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Abstract The inclusive top quark pair (¢7) cross-section
o,7 has been measured in proton—proton collisions at /s =
13 TeV, using 140fb~! of data collected by the ATLAS
experiment at the Large Hadron Collider. Using events with
an opposite-charge ey pair and b-tagged jets, the cross-
section is measured to be:

o;; = 829.3 £ 1.3 (stat) =£ 8.0 (syst) =£ 7.3 (lumi)

+1.9 (beam) pb,

where the uncertainties reflect the limited size of the data
sample, experimental and theoretical systematic effects, the
integrated luminosity, and the proton beam energy, giving
a total uncertainty of 1.3%. The result is used to determine
the top quark pole mass via the dependence of the predicted
cross-section on m?de, giving mfmle = 172.8f}:§ GeV. The
same event sample is used to measure absolute and nor-
malised differential cross-sections for the 17 — epvvbb
process as a function of single-lepton and dilepton kinematic
variables. Complementary measurements of eubb produc-
tion, treating both ¢7 and Wt events as signal, are also pro-
vided. Both sets of differential cross-sections are compared
to the predictions of various Monte Carlo event generators,
demonstrating that the state-of-the-art generators POWHEG
MINNLO and POWHEG bb4l describe the data better than
POWHEG hvq.
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1 Introduction

The study of top quark-antiquark (¢£) production at the CERN
Large Hadron Collider (LHC) allows quantum chromody-
namics (QCD) to be probed at some of the highest accessible
energy scales, and forms a key part of the experimental pro-
gramme of the ATLAS experiment [1]. The large mass of the
top quark, close to the scale of electroweak symmetry break-
ing, gives it a unique role in the Standard Model of particle
physics, and ¢f production is also a significant background
in many searches for physics beyond the Standard Model.
Precise measurements of absolute ¢f production rates and
differential distributions are therefore vital to fully exploit
the discovery potential of the LHC, and to refine theoretical
predictions and QCD calculational tools.

The inclusive ¢7 production cross-section o;; in proton—
proton (pp) collisions has been calculated at next-to-next-
to-leading-order (NNLO) accuracy in the strong coupling
constant o, including the resummation of next-to-next-to-
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leading-logarithmic (NNLL) soft gluon terms [2—7]. The
predictions are in excellent agreement with measurements
from ATLAS and CMS at centre-of-mass energies /s from
5.02TeV to 13.6TeV [8-20]. At /s = 13TeV, assuming a
fixed top quark mass of m; = 172.5GeV, the NNLO+NNLL
prediction calculated by the Top++ 2.0 program [21]
is 834 £+ 211’%(1) pb, i.e. a total uncertainty of fi:i%. The
first uncertainty component of the prediction corresponds
to parton distribution function (PDF) uncertainties evaluated
using the PDF4LHC21 [22] combination of the CT18 [23],
MSHT?20 [24] and NNPDF3.1 [25] PDF sets. The second
represents QCD renormalisation (u g) and factorisation (u )
scale uncertainties as a proxy for unknown higher-order cor-
rections, evaluated from the envelope of predictions with
independent variations of g and u g up and down by factors
of two from default values of g = ur = m;, whilst never
letting them differ by more than a factor of two [26,27]. The
predicted cross-section also depends strongly on m;, decreas-
ing by 2.7% for a 1GeV increase in the top quark mass.
The mass parameter in the cross-section prediction is the top
quark pole mass m?()le, corresponding to the definition of the
mass of a free particle, and allowing o;; to be interpreted
as a measurement of m]lmle, free of the ambiguities linked to
the direct reconstruction of the invariant mass of its decay
products [28-31].

In the Standard Model, 99.8% of top quark decays are to a
W boson and b-quark [32], making the final-state topologies
in ¢ production dependent on the W boson decay modes. The
et~ dilepton channel' (tf — WTbW~b — et~ vibb)
with one or two jets tagged as likely to contain b-hadrons
(b-tagged), has been exploited to make increasingly precise
ATLAS measurements of o;; at /s = 13 TeV using progres-
sively larger data samples [33,34], culminating in a mea-
surement using the full 140fb~! dataset that achieved an
uncertainty of 1.8% [12]. The same-flavour dilepton chan-
nels (1 — eTe vvbb and 1t — " vibb) in that dataset
were used to make a precise test of lepton flavour universality
in W — ev and W — pv decays [35]. This paper reports
a further measurement of o,7 using the full \/s = 13TeV
dataset, profiting from the precise calibration of lepton effi-
ciencies used in Ref. [35], together with recent improvements
in the modelling of lepton kinematics in ¢7 events using the
MiNNLOps procedure [36] for the computation of ¢f pro-
duction at NNLO matched to parton shower simulation. The
resulting measurement is also used to extract an updated
value for meIe.

The eu + b-tagged jets sample also enables precise mea-
surements of the differential distributions of the leptons pro-
duced in t7 events (tf — eyt). A set of eight one-dimensional
and three two-dimensional distributions was measured at

! Charge-conjugate decay modes are implied unless otherwise stated.
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/s = 8TeV [37] and with a partial /s = 13TeV sam-
ple [34], and a slightly different set of distributions was
measured with the full /s = 13TeV dataset [12]. This
paper presents more precise measurements of the distribu-
tions studied in Ref. [34], namely the absolute and nor-
malised differential cross-sections as functions of the trans-
verse momentum p% and absolute rapidity |n¢| of the single
leptons2 (combined for electrons and muons), the pr, invari-
ant mass and absolute rapidity of the ex system (py*, m/*
and |y“#|), the absolute azimuthal angle A¢°"* between the
two leptons in the transverse plane, and the scalar sums of the
transverse momenta (p5, + p# ) and energies (E¢ + E") of
the two leptons. This set of distributions was shown to have
sensitivity to the gluon PDF and mf()le [37]. Two-dimensional
distributions of |n?|, |y°#| and A¢¢* as functions of m®*
are also measured, and the single-lepton p!f values are used
to form distributions p&™™ and pt™" of the maximum
and minimum lepton pt in each event. All these distribu-
tions are defined without making any requirements on jets
or b-jets. The distributions are compared with the predic-
tions from various next-to-leading-order (NLO) 77 matrix
element generators combined with parton showers, as well
as the MiNNLOpg approach.

In kinematic regions with high lepton pr, the differential
cross-section measurements are limited by uncertainties due
to the interference that occurs at NLO between ¢ and Wt, the
associated production of a W boson and a top quark, which
can both lead to WhWb and hence eubb final states [38—
41]. Such final states receive contributions from both #z-like
(doubly resonant) and Wt (singly resonant) processes. A sec-
ond set of lepton differential cross-sections are measured in
this paper by considering the eubb final state as the sig-
nal region, explicitly requiring the presence of two b-tagged
jets. The same set of leptonic differential cross-sections as for
tf — ep production are measured using this signal region,
and compared with the sum of predictions for ¢ and Wt
production, and to predictions from the bb4l generator for
the full NLO pp — ¢+t¢~vibb process matched to parton
showers [42]. These measurements of leptonic distributions
are complementary to those also involving the jet kinematics
described in Ref. [43].

The event selection, analysis methodology and uncer-
tainty evaluation for the inclusive, 17 — eu differential and
epbb differential cross-section measurements are similar.

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector, and the z axis
along the beam line. Pseudorapidity is defined in terms of the polar
angle 6 as n = —Intan 6/2, and transverse momentum and energy are
defined relative to the beam line as pt = psin6 and Et = E sin6. The
azimuthal angle around the beam line is denoted by ¢, and distances

in (1, ¢) space by AR = \/(An)? + (A¢)2. The rapidity is defined as

%) where p; is the z-component of the momentum and

E is the energy of the relevant object or system.

y:%ln(
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The data and Monte Carlo simulation samples are described
in Sect. 2, followed by the event reconstruction and selec-
tion in Sect. 3. The measurement techniques are discussed
in Sect. 4 and the evaluation of systematic uncertainties in
Sect. 5. Inclusive cross-section results are given in Sect. 6,
together with the determination of m?‘)le. Section 7 presents
the 17 — e and eubb differential cross-section results and
comparisons with the predictions of various event generators.
Finally, conclusions are drawn in Sect. 8.

2 Data and simulated event samples

The ATLAS detector [44—46] at the LHC covers nearly the
entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid producing a 2T axial magnetic field, electromag-
netic and hadronic calorimeters, and an external muon spec-
trometer incorporating three large toroidal magnet assem-
blies. The analysis was performed on samples of pp collision
data collected at /s = 13 TeV in 201518, corresponding to
an integrated luminosity of 140.1 + 1.2fb~! after data qual-
ity requirements [47,48]. Events were required to satisfy a
single-electron or single-muon trigger [49,50], with trans-
verse momentum thresholds that were progressively raised
during the data-taking period. The electron trigger reached
the efficiency plateau region for electrons with reconstructed
pt > 25GeV in 2015 and for pt > 27GeV in 2016-18. The
corresponding thresholds for the muon trigger are 21 GeV
for 2015 and 27.3 GeV thereafter. Each recorded event also
includes the signals from on average 33 superimposed inelas-
tic pp collisions, referred to as pileup.

Monte Carlo simulated event samples were used to
develop the analysis procedures, to evaluate signal and back-
ground contributions, and to compare with data. Samples
were processed using either the full ATLAS detector simu-
lation [51] based on GEANT4 [52], or with a faster simula-
tion making use of parameterised showers in the calorime-
ters [53]. The effects of pileup were simulated by generating
additional inelastic pp collisions with PYTHIAS (v8.186) [54]
using the A3 set of parameter values (tune) [55] and over-
laying them on the primary simulated events, so as to match
the distribution of the number of inelastic events per bunch
crossing observed in the data. These combined events were
then processed using the same reconstruction and analysis
chain as the data [56]. Small corrections were applied to lep-
ton and jet energy scales [57-59], and to lepton and b-tagging
efficiencies [60—62], to improve agreement with the response
observed in data. Further topology-specific lepton isolation
corrections were applied as discussed in Sect. 5.2.

The baseline simulated ¢7 sample was generated using the
MiNNLOps matched NNLO QCD plus parton shower pro-
cedure [36], implemented in POWHEG [63-65] with the
settings prhad = 0 and prger = 2 [66,67], using the
NNPDEF3.0 PDF set [68] in the matrix element and interfaced
to PYTHIA8.312 with the A14 tune [69] and NNPDF2.3 PDF
set [70] for the parton shower, hadronisation and underlying
event modelling. The QCD renormalisation and factorisation
scales were set to ug = ur = H{f' /4, where Hy' is the sum
of the transverse masses ( \/(mtz + P%,z)) of the top quark
and antiquark. This sample, referred to hereafter as POWHEG
MiNNLO +PYTHIAS, predicts a softer top quark pt spec-
trum in ¢7 events than the standard samples based on the NLO
hvq process in POWHEG BOX v2 [71] interfaced to PYTHIA8
used for the previous /s = 13TeV analyses [12,34], and
predicts a lepton pt spectrum closer to that seen in data.
For comparisons with data and to study systematic uncer-
tainties, a POWHEG + PYTHIAS 77 simulation sample was
generated using the hvqg process, with nominal settings of
PThard = 0 and the Agamp parameter, which gives a cut-off
scale for the first gluon emission, set to Agamp = %m, [41].
The renormalisation and factorisation scales were set to the
top quark transverse mass. Variations of this sample were
generated with prhad = 1, with Agamp = 3m;, and using
HERWIG 7.1.3 [72,73] instead of PYTHIA8 for the parton
shower, hadronisation and underlying event. Further varia-
tions were obtained from the POWHEG MiNNLO +PYTHIA8
and nominal POWHEG + PYTHIA8 samples by using event
weights to change the QCD renormalisation and factorisa-
tion scales, the amounts of initial and final state radiation,
and the PDF. In all samples, the top quark mass was set to
m; = 172.5GeV, the W — £v branching ratio to the Stan-
dard Model prediction of 0.1082 for each lepton flavour (e,
u and t) [74], and EVTGEN [75] was used to handle the
decays of b- and c-flavoured hadrons.

