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1 Introduction

The production of top-quark pairs (¢t) in proton-proton (pp) collisions provides a testing
ground for the Standard Model (SM) at the TeV scale. Differential cross-sections can be used
to extract fundamental parameters of the SM, such as the top-quark mass [1, 2] and the strong
coupling contant as [3], and to derive constraints [3] on the parton distribution functions
(PDFs). These measurements are also sensitive to the existence of new physics beyond the
SM [4, 5], which would appear as deviations of the measurements from the SM predictions.
In addition, for all searches for new physics in which #¢ production constitutes a background,
the tt differential cross-sections are particularly useful to highlight the differences between
Monte Carlo (MC) generators and can be used to tune the parameters of those generators.

The ATLAS [6-17] and CMS [3, 18-28] Collaborations have published measurements of
tt differential cross-sections at centre-of-mass energies\/s = 7, 8 and 13 TeV in pp collisions
at the LHC [29] using final states containing a pair of leptons or a single lepton plus jets,
both in the full phase space using parton-level variables and in fiducial phase-space regions
using observables constructed from final-state particles (particle level). These results have
been used extensively to improve the modelling of MC generators [30-34] and to reduce
the uncertainties in the gluon PDF [35].

The analysis presented here focuses on the study of jet observables, some of which have
not been explored in previous analyses, in the tt and tt+jets systems. Measurements of
differential cross sections in the boosted regime are included in a previous publication [36].
In the SM, the top quark decays almost exclusively into a W boson and a b-quark. The
signature of a tt decay is therefore determined by the W boson decay modes. This analysis
makes use of the ¢+jets (£ = e, p) tt decay mode, also called the semileptonic channel, where
one W boson decays into an electron or a muon and a neutrino, and the other W boson
decays into a quark-antiquark pair.! Since the reconstruction of the top quark depends on its
decay products, in the following the top quark is referred to as ‘hadronically or leptonically
decaying top quark’, depending on the W boson decay mode.

Absolute and normalised differential cross-sections for the tt and tt+jets systems are
measured as functions of various jet observables to characterise the kinematics, topology
and dynamics of the tt system and are also sensitive to initial- and final-state quantum
chromodynamics (QCD) radiation effects, represented by the production of additional jets.
Some of these observables are measured for the first time. State-of-the-art next-to-leading-
order (NLO) and next-to-next-to-leading-order (NNLO) QCD predictions interfaced to
parton-shower (PS) algorithms are compared with the measurements. The measured particle-
level differential cross-sections as functions of the jet observables presented here benefit
from the increase in integrated luminosity and the reduced detector-related uncertainties
compared to previous publications. In addition, the comparison of NNLO-+PS differential
cross-sections for jet observables at particle level with the measurements is performed for
the first time. Therefore, more stringent tests of perturbative QCD (pQCD) are achieved
than in the previous analyses.

'Events in which the W boson decays into an electron or muon through a 7-lepton decay may also meet
the selection criteria.



2 ATLAS detector

The ATLAS detector [37] 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,
electromagnetic (EM) and hadron calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range of |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer (IBL) installed before Run 2 [38, 39]. It is followed
by the silicon microstrip tracker (SCT), which usually provides eight measurements per
track. These silicon detectors are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to |n| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

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

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T'm across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom
hardware, followed by selections made by algorithms implemented in software in the high-level
trigger [40]. The first-level trigger accepts events from the 40 MHz bunch crossings at a
rate below 100 kHz, which the high-level trigger further reduces in order to record events
to disk at about 1kHz.

An extensive software suite [41] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as
n = —Intan(0/2) and is equal to the rapidity y = & In (52<

Eﬁpzc) in the relativistic limit. Angular distance is
measured in units of AR = /(Ay)? + (A¢)2.



3 Data sample

The data used in this analysis were collected with the ATLAS detector during the pp
collision running periods of 2015-2018, when the LHC operated at a centre-of-mass energy
of /s =13 TeV. Only events taken during stable beam conditions and satisfying detector-
and data-quality requirements [42], which include the calorimeters, muon system and inner
tracking detectors operating normally, are considered. The total integrated luminosity of
the collected sample is 140 fb~!. The uncertainty in the combined 2015-2018 integrated
luminosity is 0.83% [43], obtained using the LUCID-2 detector [44] for the primary luminosity
measurements, complemented by measurements using the inner detector and calorimeters.

4 Monte Carlo samples

Samples of MC generated events are used to study the characteristics of the signal events.
These samples are also used to perform the unfolding procedure to obtain the measured
cross-sections. In addition, several MC samples are used to determine the background to the
signal process, except for the background from misidentified or non-prompt leptons (called
‘fakes’ background), which relies instead on a data-driven technique (see section 6). All the
MC samples are described below and summarised in table 1.

Most of the samples of generated events were passed through a full detector simulation [45]
based on the GEANT4 [46] program. Other samples, used for estimating some of the systematic
uncertainties, were produced using the fast simulation software Atlfast-II. All MC samples
were reconstructed and analysed by the same algorithms as for the data.

Pile-up from additional pp collisions in the same and neighbouring bunch crossings was
simulated by overlaying each MC event with a variable number of simulated inelastic pp
collisions generated using PYTHIA 8.186 [47] with the ATLAS set of tuned parameters for
minimum-bias events (A3 tune) [48]. The MC events were weighted (‘pile-up reweighting’)
so that the distribution of the average number of interactions per bunch crossing matches
that observed in the data.

4.1 Signal simulation samples

In this section the MC generators used for the simulation of the ¢t event samples are described
for the nominal sample, the alternative samples used to estimate systematic uncertainties
and the other samples used in the comparisons of the measured differential cross-sections.
The top-quark mass (m;) and width were set to 172.5 GeV and 1.32 GeV [49], respectively,
in all samples; additional samples, in which m; and the width of the top quark were varied,
are used to study the effect of these parameters (see below).

The nominal signal tt events were generated using the NLO matrix elements (MEs)
implemented in the POWHEG-BOX v2 [50-53] generator with the NNPDF3.0NLO PDF
set [35]. Events where both top quarks decayed hadronically were not included. The PS,
fragmentation, and the underlying events were simulated using PyTHIA 8.230 [54] with the
NNPDF2.3LO PDF set [55] and the A14 tune [56]. The hqamp parameter, which controls the
pr of the first gluon emission beyond the Born configuration in POWHEG-BOX v2, was set
to 1.5my [31]. The main effect of this parameter is to regulate the high-pp emission against



which the tt system recoils. Signal tt events generated with these settings are referred to
as the nominal signal sample. In all the following figures and tables the predictions based
on this MC sample are referred to as ‘PwG+Pvy8’.

Additional signal samples were generated for estimating modelling uncertainties (see
section 10). These samples are:

o Events were generated using the same POWHEG-BOX Vv2 set-up but interfaced to
HErwIG 7.1.3 [57, 58], which includes an angular-ordered PS model. This sample was
generated using the H7.1-Default tune [59] and the MMHT2014LO PDF set [60] in the
PS. This MC sample is referred to as ‘PwG+HwWT7".

o Events were generated with MADGRAPH5 AMCQ@NLO 2.3.3 [61] and the
NNPDF3.0NLO PDF set. The PS, fragmentation, and the underlying events were
simulated using HERWIG 7.1.3 with the MMHT2014L.LO PDF set and the H7.1-Default
tune. This MC sample is referred to as ‘aMCQNLO+HwWT".

o Events were generated with SHERPA 2.2.12 [62], which models the zero and one
additional-parton processes at NLO accuracy and up to four additional partons at
leading-order (LO) accuracy using the MEPS@NLO prescription [63], with the
NNPDF3.0NNLO PDF set [35]. The matrix elements were calculated with the
CoMix [64] and OPENLoOOPS [65-67] libraries. The calculation uses its own parton-
shower tune and hadronisation model [68]. These MC samples are referred to as
‘SHERPA 2.2.12’.

e A sample was produced with the same settings as the nominal PwG+Pv8 sample but
with the hqamp parameter set to 3m;. This MC sample is referred to as ‘PWG+PY8
hdampj-

e Two other PWG+PY8 samples with m; = 169 GeV or my; = 176 GeV were also generated.
All other parameters remained the same as in the nominal PwG+PY8 sample, except for
the width of the top quark, which was set to 1.23 GeV and 1.42 GeV for m; = 169 GeV
and m; = 176 GeV, respectively. These MC samples are referred to as ‘Pwc+Py8 m,’.

All the samples mentioned above, except for that used to unfold the data (see section 9),
were processed using fast simulation. All these MC predictions were normalised to NNLO plus
next-to-next-to-leading-log (NNLL) calculations in pQCD using a k-factor. The cross-section
used to evaluate the k-factor is o,; = 832729 (scale) +35 (PDF, ag) 23 (my) pb, as calculated
with the Top++2.0 [69-75] program at NNLO in pQCD, including soft-gluon resummation
at NNLL, and assuming m; = 172.5 GeV. This calculation does not include electroweak
corrections. The first uncertainty comes from the independent variation of the factorisation
(ur) and renormalisation (ug) scales, the second one is associated with variations in the
PDFs and ag, following the PDFALHC prescription [76] with the MSTW2008 NNLO at 68%
confidence-level error [77], CT10 NNLO [78] and NNPDF2.3 5f FEN [55] PDF sets, and the
third uncertainty arises from the assumed value of my.



Physics process Generator PDF set for Parton shower Tune Cross-section
hard process normalisation
o (pQCD order)
Signal samples: 832 + 51 pb (NNLO+NNLL)
— PwG+Py8 PowHEG-Box v2 NNPDF3.0NLO PyTHIA 8.230 Al4
— PwG+HwW7 PowHEG-Box v2 NNPDF3.0NLO HerwiG 7.1.3 H7.1-Default
— aMCQNLO+Hw7 MADGRAPH5__AMC@NLO 2.3.3 NNPDF3.0NLO HErwIG 7.1.3 H7.1-Default
— SHERPA 2.2.12 SHERPA 2.2.12 NNPDF3.0NNLO  SHERPA SHERPA
— PwG+Py8 MINNLOPS PowHEG-Box v2 NNPDF3.0NNLO PYTHIA 8.245 Al4
+ MINNLOPS
Background samples:
— single-top quark samples:
s-channel (top) 6.4+ 0.2 pb (NLO)
s-channel (anti-top) 3.4+£0.2 pb (NLO)
t channel (top) 136 + 5 pb (NLO)
t channel (anti-top) 81+4 pb (NLO)
tW channel 72 +4 pb (NLO+NNLL)
o PWG+Py8 PowHEG-Box v2 NNPDF3.0NLO PyrHia 8.230 Al4
e PWG+HwWT7 PowngG-Box v2 NNPDF3.0NLO HERrwWIG 7.0.4 H7-UE-MMHT
— Wjets SHERPA 2.2.1 NNPDF3.0NNLO  SHERPA SHERPA 20100 + 1000 pb (NNLO)
— Z+jets SHERPA 2.2.1 NNPDF3.0NNLO  SHERPA SHERPA 1906 + 95 pb (NNLO)
— diboson SHERPA 2.2.2 NNPDF3.0NNLO  SHERPA SHERPA 211 £ 8 pb (NLO)
-tV MADGRAPHS5 _AMC@NLO 2.3.3 NNPDF3.0NLO PyTHIA 8.230 Al4 1.5+ 0.1 pb (NLO)
— ttH POWHEG-BoOX v2 NNPDF3.0NLO PyTHIA 8.230 Al4 0.51 £ 0.05 pb (NLO)

Table 1. Summary of signal and background MC samples, showing the event generator for the
hard-scattering process, the order in pQCD of the cross-section used for normalisation together with
its value and total uncertainty, the PDF choice, as well as the parton-shower generator and the
corresponding tune used.

