): Uncertainties in the ISR modelling are estimated according to the Var 3c
set of parameters which are part of the A14 tune [54].

Final-state radiation (FSR): Similarly, the uncertainty related to FSR is assessed by varying 𝜇𝑅 for
final-state parton-shower emissions up and down by a factor of two.

Colour reconnection: The uncertainty associated with the modelling of colour reconnection is estimated
using samples obtained with two different colour-reconnection models. In the "QCD-based" model (CR1)
the formation of dipoles containing three quarks is enhanced, leading to increased baryon production,
while in the "gluon-move" model (CR2) only the gluons are considered for the reconnection. To estimate
the respective systematic effect, a third sample (CR0) with the nominal multiple parton interaction (MPI)
model and a tune matching that of CR1 and CR2 is used. The colour-reconnection uncertainty is taken
from the sample that yields the largest relative effect in a given bin [131, 132].

Underlying event: Uncertainties related to the modelling of the underlying event and MPI are evaluated
with two samples where the settings for the 𝛼𝑠 value used in the MPI and colour-reconnection range of the
proton beam remnants are changed according to the Var 1 set of parameters which are part of the A14
tune [54].

The alternative MC samples used to define the modelling uncertainties in the nominal hvq simulation
are all reweighted individually to the NNLO-QCD+NLO-EW predictions, with three exceptions. No
dedicated NNLO-QCD+NLO-EW weights are derived for the samples with alternative 𝑚𝑡 values to avoid
underestimating this uncertainty by reweighting it to a higher-order prediction evaluated at a fixed top-quark
mass 𝑚𝑡 = 172.5 GeV. Instead, the weights derived for the nominal sample are applied to these samples.
The same approach is used for the uncertainty in the choice of the PS+hadronisation model as it covers
modelling differences that are not expected to affect the ME dynamics relevant for the reweighting. The
bb4ℓ sample, or more specifically its 𝑡𝑡 component, used to derive the uncertainty in the modelling of
the top-quark decay and off-shell effects is also not reweighted, as discussed in Section 3.1.2. In this
case, the uncertainty is derived by comparing the alternative samples to the nominal hvq sample before
reweighting.
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8.2.2 Quasi-bound-state effects

Modelling uncertainties are taken into account for 𝑡𝑡 quasi-bound-state production. They are applied to
both the main model and the simplified model discussed in Appendix B.

Scale variations: The effect of missing higher-order corrections is estimated by varying 𝜇𝑅 and 𝜇𝐹 by
factors of 2 and 0.5, and is treated as uncorrelated with those in the pQCD 𝑡𝑡 sample due to different orders
at which the processes are modelled. Varying 𝜇𝑅 and 𝜇𝐹 changes the predicted cross-section by 23% and
2%, respectively. Although the overall normalisation is free-floating in the fit, these variations lead to a
0.5% change in the acceptance, which does impact the cross-section measurement.

PDF + 𝜶s: Uncertainties based on the eigenvectors of the PDF set and the value of 𝛼s in the nominal PDF
set are applied according to the same approach used for the 𝑡𝑡 pQCD sample as described in Section 8.2.1,
except that the more recent PDF4LHC21 prescription is used.

PS and hadronisation, ISR, FSR: Uncertainties related to the modelling of the PS and hadronisation as
well as ISR and FSR are estimated by comparing the nominal predictions to those obtained from samples
generated with alternative settings, defined in the same way as the equivalent uncertainties in the 𝑡𝑡 pQCD
sample.

An additional uncertainty in the MC modelling of 𝑡𝑡GFRW arises from the choice of the top-quark mass
value in the Green’s function. Currently, no Green’s function predictions for alternative values of the
top-quark mass are available, hence this uncertainty is not considered in this measurement. Given the fact
that the overall normalisation of the 𝑡𝑡GFRW contribution is free-floating and given the limited experimental
resolution close to the production threshold, the main effect of this uncertainty on the measurement is
expected to arise from its impact on the acceptance.

8.2.3 Other Standard Model processes

MC modelling uncertainties for sub-dominant background processes are detailed below. For 𝑡𝑊 production,
both shape and normalisation effects are included. For other minor backgrounds, conservative normalisation
uncertainties are used, with the exception of the fake-lepton background, whose normalisation is obtained
from the fit.

Single top quark: The main single-top modelling uncertainty stems from interference and overlap with
𝑡𝑡, estimated by comparing the nominal 𝑡𝑊 sample using diagram-removal to an alternative sample
with diagram-subtraction [61, 84] under identical settings. Uncertainties from the PS and hadronisation
model, ME-PS matching (𝑝T,hard), ℎdamp, and top-quark mass are estimated as in the pQCD 𝑡𝑡 sample.
A 4% normalisation uncertainty reflects the 𝑡𝑊 cross-section uncertainty used to normalise the MC
samples [85].

𝒕 𝒕 + 𝒃 and 𝒕 𝒕 + 𝒄: Events in which a 𝑡𝑡 pair is produced in association with an additional 𝑏- or 𝑐-quark,
referred to as 𝑡𝑡 + 𝑏 and 𝑡𝑡 + 𝑐, respectively, are identified within the nominal pQCD 𝑡𝑡 sample using
particle-level information. The relative contribution of the 𝑡𝑡 + 𝑏 (𝑡𝑡 + 𝑐) subsample is varied by 20% (40%)
to account for the uncertainties in the relative cross-sections of these processes [133, 134].