The measured eubb cross-sections were also compared
with a sample generated with the POWHEG bb4l genera-
tor [42], which includes the complete set of ££’ vbb final
states, taking into account interference between the 7 and
Wt final states as well as off-shell and non-resonant effects.
This sample uses the POWHEG BOX RES framework [76],
with matrix elements at NLO in QCD, and resonance-aware
matching to the parton shower [77,78], with QCD scales and
other configuration parameters set as described in Ref. [43].

Backgrounds in the o,; inclusive and t7 — e differen-
tial cross-section measurements are classified into two types:
those with two real prompt leptons (electrons or muons,
including those produced via leptonic decays of 7-leptons),
and those where at least one of the reconstructed leptons is
misidentified, i.e. a non-prompt lepton from the decay of a
bottom or charm hadron, an electron from a photon conver-
sion, a hadronic jet misidentified as an electron, or a muon
produced from the decay in flight of a pion or kaon. The
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background with two real prompt leptons is dominated by
Wt production, modelled using POWHEG + PYTHIAS with the
same settings as the corresponding POWHEG hvq #f sam-
ple. The renormalisation and factorisation scales were set to
the dynamic scales ug = wr = Ht/2 where Hr is the
scalar sum of the pr of all outgoing partons, giving a bet-
ter description of data [79] than that obtained from the fixed
scales ugp = ur = m; used in previous analyses [12,34].
The interference between 77 and Wt was modelled using the
diagram removal scheme [38,80]. The Wt cross-section was
taken to be 79.3 + 2.2 (PDF) *1- (QCD scale) pb, based on
an NLO calculation with the addition of third-order correc-
tions resumming NNLL soft gluon contributions [81]. The
Wt contribution is part of the signal for the eubb cross-
section measurement.

In all three measurements, smaller backgrounds with two
prompt leptons arise from Z — tt(— ep)+jets, and from
diboson production (WW, WZ and Z Z) in association with
jets. The Z+jets background was modelled with SHERPA
2.2.11 [82] for Z — ee/up and SHERPA 2.2.14 for
Z — tt, with NLO matrix elements for up to two par-
tons, and leading-order matrix elements for up to five par-
tons, calculated with the CoMIX [83] and OPENLOOPS [84]
libraries and matched with the SHERPA parton shower [85]
using the MEPS@NLO prescription [8§6—-89]. They were
generated using the NNPDF3.0 PDF set and normalised
to an NNLO cross-section prediction [90]. Diboson pro-
duction was simulated using SHERPA 2.2.2 using a simi-
lar approach. Production of ¢ in association with a lepton-
ically decaying W, Z or Higgs boson, or an additional 77
pair, gives a negligible contribution to the opposite-charge
dilepton samples, but is significant in the same-charge con-
trol samples used to assess the background from misiden-
tified leptons. These processes were modelled at NLO
using POWHEG + PYTHIA8, or MADGRAPH5_AMC@NLO
(referred to hereafter as AMC@NLO) [91] interfaced to
PYTHIAS.

Backgrounds with one real and one misidentified lep-
ton arise from 77 events with one leptonically decay-
ing and one hadronically decaying W, simulated with
POWHEG MiNNLO+PYTHIAS. Similar backgrounds arise
from W+jets production, modelled with SHERPA 2.2.11 as
for Z+jets, and t-channel single top production, modelled
with POWHEG + PYTHIAS. Other backgrounds, including pro-
cesses with two misidentified leptons, are negligible after the
event selections used in the analysis.

3 Event reconstruction and selection
This analysis makes use of reconstructed electrons, muons

and b-tagged jets. Electron candidates were reconstructed
from a localised cluster of energy deposits in the electro-
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magnetic calorimeter matched to a track in the inner detec-
tor, passing the ‘Medium’ likelihood-based requirement of
Ref. [57]. They were required to have transverse momentum
pt > 20GeV and pseudorapidity |n| < 2.47, excluding the
transition region between the barrel and endcap electromag-
netic calorimeters, 1.37 < |n| < 1.52, and to be consistent
with originating from the signal primary vertex. The latter
was defined as the reconstructed vertex with the highest sum
of p% of associated tracks. To reduce background from non-
prompt electrons, electron candidates were further required
to pass the ‘Tight’ isolation requirements of Ref. [57], based
on the amount of summed calorimeter energy and track trans-
verse momentum close to the electron. Muon candidates were
reconstructed by combining tracks from the inner detector
with matching tracks reconstructed in the muon spectrome-
ter, and were required to have pt > 20GeV, || < 2.5 and to
satisfy the ‘Medium’ requirements of Ref. [61]. Muons were
also required to be consistent with the signal primary vertex
and to satisfy the ‘Tight’ isolation requirements of Ref. [61].

Jets were reconstructed using the anti-k; algorithm [92,93]
with radius parameter R = 0.4, starting from particle-flow
objects that combine information from topological clusters
of calorimeter energy deposits and inner-detector tracks [94].
After calibration using information from both simulation
and data [59], jets were required to have pr > 25GeV
and || < 2.5, and jets with pt < 60GeV and || < 2.4
were subject to additional pileup rejection criteria using the
multivariate jet-vertex tagger (JVT) [95]. To prevent dou-
ble counting of electron energy deposits as jets, the closest
jet to an electron candidate was removed if it was within
AR = 0.2 of the electron. Furthermore, to reduce the con-
tribution of leptons from heavy-flavour hadron decays inside
jets, leptons within AR = 0.4 of selected jets were dis-
carded, unless the lepton was a muon and the jet had fewer
than three associated tracks, in which case the jet was dis-
carded. Jets likely to contain b-hadrons were tagged using the
DL Iralgorithm [62,96], a multivariate discriminant based on
deep-learning techniques making use of track impact param-
eters and reconstructed secondary vertices. For the inclusive
o,7 and tf — e differential cross-section measurements, a
tagger working point with an efficiency of 70% for tagging b-
quark jets from top-quark decays in simulated ¢7 events was
used, corresponding to rejection factors of about 380 against
light quark and gluon jets, and 10 against jets originating from
charm quarks. A looser working point with 77% b-tagging
efficiency and a factor of two less background rejection was
used for the estbb measurement.

Selected events were required to have exactly one elec-
tron and exactly one muon passing the requirements given
above, with at least one of the leptons matched to a cor-
responding electron or muon trigger. Although the lepton
pr threshold is 20GeV, the trigger matching requirements
imply that at least one lepton must have offline reconstructed
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pr > 27GeV (if an electron) or pt > 27.3GeV (if a muon)
for most of the dataset. However, the lower thresholds in
2015 data give access to the phase space where the two lep-
tons satisfy (pt,1, pr.2) > (21, 20) GeV. Events where the
electron and muon were separated in angle by |Af| < 0.15
and |A¢| < 0.15 were rejected. Events with an opposite-
charge ep pair comprise the main analysis sample, whilst
events with a same-charge e pair were used to estimate the
background from misidentified leptons.

4 Cross-section measurements

The inclusive o,; and 17 — eu differential cross-sections
were measured using the double-tagging technique described
in Ref. [34], employing subsets of the opposite-charge eu
sample with exactly one and exactly two b-tagged jets, as
described in Sects. 4.1 and 4.2. The eubb differential cross-
sections were derived mainly from the two b-tagged jet sam-
ple using the 77% efficiency b-tagging working point, and are
described in Sect. 4.3. Background estimates are discussed in
Sect. 4.4, and the validation of the differential measurements
using simulation in Sect. 4.5.

4.1 Inclusive cross-sections

The inclusive 7 cross-section o;; was determined by count-
ing the numbers of opposite-charge eu events with exactly
one (N1) and exactly two (N,) b-tagged jets, using the 70%
b-tagging efficiency working point. The two event counts
satisfy the tagging equations:

Ni = Log; €p2€p(1 — Cpep) + N¥€, 0

bk;
N> = Loy; eeﬂcbebz + N, g

where L is the integrated luminosity of the sample, €., the
efficiency for a ¢7 event to pass the opposite-charge e selec-
tion, and Cp, is a tagging correlation coefficient close to unity.
The combined probability for a jet from the quark ¢ in the
t — Wgq decay to fall within the acceptance of the detector,
be reconstructed as a jet with transverse momentum above the
selection threshold, and be tagged as a b-jet, is denoted by €.
The parameter Cp, = €5/ €p2, where €p), is the probability to
reconstruct and b-tag both b-quark jets from the two top quark
decays, accounts for the fact that the tagging probabilities of
the two b-quark jets are not completely independent. It was
evaluated from simulation as C;, = 4N g; NI /(NI 4+2N3H2,

where Néz is the number of selected eu 7 events and Nl”_

and Nﬁ’_ are the numbers of such events with one and two b-
tagged jets.> In the baseline POWHEG MiNNLO + PYTHIAS

3 The formula for Cj, follows from the definitions of ¢, as the number
of b-tagged jets divided by the total number of b-jets from ¢ events,

simulation, €., ~ 0.89%, €, ~ 54% and C;, ~ 1.009, indi-
cating a small positive correlation. The backgrounds from
sources other than ¢7 production are given by the terms N fkg

and N; kg, evaluated using a combination of simulation and
data control samples as discussed in Sect. 4.4. The tagging
Eq. (1) were then solved to determine o;; and €.

The selection efficiency €., can be written as the product
of two terms: €., = A, G¢y. The acceptance A,y ~ 1.7%
represents the fraction of simulated 77 events that have a true
opposite-charge ep pair from W — e/u decays, with each
lepton satisfying pt > 20GeV and |n| < 2.5. These require-
ments define the fiducial region. The contributions via lep-
tonic T decays (t - W — 7 — ¢/u) are included. The lep-
ton four-momenta were evaluated at particle level after final-
state radiation, and ‘dressed’ by including the four-momenta
of any photons within a cone of size AR = 0.1 around the
lepton direction, excluding photons produced from hadron
decays or interactions with the detector material. The recon-
struction efficiency G, represents the probability that the
two leptons are reconstructed and pass all the trigger, iden-
tification and isolation requirements. It also corrects for the
0.5% of selected 7 events that are outside the fiducial region
and only selected due to the limited lepton resolution. The
fiducial cross-section o tﬂt-d corresponding to the production of
tt events with a particle-level electron and muon satisfying
the requirements on pr and 7 is og-d = Ac;047, and can be
measured by replacing o,7€., with ot‘j-de in Eq. (1). As
in Refs. [34,37], this fiducial cross-section definition makes
no requirements on the presence of jets, as the tagging for-
malism allows the number of 77 events with no reconstructed
and b-tagged jets to be inferred from the event counts Nj
and N;. Measurement of the fiducial cross-section avoids
the systematic uncertainties associated with the evaluation
of the acceptance.

