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1 Introduction

Top-quark pair (tt̄) production is one of the most extensively studied processes at the Large
Hadron Collider (LHC) [1] and constitutes a critical background for many searches for physics
beyond the Standard Model (BSM). The differential cross-sections for tt̄ production have
been both measured [2–6] and calculated [7–14] with high precision across a broad kinematic
range. However, these typically rely on the narrow-width approximation for top-quark decays,
effectively separating tt̄ production from the production of a single top quark in association
with a W boson and a b-quark (tWb). Due to their identical WbWb final states, processes
with one or two time-like top-quark propagators (referred to as singly and doubly resonant,
respectively) interfere. This interference becomes evident when comparing leading-order (LO)
tt̄ production with next-to-leading-order (NLO) tW production, as illustrated in figure 1.
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Figure 1. Representative Feynman diagrams corresponding to gluon-initiated (a) tt̄ and (b) tWb

single-top-quark processes. The top quarks are indicated by double fermion lines.

This quantum interference feature has been extensively studied from a theoretical per-
spective [15–19] and provides a significant source of uncertainty for measurements of many
Standard Model (SM) processes and BSM searches. Fixed-order calculations of the full
next-to-leading-order pp → l+νl−ν̄bb̄ process, where l denotes a lepton of any flavour, include
the correct treatment of the interference between tt̄ and tW and have set the stage for
corresponding predictions matched to a parton shower [20–25]. While ATLAS previously mea-
sured this interference-sensitive region using 36.1 fb−1 of data collected at

√
s = 13 TeV [26],

the present work significantly enhances the sensitivity by leveraging the full Run 2 data
sample of 140 fb−1 collected by the ATLAS detector between 2015 and 2018. This larger data
sample, coupled with optimised event selection, improved calibrations, and refined modelling
of uncertainties, achieves a substantial reduction in the total measurement uncertainty. The
analysis focuses on events with one electron and one muon, which provide a clean signature
for studying these processes.

Several observables are measured for the first time for the combined tt̄ and tW signal
process. These measurements are crucial for validating the modelling of fundamental kinematic
distributions in Monte Carlo (MC) generators that account for interference effects in WbWb

final states.

2 The ATLAS detector

The ATLAS detector [27] at the LHC covers nearly the entire solid angle around the collision
point.1 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the

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

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

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

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

2
ln

(

E+pz

E−pz

)

in the relativistic limit. Angular distance is

measured in units of ∆R ≡

√

(∆y)2 + (∆φ)2.
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covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer installed before Run 2 [28, 29]. It is followed by the
SemiConductor Tracker, which usually provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker (TRT), which enables radially
extended track reconstruction up to |η| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer comprises separate trigger and high-precision tracking chambers
measuring the deflection of muons in a magnetic field generated by the superconducting air-
core toroidal magnets. The field integral of the toroids ranges between 2.0 and 6.0 T m across
most of the detector. Three layers of precision chambers, each consisting of layers of monitored
drift tubes, cover the region |η| < 2.7, complemented by cathode-strip chambers in the forward
region, where the background is highest. The muon trigger system covers the range |η| < 2.4

with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.
The luminosity is measured mainly by the LUCID-2 [30] detector that records Cherenkov

light produced in the quartz windows of photomultipliers located close to the beampipe.
Events were selected by the first-level trigger system implemented in custom hardware,

followed by selections made by algorithms implemented in software in the high-level trigger [31].
The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger further reduced in order to record complete events
to disk at about 1.25 kHz.

A software suite [32] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and Monte Carlo samples

This analysis uses the proton-proton (pp) collision data at a centre-of-mass energy of 13 TeV

collected by the ATLAS detector during Run 2 operations (2015–2018). This data was
recorded during stable beam LHC operations with the ATLAS detector fully functioning.
After all quality criteria are applied [33], the recorded data corresponds to an integrated
luminosity of 140 fb−1 [34].

3.1 MC simulated samples

Various MC generators were employed to produce simulated events, which are used to
estimate contributions from signal and background processes, determine detector resolution

– 3 –
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and acceptance correction factors, and evaluate systematic uncertainties. Additionally, MC
generators facilitate comparisons between unfolded data and theoretical predictions. All
samples were normalised according to the best available theoretical cross-section predictions,
as detailed in the following sections.

The responses of the ATLAS detector and trigger were simulated [35] based on the detailed
model implemented in the Geant4 framework [36]. The ATLAS fast-simulation package
AtlFast-II, which parametrised hadronic showers in the electromagnetic and hadronic
calorimeters [37], was employed to estimate some of the signal modelling uncertainties.

The effect of multiple interactions in the same and neighbouring bunch crossings (pileup)
was modelled by overlaying the simulated hard-scattering event with inelastic proton-proton
events generated with Pythia 8.186 [38] using the NNPDF2.3lo set of parton distribution
functions (PDF) [39] and the A3 set of tuned parameters [40] (tune). The MC events were
weighted to reproduce the distribution of the average number of interactions per bunch
crossing (⟨µ⟩) observed in the data. The ⟨µ⟩ value in data was rescaled by a factor of
1.03 ± 0.04 to improve agreement between data and simulation in both charged-particle track
distributions and the visible inelastic pp cross-section [41].

All simulated events were processed using the same reconstruction algorithms and analysis
chain as the data, and corrections were applied so that the object reconstruction and
identification efficiencies, energy scales and energy resolutions in simulation matched those
determined from data.

If not stated otherwise, some common settings were defined for the different MC simu-
lations and theoretical calculations. The top-quark mass mtop was set to 172.5 GeV. The
Pythia 8 parton shower (PS) used the A14 set of tuned parameters [42] and the NNPDF2.3lo

PDF set. EvtGen [43] was used for the decays of the bottom and charm hadrons for the
samples showered with Pythia 8 and Herwig 7 [44, 45].

3.1.1 Nominal signal sample

MC samples produced with specific settings and parameters are used as the nominal signal
sample for the analysis. The signal samples are defined as a combination of the tt̄ and tW

samples from the same generators and parton showers. Contributions from non-resonant
WWbb production are negligible [18] and, if not explicitly stated, are not included in
the simulated samples. This is cross-checked with the Powheg+Pythia 8 bb4l sample
described below.

At NLO, it is crucial to avoid double-counting tWb events with mbW ∼ mtop, whose
diagrams are already included, at NLO, in the definition of the tt̄ sample. The default
scheme employed in this analysis is diagram removal (DR) [16], where all doubly resonant
amplitudes are excluded from the tW sample. Alternative methods [16, 17, 46] include
diagram subtraction (DS), which subtracts gauge-invariant terms corresponding to doubly
resonant contributions rather than removing them. This approach preserves a more accurate
representation of interference effects between the tt̄ and tW processes. In the rest of the
paper, unless explicitly stated, the tW samples were generated using the DR scheme.

– 4 –
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In this analysis, the nominal tt̄ and tW were both generated with Powheg Box v2 [47–50]
and interfaced to Pythia 8 [51], with the settings and parameters described below, and
are referred to as ‘PWG+PY8’.

tt̄ production. The production of tt̄ events was simulated using the Powheg Box v2
generator, which provides matrix elements at next-to-leading order in the strong coupling
constant αs with the NNPDF3.0nlo [52] PDF set. The hdamp parameter, which controls the
matching in Powheg and effectively regulates the high transverse momentum (pT) radiation
against which the tt̄ system recoils, was set to 1.5 mtop [19]. The functional form of the

renormalisation scale µr and factorisation scale µf was set to the default scale
√

m2
top + p2

T,

where p2
T is evaluated with the kinematics of the underlying 2 → 2 Powheg process. The

events were interfaced to Pythia 8.230 for the parton shower and hadronisation. The pT,hard

parameter, which regulates how the Pythia 8 radiation phase space is determined to avoid
overlaps with the regions of the phase space already covered by Powheg [53], was set
to pT,hard = 0. The modelling of second and subsequent gluon emission in the t → Wb

process was performed by recoiling the gluon against b-quarks, which is the default strategy
in Powheg [54].

The nominal tt̄ sample was normalised to the cross-section prediction at next-to-next-
to-leading order (NNLO) in perturbative quantum chromodynamics (QCD) including the
resummation of next-to-next-to-leading logarithmic (NNLL) soft-gluon terms calculated using
Top++2.0 [7–13] with the PDF4LHC21 PDF set [55] in the five-flavour scheme. For pp

collisions at a centre-of-mass energy of
√

s = 13 TeV, this cross-section is σ(tt̄)NNLO+NNLL =

834 +21
−30 (scale) ± 21(PDF+αs) ± 23(mtop) pb. The uncertainties in the cross-section due to

the PDF and αs are calculated using the PDF4LHC prescription with the MSHT2020 [56],
CT18 [57] and NNPDF3.1 [58] PDF sets. The uncertainties in the cross-section due to the
choice of the renormalisation and factorisation scales are determined by varying the scales
independently up and down by a factor of two, while ensuring that they do not differ from
each other by more than a factor of two. This procedure is used consistently throughout
the analysis whenever scale uncertainties are evaluated. The scale uncertainty is defined as
the envelope of the resulting cross-section values. The uncertainties due to the top-quark
mass mtop are evaluated by varying mtop by ±1.0 GeV.

tW production. The nominal single-top-quark tW associated production was simulated
using the Powheg Box v2 [59] generator that provides matrix elements at NLO in QCD
in the five-flavour scheme, with the NNPDF3.0nlo PDF set. The functional form of the
renormalisation and factorisation scales was set to HT/2, where HT is defined as the scalar
sum of the pT of all outgoing partons. The DR scheme was employed to treat the interference
with tt̄ production. The events were interfaced to Pythia 8.230. As in the nominal tt̄ sample,
the pT,hard parameter was set to pT,hard = 0.

