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1 Introduction

The top quark is the heaviest known elementary particle and studying its properties is
a major goal of the ATLAS experiment [1-3] at the Large Hadron Collider (LHC). Pre-
cise measurements of top-quark pair production in high-energy proton-proton (pp) colli-
sions provide sensitive probes of quantum chromodynamics (QCD), particularly parton
distribution functions (PDFs). For the measurement of the top-quark pair production
cross-section, the decay channel t& — W+ W ~bb with subsequent leptonic decays of the W
bosons is of particular interest since, compared to the hadronic channels, it is minimally
affected by QCD modelling uncertainties. Previous ATLAS measurements of lepton cross-
sections based on events containing an ey pair with opposite electric charges and one or two
b-tagged jets (jets likely to originate from a b-quark) include measurements using pp colli-
sion events at centre-of-mass energies /s = 7-8 TeV [4, 5] and /s = 13 TeV [6]. The latter
measurement was based on data collected during 2015-16, corresponding to an integrated
luminosity of 36 fb~!. The same analysis technique is applied here to the entire 13 TeV data,
sample from LHC Run 2, corresponding to an integrated luminosity of 140fb~!. Similar
measurements have also been performed by the CMS Collaboration at /s = 13 TeV [7-9].
The large integrated luminosity of the Run 2 data sample allows the lepton differential
distributions to be measured over a wider range and with finer granularity than in ref. [6].
The differential distributions of eight kinematic variables of the two leptons are studied:

. péT, the single-lepton transverse momentum® (¢ = e or p);
« [n], the single-lepton pseudorapidity;

e m, the eu system invariant mass;

o p{', the ep system transverse momentum;

o |y*|, the eu system rapidity;

e E°¢+ E*, the sum of lepton energies;

o D5 + P, the scalar sum of lepton transverse momenta;

o |Ag|, the azimuthal angular separation of the leptons.

Both the absolute differential cross-sections and the normalised distributions of
these variables, defined at particle level, are presented in a fiducial region given by
py > 27 (25) GeV for the leading (sub-leading) lepton and |nf| < 2.5 after applying the
overlap removal procedure described in section 4. Four double-differential distributions
are measured as well: |y°*| in bins of m®, and |A¢®| in bins of m®, pH' and E¢ + EV.

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) 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(6/2). Angular distance is measured in units of AR = \/(An)? + (A¢)2.



The differential and double-differential distributions are compared with predictions from
various models of top-quark production in pp collisions and can later be used to constrain
model parameters, such as the strong coupling constant ag, the top-quark mass m; or the
PDFs [6, 8.

The inclusive cross-section for the production of top-quark pairs decaying into an
oppositely charged ep pair in the fiducial region is also measured, as well as the total
inclusive tt cross-section. These measurements make use of recent updates to the luminosity
determination and a significant reduction in the luminosity uncertainty at Run 2 [10].

2 ATLAS detector

The ATLAS experiment at the LHC is a multipurpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 47 coverage in solid angle. It consists
of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2T
axial magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer.

The inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation tracking detectors.

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy
measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instrumented
with LAr calorimeters for both the EM and hadronic energy measurements up to |n| = 4.9.

The muon spectrometer surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T'm across most of the detector. The muon spectrometer in-
cludes a system of precision tracking chambers, and fast detectors for triggering.

A two-level trigger system is used to select events. The first-level trigger is implemented
in hardware and uses a subset of the detector information to accept events at a rate below
100 kHz. This is followed by a software-based trigger that reduces the accepted event rate to
1kHz on average depending on the data-taking conditions. An extensive software suite [11]
is used in data simulation, in the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

For this analysis, proton-proton collision events collected during Run 2 of the LHC (2015—
2018) with the ATLAS detector are required to pass the single-electron or single-muon
triggers [12-14], which are highly efficient for leptons with p% > 27 GeV. After all quality
criteria [15] have been applied, the data recorded in Run 2 correspond to an integrated
luminosity of 140 fb~! with an uncertainty of 0.83% [10].

To aid the analysis, simulated Monte Carlo (MC) samples were produced using either
the full ATLAS detector simulation [16] based on the GEANT4 framework [17] or, for the
estimation of some of the systematic uncertainties, a faster simulation with parameterised
showers in the calorimeters [18].



The effect of multiple interactions in the same and neighbouring bunch crossings
(pileup) was modelled by overlaying each hard-scattering event with inelastic pp collisions
generated with PyTHIA 8.186 [19] using the NNPDF2.3 set of PDFs [20] and the A3 set
of tuned parameters [21]. The EVTGEN 1.6.0 program [22] is used for properties of the
bottom and charm hadron decays.

3.1 tt signal samples

The nominal sample used to model tt events was produced using the next-to-leading-order
(NLO) matrix element generator POWHEG BOX [23-26] with the NNPDF3.0 PDF set [27],
interfaced to PyTHIA 8.230 [28, 29] with the A14 tune [30] and the NNPDF2.3 PDF sets [20]
for the underlying event, parton shower and fragmentation. The hgamp parameter was set
to 1.5 - my [31], with my set to 172.5 GeV, and both the renormalisation scale pdeft and
the factorization scale u?efau“ were set equal to the top-quark transverse mass.?

Several modifications of POWHEG+PYTHIA 8.230 are used to assess systematic uncer-
tainties arising from assumptions in the simulation. Variations in the level of initial-state
radiation (ISR) are performed by using the internal “Var3cUp” (“Var3cDown”) weight [30]
together with the renormalisation (u,) and factorisation (uf) scales set to half (twice) the
default values. In two additional samples, the same configurations adopted for the ISR
variation sample are used together with a change in the hgamp parameter (doubled to be
3.0 - my) [32]. These new samples are labelled “Rad up” and “Rad down” and used only
in the generator-data comparison. Final-state radiation (FSR) is varied by changing the
oS’ parameter, controlling the FSR emissions in PyTHIA 8.230. The PDF uncertainties
are estimated with the 30 components of the Hessian PDFALHC15 error set [33-35].

The uncertainty associated with the matrix element generation is estimated using
MADGRAPH5 AMC@NLO [36] interfaced with PyTHIA 8.230 as an alternative genera-
tor, with the Al4 tune and the NNPDF2.3 set of PDFs for the underlying event, parton
shower and fragmentation. Since the “matrix element correction” (MEC) in PyTHIA 8.230
is switched off in this simulation [37], a sample of POWHEG+PyYTHIA 8.230 events with
MEC switched off, with the same PDF sets as the nominal POWHEG+PYTHIA 8.230 gen-
erator, was also produced for comparison with MADGRAPH5 AMC@NLO. In order to
estimate the uncertainty associated with the modelling of fragmentation and parton show-
ering, a sample was generated with POWHEG interfaced with HERWIG 7.0.4 [38, 39] with
the HTUE tune [40] and the NNPDF3.0 PDF set.

Additional samples using alternative generators were produced for comparison
with data. These include POWHEG interfaced with HErwiG7.1.3 [41], MAD-
GrAPHS AMCQ@NLO interfaced with HERWIG 7.1.3, and POWHEG+PYTHIA 8.230 with
the PDFALHC15 nnlo mc set [33, 42]. Finally, a reweighted POWHEG+PYTHIA 8.230
sample was generated. The reweighting is performed on the top-quark pr variable, using
the kinematics of the top quarks in the MC sample after initial- and final-state radiation.
The prediction for the top-quark pr spectrum is calculated to next-to-next-to-leading or-
der (NNLO) in QCD with NLO EW corrections [43, 44] with the NNPDF3.0 QED PDF

2 = pug = \/(mf + (p1, +p3 ;)/2 where pr ;7 is the transverse momentum of the top (anti-top) quark.



set using dynamic renormalisation and factorisation scales mr;/2, i.e. half the top-quark
transverse mass,” for the top-quark pr as proposed in ref. [43], with m; = 173.3 GeV. The
reweighting was applied such that at the end of the procedure the reweighted MC sample
is in good agreement with the higher-order prediction for the reweighted variable [45]. This
sample is referred to as being reweighted to the NNLO prediction in the remainder of the
document.

The measurements are sensitive to the fraction of ¢t events produced together with
extra heavy-flavour quarks, which is not well modelled. This extra production of heavy
flavour, relative to the prediction, is studied with a modified POWHEG+PyTHIA 8.230 sam-
ple in which the fraction of events with at least three b-jets at generator level is increased by
30% to reproduce the rate of events in data with three b-tagged jets, as discussed in ref. [6].

When comparing simulation with data, the t# samples are normalised to the inclusive
cross-section prediction calculated at NNLO accuracy in the strong coupling constant ag,
including the resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms,
Otf pred = 832730 (scale) 52 (PDF+as) pb, obtained using the TOP++ 2.0 program [46-50).

3.2 Wt samples

In order to describe the dominant background from the single-top Wt channel, samples
were produced with POWHEG+PyYTHIA 8.230 with the same parameter values as used for
the nominal ¢t sample. The interference between the t¢t and W+t amplitudes is modelled
using the diagram removal scheme [51, 52]. To estimate the systematic uncertainties from
this source, an alternative sample is used, where the interference is modelled with the
diagram subtraction scheme [51].

The same variations of POWHEG BoX that were performed for the nominal ¢t sam-
ple were also carried out for the Wt sample. The same alternative generators are also
used to estimate the hard-scattering matrix element and parton shower plus hadronisation
uncertainties in the W+t background.

3.3 Other background samples

The background from diboson events (WW, WZ and ZZ) was simulated using the
SHERPA 2.2.2 [53-55] generator with the NNPDF3.0 PDF set. These simulations are accu-
rate to NLO for up to one additional parton and accurate to leading order (LO) for up to
three additional parton emissions.

Another background contribution comes from Z + jets with the Z boson decaying into
two 7-leptons, which then decay to an electron and a muon. Those samples were simulated
with the SHERPA 2.2.1 generator with the NNPDF3.0 PDF set. They are accurate to NLO
for up to two additional partons and accurate to LO for up to four additional partons, and
so are the Z(— ee) + jets and Z(— pp) + jets samples which are used to extract a factor to
scale the Z(— 77) + jets background to data; see section 5 for details. To study systematic
uncertainties in the Z + jets modelling, alternative Z + jets samples were generated with
PoOowHEG+PyTHIA 8.230.

3The transverse mass of the top quark is denoted by mre = /m? +pk ..



Backgrounds from #tW and ttZ are described by samples simulated with the MAD-
GRAPH5__AMC@NLO generator at NLO interfaced with PyTHIA 8.210 with the A14 tune
and the NNPDF2.3 PDF set. The minor background coming from ttH was also simu-
lated with the MADGRAPHS__AMCQ@NLO NLO generator with the Al4 tune and the
NNPDF2.3L0 PDF set, and the minor single-top contribution from t-channel exchange
was simulated with the POWHEG+PyYTHIA 8.230 generator with the NNPDF3.0NLO_ 4f
PDF set.

For the estimation of the misidentified-lepton backgrounds, the above samples, in which
a dileptonic filter is applied, are complemented by top-quark samples and diboson samples
containing at least one hadronic top-quark or boson decay, respectively, together with
W+ jets samples generated with the same set-up as the Z + jets samples.