A total of 1,483,775 events passed the opposite-charge
e selection in data. The numbers of observed events with
one and two b-tagged jets are shown in Table 1, together
with the expected non-77 contributions from Wt and dibosons
evaluated from simulation, and Z+jets and misidentified lep-
tons evaluated using both data and simulation. The one b-tag
sample is expected to be about 88% pure and the two b-tag
sample 96% pure in t7 events, with the largest backgrounds
coming from Wt production in both cases. The distribution
of the b-tagged jet multiplicity Ny _(ag is shown in Fig. 1(a)
and compared with the expectation from simulation, bro-
ken down into contributions from ¢7 events (modelled using
the POWHEG MiNNLO + PYTHIA8 sample) and various back-
ground processes. The predictions using POWHEG + PYTHIAS

ie. e, = (Nl”_ + 2N§’_)/(2Néi) and €, as the number of 7 events
with two b-tagged jets divided by the total number of ¢ events, i.e.
€pp = Nét/NéiL.
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Table1 Observed numbers of opposite-charge ey events with one (Ny)
and two (NV,) b-tagged jets, together with the estimates of backgrounds
and associated uncertainties described in Sects. 4.4 and 5

Event counts Ny Ny
Data 576,725 314,961

Wt single top 59,100 % 3200 10,200 + 1800

Z(— tT — ep)+ets 2650 £ 110 204 £ 8
Diboson 1320 £+ 270 54+ 13
Misidentified leptons 3410 £910 1250 £ 730
Total background 66,500 £ 3300 11,700 = 2000

and POWHEG + HERWIG7 7 events are also shown.* All pre-
dictions are normalised to the same integrated luminosity
as the data, using the cross-sections discussed in Sects. 1
and 2. The three 77 samples have been reweighted to increase
the number of events with at least three particle-level b-jets
by 50%. As discussed in Sect. 5.1, this reweighting brings
the number of events with Ny ¢ > 3 into good agree-
ment with data. The purple dot-dashed line in Fig. 1(a)
shows the prediction from POWHEG MiNNLO +PYTHIAS
without this reweighting, which gives a 25% deficit in the
number of events with N,z > 3. Since the predicted
value of C}, is sensitive to the production of r7 with extra
heavy quarks, this reweighting was applied to the POWHEG
MiNNLO +PYTHIA8 sample throughout the analysis.

Figure 1(b)—(f) show distributions of the pr of the b-
tagged jets (one entry per jet), and the pt and |n| of the
electron and muon, in opposite-charge eu events with at
least one b-tagged jet. The total simulation prediction is nor-
malised to the same number of selected events as the data, to
facilitate shape comparisons. In general, the simulation pre-
dictions describe the data well, though the data show softer
lepton and b-tagged jet pr distributions than all the simu-
lation predictions, with POWHEG MiNNLO +PYTHIAS being
significantly closer to the data than POWHEG + PYTHIA8 and
POWHEG + HERWIG7. The differences in |n| distributions
between electrons and muons reflect their differing recon-
struction efficiencies as a function of lepton 7.

4.2 tt — ep differential cross-sections

The differential cross-sections as functions of the lepton and
dilepton variables defined in Sect. 1 were measured using an
extension of Eq. (1), by counting the number of leptons or
events with one (N f) or two (Né) b-tagged jets where the lep-
ton(s) fall in bin i of a differential distribution at reconstruc-
tion level. There are two counts per event in the single-lepton
distributions p% and |n%|, in the two bins corresponding to

4 The names PYTHIA and HERWIG are abbreviated as PY and HW in
figure legends and some tables for compactness.
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the electron and muon. In the dilepton distributions, each
event contributes a single count corresponding to the bin in
which the appropriate dilepton variable falls. For each bin of
each differential distribution, these counts satisfy the tagging
equations:

Ni = Lo'- Gi,2€} (1 — Ciel)) + N,

. . . . . "bk
N} = Lo’ GL,Cl(e))? + Ny ™%,

@)

where oft- is the absolute fiducial differential cross-section
in bin i. The reconstruction efficiency Gé# represents the
ratio of the number of reconstructed ep events (or leptons
for pw‘f and |n*|) in bin i defined using the reconstructed lep-
ton(s), to the number of true ep events (or leptons) in the
same bin i at particle level, evaluated using 77 simulation. In
the definition of Giu, the particle-level electron and muon
were required to have pt > 20GeV and |n| < 2.5, but no
requirements were made on reconstructed or particle-level
jets, nor on the removal of overlaps between leptons and
jets in contrast to Ref. [12] where such overlap requirements
were applied. The efficiency G/, .. corrects for both the lepton
reconstruction efficiency and the effects of event migration,
where events in bin j at particle level (or outside the fiducial
region) appearinabini # j atreconstruction level. The inte-
gral of any dilepton differential cross-section is equal to the
fiducial cross-section otﬁfd defined in Sect. 4.1, and the inte-
grals of the single-lepton pf% and || distributions are equal
to 202—51. The values of Giu were taken from the POWHEG
MiNNLO +PYTHIAS ¢t simulation, and are generally around
0.4-0.6. The corresponding values of C ;; are always within
3% of unity, even at the edges of the differential distribu-
tions. The background terms N {’bkg and Né’bkg were deter-
mined from simulation and data control samples, allowing
the tagging Eq. (2) to be solved to give the absolute fiducial
differential cross-sections Utit_ and associated el’; values for
each bin i of each differential distribution.

The bin ranges for each differential distribution were
based on those used in Ref. [34], splitting or redefining a
few bins to profit from the larger data sample. The A¢* dis-
tribution was measured in 20 rather than 10 bins. For other
distributions, the bin widths were chosen according to the
experimental lepton resolution, in order to keep the fractions
of events reconstructed in bin i that do not originate from bin
i at particle level at the level of 10% or lower. The chosen
bin ranges can be seen in Figs. 12, 13, 14, 15, 16 in Sect. 7.1,
and in Ref. [97]. The last bips of the p%, pf}“, m, pt + p# ,
E¢ + EM, p%’max and pé’mm distributions include overflow
events falling above the last bin boundary. The normalised
fiducial differential cross-sections were calculated from the
absolute cross-sections G;if as discussed in Ref. [34], and are
statistically correlated between bins because of the normal-
isation. The absolute dilepton differential cross-sections are
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not statistically correlated between bins, but kinematic corre-
lations between the electron and muon within an event intro-
duce small correlations within the absolute single-lepton p-?
and || distributions. Figure 2 shows the reconstructed p-er“ ,
mt, |yeH], AgH, pt + p% and E¢ + E* distributions for
events with at least one b-tagged jet, comparing data with pre-
dictions using the same set of 77 simulation samples as Fig. 1.
The predictions are in reasonable qualitative agreement with
the data. However there are some significant differences, in
particular for m®*, A¢** and p7. + p’T‘, which are discussed
quantitatively in terms of the particle-level differential cross-
sections in Sect. 7.2.

Two-dimensional distributions with [n¢|, | y*| or A¢°* as
the first variable, and m®* as the second variable, were also
measured, using the same binning as Ref. [34]. The excellent
resolution in |7¢|, | y**| and A¢¢* results in migration effects
only being significant between the four m®* bins, defined as
mé* < 80GeV, 80 < m* < 120GeV, 120 < m* <
200GeV and m“"* > 200GeV. The formalism of Eq. (2)
was used, with the index i running over the two-dimensional
grid of bins in both variables.

The measured differential cross-sections include contri-
butions where one or both leptons are produced via leptonic
decays of t-leptons (f - W — 7 — ¢/u). To enable com-
parisons with theoretical predictions that only include direct
t - W — e/u decays, a second set of cross-section results
was derived with a bin-by-bin multiplicative correction fi __
to remove the T contributions:

oz (no-1) = f, .0/ 3)
and similarly for the normalised cross-sections. The correc-
tions f. _, were calculated from ¢7 simulation as the frac-
tions of leptons (for the p% and |n’| distributions) or events
(for the other distributions) in each particle-level bin, that
originate from events where neither lepton was produced

from a t-lepton decay. These fractions are typically in the
range 0.8-0.9.

4.3 eubb differential cross-sections

The tt — e differential cross-sections include leptons from
tf events only, treating leptons from Wt events as back-
ground that is estimated and subtracted using simulation. In
some kinematic regions, e.g. those with high lepton or dilep-
ton pr, the interference between ¢ and Wt contributions
becomes large and this subtraction has large uncertainties
that limit the measurement precision. Recent theoretical work
has focused on a combined description of the 77 and Wt (b)
processes, through e.g. the POWHEG bb4l generator [42] that
includes the complete set of contributions to e vibb pro-
duction. To probe this final state, the fiducial cross-section
definition was modified to explicitly include a requirement
for particle-level b-jets, as well as leptons. An eubb fiducial
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region was therefore defined, requiring at least two particle-
level b-jets with pr > 25GeV and |n| < 2.5, in addition to
the lepton requirements of the 1 — ey measurement. The
particle-level jets were reconstructed with the anti-k; algo-
rithm with R = 0.4 from all truth particles with lifetime
¢t > 10nm, excluding leptons and neutrinos from W and
Z boson decays. A particle-level jet was assumed to be a b-
jet if ghost-associated [98] to at least one weakly decaying
b-hadron with pt > 5GeV. The fiducial region was then
divided into i bins of lepton or dilepton kinematics, defining
the same distributions as in the 17 — eu measurement but
always requiring there to be at least two particle-level b-jets.

The cross-section o’ inbin i of a kinematic distribution

) eubb
was then determined from:

i i,bkg

i _ N2 2
Ue,ubE - LG
eubl;

524 4)

where Né' is the number of data ey events with at least two
b-tagged jets in lepton kinematic bin i, N;’bkg is the esti-
mated number of background events from Z+jets, dibosons
and events with misidentified electrons or muons, and Sty
is a b-tagging efficiency scale factor defined below. As the
background from events without two true b-jets is very small,
the looser 77% b-tagging efficiency working point was used

for this measurement. The efficiency Gi b is defined as

i _ i,rec i,true i,rec

Geu,h}; - eubﬁ/ eubb’ where Ne/LhE ~

selected opposite-charge e events from #7 or Wt with two
i,true -

b-tagged jets in lepton kinematic bin i, and Neu bp 1S the num-

ber of particle-level tf and Wr events that pass the fiducial
selection on both leptons and b-jets, and are in lepton kine-

matic bin 7 at particle level. The efficiency Giubl; accounts

for the efficiency to b-tag the two b-jets in the eubb final
state, as well as the lepton efficiencies and migration in and
out of kinematic bin i due to both lepton and jet resolution

effects. The values of Gi bb are around 0.2-0.35, smaller

than G  in the 17 — e measurement as G' - includes
epn eubb

is the number of

the b-tagging efficiency for the two b-jets, evaluated from
simulation. The bin-to-bin migration is very similar to that
for the tf — e differential cross-sections.

To reduce the sensitivity to the modelling of the b-tagging
efficiency in simulation, the second term in Eq. (4) cor-
rects the measured cross-section by the square of the ratio
of the values of €, in simulation (E}J\/IC) and data (egata), ie.
Stag = e}jvlc / ega‘a. These efficiencies were evaluated from
the inclusive double-tagging formalism, Eq. (1), applied to
the total numbers of events with one and two b-tagged jets
using the 77% working point, treating ¢7 as signal and Wr as
background. Since St is calculated inclusively (and not in

bins 7), it is relatively insensitive to the 77/ Wt interference
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uncertainties and reduces the uncertainties in the absolute
differential cross-sections o*;”b[;. As the Sy correction is
the same for all bins of all differential cross-sections, it has
no effect on the normalised eubl; differential cross-sections,
which were calculated from the O’eiM bi values in the same
way as for the 17 — eu measurement. These cross-sections
include the contributions from leptonic decays of t-leptons,
and a second set of results with the t contributions removed
analogously to Eq. (3) was also derived, using the POWHEG
MiNNLO +PYTHIAS t7 and POWHEG + PYTHIA8 Wt (with
the diagram removal scheme) samples to calculate the cor-
rections.