The predicted cross-section of tW production in pp collisions at a centre-of-mass energy
of 13 TeV is σ(tW ) = 79.3 ± 2.8 pb and was computed at NLO in QCD with the addition
of third-order corrections to soft-gluon emissions by resumming NNLL terms [60]. The
PDF4LHC21 PDF set was used. The quoted uncertainty includes the uncertainty due to
the choice of µr and µf and the uncertainty in the PDFs. The uncertainty from the scale
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choice is determined by varying the scales simultaneously up and down by a factor of two.
The PDF uncertainties are based on the Hessian method and include the uncertainty in αs.

The perturbative orders at which the total cross-sections are calculated differ between the
tt̄ and tW processes. The tt̄ cross-section is calculated at NNLO+NNLL, while the tW cross-
section is calculated at NLO+NNLL. The impact of this difference on the measurement is
included as a source of systematic uncertainty. The impact on the predictions of the normalised
differential cross-sections is found to be negligible by comparing the predictions obtained
with the nominal settings (with the tt̄ and tW processes normalised to NNLO+NNLL and
NLO+NNLL, respectively) to the predictions obtained without the higher-order corrections
(with the tt̄ and tW processes normalised to NLO).

3.1.2 Alternative signal samples

Several additional tt̄ and tW samples are considered for evaluating modelling systematic
uncertainties and for comparison with data.

Samples for systematic uncertainties. For the estimation of signal modelling uncer-
tainties different samples are used, obtained with either different settings for the nominal
Powheg+Pythia 8 generator or with different generators. The predictions obtained with
these samples, with the exception of the samples obtained by varying the top-quark mass,
are also used in the comparisons with the measured differential cross-sections. These samples
are summarised below.

tW PWG+PY8 (DS) This sample is similar to the nominal PWG+PY8 sample but with
DS scheme used for the modelling of the tW component. In the rest of the paper, this
sample is referred to as ‘PWG+PY8 (DS)’.

tt̄ and tW PWG+PY8 (hdamp = 3mtop) This sample was generated with the same
settings as the nominal PWG+PY8 sample but with the hdamp parameter set to 3mtop.
This sample is referred to as ‘PWG+PY8 (hdamp)’.

tt̄ and tW PWG+H7 This sample consists of tt̄ events simulated using the same
Powheg Box v2 set-up with the same settings as the nominal sample but inter-
faced to Herwig 7.1.3, which uses an angular-ordered parton-shower model, with
the MMHT2014lo PDF set [61]. This sample used the Herwig 7.1 default set of
tuned parameters. For the tW process, events simulated with the Powheg Box v2
generator using the same settings as the nominal sample were interfaced to Herwig

with the same configuration set-up as the tt̄ sample. The DR scheme was employed to
treat the interference with tt̄ production. This sample is referred to as ‘PWG+H7’.

tt̄ and tW PWG+PY8 (pT,hard = 1) This sample is similar to the nominal PWG+PY8
sample but used pT,hard = 1 instead of pT,hard = 0 [62, 63]. It is referred to as
‘PWG+PY8 (pT,hard)’.

tt̄ and tW PWG+PY8 (mass variations) These samples are based on the nominal
PWG+PY8 set-up but incorporate variations in the top-quark mass by ±3.5 GeV
around the nominal mass of 172.5 GeV. These variations are used to assess the

– 6 –
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impact on the measured differential cross-sections of the assumed top-quark mass in
the simulated tt̄ and tW processes. These samples are utilised solely for evaluating
systematic uncertainties, as described in section 5.3.3, and are not used for direct
comparisons with data.

Samples only for comparison with data. Additional samples are considered solely for com-
parison with the measured differential cross-sections. These samples are summarised below.

tt̄ PWG+PY8 (recoil) This sample is similar to the nominal tt̄ PWG+PY8 sample but
uses a different recoil strategy. In this variation, the gluon recoils against the top-quark
itself during the second and subsequent gluon emissions in the t → Wb process [64].
The tW samples were kept at their nominal settings. This sample is referred to as
‘PWG+PY8 (recoil)’.

PWG+PY8 bb4l This sample was produced using a generalisation of Powheg that
generates l+νl−ν̄bb̄ final states. This approach accounts for quantum interference
effects between the tt̄ and tW production modes, and off-shell and non-resonant
effects [25]. Events were simulated using the Powheg Box Res framework [65], with
matrix elements at NLO in QCD with the NNPDF3.0nlo PDF set in the four-flavour
scheme. A general NLO+PS matching technique that allows a consistent treatment
of resonances, referred to as ‘resonance-aware matching’ [66, 67], was employed. The
renormalisation and factorisation scales were set using the functional form:

[(

m2
top + p2

T,t

) (

m2
top + p2

T,t̄

)]
1

4 ,

where the masses and transverse momenta of the (anti)top-quarks are defined in
the underlying Born phase space, based on the final state (off-shell) decay products.

For diagrams involving an intermediate Z boson, the scales were set to
√

p2
Z

2
, where

pZ = pl+ + pl− + pν + pν̄ . The hdamp parameter was set to 1.5 mtop. For the
Powheg–Pythia matching, a special UserHook (PowhegBB4ltms) was employed [46].
This generator is still under review within the ATLAS experiment, and a complete
set of systematic uncertainties is not yet available; therefore, it cannot be used as a
nominal sample.

tt̄ NNLO reweighting To assess the impact of NNLO corrections on the agreement between
data and simulation, the nominal PWG+PY8 tt̄ sample was reweighted at parton level
to match the NNLO QCD + NLO electroweak (EW) parton-level predictions presented
in ref. [68]. The reweighting was applied as a function of three variables: pT(t), m(tt̄),
and pT(tt̄), using the kinematic distributions of the top quarks in the MC samples after
initial- and final-state radiation. The predictions for pT(t) and m(tt̄) were calculated
at NNLO in QCD with NLO EW corrections using the NNPDF3.0qed PDF set and
dynamic renormalisation and factorisation scales of mT(t)/2 for pT(t) and HT/4 for
m(tt̄), as proposed in ref. [68]. The prediction for pT(tt̄) was calculated at NNLO
in QCD [14, 69] with the NNPDF3.0 PDF set and µr and µf set to HT/4. All
predictions assume mtop = 173.3 GeV. The reweighting was performed iteratively,
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ensuring that the reweighted MC sample agrees well with the higher-order predictions
for each variable. The reweighted predictions are not equivalent to full NNLO+PS
calculations but are used to estimate the effect of NNLO contributions on the measured
observables. Because higher-order predictions for the tW process are unavailable, the
NNLO reweighting cannot be applied to tW , and the analysis therefore uses the nominal
tW PWG+PY8 sample produced with the DR scheme. For this reason, this sample,
along with the MiNNLOPS sample described below, improves the modelling accuracy
of the tt̄ component of the WbWb process but it does not enhance the tW component.
This sample is referred to as ‘PWG+PY8 (NNLO rew.)’.

tt̄ NNLO+PS The first matched computation of top-quark pair production at NNLO in
QCD, incorporating all-order radiative corrections through parton-shower simulations,
is detailed in ref. [70] and referred to as the MiNNLOPS procedure. For generating
this sample, the NNPDF3.0 nnlo PDF set was utilised, with Pythia 8.230 used for
the fragmentation and underlying-event simulation. This sample was normalised to the
same cross-section calculated with the Top++ 2.0 program at NNLO+NNLL in QCD,
as previously mentioned. For the tW process, the nominal sample is used. This sample
is referred to as ‘PWG+PY8 MiNNLOPS’.

All the alternative samples were normalised to the same total cross-section as the nominal
sample, with two exceptions: the PWG+PY8 mass variation samples, which were normalised
to their respective higher-order cross-section calculations, and the PWG+PY8 bb4l sample,
which was normalised to the cross-section of 84.2 pb obtained directly from the MC simulation
without corrections for higher-order calculations.

3.1.3 Background samples

Several processes share the same final state (two b-quarks, two charged leptons) as the WbWb

process. The events produced by these backgrounds need to be estimated and subsequently
subtracted from the data to determine the WbWb cross-sections. They are all estimated by
using MC simulation. The processes considered are Z+jets production, diboson final states
(WW/ZZ/WZ), tt̄ produced in association with weak bosons (tt̄ + W/Z/H, collectively
referred to as tt̄X) and, for the background due to fake and non-prompt leptons, single-lepton
tt̄, tW and W+jets processes.

The production of Z+jets and W+jets events was simulated with the Sherpa 2.2.1 [71]
generator using NLO matrix elements for up to two partons, and LO matrix elements for up
to four partons calculated with the Comix [72] and OpenLoops [73–75] libraries. They were
matched with the Sherpa parton shower [76] based on Catani-Seymour dipole factorisation
using the MEPS@NLO prescription [77–80] using the set of tuned parameters developed
by the Sherpa authors. The NNPDF3.0nnlo set of PDFs was used and the samples were
normalised to an NNLO prediction [81]. The Z+jets events lead to the same final state as
the signal process when the Z boson decays into two τ -leptons, which in turn decay into
an electron and a muon; on the other hand, W+jets events can mimic the signal signature
only via the presence of fake or non-prompt leptons. The contribution from both processes
is negligible in the signal regions considered.

– 8 –
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The diboson processes were simulated with the Sherpa 2.2.2 and 2.2.1 generators including
off-shell effects and Higgs boson contributions, where appropriate. The samples were generated
by using matrix elements at NLO accuracy in QCD for up to one additional parton and
at LO accuracy for up to three additional parton emissions. Samples for the loop-induced
processes gg → V V were generated by using LO-accurate matrix elements for up to one
additional parton emission for both fully leptonic and semileptonic final states. In this set-up,
multiple matrix elements (NLO for up to one additional parton and LO for up to three
additional partons) were matched and merged with the Sherpa parton shower. The virtual
QCD corrections for matrix elements at NLO accuracy were provided by the OpenLoops

library. The NNPDF3.0nnlo set of PDFs was used, along with a dedicated set of tuned
parton-shower parameters developed by the Sherpa authors.