4.2 NNLO signal simulated samples

The first matched computation of top-quark pair production at NNLO in QCD, including
all-order radiative corrections as implemented via PS simulations, is reported in ref. [79]
and referred to as the MINNLOPS procedure. This procedure involves three steps. In
the first step, tt pairs plus one light parton were generated using the POWHEG-BOX v2
program, which provides a NLO calculation and includes a second light parton. The second
step involves the calculation of the limit in which the light partons generated in the previous
step become collinear to the t¢ pair; appropriate Sudakov form factors and higher-order
terms are used to guarantee that the calculation remains finite and accurate at NNLO for
inclusive ¢t production. The third step includes the generation of the kinematics of the second
radiated parton using POWHEG-BOX v2, which was accounted for only inclusively in the
first step; in this way, the NLO accuracy of the tt+jet cross-section is preserved. After this
third step, subsequent radiation was generated using the PS method of PYTHIA. For the
generation of this sample, the NNPDF3.0NNLO PDF set was used. In addition to the PS
step, PYTHIA 8.245 was also used for the fragmentation and underlying-event simulation
with the NNPDF2.3LO PDF set and the Al4 tune.

This prediction was also normalised to O(NNLO+NNLL) in pQCD using the cross-
section o,z = 832 pb calculated with the Top++2.0 program, as mentioned above. In all

the following figures and tables the predictions based on this sample are referred to as
‘Pwa+Py8 MINNLOPS.



4.3 Theoretical uncertainties in the signal predictions

The theoretical uncertainties in the differential cross-section predictions are estimated in
the following way:

e The uncertainties in the QCD predictions from PwG+Py8 and Pwc+Py8 MINNLOPS
due to higher-order terms are estimated by repeating the calculations using values of
pr and pp scaled by factors 0.5 and 2; the scales are varied independently.

e The uncertainty in the QCD predictions from PWG+PY8 due to the uncertainty in the
proton PDFs is estimated using the 100 replicas from the NNPDF3.0 analysis [35].

e The uncertainty in the QCD predictions from PwWG+PY8 due to the uncertainty in
ag is estimated by repeating the calculations using two additional sets of proton PDFs
from the NNPDF3.0 analysis, for which different values of as at the mass of the Z
boson are assumed in the fits, namely 0.117 and 0.119; in this way, the correlation
between ag and the PDFs is preserved.

e The uncertainties in the QCD predictions from PwG+PyY8 and Pwc+Py8 MINNLOPS
due to the amount of initial- and final-state radiation in the PS are assessed by varying
the corresponding parameter of the A14 PS tune (Var3c) and by varying the scale ME{SR

by factors of 2 and 0.5.

The total theoretical uncertainty in the NLO differential cross-section predictions of
POWHEG is obtained by adding in quadrature the uncertainties listed above and it is
dominated by the contribution from the scale variations. The total theoretical uncertainty is
approximately 10% to 15% for the theoretical predictions from POWHEG as functions of the
angular observables, whereas for the transverse-momentum and invariant-mass observables
the uncertainty rises to approximately 34% to 42% in the tail of the distributions. The
uncertainty from the scale variations in the aMC@QNLO predictions is very similar to that
of POWHEG. For the SHERPA 2.2.12 predictions, it is a factor between approximately one
and three times larger than for POWHEG. This increase in the uncertainty for the SHERPA
calculation is expected due to the presence of a matrix element calculation with up to four
additional partons at LO. These LO terms lead to larger uncertainties when varying the
scales. For POWHEG and aMC@NLO these LO terms are absent and handled by the PS at
lower accuracy and, when comparing these uncertainties with those from SHERPA 2.2.12, it is
necessary to take into account the fact that these uncertainties in POWHEG and aMC@QNLO
are only partly evaluated since not all contributions to the uncertainty can be estimated.

For PwG+Py8 MINNLOPS, only scale variations are available; in these calculations
at NNLO, a significant reduction of the scale uncertainty relative to those for the NLO
calculations is obtained. The uncertainties due to the PDFs and ay are expected to be similar
to, or smaller than, those affecting the NLO prediction [80]; the uncertainty due to the scale
variations in the NNLO prediction is still larger than those arising from the PDFs and ag
uncertainties. For the comparison with the data in section 11, the total uncertainty associated
with the Pwc+Pvy8 MINNLOPS prediction is taken as the sum in quadrature of the scale
uncertainties, the uncertainties in the PS and, as an approximation, the uncertainties due
to the PDFs and a4 as estimated from PwG+Py8 at NLO.



4.4 Background simulation samples

Several processes can produce the same final state as the ¢t /+jets decay mode. The events
produced by these backgrounds need to be estimated and subtracted from the data to
determine the top-quark pair cross-sections. The MC simulation used for these background
processes are described below:

e Single top-quark production processes in the t- and s-channels and in association
with a W boson were modelled at NLO in QCD using POWHEG-BOX v2 with the
NNPDF3.0NLO PDF set. The PS and hadronisation effects were simulated with
PyTHIA 8.230, using the A14 tune and the NNPDF2.3LO PDF set. The t-channel sample
was generated with the four-flavour scheme. The diagram-removal scheme (DR) [81] was
employed in the W simulation to handle the interference with ¢t production [31]. The
single-top-quark cross-section for the tW channel was normalised using its NLO+NNLL
prediction, while the ¢- and s-channels were normalised using their NLO predictions [82—
86]. Events generated using the diagram-subtraction method [87] (DS) instead of the
DR technique were considered as a systematic uncertainty in the modelling of this
background (see section 10). In addition, events generated with POWHEG-BOX v2 and
interfaced to HERWIG 7.0.4 were also generated using the H7-UE-MMHT tune [59] and
the MMHT20141.O PDF.

« Events containing a W or Z boson in association with jets (W +jets and Z+jets) were
simulated with the SHERPA 2.2.1 generator using NLO-accurate MEs for up to two jets,
and MEs accurate to LO for up to four jets calculated with the CoMix and OPENLOOPS
libraries. They were matched to the SHERPA PS using the ME+PSQNLO prescription
and the tune developed by the SHERPA authors with the NNPDF3.0NNLO PDF set.
The W+jets and Z+jets predictions were normalised to the NNLO cross-sections [88].

e Diboson production (WW, ZZ and W Z), with one of the bosons decaying hadronically
and the other leptonically, was generated using SHERPA 2.2.2 with MEs computed at
NLO accuracy in QCD with up to one additional parton and at LO accuracy with up to
three additional partons. The NNPDF3.0NNLO PDF set was used. These predictions
were normalised to the NLO cross-sections evaluated by the generator.

e The MADGRAPHS5__AMC@NLO 2.3.3 generator was used for the production of £V,
with V=W, Z. The events were modelled at NLO with the NNPDF3.0NLO PDF set.
PyTHIA 8.230 with the A14 tune and the NNPDF2.3L.LO PDF set was used to simulate
the PS. These predictions were normalised to the NLO cross-sections evaluated by the

generator.

o The production of ttH events was modelled at NLO using the POWHEG-BOX Vv2
generator with the NNPDF3.0NLO PDF set. PyTHIA 8.230 with the A14 tune and the
NNPDF2.3LO PDF set was used to simulate the PS. These predictions were normalised
to the fixed-order calculation including NLO QCD and electroweak corrections [89].



5 Object reconstruction and event selection

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

5.1 Detector-level object reconstruction, identification, calibration and selection

Primary vertices are formed from reconstructed tracks that are spatially compatible with
the interaction region. The hard-scatter primary vertex is chosen to be the one with at least
two associated tracks and the highest Zp?f, where the sum extends over all tracks with
pr > 0.5 GeV matched to the given vertex [90].

Electron candidates are reconstructed by matching tracks in the ID to energy deposits in
the EM calorimeter [91]. The electron candidates are required to have a transverse momentum
pr > 27 GeV and a pseudorapidity |n| < 2.47, excluding the transition region between the
barrel and endcap calorimeters (1.37 < |n| < 1.52). The longitudinal impact parameter
2o of the associated track is required to satisfy |zpsiné| < 0.5 mm, where 6 is the polar
angle of the track, and the transverse impact parameter significance |dg|/o(dy) < 5, where
dp is the transverse impact parameter and o(dp) is its uncertainty. The impact parameters
zo and dy are calculated relative to the beam spot and the beam line, respectively. The
electron candidates must satisfy a ‘tight’ likelihood-based identification criterion based on
shower shape and track selection requirements [91]. The candidates must also satisfy pp- and
n-dependent isolation requirements based on tracks and energy clusters, defined for the ‘tight’
isolation working point [91]; these isolation requirements are used to reduce the background
from jets misidentified as prompt leptons (fake leptons) or due to semileptonic decays of
heavy-flavour hadrons (non-prompt real leptons).

Muon candidates are reconstructed by combining tracks reconstructed in the ID and the
MS [92]. The track pr is determined through a global fit to the hits, which takes into account
the energy loss in the calorimeters. The track associated with the muon candidate must
have |z sin#| < 0.5 mm and |dy|/o(dp) < 3. Candidates are required to have pp > 27 GeV
and |n| < 2.5. To reduce the background from muons originating from heavy-flavour decays
inside jets, muons are required to be isolated using track-quality and isolation criteria similar
to those applied to electrons [92].

Jets are reconstructed using the anti-k; algorithm [93] with radius parameter R = 0.4 as
implemented in the FASTJET package [94]. Jet reconstruction is performed on particle flow
objects (PFlow) [95]. The PFlow algorithm directly combines measurements from both the
tracker and the calorimeter to form the input signals for jet reconstruction, which are intended
to approximate individual particles. They are calibrated to be consistent with electromagnetic
clusters using corrections determined in simulation and inferred from test-beam data. Jet
four-momenta are then corrected for pile-up effects using the jet-area method [96]. To reduce
the number of jets originating from pile-up, an additional selection criterion based on a
jet-vertex tagging (JVT) technique is applied. The JVT is a likelihood discriminant that
combines information from several track-based variables [97] and the criterion is only applied
to jets with pr < 60 GeV and rapidity |y| < 2.4. The jet energy and direction are calibrated
using an energy- and n-dependent simulation-based calibration scheme with in situ corrections
based on data [98]. The jets are selected if they have pr > 25 GeV and |y| < 2.5.



To identify jets containing b-hadrons, a flavour tagging algorithm called DL1r [99]
based on a deep neural network is used. In this approach, the jet flavours are considered
equally during training and multiple output nodes are used, each node trained to predict
a specific jet flavour, which provides a highly flexible tagger. The input information is a
combination of several discriminants. Jets are considered as b-tagged if the value of the
DL1r-algorithm output is larger than a certain threshold that provides a 70% b-jet tagging
efficiency obtained in tt MC events. The working point of 70% is selected after studying
the number of events obtained in data, contributions from the different types of background
processes and systematic uncertainties.

To remove ambiguities in the identification of the objects mentioned above, a procedure
called ‘overlap removal’ is applied to assign a unique hypothesis to each object. If a muon
shares a track with an electron, it is likely to have undergone bremsstrahlung and hence the
electron is not selected. To prevent double-counting of electron energy deposits as jets, the jet
closest to a reconstructed electron is discarded if AR(jet,e) < 0.2. Subsequently, to reduce
the impact of non-prompt electrons, if AR (jet,e) < 0.4, then that electron is removed. In
cases where a jet is within AR (jet, 1) = 0.4 of a muon, if the jet has fewer than three tracks
the jet is removed whereas if the jet has at least three tracks the muon is removed.