A total of 378,266 opposite-charge ep events with two
b-tagged jets were selected in data, with an estimated back-
ground from processes other than 7z and Wt of 0.4%. The
contribution from non-resonant W Whb events to the fidu-
cial epubb cross-section is negligible. A further 564,501 one
b-tag events were used in the determination of Si,.. Fig-
ure 3(a) shows the b-tagged jet multiplicity using the 77%
working point, and Fig. 3(b)—(f) show kinematic distributions
for events with two b-tagged jets, with data compared with
the baseline simulation with POWHEG MiNNLO +PYTHIA8
tf events and POWHEG + PYTHIA8 Wt events with the dia-
gram removal scheme, and alternative predictions using
diagram subtraction Wt events [38,80], and the POWHEG
bb41+PYTHIA8 sample that covers both 77 and Wt final states.
All samples were reweighted to enhance the number of events
with at least three particle-level b-jets by 50%. The modelling
of the data lepton pt and |7| distributions by all three predic-
tions in Fig. 3 is similar, although the sample using diagram
subtraction Wt events has a slightly softer lepton pr distri-
bution than that using diagram removal Wt events, and the
POWHEG bb4l+PYTHIAS sample has a slightly more central
lepton |n| distribution.

4.4 Background estimates

The dominant background in the inclusive o,; and 7 — e
differential cross-section analyses comes from Wt produc-
tion, and was evaluated from simulation as discussed in
Sect. 2. In the eubb analysis, this process is part of the
signal. The small diboson contribution (dominated by WW
production with additional b-tagged jets) is treated as back-
ground in all analyses and was evaluated using simula-
tion. The production of a Z boson accompanied by heavy-
flavour jets is subject to large theoretical uncertainties, so
the Z(— tt — ew)+b-tagged jets background predictions
from SHERPA 2.2 were scaled using the corresponding yield
ratios of Z(— ee/uu)+b-tagged jets events in data and sim-
ulation. These yields were extracted from template fits to the
ee and ppu invariant mass distributions, giving yield ratios
of 0.91 £ 0.04 (one b-tagged jet) and 1.10 £ 0.04 (two b-
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tagged jets). The uncertainties include the effect of the harder
Z-boson pt spectrum in selected Z — tt vs. Z — ee/up
events and residual differences between the ratios measured
in ee and pu events.

The background from events with misidentified leptons
was estimated using the same charge-sign (SS) eu sample.
Following the method used in Ref. [35], the SS sample was
selected as described in Sect. 3, but additionally requiring
the electron to be accepted by a charge misidentification
boosted decision tree (BDT) [57]. This requirement reduces
the rate of electron charge misreconstruction by up to an
order of magnitude and suppresses the contribution of dilep-
ton ¢ events with a misreconstructed electron charge to the
SS sample. The misidentified-lepton background N}’mls_ld
in lepton kinematic bin i with j b-tagged jets was estimated
from the number of SS events in data, N}’d’SS, after sub-

tracting the number of SS events with two prompt leptons
N{,prompt,SS

'I .
the ratio R’ of misidentified-lepton events in the opposite

charge-sign (OS) and SS samples in simulation:

estimated using simulation, and then scaling by

i,mis—id i i,d,SS i,prompt,SS
N; = RGNS — NPOTPLES)
' Ni_,misfid,OS,sim
R; = N]i_,misfid,SS,sim : )
J

This method relies on simulation to predict the ratio of OS
to SS misidentified-lepton events, and the prompt SS contri-
bution, but not the absolute number of misidentified-lepton
events No™579 \which is calculated using the SS event
counts in data. The same formalism was used with a single
bin i for the inclusive cross-section measurement.

The electron and muon pr and |n| distributions in the SS
samples with at least one b-tagged jet are shown in Fig. 4,
and compared with the simulation prediction broken down
into various sources of prompt and misidentified leptons.
The simulation models the overall numbers of events in the
one b-tagged sample to better than 5% and the two b-tagged
sample to 10%, and also reproduces the shapes of the kine-
matic distributions. The values of R; for the inclusive cross-
section and their total uncertainties are Ry = 1.9 & 0.4 and
Ry = 3.9 4 1.6, with variations of R’i in the range 1.5-3 and
R} in the range 3-5 for both the 7 — ey and epbb differen-
tial analyses. Deviations of Rj. from unity are caused by the
charge misidentification BDT, which has an inefficiency of
up to 50% for misidentified electrons and is applied to the SS
sample only, and differences in the composition of misiden-
tified leptons between the OS and SS samples. The uncer-
tainties in R’ were assessed by removing the photon con-
version, misidentified hadron and muon decay-in-flight con-
tributions in turn, and recalculating Rj A 25% uncertainty
in the prompt SS contribution with correctly reconstructed
electron charge sign was assumed, covering the uncertainties
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in modelling the major contributing processes (1t + W, 1t +Z
and ¢z + H, and W Z). The modelling of the charge misiden-
tification BDT was validated using Z — ee events, leading
to a 10% uncertainty in the prompt SS component where the
electron charge is misreconstructed. Overall, the misidenti-
fied lepton background contributes about 0.6 = 0.2% of the
OS sample with one b-tagged jet and 0.4 &= 0.2% of the two
b-tagged jet sample (see Table 1), concentrated at low lepton
pr. Further studies were performed with SS control sam-
ples where the lepton isolation cuts were inverted to increase
the misidentified lepton contributions. The simulation also
gives a good description of these samples, with absolute rates
within 15% of those observed in data.

4.5 Validation of the differential measurements

Tests using pseudo-experiment datasets generated from sim-
ulation were used to validate the analysis procedures for
the differential measurements, as discussed in Refs. [34,37].
These tests demonstrated that the method is unbiased and
correctly estimates the statistical uncertainties in each bin of
each distribution. Figure 5 shows examples for the p{, p7*,
In¢| and |y®#| distributions in the 17 — ey analysis. The
filled black points show the relative differences between the
mean of the normalised differential cross-sections obtained
from 1000 pseudo-experiments and the true cross-sections in
each bin, divided by the true cross-sections to give fractional
differences. The pseudo-experiments were generated from
a reference sample with POWHEG + PYTHIAS 77 events plus
backgrounds, which was also used to determine the values of
Gi . and C,i. The compatibility of the filled black points with
zero confirms that the method is unbiased for these sam-
ples. For the alternative samples with different underlying
distributions, the open red points show the mean pseudo-
experiment results and the dotted red lines the true values,
again expressed as fractional deviations from the true cross-
sections in the reference sample, and obtained using G, . and
C l’; values calculated from the reference sample. An indepen-
dent POWHEG + PYTHIAS ¢7 sample with m, = 176 GeV was
used as the alternative sample in Fig. 5(a) and (b), and the
POWHEG + PYTHIAS sample generated with NNPDF3.0 was
reweighted to the predictions of the CT14 PDF set [99] for
Fig. 5(c) and (d). In general, the results obtained from the
pseudo-experiments with alternative samples are consistent
with the true values within statistical uncertainties for all
distributions and a variety of alternative samples. These tests
demonstrate that the simple bin-by-bin correction procedure
using Géu correctly recovers the alternative distributions,
without the need for iteration or a matrix-based unfolding
procedure. The two-dimensional differential cross-sections
were validated using similar procedures and no significant
biases were observed.
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Pseudo-experiment tests were also performed for the ebb
differential cross-section analysis, using POWHEG + PYTHIAS
tt and diagram-removal scheme Wt events for the reference
sample, and either ¢7 plus diagram-subtraction Wt events,
or the POWHEG bb4l+PYTHIA8 sample, for the alternative
sample. Figure 6 shows the corresponding results for the p-‘f
and py* distributions, two of the distributions that are most
sensitive to the modelling of 77/ Wt interference. The largest
discrepancy in any of these tests occurs for the last bin of the
py" distribution when using POWHEG bb4/+ PYTHIAS for the
alternative sample (Fig. 6(d)). This discrepancy has a statis-
tical significance of 3.5 standard deviations, which is compa-
rable to the data statistical uncertainty but less than half the
total uncertainty in this bin when systematic uncertainties
are included. Other pseudo-experiment tests using alterna-
tive values of m; or diagram subtraction Wt events produced
larger changes in the differential cross-section in this bin but
showed smaller discrepancies, so no additional uncertainties
were included.

5 Systematic uncertainties

Systematic uncertainties in the measured cross-sections arise
from uncertainties in the input quantities appearing in Eq. (1),
namely the ey selection efficiency €., the tagging correla-

tion coefficient Cp, the non-t7 background estimates N}) ke

and sz ke , and the integrated luminosity L, and from the cor-
responding quantities in Egs. (2) and (4) for the tf — ep
and eubb differential cross-sections. Each uncertainty was
evaluated by changing all relevant input quantities coherently
and re-solving the tagging equations, thus taking into account
correlations between the different inputs, and between dif-
ferent bins in the differential analyses. Partial correlations
of systematic effects between bins in the differential analy-
ses (e.g. for PDF and lepton efficiency uncertainties) were
propagated to the final results. The sources of systematic
uncertainty are divided into the five groups discussed below,
and are shown for the inclusive and fiducial ¢7 cross-sections
in Table 2. The uncertainties for the normalised single-
differential 17 — eu cross-sections are shown graphically
in Fig. 7, and those for the eyubb cross-sections in Fig. 8.

5.1 tf modelling

by . . . . l l'
The 7t modelling uncertainties in €., Gep, Gy, Geubl;, Cp

and C li; (and f/,_, for the T-corrected cross-sections) were
evaluated by reweighting the baseline POWHEG MiNNLO +
PYTHIAS8 t7 sample and by using the various alternative
samples described in Section 2. Specifically, the 7 matrix
element matching uncertainty was evaluated by comparing
the POWHEG + PYTHIA8 sample generated with the setting
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Fig. 4 Distributions of (a) the electron pr, (b) the electron |n], (c) the
muon pt and (d) the muon |5, in events with a same-charge ey pair
and at least one b-tagged jet, also requiring the electron to pass the
charge misidentification BDT. The simulation prediction is normalised
to the same integrated luminosity as the data, and broken down into
contributions where both leptons are prompt and reconstructed with
correct charge signs (RS), both leptons are prompt but one has a mis-

PThard = 1, which changes the definition of the shower veto
region, with the nominal prhyrd = 0 POWHEG+PYTHIAS
sample.’ The uncertainties due to unknown higher-order cor-
rections in the matrix element were assessed by changing
the QCD renormalisation and factorisation scales through
event weights in the baseline POWHEG MiNNLO + PYTHIA8
sample, taking half the difference between (ugr, ur) =
(0.5, 1) and (2, 1) variations and half the difference between
(ur, wr) = (1,0.5) and (1, 2) variations. These changes

5 Since only the baseline sample with nominal settings was available
for POWHEG MiNNLO, uncertainty estimates requiring comparison to
alternative samples were assessed by evaluating variations with respect
tothe POWHEG + PYTHIAS8 sample with nominal settings, and applying
the same relative variation to the efficiencies and tagging correlations
obtained from the POWHEG MiNNLO +PYTHIA8 sample.