The production of tt̄ + W/Z events was simulated using the
MadGraph5_aMC@NLO 2.3.3 [82] generator at NLO with the NNPDF3.0nlo PDF set
and interfaced to Pythia 8.210.

The production of tt̄H events was simulated using the Powheg Box v2 [83] generator
at NLO with the NNPDF3.0nlo PDF set interfaced to Pythia 8.230.

The background arising from events containing fake or non-prompt leptons, referred to as
‘Fakes’, is estimated by using MC simulations. Specifically, these are events where at least
one reconstructed lepton does not match a generated lepton from the hard-scattering process.
The samples used for this estimation include single-lepton tt̄, tW , and W+jets processes,
generated by using the same set-ups described earlier.

4 Object reconstruction and event selection

The following sections describe the detector- and particle-level objects used to characterise the
final-state event topology and to define the fiducial phase-space regions for the measurements.

4.1 Detector-level object reconstruction

Events are required to have a primary vertex with at least two associated tracks. The
primary vertex is selected as the one with the largest Σp2

T, where the sum is over all tracks
with transverse momentum pT > 0.5 GeV that are associated with the vertex. Events are
considered only if they were accepted by at least one of the single-muon or single-electron
triggers [31, 84, 85], which are highly efficient for leptons with pl

T > 27 GeV.
Electrons are identified using both the tracking information from the inner detector and

energy deposits in the electromagnetic calorimeter [86]. The electrons are required to satisfy
the reconstruction and identification quality requirements corresponding to the tight working
point (WP) [87] and to have |η| < 1.37 or 1.52 < |η| < 2.47 and pT > 28 GeV. To ensure
that each reconstructed electron comes from a primary interaction vertex, tracks matched to
electrons are required to satisfy |z0 sin θ| < 0.5 mm and |d0|/σ(d0) < 5, where z0 and d0 are
the longitudinal and transverse impact parameters of the electron track, respectively. Finally,
each reconstructed event must satisfy the tight working point (PLVTight) of the isolation
requirements based on boosted decision trees trained to separate prompt and non-prompt
electrons and muons [88].
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Muons are identified using the tracking information from the muon detector and the inner
detector. The muons are required to satisfy the reconstruction and identification Medium

quality requirement and to have |η| < 2.5 and pT > 28 GeV [89, 90]. Muons are required
to come from a primary vertex, by requiring the ID tracks to pass |z0 sin θ| < 0.5 mm and
|d0|/σ(d0) < 3, and to fulfil the PLVTight isolation requirement.

Jets are reconstructed using the anti-kt algorithm [91] with radius parameter R = 0.4

implemented in FastJet [92] using particle flow objects (PFlow) [93]. To reduce the number
of jets originating from pileup, an additional selection criterion based on a jet-vertex tagging
(JVT) technique is applied. The JVT is a likelihood discriminant that combines information
from several track-based variables [94], and is only applied to jets with pT < 60 GeV and
|η| < 2.4. The jet energy and direction are calibrated using an energy- and η-dependent
simulation-based calibration scheme with in situ corrections based on data [95]. Jets are
required to have pT > 25 GeV and |η| < 2.5.

The DL1r flavour tagging algorithm [96] is employed to identify jets containing b-hadrons.
This tagger uses a deep neural network to exploit the distinctive features of b-hadrons, such as
the impact parameters of tracks and the displaced vertices reconstructed in the inner detector.
It also incorporates discriminating variables from a recurrent neural network, which capture
spatial and kinematic correlations among tracks originating from the same b-hadron. For
each jet, the algorithm computes a multivariate b-tagging discriminant, classifying the jet as
b-tagged if this discriminant exceeds a predefined threshold. Operating points corresponding
to b-tag efficiencies of 70% and 85% in tt̄ MC events are used [97].

To avoid the reconstruction of the same energy deposits in the detector as multiple
objects, overlap removal is applied first between electrons and muons that share a track,
with the electron being removed in such cases. Next, if an electron is within ∆R = 0.2 of
one or more jets, the closest jet to the electron is removed. If there are still jets within
∆R = 0.4 of the electron, the electron is removed. Jets with fewer than three tracks within
∆R = 0.4 of muons are removed, whereas if the jet has at least three tracks, the muon is
removed and the jet is retained.

The missing transverse energy Emiss
T in the event is the magnitude of the missing transverse

momentum vector pT
miss, defined as the negative vector sum of the pT of all selected and

calibrated physics objects in the event, with an extra track-based term added to account for
soft energy in the event that is not associated with any of the selected objects [98].

4.2 Detector-level event selection

The event selection comprises a set of requirements based on the general event quality
and on the reconstructed objects, defined in section 4.1, that characterise the final-state
event topology.

The analysis focuses on the eµ final state of the dileptonic decay channel, excluding
the ee and µµ channels. The large number of events collected in the eµ channel allow for
precise measurements while significantly reducing the impact of the Z+jets background,
which is more prominent in the ee and µµ channels due to the presence of same-flavour
leptons and contributes to the eµ channel through the Z boson decay into a pair of τ -leptons.
Each event is required to contain exactly one electron and one muon, of opposite electric
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charges, both with pT > 28 GeV. In addition, at least one lepton must be matched to a
trigger object of the same flavour.

Finally, at least two jets with pT > 25 GeV, b-tagged using the 70% WP, are required.
This requirement is referred to as Nb-tags ≥ 2, while the region defined by these requirements
is referred to as the 2b-inclusive signal region.

A selection of detector-level event distributions after the full event selection is shown
in figure 2. The data and simulated distributions (obtained using both the DR and DS
schemes for the simulation of the tW process) generally show good agreement. One exception
is the lepton transverse momentum distribution, which appears softer in data compared
to the nominal signal and background simulation. Similar discrepancies were observed in
previous measurements at

√
s = 13 TeV [3, 99, 100]. Another exception is the b-tagged

jet multiplicity distribution, which shows an excess in data compared to the simulation at
higher multiplicity values, as already observed in previous measurements [100, 101]. The
impact of this mismodelling has been tested for all measured observables in this phase space
and found to be negligible. For most distributions, no significant differences are observed
between the DR and DS schemes. To enhance sensitivity to the interference between the
tt̄ and tW processes, the variable mbl

minimax is defined in a region with a veto on additional
b-tagged jets, as described in the next section.

4.3 Sensitivity to tt̄ and tW interference

The observable that is most sensitive to the interference between double and single top
production is mbl

minimax and is defined as:

mbl
minimax ≡ min

{

max
(

mb1l1 , mb2l2
)

, max
(

mb1l2 , mb2l1
)}

,

where bi and li represent the two b-jets and two leptons, respectively. This definition ensures
that, for doubly resonant events, the value of mbl

minimax is constrained to be smaller than
the mass of the top quark. For this reason, this variable is sensitive to the interference
for high mass values (above about 180 GeV) due to the suppression of doubly resonant
contributions. The sensitivity of mbl

minimax to interference effects was first explored in ref. [26].
However, the presence of additional b-jets in doubly resonant events can spoil the constraint,
resulting in a high value of mbl

minimax due to the combinatorics between b-jets and leptons.
Moreover, given the sensitivity of mbl

minimax to the number of b-tagged jets, limiting the signal
region to events with exactly two b-tagged jets reduces the impact of the mismodelling of
the b-tagged jet multiplicity at higher values, as shown in figure 2(c). Therefore, a veto
on additional b-jets is used to suppress the contributions of the combinatorics and enhance
sensitivity to interference effects. Following a dedicated optimisation of the phase space,
the best results are achieved by discarding events with additional b-tagged jets using the
85% WP. This additional requirement is referred to as Nb-tags = 2, while the region defined
by these requirements is referred to as the 2b-exclusive signal region. This region is only
used to measure the differential cross-section as a function of mbl

minimax, while the differential
cross-sections as a function of all other variables are measured in the 2b-inclusive region.

The detector-level distribution for the mbl
minimax variable is shown in figure 3 for events

satisfying the 2b-exclusive selection. The comparison between predictions obtained with the
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Figure 2. Comparison of data and MC predictions for the pT of (a) the leading jet and (b) the
leading lepton, (c) the number of b-tagged jets and (d) the Emiss

T in the 2b-inclusive signal region. The
total MC predictions are obtained by employing either the DR or DS schemes for the generation of the
tW sample. The hatched area indicates the combined statistical and systematic uncertainties in the
total prediction, excluding systematic uncertainties related to the signal modelling and normalisation.
Events beyond the range of the horizontal axis are included in the last bin and their yield normalised
to the bin width, for presentation purposes. The lower panels show the ratios of the predictions to
the data.
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Figure 3. Comparison of data and MC predictions for the mbl
minimax variable in the 2b-exclusive

signal region. The total MC predictions are obtained by employing either the DR or DS schemes for
the generation of the tW sample. The hatched area indicates the combined statistical and systematic
uncertainties in the total prediction, excluding systematic uncertainties related to the signal modelling
and normalisation. Events beyond the range of the horizontal axis are included in the last bin and
their yield normalised to the bin width, for presentation purposes. The lower panel shows the ratio of
the predictions to the data.

DR and DS schemes shows the region of the distribution that is sensitive to the different
schemes used to model the interference, while a selection of detector-level event distributions
in the 2b-exclusive signal region are shown in figure 4 for some object kinematic variables.
Unlike mbl

minimax, these distributions do not exhibit a noticeable difference between the DR
and DS predictions. The level of agreement between data and MC for these variables is
comparable to that seen in the 2b-inclusive signal region.