𝒕 𝒕 + 𝑿: A conservative 50% normalisation uncertainty is applied to the 𝑡𝑡 + 𝑋 (𝑋 = 𝑊, 𝑍, 𝐻) and the tiny
𝑡+𝑋 background components.
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Diboson: A conservative 50% normalisation uncertainty is applied to the diboson background to cover
possible mismodelling of extra and heavy-flavour jets [135, 136].

𝒁+jets: For 𝑍+jets, the 𝑍 + 𝑏 normalisation is a free parameter of the fit, while 50% normalisation
uncertainties are applied to the 𝑍 + 𝑐 and 𝑍 + light components.

8.2.4 Correlation scheme

Systematic uncertainties, including those arising from the limited size of the MC samples used to model
the background processes, are included in the profile likelihood fit (Section 9) by constrained nuisance
parameters (NPs), allowing for adjustments in the shape and normalisation of all histogram templates.

All experimental uncertainties are treated as fully correlated across samples and the analysis regions
entering the fit. The modelling uncertainties are treated as uncorrelated between the 𝑡𝑡, 𝑡𝑡GFRW and non-𝑡𝑡
samples but, in the majority of cases, as fully correlated between the analysis regions.

A partial correlation scheme is applied for the NPs corresponding to the uncertainty in the PS and the
uncertainty in the modelling of top-quark decays and off-shell effects. These NPs are found to be strongly
constrained to less than 50% of their pre-fit uncertainty in the baseline-only fit to simulated data if they
are treated as fully correlated between analysis regions. For these uncertainties, the original systematic
variation is instead treated as partially (50%) correlated between the different regions (SRs and CRs). This
is achieved by splitting it into one part, obtained from the original systematic variation scaled by a factor of
1/
√

2, which is treated as fully correlated across SRs, and 𝑁 parts obtained in the same way but treated as
fully uncorrelated across the 𝑁 = 13 regions entering the fit. This approach was found to only slightly
reduce the sensitivity of the measurement and to have a negligible effect on the normalisation factors for the
backgrounds, while significantly reducing the NP constraints in the SRs and improving the Goodness-of-Fit
value. The Goodness-of-Fit value is calculated using a saturated model [137] and quantifies the agreement
between the data and the model under consideration, accounting for the penalties arising from shifts in the
nuisance parameters during the fit. A high Goodness-of-Fit value indicates good agreement between the
data and the model with minimal shifts in the nuisance parameters.

Alternative correlation approaches for these two uncertainties were tested, including a full correlation
across all regions, a full decorrelation between the nine SRs, and a splitting of the related NPs by their
shape and acceptance components. Additionally, the partial decorrelation approach was tested for the
slightly less constrained NPs, such as those related to the choice of the recoil-to-top setting. The effects of
these alternative correlation approaches on the final fit results are summarised in Section 9.1.

9 Results

The agreement between the data and the predictions of the baseline pQCD model for 𝑡𝑡 production and
the extended models that include quasi-bound-state effects is quantified using a binned profile-likelihood
fit [138]. In total, 13 orthogonal regions are included in this fit: the nine SRs, as well as the one CR-Z and
the three CR-Fakes control regions, as defined in Section 5.

In the SRs and CR-Z, the fitted distributions are those of the reconstructed 𝑡𝑡 invariant mass in the range
of 300 − 500 GeV. This range is split into four bins with equal width of 50 GeV. In the CR-Fakes
regions, the distribution of the trailing lepton 𝑝T is used. In this case three bins are defined, bounded by
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[10, 20, 40, 200] GeV. The templates used in the fit are obtained from the MC simulations described in
Section 3.

Six normalisation factors defined as 𝜇 = 𝜎meas./𝜎theory for the 𝑡𝑡GFRW, 𝑡𝑡, 𝑒-HF-fakes, 𝑒-PhConv-fakes,
𝜇-HF-fakes, and 𝑍 + 𝑏 processes are extracted simultaneously from the fit. The use of two separate
normalisation factors for the pQCD 𝑡𝑡 component and the quasi-bound-state contributions makes it possible
to test the level of agreement between the baseline model (𝜇(𝑡𝑡) = 1, 𝜇(𝑡𝑡GFRW) = 0) and the extended
model (𝜇(𝑡𝑡) = 1, 𝜇(𝑡𝑡GFRW) = 1), smoothly interpolating between the two scenarios. The normalisation
factor 𝜇(𝑡𝑡GFRW), also referred to as the signal strength, is the ratio between the measured cross-section
and the predicted cross-section to which the 𝑡𝑡GFRW sample is normalised.