% 05 1 15 2 25

Muon [n|
(d)

reconstructed charge sign (WS), or one is a misidentified lepton from a
photon conversion, a heavy-flavour (HF) hadron decay to an electron, a
heavy-flavour hadron decay to a muon, or other sources of misidentified
electrons (such as misidentified hadrons) and muons (such as decays in
flight of pions and kaons). In the pr distributions, the last bin includes
the overflows

were treated as being independent and added in quadrature.
The uncertainty due to the choice of hadronisation, under-
lying event and parton shower model was assessed from the
difference between POWHEG ¢7 samples interfaced to HER-
WIG7.1.3 instead of PYTHIA8. The initial/final-state radia-
tion uncertainty was evaluated by reweighting the POWHEG
MiNNLO +PYTHIAS8 sample according to the var3c Al4
tune variations [69] and by variations of the parameter R FSR
controlling the amount of final-state radiation in the PYTHIAS
shower by factors of 2 and 0.625 with respect to its default
value [100]. All these uncertainties were evaluated without
applying the lepton isolation requirements, to avoid double-
counting efficiency differences absorbed in the lepton isola-
tion efficiency scale factors described in Section 5.2 below.
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Fig. 5 Results of pseudo-experiment studies on simulated events for
the extraction of the normalised 7 — ey differential cross-section
distributions. The upper two plots show (a) pé and (b) p;“ using
POWHEG + PYTHIAS ¢t events with m;, = 172.5GeV for the reference
sample and ¢7 events with m, = 176 GeV for the alternative sample. The
lower two plots show (¢) |n¢| and (d) | y**| using ¢7 events reweighted
to the CT14 PDF set instead of NNPDF3.0 for the alternative sample.
The black filled points show the mean deviations from the reference
values of the results from pseudo-data samples generated with the ref-

The values of Cj;, and C,’; are sensitive to the fraction of ¢7
events with extra bb pairs, which increase the probability of
b-tagging at least two jets in the event, and also contribute to
the rate of events with three or more b-tagged jets. As can be
seen from the purple dot-dashed line in Figure 1(a), POWHEG
MiNNLO +PYTHIA8 underestimates this rate, as also seen
for POWHEG + PYTHIAS in dedicated analyses [100,101]. The
discrepancy was quantified through the ratio of event counts
R3z = N(Nyp—tag > 3)/N(Np—tag > 2), measured to be
2.63 +0.03 % in data compared with 2.02 £ 0.01 % in simu-
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erence simulation sample, with error bars indicating the uncertainties
due to the limited number of simulated events. The cyan shaded bands
indicate the expected statistical uncertainties for a single sample corre-
sponding to the data integrated luminosity. The open red points show
the mean deviations from the reference values obtained from pseudo-
experiments generated from the alternative simulation sample. The red
error bars represent the uncertainty due to the limited size of these alter-
native samples, and the red dotted lines show the true deviations from
the reference in the alternative samples

lation, where the uncertainties are statistical only. The frac-
tion of simulated 77 events with at least three particle-level
b-jets was varied by reweighting, defining such b-jets as par-
ticle level jets reconstructed as discussed in Section 4.3 with
pt > 10GeV and matched within AR < 0.3 to a weakly
decaying b-hadron with pt > 5GeV. These studies showed
a linear relationship between R3; and Cp, and that increasing
the fraction of events with at least three particle-level b-jets
by 50% brings R3; into agreement with data. The reweighted
simulation models the kinematics of the third-highest pt b-
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Fig. 6 Results of pseudo-experiment studies on simulated events for
the extraction of the normahsed enbb differential cross-section dis-
tributions, showing (a, ¢) pT and (b, d) pe“ Plots (a) and (b) use
POWHEG + PYTHIAS ¢7 and Wt events, with the diagram removal (DR)

tagged jet well, and increases the value of Cj, for the inclusive
cross-section analysis by 0.35%. Half the size of this correc-
tion was taken as the corresponding uncertainty (shown as
‘tt heavy-flavour production’ in Table 2), based on the mod-
elling of the kinematics of the third- and forth-highest pr
b-tagged jets. The shifts in Cp, from all the 7 modelling vari-
ations discussed above were also included, but are small in
comparison.

Parton distribution function uncertainties were evaluated
by reweighting the POWHEG MiNNLO +PYTHIAS ¢7 sample
to the 100 variations (replicas) of NNPDF3.0 [68] and calcu-
lating the RMS of the changes induced in €., Gy, G . and
Gi bb Theresulting uncertainty is 0.47% in €., , but less than

0.1% in G, as PDF variations mainly affect the acceptance
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scheme used for the reference sample and the diagram subtraction (DS)
scheme for the alternative sample. Plots (¢) and (d) use the same refer-
ence sample, but POWHEG bb4l +PYTHIAS for the alternative sample.
The interpretation of the points and lines is the same as in Fig. 5

rather than the reconstruction efficiency. The central values
from the CT18 [23], MSHT20 [24] and NNPDF3.1 [25] PDF
sets lie within the NNPDF3.0 uncertainty.

The lepton kinematics, and hence the prediction for €.,
also depend slightly on the assumed value of m;. This effect
was evaluated using five POWHEG + PYTHIAS ¢7 samples with
different m, values in the range 169-176GeV, and gives a
relative change of £0.4% in €., for a =1 GeV change in m;.
In the o,; measurement, this effect is partially counterbal-
anced by changes in the Wt background prediction, which
decreases with increasing m;. Both effects were parame-
terised using second-order polynomials as functions of mi;,
and their combination gives a relative change of —0.29%
in o;7 for a 1 GeV increase in m;. By convention, the mea-
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Fig. 8 Relative uncertainties in
the measured one-dimensional
normalised eubb differential
cross-sections coming from data
statistics, £7 modelling, leptons,
jets and background, as a
function of each lepton or
dilepton differential variable.
The total uncertainty is shown
by the thick black lines, and also
includes small contributions
from the integrated luminosity
and LHC beam energy
uncertainties
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Table2 Breakdown of the relative systematic uncertainties in €, Gy
and Cp, and the statistical, systematic (excluding luminosity and beam
energy) and total uncertainties in the inclusive and fiducial #7 cross-

section measurements. The five groups of systematic uncertainties cor-
responding to the discussion in Sections 5.1 to 5.5 are indicated in the
leftmost column

Group Uncertainty source A€oy /€ep AGep/Gep ACy/Cyp Aoi/o; Aatfj-d/atfj-d
(%) (%) (%) (%) (%)
Data statistics 0.16 0.16
tf mod. tf matrix element matching 0.01 0.02 0.02 0.01 0.00
QCD scale variation 0.29 0.07 0.02 0.31 0.09
¢ hadronisation 0.23 0.06 0.06 0.29 0.00
Initial/final state radiation 0.04 0.03 0.09 0.16 0.17
1 heavy-flavour production 0.00 0.00 0.17 0.17 0.17
Parton distribution functions 0.47 0.05 - 0.47 0.08
Simulation statistics 0.07 0.04 0.05 0.05 0.04
Lept. Electron identification 0.12 0.12 - 0.14 0.14
Muon identification 0.13 0.13 - 0.14 0.14
Electron charge mis-id 0.05 0.05 - 0.06 0.06
Lepton trigger 0.10 0.10 0.00 0.11 0.11
Electron energy scale 0.04 0.04 0.00 0.05 0.05
Electron energy resolution 0.01 0.01 0.00 0.01 0.01
Muon momentum scale 0.01 0.01 0.00 0.02 0.02
Muon momentum resolution 0.00 0.00 0.00 0.00 0.00
Electron isolation 0.10 0.10 - 0.11 0.11
Muon isolation 0.12 0.12 - 0.13 0.13
Jet/b Jet energy scale - - 0.05 0.02 0.02
Jet energy resolution - - 0.03 0.06 0.06
Pileup jet veto - - 0.00 0.02 0.02
b-tagging efficiency - - 0.01 0.13 0.13
b-tag mistagging - - 0.02 0.02 0.02
Bkg. Single-top cross-section - - - 0.40 0.40
Single-top/#f interference - - - 0.28 0.28
Single-top modelling - - - 0.30 0.30
Z+jets extrapolation - - - 0.02 0.02
Diboson cross-sections - - - 0.01 0.01
Diboson modelling - - - 0.05 0.05
Misidentified leptons - - - 0.18 0.18
Analysis systematics 0.66 0.29 0.22 0.97 0.74
L/Ey Integrated luminosity - - - 0.89 0.89
Beam energy - - - 0.23 0.23
Total uncertainty 0.66 0.29 0.22 1.34 1.19

sured o,;7 is quoted at a fixed value of m; = 172.5GeV, but
a =1 GeV m; variation is included in the differential cross-
section uncertainties.

The total 7 modelling uncertainties also include the
small contributions due to the limited size of the POWHEG
MiNNLO +PYTHIAS 7 sample (‘Simulation statistics’ in
Table 2) and are shown for the differential distributions by
the green hatched lines in Figures 7 and 8.
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5.2 Lepton identification and measurement

The lepton identification efficiencies were measured using
tag-and-probe techniques applied to Z — ee and Z — upu
events [60,61], as functions of lepton pt and 5 for elec-
trons, and 7 and ¢ for muons. The corresponding uncertain-
ties are only partially correlated across pr, n and ¢, and this
information was propagated to the final results by generat-
ing multiple sets of scale factors whose variations represent
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the full uncertainty model. The uncertainties due to electron
charge misidentification were studied using Z — ee events
and taken into account using the same technique. The lep-
ton trigger efficiencies were also measured in Z — ee and
Z — pu events using tag-and-probe techniques [49,50],
giving per-lepton uncertainties of 0.2—1% for electrons and
0.5-3% for muons. Since a large fraction of dilepton events
are triggered redundantly by both leptons, the corresponding
uncertainty in o;; is only 0.11%. The electron energy scale,
muon momentum scale and corresponding resolution were
determined using Z — ee and Z — uu events [57,58], and
varied according to the corresponding uncertainties.

The lepton isolation efficiencies were measured directly
in t7-dominated eu plus b-tagged jet samples by determin-
ing the fraction of events where either the electron or muon
fails the isolation cut. After correcting for background con-
tamination [35], the results as a function of lepton pt for
[n] < 1.5 and |n| > 1.5 are shown in Figure 9, for data and
simulation with POWHEG MiNNLO +PYTHIAS #7 events. At
low pr, the simulation underestimates the electron efficiency
in data by about 1.5%, and overestimates the muon efficiency
by 1%. The ratios of data to simulation efficiencies were used
to define multiplicative efficiency corrections (scale factors)
applied to simulation on a per-lepton basis. The uncertain-
ties in these scale factors are dominated by the subtraction of
the misidentified-lepton background for the samples of lep-
tons that fail the isolation requirement [35]; such events are
not used in the differential cross-section measurements. The
uncertainties amount to about 0.1% per lepton, partially cor-
related across the differential distributions. The method was
validated using various reweighted and alternative 7 sim-
ulation samples that predict different isolation efficiencies,
also demonstrating that the sum of the measured electron and
muon efficiency shifts reproduce the isolation-related com-
ponent of the shifts in €., and G,,. The total lepton-related
uncertainties are shown by the blue dot-dashed lines in Fig-
ures 7 and 8, and include the effects on both ¢ and Wt events.

5.3 Jet measurement and b-tagging

Uncertainties in jet reconstruction and calibration affect the
estimates of the background contributions from Wt and dibo-

son events, the values of C and C ! “and the values of GZMbE

and ei\dc for the epbb differential cross-section analysis. The
jetenergy scale was determined using a combination of simu-
lation, test beam and in-situ measurements, and the jet energy
resolution was evaluated using di-jet balance techniques [59].
The modelling of the pileup jet veto JVT requirement was
studied using jets in Z — upu events [95].