The observed and expected numbers of events after the two event selections are shown
in table 1. With these selections the total detector-level signal yields are composed of 90%
fiducial events (defined with the requirements described sections 4.4 and 4.5) and correspond
to 23% of the total particle-level fiducial events.
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Figure 4. Comparison of data and MC predictions for the pT of (a) the leading jet and (b) the
leading lepton, (c) the number of jets and (d) the Emiss

T in the 2b-exclusive signal region. The total
MC predictions are obtained by employing either the DR or DS schemes for the generation of the
tW sample. The hatched area indicates the combined statistical and systematic uncertainties in the
total prediction, excluding systematic uncertainties related to the signal modelling and normalisation.
Events beyond the range of the horizontal axis are included in the last bin and their yield normalised
to the bin width, for presentation purposes. The lower panels show the ratios of the predictions to
the data.
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Sample eµ, Nb-tags = 2 eµ, Nb-tags ≥ 2

tt̄ 200000 ± 12000 (±6%) 214000 ± 13000 (±6%)
tW (DR) 6900 ± 400 (±6%) 7300 ± 400 (±6%)

tt̄X 500 ± 70 (±13%) 800 ± 110 (±13%)
Diboson 32 ± 13 (±40%) 36 ± 15 (±40%)
Z+jets 47 ± 18 (±40%) 51 +20

−19 (±40%)
Fakes 1300 ± 700 (±50%) 1400 ± 700 (±50%)

Total expected 209000 ± 12000 (±6%) 224000 ± 13000 (±6%)
Purity 0.9910 ± 0.0031 (±0.32%) 0.9898 ± 0.0032 (±0.32%)
Data 202738 219882

MC/Data 1.03 ± 0.06 (±6%) 1.02 ± 0.06 (±6%)

Table 1. Observed and expected number of events after both detector-level event selections. The
uncertainties include the MC statistical uncertainties and all systematic uncertainties except for the
signal modelling and normalisation. The purity is defined as the ratio of the expected number of
signal (tt̄ + tW ) events to the expected number of total events.

4.4 Particle-level object definition

In addition to the detector-level objects, ‘particle-level’ objects are also defined. These objects
are identified using generator-level information from stable particles in the generator record,
defined as those that satisfy cτ > 10 nm, with τ being the particle lifetime, without any
simulation of their interaction with the detector components. The particle-level objects are
used to define the fiducial phase-space regions and variables of interest for the measurements.

Particle-level electrons and muons are required to not originate from a hadron, either
directly or via an intermediate τ -lepton decay. With this requirement, a τ -lepton is accepted
as a parent of the electron or a muon only if the τ -lepton itself comes directly from a W .
Leptons that come from a quark or hadron, including hadronically decaying τ -lepton, are
rejected. With this definition, all particle-level leptons originate from the decays of EW
bosons without requiring a direct match to a W boson. Their momentum is calculated to
include the radiation loss due to final-state radiation (FSR) photons (‘dressing’), classified
as photons within ∆R = 0.1 that do not originate from hadron decays. The transverse
momentum and η requirements are the same as the detector-level signal objects.

Particle-level jets are reconstructed by clustering generated particles (excluding those
identified as leptons or neutrinos from EW boson decays), with the anti-kt algorithm with
a radius parameter of R = 0.4. The ghost-association procedure [102] is used to match
b-hadrons with pT > 5 GeV to jets where generator-level jet clustering is run as usual, except
that the energy of all b-hadrons is set to a negligible value. All the particle jets containing a
constituent b-hadron are considered b-tagged after this procedure.

The particle-level missing transverse momentum is calculated from the four-vector sum of
all neutrinos, except those coming from hadron decays, either directly or via τ -lepton decays.

Particle-level objects are subject to different overlap removal criteria relative to detector-
level objects, after dressing and jet reconstruction. Muons and electrons within ∆R = 0.4 of
a jet are excluded. No electron-muon overlap removal is applied at the particle level.
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Sample eµ, Nb-jets = 2 eµ, Nb-jets ≥ 2

tt̄ 806640 ± 180 823250 ± 180

tW (DR) 27386 ± 20 27918 ± 21

Total signal 834030 ± 180 851160 ± 180

Table 2. Expected event yields after applying both particle-level selections. The uncertainties shown
are statistical only, originating from the Monte Carlo simulation.

4.5 Particle-level selection

Using particle-level objects, two fiducial regions are defined by applying selections that
replicate the detector-level ones as closely as possible:

• one electron and one muon with pT > 28 GeV and |η| < 2.5;

• at least two jets with pT > 25 GeV and |η| < 2.5;

• at least two jets tagged as b-jets with the b-hadron ghost-association matching;

• only for mbl
minimax: exactly two b-jets, tagged with the b-hadron ghost-association

matching.

These requirements define the particle-level 2b-inclusive and 2b-exclusive fiducial regions,
labelled as eµ, Nb-jets ≥ 2 and eµ, Nb-jets = 2 respectively. The measured observables are
unfolded to these phase spaces. In table 2, the expected numbers of events after the two
particle-level event selections are shown.

5 Cross-section extraction

The differential cross-sections are derived from detector-level events, which are corrected for
detector and reconstruction effects — a process commonly referred to as ‘unfolding’. This
correction accounts for efficiency, acceptance, and resolution effects, with the latter handled
using an iterative Bayesian unfolding procedure [103], implemented via the RooUnfold
package [104].

For each observable, the unfolding procedure starts from the number of events observed
in data at detector level in bin j of the distribution (N j

data), from which the background
event yield (N j

bkg), estimated as described in section 3.1.3, is subtracted. Then the unfolding
corrections, described below, are applied. All corrections are evaluated using the nominal
Powheg+Pythia 8 MC simulation of the tt̄ + tW signal sample.

As the first step, an acceptance correction (f j
acc) is applied. The acceptance correction

in bin j is defined as the fraction of signal events reconstructed in this bin that also satisfy
the particle-level selection:

f j
acc ≡

N j
reco∧part

N j
reco

, (5.1)

where N j
reco∧part is the number of events that satisfy both the detector-level selection and

the particle-level selections in a given detector-level bin j, and N j
reco is the number of events
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that satisfy the detector-level selection in the same bin. This correction is a bin-by-bin
factor that accounts for events that are generated outside the fiducial phase-space region
but satisfy the detector-level selection.

The resulting detector-level distribution is then corrected for the effects of the detector
resolution to produce the particle-level distribution. The procedure uses as input a migration
matrix M derived from the simulated signal sample that maps the particle-level bin i in
which an event is generated to the bin j in which it is reconstructed. The probability for
particle-level events to be reconstructed in the same bin is represented by the diagonal
elements, and the off-diagonal elements describe the fraction of particle-level events that
migrate into other bins. Therefore, the elements of each row sum to unity. The procedure is
performed via the iterative Bayesian unfolding, using four iterations to balance the stability
relative to the previous iteration and the growth of the statistical uncertainty. The effect of
varying the number of iterations by one is found to be negligible.

Finally, an efficiency correction ε is applied to the unfolded spectrum, correcting the
result by a bin-by-bin factor to the fiducial phase space. The efficiency correction in bin
i is defined as the fraction of the events generated in a particle-level bin i that satisfy the
detector-level selection:

εi ≡
N i

part∧reco

N i
part

,

where N i
part∧reco is the number of events that satisfy both the particle-level selection and the

detector-level selection in a given particle-level bin i, and N i
part is the number of events that

satisfy the particle-level selection in the same bin. This factor corrects for the inefficiency
of the event selection and reconstruction.

The absolute differential cross-section is then obtained by dividing the unfolded distribu-
tion by the integrated luminosity and the bin width. The extraction of the absolute differential
cross-section for an observable X at particle-level is then given by the following expression:

dσi
fid

dXi
≡ 1

L · ∆X i
· 1

εi
·
∑

j

M
−1 · f j

acc ·
(

N j
obs − N j

bkg

)

, (5.2)

where the index j iterates over bins of observable X at detector level while the index i labels
bins at particle-level, ∆Xi is the bin width, L is the integrated luminosity and M−1 is the
inverted migration matrix obtained from the iterative unfolding procedure. The integrated
fiducial cross-section is obtained by integrating the unfolded cross-section over the bins, and
its value is used to compute the normalised differential cross-sections:

1

σi
fid

· dσi
fid

dXi
.

This definition is applied for all uncertainties affecting the measurement, ensuring that the
correlation between the uncertainties in the integrated fiducial cross-section (σfid) and the
differential cross-section in each bin (dσi

fid) is accounted for. This correlation can lead to a
partial cancellation of uncertainties when computing the normalised differential cross-sections,
thereby reducing their overall impact compared to the absolute differential cross-sections.
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5.1 Measured distributions at the particle level

A total of 11 observables are chosen for the differential cross-section measurement.

The differential cross-section as a function of the mbl
minimax variable is measured in the

2b-exclusive fiducial phase space, while differential cross-sections as a function of variables
related to the number of jets and the kinematics of jets, leptons and Emiss

T , are measured
in the 2b-inclusive fiducial phase space. Specifically, these are:

• p
jet1

T : transverse momentum of the leading jet;

• p
jet2

T : transverse momentum of the subleading jet;

• pl1
T: transverse momentum of the leading lepton;

• pl2
T: transverse momentum of the subleading lepton;

• mbb4l
T : transverse mass mT of the bb4l system, with mT =

√

E2 − p2
z =

√

p2
T + m2. The

bb4l system is built as the vector sum of the four-momenta of the leading and subleading
b-jets, the two charged leptons, and the Emiss

T as a proxy for the neutrinos;

• pbb4l
T : transverse momentum of the bb4l system;

• pbb
T : transverse momentum of the b-jet pair, built using the leading and subleading

b-jets;

• pbbll
T : transverse momentum of the bbll system, built using the leading and subleading

b-jets and the two charged leptons;

• mbbll: invariant mass of the bbll system;

• Njets: number of jets.

These observables are selected to cover several aspects of the modelling of the tt̄ and tW

processes, including their interference effects. Some of the observables are chosen based on
their sensitivity to specific theoretical uncertainties or discrepancies observed in previous
measurements, while others are selected because they show significant differences among the
predictions from various MC models. In particular, mbl

minimax is sensitive to the treatment
of the tt̄/tW interference, while pbb4l

T and Njets are sensitive to the modelling of additional
radiation. The pT of leptons, jets, and the b-jet pair probe the modelling of the underlying
hard process.