4 Object reconstruction and event selection

The events used in this analysis must contain a reconstructed electron, a reconstructed
muon and either one or two b-tagged jets. All reconstructed objects are required to have
In| < 2.5 and pr > 25 GeV. For electrons, the pseudorapidity region is reduced to |n| < 1.37
and 1.52 < |n| < 2.47 to exclude the transition region between the barrel and endcap
calorimeters.

Electron candidates are reconstructed from energy clusters in the electromagnetic
calorimeter matched to tracks reconstructed in the inner tracking detector [56]. The can-
didates are required to satisfy “tight” selection criteria. In addition, the candidates are
subject to an isolation requirement allowing no more than a certain fraction of the electron
energy to be carried by particles measured in the vicinity of the electron candidate. The
requirement is passed by 90% of the electrons from Z — ee decays, at pp = 25 GeV. The
candidates are also required to originate from the primary event vertex [57], defined as the
reconstructed vertex with the highest sum of pgf for the tracks associated with it. The can-
didate track must satisfy a requirement on the transverse impact parameter significance of
|do|/04, < 5 and on the longitudinal impact parameter, 2o, of |z sin(f)| < 0.5 mm, where
0 is the polar angle of the track.

Muon candidates are reconstructed by combining tracks reconstructed in the inner
tracking detector and the muon spectrometer. They are required to have |n| < 2.5, to
satisfy “medium” selection criteria [58] and an isolation requirement which has an effi-
ciency of ~85% for muons with pr = 25 GeV, increasing gradually to 98% for muons with
pr > 100 GeV. Furthermore, the muon candidate tracks must originate from the primary
vertex, ensured by requiring |dp|/og, < 3 and |zpsin(f)| < 0.5 mm.

Jets are reconstructed from topological cell clusters [59] in the calorimeters using the
anti-k; algorithm [60, 61] with a radius parameter R = 0.4. After calibration of the jet
energy scale [62] using information from both data and simulation, the jets are required to
have pp > 25 GeV and |n| < 2.5. In order to reduce contamination from pileup, jets with
pr < 120 GeV and |n| < 2.4 must pass a primary vertex association requirement using the
“jet vertex tagger” (JVT) [63], which has an efficiency of 87% for jets with pr = 25 GeV,
increasing to 95% for jets with pp = 60 GeV.



Jets likely to contain b-hadrons are tagged with the MV2c10 algorithm [64] using jet
and track variables sensitive to b- and c-hadron masses, lifetimes and decay topologies.
A working point with an average efficiency of 70% was used, with rejection factors for
c-quark jets, T-leptons and light-quark jets of 8, 13 and 313, respectively. These values are
estimated using the ¢t simulation.

To avoid double counting, an overlap removal procedure is applied. First, any electron
candidates that share a track with a muon candidate are removed. Subsequently, jets
within AR = 0.2 of an electron are removed, and afterwards, electrons within a region
0.2 < AR < 0.4 around any remaining jet are rejected. Jets that have fewer than three
tracks and are within AR = 0.2 of a muon candidate are removed, and muons within
AR = 0.4 of any remaining jet are discarded.

Events are retained if they contain exactly one electron and exactly one muon satisfying
the selection criteria detailed above, where at least one of the two leptons is matched to an
electron or muon trigger object, which implies a minimum pt of 27 GeV. The events with
opposite-charge ey pairs (opposite-sign, OS) are used for the measurement of the t¢ signal,
while the same-charge ey pairs (same-sign, SS) are used to estimate the background from
misidentified leptons. Furthermore, the events must contain either exactly one or exactly
two b-tagged jets.

The selected events containing OS leptons are shown as a function of the number of
b-tagged jets in figure 1. The mismodelling of the number of events with three or more
b-tagged jets is taken into account using the tt sample with an enriched rate of events
with at least three b-jets at generator level, as described in section 3.1. The reconstructed
transverse momentum and |n| distributions of the OS leptons in the selected data sample
are shown in figures 2 and 3 together with signal and background predictions. The data
and simulated distributions generally agree well, but the lepton transverse momentum dis-
tribution observed in data is softer than in the nominal signal and background simulation,
as has also been observed in previous measurements at /s = 13 TeV [6, 7].

In addition to the reconstructed objects, “particle-level” objects are also defined. These
are a collection of stable particles (with lifetime larger than 30 ps) from the full matrix
element and parton shower generators, without any simulation of the interaction of these
particles with the detector components.

Simulated events with an ey pair located in a fiducial region, given for both leptons by
py > 27 (25) GeV for the leading (sub-leading) lepton and || < 2.5 at particle-level, are
used to extrapolate the observed event rate to a fiducial cross-section. The four-momentum
of each charged lepton is taken after final-state radiation and it is summed with the four-
momenta of any radiated photons within a cone of size AR = 0.1 around the lepton
direction. Particle-level jets are reconstructed using stable particles in the event (excluding
charged leptons and neutrinos that do not originate from hadron decays) using the anti-k;
algorithm with a R parameter of R = 0.4. They are required to have pt > 25 GeV and
In| < 2.5. Particle-level electrons and muons that overlap with particle jets with AR < 0.4
are removed from the event. No electron-muon overlap removal is applied at the particle
level.
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Figure 1. Distribution of the number of b-tagged jets in selected opposite-sign ey events. The
coloured distributions show the breakdown of the predicted background contributions from single
top quarks (Wt and t¢-channel), misidentified leptons, Z(— 77) + jets and other sources of back-
ground (diboson, ¢ttW, ttZ, and ttH). The bottom panel shows the ratio of the prediction to the
data with an uncertainty band covering both the statistical and systematic uncertainties, except
for ¢t generator uncertainties.

5 Data-driven background estimates and efficiency corrections

The simulated backgrounds from misidentified leptons and the backgrounds from
Z(— 77) + jets are corrected using data-driven methods. These two backgrounds amount
to 1% and 0.2%, respectively, of the total selected event sample.

The misidentified-lepton background is composed of five different categories treated
together, as shown in the SS regions in figures 4 and 5. The major contribution is due to
tt dilepton events where the electron stems from the conversion of a photon radiated from
a prompt electron. Three more categories are due to an electron or muon coming from the
semileptonic decay of heavy-flavour hadrons or one lepton with a wrongly reconstructed
charge. The final category, labelled as “Others”, includes all the other cases, e.g. a muon
from an in-flight decay of a pion or kaon.



> T T T T T R L e e B S B
(6] ATLAS o Data 7 > c ATLAS 7
> ey opposite sign gty E ‘\—‘_ C ey opposite sign 7
£ 1 b-tagged jet = Single top 3 2 600 1 b-tagged jet -
5 Vs=13TeV, 140 b == Mis-ID leptons 7 = Vs=13TeV, 140 o™ 3
10* Z — 1t +jets — 5 -
Others 3 500 -
Stat ® Syst error 3 e Data b
] It B
= 400— mm Single top -
3 = Mis-ID leptons -
| Z > 1+ jets 7
| 300 Others -
3 Stat @ Syst error .
3] 20 —
P I I B I
© 1AFTTT T I T[T I T T[T T T [T T T T[T T[T 5 «
© 1o E ©
q 2 E o
[ e e E [$)
= 08F E = 3
06t Lo Lo b Lo Loy Lo Ly S E E
100 150 200 250 300 350 400 450 0 0.5 1 15 2 25
Lepton p_ [GeV] Lepton In|
(a) (b)

Figure 2. Distributions of lepton pr (left) and |n| (right) in opposite-sign ey events with one
b-tagged jet. The data (dots) are compared with the combined prediction from signal and back-
ground processes (line). The simulated event samples are normalised to the integrated luminosity of
the data. The coloured distributions show the breakdown of the predicted background contributions
from single top quarks (Wt and ¢-channel), misidentified leptons, Z(— 77) + jets and other sources
of background (diboson, ttW, ttZ, and ttH). The bottom panel shows the ratio of the prediction
to the data with an uncertainty band covering both the statistical and systematic uncertainties,
except for tt generator uncertainties. The last bin of the pr distribution includes overflow events.
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b-tagged jets. The data (dots) are compared with the combined prediction from signal and back-
ground processes (line). The simulated event samples are normalised to the integrated luminosity of
the data. The coloured distributions show the breakdown of the predicted background contributions
from single top quarks (Wt and t-channel), misidentified leptons, Z(— 77) + jets and other sources
of background (diboson, ttW, ttZ, and ttH). The bottom panel shows the ratio of the prediction
to the data with an uncertainty band covering both the statistical and systematic uncertainties,
except for tt generator uncertainties. The last bin of the pr distribution includes overflow events.
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jet. The data (dots) are compared with the combined prediction from signal and background
processes (line). The coloured distributions show the breakdown of the predicted contributions:
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leptons. The bottom panel shows the ratio of the predictions to the data with an uncertainty band
covering the MC statistical uncertainty. The last bin of the pr distribution includes overflow events.

The simulated contribution of prompt leptons to the SS ey sample is subtracted and the
result is scaled by the ratio of OS to SS misidentified leptons in the simulation. These data-
driven estimates differ from the MC predictions by less than 10%, as shown in figure 4 and 5.

The background from Z(— 77)+jets events predicted by the simulation (see sec-
tion 3.3) is rescaled by the ratio of measured to predicted Z — pp and Z — ee events
accompanied by b-tagged jets in the Run 2 sample. The u™p~ and ete™ invariant mass
spectra in data are each fitted with a linear combination of two templates, one for leptons
from Z boson decays and one for background processes (including misidentified leptons),
with both templates taken from simulation. The two Z scale factors obtained from the
events with two electrons or two muons are averaged to obtain a weight to be applied to the
Z boson events in the ey sample. The simulated background from Z(— 77) + jets events is
found to require a scale factor of 1.180 £ 0.001 if the Z boson candidate is accompanied by
one b-tagged jet and 1.313 £ 0.006 if the Z boson candidate is accompanied by two b-tagged
jets. This result agrees within uncertainties with an earlier result [65] based on a data sam-
ple corresponding to an integrated luminosity of 36 fb—!. The errors quoted for the scale fac-
tors are purely statistical; the systematic uncertainty is discussed in section 7.3. The lepton
correction factors described below have been applied before computing these scale factors.

The lepton trigger, reconstruction and selection efficiencies from simulation receive
small corrections derived from measurements of Z — ¢/ events in the data [13, 14, 56, 58|.
However, a dedicated in situ measurement of the lepton isolation efficiencies is made for

- 11 -
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Figure 5. Distribution of lepton pr (left) and |n| (right) in same-sign eu events with two b-tagged
jets. The data (dots) are compared with the combined prediction from signal and background
processes (line). The coloured distributions show the breakdown of the predicted contributions:
wrong-sign (WS) prompt leptons, where the lepton charge is mismeasured; background electrons
from photon conversions; electrons or muons from heavy-flavour decays; and other sources of fake
leptons. The bottom panel shows the ratio of the predictions to the data with an uncertainty band
covering the MC statistical uncertainty. The last bin of the pr distribution includes overflow events.

this analysis. This ensures that the efficiencies correspond to those in ¢t events, which
have larger hadronic activity than in Z — £#¢ events, and it also significantly reduces
the dependence on the tt and pileup modelling. Opposite-sign ep events are selected
with the isolation requirement only applied to one of the two leptons. The inefficiency
of the isolation requirement is given by the fraction of signal events in which the other
lepton fails the requirement. The contribution of the prompt-leptons from background
sources is subtracted using simulation, the contribution from isolated misidentified leptons
is determined from same-sign ey pairs as described above, and the contribution from non-
isolated misidentified leptons is determined from leptons in data that fail the requirement
on the transverse impact parameter significance |dy|/oq,. This yields a scale factor that
multiplies the simulated isolation efficiency and is binned in pr and |n|. These scale factors
deviate from unity by less than 1% in all bins and are evaluated individually for each tt
generator and applied consistently.