The efficiency for b-tagging jets in ¢7 events was extracted
from the data via Egs. (1), but simulation was used to predict
the number of b-tagged jets in Wt and diboson background

events, as well as GfmbB and eivlc. The corresponding scale
factors and uncertainties for b, charm and light-flavour jets
were determined using ¢7 and Z+jets events [62,102,103].
As these b-tagging efficiency scale factors are used only for
background determination in the 77 cross-section measure-
ments, the use of the same data sample to determine them
in Ref. [62] does not result in significant correlation. The
uncertainties related to jets and b-tagging are shown by the

purple long-dashed lines in Figures 7 and 8.

5.4 Background modelling

The normalisation of the Wt background was varied by
3.7%, corresponding to the PDF and QCD uncertainties
in the prediction discussed in Section 2. The uncertainty
due to r7/Wt interference was assessed by comparing
POWHEG + PYTHIA8 Wt samples with the diagram removal
and diagram subtraction schemes [38,80]. Although small for
the inclusive cross-section, this uncertainty is dominant at the
high ends of the lepton pr apd dilepton p%“ ,m, pS + p# ,
E¢ + EM, p%’max and pf}’mm distributions in the tf — eu
measurements. The studies of Ref. [43] suggest that data lies
between the diagram removal and diagram subtraction pre-
dictions in the region where interference becomes important.
Further modelling uncertainties were evaluated by compar-
ing the baseline Wt sample with samples generated with
DPThard = 1, with hgamp = 3m,, with POWHEG + HERWIG7.1,
and by reweighting to change the values of ;g and ¢ . These
uncertainties were taken to be uncorrelated with the corre-
sponding 77 modelling uncertainties. Initial/final state radia-
tion uncertainties were also evaluated based on var3c Al4
tune and uR Fsr variations, and taken to be correlated with
the corresponding ¢7 uncertainties. The small background
acceptance uncertainties from NNPDF3.0 variations were
also included.

The Wt component is part of the signal in the eubb dif-
ferential analysis, so the Wt modelling uncertainties were
evaluated as changes in Gi bb? and correlated with the corre-
sponding variations in the ¢7 signal component where appro-
priate. In addition, GiubE depends on the relative fractions

of t7 and Wt events in the signal, evaluated by separately
changing the 77 normalisation by 4.0% and the Wt normali-
sation by 3.7%, based on the predicted cross-sections given
in Sections 1 and 2.

The Z(— tt — ep)+ets background prediction was
normalised using the corresponding yield ratios in Z(—
ee/u) events as described in Section 4.4, and the corre-
sponding uncertainties were propagated to the cross-section
results. For the differential analyses, the changes in predic-
tions as a function of lepton kinematics when performing
the normalisation in bins of Z-boson pr rather than inclu-
sively were also taken into account. The inclusive diboson
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Fig. 9 Lepton isolation efficiencies measured in 17 — e events for
(a) electrons and (b) muons, as functions of lepton pr in two bins of |7].
The data is shown by the points with error bars and compared with sim-

cross-sections were varied by 6%, based on MCFM predic-
tions [104], and the QCD factorisation and normalisation
scales were varied by reweighting the SHERPA samples. The
uncertainties in the background from events with misiden-
tified leptons, evaluated using the same-charge ep samples,
are discussed in Section 4.4. The total background uncertain-
ties are shown by the red solid lines in Figures 7 and 8, and
are dominated by those in the Wt background.

5.5 Luminosity and beam energy

The integrated luminosity of the dataset was evaluated using
the LUCID2 detector [105], complemented by measurements
from the inner detector and calorimeters, and has an uncer-
tainty of 0.83% [47]. In the inclusive cross-section anal-
ysis, an optimised combination of results from the sepa-
rate 2015+16, 2017 and 2018 datasets is used as discussed
in Section 6.1, slightly reducing the effective luminosity
uncertainty. For both inclusive and differential analyses, the
luminosity-related uncertainty in the cross-section values is
around 10% larger than that in the integrated luminosity
itself, as the simulation-based Wt and diboson background
estimates depend on the integrated luminosity of the dataset.

The LHC beam energy is known to be within 0.1% of the
nominal value at /s = 13TeV [106], which translates into
an 0.23% uncertainty in 0,7, quoted as part of the experi-
mental uncertainty as discussed in Ref. [34]. Similar uncer-
tainties arise in the absolute 17 — e and eubb differen-
tial cross-sections, but almost completely cancel in the nor-
malised measurements.
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ulation with POWHEG MiNNLO +PYTHIAS 7 events without isolation
efficiency scale factors, shown by the red histograms

6 Inclusive cross-section results and interpretation

The results of the inclusive cross-section analysis are given in
Section 6.1, followed by the top quark mass in Section 6.2.
The analysis results were initially blinded by multiplying
the o,; values by a randomly chosen scale factor that was
only removed after finalising all systematic uncertainties and
stability studies, and verifying that consistent results were
obtained from the 2015+16, 2017 and 2018 datasets.

6.1 Total and fiducial cross-section results

Table 3 shows the results for o;; and atf}d from the entire
dataset treated as a single sample, separate results from the
2015+16, 2017 and 2018 datasets, and the combination of
these three datasets using the best linear unbiased estimator
technique [107,108], taking into account correlations in the
systematic uncertainties. Since the largest uncertainties come
from the luminosity measurement, and these uncertainties are
only partially correlated between years [47], this combination
gives a greater weight to the 2015+16 data despite its larger
statistical uncertainty, and is used for the final results:

o7 = 8293+ 1.3+£8.0+7.3+1.9pb, and
oM = 14.04 £0.02£0.10 £ 0.12 £ 0.03 pb,

where the four uncertainties are due to data statistics, experi-
mental and theoretical systematic effects internal to the anal-
ysis, the knowledge of the integrated luminosity, and the
knowledge of the LHC beam energy. The total relative uncer-
tainties are 1.3% for 0,7 and 1.2% for atf}d. The three datasets
have weights of 0.53, 0.23 and 0.24, and the combination has
ay 2 of 1.5 for two degrees of freedom, demonstrating the
good compatibility of the results. The values of ¢, are 0.5—
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1% lower in data than in simulation, well within the uncer-
tainties in modelling the b-tagging performance [62]. The
result for o,; is reported for a fixed top quark mass of m; =
172.5GeV, and depends on the assumed value according to
(1/0y7) do,;/dm; = —0.29%/GeV. The m, dependence of
the measured atf;‘-d is negligible. The fiducial cross-section
corrected to remove the contribution from leptonic decays of
t-leptonsis oS =12.0340.0240.10%0.1140.03 pb.

The results are stable within statistical uncertainties when
increasing the jet pr requirement from the nominal pJTet >
25GeV to pJTet > 75GeV (where the tagging correlation
increases to C;, = 1.17), when reducing the jet acceptance
to || < 1.5 and when using the looser 77% b-tagging effi-
ciency working point. The cross-section decreases slightly
when increasing the lepton pr requirement, e.g. o;; changes
by —0.77 £ 0.11% with p§ > 35GeV instead of pf >
20GeV, where the uncertainty represents the uncorrelated
statistical component only. However, the 17 modelling uncer-
tainty from QCD scale variations, initial/final-state radiation
and hadronisation also increases from 0.43% to 0.86%, sug-
gesting this change in central value is reasonable given the
40% reduction in acceptance.

Table 2 shows the breakdown of statistical and system-
atic uncertainties in o;; and ag-d, together with the average
uncertainty contributions to €., G, and Cj, weighted as
in the combination. The largest uncertainty comes from the
calibration of the integrated luminosity, followed by 7 mod-
elling (in particular PDF uncertainties, hadronisation and
QCD scale variations, which are significantly smaller in the
fiducial cross-section measurement) and background uncer-
tainties from the Wt cross-section and modelling. The result
is consistent with the previous ATLAS measurement of o;7
at /s = 13TeV [12], which it supersedes. The total uncer-
tainty has been reduced from 1.8% to 1.3%, giving the most
precise measurement of o,; to date. The new result benefits
from the better modelling of the top quark (and hence lep-
ton) kinematics in POWHEG MiNNLO +PYTHIAS compared
with POWHEG + PYTHIAS, a more inclusive lepton selection
requiring pt > 20GeV rather than pt > 25GeV, a more
precise understanding of lepton identification and isolation
efficiencies, refined modelling of the Wt background and an
optimal treatment of the data given the luminosity uncertain-
ties.

The inclusive cross-section result, together with other
ATLAS measurements in dilepton and lepton+jets final
states at /s = 5.02TeV [8], /s = 7TeV [9,10], /s =
8TeV [9,11], /s = 13TeV [13] and /s = 13.6TeV [14],
is compared in Figure 10 with the NNLO+NNLL QCD pre-
diction described in Section 1, calculated with Top++ [21]
with the PDF4LHC21 [22] PDF combination. The result is in
good agreement with the prediction, and has about one third
of the uncertainty. The result also agrees with measurements
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Fig. 10 The upper panel shows the inclusive ¢ cross-section as a func-
tion of centre-of-mass energy +/s, comparing ATLAS results from the
e, dilepton (££) and lepton+jets final states (and the combination of
£¢ and lepton+jets at /s = 5.02TeV) with NNLO+NNLL theoreti-
cal predictions [6,21] using the PDFALHC21 PDF set [22]. The lower
panel shows the ratios of measurements and predictions to the central
value of the prediction with PDFALHC21. The total uncertainties when
using the PDF4ALHC21 and NNPDF3.1_notop PDF sets are shown as
the overlapping coloured bands, and the dotted lines show the QCD
scale uncertainties alone

at /s = 13TeV from the CMS Collaboration [18,19] but
again has significantly higher precision.

6.2 Extraction of the top quark pole mass

The strong dependence of the prediction for o,; on the top
quark pole mass mf()le can be exploited to interpret the pre-
cise measurement of o;; as a measurement of m?()le. This
interpretation was performed for two recent PDF sets that
do not use any LHC ¢7 differential cross-section data as
input, as the use of such data in PDF fits can introduce
a dependence on the assumed value of m;. The baseline
result is based on the NNPDF3.1_notop NNLO PDF set [25]
with g = 0.1180 £ 0.0010, as used in Ref. [109]. This
prediction is shown in the lower panel of Figure 10. The
CT14 [99] NNLO PDF set was also considered, assuming
g = 0.1180 £ 0.0012 and scaling the uncertainties to cor-
respond to 68% confidence levels.

Figure 11 shows the dependence of the predicted o,; on
m?OIC for the NNPDF3.1_notop PDF set, calculated using
Top++ [6,21]. It also shows the experimental measurement
from Section 6.1 with its dependence on the top quark mass
in simulation m%VIC obtained from the polynomial parame-

. . . . . . ole
terisation described in Section 5.1, assuming mg‘/'c ~ mf .