The 𝑚𝑡𝑡 distributions in the nine SRs before the fit are shown in Figure 3, using the numbering scheme
defined in Section 5 from left to right. The data are above the central value of the prediction of the baseline
hvqmodel without 𝑡𝑡GFRW effects included, as visible in all SRs at low values of 𝑚𝑡𝑡 , most notably in SRs 5,
6, 8, and 9, characterised by larger values of 𝑐hel and 𝑐han. Overall, the data are in better agreement with
the predictions of the extended model that includes the quasi-bound-state 𝑡𝑡GFRW predictions (normalised
to 6.43 pb). In SRs 5, 6, 8 and 9, the observed data yields in the lowest bin in 𝑚𝑡𝑡 notably exceed those
predicted in the 𝑡𝑡GFRW model.
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Figure 3: Pre-fit distributions of 𝑚𝑡𝑡 in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡

quasi-bound-state prediction and the data, from which the pQCD 𝑡𝑡 contribution and background processes were
subtracted (middle panel), and the ratio of the data and the extended 𝑡𝑡 model including the 𝑡𝑡GFRW contribution
(lower panel). The error bars on the data markers represent the statistical uncertainty in the measurement, while the
grey hashed and shaded bands represent the total systematic uncertainty in the prediction.
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9.1 Fit results

The cross-section for the 𝑡𝑡 quasi-bound-state contribution extracted from the fit with free-floating signal
normalisation 𝜇(𝑡𝑡GFRW) is

𝜎(𝑡𝑡GFRW) = 9.3+1.4
−1.3 pb = 9.3+1.1

−1.0 (stat.) ± 0.8 (syst.) pb,

which is (45+21
−20)% larger than the predicted value of 6.43 pb. The baseline model without quasi-bound-state

contributions is rejected with an observed (expected) significance of over 8𝜎 (6𝜎).

The statistical uncertainty in this measured cross-section is calculated based on the requirement that
the sum in quadrature of the statistical uncertainty and the total systematic uncertainty must yield the
total uncertainty as obtained from the profile-likelihood fit. The uncertainty components from each
individual source of systematic uncertainty are taken from the covariance matrix obtained from the fit
and combined in quadrature to obtain the total systematic uncertainty; the statistical uncertainty is then
derived as the difference in quadrature between the total and systematic uncertainties [139]. This method
was found to reproduce most accurately the relative size of the statistical and systematic uncertainties,
as obtained from pseudo-experiments. An alternative method for estimating the statistical uncertainty is
used in Ref. [34], where the statistical component is obtained by fixing all nuisance parameters to their
post-fit values, while the systematic component is computed as the quadratic difference between the total
and statistical uncertainties. Using this approach, the cross-section obtained with this measurement is
𝜎(𝑡𝑡GFRW) = 9.3 ± 0.6 (stat.)+1.2

−1.1 (syst.) pb.

The other normalisation factors extracted from the fit with a free-floating 𝑡𝑡GFRW contribution are

𝜇(𝑡𝑡) = 1.01 ± 0.03
𝜇(𝑒-HF-fakes) = 1.04 ± 0.07

𝜇(𝑒-PhConv-fakes) = 1.03+0.16
−0.23

𝜇(𝜇-HF-fakes) = 1.19 ± 0.04

𝜇(𝑍 + 𝑏) = 0.78+0.42
−0.35

As a cross-check, the normalisation factors were also fitted separately for three different data-taking periods
during LHC Run 2: 2015+2016, 2017, 2018, and separately in 𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 events. In all cases, the
results agree with those derived from the nominal fit within their uncertainties.

The stability of this result was also tested under the alternative NP correlation schemes described in
Section 8.2.4. The differences between the fitted normalisation factors compared with the nominal setup
were negligible for most alternative correlation schemes and the impact on the associated uncertainties was
small. The approach in which all NPs are treated as fully correlated across regions yields a 15% reduction
of the uncertainty in the normalisation factor for the 𝑡𝑡GFRW process compared with the nominal correlation
scheme, with a negligible change in the fitted central value.

The 𝑚𝑡𝑡 distributions in the nine SRs after this fit are shown in Figure 4. Good agreement for the extended
model is observed after the fit, with significantly reduced NP shifts compared with the fit without the
quasi-bound-state contribution. Accordingly, the Goodness-of-Fit value degrades from 0.98 in the fit with
the extended model to smaller than 10−5 when the quasi-bound-state is omitted. The data agree with the
predictions in all CRs.
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Figure 4: Post-fit distributions of 𝑚𝑡𝑡 in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡

quasi-bound-state prediction and the data, from which the pQCD 𝑡𝑡 contribution and background processes were
subtracted (middle panel), and the ratio of the data and the extended 𝑡𝑡 model including the 𝑡𝑡GFRW contribution
(lower panel). The error bars on the data markers represent the statistical uncertainty in the measurement, while the
grey hashed and shaded bands represent the total systematic uncertainty in the prediction. The dashed line represents
the data/MC ratio before the fit.