For each observable, the binning is chosen to guarantee good diagonality of the migration
matrix and to ensure a sufficient number of events in each bin. The binning is optimised to
balance statistical precision and resolution effects, and it is validated using the same procedures
described in ref. [2]. For all the observables, the first and last bins do not contain under- and
overflow events, except for the number of jets, where the last bin includes overflow events.
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Figure 5. The (a) acceptance (facc) and (b) efficiency (ε) corrections and (c) the migration matrix
for the mbl

minimax variable in the 2b-exclusive region. The nominal acceptance and efficiency corrections,
provided by Powheg+Pythia 8 with the DR scheme, are compared with the corrections obtained
with some MC generators used to evaluate the signal modelling uncertainties. In the migration matrix,
only bins where the migration is greater than 1% are shown.

5.2 Unfolding corrections

Examples of acceptance, efficiency, and migration matrices for the mbl
minimax variable (in the

2b-exclusive region) are shown in figure 5, and for the number of jets (in the 2b-inclusive
region) in figure 6. The low values for the efficiency, in figures 5(b) and 6(b), averaging at
around 23%, are mostly related to the requirements of having two isolated leptons and two b-
tagged jets. The acceptance and efficiency corrections are compared with those obtained with
various MC generators used to evaluate the signal modelling uncertainties. This comparison
illustrates the impact of signal modelling variations on the final measurement.

In figure 5, a sharp drop in the acceptance and efficiency corrections at high values of
mbl

minimax is observed. This drop is primarily due to the tt̄ component of the signal, whose
contribution to the high-mbl

minimax region amounts to half of the total signal yield and is
primarily due to events where at least one of the two b-tagged jets does not originate from
the decay of a top quark. For such events to enter the 2b-exclusive region, a third b-jet

– 19 –



J
H
E
P
0
2
(
2
0
2
6
)
1
5
3

2 3 4 5 6 7  8≥

 jets
Detector-level N

89

90

91

92

93

94 [
%

]
a
c
c

f

PWG+PY8

PWG+PY8 (DS)

PWG+H7

)
hard

T
PWG+PY8 (p

)
damp

PWG+PY8 (h

ATLAS Simulation

 = 13 TeVs

 2≥ 
b-jets

, Nµe

(a)

2 3 4 5 6 7  8≥

 jets
Particle-level N

23

24

25

26

27

28

29

30

31

 [
%

]
ε

PWG+PY8

PWG+PY8 (DS)

PWG+H7

)
hard

T
PWG+PY8 (p

)
damp

PWG+PY8 (h

ATLAS Simulation

 = 13 TeVs

 2≥ 
b-jets

, Nµe

(b)

2 3 4 5 6 7  8≥

 
 jets

Detector-level N

2

3

4

5

6

7

 8≥

 
 j
e

ts
P

a
rt

ic
le

-l
e

v
e

l 
N

0

10

20

30

40

50

60

70

80

90

100

M
ig

ra
ti
o

n
 [

%
]

87 12  1

 9 78 12  1

15 71 12  1

 2 20 64 12  1

 4 24 59 11  1

 6 27 54 12

 6 23 70

ATLAS Simulation  = 13 TeVs

Migration matrix  2≥ 
b-jets

, Nµe

(c)

Figure 6. The (a) acceptance (facc) and (b) efficiency (ε) corrections and (c) the migration matrix
for the Njets variable in the 2b-inclusive region. The nominal acceptance and efficiency corrections,
provided by Powheg+Pythia 8 with the DR scheme, are compared with the corrections obtained
with some MC generators used to evaluate the signal modelling uncertainties. In the migration matrix,
only bins where the migration is greater than 1% are shown.

from radiation must be present, and one of the b-jets from the top-quark decay must not
be selected. The latter requirement significantly reduces the probability of these events
satisfying the selection criteria at both particle- and detector-level, leading to the observed
low acceptance and efficiency. For the rest of the variables, where the separation between tt̄

and tWb is less pronounced, the acceptance and efficiency corrections are more stable across
the phase space, as shown in figure 6 for the number of jets.

5.3 Systematic uncertainties

This section describes the estimation of systematic uncertainties related to object reconstruc-
tion and calibration, signal modelling, and background estimation.

5.3.1 Uncertainty propagation

To evaluate the impact of each uncertainty after the unfolding, the reconstructed signal
and background distributions in simulation are varied and unfolded using corrections from
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the nominal Powheg+Pythia 8 signal sample. The unfolded distribution is compared
with the corresponding particle-level spectrum, and the relative difference is assigned as the
uncertainty in the measured distribution. For single-sided systematic uncertainties, such as
most of the signal modelling ones, the relative difference is symmetrised to obtain a two-sided
uncertainty. All detector- and background-related systematic uncertainties are evaluated
using the same generator, while alternative generators and generator set-ups are employed to
assess modelling systematic uncertainties. In these cases, the corrections derived from the
nominal generator are used to unfold the detector-level spectra of the alternative generator,
and the comparison between the unfolded distribution and the alternative particle-level
spectrum is used to assess the corresponding uncertainty.

5.3.2 Object reconstruction and calibration

Leptons and Emiss
T . Electrons and muons both have uncertainties associated with the

understanding of the energy/momentum scale and resolution [86, 90]. These uncertainties
are calculated by modifying the momentum of the reconstructed leptons and propagating
these changes through the analysis chain. The lepton reconstruction efficiency in simulated
events is corrected by scale factors derived from measurements of these efficiencies in data
using a control region enriched in Z → ee and Z → µµ events [87, 89]. The calibration of the
efficiency of the lepton reconstruction and identification comes with associated uncertainties,
and these are propagated via changes to the scale factors for the leptons. Similarly, the scale
factors for the trigger efficiencies are varied to account for uncertainties in the measurements
of the efficiencies of the lepton triggers [84, 85].

The uncertainty associated with Emiss
T is calculated by propagating the energy scale and

resolution systematic uncertainties to all jets and leptons in the Emiss
T calculation. Additional

Emiss
T uncertainties arising from tracks not associated with any reconstructed objects are

also included [98].

Jets. The impact of the uncertainty in the jet energy scale (JES) and resolution (JER) is
estimated by varying the jet energies according to the uncertainties derived from simulation
and in situ calibration measurements [95], parameterised by 30 independent variations for
the JES and 13 for the JER. The JER uncertainty is evaluated by smearing both the
(pseudo-)data and MC events. The uncertainty originating from the JVT requirement on
jets is assessed by varying its associated scale factor [94].

Flavour tagging. Differences in the b-tagging efficiencies between the data and simulation
are corrected using scale factors [97, 105, 106]. The corrections are applied for the tagging
efficiency of b-jets and the mis-tag rates of c- and light-jets, with corresponding uncertainties
derived for each jet flavour. A principal component analysis is performed to diagonalise the
covariance matrix given the input systematic uncertainties considered in the calibration of
the tagging efficiencies. This results in a number of orthogonal eigen-variations for each jet
flavour, which are then used as separate two-sided uncertainties. Three additional components
are considered, corresponding to the uncertainties associated with the efficiency extrapolation
to high jet pT (> 400 GeV), derived separately for b-jets, c- and light-jets.
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Pile-up. Variations of the scale factors used to match the pileup to the data are used to
evaluate the uncertainty in the pileup modelling.

5.3.3 Signal modelling uncertainties

A limited understanding of the modelling of signal processes is a significant source of
uncertainty. The impact of these uncertainties is evaluated using alternative predictions, as
described in section 3.1, following the procedure outlined above. Signal modelling uncertainties
affecting both the tt̄ and tW processes are classified as ‘hard scattering’ when they affect the
matching of the matrix element and parton shower, ‘parton shower’ when they affect the parton
showering and hadronisation, and ‘generator parameters’, when they affect other settings of
the Powheg+Pythia 8 generator. All these uncertainties are considered correlated between
the tt̄ and tW processes. Uncertainties affecting only the modelling of the tt̄ and tW processes
are classified as ‘tt̄ modelling’ and ‘tW modelling’, respectively.

Hard scattering. The uncertainty related to the matrix-element calculation and the parton-
shower matching procedure is evaluated by comparing the nominal sample with an alternative
sample obtained by setting the pT,hard parameter in Pythia 8 to 1. This parameter regulates
the definition of the vetoed region of the showering, and its variation is based on the studies
described in ref. [63].

Parton shower. The uncertainty due to the choice of the hadronisation model and other
non-perturbative aspects of the parton shower is evaluated using the Powheg+Herwig 7.1.3
samples for the tt̄ and tW processes.

Generator parameters. The uncertainty due to the choice of the µr and µf scales in the
hard scatter is evaluated using predictions obtained with Powheg+Pythia 8, where µr and
µf in the hard scatter are varied independently by a factor 0.5 and 2. The uncertainties in the
initial-state radiation are obtained by varying the scales in the showering model according
to the Var3c eigentune of the A14 tune [107].

The uncertainties in the tuning of final-state radiation in the parton shower are obtained
by changing the momentum scale settings of µFSR

r in Pythia 8 by a factor of 0.5 or 2 relative
to the nominal scale. Another parameter affecting the modelling of the additional radiation
in Powheg+Pythia 8 is hdamp. The uncertainty due to the choice of this parameter is
estimated by using a dedicated Powheg+Pythia 8 sample where hdamp is multiplied by
a factor of two relative to the nominal value.

The uncertainty due to the choice of the top-quark mass in the MC simulations is
estimated by using two additional simulation samples, for both the tt̄ and tW processes, with
varied top-quark mass values of 169 GeV and 176 GeV which, besides the mass of the top
quark, have the same set-up as the nominal sample. The final uncertainty is then scaled by
1/7 to match the effect of a ±0.5 GeV shift in the top-quark mass, reflecting the precision of
the top-quark mass measurements performed by ATLAS and CMS [108, 109].