The missing transverse momentum in the event, whose magnitude is denoted in the
following by E¥sS| is defined as the negative vector sum of the pr of the reconstructed and
calibrated objects in the event [100]. This sum also includes the momenta of the ID tracks that

are matched to the primary vertex but are not associated with any other reconstructed objects.

5.2 Particle-level object definition

Particle-level objects are defined in simulated events using only stable particles, which are
defined as those with a proper lifetime 7 > 30 ps. The fiducial phase space used for the
measurements in this analysis is defined using a series of requirements applied to particle-level
objects analogous to those used in the selection of the detector-level objects.

Electrons and muons are required to not originate from a generated hadron in the MC
event, either directly or through a 7-lepton decay. This ensures that the lepton comes from
an electroweak decay without requiring a direct match to a W boson. Events where the W
boson decays into a leptonically decaying 7-lepton are accepted. The four-momenta of the
bare leptons are then modified by adding the four-momenta of all photons, not originating
from hadron decay, within a cone of size AR = 0.1, to take into account final-state photon
radiation. Such ‘dressed leptons’ are then required to have pp > 27 GeV and || < 2.5.

Particle-level jets are reconstructed using the same anti-k algorithm used at the detector
level with R = 0.4. The jet-reconstruction procedure takes as input all stable particles, except
for charged leptons and neutrinos not from hadron decay as described above. Particle-level
jets are required to have pr > 25 GeV and |y| < 2.5.

A particle-level jet is identified as a b-jet if a hadron with pr > 5 GeV containing a
b-quark is matched to the jet through the ghost-matching technique described in ref. [96].

Particle-level objects are subject to different overlap removal criteria than reconstructed
objects. After lepton dressing and jet clustering, events in which the separation of the
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selected charged lepton and a jet is AR < 0.4 are excluded. This removes 6.5% of the
events at particle level.

Neutrinos from hadron decays, either directly or via a 7-lepton decay, are not considered.
All other neutrinos are included. The particle-level missing transverse momentum is calculated
from the four-vector sum of these selected neutrinos.

5.3 Particle- and detector-level event selection

The event selection comprises a set of requirements based on the general event quality and
on the reconstructed objects, defined above, that characterise the final-state event topology.
The event selection follows closely that of the previous analysis [17]. In addition in this
analysis, three channels are selected according to the number of jets in the final state. The
selection described below is applied to the reconstruction-level objects in the data and the
MC samples. A similar event selection is applied to the particle-level objects in the MC,
except for the trigger and primary vertex requirements.

Events were selected online during data taking by single-electron [101] or single-muon [102]
triggers. Multiple triggers were combined in a logical OR to increase the selection efficiency.
The lowest-threshold triggers utilised isolation requirements to reduce the trigger rate. The
isolated-lepton triggers had pr thresholds of 20 GeV for muons and 24 GeV for electrons
in 2015 data, and 26 GeV for both lepton types in 2016, 2017 and 2018 data. They were
complemented by other triggers with higher pr thresholds but no isolation requirements
to increase the trigger efficiency.

Offline, events are required to have a reconstructed primary vertex with two or more
associated tracks and to contain exactly one reconstructed charged-lepton (electron or muon)
candidate with pt > 27 GeV. Each event is also required to contain at least four jets with
pr > 25 GeV and |y| < 2.5, of which at least two must be tagged as b-jets. This is the first
channel studied, called ‘tt inclusive’. The second channel is selected by requiring at least
five jets and called ‘tt+1jet’. The third channel is selected by requiring the presence of at
least six jets and called ‘tt+2jets’. In this way, the tt+2jets sample is a subset of the tt+1jet
and the tt+1jet is a subset of the tt inclusive sample.

6 Background determination

After the event selection explained in section 5.3, various backgrounds contribute to the
event yields. Data-driven techniques are used to estimate the background that derives from
events containing jets mimicking the signature of charged leptons or leptons from hadron
decays, for which precise enough simulations are not available. Background from other
physics processes, which include leptons in the final state, are taken into account using the
MC samples described in section 4.4.

Dilepton top-quark pair events (including decays into 7-leptons) can satisfy the event
selection and are considered in the analysis as signal at both the detector and particle levels.
All the tt semileptonic events that satisfy the fiducial selection described in section 5.3
are considered as signal. For this reason, the leptonically decaying top quark decays into
T-leptons are considered as signal only if the 7-lepton decays leptonically. Cases where
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both top quarks decay into a 7-lepton, which in turn decays into hadrons, are accounted
for in the multijet background.

6.1 Background determination from MC samples

The single-top-quark background, comprising ¢-channel, s-channel and tW production modes,
constitutes the largest contribution, amounting to 4.3%, 3.6% and 3.1% of the total event
yield for the tt inclusive, tt+1jet and tt+2jets channels, respectively. The W +jets background
represents the second largest contribution to the background, amounting to 2.3%, 1.9%
and 1.8% for the three channels, respectively. The background contributions from each
of the Z+jets, diboson, ttV and ttH samples of events to the total yield is smaller than
1% for all three channels.

6.2 Background from fake leptons

Multijet production processes, including the production of hadronically decaying ¢t pairs, have
a large cross-section and mimic the ¢4jets signature due to fake leptons or non-prompt real
leptons. The multijet background is estimated directly from data using a matrix method [103].
The estimate is based on the introduction of a ‘loose’ lepton definition, obtained by removing
the isolation requirement and loosening the identification criteria given in section 5.1. The
number of fake and non-prompt leptons contained in the signal region is evaluated by inverting
the matrix that relates the number of ‘loose’ and ‘tight’ leptons to the number of real and
fake leptons. This matrix is built using the efficiencies for fake and real leptons to satisfy
the ‘tight’ selection. The fake-lepton efficiency is measured using data in control regions
dominated by multijet background with the real-lepton contribution subtracted using MC
simulation. The real-lepton efficiency is extracted by applying a tag-and-probe technique
using leptons from Z boson decays. The multijet background (called fakes) contributes 1.4%,
1.3% and 1.3% to the total event yield of each of the three channels, respectively.

7 Pseudo-top reconstruction algorithm

The pseudo-top algorithm [8] is used to reconstruct the leptonically and hadronically decaying
top quarks. This algorithm reconstructs the four-momenta of the top quarks and their
complete decay chain from final-state objects, namely the charged lepton (electron or muon),
missing transverse momentum, and four jets, two of which are b-tagged, using the same
method both at detector and particle levels which is described below.

First, the two b-jet candidates are chosen. In events with more than two b-jet candidates,
only the two with the highest pt values are considered as the b-jets from the decay of the
top quarks, and called ‘jet-b1’ and ‘jet-b2’, with pjft'bl > pjft'm. The rest of the jets are
considered as non b-jet candidates.

The two non-b-tagged jets to form the hadronically decaying W boson are chosen from
the available jets in each event (excluding those already tagged as coming from a b-quark)
such that the invariant mass of the pair is closest to myy and called ‘jet-W1’ and ‘jet-W2’,
with pjTet—Wl > 'Tet-w2_

For the neutrino, the z and y components of its transverse momentum are taken from the
corresponding components of the missing transverse momentum, whereas the z component is
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Yield for channel

Process tt inclusive tt+1jet tt+2jets

tt 4 120 000 £+ 690 000 2 110 000 =+ 420 000 860 000 + 240 000
single-top quark 194 000 + 33 000 82 000 4+ 19 000 28 900 £+ 8 300
W +jets 103 000 + 53 000 44 000 + 23 000 17 200 + 8 900
fakes 66 000 4+ 33 000 30 000 + 15 000 12 000 £ 6 000
Z+jets 37 000 4+ 19 000 14 600 £+ 7 600 5 400 + 2 800
ttV 13 100 £+ 1 100 10 300 + 900 6 470 £+ 660
diboson 6 000 + 600 2 820 + 350 1220 £+ 180
ttH 5 460 4+ 320 4710 £ 310 3 260 + 270
Total SM prediction 4 540 000 £+ 710 000 2 300 000 4 440 000 940 000 + 240 000
Data 4445 113 2 248 410 924 751

Table 2. Observed and expected number of events in the ¢+jets decay mode after the full event
selection. The systematic uncertainties (see section 10) are also included. Due to correlations, the
quadratic sum of the different systematic uncertainties might not add up to the total systematic
uncertainties.

calculated by imposing the W boson mass constraint on the invariant mass of the charged-
lepton-neutrino system. If the resulting quadratic equation has two real solutions, the one
with the smaller value of |p,| is chosen. If the discriminant is negative, only the real part
is considered.

The leptonically decaying W boson is reconstructed from the charged lepton and the
neutrino. The leptonically decaying top quark is reconstructed from the leptonically decaying
W boson and the b-tagged jet closest (jet-bl or jet-b2) in AR to the charged lepton. The
hadronically decaying W boson is reconstructed from the two non-b-tagged jets (jet-W1 and
jet-W2) whose invariant mass is closest to the mass of the W boson, as mentioned above,
and the hadronically decaying top quark is reconstructed from the hadronically decaying W
boson and the other b-tagged jet. This choice yields the best performance of the algorithm in
terms of the correspondence between the detector and particle levels.

8 Event yields, observables and detector-level distributions

8.1 Event yields

The individual e+jets and p+jets channels have very similar distributions at detector level,
therefore they are combined by summing the distributions. Table 2 shows the final yields from
the three channels for the combined ¢+jets decay mode for data, signal and background events.
The selection leads to a sample with an expected background of 9%, 8% and 8% for the three
channels, respectively. The overall difference between the data and the predictions is 2%, 2%
and 1% for the three channels, which means that there is a good agreement between the SM
prediction and the data, after taking into account the systematic uncertainties (see section 10).
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8.2 Observables and detector-level distributions

Measurements of differential cross-sections in the ¢t inclusive, tt+1jet and tt+2jets channels,
as defined in section 5.3, are performed as functions of different jet observables.

In the following, the two jets used to reconstruct the hadronically decaying W boson
are called ‘jet-W1’ and ‘jet-W2, with pif™" > pi"™W? (a5 defined in section 7). For the
tt+1jet and tt+2jets channels, the additional jets, called ‘jet-radl’ and ‘jet-rad2’, are chosen
as follows: ‘jet-radl’ is the highest pr jet of those that are not part of the ¢t system; and
‘jet-rad2’ is the second-highest pt jet of those that are not part of the tt system.

The following observables are measured in the tt inclusive channel:

e The kinematics of the two jets forming the W boson are characterised by measuring
the transverse momenta of jet-W1 ( ft'\m) and jet-W2 ( Tet'WQ) and the absolute value
of their rapidities (|y#**"V!| and [yet-WV2)).

e The topology of the two jets forming the W boson 1is characterised
by  measuring  |Agiet-Wl - jet-W2| defined as  the absolute  value
of the difference in rapidity between jet-W1 and jet-W2, and
|Apiet-W1 —Jet-W2| = defined as the absolute value of the difference in azimuth
between jet-W1 and jet-W2.

Figure 1 shows the data, backgrounds and signal MC distributions at detector level for
these observables. Some differences in shape between the distributions for the data and

the SM predictions are observed, especially at high values of gf;t'W1, which are covered by
the systematic uncertainties.