The value of mf()le maximising the compatibility with the
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Table 3 Measurements of the inclusive total (o;7) and fiducial (at‘}d)
t7 production cross-sections at /s = 13TeV using the full dataset,
the 2015+16, 2017 and 2018 datasets separately, and the combination
of the three separate measurements. The four uncertainties for each

measurement correspond to the statistical, experimental and theoretical
systematic, integrated luminosity, and beam energy uncertainties. The
total uncertainties are given in parentheses. The integrated luminosity
L of each dataset is also shown

Dataset L [fb~1] o,7 [pb] o9 [pb]
All data 140.1 8275+ 1.1+£80+7.6+£1.9(11.3) 14.01 £0.02 £0.10 £0.13 £ 0.03 (0.17)
2015+16 data 36.6 831.5+22+8.1+£8.0£1.9(11.7) 14.08 £ 0.04 £0.10 £ 0.14 + 0.03 (0.18)
2017 data 44.6 833.1+£2.0+£8.1£10.5+1.9(13.5) 14.11 +£0.03 £0.10 £ 0.18 £ 0.03 (0.21)
2018 data 58.8 820.8 £1.74+8.0+10.0£1.9 (13.1) 13.90 £0.03 £0.10 £ 0.17 £ 0.03 (0.21)
Combination 140.1 8293 +13+80+£73£19(11.1) 14.04 £ 0.02 £0.10 £ 0.12 £ 0.03 (0.17)
E 1100 o - i AT[_‘AS S ‘ I_: Table 4 Extraction of the top quark pole mass from the 77 pro-
o) E $ Vs=13Tev, 140" 3 duction cross-section measurement at /s = 13TeV using the

° 1000 = NNPDF3.1_notop and CT14 PDF sets. The first row gives the result
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Fig. 11 The red line shows the predicted inclusive ¢ cross-section at
/s = 13TeV as a function of m][3016 for the NNPDF3.1_notop PDF
set, with the cyan band indicating the total uncertainty in the prediction
from PDF+a; and QCD scale uncertainties. The black points show the
experimental measurement with its uncertainty and dependence on the
assumed value of m;, through acceptance and background corrections.
The dotted line shows the experimental central value at a fixed top quark
mass of 172.5 GeV

measured o,; was extracted using the Bayesian likelihood
formulation detailed in Ref. [34], giving a result of:

mP = 172.8+13 GeV .

The breakdown of uncertainties is shown in Table 4. The high
precision of the experimental measurement of o;; results in
the uncertainty being dominated by those on the theoretical
prediction. The result for the CT14 PDF set is also given;
this PDF set gives a slightly higher central value for m, and
a larger uncertainty. Compared with these uncertainties, the
assumption that the top quark mass used in simulation for
the 0,7 measurement is close to mf()le has a very small effect,
corresponding e.g. to a 0.12 GeV shift for a 1 GeV difference
between mMC and mltoOle.

The result is compatible with the value of 172.9 %+
1.7GeV derived from the ATLAS measurement of o,; with
36fb~! of /s = 13TeV data [34], and with the value of
173.43:3 GeV obtained from the combination of ATLAS
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and CMS o,; measurements at /s = 7-8TeV [109], both
using NNPDF3.1_notop, as well as with measurements from
CMS at /s = 13TeV [19] and from DO at the Tevatron pp
collider [110]. It is also compatible with the average of direct
measurements of the top quark mass from its decay products,
my = 172.57 & 0.29 GeV [32], which has much higher pre-
cision but makes stronger assumptions on the interpretation
of the mass parameter in 7 event generators.

7 Differential cross-section results

The single-lepton and dilepton 7 — eu differential cross-
sections were obtained from the full dataset by solving the
tagging equations Eqgs. (2) for each bin i of each distribution.
The results were found to be stable when varying the jet pr,
|n| and b-tagging requirements. The single-lepton p% and |n*|
distributions were also measured separately for electrons and
muons, instead of combining them into lepton distributions
with two entries per event, and found to be compatible. The
distributions of bin-by-bin differences between the electron
and muon differential cross-sections have x?2 per degree of
freedom of 8/12 for p% and 10/8 for |n*|, taking statistical
and uncorrelated systematic uncertainties into account. The
normalised distributions were also found to be consistent
with the measurements from the 36 fb~! data sample [34], in
most cases within the uncorrelated statistical uncertainties.
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Table 5 Breakdown of uncertainties in the measured eubb fiducial
cross-section in broad categories

Uncertainty Ao f,sz /o f;bg (%)
Data statistics 0.16
tf + Wt modelling 1.34
Leptons 0.29
Jets/b-tagging 0.26
Backgrounds 0.36
Luminosity/ Epeam 0.92
Total uncertainty 1.72

The eubb differential cross-sections were obtained from
Eq. (4). The value of ¢, obtained from solving Eq. (1) with
the inclusive data event counts corresponding to the 77%
b-tagging efficiency working point is slightly lower than
that in simulation, leading to a correction factor Spe =
1.0086 + 0.0007, where the uncertainty is statistical only.
The correction Stzag was applied to all bins of all absolute
eubb differential cross-sections. The integrals of the ten one-
dimensional differential distributions each give the integrated

fiducial cross-section Uf:bé’ and agree at the 0.1% level

The cross-section for the complete eubb fiducial region was
calculated from the unweighted average of the individual dis-
tribution integrals, giving:

af:bl; =9.56 4 0.02 4 0.16 pb,

where the first uncertainty is statistical, and the second sys-
tematic (including the luminosity and beam energy uncer-
tainties), giving a relative uncertainty of 1.7%. A breakdown
of the uncertainties in broad categories is given in Table 5,
This fiducial cross-section is more inclusive than that mea-
sured in Ref. [43], which requires p!} > 28 GeV rather than
p% > 20GeV, with overlap removal requirements between
the b-jets and leptons, and has a relative precision of 4.8%.
The better precision of the present result is due primarily to
the in situ measurement of the b-tagging and jet reconstruc-
tion efficiency via Stag.

7.1 Results for t7 — e and epubb differential
cross-sections

The measured absolute one-dimensional 17 — e and eubb
differential cross-sections are shown in the upper panels of
Figures 12, 13, 14, 15, 16, and the two-dimensional cross-
sections are shown in Figures 17, 18, 19. The latter Figures
show ‘unrolled’ distributions with the four groups of |n*|,

% These integrals do not agree exactly because of statistical fluctuations

and the variation of Gi b with each differential variable.

|ye#| or A¢®" bins corresponding to each m®* bin shown
consecutively on the x-axis. Numerical values for both the
absolute and normalised differential cross-sections, includ-
ing a set of results corrected to remove the contributions from
W — t — e/u decays, can be found at Ref. [97], and are
available in the HEPData repository [111].

The uncertainties in the one-dimensional normalised 17 —
e cross-sections are shown in Fig. 7, and range from 0.3%
to around 10% at the upper ends of the pr-related distribu-
tions. For the |n?|, |y°#| and A¢¢# distributions, the largest
uncertainties are typically statistical, whereas ¢ modelling
also plays an important role at the lower ends of the pr-
related distributions. At the upper ends of those distributions,
the background modelling, in particular the 17/ Wt interfer-
ence uncertainty, becomes dominant. The normalised differ-
ential cross-sections benefit from substantial cancellations
in the systematic uncertainties across bins, which are absent
in the absolute differential cross-section measurements; the
latter also suffer from the integrated luminosity uncertainty,
which contributes 0.9—1.1% in most bins. The corresponding
uncertainties in the one-dimensional ejbb cross-sections are
shown in Fig. 8, and exhibit many similar features. However,
the background uncertainties in the pr-related distributions
do not suffer as much from the ¢/ Wt interference uncer-
tainty, beinge.g. 2.3% and 3.8% in the 200 < p% < 250GeV
and p% > 250GeV bins in the epbb measurement compared
with 4.3% and 9.7% in the tf — ep measurement.

As an additional validation of the analysis procedure, the
measured 17 — e and epubb differential cross-sections were
used to reweight the POWHEG + PYTHIAS simulation at par-
ticle level. This sample was then used in pseudo-experiment
studies as described in Sect. 4.5, taking unweighted simula-
tion as the reference for the calculation of Gé w C l’; and Gi b
The mean values of the differential cross-sections obtained
from the pseudo-experiments were found to be consistent
with the values extracted from data, and no significant biases
were observed.

7.2 Comparison with event generator predictions

The measured normalised t7 — e and eubb differen-
tial cross-sections are compared with a set of particle-level
predictions from different Monte Carlo event generators
in the ratio panels of Figures 12, 13, 14, 15, 16, 17, 18,
19. For each distribution, the first three ratio panels show
comparisons of the tf — eu cross-sections to tf event
generators, and the last ratio panel shows comparisons of
the eubb distributions to combined samples of 7 and Wt
events, or the POWHEG bb4[+PYTHIAS sample. The sam-
ples considered are summarised in Table 6. They include
tf event generator configurations discussed in Sect. 2, as
well as a sample generated with AMC@NLO + PYTHIAS.
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Fig. 12 Differential cross-sections as functions of (a) p% and (b) |r]/é B
The upper panels show the measured absolute t# — ey (filled points)
and e ,uhE (open points) cross-sections, including the contributions from
W — t — e/u decays, with the total uncertainties shown by the
shaded bands. The other panels show ratios of various predictions to
the measured normalised differential cross-sections, for tf — ep (mid-
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(b)

dle three panels) and ep.bl; (lower panels). The markers showing the
ratios for each prediction are offset from the bin centres for better vis-
ibility, and the total uncertainty in the prediction is shown by the error
bar. The data statistical uncertainty is shown by the black error bars
and the total uncertainty by the cyan (17 — e/1) or orange (epbb) band
around unity
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bars and the total uncertainty by the cyan (¢f — ep) or orange (ejbb)
band around unity
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(middle three panels) and eubb (lower panel). The markers showing
the ratios for each prediction are offset from the bin centres for better
visibility, and the total uncertainty in the prediction is shown by the
error bar. The data statistical uncertainty is shown by the black error
bars and the total uncertainty by the cyan (17 — ep) or orange (eubb)
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tf — e (middle three panels) and eubb (lower panel). The markers
showing the ratios for each prediction are offset from the bin centres
for better visibility, and the total uncertainty in the prediction is shown
by the error bar. The data statistical uncertainty is shown by the black
error bars and the total uncertainty by the cyan (tf — eu) or orange
(eubl;) band around unity
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Fig. 19 Double-differential cross-section as a function of A¢* and
m°", showing the unrolled cross-sections as a function of A¢* in four
bins of m®*. The upper panel shows the measured absolute {7 — eu
(filled points) and eubb (open points) cross-sections, including the con-
tributions from W — t — e/u decays, with the total uncertainties
shown by the shaded bands. The other panels show ratios of various
predictions to the measured normalised differential cross-sections, for

dilepton A¢™*:m®* [rad]

tt — ep (middle three panels) and eubb (lower panel). The markers
showing the ratios for each prediction are offset from the bin centres
for better visibility, and the total uncertainty in the prediction is shown
by the error bar. The data statistical uncertainty is shown by the black
error bars and the total uncertainty by the cyan (17 — eu) or orange
(eubl;) band around unity
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The POWHEG MiNNLO +PYTHIA8 and POWHEG + PYTHIAS
samples generated with NNPDF3.0 were also reweighted
to the predictions of the PDFALHCI15 [112], CT14 [99],
MMHT14 [113] and PDFALHC21 [22] NLO PDF sets. The
tf NNLO reweighting procedure described in Ref. [43] was
also applied to the POWHEG + PYTHIAS ¢ sample, in order to
bring the top quark kinematics into agreement with the pre-
dictions of the NNLO QCD +NLO electroweak calculation
of Ref. [114]. In these studies, no reweighting of the fraction
of events with three or more b-jets was applied to any of the
samples.