Figure 5 shows the impact of individual sources of uncertainty, as well as the shift and the constraints
of the associated NPs with the largest impact on the extracted 𝑡𝑡GFRW cross-section. The impact of all
sources of uncertainty is summarised in Table 2. Apart from the dominant statistical uncertainties, the
measurement precision is limited by 𝑡𝑡GFRW and 𝑡𝑡 modelling uncertainties. For 𝑡𝑡GFRW, the dominant
effect is the uncertainty in the modelling of FSR, which is largest in the lowest 𝑚𝑡𝑡 bins and decreases
towards higher 𝑚𝑡𝑡 . This is also the case for the uncertainty in the modelling of ISR for 𝑡𝑡GFRW. For pQCD
𝑡𝑡 production, the highest ranking NP is that related to the scale choice in the NNLO QCD reweighting.
Among the experimental uncertainties, the NPs for the main JES uncertainty components related to pile-up
("jet pile-up 𝜌 topology" and "jet pile-up offset (𝑝T)") are the highest ranking with a moderate constraint of
0.83 for the former and no constraint for the latter. The former accounts for the difference in the average
pile-up energy density 𝜌 between the dijet and 𝑡𝑡 topologies that affect the area-based pile-up subtraction
applied to jets and hence the measured JES [107]. The latter accounts for offsets and 𝑝T dependencies in
the average number of interactions per bunch crossing and the number of pile-up vertices in an event [107].
Only moderate shifts and constraints compared with their pre-fit values are observed for the highest-ranking
NPs. Among these, the largest shifts of just below 0.5 pre-fit standard deviations are found for the NP on
the uncorrelated parts of the uncertainty in the modelling of the 𝑡𝑡 decay and off-shell effects in SR9 and
SR1, respectively. This NP also exhibits the strongest constraint (0.49), while its higher-ranking, fully
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correlated component is less constrained (0.65).
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Figure 5: Ranking of the 15 most impactful individual NPs on 𝜇(𝑡𝑡GFRW) in the profile-likelihood fit with free-floating
𝜇(𝑡𝑡GFRW). The covariance-matrix approximation of the shifted observables method is used to evaluate the impact of
a given NP [139]. The impact is taken as the corresponding off-diagonal element of the fit covariance matrix divided
by its pre-fit uncertainty and is given in percent on the upper scale. The black marker shows the shifts of the NPs
relative to the nominal value 𝜃0. They are shown together with their corresponding uncertainty on the lower scale.
The SR numbers correspond to the bins introduced in Figure 2. For the flavour-tagging uncertainties, individual
eigenvariations (EVs) are shown.

The impact of the uncertainty associated with the modelling of top-quark decays and off-shell effects
can be explained via a comparison of the 𝑚𝑡𝑡 distributions in the different SRs obtained with bb4ℓ and
hvq, respectively. The 𝑡𝑊 contribution was added to the hvq-based predictions to allow for a direct
comparison with the bb4l-dl-based model. In Figure 6, the ratio between the bb4ℓ and hvq+𝑡𝑊
predictions is compared with the ratio between the hvq+𝑡𝑊+𝑡𝑡GFRW model and the hvq+𝑡𝑊 model without
quasi-bound-state contributions. In this ratio, the model with the 𝑡𝑡GFRW contribution has a different shape
compared with that of the bb4ℓ model, concentrating most of its excess compared with the hvq baseline in
the two lowest 𝑚𝑡𝑡 bins, while the excess predicted by bb4ℓ over the hvq baseline is much more evenly
distributed across all four 𝑚𝑡𝑡 bins. This shape difference allows the fit to distinguish a quasi-bound-state
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Table 2: Breakdown of the total uncertainty in the fitted normalisation factor 𝜇(𝑡𝑡GFRW) into its statistical and
systematic components. The impact for a given NP is taken as the corresponding off-diagonal element of the fit
covariance matrix divided by its pre-fit uncertainty. The impact of a group of NPs is obtained by summing the impacts
of all NPs in this category in quadrature. The total systematic uncertainty is obtained by summing in quadrature
the impacts of all NPs. The statistical uncertainty in the signal strength is calculated based on the requirement
that the sum in quadrature of the statistical uncertainty and the total systematic uncertainty must yield the total
uncertainty in the signal strength as obtained from the initial profile-likelihood fit in which all NPs are allowed to
float. The uncertainties are symmetrised by taking the average of the upward and downward variations. The category
"Instrumental (other)" considers the uncertainty in the luminosity, pile-up reweighting and jet-vertex tagger efficiency.

Category Impact

𝑡𝑡GFRW modelling 6.9%
pQCD 𝑡𝑡 modelling 4.7%
JES pile-up 1.5%
𝑏-tagging 1.3%
Instrumental (other) 0.9%
JES 𝜂 inter-calibration 0.9%
Jet energy scale (JES) 0.6%
Background normalisations 0.6%
Leptons 0.6%
JES flavour 0.6%
𝑡𝑊 modelling 0.5%
Limited MC statistics 0.3%
Jet energy resolution (JER) 0.2%

Total syst. uncertainties 8.8%
Total stat. uncertainties 11%

contribution from uncertainties related to the modelling of off-shell effects in the pQCD contribution.

The predictions for the alternative extended hvq+𝜂𝑡 model and the alternative baseline model using Herwig
instead of Pythia for the PS and hadronisation are also shown in Figure 6. The two extended models
exhibit qualitatively similar behaviour, with the 𝑡𝑡GFRW model yielding a slightly larger excess of events
relative to the hvq prediction in the lowest 𝑚𝑡𝑡 bin than the 𝜂𝑡 model. The Herwig-based baseline predicts
lower event yields and reduced spin correlations relative to the nominal hvq model. In contrast, both
extended models predict enhanced event yields and stronger spin correlations.