The following observables are measured in the tt+1jet channel:

e The kinematics of the first gluon emission is characterised by measuring the transverse

momentum of jet-radl ( ';t-radl) and the absolute value of its rapidity (|yiet-radl]),

o The topology of the first gluon emission is characterised by measuring |Agtoplep —jet-radl|
defined as the absolute value of the difference in azimuth between the leptonically
decaying top quark (toplep) and jet-radl, and |Agtorhad —jet-radl| “defined as the absolute
value of the difference in azimuth between the hadronically decaying top quark (tophad)
and jet-radl. In addition, the absolute value of the difference in azimuth between
jet-W1 and jet-radl (JAgiet-W1 ~Jetradl |y provides additional insight into the topology
of these events.

e The dynamics of the tf+1jet events is characterised by measuring the invariant mass of
the tt—jet-radl system (m!? ~Jet-radl)

Figure 2 shows the data, backgrounds and signal MC distributions at detector level for
these observables. There is an adequate description of the measured distributions by the
SM prediction; the mft ~ietradl measured distribution is described by the SM prediction,

except for the mtt ~ietradl > 4 TeV region.
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The following observables are measured in the t{+2jets channel:

¢ The kinematics of the second gluon emission is characterised by measuring the transverse
jet-rad2

momentum of jet-rad2 (p’ ) and the absolute value of its rapidity (|yt*242)).

e The topology of the second gluon emission is characterised by measuring
| Agiet-radl —jet-rad2) ©defined as the absolute value of the difference in rapidity between
jet-radl and jet-rad2, and |Agiet-radl ~jet-rad2| © defined as the absolute value of the
difference in azimuth between jet-radl and jet-rad2. Other angular correlations
provide additional insight into the topology of the tf+2jets events: |Agtoplep — jet-rad2)

defined as the absolute value of the difference in azimuth between the leptonically

decaying top quark and jet-rad2, |A¢torhad —jet-rad2) " qefined as the absolute value of
the difference in azimuth between the hadronically decaying top quark and jet-rad2, and
| Agiet-W1 —jet-rad2| “qefined as the absolute value of the difference in azimuth between

jet-W1 and jet-rad2.

o The dynamics of the tt+2jets events is characterised by measuring the invariant mass
of the jet-radl and jet-rad2 system (mfet-radl —jet-rad2y,

Figures 3 and 4 show the data, backgrounds and signal MC distributions at detector level
for these observables. There is an adequate description of the measured observables by
the SM predictions.
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9 Cross-section measurement

Differential cross-sections are measured at particle level as functions of the observables defined
in section 8 for the three channels separately. The data distributions, after background
subtraction (see section 6), are unfolded to the particle level as explained below.

9.1 Unfolding method

The Bayesian unfolding [104] method as implemented in RooUnfold [105] is used to obtain
the measured differential cross-sections. In this method, repeated applications of the Bayes’
theorem are used to invert the unfolding matrix. The regularisation parameter is the number
of iterations (Niter), therefore regularisation is achieved by stopping the iterative procedure
at a given value of Njer. The results are found to be fairly insensitive to Niter for most of the
phase space measured; two iterations, i.e. Ny = 2, are used. Uncertainties related to this
choice of number of iterations are considered (see sections 9.2 and 10).

The differential cross-section as a function of the observable X in bin ¢ is computed
using the equation

do 1 unf
dX; ~ L AX; N

where the index 7 iterates over bins of observable X, AX is the bin width, £ is the integrated
luminosity and N'"f represents the unfolded data value in each bin (overflow and underflow
events are not considered when evaluating N"). Tt is calculated as

1 ; . , .
unf — = J MY g (N NI
Nz’ R Z fmatch Mij acc (Ndata kag) )
J

where Ngata (Npkg) is the number of data (background) events in each bin of observable
X. The acceptance fraction fa.. is defined as

J
i N, particle Adetector
acc j ’
detector

where Nparticle Adetector 18 the number of detector-level signal MC events that satisfy the
particle-level selection in each bin; this factor corrects for events that are generated outside
the fiducial phase-space but satisfy the detector-level selection. The unfolding matrix M
is constructed from the correlation matrix, which maps the generated particle-level signal
MC events to the detector-level events in their overlap region. Thus, the probability for
particle-level events to be reconstructed in the same bin is represented by the diagonal
elements, and the off-diagonal elements describe the fraction of particle-level events that
migrate into other bins. To suppress combinatorial background in M, angular matching
requirements are applied to the reconstructed objects. For all events, the reconstructed
top quarks are required to satisfy AR(top-Xpart, top-Xdet) < 0.8, where top-x represents the
leptonically or hadronically decaying top quark. In the #¢ inclusive channel, matching of the
jets is performed by requiring AR(jet-ypart, jet-ydet) < 0.3, where jet-y represents jet-W1,
jet-W2. In the tt+1jet and ¢t + 2jets channels, this requirement is applied to jet-radl, jet-rad2
or both, where necessary. In addition, the reconstructed objects (top quarks or jets) that are
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not matched to a generated object as well as reconstruction inefficiencies (generated objects
that are not matched to a reconstructed object) are taken into account in the Bayesian
method. In addition, the inclusion of a matching scheme ensures the stability of the iterative
process, so that the results are insensitive to Nijter, except for statistical fluctuations, as
mentioned above. The effect of the matching procedure in the unfolding is accounted for
by the matching fraction fiatch, which is defined as

N7
7 __ " 'particle Adetector Amatch
match — 7 ’
particle Adetector

where Nparticle Adetector nmateh 18 the number of signal MC detector-level events that satisfy
the particle-level selection and matching requirements and Nparticle adetector 18 the number of
particle-level events that satisfy the detector-level selection without the matching requirements.
Finally, the efficiency ¢ is defined as

i

5i o Nparticle A detector
= > ,

particle

where Nparticle is the number of signal MC events at particle level in each bin; this
factor corrects for events that satisfy the particle-level selection but are not selected
at the detector level.

As examples, figure 5 shows €, fuatch and facc for p'.f)t'wa |33¢W1| and |Agtoplep — jet-radl)
and the unfolding matrices for the same observables. The signal samples of PWG+PY8
are used in this figure.

The normalised differential cross-sections are measured by dividing the differential cross-
sections by the total cross-section in the region of phase space considered for each channel.
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Figure 5. The efficiency ¢ (solid lines), matching fraction fiatch (dashed lines) and acceptance fraction
face (dotted lines) for (a) pi™™!, (c) |y#*"W1| and (e) |Agtorler —et-radl| " The unfolding matrix M;
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sum of the entries in each column is equal to unity. The signal samples of PWG+PY8 are used.
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9.2 Closure and stress tests

The unfolding procedure is checked by performing several ‘closure’ and stress tests, which
validate the consistency of the procedure.

The first closure test is a cross-check of the reconstruction-generation level matching
procedure: the cross-sections are unfolded with (as in the nominal cross-sections) and without
matching in the transfer matrices. The ratio of these two cross-sections is calculated; the
ratios are typically consistent with unity within 1%. Thus, it is verified that the matching
procedure does not affect the unfolding.

A second closure test is performed to check that the unfolding procedure recovers the
generated result in a statistically independent sample. For this test, a MC signal sample
is divided into two subsamples A and B; sample A is used as pseudo-data and unfolded to
particle level using sample B (pseudo-data cross-section). The pseudo-data cross-sections
are compared with the generated results of sample A, B or A+B; the differences observed in
these comparisons are typically less than 1%. Therefore, the generated result is recovered
in a statistically independent sample.

A first stress test is performed by weighting the nominal MC signal sample so that it
matches the data distributions after background subtraction at reconstruction level. This
weighted MC sample is used to unfold the data (weighted cross-sections); the ratios of the
weighted and nominal cross-sections are typically consistent with unity within 1%. The
differences observed in this test are considered as a non-closure systematic uncertainty (see
section 10).

A second stress test is performed by using the weighted MC sample as pseudo-data and
unfolding it with the nominal MC sample (weighted pseudo-data cross-section); the ratio of
the weighted pseudo-data cross-section and the generated result gives back, as expected, the
input fitting function for each observable. Therefore, it is concluded that differences between
data and MC at reconstruction level do not affect the unfolded measured cross-sections.

A third stress test is performed to ascertain the level of recoverability of the signal
for the possible presence of new physics in the data. The existence of a tt resonance is
hypothesised using a Gaussian distribution introduced at particle level and propagated to
the reconstruction level using a weighting procedure (stressed pseudo-data). To determine
whether the observables studied are sensitive to this hypothetical resonance and whether
the unfolding procedure is able to recover the stressed shape and normalisation, the stressed
pseudo-data is unfolded using the nominal MC sample and compared with the stressed
generated result. The ratio of these cross-sections shows that the shape and normalisation of
the effects due to the resonance are recovered for all observables.

10 Systematic uncertainties

The sources of systematic uncertainties that affect the measurements of the differential
cross-sections include the b-tagging calibration and efficiency, the detector energy scale and
resolution, the reconstruction efficiency, the background and signal modelling, the statistics of
the MC samples and the uncertainty arising from the non-closure. Each source of uncertainty
is separated into independent contributions and evaluated by varying the background and
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the signal MC samples in a correlated way, where necessary. The varied background samples
are used to subtract the background and the varied signal samples are used to unfold the
background-subtracted data distributions, as explained in section 9. Systematic uncertainties
are evaluated relative to the nominal measured cross-sections separately for the upward and
downward variations (or in the case of a single variation by symmetrising the single deviation)
for each bin of each observable. For the normalised cross-sections, each contribution to the
systematic uncertainty is assumed to be fully correlated between the differential cross-section
in a given bin and the integrated cross-section. Each source of systematic uncertainty is
discussed separately in the following.

b-tagging calibration and efficiency. The uncertainties in the b-tagging calibration and
efficiency are determined separately for b-jets, c-jets and light-flavour-jets [106-108] using a
component breakdown with 19 independent contributions. They depend on the pr for b- and
c-jets, and on the pr and n for light-flavour jets, and they account for differences between
data and simulation. The dominant contribution arises from the b-quark eigenvectors and
amounts to typically 3% for the absolute cross-sections and decreases to typically below
0.5% for the normalised cross-sections.

Detector energy scale and resolution. The jet energy scale (JES) is calibrated using
a combination of test beam data, simulation and in situ techniques [98]. Its uncertainty is
decomposed into a set of 30 uncorrelated components, with contributions from pile-up, jet
flavour composition and response, single-particle response, and effects of jets not contained
within the calorimeter. The uncertainty in the jet energy resolution (JER) is represented by
eight components accounting for jet-pr and n-dependent differences between simulation and
data [98]. The uncertainty in EXS due to a possible miscalibration of its soft-track component
is derived from data and simulation comparisons of the pp balance between the hard and the
soft EXsS components [100]. To account for the difference in pile-up distributions between the
simulation and data, the pile-up profile in the simulation is corrected to match the one in the
data. The uncertainty associated with the correction factor is applied. The uncertainty in the
electron [109] and muon [110] energy scale and resolution is also included. The resulting 49 up
and down independent contributions are added in quadrature and the dominant contribution
comes from the effect of the pile-up on the JES. This uncertainty is typically in the range
of 3% to 10%, depending on the observable, for the absolute cross-sections and decreases
to the range of 0.3% to 9% for the normalised cross-sections.

Reconstruction efficiency. Reconstruction, identification, isolation and trigger performance
for electrons and muons differ between data and simulations. Scale factors are applied to
simulated events to correct for these differences. These scale factors are assessed using Z —
{70~ events in simulation and data with methods similar to those described in refs. [92, 111].
The associated systematic uncertainties are propagated to the measured cross-sections. The
JVT requirement and pile-up systematic uncertainties are also included. The resulting 16 up
and down independent contributions are added in quadrature and the dominant contribution
comes from the JVT contribution. This uncertainty is in the range of 0.5% to 2% for both
the absolute and normalised cross-sections.