6 Cross-section determination

The total and differential ¢t production cross-sections are measured in the ey channel of
the t¢ decay in a fiducial region given by |n‘| < 2.5 and p% > 27 (25) GeV for the leading
(sub-leading) lepton after applying the overlap removal procedure described in section 4.
The event selection detailed in section 4 targets tt — W+ W ~bb where one of the W bosons
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decays to an electron and the other to a muon, either directly or via the decay to a 7-lepton
which subsequently decays leptonically. When defined in this way, the probability of having
an electron and a muon coming from the tt process is around 3%.

6.1 Differential fiducial cross-sections

The events used in the analysis are required to contain either exactly one or exactly two
b-tagged jets, thereby reducing backgrounds to the 11% or 4% level in the two regions,
respectively, and allowing the simultaneous determination of the t¢ cross-section and the
combined jet selection and b-tagging efficiency. In each bin i of the lepton kinematic
variables listed in section 1, these parameters are evaluated by solving the equations

Ni= ﬁf’iiGiuQeé(l — eCy) + Nf,bkg (6.1)
N} = LobGL(60)2Ch + Ni g

where

o N{ and NJ are the numbers of selected data events with either one b-tagged jet or
two b-tagged jets in the reconstructed bin ¢,

. Nli,bkg and Né,bkg are the numbers of predicted background events with either one
b-tagged jet or two b-tagged jets in reconstructed bin ¢,

e L is the integrated luminosity of the data,

i
tt
MC generator-level (i.e. particle-level) fiducial region defined by bin 4,

e o'l is the cross-section for t¢ production resulting in an opposite-sign ey pair in the

. Gfm is the reconstruction efficiency, defined in the simulated ¢t sample as the number
of selected ey pairs (without any jet requirements) reconstructed in bin 4 divided by
the total number of ep pairs generated in bin 7. It has an average value of 0.6 and
falls to as low as 0.3 for the lowest-energy ep pairs,

. eé is the combined probability for a b-jet coming from a top-quark decay to be recon-
structed as a jet, to fall within the detector and selection acceptance and be tagged
as a b-jet,

. Z is the b-tagging correlation coefficient that corrects the probability of tagging
the second jet after having tagged the first one. This coefficient is determined by
simulation and is found to be close to unity in most kinematic bins, differing by a

maximum of 2%.

The two unknown variables in these equations, the cross-section and the combined selection
and b-tagging efficiency, are determined with a log-likelihood fit, as in refs. [4, 6].

The binning is chosen so that more than 90% of ey pairs originating in bin ¢ at particle
level are usually measured in bin i at detector level. A bin-by-bin unfolding procedure is
used where the Géu efficiency accounts for both the accuracy of lepton reconstruction and
the impact of bin migration, which refers to the situation where events categorized in bin
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j at the particle level are observed in a different bin ¢ # j during reconstruction. The
large LHC Run 2 dataset allows the chosen binning to be finer than in the previous 13 TeV
analysis [6] and the measurements to be made in an extended energy range. It also allows
the distribution of one leptonic kinematic variable to be measured in bins of another one.
The variable pairs chosen are those deemed most useful for the testing and tuning of MC
generators, namely the following four double-differential distributions:

ly“#| in five bins of m®;

o |A¢| in five bins of m#;

|A¢®| in three bins of p';
o |A¢| in five bins of E€ 4 E*.

The cross-section in each two-dimensional bin is determined in the same way as for the
one-dimensional distributions and the binning is again chosen so that at least 90% of the
events populate the diagonal elements of the migration matrix relating the particle-level
variables to the detector-level variables. The chosen binning is sufficiently fine to capture
the observed differences between the differential cross-section distributions predicted by a
range of event generators.

The normalised differential or double-differential cross-sections profit from a large re-
duction of systematic effects that are correlated across the distributions. These cross-
sections are defined for each bin ¢ as

7
Uzt_ norm L j
’ 2%

)

where the denominator sums the absolute differential cross-sections over the distribution
in question. However, the normalisation introduces new bin-to-bin correlations which are
evaluated by “bootstrapping” pseudo-experiments as explained in section 6.4.

6.2 Total fiducial cross-section

The observed number of selected events in data, together with the predicted backgrounds
and their associated statistical uncertainties, are presented in table 1. The MC contribu-
tions are normalised to the integrated luminosity of the data and corrections to the MC
predictions are implemented as explained in section 5. The observed and predicted yields
agree within 1%—2%.

In order to determine the total fiducial ¢ cross-section, eq. (6.1) is solved with bin i
taken as the entire fiducial region. An ey reconstruction efficiency of G, = (57.06+0.02)%
and a b-tagging correlation coefficient of C, = 1.0058 £ 0.0005 are calculated with the
nominal ¥t POWHEG+PYTHIA 8.230 ep sample, where the quoted uncertainties are from
MC statistics only.
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OS SS

Ny No N Ny
tt 418780 £ 130 235937 £+ 95 — —
Single ¢ 42944 + 77 7295 £ 31 — —
Z + jets 1552 + 66 96.5 £ 7.5 — —
Diboson 1406.1 £ 9.5 499 + 1.1 223.0 £ 24  10.58 £ 0.30
Charge-misid. lepton 1.90 £ 0.14 0.614 + 0.061 858 + 11 364.0 £ 7.1
Misidentified lepton 4880 + 100 1990 £ 67 2550 & 57 906 £ 35
Other 1192.6 £+ 4.1 807.1 £ 3.3 407.0 £ 1.7 2383+ 1.3
Total MC prediction | 470760 4+ 190 246180 + 120 4039 + 58 1519 + 36
Data events 468450 248560 3995 1501
Data/MC 0.995+0.002 1.010£0.002 0.989£0.021 0.988+0.035

Table 1. Observed number of events in data and expected number of events for each process.
N; and Ny are the numbers of events with one b-tagged jet and two b-tagged jets, respectively,
for the opposite-sign (OS) and same-sign (SS) regions. The tt +X (X = W, Z, H) contributions
are included in “Other”. Misidentified lepton events in this table are divided in two categories:
“Charge-misid. lepton” refers to the number of events with one wrong-charge reconstructed lepton
while “Misidentified lepton” refers to the other four categories combined, estimated as explained
in section 5 and shown in figures 4 and 5. The dashes mean that the expected number of events
for that process is compatible with zero (given the statistical power of the prediction used). The
uncertainties in the ratios of data to MC events are purely statistical. The sum of the individual
contributions may differ from the “Total MC prediction” due to rounding.

6.3 Total inclusive cross-section

In order to obtain the inclusive cross-section, the reconstruction efficiency Ge, in eq. (6.1)
is replaced by E., = A¢, - Geyu. The acceptance Ag, is defined as

tt,fiducial
_ ey

Aeﬂ == T, (62)

where Néfiﬁd“dal is the number of particle-level opposite-sign ey events found in the
fiducial region in a simulated ¢t sample and N is the total number of ¢t pairs pro-
duced by the tt generator. The acceptance factor is taken from the same MC tt sam-
ple used to calculate the reconstruction efficiency and it is corrected for each genera-
tor to conform with the W branching ratio predicted by the Standard Model per lep-
ton flavour, B(W — (v) = 10.82% [66]. The value of E, calculated with the nominal ¢
POWHEG+PYTHIA 8.230 sample is E,, = (0.7251 £ 0.0003)%, while the value of the ac-
ceptance A, calculated with the same sample is A., = (1.2708 & 0.0004)%, where the
uncertainties are purely statistical.
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6.4 Validation of the analysis method

The method used to solve eq. (6.1) for each leptonic kinematic bin 4 is validated by replacing
the data sample by 1000 pseudo-experiments [67] fluctuating Ni and N4 within their sta-
tistical uncertainties in various simulated event samples with known tf cross-sections, o,
In practice, this is done with a “bootstrapping method” [68], assigning to each event a set of
1000 weights obtained from fluctuations of a Poisson distribution with a mean value of one.

In all such validations, the parameters of the equation, Gﬁm, C’f; and the background
contributions, are taken from the nominal signal and background samples. The mean of the
1000 cross-sections derived from eq. (6.1) is then compared with the true ¢t cross-section
of the simulated event sample in order to check for possible biases in the method. The

following simulated event samples are used for validation:

e The nominal t#* POWHEG-+PYTHIA 8.230 sample. The mean measured cross-section
equals the true cross-section within the statistical error on the mean in any bin 1.

o Half the nominal ¢t POWHEG+PYTHIA 8.230 sample. Here the parameters of eq. (6.1)
are evaluated with the other half of the sample. No bias is seen beyond the expected
statistical fluctuations.

e Two tt POWHEG+PYTHIA 8.230 samples with the top-quark mass changed to 176 GeV
and 169 GeV. In the case of m; = 169 GeV, biases of 1% 2% are seen in some
kinematic bins, but in general the biases are smaller than the expected statistical
uncertainties of the data and hence neglected.

o The nominal ## POWHEG+PYTHIA 8.230 sample reweighted to produce the same N}
and N3 as in the data. As in the other tests, no significant bias away from the true

cross-section is seen.

The bootstrapping method is also applied to both the data and simulated event samples in
order to construct the covariance matrices of statistical uncertainties of the measurements.
The matrices include non-zero off-diagonal elements between different variables and, in the
case of normalised differential distributions, also between bins in the same distribution.

7 Systematic and statistical uncertainties

Uncertainties due to theoretical assumptions and detector modelling affect the parameters
L, Gfm, Ci, Nli’bkg and Né,bkg of eq. (6.1). Uncertainties associated with generators are
evaluated by changing the values of parameters in the simulations or by using alternative
generators. Some background uncertainties are evaluated by using data-driven uncertainty
estimates, as explained in section 7.3. For each variation, eq. (6.1) is solved and the change
with respect to the baseline sample is assigned as the impact of the uncertainty on the
cross-section measurement. Effects of finite data and MC sample sizes are evaluated by
the bootstrapping method described in section 6.4 and summarised in a covariance matrix
covering all measured kinematic bins. The individual sources of systematic uncertainty
are discussed in the following subsections and a summary of their impact in the measured

fiducial and total inclusive cross-sections is given in table 3.
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7.1 Detector-related uncertainties

Uncertainties on the trigger [13, 14], reconstruction and selection efficiency [56, 58] for the
leptons are estimated using Z — ee and Z — up events in data. They are expressed as
uncertainties in scale factors for the MC predictions, described in section 5. By varying
the scale factors, their uncertainties are propagated to Géu and C’g, as well as the number
of background events, and eq. (6.1) is solved for each variation. The “up” and “down”
variations are applied coherently to all bins of a given kinematic variable, except for the
electron efficiency, where this approach overestimates the uncertainties [56]. The latter
variations are carried out separately in two |n| bins and nine pp bins and their effects
are combined, taking measured bin-to-bin correlations into account. The up and down
variations of the lepton isolation efficiency scale factors are calculated using tt — WbWb —
evbuvb events. These variations take into account uncertainties in the isolation efficiencies
for data and MC. The uncertainty on the isolation efficiency for data depends on the
estimation of events with a misidentified lepton and on the statistical uncertainty, while
the uncertainty for the MC depends on the simulated sample size.