In previous comparisons of ATLAS ¢7 lepton differen-
tial distributions with predictions [12,34,37], the predictions
were treated without uncertainties due to e.g. QCD scale
or PDF variations, making the comparisons harder to inter-
pret. In this analysis, such prediction uncertainties have been
explicitly considered, including separate variations of the
QCD renormalisation and factorisation scales by factors of
two up and down about their default values, and PDF varia-
tions according to the eigenvector or replica variations pro-
vided with each PDF set. These variations were calculated
using event weights in each sample. In addition, the effects
of the var3c Al4 tune variations, changes in the jR FSR
parameter by factors of 2 and 0.625, and variations of the
top quark mass by £0.5GeV around the default value of
m; = 172.5GeV were evaluated using POWHEG + PYTHIA8
and applied to all samples. The PDF eigenvectors or replicas
were used to calculate the correlations between bins of each
distribution, whilst other variations were taken to be fully cor-
related between bins. The resulting uncertainties are shown
as error bars on the predictions in Figures 12, 13, 14, 15, 16,
17,18, 19, and are typically dominated by PDF uncertainties
for |n*| and |y°#|, and QCD scale uncertainties for the other
distributions.

The compatibility of each prediction with each measured
normalised distribution was tested using a x2 calculated as

2 T -1
X5 =D ySp_nAn-1- (6)

where A(,_1) is the vector of differences between the mea-
sured and predicted normalised differential cross-section in
each of the n bins, excluding the last one, and S(_nl_ 1 is the
inverse of the corresponding covariance matrix, including
both the experimental uncertainties in the measurement and
the uncertainties in the predictions, and their bin-to-bin cor-
relations through off-diagonal terms. The last bin of each
distribution was excluded to account for the normalisation
condition. The resulting x> and associated p values (for n — 1
degrees of freedom) are shown for the single-differential dis-
tributions in Table 7, and for the double-differential distribu-
tions in Table 8.

The measurements are precise and discriminating, and
many of the predictions disagree strongly with the data,
even after taking the prediction uncertainties into account.

@ Springer

Predictions based on the POWHEG hvqg process with the
PYTHIA8 or HERWIG7 parton shower generally model dis-
tributions sensitive to the top quark pr distribution poorly,
but this can be improved by reweighting the top quark
kinematics to the NNLO prediction of Ref. [114]. The
POWHEG MiNNLO +PYTHIA8 and POWHEG bb4[+PYTHIAS
samples provide a much better description of the data, and

AMC@NLO + PYTHIAS is also better than POWHEG + PYTHIAS.

For epbb, some distributions e.g. p and p7* offer potential
discrimination between the diagram removal and diagram
subtraction models of Wt events (as suggested by Fig. 6),
but the uncertainties in both measurements and predictions
mean that definite conclusions cannot be drawn. Here, more
discrimination can be achieved by dedicated measurements
in the interference region [43]. .
In more detail, the p, p%max and p%’mm tt — e distri-
butions (Figs. 12(a) and 16) predicted by POWHEG + PYTHIA8
and its Agamp = 3m, variation are significantly harder than
the data. POWHEG + HERWIG7 and AMC@NLO + PYTHIAS
are closer but still harder than the data, whereas POWHEG
MiNNLO +PYTHIA8 and POWHEG bb4[+PYTHIAS are com-
patible with the data. In the pf}’ M distribution, which is most
relevant for modelling the acceptance in the inclusive o;;
analysis, POWHEG MiNNLO + PYTHIAS is still slightly harder
than the data (which is the origin of the dependence of ;7 on
the lepton pr requirement discussed in Sect. 6.1), but is still
compatible within uncertainties. The best modelling of the
corresponding eubb distributions is provided by POWHEG
MiNNLO +PYTHIA8 combined with POWHEG + PYTHIAS
diagram subtraction Wt events. The diagram removal Wt
sample predicts a harder pr spectrum, as does POWHEG
bb41+PYTHIAS but these are still consistent with the data
within uncertainties.

The data are more forward than all the predictions for the
tt — ep |n*| distribution (Fig. 12(b)) and to a lesser extent
for |y°*| (Fig. 14(a)). For POWHEG + PYTHIAS, the PDF
sets PDFALHC15 and CT14 give a better description than
NNPDF3.0 or MMHT 14, demonstrating the sensitivity to
PDFs. For POWHEG MiNNLO +PYTHIAS, both NNPDF3.0
and PDFALHC21 give similar predictions. Similar features
are seen in the corresponding epbb distributions.

All the predictions model the 17 — ew and eubb
py" distributions well at low p7"* (Fig. 13(a)), but the
POWHEG + PYTHIAS samples give a too-hard distribution
at high p7"“. No prediction models the m®* distributions
(Fig. 13(b)) at low m®*, where there is a clear data excess.
POWHEG MiNNLO +PYTHIA8 provides the best modelling
of the intermediate 100 < pf;” < 200GeV range, whilst
the NNLO-reweighted POWHEG + PYTHIA8 sample under-
shoots the data at high m®*. The poor modelling of m®*
is also seen in the double-differential cross-sections shown
in Figs. 17, 18, 19, where all predictions except POWHEG
MiNNLO +PYTHIA8 have very poor x2 values in Table 8.



Eur. Phys. J. C (2026) 86:470

Page 33 of 54 470

Table6 Summary of particle-level simulation samples used in the com-
parison with measured ¢ — e and eubb differential cross-sections,
giving the matrix-element generator, PDF set, parton shower and other

relevant settings. The top quark mass was set to m; = 172.5GeV in all
samples. The four groups shown correspond to the four ratio panels on
Figures 12-19

Group Matrix element PDF set Parton shower Comments
tt-1 POWHEG NNPDF3.0 PYTHIAS
POWHEG NNPDF3.0 PYTHIA8 hdamp =314
POWHEG NNPDF3.0 HERWIG7.1.3
AMC@NLO NNPDF3.0 PYTHIA8
tr-2 POWHEG PDF4LHC15 PYTHIA8
POWHEG CT14 PYTHIA8
POWHEG MMHT14 PYTHIA8
-3 POWHEG NNPDF3.0 PYTHIAS NNLO reweighting (pr(t), pr(tt), m(t7))
POWHEG MiNNLO NNPDF3.0 PYTHIA8 Baseline
POWHEG MiNNLO PDF4LHC21 PYTHIA8
eubb POWHEG NNPDF3.0 PYTHIA8 Wt diagram removal
POWHEG MiNNLO NNPDF3.0 PYTHIA8 Wt diagram removal, baseline
POWHEG MiNNLO NNPDF3.0 PYTHIAS Wt diagram subtraction
POWHEG bb4l NNPDF3.0 PYTHIAS Complete ejLvibb

Most of the predictions show a clear slope with respect
to the data for A¢°* (Fig. 14(b)), but bin-to-bin corre-
lations in the uncertainties in the predictions (in particu-
lar from QCD renormalisation scale variations) result in
the x2 values still being acceptable, with the exception
of  POWHEG + HERWIG7. The double-differential cross-
section of A¢®* in bins of m®* (Fig. 19) suggests that
the slope between data and predictions increases with m®*.
The NNLO-reweighted POWHEG + PYTHIA8 sample models
this distribution well, without a significant slope except for
mé* > 200GeV. However, the POWHEG MiNNLO +PYTHIA8
sample does not model this distribution significantly better
than POWHEG + PYTHIAS.

The 1t — ep data is softer than all predictions for
p% + py (Fig. 15(a)), with POWHEG MiNNLO +PYTHIAS
coming closest, but still with a x 2 probability of only around
1%. These predictions are in better agreement with the ejbb
p% + py data distribution, where POWHEG bb4[+PYTHIAS
shows some tension. For E¢ 4+ E* (Fig. 15(b)), all the pre-
dictions except POWHEG MiNNLO +PYTHIA8 and NNLO-
reweighted POWHEG + PYTHIAS are harder than the data at
low E¢ 4+ E™, but the x2 values are still acceptable, except
for the eubb prediction from POWHEG + PYTHIAS with the
diagram removal scheme for Wt events.

8 Conclusions

The inclusive 77 production cross-section o;; has been mea-
sured in pp collisions at /s = 13 TeV using the 140fb~!
ATLAS dataset recorded at the LHC in 2015-18. Using

events with an opposite-charge ep pair and b-tagged jets,
the result is:

0,7 =8293+13£8.0+£73£19pb,

where the four uncertainties reflect the limited size of the
data sample, experimental and theoretical systematic effects,
uncertainty in the integrated luminosity and the knowledge
of the LHC beam energy, giving a total uncertainty of 1.3%.
The result is the most precise achieved to date, and is consis-
tent with NNLO+NNLL QCD predictions. Fiducial cross-
sections corresponding to the lepton acceptance have also
been measured, with or without the contribution from lep-
tonic decays of tau leptons. The dependence of predictions
for 0,7 on the top quark pole mass has been exploited to
determine

mP = 172.8+13 Gev

using the NNPDF3.1_notop PDF set. This result is consistent
with other determinations of m; using a variety of techniques.

The same dataset has been used to measure ten single-
differential and three double-differential cross-sections as
functions of lepton and dilepton kinematic variables, for both
the 17 — e process and the eubb final state including con-
tributions from both #7 and Wt processes. Uncertainties as
small as 0.3% have been achieved for normalised distribu-
tions in some parts of the fiducial regions. Comparisons with
event generator predictions show that state-of-the-art gener-
ators such as POWHEG MiNNLO or POWHEG bb4l better
model the lepton kinematics than the POWHEG hvg process
traditionally used for LHC physics analyses. These precise
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Table 8 X values (tQp Plock) Generator 0| x me* [yeH] x meH [A@E| x meH

and associated probabilities Naot 35 19 39

(bottom block) for comparison ©

of normalised measured x2 values

double-differential fiducial p PYS 727 46.0 79

cross-sections with various OWHEG + ) : 9

simulation samples. Within each ~ POWHEG +PY8 hgamp = 3m; 74.2 44.9 78.3

block, the last four rows POWHEG + HW7.1 122.2 67.4 150.8

correspond to comparisons of AMC@NLO +PY8 63.0 342 63.2

the eubb cross-sections with

combined t7 +Wt samples, and POWHEG + PY8 PDF4LHC15 69.9 43.7 77.2

the other rows to 17 — eu POWHEG +PY8 CT14 68.8 42.2 74.9

cross-sections compared with ¢7 POWHEG + PY8 MMHT14 716 473 78.5

samples. Probabilities smaller ' ' '

than 10~1° are shown as zero POWHEG + PY8 NNLO rew 71.0 33.8 71.0
POWHEG MINNLO +PY8 44.8 26.7 50.2
POWHEG MINNLO +PY8 PDF4LHC21 44.3 27.0 49.7
POWHEG + PY8 DR 63.7 37.0 75.3
POWHEG MINNLO +PY8 DR 49.1 29.3 60.9
POWHEG MINNLO +PY8 DS 41.9 24.5 54.5
POWHEG bb4l +PY8 47.8 23.7 66.0
x? probabilities
POWHEG + PY8 2107 510~ 110~
POWHEG + PY8 Agamp = 3m; 1107 7107 2107
POWHEG + HW7.1 0 21077 0
AMC@NLO +PY8 31073 0.018 81073
POWHEG + PY8 PDF4LHCI15 4107 11073 3107
POWHEG + PY8 CT14 61074 21073 51074
POWHEG + PY8 MMHT 14 3107 3107 2107
POWHEG + PY8 NNLO rew 31074 0.020 11073
POWHEG MINNLO +PY8 0.12 0.11 0.11
POWHEG MINNLO +PY8 PDF4LHC21 0.13 0.10 0.12
POWHEG +PY8 DR 21073 81073 41074
POWHEG MINNLO +PY8 DR 0.057 0.062 0.014
POWHEG MINNLO +PY8 DS 0.20 0.18 0.050
POWHEG bb4l +PY8 0.073 0.21 41073

measurements provide input that can be used to further refine
the modelling of top quark production at hadron colliders.
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