— 24 —



Background modelling. The uncertainties in the modelling of the background are estimated
by changing the normalisation of the MC samples according to the uncertainty in the predicted
cross-section used for the normalisation of these samples (see table 1). For the W4jets,
Z+jets and fakes background, an uncertainty of 50% is included for the normalisation. This
value for the uncertainty in the normalisation covers the differences observed between data
and simulations in control regions with exactly three jets and at most one b-tagged jet or
at least four jets and at most one b-tagged jet; these control regions are away from the
signal region and enriched in these background processes. In addition, for the single-top-
quark background, since the tW contribution is the largest among the three single-top-quark
production channels, the uncertainty arising from the method used to handle the interference
between tW and tt production is determined by comparing the tW simulated sample that uses
the DS method with the nominal one based on the DR technique. The resulting uncertainties
are symmetrised and added in quadrature. This uncertainty is typically in the range of 1.5%
to 15%, depending on the observable, for the absolute cross-sections and decreases to the
range of 0.1% to 10% for the normalised cross-sections.

Signal modelling. The uncertainties that affect the signal modelling and the method
of estimation are discussed below. The effects of the PS and hadronisation models are
estimated by unfolding the data after background subtraction using the PwGa+HW?7 sample
and calculating the difference relative to the nominal cross-section (typically < 2%). Since the
single-top-quark processes are the dominant background, PwWG+HWwW?7 samples are also used to
model these processes when estimating this uncertainty. The impact of the matching procedure
between the ME calculation and the PS model is evaluated using the aMCQNLO+Hw7
sample to unfold the data after background subtraction and calculating the difference relative
to the cross-section unfolded using the PwG+HwW7 samples, both for signal and single-top-
quark background (typically ~ 1%). The uncertainties affecting the description of the hard
gluon radiation are evaluated by unfolding the data after background subtraction using the
PWG+PY8 hgamp sample and calculating the difference relative to the nominal cross-section
(typically < 0.5%). The effect of the assumed value of m; (172.5 GeV) is estimated using
samples of PWG+PY8 generated with m; = 169 GeV or m; = 176 GeV to unfold the
data after background subtraction and calculating the difference relative to the nominal
cross-section; the value of the uncertainty obtained in this way is then scaled by 1/3.5, to
account for the current uncertainty in m; (1 GeV) and amounts to typically < 0.3%. The
first three contributions listed above are symmetrised. The dominant contribution arises
from the PS and hadronisation models. The resulting uncertainty is typically in the range
of 0.5% to 10%, depending on the observable, for the absolute cross-sections and decreases
to the range of 0.2% to 8% for the normalised cross-sections. The theoretical uncertainties
that affect the unfolding procedure and the method of estimate are discussed below. These
uncertainties affect the t¢ signal and the single-top-quark background samples and are taken
as correlated between the two MC samples. The uncertainty due to missing higher-order
QCD corrections in the ME computation is estimated by independently varying ugr and upp
by factors of 2 and 0.5 relative to the central value (typically < 1%). The uncertainties
in the amount of initial- and final-state radiation from the PS are assessed by varying the
corresponding parameter of the A14 PS tune (Var3c) [56] (typically < 0.5%) and by varying
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the scale ME{SR by factors of 2 and 0.5 (typically ~ 2%). The uncertainties due to the PDFs
are estimated following the PDF4LHC prescription [76] (typically < 0.5%). The dominant
contribution to the systematic uncertainty arising from the theoretical uncertainties in the
unfolding comes from the variation of the MESR scale. The resulting uncertainty is typically
in the range of 1% to 5%, depending on the observable, for the absolute cross-sections and

decreases to the range of 0.5% to 4% for the normalised cross-sections.

Non-closure. As explained in section 9.2, the differences observed in the stress test are
considered as a non-closure systematic uncertainty. This uncertainty is typically below 0.5%.
For the miet-radl —jet-rad2 ghgeryable, the uncertainty increases up to 25% in the last two bins

due to the limited statistics in these bins and affects the weighting procedure.

10.1 Total systematic uncertainty

The total systematic uncertainty is computed by adding in quadrature the sources of
uncertainty listed in the previous section. Figures 6 to 9 (10 to 13) show the resulting
total systematic uncertainty, together with the contribution from each source, the statistical
uncertainty in the MC samples and the statistical uncertainty in the data for the absolute
(normalised) cross-sections. The statistical uncertainties in data and MC samples are evaluated
using ‘pseudo-data experiments’ (bootstrap technique) with 1000 statistically independent
replicas. In the figures, the systematic contributions are stacked, except for the statistical
uncertainty in the data. In addition, there is an uncertainty from the combined 2015-2018
integrated luminosity, which amounts to 0.83% [43] (not included in the figures).

In the case of the angular observables, for the ¢t inclusive channel, the total relative
systematic uncertainty is &~ 7% and dominated by the b-tagging calibration uncertainty. In
the case of the tt+1jet channel, the total relative systematic uncertainty amounts to ~ 10%
and is dominated by the detector energy scale and resolution. The tt+2jets channel has a
total relative systematic uncertainty of ~ 13% and is also dominated by the detector energy
scale and resolution. For the absolute differential cross sections in the ¢ inclusive channel (see
figure 6), the total relative uncertainty as a function of |Agiet-Wt ~Jet-W2| is approximately
constant, whereas the total relative uncertainties as functions of |3/¢*W!| and |y**"V2| increase
as the rapidity increases, though the uncertainty as a function of [y*"V?| is larger at large
values than for [3°*W1|. This is driven by the detector energy scale and resolution contribution
and leads to a minimum in the uncertainty as a function of |Agyet-W1 ~iet-W2| i the region
2.5 < |Aylet-Wl—Jet-W2| 35 For the ti41jet and tt+2jets channels, the total relative
uncertainties are approximately constant as functions of the measured angular observables.
For the normalised cross-sections, the total relative systematic uncertainties are ~ 1%, ~ 1.5%
and ~ 2% for the tt inclusive, tt+1jet and tt+2jets channels, respectively.

In the case of the transverse momentum and invariant-mass observables, the values for
the uncertainties quoted above are only valid at low pp or invariant mass. The total relative
systematic uncertainty in the absolute (normalised) cross-sections increases up to ~ 38%
(= 37%) for pif‘t'WI, ~ 38% (=~ 37%) for pil'ft'wz, ~ 57% (~ 55%) for ;Ft'mdl, ~ TT% (=~ 74%)
for mft ~Jetradl ' 50% (0 52%) for iS4 and ~ 48% (= 46%) for mict-radl ~ Jetrad2 g the
last bins of these distributions. In these regions of phase space, the background modelling
and statistical uncertainties dominate.
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The statistical uncertainty in the data is below 0.3% for the angular observables in the
tt inclusive channel; in the tails of the ;ft'WI and pj{ft'WQ cross-sections, it increases up to
17% and 19%, respectively. For the tt+1jet channel, the statistical uncertainty in the data is
~ 0.3% for the angular observables and increases up to 36% and 23% in the last bins of the

p]'Tet-radl and mtf — jet-radl

cross-sections, respectively. In the tt+2jets channel, the statistical
uncertainty in the data is &~ 0.4% for the angular observables and increases up to 19% and

28% in the last bins of the Tet'radz and mietradl —jetrad2 1059 sections, respectively.
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Figure 6. Total relative systematic uncertainties in the measured cross-sections in percentages for
, (B) 5=V, (e) pEY, () [y W2, (o) |AgietWE I W2] and () [AgletWE it W2 iy

the tt inclusive channel. The individual sources of systematic uncertainty (plotted in stacked form)
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and the statistical uncertainty in the data are also included.
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igure 7. Total relative systematic uncertainties in the measured cross-sections in percentages for
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(f) mtt —jet-radl iy the tt+1jet channel. The individual sources of systematic uncertainty (plotted in
stacked form) and the statistical uncertainty in the data are also included.
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Figure 11. Total relative systematic uncertainties in the measured normalised cross-sections
in percentages for (a) :I~\'3t-1"ad17 (b) ijet—rad1|7 (C) |A¢toplep 7jet—rad1|7 (d) |A¢tophad - jet—rad1|7 (e)
|Agiet-W1 —jet-radl) g (f) gptt —Jet-radl iy the ¢f+41jet channel. The individual sources of systematic
uncertainty (plotted in stacked form) and the statistical uncertainty in the data are also included.

— 33 —



80 T T ~ T T I T T T T I
pp — tt (= ¢+jets) + 2jets ATLAS
60

s =13 TeV,140 fo
40

20

T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
pp — tt (= Z+jets) + 2jets ATLAS
s =13 TeV,140 fb”

relative uncertainty in norm. o [%]
relative uncertainty in norm. o [%]

-20
—40r
_60 [ mm b-tagging mmm signal modelling b-taggi ignal modeli
| EmE detector s MC statistics = brlagging e signa mlove o
|- W reconstruction = non-closure = ?eethﬁtsot:uc(ion = nM(:?]-itlzgit;:s
_80 . ‘ _‘ bkg Tnodel‘ling | ‘ ‘ u r‘jata s‘tatislilcs ‘ mmm bkg modelling u data statistics
Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
500 1000 o 05 1 15 2 25
jet-rad2 G ;
pJ eV jet-rad2
r GVl "

(a) (b)
I A R L B

pp — tt (= Z+jets) + 2jets ATLAS
s =13 TeV,140 fo

pp — tt (= ¢+jets) + 2jets ATLAS
s =13 TeV,140 fo

N~ OO 0

o

relative uncertainty in norm. o [%]
relative uncertainty in norm. ¢ [%]

—4F
6 = b-tagging mmm signal modelling 3 mm b-tagging = signal modelling

L mm detector M statistics — detector = MC statistics
—8 [ = reconstruction s non-closure —4 = reconstruction mmm non-closure

I mmmm bkg modelling u data statistics mmmm bkg modelling u data statistics

C_1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ L1 Il Il 1 Il Il Il ‘ Il 1 ‘ Il Il I

0 1 2 3 4 5 0 1 2 3

jet-rad1 —jet-rad2 jet-rad1 — jet-rad2
Ay | A0 | [rad]

(c) (d)

Figure 12. Total relative systematic uncertainties in the measured normalised cross-sections in
percentages for (a) 'Tet-rad2, (b) |,yjet-rad2|, (C) |ijet-rad1 —jet-rad2| and (d) |A¢jet-rad1 —jet-rad2| in the
tt+2jets channel. The individual sources of systematic uncertainty (plotted in stacked form) and the
statistical uncertainty in the data are also included.
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Figure 13. Total relative systematic uncertainties in the measured normalised cross-sections
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11 Results

The measured absolute and normalised differential cross-sections for tt production at
particle level in the tt inclusive, the tt+1jet and the tt+2jets channels are presented in
sections 11.1, 11.2 and 11.3, respectively. Next-to-leading-order QCD predictions from
Pwa+Py8, Pwa+Hw7, aMCQNLO+HwW7 and SHERPA 2.2.12 and NNLO QCD predictions
from Pwa+Pvy8 MINNLOPS are compared with the measurements. The level of agreement
between the measured differential cross-section as a function of each observable and the
different theoretical predictions is quantified by the x? and p-values (see section 11.4).