The uncertainty on the jet energy scale (JES) and the jet energy resolution (JER)
affect (—:é, C’g and the number of background events, mainly from Wt production. The
jet-related uncertainties are evaluated using the Z + jets, v+ jet and multijet samples at
Vs = 13 TeV for both real and simulated data [69]. A total of 20 uncorrelated nuisance
parameters affecting the JES and five parameters affecting the JER are varied up and
down. The difference between the energy response for reconstructed b-jets and that for
other jets is varied separately [69] and the maximum possible variation is applied to the
flavour composition of the jets (the mixture of quarks and gluons). The modelling of
pileup also affects the jet energy, and the associated uncertainty is found by varying the jet
energy up and down by the uncertainty in this effect. The jet vertex association efficiency
uncertainty affects the C}; coefficient. This is evaluated by changing the JVT scale factor
up and down within its uncertainty.

A b-tagging efficiency scale factor for the chosen working point is derived from tt
events [70] and applied to the Monte Carlo events used in the present analysis. The
uncertainties are related to the b-jet tagging calibration for b-jets, c-jets and light-jets, and
comprise nine, four and five eigenvector variations to the tagging efficiencies, respectively,
and two components for the MC-based extrapolation to jets with very high pr.

7.2 Top-quark pair modelling uncertainties

Uncertainties related to the modelling of ¢ events have an impact on Géu and C} in
eq. (6.1) and on the acceptance factor in eq. (6.2). These uncertainties are calculated
with alternative ¢t samples or by reweighting the nominal sample or increasing by 30% the
fraction of events with at least three b-jets, as described in section 3.1. The effect on E,,
Gy, and Cy in the selected sample is summarised in table 2 and the change in the central
value is taken as the uncertainty from each source.

As shown in section 8.2, the POWHEG+PYTHIA 8.230 generator does not give a good
description of the lepton transverse momentum, which is believed to be a reflection of the
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Systematic uncertainty name ACy/Cy (%] AGeu/Gep (%) AEeu/Eey %]

Matrix element —0.10 £+ 0.22 0.25 £ 0.11 0.29 £ 0.12
hdamp —0.06 = 0.08 —0.05 = 0.04 —0.05 £ 0.05
Parton shower and hadronisation 0.16 &+ 0.08 —0.26 £ 0.04 0.04 £ 0.05
Top pr reweighting 0.03 £ 0.08 0.22 £ 0.04 0.61 £ 0.05
tt + heavy flavour —0.33 £ 0.08 0.01 £ 0.04 0.01 £ 0.05
ISR (high) —0.01 £ 0.08 0.06 £ 0.04 0.35 £ 0.05
ISR (low) 0.04 £ 0.08 —0.13 £+ 0.04 —0.35 £ 0.05
FSR (high) 0.05 £ 0.09 —0.07 + 0.04 —0.12 £ 0.05
FSR (low) —0.09 + 0.15 0.10 £ 0.07 0.16 £ 0.09
PDF 0.02 £ 0.08 0.04 £ 0.04 0.42 £ 0.05

Table 2. Differences in the total b-tagging correlation coefficient, total reconstruction efficiency
and total preselection efficiency between the baseline ey POWHEG+PYTHIA 8.230 sample and the
corresponding tt systematic uncertainty samples. The PDF row refers to the sum in quadrature of
the differences derived from the 30 eigenvectors and the baseline. All uncertainties shown are due
to the limited MC sample size.

top-quark transverse momentum spectrum. Therefore, the difference with respect to the
sample where the top-quark transverse momentum is reweighted to the NNLO predicted
spectrum is considered as an additional uncertainty in all measurements. This effect is
relevant mostly for the extrapolation of the fiducial cross-section to the total phase-space.

The effect of changing the top-quark mass in the ¢t and Wt simulations is not in-
cluded in table 2 since by convention the inclusive cross-section is quoted at a fixed
my = 172.5 GeV. However, samples with different top-quark masses (from m; = 169 GeV
to my = 176 GeV) are used for validation tests and to study the combined effect on the

fiducial cross-section (O'gd) and the total inclusive cross-section. This is found to be
1 dagd
— = —(0.004 £ 0.003)%/GeV
O’ft—d dmt ( ) 0/
— —— = —(0.379 £ 0.005)%/GeV
Utg dmt

7.3 Background modelling uncertainties

The contribution from Wt is varied up and down by the relative uncertainty in the total
cross-section, which is 5.3%, as derived to approximate NNLO for /s = 13 TeV using the
calculation in ref. [71]. In addition, the nominal Wt generator is varied as described in
section 3.2 and the results are propagated to the cross-section in each lepton kinematic bin.
In particular, the uncertainty due to the interference between the ¢t and Wt amplitudes is
taken as the change in the result when replacing the diagram removal scheme [51, 52] with
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the diagram subtraction scheme [51]. The uncertainties in the matrix element, fragmenta-
tion and parton showering, and those related to the extra initial- and final-state radiation
in the Wt background process are evaluated together with the signal process, considering
these uncertainties to be correlated between tt and Wt.

The uncertainties in the size of the diboson background are assessed by dou-
bling and halving the factorisation and renormalisation scales in the SHERPA 2.2.2 sam-
ples and by comparing the nominal SHERPA 2.2.2 samples with those generated with
POWHEG+PYTHIA 8.210. A further 40% normalisation uncertainty is added to cover the
uncertainties due to heavy-flavour jets produced in association with the diboson pairs as
discussed in ref. [72].

An uncertainty of 5% on the scale factors for the Z — 77 contribution derived in
section 5 is considered. The uncertainty from the fit amounts to less than 1%. In or-
der to take into account small differences between the same-flavour ee and pp control
regions and the ey measurement region, such as lepton efficiencies, a conservative system-
atic uncertainty of 5% is assigned, both in the one b-jet and the two b-jets regions. An
additional uncertainty due to the shape of the Z + jets background is estimated by using
the POWHEGH+PYTHIA 8.186 sample instead of the nominal SHERPA 2.2.1 sample.

The uncertainty assigned to the ¢tV (where V is W or Z) cross-sections is 13%, fol-
lowing ref. [73].

In order to cover possible mismodelling of the electron charge misidentification and
the misidentified-lepton composition in the nominal simulation, the ratio of OS to SS
misidentified leptons is varied up and down by 25% in the 1-b-jet region and by 50% in the 2-
b-jet region, as discussed in ref. [6]. The uncertainties in the predicted cross-sections for the
ttV and diboson processes also have a non-negligible impact on the number of SS prompt
leptons. A conservative uncertainty of 50% is therefore assigned to those contributions [6].

7.4 Luminosity and beam energy

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [10], obtained
using the LUCID-2 detector [74] for the primary luminosity measurements, complemented
by measurements using the inner tracking detector and calorimeters. This is propagated
to the cross-sections via eq. (6.1). Including the effect of the luminosity uncertainty on the
predicted background contribution, the fiducial and inclusive cross-sections receive a total
uncertainty of 0.93% from the measured luminosity.

The uncertainty in the LHC beam energy is evaluated to be 0.1% [75], which is found
to contribute an uncertainty of 0.23% to the measured total fiducial and inclusive cross-
sections at /s = 13 TeV. The effect of a 0.1% uncertainty in the LHC beam energy is also
propagated to the differential measurements by reweighting the PDFs using the LHAPDF
library [76]. The effect is generally small but increases in the highest-energy kinematic
bins, reaching a maximum contribution of 0.1%
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Source of uncertainty Acld/oid (%] Aoyi/oy (%]

Data statistics 0.15 0.15
MC statistics 0.04 0.04
Matrix element 0.12 0.16
hdamp variation 0.01 0.01
Parton shower 0.08 0.22
tt + heavy flavour 0.34 0.34
Top pr reweighting 0.19 0.58
Parton distribution functions 0.04 0.43
Initial-state radiation 0.11 0.37
Final-state radiation 0.29 0.35
Electron energy scale 0.10 0.10
Electron efficiency 0.37 0.37
Electron isolation (in situ) 0.51 0.51
Muon momentum scale 0.13 0.13
Muon reconstruction efficiency 0.35 0.35
Muon isolation (in situ) 0.33 0.33
Lepton trigger efficiency 0.05 0.05
Vertex association efficiency 0.03 0.03
Jet energy scale & resolution 0.10 0.10
b-tagging efficiency 0.07 0.07
tt/Wt interference 0.37 0.37
Wt cross-section 0.52 0.52
Diboson background 0.34 0.34
ttV and ttH 0.03 0.03
Z + jets background 0.05 0.05
Misidentified leptons 0.32 0.32
Beam energy 0.23 0.23
Luminosity 0.93 0.93
Total uncertainty 1.6 1.8

Table 3. Breakdown of systematic uncertainties in the measured fiducial and inclusive cross-
sections.
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8 Results

8.1 Total inclusive cross-section

The cross-section for the fiducial region is measured with the full Run 2 dataset to be
ol = 10.53 £ 0.02 (stat) & 0.13 (syst) + 0.10 (lumi) £ 0.02 (beam) pb
and the total inclusive cross-section is
o, = 829 + 1 (stat) + 13 (syst) £ 8 (lumi) 4 2 (beam) pb,

where the uncertainties are due to statistics, theoretical and experimental systematic ef-
fects, the integrated luminosity and the beam energy. The fiducial region is defined as
p > 27 (25) GeV for the leading (sub-leading) lepton and |n‘| < 2.5 after applying the
overlap removal procedure described in section 4 for both leptons from ¢t decays producing
an ey pair. The total relative uncertainties in atﬁt—d and o,; are 1.6% and 1.8%, respectively,
where the breakdown of the various sources is shown in table 3.

This measurement is compatible with the earlier ATLAS result at /s = 13 TeV using
an integrated luminosity of 36 fb~! [6] but is significantly more precise, due to a reduction
in the luminosity uncertainty [10]. It is the most precise measurement of the inclusive tt
cross-section to date.

The  predicted NNLO-+NNLL value of the total inclusive  cross-
section at 4 /s=13TeV, for a top-quark mass of 1725 GeV, is
Otf pred = 832720 (scale) ™23 (my) 132 (PDF+as) pb [46-50], which is in excellent agreement
with this measurement.

8.2 Differential cross-section

The differential cross-section is measured as a function of several lepton kinematic variables:
P, Infl, met, it [yt B¢ + B, pS + ph and |A¢*|. The absolute differential cross-
sections in the fiducial region are presented in figures 6 and 7, as well as in tables 6-13 in the
appendix. The absolute double-differential cross-sections are presented in figures 8 and 9, as
well as in tables 14—17 in the appendix. The luminosity gives the largest contribution to the
cross-section uncertainty in most bins, resulting in a typical uncertainty of 1% out of a total
uncertainty around 2%. An uncertainty of around 1% is expected since it affects both the
signal and background yields in equation (6.1) and the final impact on the measured cross-
section is subject to background fluctuations, having a relative impact on the measurement
ranging between 0.9% and 1.1%. However, uncertainties related to the modelling of the tt
process, those affecting the reconstruction of leptons and those affecting the modelling of
the background processes also have a significant contribution in all bins of the distributions.
The statistical uncertainty increases with increasing transverse momentum, combined mass
or energy, but is overtaken by the uncertainty related to the interference between tt and
Wt amplitudes that dominates the uncertainty in the high mass or energy bins.