The impact of the choice of different PDF sets is assessed by applying an event-by-event
reweighting procedure to the nominal Powheg+Pythia 8 tt̄ and tW samples following the
PDF4LHC15 prescription [110] and using the PDF4LHC15_30 sets.
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tW modelling. A significant component of the uncertainty is represented by the difference
between the DR and DS approaches, used to remove the overlap between the tt̄ and tW

samples. The tW (DS) sample is used instead of the tW (DR) to form the alternative signal,
with tt̄ remaining the nominal for the alternative sample.

Signal normalisation. Differential cross-section measurements, performed by unfolding
background-subtracted distributions in data, are typically insensitive to the overall normalisa-
tion of the signal sample. This is because the signal sample contributes to the unfolding only
through efficiency, acceptance, and migration corrections. These corrections, being ratios of
yields, do not depend on the total cross-section. This principle holds when the signal sample
consists of a single process, as in the case of tt̄ differential cross-sections. However, in this
analysis, the signal comprises the sum of two processes: the tW and tt̄ production. This
composition makes the unfolding corrections sensitive to the relative normalisation between
the two processes. Consequently, two sources of systematic uncertainty are considered: ‘tt̄
normalisation’ and ‘tW normalisation’, and assigned to the ‘tt̄ modelling’ and ‘tW modelling’
categories, respectively. These uncertainties are estimated by independently varying the
normalisation of the tt̄ and tW samples, while keeping the normalisation of the other sample
fixed to its nominal value. The variations are defined by rescaling the samples by 1 ± δxs,
where δxs is the relative error on the tt̄ (NNLO+NNLL) and tW (NLO+NNLL) cross-sections,
amounting to 5.2% and 3.5% respectively, as described in section 3.1.1.

5.3.4 Uncertainties in the background processes

A global uncertainty, accounting for variations in PDFs, αs, µf and µr, is applied to the MC
prediction of the Z+jets background components. This uncertainty is parameterised as a
function of the number of jets in the event, as calculated in ref. [111].

A conservative normalisation uncertainty of 50% is applied to the diboson background,
including the uncertainty in the cross-section and a contribution due to the presence of
additional jets, as discussed in ref. [112].

The uncertainties in the cross-section calculation for the processes tt̄Z, tt̄W and tt̄H

composing the tt̄X sample are respectively 13.3%, 12.5%, and 9.9% [113]. A conservative
uncertainty of 13.3% is assigned to all the processes contributing to the tt̄X background.

Finally, a 50% normalisation uncertainty is assigned to the background due to fake and
non-prompt leptons to reflect the uncertainty in evaluating it from MC. This is validated in
regions with similar kinematic requirements as the signal regions but with the two leptons of
the same charge, where the contribution of events with fake/non-prompt leptons is expected
to dominate, contributing around 60% of the total event yield.

5.3.5 Other uncertainties

The uncertainty due to the number of data events is propagated through the unfolding by
creating Poisson-smeared pseudo-experiments that are passed through the unfolding procedure.
For normalised differential cross-sections, the normalisation procedure is applied for each
pseudo-experiment. The procedure is replicated 10k times, then the final statistical uncertainty
is evaluated from the standard deviation in each bin over the 10k pseudo-experiments.
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To account for the limited number of events in the MC samples, pseudo-experiments
are used to evaluate the impact of finite number of events. The number of events in each
bin is smeared by a Gaussian distribution with mean equal to the yield of the bin, and
standard deviation equal to the uncertainty of the bin. The resulting systematic uncertainty
is found to be negligible in most cases.

The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [34], obtained
using the LUCID-2 detector [30] for the primary luminosity measurements, complemented
by measurements using the inner detector and calorimeters. This uncertainty is propagated
to the unfolded results by varying the luminosity by ±0.83% in the reconstructed simulated
spectra and unfolding them using the nominal corrections.

5.4 Uncertainty summary

The breakdown of the impact of the different categories of uncertainties is shown in figure 7 for
the measured normalised differential cross-section as a function of mbl

minimax and the leading
lepton pT. For clarity, only the most relevant contributions are shown.

As shown in figure 7(a), in the last four bins of the mbl
minimax distribution that are most

sensitive to the interference, the uncertainty is dominated by the modelling uncertainties,
in particular those related to the choice of the scheme used to treat the tt̄/tW interference,
the parton shower, and those related to the matrix element matching, and by the statistical
uncertainty. The total uncertainty is around 10% or lower in all bins except the first one,
which is a significant reduction compared to the same region of phase space measured in
ref. [26] where the uncertainty was above 20%. This significant improvement is achieved due
to the new modelling uncertainties and improved object calibrations and to an optimisation of
the selection and binning of the distribution. In the lower mass region, the total uncertainty
is dominated by the jet and parton shower uncertainties.

For the other distributions, the uncertainties are dominated by jet uncertainties, especially
for jet observables, and modelling uncertainties, especially in the tails of the distributions.
The statistical component can also be significant in the extreme regions of phase space, as
visible in the subleading jet pT breakdown plot shown in figure 7(b). For these distributions,
the total uncertainties are also below 10% in almost all the bins.

– 24 –



J
H
E
P
0
2
(
2
0
2
6
)
1
5
3

0 100 200 300 400 500 600 700 800

 [GeV]minimax
blm

0

5

10

15

20

25
R

e
la

ti
v
e
 u

n
c
e
rt

a
in

ty
 [
%

]
ATLAS  

-1
 = 13 TeV, 140 fbs

 = 2
b-jets

, Nµe

WbWb dilepton

Normalised cross-section

Statistical error Total uncertainty

Jets Flavour tagging

Background
miss

T
Leptons and E

tW modelling Generator parameters

Parton shower Hard scattering

(a)

50 100 150 200 250 300 350 400

 [GeV]2
jet

T
p

0

2

4

6

8

10

12

14

16

R
e
la

ti
v
e
 u

n
c
e
rt

a
in

ty
 [
%

]

ATLAS  
-1

 = 13 TeV, 140 fbs

 2≥ 
b-jets

, Nµe

WbWb dilepton

Normalised cross-section

Statistical error Total uncertainty

Jets Flavour tagging

Background
miss

T
Leptons and E

tW modelling Generator parameters

Parton shower Hard scattering

(b)

Figure 7. Uncertainties in the particle-level normalised differential cross-section as a function of
(a) mbl

minimax and (b) the subleading jet pT. The bands represent the statistical and total uncertainty
in the data.

6 Results

The measured normalised differential cross-sections are presented in sections 6.2 and 6.3. The
agreement of the different models with the measured differential cross-sections is assessed
by computing the χ2, and corresponding p-values, of the measured differential cross-sections
relative to theoretical predictions employing the full experimental covariance matrix. The
χ2 values are computed for the specific sample configurations described, without including
theoretical uncertainties. This approach avoids assumptions about the correlation schemes
for each comparison and ensures clarity in the interpretation of the results.

To facilitate comparisons with any future MC generator predictions, all differential
cross-section measurements, both normalised and absolute, together with the experimental
covariance matrices and full uncertainty breakdown, will be published in HEPData [114].

6.1 χ2 calculation

The level of agreement between the measured cross-sections and the NLO+PS predictions
is evaluated using a χ2 test statistic. The p-value is extracted from the χ2 and number of
degrees of freedom (NDF), with the NDF equal to the number of bins (Nb) in the case of
the absolute differential cross-sections. The χ2 is computed using the formula:

χ2 = VT × C−1 × V

where V represents the vector of residuals, defined as the difference between the measured
differential cross-section and the prediction, and C is the experimental covariance matrix,
which is built from the uncertainties described in the previous section. No uncertainty on
the theoretical predictions is included in the covariance matrix.
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Models χ2/NDF p-value
PWG+PY8 12.8/9 0.17

PWG+PY8 (DS) 39.1/9 <0.01
PWG+PY8 (bb4l) 28.6/9 <0.01

PWG+PY8 (NNLO rew.) 12.8/9 0.17
PWG+PY8 MiNNLOPS 17.6/9 0.04

Table 3. χ2 and p-values quantifying the level of agreement between the measured normalised
differential cross-sections and predictions for the mbl

minimax variable.

For normalised differential cross-sections, the vector of differences between data and
predictions VNb

is replaced with VNb−1, which is the same quantity but obtained by discarding
the last one of the Nb elements. Consequently, CNb−1 is the (Nb − 1) × (Nb − 1) sub-matrix
derived from the full covariance matrix of the normalised measurements by discarding the
corresponding row and column. The sub-matrix obtained in this way is invertible and
allows the χ2 to be computed. The χ2 value does not depend on the choice of the element
discarded for the vector VNb−1 and the corresponding sub-matrix CNb−1. In this case, the
NDF becomes Nb − 1.

6.2 Differential cross-sections in the 2b-exclusive region

The measured normalised differential cross-section as a function of mbl
minimax, in the 2b-

exclusive fiducial phase space, is shown in figure 8. The measurement is compared with
Powheg+Pythia 8 predictions obtained by employing different interference schemes (namely
tt̄ + tW DR and DS and the full bb4l final state) and by including higher-order corrections
for the tt̄ component, either by using the MiNNLOPS method or the NNLO reweighting.

The χ2 and p-values for the normalised differential cross-sections are summarised in
table 3. Among the available predictions, the sample where the tW process is simulated
using the DR scheme exhibits the best agreement with the data. However, it still fails to
accurately describe the shape of the tail of the mbl

minimax distribution. It is worth highlighting
the PWG+PY8 (bb4l) sample, which, while expected to be the most accurate model for
describing the interference, does not fulfil this expectation. The PWG+PY8 (bb4l) prediction
underestimates the cross-section in the tail of the distribution where the impact of the
interference is larger. This measurement will be crucial for improving future versions of
this generator.