11.1 Differential cross-sections for the tt inclusive channel

Figures 14 and 15 show the absolute and normalised differential ¢ cross-sections in the ¢+jets

decay mode for the tt inclusive channel as functions of pJTet'Wl, |yiet-W1 | p]Tet'WQ, |giet-W2 |,

| Aglet-W1=3et-W2| and |A@let-W1—iet-W2| = Values of pl™™! and p™™? up to ~ 1.5 TeV
and ~ 1.1 TeV, respectively, are measured. The measured cross-section as a function of

p]%at_W1 ( %t'wz) decreases by more than five (six) orders of magnitude within the measured

range. The measured cross-section as function of pJ{ft'Wl has a harder spectrum than that of
p]Tet'WQ, which decreases more rapidly with increasing p]{?t'WQ. The measured cross-sections as

functions of [y**W1| and |3°"W2| decrease as the rapidity increases and have very similar
shape and normalisation. The measured cross-section as a function of |Agiet-W1 ~Jjet-W2|
(|Agiet-WT ~ Jet-W2 1) oxhibits a peak around |Agiet-Wl —Jet-W2| — (g (|Aplet-W1 ~Jet-W2| — 1 pa).

The predictions of PwWG+Pvy8, aMCQNLO+HwW7, PwG+HwW?7 and SHERPA 2.2.12 are
compared to the measurements in figure 14. As explained in section 4.1, these predictions
are calculated at NLO, however, the normalisation is performed at O(NNLO+NNLL). The
|yjet—VV1‘7 |yjet—VV2‘7 |ijet—W1
described in shape and normalisation by all the predictions, except for the prediction from
aMC@NLO+Hw?7 which has a tendency to be above the data for |Agiet-W1 —Jet-W2| 5 9 The
measured cross-section as a function of pJ;Ft'Wl is described by the predictions of PwG+Py8
and PWG+HwW?7 only for pJ.T?t'Wl < 500 GeV, whereas aMCQNLO+HW?7 and SHERPA 2.2.12

provide a good description of the data in the whole measured range. The measured cross-

~Jet-W2| and |Agiet-W1 —Jet-W2| measured cross-sections are well

section as a function of p];ft'W2 is well described by the NLO predictions; the differences between
the measurement and the prediction from aMCQNLO-+HW?7 are within the theoretical and
experimental uncertainties. From the comparison of the normalised differential predictions
to the measurements (see figure 15), the same conclusions are drawn.

The NNLO predictions of PwG+Py8 MINNLOPS are compared with the measured
absolute and normalised differential cross-sections in figures 16 and 17, respectively. For
comparison, the predictions of PWG+PY8 are also included in these figures. For all
observables, the theoretical uncertainty in the NNLO calculations is smaller than for the
NLO predictions. The angular observables are well described by the NNLO predictions
within the experimental and theoretical uncertainties, though there is a tendency for the
NNLO predictions to be below the data for |Ayiet-W1 ~iet-W2| ~ 3 which is clearly observed
in the comparison of the normalised cross-section (figure 17(e)). For the NNLO prediction, a
significant improvement in the description of the shape and normalisation of the measured

jet-W1

differential cross-section as a function of pk. is observed.
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Figure 14. The measured differential cross-sections for ¢ production in the ¢+4jets decay mode
as functions of (a) P, (b) W1, (c) pltV2, (d) [yt W2, (e) Ayt WE W] and (f)
|Agiet-WL —iet-W2| (dots) in the # inclusive channel. The NLO QCD predictions from PWG+PY8
(solid lines), Pwa+HW?7 (dashed lines), aMC@NLO+Hw?7 (dotted lines) and SHERPA 2.2.12 (dot-
dashed lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer) error bars represent
the statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For
most of the points, the inner error bars are smaller than the marker size and, thus, not visible. The
shaded bands represent the theoretical uncertainty in the Pwc+PY8 prediction. The lower panels of
the figures show the ratios of the predicted and the measured cross-sections.
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Figure 15. The measured normalised differential cross-sections for t¢ production in the {+jets
channel as functions of (a) piS™V!, (b) |7V, (c) pIS"V2 (d) [7e=W2|, (e) |Agiet-WT ~1et-W2| and (f)
|Agiet-W1 —iet-W2| (dots) in the tf inclusive channel. The NLO QCD predictions from Pwc+PY8 (solid
lines), PwG+Hw?7 (dashed lines), aMC@QNLO-+HW7 (dotted lines) and SHERPA 2.2.12 (dot-dashed
lines) are also shown. The inner (outer) error bars represent the statistical uncertainties (the statistical
and systematic uncertainties added in quadrature). For most of the points, the inner error bars
are smaller than the marker size and, thus, not visible. The shaded bands represent the theoretical
uncertainty in the PwGa+Py8 prediction. The lower panels of the figures show the ratios of the
predicted and the measured cross-sections.
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Figure 16. The measured differential cross-sections for ¢ production in the ¢+jets decay mode
as functions of (a) P, (b) W[, (c) PV, (d) [V, (e) Ayt W IOW] and (f)
|Agiet-WL —Jet-W2| (dots) in the ¢t inclusive channel. The NLO QCD predictions from PwG+Py8
(solid lines) and the NNLO QCD predictions from PwG+Py8 MINNLOPS (dashed lines) are also
shown. Both predictions are normalised to the O(NNLO+NNLL) total cross-section. The inner (outer)
error bars represent the statistical uncertainties (the statistical and systematic uncertainties added
in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty in the PwG+PY8
(PwG+Pvy8 MINNLOPS) prediction. The lower panels of the figures show the ratios of the predicted
and the measured cross-sections.
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Figure 17. The measured normalised differential cross-sections for ¢t production in the /-+jets decay
mode as functions of (a) pi™™!, (b) [yiW1| (c) pIS"V2, (d) [1e=W2|, (e) |Agiet-WT -~ iet-W2| and (f)
|Agiet-W1 —iet-W2| (dots) in the tf inclusive channel. The NLO QCD predictions from Pwc+PY8 (solid
lines) and the NNLO QCD predictions from PwG+Py8 MINNLOPS (dashed lines) are also shown.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the
marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty
in the Pwa+Pvy8 (PwGc+Py8 MINNLOPS) prediction. The lower panels of the figures show the
ratios of the predicted and the measured cross-sections.
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11.2 Differential cross-sections for the tt+1jet channel

Figures 18 and 19 show the absolute and normalised differential #¢ cross-sections in the /+jets
decay mode for the tt+1jet channel as functions of p'Tet'radl, |gjictradl| | A gptoplep — jet-radl
|A¢t0phad — jet-radl |, |A(#'et—Wl - jet—rad1| and mtt — jet-radl Values of pJTet-radl and mtt — jet-radl
up to ~ 1.7 TeV and ~ 5.3 TeV, respectively, are measured. The measured cross-section as

- jet-radl | 4 — jet-
a function of pf "¢ (mft ~Jet-radl)

decreases by more than six (five) orders of magnitude
within the measured range. The measured cross-section as a function of mtt ~Jjetradl decreases
for mtt —Jetradl 05 TeV due to the kinematic constraints. The shape of the measured
cross-section as a function of |y**ad1| is different from that of |y**W!|: the value of the
cross-section at a rapidity of 2.5 relative to the value at 0 is higher for |¢°*"dl| than for
|23¢W1| which indicates that the first gluon emission tends to be more isotropic in rapidity
than the jets forming the hadronically decaying top quark. This is investigated further
by measuring the cross-sections as functions of |A@topler —jetradl| apq |Agtorhad = jet-radl),
the measured cross-sections have very different shapes, which indicates that the first gluon
emission has a higher probability of arising at larger angles from the leptonically decaying
top quark. In addition, the measured cross-section as a function of \A(biet'\m ~Jetradl) ghows
a peak at |Agiet-W1 ~Jetradl| ~ 0 5 yrad and at 7 rad, which indicates that there are more
events with a gluon emission back-to-back with jet-W1, though a fraction of the events has
a gluon emission close to jet-W1.

The NLO QCD predictions describe the measurements as functions of ]yjet‘radll,
|A¢toplep7jet—1radl|7 |A¢tophadfjet—rad1| and |A¢jet—W1 7jet—rad1| well. As is the case for the
measurements in the ¢t inclusive channel, the cross-section as a function of pjft'radl is described
by the predictions from PWG+Py8 and PWG+HW?7 only for p];et'radl < 500 GeV, whereas
the predictions from aMCQNLO+HwW7 and SHERPA 2.2.12 provide a good description of the

— jet-radl

data over the whole measured range. The cross-section as a function of m? is well

described by all predictions for mitt ~Jetradl — 3 Tey The same conclusions can be drawn
from the normalised differential cross-sections in figure 19.
A significant improvement by the NNLO predictions of PwG+Py8 MINNLOPS is

observed for the description of the measured differential cross-sections as functions of pjTP’t'Md1

and mtt ~Jetradl relative to the predictions of PWG+PY8, as seen in figures 20 and 21.
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Figure 18. The measured differential cross-sections for ¢t production in the f-jets decay
mode as functions of (a) "{ft—radl’ (b) |yjet-rad1|’ (C) |A¢toplep jet-rad1|, (d) |A¢tophad jet-rad1|’ (e)
| Apiet-W1 —jetradl| and (f) mtt —Jetradl (dots) in the tt+1jet channel. The NLO QCD predictions
from PwWG+PY8 (solid lines), Pwa+Hw7 (dashed lines), aMCQNLO+Hw?7 (dotted lines) and
SHERPA 2.2.12 (dot-dashed lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer)
error bars represent the statistical uncertainties (the statistical and systematic uncertainties added in
quadrature). For most of the points, the inner error bars are smaller than the marker size and, thus,
not visible. The shaded bands represent the theoretical uncertainty in the PwWG+PY8 prediction. The
lower panels of the figures show the ratios of the predicted and the measured cross-sections.
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Figure 19. The measured normalised differential cross-sections for ¢t production in the /-+jets decay
mode as functions of (a) "{ft—radl’ (b) |yjet-rad1|’ (C) ‘Aqstoplep jet-rad1|, (d) |A¢tophad jet-rad1|’ (e)
| Apiet-W1 —jetradl| and (f) mtt —Jetradl (dots) in the tf+1jet channel. The NLO QCD predictions
from PwWG+PY8 (solid lines), Pwa+Hw7 (dashed lines), aMCQNLO+Hw?7 (dotted lines) and
SHERPA 2.2.12 (dot-dashed lines) are also shown. The inner (outer) error bars represent the statistical
uncertainties (the statistical and systematic uncertainties added in quadrature). For most of the
points, the inner error bars are smaller than the marker size and, thus, not visible. The shaded bands
represent the theoretical uncertainty in the Pwa+Py8 prediction. The lower panels of the figures
show the ratios of the predicted and the measured cross-sections.
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Figure 20. The measured differential cross-sections for ¢t production in the f-jets decay
mode as functions of (a) "I‘et—rad17 (b) ijet—radll’ (C) ‘A¢top1epfjet—rad1|’ (d) |A¢tophadfjet—rad1|7 (e)
| Apiet-W1 = jet-radl) ap (f) mtt —iet-radl (dots) in the ti+1jet channel. The NLO QCD predictions
from Pwa+Pv8 (solid lines) and the NNLO QCD predictions from Pwa+Py8 MINNLOPS (dashed
lines) are also shown. Both predictions are normalised to the O(NNLO+NNLL) total cross-section.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the
marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty
in the Pwc+Pvy8 (PwGc+Py8 MINNLOPS) prediction. The lower panels of the figures show the

ratios of the predicted and the measured cross-sections.
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Figure 21. The measured normalised differential cross-sections for ¢t production in the /-+jets decay
mode as functions of (a) "{ft—radl’ (b) |yjet-rad1|’ (C) ‘Aqstoplep jet-rad1|, (d) |A¢tophad jet-rad1|’ (e)
| Agiet-W1 = jetoradl| anq (f) yptt —Jetradl (dots) in the tt+1jet channel. The NLO QCD predictions from
PwG+PvY8 (solid lines) and the NNLO QCD predictions from Pwa+Py8 MINNLOPS (dashed lines)
are also shown. The inner (outer) error bars represent the statistical uncertainties (the statistical and
systematic uncertainties added in quadrature). For most of the points, the inner error bars are smaller
than the marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical
uncertainty in the Pwa+Py8 (Pwa+Py8 MINNLOPS) prediction. The lower panels of the figures

show the ratios of the predicted and the measured cross-sections.
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11.3 Differential cross-sections for the tt+2jets channel