However, in the normalised differential cross-section the uncertainty due to the lumi-
nosity largely cancels out. This results in a typical uncertainty of 1%, except in the highest
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energy bins. These results are presented in figures 10 and 11, as well as in tables 18-25 in
the appendix. Instead of the luminosity, the interference between tt and Wt amplitudes
becomes the most important source of uncertainty, especially for high values of variables
with dimensions of energy. The tt modelling uncertainties are also important, while other
uncertainties are very small in the normalised distributions.

Due to differences in the fiducial region definition, these results are not directly com-
parable to the previous results from ref. [6]. The lepton pr requirement in this analysis,
py > 27 (25) GeV for the leading (sub-leading) lepton, differs from that in the 36 fb~!
analysis [6], in which the minimum lepton pr was 20 GeV whilst requiring at least one
lepton to be above the lepton trigger threshold of 21 — 27 GeV.

The gain in precision from using the full Run 2 sample is especially significant in the
normalised double-differential cross-sections, allowing the binning to have finer granularity
than in the previous analysis. The obtained double-differential cross-section measurements
as a function of |[y°*| in bins of m*, |A¢“*| in bins of m®, |[A¢**| in bins of p7’, and |A¢|

in bins of E¢ 4 E* are presented in figures 12 and 13 and in tables 2629 in the appendix.
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Figure 6. Absolute differential cross-sections as a function of (a) p%, (b) |nf|, (c) E® + E*
and (d) me with statistical (orange) and statistical plus systematic uncertainties (yellow).
The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢t sample (blue), MADGRAPH5_AMC@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWICG 7.0.4  (green), POwWHEG+HERWIG 7.1.3  (purple), MAD-
GrAPH5_AMCQ@QNLO+PvyTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pp. The lower
panel shows the ratios of the predictions to data, with the bands indicating the statistical and
systematic uncertainties. The last bin in (a), (¢) and (d) also contains overflow events.
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Figure 7. Absolute differential cross-sections as a function of (a) p5 + ph, (b) pt', (c) |A¢e#|
and (d) |y¢*| with statistical (orange) and statistical plus systematic uncertainties (yellow).
The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢t sample (blue), MADGRAPH5_AMC@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWICG 7.0.4  (green), POwWHEG+HERWIG 7.1.3  (purple), MAD-
GrAPH5_AMCQ@QNLO+PvyTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pr.
panel shows the ratios of the predictions to data, with the bands indicating the statistical and
systematic uncertainties. The last bin in (a) and (b) also contains overflow events.
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Figure 8. Absolute double-differential cross-sections as a function of (a) |y¢#| in bins of m® and
(b) |A¢°*| in bins of m®" with statistical (orange) and statistical plus systematic uncertainties
(yellow). The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢ sample (blue), MADGRAPH5_AMCQ@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWIG 7.0.4  (green), PowHEG+HERWIG7.1.3  (purple), MAD-
GRrAPHS5_AMC@NLO+PyYTHIA 8.230 (cyan) and POWHEGH+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PyYTHIA 8.230 reweighted according to the top-quark pr. The lower panel
shows the ratios of the predictions to data, with the bands indicating the statistical and systematic
uncertainties. The highest invariant mass bin of the two distributions contains the overflows.
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Figure 9. Absolute double-differential cross-sections as a function of (a) |A¢*| in bins of p7t and
(b) |A¢*| in bins of E°+ E* with statistical (orange) and statistical plus systematic uncertainties
(yellow). The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢ sample (blue), MADGRAPH5_AMCQ@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWIG 7.0.4  (green), PowHEG+HERWIG7.1.3  (purple), MAD-
GRrRAPHS_AMC@NLO+4PyYTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pr. The lower
panel shows the ratios of the predictions to data, with the bands indicating the statistical and
systematic uncertainties. The highest E¢ + E* and pt bin contains the overflows.
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Figure 10. Normalised differential cross-sections as a function of (a) p%, (b) |nf], (c) E€ + E*
and (d) me with statistical (orange) and statistical plus systematic uncertainties (yellow).
The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢t sample (blue), MADGRAPH5_AMC@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWICG 7.0.4  (green), POwWHEG+HERWIG 7.1.3  (purple), MAD-
GrAPH5_AMCQ@QNLO+PvyTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pp. The lower
panel shows the ratios of the predictions to data, with the bands indicating the statistical and
systematical uncertainties. The last bin in (a), (¢) and (d) also contains overflow events.
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Normalised differential cross-sections as a function of (a) pS + pf, (b) pZ, (¢)

|A¢e#| and (d) |y¢*| with statistical (orange) and statistical plus systematic uncertainties (yellow).
The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢t sample (blue), MADGRAPH5_AMC@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWICG 7.0.4  (green), POwWHEG+HERWIG 7.1.3  (purple), MAD-
GrAPH5_AMCQ@QNLO+PvyTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pp. The lower
panel shows the ratios of the predictions to data, with the bands indicating the statistical and
systematic uncertainties. The last bin in (a) and (b) also contains overflow events.
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Figure 12. Normalised double-differential cross-sections as a function of (a) |y¢*| in bins of m®*
and (b) |[A¢°*| in bins of m®* with statistical (orange) and statistical plus systematic uncertainties
(yellow). The data points are placed at the centre of each bin. The results are compared with the
predictions from different Monte Carlo generators normalised to the ToP++ prediction: the base-
line POWHEG+PYTHIA8.230 ¢ sample (blue), MADGRAPH5_AMCQ@NLO-+HERWIG 7.1.3
(red), PowHEG+HERWIG 7.0.4  (green), PowHEG+HERWIG7.1.3  (purple), MAD-
GRrAPHS5_AMC@NLO+PyYTHIA 8.230 (cyan) and POWHEGH+PYTHIA8.230 rew. (dark green),
which refers to POWHEG+PyYTHIA 8.230 reweighted according to the top-quark pr. The lower panel
shows the ratios of the predictions to data, with the bands indicating the statistical and systematic
uncertainties. The highest invariant mass bin of the two distributions contains the overflows.
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Figure 13. Normalised double-differential cross-sections as a function of (a) |A¢*| in bins of pF*
and (b) |A¢®"| in bins of E¢ + E* with statistical (orange) and statistical plus systematic uncer-
tainties (yellow). The data points are placed at the centre of each bin. The results are compared
with the predictions from different Monte Carlo generators normalised to the ToP++4 prediction:
the baseline POWHEG+PYTHIA 8.230 ¢t sample (blue), MADGRAPH5__AMC@NLO+HERWIG 7.1.3
PowHEG+HERWIG 7.1.3
GRrRAPHS_AMC@NLO+4PyYTHIA 8.230 (cyan) and POWHEG+PYTHIA8.230 rew. (dark green),

(red), PowHEG+HERWIG 7.0.4

(green),

(purple),

which refers to POWHEG+PYTHIA 8.230 reweighted according to the top-quark pr.

panel shows the ratios of the predictions to data, with the bands indicating the statistical and

systematic uncertainties. The highest E¢ + E* and prt bin contains the overflows.
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8.3 Comparison with predictions

Defining a vector V;, as the difference between the measured and predicted values for an
absolute differential cross-section in b kinematic bins, the compatibility of the data and
predictions is assessed by using a x? test with b degrees of freedom

X2 = VbT . Covgxlb Vi (8.1)

The covariance matrix Covyyp is a sum of several terms. The statistical covariance ma-
trices for both the data and the simulated event sample are calculated with the method
described in section 6.4. Each systematic uncertainty contributes another term, where
the uncertainties are assumed to be fully correlated between bins, except for the statisti-
cal uncertainties of the misidentified-lepton estimate. No uncertainty was assigned to the
theoretical prediction.

The normalised differential cross-sections have one less degree of freedom and the x?
is calculated by simply dropping one bin in eq. (8.1)

X* = V(f-g : COV(_bl—l)x(b—l) V-1
The statistical covariance matrix terms are constructed using the same method as for
the absolute differential cross-sections, and the systematic covariance matrix contributions
are propagated to the normalised differential cross-sections. The resulting combined x?
for each variable and each tt generator set-up are shown in table 4, while those for each
double-differential distribution are shown in table 5. The results show that no generator
describes all distributions with a x? probability larger than 1% . However, some interesting
features stand out and were also observed in the earlier ATLAS results at /s = 13 TeV [6]:

o All generators, except for the MADGRAPH5__AMCQ@NLO-+PyYTHIA 8.230 sample,
predict a spectrum for the variables pgr, E¢+ E* and p$ + pp which is harder than in
the data. Among the various combinations of matrix element and shower generators,
PowHEGHPYTHIA 8.230 gives the poorest agreement with these distributions, while
MADGRAPHS5_ AMCQ@QNLO+PyYTHIA 8.230 provides acceptable matches to the mea-
sured normalised distributions, in particular for the E°+ E* and p§ + ph. differential

cross-sections.

e The meH distribution is well represented by MAD-
GRAPHS__ AMCQ@QNLO-+HERWIG 7.1.3, while the preF“ distribution is better rep-
resented by POWHEG+PvYTHIA 8.230, especially the sample with the top-quark
transverse momentum reweighted.

o All generators fail to reproduce the || distribution because of a 2% deficit for
Inf| > 1.5. The |y*| distribution is best represented by POWHEG+PYTHIA 8.230 with
the PDF4LHC15_nnlo_mc set, while other generators predict a surplus of events for
lye#| > 2.2, especially at high m®.

o All generators predict a different trend than seen in data for the distribution of
|A¢|. The data tend to be higher than the predictions at low |A¢|, whereas they

~ 31—



Generator pr Il P poAph ECHE m |A¢TH| [y

Naot 9 23 9 10 14 20 29 29
POWHEGH+PYTHIA 8 196 132 12.0 130 33 102 193 47
POWHEGH+PYTHIA 8 - top pr rew. 51 114 78 42 20.4 53 65 45.2
POWHEG+PYTHIA 8 - hdamp X 2 228 139 26 167 38 97 121 45.3
POwWHEG+PYTHIA 8 - PDF4LHC 186 100 11.5 125 32 93 185 33.6
POWHEGH+PYTHIA 8 - ISR up 149 111 173 120 34 79 66 50
POWHEG+PYTHIA 8 - ISR down 216 159 10.6 131 30 113 311 44.5
PowHEG+PyYTHIA 8 - Rad up 164 115 27 139 38 78 49 47.6
POWHEG+PYTHIA 8 - Rad down 216 159 10.6 131 30 113 311 44.5
PowHEGHPyYTHIA 8 - FSR up 216 132 12.5 143 35 106 194 46.8
POWHEG+PYTHIA 8 - FSR down 171 139 9.5 118 30 98 185 49
POWHEGH+PYTHIA 8 - MEC off 42 136 41 37 16.5 83 181 42.7
AMCQNLO+PYTHIAS8 16.5 126 48 14.4 14.3 89 300 50
AMCQ@QNLO+HERWIG7.0.4 98 137 24 74 24.1 29.1 110 54
PowHEG+HERWIG 7.0.4 113 104 28 82 28 135 271 45.8
PowHEG+HERWIG 7.1.3 101 107 31 75 25.5 138 259 45.5

Table 4. x? values for the comparison of the normalised measured differential cross-sections with
different ¢t simulation samples. Ngo is the number of degrees of freedom. The x? values are
displayed to one decimal place if the corresponding x? probability is greater than 1%, and rounded
to integers otherwise.

are generally lower in the high |A¢®| region. This trend was observed in various
previous measurements [6, 7, 77].