No major difference relative to the nominal Powheg+Pythia 8 sample is observed when
comparing the predictions obtained with the samples where the tt̄ process is modelled at
NNLO either via the PWG+PY8 MiNNLOPS MC or NNLO reweighting.

The PWG+PY8 (DS) prediction is the least compatible with the data and shows the
worst agreement with the data above 180 GeV.
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Figure 8. Relative differential cross-section measurement as a function of the mbl
minimax variable. The

cross-section is unfolded to particle-level in the fiducial phase space. The measurement is compared
with predictions provided by Powheg+Pythia 8 with different schemes for computing the tt̄/tW

interference and with predictions where the tt̄ component is simulated with an NNLO+PS MC
generator or corrected to NNLO. The lower panels show the ratios of the predictions to the data with
the bands showing the statistical and total uncertainties in the data. The nominal Powheg+Pythia 8
prediction is included in all ratio panels.

6.3 Differential cross-sections in the 2b-inclusive region

The measured normalised differential cross-sections as a function of the kinematic variables
of the WbWb final-state objects, measured in the 2b-inclusive phase space, are presented in
figure 9 for the leading lepton and sub-leading lepton pT and in figure 10 for the leading
jet and sub-leading jet pT. Differential cross-sections as a function of the jet multiplicity
are shown in figure 11(a). Differential cross-sections as a function of additional variables,
typically used for MC optimisation, are also measured. Specifically:

• the cross-sections as a function of the pT of the bb system are shown in figure 11(b)
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Observable
PWG+PY8 PWG+PY8 (DS) PWG+PY8 (bb4l)

χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value
Njets 8.7/6 0.19 7.5/6 0.28 20.8/6 <0.01
mbbll 28.1/15 0.02 26.2/15 0.04 23.8/15 0.07
mbb4l

T 18.9/12 0.09 13.1/12 0.36 12.2/12 0.43
pbb

T 12.1/8 0.15 2.5/8 0.96 6.2/8 0.62
p

jet1

T 16.4/7 0.02 16.8/7 0.02 15.1/7 0.03
p

jet2

T 4.3/7 0.75 4.5/7 0.72 5.0/7 0.66
pbb4l

T 50.6/8 <0.01 50.8/8 <0.01 122.9/8 <0.01
pbbll

T 36.2/10 <0.01 30.5/10 <0.01 93.6/10 <0.01
pl2

T 23.5/11 0.02 19.1/11 0.06 15.5/11 0.16
pl1

T 39.4/15 <0.01 28.8/15 0.02 21.1/15 0.13

Table 4. χ2 and p-values quantifying the level of agreement between the measured normalised
differential cross-sections and predictions provided by Powheg+Pythia 8 with different schemes for
computing the tt̄/tW interference.

• the cross-sections as a function of the pT and mT of the bb4l system are shown in
figure 12;

• the cross-sections as a function of the pT and mass of the bbll system are shown in
figure 13.

The compatibility with the data is evaluated by calculating the χ2 and p-values, which
are summarised in tables 4 to 6. In general, most of the predictions are not able to describe
simultaneously all observables. This was the case in other measurements both in dilepton and
semileptonic final states [2, 3]. Among the NLO+PS models, one of the best predictions is
provided by Powheg+Herwig 7, which is the only one providing a good modelling of both
the leading jet and lepton pT. The PWG+PY8 (bb4l) sample also shows a good description
of the leading and subleading jets and leptons.

The inclusion of NNLO corrections for the tt̄ component of the signal, either by applying
the NNLO reweighting to the tt̄ simulation or performing a full NNLO+PS simulation via
PWG+PY8 MiNNLOPS, described in section 3.1.2, improves the predictions significantly,
which is reflected by the p-values increasing systematically for almost all variables. In
particular, PWG+PY8 (NNLO rew.) is the only prediction that can describe all the variables
simultaneously. This effect is minor for mbl

minimax in the 2b-exclusive phase space, since the
NNLO corrections do not significantly change the shape of the tt̄ component, which mostly
populates the already well-modelled low mbl

minimax region.
The models showing the worst compatibility with the data are those with alternative

hdamp and pT,hard variations, which are compatible with only one observable. The other
models have intermediate results. No NLO+PS MC can describe the pT of the bbll and bb4l

systems, which are more sensitive to higher-order effects and additional radiation.
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Figure 9. Relative differential cross-section measurement as a function of the (a) pl1

T and (b) pl2

T

variables. The cross-section is unfolded to particle-level in the fiducial phase space. The measurement is
compared with predictions provided by Powheg+Pythia 8 with different schemes for computing the
tt̄/tW interference, with predictions obtained with different NLO+PS MC generators and predictions
where the tt̄ component is simulated with an NNLO+PS MC generator or corrected to NNLO. The
lower panels show the ratios of the predictions to the data with the bands showing the statistical
and total uncertainties in the data. The nominal Powheg+Pythia 8 prediction is included in all
ratio panels.

Observable
PWG+PY8 PWG+PY8 (hdamp) PWG+PY8 (pT,hard) PWG+PY8 (recoil) PWG+H7

χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value
Njets 8.7/6 0.19 7.8/6 0.25 23.0/6 <0.01 9.1/6 0.17 22.3/6 <0.01
mbbll 28.1/15 0.02 30.8/15 <0.01 29.6/15 0.01 25.5/15 0.04 26.6/15 0.03
mbb4l

T 18.9/12 0.09 23.3/12 0.03 18.1/12 0.11 16.2/12 0.18 15.3/12 0.22
pbb

T 12.1/8 0.15 31.2/8 <0.01 10.3/8 0.24 10.4/8 0.24 8.0/8 0.44
p

jet1

T 16.4/7 0.02 34.5/7 <0.01 17.5/7 0.01 11.7/7 0.11 10.1/7 0.18
p

jet2

T 4.3/7 0.75 13.6/7 0.06 7.1/7 0.42 2.5/7 0.93 1.7/7 0.98
pbb4l

T 50.6/8 <0.01 69.5/8 <0.01 40.7/8 <0.01 46.2/8 <0.01 42.7/8 <0.01
pbbll

T 36.2/10 <0.01 76.4/10 <0.01 26.5/10 <0.01 31.8/10 <0.01 24.0/10 <0.01
pl2

T 23.5/11 0.02 27.2/11 <0.01 25.2/11 <0.01 20.6/11 0.04 14.0/11 0.23
pl1

T 39.4/15 <0.01 53.1/15 <0.01 39.6/15 <0.01 34.8/15 <0.01 19.0/15 0.21

Table 5. χ2 and p-values quantifying the level of agreement between the measured normalised
differential cross-sections and predictions provided by different MC generators.
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Figure 10. Relative differential cross-section measurement as a function of the (a) p
jet

1

T and (b) p
jet

2

T

variables. The cross-section is unfolded to particle-level in the fiducial phase space. The measurement is
compared with predictions provided by Powheg+Pythia 8 with different schemes for computing the
tt̄/tW interference, with predictions obtained with different NLO+PS MC generators and predictions
where the tt̄ component is simulated with an NNLO+PS MC generator or corrected to NNLO. The
lower panels show the ratios of the predictions to the data with the bands showing the statistical
and total uncertainties in the data. The nominal Powheg+Pythia 8 prediction is included in all
ratio panels.

Observable
PWG+PY8 PWG+PY8 (NNLO rew.) PWG+PY8 MiNNLOPS

χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value
Njets 8.7/6 0.19 5.5/6 0.48 15.2/6 0.02
mbbll 28.1/15 0.02 25.8/15 0.04 23.8/15 0.07
mbb4l

T 18.9/12 0.09 17.3/12 0.14 13.0/12 0.37
pbb

T 12.1/8 0.15 4.2/8 0.84 2.9/8 0.94
p

jet
1

T 16.4/7 0.02 7.1/7 0.42 13.2/7 0.07
p

jet
2

T 4.3/7 0.75 2.6/7 0.92 6.4/7 0.49
pbb4l

T 50.6/8 <0.01 11.9/8 0.16 32.4/8 <0.01
pbbll

T 36.2/10 <0.01 12.9/10 0.23 16.0/10 0.10
pl2

T 23.5/11 0.02 9.2/11 0.60 9.4/11 0.58
pl1

T 39.4/15 <0.01 11.8/15 0.70 13.4/15 0.57

Table 6. χ2 and p-values quantifying the level of agreement between the measured normalised
differential cross-sections and predictions provided by the nominal Powheg+Pythia 8 set-up, with
the NNLO reweight and MiNNLOPS.
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Figure 11. Relative differential cross-section measurement as a function of the (a) Njets and (b) pbb
T

variables. The cross-section is unfolded to particle-level in the fiducial phase space. The measurement is
compared with predictions provided by Powheg+Pythia 8 with different schemes for computing the
tt̄/tW interference, with predictions obtained with different NLO+PS MC generators and predictions
where the tt̄ component is simulated with an NNLO+PS MC generator or corrected to NNLO. The
lower panels show the ratios of the predictions to the data with the bands showing the statistical
and total uncertainties in the data. The nominal Powheg+Pythia 8 prediction is included in all
ratio panels.

– 31 –



J
H
E
P
0
2
(
2
0
2
6
)
1
5
3

5−10

4−10

3−10

2−10

1−10

1

  
[1

/G
e

V
]

b
b

4
l

T
 /

 d
p

σ
 d⋅ 

σ
1

/

ATLAS

 2≥ 
b-jets

, Nµe

-1
 = 13 TeV, 140 fbs

WbWb dilepton

Data                  PWG+PY8               

PWG+PY8 (DS)          PWG+PY8 (bb4l)        

Stat. unc. Syst. + Stat. unc.