Figures 22 and 23 (figures 24 and 25) show the absolute (normalised) differential ¢t

cross-sections in the f+jets decay mode for the tt42jets channel as functions of #;t'radz,

|yjet—rad2|’ |ijet—rad1 - jet—rad2|7 |Ag§'et—rad1 - jet—rad2” |A¢t0plep - jet—rad2|’ |A¢tophad - jet—rad2|’
|A¢jet-W1 - jet-rad2| and mjet-radl - jet-rad?_ Values of pJ"Ft-radQ and mjet-radl — jet-rad2 up to
~ 1.2 TeV and ~ 4 TeV, respectively, are measured. The measured cross-sections as functions
of pij'Md2 and mietradl —jet-rad2 qecrease by more than five orders of magnitude within the
measured range. The measured cross-section as a function of |3°"292| decreases as the rapidity

yietradl] “The measured cross-section

increases and has a very similar shape to the one for |
as a function of |Agiet-radl —jet-rad2) qecreases rapidly with increasing |Agfet-radl = jet-rad2) 5y q
the |Agietradl —jet-rad2| qistribution exhibits peaks at 0.5 rad and 7 rad, with approximately
the same rate; these features indicate that the second gluon emission tends to be close in
rapidity to the first gluon emission and that there is a weak dependence on the difference
in ¢ between the first and second gluon emissions. The decrease of the cross-section at
| Agietradl ~jet-rad2| ~ () is due to the fact that since the jets are reconstructed with R = 0.4,
they cannot be closer than that value in ¢ if they have the same rapidity. The measured
cross-sections as functions of |Agtoplep — jet-rad2| 1) g gtophad = jet-rad2| g | A giet-W1 - jet-rad2)
show similar features to those measured for jet-radl; therefore, the second gluon emission also
has a higher probability of arising at larger angles from the leptonically decaying top quark.

The NLO QCD predictions describe the measurements as functions of |yjet‘rad2|,
|ijet—rad1 - jet—rad2” ’A(ﬁjet—radl — jet—rad2‘7 ‘A¢toplep - jet—radQ” |A¢tophad - jet—rad2| and
| Apiet-WT —jet-rad2) el however the prediction from aMC@NLO-+HwW7 has a different
shape than the data for the normalised |Agietradl —jet-rad2) qistribution (see 24(c)). The
measurement as a function of pift'ra& is described adequately by the predictions of
PwG+PY8, PWG+HWT7 and SHERPA 2.2.12, whereas the prediction from aMCQ@QNLO+Hw7
disagrees with the data for fet_radQ > 200 GeV. For mietradl —jetrad2 = ho predictions
describe the data only for mict-radl —let-rad2 1 Tay. for larger mict-radl —jet-rad2 yalyeg,
the predictions of PwG+Py8, Pwc+Hw7 and SHERPA 2.2.12 (aMCQNLO+HWT)
overestimate (underestimate) the data.

The comparison of the NNLO predictions with the measurements in the tt+2jets channel is
shown in figures 26 to 29. The central value of the NNLO predictions for the angular variables
in this channel has a tendency to be above the data, though the Pwc+Py8 MINNLOPS
predictions are compatible with the measurements within the experimental and theoretical
uncertainties, except for the normalised cross-section as a function of |Agietradl = jet-rad2) = foy
which the PwG+Py8 MINNLOPS prediction is below the data for |Agiet-radl = jet-rad2) 3
The description of the data by the NNLO prediction is somewhat worse than that at NLO

for the pi9% ohservable (see figures 26(a) and 28(a)), especially at high plS"™42

values.
This effect might be attributed to the fact that these calculations are only at lowest order
in QCD for the second gluon emission, with higher-order corrections being modelled by the

PS, hence further tuning of the parameters might be necessary.
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Figure 22. The measured differential cross-sections for ¢ production in the ¢+jets decay mode
as functions of (a) ;t-radQ’ (b) |yjet—1rad2‘7 (C) |ijet—rad1 7jet—rad2| and (d) ‘A@et—radl 7jet—rad2| (dOtS)
in the tt+2jets channel. The NLO QCD predictions from PwG+Pvy8 (solid lines), Pwc+Hw7
(dashed lines), aMCQNLO-+HwW7 (dotted lines) and SHERPA 2.2.12 (dot-dashed lines) normalised to
O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty in the PwG+PY8 prediction. The lower panels of the figures show the ratios
of the predicted and the measured cross-sections.
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The measured differential cross-sections for ¢t production in the f+jets decay

mode as functions of (a) ‘A¢toplep 7jet—rad2|’ (b) |A¢tophad 7jet—rad2|’ (C) |A¢jet—Wl 7jet—rad2| and (d)
miet-radl —jetrad2 (qotg) in the tf+2jets channel. The NLO QCD predictions from PwG+Pv8 (solid
lines), PwG+Hw?7 (dashed lines), aMCQNLO-+HW7 (dotted lines) and SHERPA 2.2.12 (dot-dashed
lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the
statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For most
of the points, the inner error bars are smaller than the marker size and, thus, not visible. The shaded
bands represent the theoretical uncertainty in the PWG+PY8 prediction. The lower panels of the
figures show the ratios of the predicted and the measured cross-sections.
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Figure 24. The measured normalised differential cross-sections for ¢t production in the ¢-+jets decay
mode as functions of (a) pj;lf‘ft-radQ, (b) |yjet—rad2|’ (C) |ijet—rad1 7jet—rad2| and (d) |A¢jet—rad1 7jet—rad2|
(dots) in the tf+2jets channel. The NLO QCD predictions from PWG+PY8 (solid lines), PwG+HwT7
(dashed lines), aMC@QNLO+Hw?7 (dotted lines) and SHERPA 2.2.12 (dot-dashed lines) are also shown.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
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uncertainties added in quadrature). For most of the points, the inner error bars are smaller than
the marker size and, thus, not visible. The shaded bands represent the theoretical uncertainty in
the PwG+PY8 prediction. The lower panels of the figures show the ratios of the predicted and the
measured cross-sections.
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Figure 25. The measured normalised differential cross-sections for ¢t production in the ¢+jets decay
mode as functions of (a) ‘A¢toplep 7jet—rad2|’ (b) |A¢tophad 7jet—rad2|’ (C) |A¢jet—Wl 7jet—rad2| and (d)
miet-radl —jetrad2 (qotg) in the tf+2jets channel. The NLO QCD predictions from PwG+Pv8 (solid
lines), PwG+Hw?7 (dashed lines), aMCQNLO-+HW7 (dotted lines) and SHERPA 2.2.12 (dot-dashed
lines) are also shown. The inner (outer) error bars represent the statistical uncertainties (the statistical
and systematic uncertainties added in quadrature). For most of the points, the inner error bars
are smaller than the marker size and, thus, not visible. The shaded bands represent the theoretical
uncertainty in the PwG+Py8 prediction. The lower panels of the figures show the ratios of the

predicted and the measured cross-sections.
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Figure 26. The measured differential cross-sections for ¢t production in the ¢+4jets decay mode
as functions of (a) ;lgt-radQ, (b) |yjet-rad2|7 (C) |Ay_jet—rad1 —jet-rad2| and (d) ‘Ad)jet-radl —jet-rad2| (dots)
in the tt+2jets channel. The NLO QCD predictions from PWG-+PY8 (solid lines) and the NNLO
QCD predictions from PwG+Py8 MINNLOPS (dashed lines) are also shown. Both predictions
are normalised to the O(NNLO+NNLL) total cross-section. The inner (outer) error bars represent
the statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For
most of the points, the inner error bars are smaller than the marker size and, thus, not visible.
The shaded (hatched) bands represent the theoretical uncertainty in the PwG+Py8 (PwG+Py8
MINNLOPS) prediction. The lower panels of the figures show the ratios of the predicted and the
measured cross-sections.
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Figure 27.

(d)

The measured differential cross-sections for ¢t production in the f-jets decay

mode as functions of (a) ‘A¢toplep 7jet—rad2|’ (b) |A¢tophad 7jet—rad2|’ (C) |A¢jet—W1 7jet—rad2| and (d)
mict-radl —jet-rad2 (qots) in the tt+2jets channel. The NLO QCD predictions from PWG+PY8 (solid
lines) and the NNLO QCD predictions from PwG+Py8 MINNLOPS (dashed lines) are also shown.
Both predictions are normalised to the O(NNLO+NNLL) total cross-section. The inner (outer)
error bars represent the statistical uncertainties (the statistical and systematic uncertainties added
in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty in the Pwc+Py8
(PwGc+Py8 MINNLOPS) prediction. The lower panels of the figures show the ratios of the predicted
and the measured cross-sections.
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Figure 28. The measured normalised differential cross-sections for ¢t production in the ¢-+jets decay
mode as functions of (a) pj;lf‘ft-radQ, (b) |yjet—rad2|’ (C) |ijet—rad1 7jet—rad2| and (d) |A¢jet—rad1 7jet—rad2|
(dots) in the tt+2jets channel. The NLO QCD predictions from PwG+PY8 (solid lines) and the
NNLO QCD predictions from PwG+Py8 MINNLOPS (dashed lines) are also shown. The inner
(outer) error bars represent the statistical uncertainties (the statistical and systematic uncertainties

added in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty in the Pwc+Py8
(PwG+Pvy8 MINNLOPS) prediction. The lower panels of the figures show the ratios of the predicted
and the measured cross-sections.
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Figure 29. The measured normalised differential cross-sections for ¢t production in the ¢+jets decay
mode as functions of (a) ‘A¢toplep 7jet—rad2|’ (b) |A¢tophad 7jet—rad2|’ (C) |A¢jet—Wl 7jet—rad2| and (d)
miet-radl —jetrad2 (qotg) in the tf+2jets channel. The NLO QCD predictions from PwG+Pv8 (solid
lines) and the NNLO QCD predictions from Pwc+Py8 MINNLOPS (dashed lines) are also shown.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the
marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty
in the PWG+PyY8 (Pwa+Py8 MINNLOPS) prediction. The lower panels of the figures show the
ratios of the predicted and the measured cross-sections.
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11.4 x? and p-values

To quantify the level of agreement between the measured differential cross-sections and the
theoretical predictions, x? values are evaluated using the following equation [112]

X2 = Z DZ - T;(l - nylﬂbj) s_t;t,uncor,ik Dk - Tk’(l - Z’ijbj)
i,k J J

67 wncor I + 02 srar DiT (11.1)

Z 7,uncor-1 7,stat
+ log 9 )

2 2 2 2
P o; Dy + 67 st D;

4,uncor
2
+) b,
i

known as the Hessian method [113].
In eq. (11.1), indices i and k represent different bins in a differential cross-section and

index j represents each source of uncertainty. The symbol D represents the measured
differential cross-section in a given bin as a function of each observable. The statistical
uncertainties are incorporated in the covariance matrix Cgtat uncor- This matrix also contains
the systematic uncertainty due to non-closure (see section 10), which is the only experimental
uncertainty considered uncorrelated between bins. All the other systematic uncertainties,
denoted by the symbol v in eq. (11.1), are considered as correlated between bins and are
accounted for by using nuisance parameters (symbols b in eq. (11.1)). The parameters b are
obtained from a minimisation using the MINUIT [114] program.