9 Conclusion

The production of ¢£ pairs in pp collisions at /s = 13 TeV is measured using opposite-sign
ey events in association with one or two b-tagged jets in the LHC Run 2 (2015-2018) data
collected by the ATLAS experiment with an integrated luminosity of 140 fb~1.

The inclusive fiducial and total cross-sections for tt production are measured. The
total inclusive cross-section is measured to be

o =829 £ 1 (stat) £ 13 (syst) £ 8 (lumi) £ 2 (beam) pb,

where the uncertainties are due to statistics, theoretical and experimental systematic ef-
fects, the integrated luminosity and the beam energy. This result is in excellent agreement
with theoretical expectations. It is the most precise measurement of the inclusive t¢ cross-
section to date.

The tt absolute and normalised differential cross-sections are measured as functions of
eight different variables (p%', p% + ph, p5, B¢ + EF, m, |nt|, |A¢®*| and |y®*|). Further-
more, four double-differential cross-sections are measured as a function of |y“| in bins of
m, and as a function of [A¢*| in bins of m®, pfl' and E€+ E*. These distributions are
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Generator [y :m A imH |APH | pdt |A¢H|: EC+E¥

Naot 39 39 24 39
POWHEGHPYTHIA 8 131 364 264 263
POWHEGHPYTHIA 8 - top pr rew. 82 140 81 96
POWHEG+PYTHIA 8 - hgamp X 2 129 250 182 183
POWHEG+PYTHIA 8 - PDF4LHC 114 351 252 253
POWHEG+PYTHIA 8 - ISR up 108 153 105 112
POWHEG+PYTHIA 8 - ISR down 143 562 413 409
PowHEG+PYTHIA 8 - Rad up 109 130 90 104
PowHEG+PyTHIA 8 - Rad down 143 562 413 409
POwWHEGH+PYTHIA 8 - FSR up 137 374 271 268
POWHEG+PYTHIA 8 - FSR down 122 349 247 255
POWHEGH+PYTHIA 8 - MEC off 107 276 219 237
AMCQNLO+PYTHIAS8 108 436 363 386
AMCQ@QNLO+HERWIG7.0.4 95 270 154 162
PowHEG+HERWIG 7.0.4 151 400 334 345
PowHEG+HERWIG 7.1.3 147 392 318 336

Table 5. x? values for the comparison of the normalised measured double-differential cross-sections
with different ¢t simulation samples. Ngof is the number of degrees of freedom. The x? values are
displayed to one decimal place if the corresponding x? probability is greater than 1%, and rounded
to integers otherwise.

confined to the fiducial region p4 > 27 (25) GeV for the leading (sub-leading) lepton and
In‘| < 2.5 for both leptons.

The precision of the measurements is typically 2% for the absolute differential cross-
sections and at the 1% level for the normalised differential cross-sections, except in the
highest energy bins where the tt/Wt interference uncertainty contribution increases. The
measurements are compared with a wide range of models for t¢ production in pp collisions.
No model can describe all measured distributions within their uncertainties.
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A Tables with detailed results

ph bins do /dp’ Data MC tt Lep. Jets/ Bkg. Lumi + Total
[GeV] [fb/GeV] | stat. [%)] stat. [%] mod. [%] [%] b-tag. (%] [%] Eveam [%]|unc. [%]
25.0-30.0 | 461.6 | 038  0.11 048 109 011 071 093 1.72
30.0-40.0 | 4331 | 027 008 056 087 011  0.67  0.93 1.57
40.0-50.0 | 357.0 | 030 007 066 074 011 066  0.92 1.54
50.0-60.0 | 277.2 | 033 007 053 074 012 068 092 1.51
60.0-75.0 | 1972 | 029 007 059 074 013 067  0.92 1.52
75.0-100.0| 109.2 | 030 007 069 082 015 085  0.93 1.69
100.0-140.0| 4179 | 040  0.09 065 096 017 125  0.94 2.00
140.0-180.0| 12.85 | 069 0.7 071 142 020 222 097 2.99
180.0-250.0| 3.6 | 1.02  0.28 1.04 186 026 425 101 4.98
250.0-350.0| 051 | 2.35  0.66 254 424 041 1297 115 | 14.15
Table 6. Absolute differential cross-section for pf.
|n*| bins do/d|n"| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
- [pb/units of 1] | stat. (%] stat. [%] mod. [%] [%] b-tag. [%] [%] Ebeam [%]|unc. [%]
0.00-0.09 12.79 0.36 0.12 0.67 1.01 0.12 0.72 0.93 1.74
0.09-0.18 12.81 0.32 0.12 0.49 0.81 0.13 0.77 0.93 1.58
0.18-0.27 12.72 0.32 0.11 0.62 0.76 0.13 0.74 0.93 1.58
0.27-0.36 12.57 0.30 0.12 0.81 0.76 0.13 0.76 0.93 1.67
0.36-0.45 12.36 0.30 0.12 0.60 0.76 0.13 0.75 0.93 1.57
0.45-0.54 12.19 0.32 0.11 0.84 0.76 0.14 0.68 0.93 1.65
0.54-0.63 11.88 0.31 0.12 0.74 0.76 0.13 0.75 0.93 1.64
0.63-0.72 11.54 0.33 0.12 0.59 0.76 0.13 0.82 0.93 1.61
0.72-0.81 11.15 0.34 0.13 0.75 0.76 0.12 0.78 0.93 1.66
0.81-0.90 10.86 0.34 0.12 0.54 0.76 0.12 0.78 0.93 1.58
0.90-0.99 10.37 0.35 0.12 0.60 0.76 0.12 0.72 0.93 1.57
0.99-1.08 9.82 0.37 0.14 0.61 0.77 0.13 0.86 0.93 1.66
1.08-1.17 9.46 0.38 0.13 0.60 0.77 0.16 0.77 0.93 1.61
1.17-1.26 9.08 0.39 0.13 0.55 0.79 0.16 0.78 0.93 1.60
1.26-1.35 8.55 0.39 0.14 0.59 0.78 0.13 0.80 0.93 1.63
1.35-1.44 8.00 0.51 0.19 0.56 0.76 0.14 0.74 0.93 1.62
1.44-1.53 7.41 0.56 0.23 1.17 0.80 0.12 0.96 0.93 2.04
1.53-1.62 7.18 0.42 0.15 1.05 0.97 0.12 0.87 0.93 1.97
1.62-1.71 6.50 0.45 0.18 0.63 0.97 0.10 0.98 0.93 1.85
1.71-1.80 5.90 0.48 0.18 0.66 0.97 0.11 1.00 0.94 1.88
1.80-1.89 5.49 0.53 0.19 0.52 0.95 0.12 1.07 0.94 1.88
1.89-1.98 5.00 0.54 0.20 0.60 0.95 0.11 1.13 0.94 1.94
1.98-2.37 3.81 0.31 0.12 0.78 1.02 0.11 1.03 0.93 1.93
2.37-2.50 2.67 0.79 0.25 0.90 1.17 0.16 0.99 0.93 2.18

Table 7. Absolute differential cross-section for |n’|.
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E°+ E* bins |do/d(E°+ E")| Data MC tt Lep. Jets/ Bkg. Lumi + Total
[GeV] [fb/GeV] stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Ebeam [%] | unc. [%)]
50.0-60.0 1.38 520 378 420 138 108 561 088 9.71
60.0-70.0 9.04 1.93  0.89 1.82 110 038 103 094 3.33
70.0-80.0 20.47 116 038 243 096 014 097  0.92 3.18
80.0-90.0 30.69 095 029 079 088 017 065 092 1.92
90.0-110.0 43.64 052 014 074 080 013 065 092 1.66
110.0-125.0 51.23 056  0.13 055 075 012 059  0.92 1.55
125.0-160.0 51.53 037 009 046 073 012 059  0.92 1.45
160.0-200.0 43.20 037 009 067 074 013 066 092 1.56
200.0-250.0 31.56 038 009 065 078 011 076 093 1.62
250.0-300.0 20.93 048  0.11 056 084 015 1.02 093 1.79
300.0-370.0 12.74 054 013 079 093 013 125  0.94 2.06
370.0-450.0 6.92 070 016 091 107 015 161 095 2.45
450.0-550.0 3.45 097 0.2 070 129 017 192  0.96 2.79
550.0-700.0 1.42 119 029 139 161 016 237  0.96 3.55
700.0-900.0 0.62 178 044 225 248 027 377 1.00 5.46
Table 8. Absolute differential cross-section for E€+ E*.
m®" bins do/dm®" | Data MC tt Lep. Jets/ Bkg. Lumi + Total
[GeV] [fb/GeV] | stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Ebeam [%] | unc. [%]
0.0-15.0 8.21 2.08 0.47 2.38 0.90 0.14 1.31 0.93 3.69
15.0-20.0 18.81 1.71 0.36 0.59 0.85 0.12 0.76 0.92 2.36
20.0-25.0 23.48 1.54 0.33 1.19 0.84 0.12 0.73 0.92 2.45
25.0-30.0 29.02 1.33 0.30 1.72 0.84 0.09 1.07 0.92 2.75
30.0-35.0 33.04 1.24 0.29 1.17 0.85 0.09 0.79 0.92 2.28
35.0-40.0 38.24 1.19 0.26 0.37 0.84 0.09 0.74 0.93 1.93
40.0-50.0 45.49 0.75 0.18 0.75 0.84 0.10 0.80 0.93 1.84
50.0-60.0 56.16 0.70 0.21 0.45 0.85 0.11 0.74 0.93 1.71
60.0-70.0 68.55 0.63 0.20 0.51 0.84 0.11 0.72 0.93 1.67
70.0-85.0 76.71 0.47 0.13 0.67 0.80 0.11 0.70 0.93 1.65
85.0-100.0 76.44 0.47 0.10 0.48 0.77 0.12 0.68 0.92 1.54
100.0-120.0 67.32 0.44 0.09 0.56 0.75 0.13 0.68 0.92 1.55
120.0-150.0 50.78 0.39 0.10 0.65 0.75 0.13 0.76 0.93 1.61
150.0-175.0 34.67 0.51 0.12 0.71 0.78 0.14 0.86 0.93 1.73
175.0-200.0 23.76 0.61 0.15 0.63 0.84 0.17 1.06 0.93 1.87
200.0-250.0 13.68 0.58 0.13 0.83 0.91 0.16 1.38 0.94 2.16
250.0-300.0 6.73 0.83 0.20 1.32 1.08 0.18 1.64 0.94 2.70
300.0-400.0 2.58 0.94 0.23 0.82 1.31 0.21 2.64 0.95 3.36
400.0-500.0 0.73 1.78 0.44 1.14 1.70 0.26 3.65 0.96 4.68
500.0-650.0 0.21 2.74 0.67 1.95 2.22 0.27 2.77 0.96 5.03
650.0-800.0 0.068 5.12 1.26 1.48 3.26 0.39 7.72 1.00 10.07