An alternative set of results using bb4ℓ for the pQCD 𝑡𝑡 prediction is summarised in Appendix A. With this
setup, a cross-section of 8.5+1.2

−1.1 pb is measured, with a significance of over 8𝜎 observed (7𝜎 expected).
The Goodness-of-fit value obtained for the bb4ℓ+𝑡𝑡GFRW model is 0.96, compared with a value of less than
10−6 for the fit with 𝜇(𝑡𝑡GFRW) = 0. These results are compatible with those obtained with the nominal
hvq setup. The bb4ℓ pQCD setup is still under scrutiny in ATLAS, in consultation with the generator
authors. Dedicated efforts to define the best nominal settings and a corresponding systematic model are
currently ongoing, including the implementation of higher-order corrections to the 𝑡𝑡 and 𝑡𝑊 contributions.
Further input from the theory community is needed to identify the most suitable setup. Nevertheless, these
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alternative fit setups demonstrate that neither of the two baseline models of pQCD 𝑡𝑡 production describes
the data well, unless a model of 𝑡𝑡 quasi-bound-state formation is included.

The results with the simplified model of Refs. [31, 32] and the hvq baseline are included in Appendix B
to allow for a more direct comparison of this measurement with that in Ref. [34]. Using the simplified
model, a cross-section of 𝜎(𝜂𝑡 ) = 13.1+1.9

−1.7 pb is obtained, with an observed (expected) significance of over
8𝜎 (4𝜎). The larger observed cross-section compared with the nominal 𝑡𝑡GFRW model can be explained
by the differences between the 𝑚𝑡𝑡 distributions in the SRs, as discussed in more detail in Appendix B.
Further efforts toward a more complete MC model of NRQCD effects near the 𝑡𝑡 threshold are needed
to reconcile the results obtained with the simplified model (𝜂𝑡 ) and the main model (𝑡𝑡GFRW). Such a
future model should also include 𝑃-wave and colour-octet contributions. An improved matching between
NRQCD and pQCD predictions is also required. Additionally, an estimate of higher-order corrections on
the predicted NRQCD effects is needed to better quantify the agreement of the measurements with the
calculated NRQCD cross-section.
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10 Conclusion

A measurement of 𝑡𝑡 production near the kinematic threshold was conducted in events with exactly two
leptons, using 140 fb−1 of

√
𝑠 = 13 TeV 𝑝𝑝 collision data collected with the ATLAS detector at the LHC.

The invariant-mass distribution of the reconstructed 𝑡𝑡 system was analysed in nine orthogonal signal
regions defined based on two angular variables, 𝑐hel and 𝑐han, evaluated in the 𝑡𝑡 centre-of-mass frame and
sensitive to the 𝑡𝑡 spin state including 𝑡𝑡GFRW contributions. The observed data were compared with two
model predictions in the range of 300 < 𝑚𝑡𝑡 < 500 GeV using a profile-likelihood fit: a baseline model
including only pQCD predictions obtained with hvq, reweighted to NNLO-QCD+NLO-EW accuracy,
and an extended model that includes, in addition, state-of-the-art MC simulations of the formation of a
quasi-bound-state enhancement of the cross-section near the 𝑡𝑡 production threshold. The cross-section of
the additional non-relativistic QCD component, that also includes quasi-bound-state contributions, was a
free parameter in the fit with the extended model. A systematic uncertainty in the modelling of effects
from off-shell top-quark decays was included via a comparison between the hvq and an alternative bb4ℓ
prediction.

The baseline model hvq without 𝑡𝑡 quasi-bound-state contributions is rejected with an observed (expected)
significance of over 8𝜎 (6𝜎) due to an excess of observed events in the lowest 𝑚𝑡𝑡 bins at large values of
the variable 𝑐hel. The excess over the hvq prediction is compatible with the production of colour-singlet,
spin-singlet 𝑆-wave quasi-bound 𝑡𝑡 states, as expected from non-relativistic QCD, and corresponds to an
observed cross-section of 9.3+1.4

−1.3 pb.

Further investigations are required to characterise this excess and to better quantify the impact of off-shell
top-quark decays and the resummation of higher-order terms in 𝛼𝑠/𝑣 close to the threshold that are not
included in nominal hvq pQCD prediction but are expected to enhance the cross-section for 𝑡𝑡 production
close to threshold [20], compared with the baseline model used here. In this context, extended MC models
incorporating additional NRQCD effects, beyond 𝑆-wave contributions, such as higher 𝐽-states and octet
contributions, as well as higher-order contributions and an improved matching between NRQCD and
pQCD contributions will also be helpful to investigate the nature of this excess. The improved modelling is
also important to search for physics beyond the Standard Model in this kinematic region [140, 141].
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Appendix

A Alternative fit with bb4ℓ

An alternative model for pQCD 𝑡𝑡 production based on bb4ℓ instead of hvq was also considered in this
analysis. The results obtained with this alternative model for pQCD 𝑡𝑡 production, along with the nominal
𝑡𝑡GFRW model for 𝑡𝑡 quasi-bound-state formation are summarised in the following.