1

1.5

  
D

a
ta

P
re

d
ic

ti
o
n PWG+PY8               PWG+PY8 (DS)          

PWG+PY8 (bb4l)        

1

1.5

  
D

a
ta

P
re

d
ic

ti
o
n PWG+PY8               PWG+H7                

PWG+PY8 (recoil)      )    
damp

PWG+PY8 (h

)
hard

T
PWG+PY8 (p

0 100 200 300 400 500 600 700 800

 [GeV]bb4l

T
p

1

1.5

  
D

a
ta

P
re

d
ic

ti
o

n

PWG+PY8               PWG+PY8 (NNLO rew.)   

   
PS

PWG+PY8 MiNNLO

(a)

5−10

4−10

3−10

2−10

1−10

  
[1

/G
e

V
]

b
b

4
l

T
 /

 d
m

σ
 d⋅ 

σ
1

/

ATLAS

 2≥ 
b-jets

, Nµe

-1
 = 13 TeV, 140 fbs

WbWb dilepton

Data                  PWG+PY8               

PWG+PY8 (DS)          PWG+PY8 (bb4l)        

Stat. unc. Syst. + Stat. unc.

1

1.5

  
D

a
ta

P
re

d
ic

ti
o
n PWG+PY8               PWG+PY8 (DS)          

PWG+PY8 (bb4l)        

1

1.5

  
D

a
ta

P
re

d
ic

ti
o
n PWG+PY8               PWG+H7                

PWG+PY8 (recoil)      )    
damp

PWG+PY8 (h

)
hard

T
PWG+PY8 (p

500 1000 1500 2000

 [GeV]bb4l
T

m

1

1.5

  
D

a
ta

P
re

d
ic

ti
o

n

PWG+PY8               PWG+PY8 (NNLO rew.)   

   
PS

PWG+PY8 MiNNLO

(b)

Figure 12. Relative differential cross-section measurement as a function of the (a) pbb4l
T and (b) mbb4l

T

variables. The cross-section is unfolded to particle-level in the fiducial phase space. The measurement is
compared with predictions provided by Powheg+Pythia 8 with different schemes for computing the
tt̄/tW interference, with predictions obtained with different NLO+PS MC generators and predictions
where the tt̄ component is simulated with an NNLO+PS MC generator or corrected to NNLO. The
lower panels show the ratios of the predictions to the data with the bands showing the statistical
and total uncertainties in the data. The nominal Powheg+Pythia 8 prediction is included in all
ratio panels.
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Figure 13. Relative differential cross-section measurement as a function of the (a) pbbll
T and (b) mbbll

variables. The cross-section is unfolded to particle-level in the fiducial phase space. The measurement is
compared with predictions provided by Powheg+Pythia 8 with different schemes for computing the
tt̄/tW interference, with predictions obtained with different NLO+PS MC generators and predictions
where the tt̄ component is simulated with an NNLO+PS MC generator or corrected to NNLO. The
lower panels show the ratios of the predictions to the data with the bands showing the statistical
and total uncertainties in the data. The nominal Powheg+Pythia 8 prediction is included in all
ratio panels.
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6.4 Integrated fiducial cross-section

The integrated fiducial cross-section is measured in both phase spaces, by applying the
unfolding procedure described in section 5 to a single-bin distribution. In this case, the
unfolding matrix is a 1 × 1 matrix, and the unfolding procedure from eq. (5.2) is equivalent
to a simple division of the acceptance-corrected, background-subtracted reconstructed event
count in data by the efficiency.

The integrated fiducial cross-sections in the two phase spaces are measured to be

2b-exclusive region σfid = 5.77 ± 0.01 (stat.) +0.27
−0.29 (syst.) ± 0.05 (lumi.) pb;

2b-inclusive region σfid = 5.97 ± 0.01 (stat.) +0.27
−0.30 (syst.) ± 0.05 (lumi.) pb.

As shown in table 7, the measurements in both the 2b-inclusive and exclusive phase spaces
are limited by the uncertainties in the signal modelling and flavour-tagging efficiency. Other
significant sources of uncertainties are related to the lepton isolation and jet energy scale.

The measured cross-sections are compared with theoretical predictions from different
MC generators in figure 14. All the tt̄ and tW theoretical predictions are normalised to the
NNLO+NNLL and NLO+NNLL cross-sections respectively, as described in section 3.1.1.

Phase space eµ, Nb-jets = 2 eµ, Nb-jets ≥ 2

Fiducial cross-section [pb] 5.77 5.97

Total Uncertainty [%] +4.6
−5.2

+4.6
−5.1

Statistical [%] ±0.2 ±0.2

Systematic [%] +4.5
−5.2

+4.6
−5.1

Jets [%] +1.6
−1.8

+1.8
−1.9

Pile-up [%] ±0.6 +0.5
−0.6

Flavour tagging [%] ±2.9 ±3.0

Background [%] ±0.3 ±0.3

Leptons and Emiss
T [%] ±1.8 ±1.8

Luminosity [%] ±0.8 ±0.8

tt̄ modelling [%] ±0.7 ±0.7

tW modelling [%] ±0.1 ±0.1

Generator parameters [%] +1.9
−2.9

+1.7
−2.7

Parton shower [%] ±1.0 ±0.8

Hard scattering [%] ±0.7 ±0.7

Table 7. Summary of all the uncertainty sources for the total cross-section in the fiducial phase
spaces. Only uncertainty classes contributing more than 0.1% are shown.
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Figure 14. Integrated fiducial cross-section measurement in (a) the 2b-exclusive and (b) the 2b-
inclusive regions. The measured cross-sections are compared with theoretical predictions from different
MC generators. All the tt̄ and tW theoretical predictions are normalised to the NNLO+NNLL and
NLO+NNLL cross-sections respectively.

All differences among the predictions are thus due to how differently the MC generators
model the acceptance of the fiducial phase spaces relative to the full phase space, which
encompasses the entire kinematic region predicted by the theoretical models. The effect of
the theoretical uncertainties, namely scale, PDF and αs, on the modelling of the fiducial
acceptance is negligible and the dominant source of uncertainty in the predicted fiducial
cross-section is due to the correction terms used to correct the NLO cross-sections from the
generators to the higher-order predictions (k-factors). Since the PWG+PY8 bb4l sample is
normalised to the cross-section obtained from the Monte Carlo simulation, the predicted
fiducial cross-sections, amounting to 5.40 pb and 5.49 pb in the 2b-exclusive and 2b-inclusive
regions, are excluded from the comparison. All the predictions are compatible with the
measurement within the quoted uncertainty.

7 Conclusions

This study presents the results of a differential cross-section measurement in the WbWb final
state using data collected by the ATLAS detector at the LHC at a centre-of-mass energy of√

s = 13 TeV, corresponding to an integrated luminosity of 140 fb−1. The analysis focuses on
the fiducial phase spaces defined by requiring at least or exactly two b-jets and two leptons
with opposite charges and different flavours.

The differential cross-section as a function of the variable most sensitive to the tt̄ and
tW interference, mbl

minimax, is measured in the 2b-exclusive region. The results are compared
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with different schemes to model the interference, with the DR approach showing the best
agreement with the data, although it still fails to accurately describe the data in the extreme
tail of the distribution. The sample simulating the full bb4l final state shows larger differences
in this region. However, a full assessment of this discrepancy’s significance requires a complete
prescription of theoretical uncertainties for the bb4l model, including scale, PDF, parton-
shower, and matching variation. This measurement provides critical input for refining future
versions of the bb4l generator as well as enabling improvements in the modelling of the tt̄

and tW interference effects.

In the 2b-inclusive region, the differential cross-sections are measured as a function of
kinematic variables related to the leptons, jets, and combinations of the two b-jets (bb system),
the two b-jets and the two charged leptons (bbll system), and the two b-jets and all charged
and neutral leptons (bb4l system). The results indicate that none of the considered NLO+PS
predictions, including the bb4l sample, is able to simultaneously describe all observables in
the fiducial phase space. This finding is consistent with previous measurements in both the
dilepton and semileptonic final states. The best-performing predictions are from the nominal
Powheg+Pythia 8, in particular after the inclusion of higher-order corrections to the tt̄ sam-
ple via the NNLO reweighting and, to a minor extent, MiNNLOPS, and Powheg+Herwig 7
models. However, it is important to emphasise that the Powheg+Pythia 8 predictions
benefit from tuning to data, particularly for the Njets and pT(tt̄) distributions, while the
Powheg+Pythia 8 MiNNLOPS and bb4l predictions represent theoretical predictions with-
out such tuning. Finally, models with alternative hdamp and pT,hard variations are only
compatible with a single observable.

The integrated fiducial cross-sections are also measured in the 2b-exclusive and 2b-inclusive
regions. The measured cross-sections are found to be 5.77 ± 0.01 (stat.) +0.27

−0.30 (syst.) pb and
5.97 ± 0.01 (stat.) +0.28

−0.31 (syst.) pb, respectively. These measurements are primarily limited by
uncertainties in the signal modelling and flavour-tagging efficiency, followed by other sources
such as lepton isolation and jet energy scale.

This measurement represents a significant improvement with respect to the previous
publication [26], as the uncertainty is reduced by a factor of two, allowing for better discrimi-
nation between models. The sensitivity for most observables is currently limited primarily by
uncertainties in signal modelling, including those related to the treatment of tt̄/tW interfer-
ence, and by statistical uncertainties in the tails of the distributions. Further improvements
are expected with the data collected during the LHC Run 3 and through the use of new
MC simulations optimised based on these measurements.

In conclusion, the results of this study provide valuable insights into the modelling of
the WbWb final state in the fiducial phase space. The observed discrepancies between the
measured cross-sections and theoretical predictions highlight the need for further improvements
in the modelling of this process. While this analysis employs separate samples to model
the tt̄ and tW components of the WbWb final state, it also provides a valuable opportunity
to improve and tune the MC simulations that model the full WbWb final state. Such
improvements are crucial, as a full simulation of the WbWb final state, with a complete set
of systematic uncertainties, would allow for a more accurate disentanglement of the tt̄ and
tW contributions, thereby reducing the corresponding uncertainties.
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