Table 9. Absolute differential cross-section for mc*.
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pT+ph bins | do/d(pT+ph)| Data MC tt Lep.  Jets/ Bkg. Lumi + Total
[GeV] [fb/GeV] |stat. (%] stat. (%] mod. [%] [%] b-tag. (%] [%] Ebeam (%] |unc. [%]
50.0-60.0 25.03 1.25 0.49 2.10 1.36 0.19 0.74 0.93 3.09
60.0-70.0 72.26 0.66 0.22 0.70 1.05 0.16 0.85 0.93 1.92
70.0-80.0 102.4 0.52 0.14 0.70 0.88 0.14 0.65 0.92 1.69
80.0-100.0 114.9 0.33 0.08 0.59 0.79 0.11 0.65 0.92 1.53
100.0-125.0 96.23 0.33 0.07 0.55 0.74 0.12 0.63 0.92 1.49
125.0-150.0 62.80 0.39 0.09 0.66 0.76 0.13 0.74 0.93 1.61
150.0-200.0 29.54 0.41 0.10 0.79 0.87 0.16 1.11 0.94 1.92
200.0-250.0 10.14 0.65 0.17 0.92 1.19 0.20 2.18 0.96 2.91
250.0-300.0 3.90 1.09 0.26 1.09 1.52 0.22 2.97 0.98 3.82
300.0-400.0 1.14 1.43 0.36 2.37 2.06 0.26 4.45 1.00 5.73
400.0-600.0 0.14 2.84 0.82 2.70 3.73 0.44 11.87 1.11 13.13
Table 10. Absolute differential cross-section for p§ + p.

p’ bins do /dp Data MC tt Lep. Jets/ Bkg.  Lumi + Total
[GeV] [fb/GeV] | stat. [%] stat. [%] mod. %] [%] b-tag. (%] (%]  FEbeam [%] | unc. [%]
0.0-20.0 32.51 0.66 0.21 0.87 0.79 0.19 0.67 0.92 1.79
20.0-30.0 69.08 0.64 0.17 0.87 0.78 0.22 0.68 0.92 1.78
30.0-45.0 87.41 0.46 0.11 0.90 0.78 0.18 0.66 0.92 1.72
45.0-60.0 111.0 0.41 0.09 0.71 0.79 0.15 0.64 0.92 1.61
60.0-75.0 121.0 0.38 0.09 0.66 0.79 0.14 0.63 0.92 1.57
75.0-100.0 93.20 0.33 0.07 0.70 0.78 0.12 0.66 0.92 1.59
100.0-125.0 48.51 0.45 0.10 0.97 0.89 0.15 0.99 0.93 1.96
125.0-150.0 19.74 0.70 0.17 0.38 1.20 0.21 1.98 0.95 2.64
150.0-200.0 5.73 0.95 0.23 0.55 1.62 0.28 3.65 1.00 4.28
200.0-300.0 0.86 1.78 0.49 3.39 2.64 0.35 11.88 1.14 12.82

Table 11. Absolute differential cross-section for pit'.

— 37 —



|A¢°*| bins | do/d|A¢°*|| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[rad] [pb/rad] |stat. [%)] stat. [%] mod. [%] [%] b-tag. [%] [%] Ebeam [%]|unc. [%)]
0.00-0.10 2.21 1.12 0.24 0.46 0.84 0.11 0.84 0.92 1.95
0.10-0.21 2.19 1.12 0.24 0.73 0.84 0.10 0.83 0.92 2.03
0.21-0.31 2.18 1.05 0.24 1.26 0.84 0.10 0.79 0.92 2.22
0.31-0.42 2.22 1.08 0.23 0.33 0.85 0.08 1.02 0.93 1.99
0.42-0.52 2.23 1.03 0.23 0.93 0.84 0.10 0.78 0.92 2.04
0.52-0.63 2.31 1.02 0.22 1.19 0.84 0.09 0.77 0.92 2.16
0.63-0.73 2.32 1.00 0.22 0.70 0.84 0.12 0.89 0.92 1.98
0.73-0.84 2.40 0.95 0.22 1.11 0.83 0.10 0.72 0.92 2.06
0.84-0.94 2.43 1.01 0.23 1.22 0.83 0.10 0.93 0.93 2.23
0.94-1.05 2.48 0.98 0.22 0.65 0.83 0.11 0.83 0.93 1.92
1.05-1.15 2.60 0.98 0.23 0.88 0.83 0.11 0.75 0.93 1.98
1.15-1.26 2.73 0.93 0.21 0.59 0.82 0.09 0.80 0.93 1.86
1.26-1.36 2.83 0.91 0.20 0.95 0.82 0.10 0.90 0.93 2.03
1.36-1.47 2.99 0.90 0.20 0.37 0.81 0.13 0.78 0.93 1.77
1.47-1.57 3.07 0.90 0.21 0.47 0.81 0.11 0.87 0.93 1.83
1.57-1.68 3.18 0.88 0.20 0.57 0.81 0.12 1.03 0.93 1.93
1.68-1.78 3.35 0.86 0.21 0.57 0.80 0.12 0.78 0.93 1.79
1.78-1.88 3.46 0.85 0.21 0.62 0.80 0.14 1.00 0.93 1.92
1.88-1.99 3.65 0.80 0.21 0.62 0.80 0.13 0.90 0.93 1.85
1.99-2.09 3.83 0.81 0.20 0.86 0.79 0.13 0.82 0.93 1.91
2.09-2.20 4.00 0.75 0.19 1.21 0.79 0.14 0.76 0.93 2.04
2.20-2.30 4.19 0.75 0.20 1.10 0.79 0.17 0.78 0.93 1.98
2.30-2.41 4.31 0.74 0.19 0.60 0.80 0.16 0.72 0.93 1.73
2.41-2.51 4.49 0.73 0.18 0.79 0.80 0.17 0.81 0.93 1.84
2.51-2.62 4.59 0.71 0.19 0.67 0.81 0.16 0.87 0.93 1.82
2.62-2.72 4.71 0.72 0.19 0.60 0.81 0.18 0.82 0.93 1.77
2.72-2.83 4.79 0.70 0.18 0.94 0.82 0.19 0.86 0.94 1.93
2.83-2.93 4.87 0.71 0.19 0.86 0.82 0.20 0.86 0.93 1.90
2.93-3.04 4.95 0.68 0.18 1.03 0.83 0.18 0.75 0.93 1.93
3.04-3.14 5.09 0.66 0.17 0.70 0.83 0.19 0.76 0.93 1.77

Table 12. Absolute differential cross-section for |A¢eH|.
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|y®*| bins |  do/d|y*| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
- [pb/units of y] | stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] FEbeam [%]|unc. [%]
0.00-0.08 7.94 0.59 0.15 0.58 0.77 0.13 0.75 0.92 1.65
0.08-0.17 7.96 0.57 0.14 0.70 0.78 0.13 0.75 0.92 1.69
0.17-0.25 7.89 0.61 0.15 0.43 0.77 0.13 0.69 0.93 1.59
0.25-0.33 7.78 0.56 0.14 0.51 0.78 0.14 0.82 0.93 1.65
0.33-0.42 7.64 0.60 0.14 0.65 0.77 0.12 0.80 0.93 1.71
0.42-0.50 7.47 0.61 0.15 0.81 0.77 0.12 0.89 0.93 1.82
0.50-0.58 7.21 0.64 0.15 0.73 0.77 0.14 0.79 0.93 1.75
0.58-0.67 6.98 0.65 0.15 1.03 0.77 0.13 0.75 0.93 1.88
0.67-0.75 6.70 0.65 0.16 0.85 0.78 0.14 0.79 0.93 1.81
0.75-0.83 6.42 0.66 0.16 0.53 0.78 0.13 0.90 0.93 1.74
0.83-0.92 5.99 0.68 0.17 0.59 0.79 0.14 0.88 0.93 1.77
0.92-1.00 5.73 0.69 0.17 0.68 0.80 0.14 0.73 0.93 1.74
1.00-1.08 5.40 0.76 0.18 0.77 0.81 0.13 0.86 0.93 1.86
1.08-1.17 4.97 0.80 0.20 0.95 0.82 0.13 0.87 0.93 1.98
1.17-1.25 4.55 0.86 0.20 0.94 0.84 0.13 0.89 0.93 2.01
1.25-1.33 4.12 0.89 0.24 0.84 0.86 0.16 0.80 0.93 1.96
1.33-1.42 3.75 1.02 0.24 0.97 0.88 0.11 0.85 0.93 2.10
1.42-1.50 3.34 1.05 0.27 0.74 0.91 0.11 0.91 0.94 2.06
1.50-1.58 2.97 1.15 0.29 0.79 0.95 0.13 0.91 0.94 2.16
1.58-1.67 2.53 1.27 0.36 1.31 1.01 0.14 1.02 0.94 2.53
1.67-1.75 2.13 1.43 0.38 1.40 1.05 0.14 1.29 0.95 2.80
1.75-1.83 1.76 1.58 0.44 1.42 1.11 0.14 1.28 0.95 2.92
1.83-1.92 1.50 1.81 0.43 2.12 1.17 0.12 1.17 0.95 3.41
1.92-2.00 1.14 2.04 0.57 1.26 1.23 0.10 1.29 0.96 3.19
2.00-2.08 0.88 2.54 0.73 1.60 1.30 0.15 1.56 0.96 3.82
2.08-2.17 0.67 2.87 0.76 1.40 1.39 0.32 2.35 0.98 4.39
2.17-2.25 0.44 3.71 1.00 4.70 1.41 0.18 1.71 0.98 6.54
2.25-2.33 0.24 4.63 1.61 2.40 1.50 0.24 2.26 0.99 6.18
2.33-2.42 0.13 7.91 2.26 3.54 1.53 0.29 2.74 1.00 9.55
2.42-2.50 0.045 26.27 3.68 7.40 1.89 0.77 6.60 0.92 28.41

Table 13. Absolute differential cross-section for |y¢#|.
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lye*| x me* bins d?c/d|ye*|dme*| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
- [fb/GeV] stat. [%] stat. (%] mod. [%] [%] b-tag. (%] [%] Ebeam [%)]|unc. [%)