The uncertainties in the bb4ℓ setup are the same as for the hvq model, with two exceptions. First,
the uncertainty in the modelling of the top-quark decay and off-shell effects, which in the case of the
hvq model was derived from a comparison between hvq and bb4ℓ, is not applicable here. Second, the
uncertainty related to the scale choice in the NNLO QCD reweighting and the NLO-EW correction scheme,
considered for hvq, is not applicable either, given no higher-order corrections to the kinematic distributions
are applied to the bb4ℓ nominal sample, as explained in Section 3.1.2. Instead, an uncertainty due to
missing higher-order corrections in the NLO QCD bb4ℓ prediction is derived by varying separately the
renormalisation and factorisation scales of the bb4ℓ setup.

An uncertainty due to missing higher-order corrections in the 𝑡𝑡 component of bb4ℓ could, in principle, also
be estimated by comparing the predictions of reweighted and unreweighted hvq samples and propagating
the difference to the 𝑡𝑡 component of the bb4ℓ nominal sample. While this approach does not avoid the
inaccuracies related to identifying the 𝑡𝑡 component in bb4ℓ samples, it provides an approximation of the
uncertainty that arises from not applying higher-order corrections to the kinematic distributions in the
bb4ℓ sample. This uncertainty was found to be smaller than the uncertainty due to the variations in the
renormalisation and factorisation scales of the bb4ℓ setup. It is therefore assumed that the uncertainty
due to missing higher-order corrections is covered by these scale variations and no additional uncertainty
related to missing higher-order corrections is considered for the bb4ℓ setup. It was verified that the results
presented in this appendix change only minimally if such an additional uncertainty is included.

The other uncertainties are derived by taking the relative variations in the hvq model and applying them to
the bb4ℓ nominal prediction. No higher-order corrections to the kinematic distributions (Section 3.1.1)
are applied to hvq samples in this uncertainty estimate, given that none are applied to the bb4ℓ nominal
sample. The same correlation scheme as for the hvq is used (Section 9).

The 𝑚𝑡𝑡 distributions in the nine SRs before the fit are shown in Figure 7. A deficit in the predicted event
yields compared with the data is observed across all SRs and 𝑚𝑡𝑡 bins, even if the contribution of 𝑡𝑡GFRW is
included. The deficit is more pronounced in the higher 𝑚𝑡𝑡 bin. Overall, the pre-fit agreement between
data and prediction is poorer than in the case of the nominal hvq setup (Section 9), though the distributions
are still compatible within the total pre-fit uncertainty.

The corresponding distributions after the profile-likelihood fit to data are shown in Figure 8. Good
agreement is observed between the data and the predictions of the extended model using bb4ℓ for the
pQCD 𝑡𝑡 predictions after the fit. The Goodness-of-Fit is 0.96, compared with a value smaller than 10−6

for the fit with 𝜇(𝑡𝑡GFRW) = 0. These values are similar to the ones for the equivalent fit with the hvq
baseline model.

The cross-section for the 𝑡𝑡 quasi-bound-state sample extracted in the fit to data is

𝜎(𝑡𝑡GFRW) = 8.5+1.2
−1.1 = 8.5+0.9

−0.8 (stat.) ± 0.7 (syst.) pb.
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Figure 7: Pre-fit distributions of 𝑚𝑡𝑡 in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡

quasi-bound-state prediction and the data, from which the pQCD 𝑡𝑡 contribution and background processes were
subtracted (middle panel), and the ratio of the data and the extended 𝑡𝑡 model including the 𝑡𝑡GFRW contribution
(lower panel) for the bb4ℓ model. The error bars on the data markers represent the statistical uncertainty in the
measurement, while the grey hashed and shaded bands represent the total systematic uncertainty in the prediction.

The null hypothesis 𝜇(𝑡𝑡GFRW) = 0 is rejected with an observed (expected) significance of over 8𝜎
(7𝜎). These values are comparable with those obtained for the hvq baseline. Using the same method
as in Ref. [34] to derive the statistical component, the resulting cross-section is 𝜎(𝑡𝑡GFRW) = 8.5 ±
0.6 (stat.)+1.0

−0.9 (syst.) pb.

The other normalisation factors extracted from the fit with a free-floating 𝑡𝑡GFRW contribution are

𝜇(𝑡𝑡 + 𝑡𝑊) = 0.96 ± 0.03

𝜇(𝑒-HF-fakes) = 1.05+0.08
−0.07

𝜇(𝑒-PhConv-fakes) = 1.00+0.18
−0.25

𝜇(𝜇-HF-fakes) = 1.19 ± 0.04

𝜇(𝑍 + 𝑏) = 0.80+0.40
−0.34

The normalisation factor 𝜇(𝑡𝑡+ 𝑡𝑊) is about 4% smaller than unity. This is consistent with the cross-section
for off-shell top-quark pair production and decays reported in Eq. (92) of Ref. [77], which is obtained at
NNLO QCD accuracy with the dipole approximation and is about 4.5% below the sum of the higher-order
𝑡𝑡 and 𝑡𝑊 cross-sections used to normalise the bb4ℓ sample (Section 3.1.2).