The symbol T represents the theoretical prediction in each bin of each differential cross-
section. The uncertainties that affect the theoretical predictions (see section 4.3) are taken
into account: the uncertainties arising from ug, pup and the amount of initial- and final-state
radiation in the PS are considered as uncorrelated whereas those arising from the PDFs and
the value of ag are considered as correlated bin to bin.

The first term in eq. (11.1) gives the main contribution to the x? and the second term is
a small bias correction term, referred to as the log penalty [113], which arises because the
diagonal term of Cstat,uncor is given by Cstat,uncor,ii = 6§7uncorTf + 51'2,statDi,Ti’ with different
weights for the statistical (0; gtat) and uncorrelated (J; uncor) uncertainties. The third term
is the sum in quadrature of the nuisance parameters and gives the contribution to the y?
arising from the correlated sources of systematic uncertainty.

Table 3 shows the x2 and p-values for each differential cross-section and for each theoretical
prediction tested separately. Table 4 shows the x? and p-values for the normalised differential
cross-sections.? The p-values obtained confirm the qualitative conclusions discussed in the
previous sections. For SHERPA 2.2.12, the p-values are much larger than for the other
predictions because the theoretical uncertainties for this prediction are larger.

3The normalisation constraint used to derive the normalised differential cross-sections lowers the number of
degrees of freedom and the rank of the covariance matrix by one unit.
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Prediction Pwc+Py8 Pwe+Hw7 aMCQNLO+Hw7 SHERPA 2.2.12 PwG+Py8

MINNLOPS
Observable NDF x? p-value x? p-value x2 p-value x?  p-value x® p-value
pict W1 10 6.2 0.79 4.1 0.94 2.7 0.99 1.8 1.0 3.4 0.97
et W1 10 1.8 1.0 1.6 1.0 2.3 0.99 1.1 1.0 2.7 0.99
pietW2 8 2.3 097 045 1.0 2.8 0.94 0.53 1.0 2.6 0.96
et V2| 10 1.9 1.0 1.7 1.0 2.4 0.99 1.1 1.0 2.7 0.99
| Ayl W = Jet- W2 10 1.6 1.0 2.7 0.99 43 093 0.90 1.0 6.0 0.81
|Agiet-W — jet-W2| 10 1.7 1.0 1.6 1.0 2.5  0.99 1.2 1.0 2.1 1.0
pictradl 11 7.7 074 7.1 0.79 3.3 0.99 26 1.0 6.4 0.85
|pfetradl ] 10 1.6 1.0 2.8 0.99 34 097 0.69 1.0 3.0 0.98
| Agtoptep — jet-radly 714099 22 09 2.9 0.89 0.81 1.0 2.3 0.94
| Agtophad -~ jet-radl 7 14 098 2.6 0.92 2.9  0.89 0.85 1.0 2.4 0.93
| Agiet-W1 -~ Jetradly 10 1.6 1.0 2.9 0.98 3.4 097 0.77 1.0 2.7 0.99
mtt -~ jet-radl 8 7.7 046 6.5 0.59 44 081 44 0.82 5.5 0.71
jot-rad2 932 09 40 091 370 <0.01 1.7 1.0 11.0 0.28
et rad?) 10 1.4 1.0 3.9 095 2.4 0.99 0.20 1.0 5.3 0.87
|Agfetradl —ietrad2) g 1.6 1.0 4.0 0.95 40 095 0.13 1.0 5.4 0.86
|Agictradl —iet-rad2) g 1 4 1.0 4.0 0.95 24 099 0.25 1.0 5.2 0.88
| Agtoplep — jet-rad2) 7 1.3 099 3.2 0.86 2.0 0.96 0.46 1.0 4.1 0.77
| Agtophad — Jetrad2) 7 1.2 099 32 087 2.1 0.96 0.46 1.0 4.1 0.77
|Agict-W1 — jet-rad2) 10 1.3 1.0 3.8 0.95 2.4 0.99 0.22 1.0 5.1 0.88
miet-radl — jet-rad2 9 62 0.72 6.7 0.66 2.6 0.98 4.2 0.90 8.8 0.45

Table 3. x? values, number of degrees of freedom (NDF) and p-values for each observable and each
prediction for the absolute differential cross-sections.
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Prediction PwG+Pvy8 Pwc+Hw7 aMCQNLO+HwWT7? SHERPA 2.2.12 PwG-+PY8

MINNLOPS
Observable NDF % p-value 2 p-value x? p-value x?  p-value x? p-value
pistW1 9 12.0 021 16.0 0.074 13.0 0.19 19.0  0.024 14.0 0.3
[yPet-W 9 63.0 <0.01 76.0 <0.01 65.0 <0.01 56.0 <0.01 13.0 0.17
Je-w2 7 79 034 98 020 80 033 13.0 0.064 82 0.31
[get-WV2) 9 134.0 < 0.01 220.0 <0.01 219.0 <0.01 103.0 < 0.01 25.0 < 0.01
|Agiet-Wi = Jet-W2) 9 70 063 82 052 79 054 6.1 073 52 081
|Agiet-W1 = jet-W2) 9 95 039 120 021 13.0 0.17 11.0 025 87 047
Jetradl 10 94 050 95 048 85 0.58 10.3 042 12.0 0.29
[get-radl| 9 49.0 <0.01 80.0 <0.01 68.0 <0.01 42.0 <0.01 21.0 0.011
| Agtoplep — jet-radly 6 28 08 30 08 27 085 29 082 25 087
|Agtophad ~ jet-radl| 6 26 08 29 08 22 090 26 085 21 091
|Agiet-W — jet-radly 9 7.7 056 11.0 027 63 071 8.6 047 56 0.78
mtt ~jet-radl 7 91 024 98 020 79 0.35 78 035 82 0.3l
plgtrad? 8§ 120 0.13 13.0 0.11 11.0 0.22 105 023 140 0.072
[giet-rad?) 9 24.0 <0.01 45.0 <0.01 38.0 <0.01 30.0 <0.01 16.0 0.069
|Agietradl - jet-rad2) 9 56 078 150 009 7.7 0.57 59 075 6.4 0.70
|Agict-radl — jet-rad2) 9 250 <0.01 69.0 <0.01 33.0 <0.01 15.0  0.084 26.0 < 0.01
|Agtoplep — jet-rad2) 6 12.0 0.072 150 0.018 12.0  0.062 13.0  0.036 85 0.21
|Agtophad — jet-rad2 6 47 059 55 049 48 057 46 059 26 086
|Agict-W1 — jetrad2 9 120 0.23 220 <001 18.0 0.040 14.0 013 11.0 0.26
miet-radl — jet-rad2 8 14.0 0.094 16.0 0.042 12.0 0.15 10.0 0.26 14.0 0.085

Table 4. x? values, number of degrees of freedom (NDF) and p-values for each observable and each
prediction for the normalised differential cross-sections.

12 Summary and conclusions

Measurements are presented of differential cross-sections at particle level for ¢t production
in pp collisions at /s = 13 TeV using the ATLAS detector at the LHC with an integrated
luminosity of 140 fb~! of 2015-2018 data. The ¢t events are selected in the ¢+jets final state.
The measurements presented benefit from the large number of events available from the full
Run 2 sample and a reduction of the systematic uncertainties compared to previous analyses.

Absolute and normalised differential cross-sections as functions of jet observables,
including jet transverse momenta and rapidities, angular correlations and invariant masses,
are measured in three channels: tt inclusive with Ni°% > 4 tt+1jet with N3 > 5 and
tt+2jets with NI > 6. The observables, either constructed from the jets forming the tt
system or arising from hard QCD radiation, are measured to characterise the kinematics,
topology and dynamics of the tt system; they also prove to be sensitive to initial- and
final-state QCD radiation effects, represented by the production of additional jets. Angular
correlations between the top quarks and the additional jets, as well as between the jets,
are measured for the first time.
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. . jet-W1
The measured cross-section as a function of pl

jet-W2 . . iet- ot .
pr . The measured cross-sections as functions of |y***Wt| and |y®"W2| have very similar

has a harder spectrum than that of

shape and normalisation. The measured cross-section as a function of |Agiet-W1 —Jjet-W2|
(JAgiet-W1 ~jet-W2|) exhibits a peak around |Agylet-W1 —Jet-W2| —  (|A@iet-WT —jet-W2| — 1 yaq).
These observables characterise the kinematics of the two light jets forming the hadronically
decaying top quark.

Values of mtt ~Jet-radl (ypjet-radl = jet-rad2) yyp t6 ~ 5.3 TeV (~ 4 TeV) are measured. The

tt — jet-radl and mjet—radl — jet-rad2 decrease by more

measured cross-sections as functions of m
than five orders of magnitude within the measured range. These observables characterise

the dynamics of the first and second gluon emissions.

From the event topology point of view, differences between the shapes of the measured
cross-sections as functions of the rapidities and angular correlations for the tt+1jet and tt+2jets
channels and those measured in the ¢t inclusive channel indicate that the first and second
gluon emissions tend to be more isotropic in rapidity than the jets forming the hadronically
decaying top quark. This is supported by the measurements as functions of |Agptoplep — jet-radl|
|A¢tophad - jet—rad1|’ |A¢toplep - jet—rad2| and |A¢tophad - jet—rad2|7 which show that the first and
second gluon emissions have a higher probability of arising at larger angles from the leptonically
decaying top quark and that there are more events with a gluon emission back-to-back with
the jets forming the leptonically decaying top. In addition, the measured features indicate
that the second gluon emission tends to be close in rapidity to the first gluon emission and that

there is a weak dependence on the difference in ¢ between the first and second gluon emissions.

Next-to-leading-order QCD predictions normalised to O(NNLO+NNLL) describe
well the shape and normalisation of the measured absolute differential cross-sections
as functions of angular observables, but the transverse momentum and invariant mass

. jot-W1 jet-W2 iet-radl — jet-
observables are described well only at low values. For pk . and miet-radl - jet-rad2

(P4 and pi9%) the predictions from PWG-+HW7 (SHERPA 2.2.12) are closest to
the data, whereas the prediction from aMC@QNLO+HwWT7 gives the best description of

— jet-radl

the measured cross-section as a function of mt The same conclusions hold for

the normalised differential cross-sections.

Recently, predictions for t¢ production at NNLO QCD have become available and the
interface with the PS provided by PyTHIA via the MINNLOPS matching scheme allows the
computation of differential cross-sections for jet observables such as those presented here.
The NNLO predictions are compared with the measured cross-sections for the first time and
provide a good description of the angular observables, though there is a tendency for the
NNLO predictions to be below the data for |Ayiet-W1—iet-W2| 5 3 The description of the
data by the NNLO prediction is somewhat worse than that at NLO for ;t'radQ. For the
transverse momentum and invariant mass observables, the NNLO QCD predictions provide a

- . . L jet-W1  jet-W2 jet-radl 47 — jet-
significant improvement in the description of the pi' ", pip ¥ <, plh 24, mtt ~Jetradl a4

mictradl —jetrad2 ohgervables relative to that of the NLO predictions.

The x? and p-values calculated for each differential cross-section and each theoretical
prediction confirm the qualitative conclusions.
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