The systematic uncertainties with the largest impact on the extracted 𝑡𝑡GFRW cross-section are shown
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Figure 8: Post-fit distributions of 𝑚𝑡𝑡 in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡

quasi-bound-state prediction and the data, from which the pQCD 𝑡𝑡 contribution and background processes were
subtracted (middle panel), and the ratio of the data and the extended 𝑡𝑡 model including the 𝑡𝑡GFRW contribution
(lower panel) for the bb4ℓ model. The error bars on the data markers represent the statistical uncertainty in the
measurement, while the grey hashed and shaded bands represent the total systematic uncertainty in the prediction.

in Figure 9, and the impact of all uncertainties is summarised in Table 3. Like in the fit based on hvq
(Section 9), among the NPs with the largest impact on the extracted 𝑡𝑡GFRW cross-section are those related
to the modelling of FSR and ISR in the 𝑡𝑡GFRW sample, and the NP for the recoil-to-top uncertainty in the
pQCD 𝑡𝑡 sample. Additionally, the NPs related to the renormalisation and factorisation scale variations
in the bb4ℓ sample, respectively, are also high-ranking, replacing the NP related to the scale choice in
the NNLO QCD reweighting for hvq, which is not applicable here. These two NPs are also among the
NPs with the largest downward shifts compared with their pre-fit values, amounting to slightly less than
one standard deviation and half a standard deviation, respectively. The largest upward shift, close to one
standard deviation, is observed in the high-ranking NP related to the recoil-to-top uncertainty in the pQCD
𝑡𝑡 sample. Most NPs show only moderate constraints compared with their pre-fit values. The strongest
constraint (0.45) is observed for the correlated component of the PS uncertainty. All other NPs show
constraints weaker than 0.5 of their pre-fit standard deviation.
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Table 3: Breakdown of the total uncertainty in the fitted normalisation factor 𝜇(𝑡𝑡GFRW) into its statistical and
systematic components for the model based on bb4ℓ. The impact for a given NP is taken as the corresponding
off-diagonal element of the fit covariance matrix divided by its pre-fit uncertainty. The impact of a group of NPs
is obtained by summing the impacts of all NPs in this category in quadrature. The total systematic uncertainty
is obtained by summing in quadrature the impacts of all NPs. The statistical uncertainty in the signal strength is
calculated based on the requirement that the sum in quadrature of the statistical uncertainty and the total systematic
uncertainty must yield the total uncertainty in the signal strength as obtained from the initial profile likelihood fit in
which all nuisance parameters are allowed to float. The uncertainties are symmetrised by taking the average of the
upward and downward variations. The category "Instrumental (other)" considers the uncertainty in the luminosity,
pile-up reweighting and jet-vertex tagger efficiency.

Category Impact

𝑡𝑡GFRW modelling 6.3%
pQCD 𝑡𝑡 modelling 4.3%
JES pile-up 1.8%
𝑏-tagging 1.6%
Instrumental (other) 1.0%
JES 𝜂 inter-calibration 1.0%
Leptons 1.0%
Jet energy resolution (JER) 0.8%
JES flavour 0.8%
Background normalisations 0.7%
Limited MC statistics 0.4%
Jet energy scale (JES) 0.2%

Total syst. uncertainties 8.4%
Total stat. uncertainties 10%
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B Alternative fit with a simplified model of quasi-bound-state effects

The profile-likelihood fit to data used to extract the cross-section for 𝑡𝑡 quasi-bound-state production is
performed also with the simplified model described in Section 3.2. This provides a more direct comparison
with the results of Ref. [34], which reports a cross-section 𝜎(𝜂𝑡 ) = 8.8+1.2

−1.4 pb with this model.

The cross-section for 𝑡𝑡 quasi-bound-state production extracted from the fit with the simplified model is

𝜎(𝜂𝑡 ) = 13.1+1.9
−1.7 pb = 13.1+1.5

−1.3 (stat.) ± 1.2 (syst.) pb.

Using the same method as in Ref. [34] to derive the statistical component, the resulting cross-section is
𝜎(𝜂𝑡 ) = 13.1 ± 0.8 (stat.)+1.7

−1.6 (syst.) pb. This is roughly a factor of two larger than the predicted value of
6.43 pb. The null hypothesis 𝜇(𝜂𝑡 ) = 0 is rejected with an observed (expected) significance of over 8𝜎
(4𝜎). The smaller expected rejection significance compared with the nominal 𝑡𝑡GFRW model is understood
to originate from small differences in the 𝑚𝑡𝑡 shape between the two models. As shown in Figure 6, the
simplified 𝜂𝑡 model predicts a smaller excess compared with the hvq baseline than the nominal 𝑡𝑡GFRW
model in the lowest 𝑚𝑡𝑡 bin but a comparable relative deviation in the second 𝑚𝑡𝑡 bin in each of the SRs.
This leads to a smaller expected rejection significance as the relative difference between the extended
model with 𝜂𝑡 compared with the baseline hvq model is smaller than for the nominal 𝑡𝑡GFRW model. The
larger observed cross-section compared with the nominal 𝑡𝑡GFRW model (Section 9) can also be explained
by the differences between the 𝑚𝑡𝑡 distributions in the SRs. To accommodate the excess in the data, which
is largest in the lowest 𝑚𝑡𝑡 bins, the post-fit value of the normalisation factor for the simplified model is
larger than for the nominal model. The correspondingly larger post-fit yield for the simplified model in the
second 𝑚𝑡𝑡 bins is counterbalanced by the fit shifting the much larger hvq background, which exhibits the
largest yields in the second 𝑚𝑡𝑡 bins, slightly downward within its systematic uncertainties.

The other normalisation factors extracted from the fit with free-floating 𝜂𝑡 contribution are

𝜇(𝑡𝑡) = 1.01+0.04
−0.03

𝜇(𝑒-HF-fakes) = 1.04 ± 0.07

𝜇(𝑒-PhConv-fakes) = 1.03+0.16
−0.23

𝜇(𝜇-HF-fakes) = 1.19 ± 0.04

𝜇(𝑍 + 𝑏) = 0.79+0.42
−0.35

The 𝑚𝑡𝑡 distributions in the nine SRs before and after this fit are shown in Figures 10 and 11, respectively.
Good agreement is observed between the data and the predictions based on hvq and the simplified model
for quasi-bound-state production, with a Goodness-of-Fit value of 0.99. Similar to the main result presented
in the paper body, the contribution of quasi-bound-state effects is largest in the bin with 1

3 < 𝑐hel < 1,
1
3 < 𝑐han < 1 and at low values of 𝑚𝑡𝑡 .

The systematic uncertainties with the largest impact on the extracted cross-section are shown in Figure 12.
Overall, the relative impacts and constraints are largely comparable with those obtained in the main fit,
with the largest upward shift of approximately 0.5 pre-fit standard deviations observed for the NP on the
uncorrelated part of the uncertainty in the modelling of the 𝑡𝑡 decay and off-shell effects. The impact of all
uncertainties is summarised in Table 4.
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Figure 10: Pre-fit distributions of 𝑚𝑡𝑡 in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡

quasi-bound-state prediction, based on the simplified 𝜂𝑡 model, and the data, from which the pQCD 𝑡𝑡 contribution
and background processes were subtracted (middle panel), and the ratio of the data and the extended 𝑡𝑡 model
including the 𝜂𝑡 contribution (lower panel). The error bars on the data markers represent the statistical uncertainty in
the measurement, while the grey hashed and shaded bands represent the total systematic uncertainty in the prediction.
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Figure 11: Post-fit distributions in the nine SRs (upper panel), together with a comparison between the 𝑡𝑡 quasi-
bound-state prediction, based on the simplified 𝜂𝑡 model, and the data, from which the pQCD 𝑡𝑡 contribution and
background processes were subtracted (middle panel), and the ratio of the data to the extended 𝑡𝑡 model including
the 𝜂𝑡 contribution (lower panel). The error bars on the data markers represent the statistical uncertainty in the
measurement, while the grey hashed and shaded bands represent the total systematic uncertainty in the prediction.
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Figure 12: Ranking of the 15 most impactful individual NPs on 𝜇(𝜂𝑡 ) in the profile-likelihood fit when using the
simplified model of 𝜂𝑡 . The impact for a given NP is taken as the corresponding off-shell element of the fit covariance
matrix divided by the pre-fit uncertainty [139] and given in percent on the upper scale. The black marker shows the
shifts of the NPs relative to the nominal value 𝜃0. They are shown together with their corresponding uncertainties on
the lower scale. The SR numbers correspond to the bins introduced in Figure 2. For the flavour-tagging uncertainties,
individual eigenvariations (EVs) are shown.
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Table 4: Breakdown of the total uncertainty in the fitted normalisation factor 𝜇(𝜂𝑡 ) into its statistical and systematic
components. The impact for a given NP is taken as the corresponding off-diagonal element of the fit covariance
matrix divided by its pre-fit uncertainty. The impact of a group of NPs is obtained by summing the impacts of all NPs
in this category in quadrature. The total systematic uncertainty is obtained by summing in quadrature the impacts
of all NPs. The statistical uncertainty in the signal strength is calculated based on the requirement that the sum in
quadrature of the statistical uncertainty and the total systematic uncertainty must yield the total uncertainty in the
signal strength as obtained from the initial profile likelihood fit in which all nuisance parameters are allowed to float.
The uncertainties are symmetrised by taking the average of the upward and downward variations. The category
"Instrumental (other)" considers the uncertainty in the luminosity, pile-up reweighting and jet-vertex tagger efficiency.

Category Impact

𝜂𝑡 modelling 6.7%
pQCD 𝑡𝑡 modelling 5.2%
JES pile-up 1.5%
𝑏-tagging 1.3%
Instrumental (other) 0.9%
JES 𝜂 inter-calibration 0.8%
Background normalisations 0.6%
JES flavour 0.6%
Leptons 0.6%
𝑡𝑊 modelling 0.5%
Jet energy scale (JES) 0.5%
Limited MC statistics 0.3%
Jet energy resolution (JER) 0.1%

Total syst. uncertainties 8.9%
Total stat. uncertainties 11%
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