0.00-0.31 24.27 0.68 0.20 0.62 0.84 0.11 0.61 0.92 1.68

0.31-0.62 23.06 0.68 0.18 0.47  0.80 0.09 0.64 0.92 1.62

0.62-0.94 20.66 0.74 0.20 0.38 0.78 0.12 0.73 0.93 1.66

0.0<m®*  0.94-1.25 17.66 0.85 0.22 0.62 0.81 0.09 0.87 0.93 1.85

<70.0GeV  1.25-1.56 14.01 1.07 0.29 0.65 0.93 0.10 0.81 0.93 2.01

1.56-1.88 9.74 1.34 0.39 1.86 1.12 0.12 1.43 0.96 3.10

1.88-2.19 5.28 1.90 0.59 1.61 1.25 0.18 1.60 0.96 3.41

2.19-2.50 1.24 4.19 1.42 3.25 1.37 0.24 1.95 0.98 6.06

0.00-0.31 54.03 0.66 0.17 0.87  0.76 0.12 0.60 0.92 1.74

0.31-0.62 51.12 0.71 0.17 0.57  0.75 0.12 0.63 0.92 1.64

0.62-0.94 44.99 0.80 0.19 1.31 0.75 0.13 0.68 0.92 2.07

70.0<me*  0.94-1.25 38.25 0.85 0.21 092 0.78 0.12 0.73 0.93 1.91

<100.0GeV  1.25-1.56 28.81 1.06 0.29 0.92 0.85 0.16 0.86 0.93 2.10

1.56-1.88 17.85 1.45 0.41 1.03  0.98 0.12 1.17 0.94 2.56

1.88-2.19 8.03 2.40 0.67 0.87 1.14 0.12 1.61 0.95 3.43

2.19-2.50 1.80 5.87 1.39 3.11 1.28 0.67 2.56 0.99 7.46

0.00-0.31 47.10 0.70 0.16 0.46  0.72 0.14 0.66 0.92 1.60

0.31-0.62 44.75 0.74 0.16 0.69 0.72 0.13 0.67 0.92 1.70

0.62-0.94 39.40 0.83 0.18 0.76 0.73 0.13 0.70 0.92 1.78

100.0 <me* 0.94-1.25 32.73 0.92 0.22 0.68  0.76 0.13 0.87 0.93 1.89

<130.0GeV 1.25-1.56 22.66 1.16 0.26 1.15 0.81 0.11 0.80 0.93 2.22

1.56-1.88 12.52 1.71 0.40 1.32 0.96 0.13 1.08 0.94 2.80

1.88-2.19 5.25 2.92 0.67 1.77 1.27 0.17 1.52 0.96 4.12

2.19-2.50 0.99 7.55 1.93 4.29 1.51 0.37 2.67 0.94 9.47

0.00-0.31 27.05 0.62 0.14 0.62 0.73 0.15 0.72 0.92 1.65

0.31-0.62 25.49 0.63 0.15 0.91 0.74 0.14 0.79 0.93 1.82

0.62-0.94 22.06 0.71 0.16 0.84 0.77 0.15 0.90 0.93 1.87

130.0 <me* 0.94-1.25 16.67 0.84 0.19 1.19 0.82 0.16 0.98 0.93 2.16

<200.0GeV  1.25-1.56 10.61 1.10 0.26 1.75  0.88 0.17 0.96 0.93 2.64

1.56-1.88 5.60 1.68 0.39 2.05 1.16 0.17 1.10 0.94 3.26

1.88-2.19 2.02 3.28 0.77 2.48 1.69 0.12 1.41 0.97 4.82

2.19-2.50 0.33 9.44 2.36 9.34 2.27 0.27 2.97 0.98 14.03

0.00-0.31 2.15 0.76 0.17 1.01 0.98 0.18 1.81 0.94 2.61

0.31-0.62 1.91 0.79 0.19 1.20 1.03 0.18 1.96 0.94 2.82

0.62-0.94 1.50 0.88 0.21 0.53 1.10 0.17 1.93 0.94 2.63

200.0 <m*e* 0.94-1.25 1.00 1.16 0.27 1.65 1.23 0.20 1.94 0.95 3.22

< 800.0+ GeV 1.25-1.56 0.56 1.71 0.37 2.67 148 0.21 1.63 0.95 4.00

1.56-1.88 0.22 2.74 0.76 3.05 1.92 0.24 2.23 0.97 5.19

1.88-2.19 0.078 6.53 1.56 5.63  2.67 0.34 1.85 1.00 9.40

2.19-2.50 0.007 20.92 7.43 23.77 391 1.32 3.80 1.00 33.02

Table 14. Double-differential cross-section for |y¢#|: m®. The cross-section measured in the last
region includes events with an invariant mass greater than 800 GeV.
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|A@pEH| x meH bins d?c/d|A¢eH|dme* | Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[rad] [fb/rad GeV] [stat. [%] stat. [%] mod. [%] [%] b-tag. (%] (%] Ebeam [%]|unc. [%)]

0.00-0.39 21.80 0.69 0.15 1.11  0.83 0.09 0.74 0.92 1.96

0.39-0.79 21.29 0.66 0.15 0.66  0.82 0.09 0.73 0.93 1.72

0.79-1.18 19.05 0.71 0.16 0.67 0.82 0.10 0.76 0.93 1.76

0.0<m** 1.18-1.57 13.86 0.82 0.20 0.72 0.85 0.12 0.75 0.93 1.84

<70.0GeV  1.57-1.96 7.88 1.13 0.39 0.72  0.92 0.14 0.79 0.93 2.08

1.96-2.36 4.13 1.74 0.82 1.49 1.04 0.30 1.04 0.96 3.01

2.36-2.75 2.51 2.33 1.31 2.69 1.10 0.41 1.49 0.95 4.35

2.75-3.14 1.74 2.60 1.76 1.50 1.20 0.48 1.97 0.98 4.31

0.00-0.39 9.66 1.51 0.33 0.53 0.84 0.11 1.23 0.92 2.40

0.39-0.79 12.09 1.27 0.29 0.83 0.82 0.11 0.90 0.92 2.18

0.79-1.18 18.78 1.06 0.24 1.21 0.82 0.14 0.86 0.93 2.22

70.0<mc* 1.18-1.57 30.89 0.83 0.18 092 0.78 0.11 0.77 0.93 1.91

<100.0GeV 1.57-1.96 36.34 0.81 0.18 0.79 0.77 0.15 0.68 0.93 1.80

1.96-2.36 33.76 0.80 0.21 1.08 0.80 0.16 0.78 0.92 1.99

2.36-2.75 28.35 0.89 0.27 0.63 0.83 0.16 0.87 0.93 1.89

2.75-3.14 25.13 0.98 0.30 1.24 0.84 0.22 0.77 0.92 2.18

0.00-0.39 5.36 1.98 0.43 2.26  0.88 0.19 1.26 0.92 3.53

0.39-0.79 6.58 1.74 0.37 1.47  0.90 0.12 1.06 0.92 2.85

0.79-1.18 9.28 1.41 0.32 1.48 0.86 0.13 1.33 0.92 2.76

100.0 <m°¥* 1.18-1.57 16.07 1.08 0.24 0.76  0.83 0.15 1.05 0.93 2.12

<130.0GeV 1.57-1.96 26.01 0.87 0.20 0.71  0.76 0.13 0.80 0.93 1.85

1.96-2.36 33.10 0.79 0.18 1.20 0.74 0.15 0.67 0.93 2.00

2.36-2.75 33.80 0.81 0.17 0.80 0.74 0.17 0.70 0.92 1.80

2.75-3.14 33.37 0.82 0.19 0.62 0.75 0.15 0.65 0.92 1.72

0.00-0.39 2.28 1.99 0.41 3.68 0.94 0.17 1.28 0.91 4.59

0.39-0.79 2.61 1.89 0.40 2.93 092 0.11 1.64 0.91 4.09

0.79-1.18 3.40 1.58 0.35 1.38  0.89 0.14 1.49 0.92 2.90

130.0 <mc* 1.18-1.57 5.73 1.26 0.27 0.98 0.92 0.14 1.27 0.93 2.44

<200.0GeV 1.57-1.96 10.23 0.90 0.21 0.90 0.87 0.13 1.26 0.93 2.21

1.96-2.36 17.05 0.71 0.16 092 0.80 0.16 0.79 0.93 1.88

2.36-2.75 22.33 0.63 0.15 0.78 0.76 0.17 0.74 0.93 1.75

2.75-3.14 23.86 0.61 0.15 0.79 0.75 0.19 0.69 0.93 1.72

0.00-0.39 0.10 3.44 0.72 3.19 1.13 0.21 2.80 0.93 5.71

0.39-0.79 0.11 3.06 0.66 2.29 1.12 0.18 3.59 0.93 5.49

0.79-1.18 0.16 2.58 0.58 1.97  1.17 0.13 2.95 0.94 4.68

200.0 <m°* 1.18-1.57 0.24 2.13 0.47 1.61 1.08 0.19 2.94 0.94 4.25

< 800.0+ GeV 1.57-1.96 0.43 1.56 0.35 1.08 1.13 0.17 3.03 0.94 3.89

1.96-2.36 0.90 1.08 0.23 1.11 1.12 0.17 2.29 0.94 3.14

2.36-2.75 1.65 0.75 0.19 0.71 1.10 0.19 1.70 0.95 2.47

2.75-3.14 2.34 0.67 0.15 0.80 1.10 0.24 1.43 0.94 2.31

Table 15. Double-differential cross-section for |A¢¢#|: me*. The cross-section measured in the
last region includes events with an invariant mass greater than 800 GeV.

— 41 —



|A®eH| x p ¥ bins d?c /d|A¢°H|dp7t' | Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[rad] [fb/rad GeV] |stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] FEbeam [%]|unc. [%]

0.00-1.65 0.077 8.69 3.11 8.43 2.01 0.29 6.00 0.95 14.04

0.0< prer” 1.65-2.02 4.89 2.11 0.79 2.49 1.15 0.21 1.46 0.93 3.95

<40.0GeV  2.02-2.40 18.63 1.05 0.37 144  0.91 0.18 0.85 0.93 2.40

2.40-2.77 46.83 0.63 0.18 0.52 0.78 0.19 0.67 0.92 1.63

2.77-3.14 75.62 0.49 0.13 0.78 0.77 0.21 0.66 0.92 1.66

0.00-0.31 7.94 2.39 0.53 2.22 1.18 0.26 0.97 0.91 3.76

0.31-0.63 10.16 2.00 0.42 1.26 1.13 0.13 0.95 0.91 2.97

0.63-0.94 13.62 1.71 0.39 0.68 1.08 0.12 1.15 0.91 2.62

0.94-1.26 20.47 1.35 0.32 1.24 1.01 0.11 0.79 0.92 2.44

40.0< pfr‘u 1.26-1.57 32.47 1.09 0.25 0.88 0.92 0.14 0.70 0.92 2.06

<65.0GeV  1.57-1.88 46.63 0.88 0.23 0.80 0.84 0.13 0.65 0.92 1.86

1.88-2.20 60.45 0.72 0.18 1.08 0.77 0.14 0.69 0.92 1.91

2.20-2.51 65.85 0.69 0.15 0.66 0.74 0.17 0.71 0.92 1.69

2.51-2.83 55.33 0.75 0.17 0.93 0.78 0.19 0.69 0.92 1.85

2.83-3.14 39.00 0.88 0.22 0.97 0.86 0.21 0.70 0.93 1.97

0.00-0.31 57.04 0.65 0.15 0.61 0.83 0.10 0.82 0.92 1.74

0.31-0.63 57.25 0.64 0.14 0.34 0.83 0.09 0.88 0.93 1.69

0.63-0.94 58.49 0.60 0.14 0.74 0.82 0.11 0.90 0.93 1.81

0.94-1.26 59.96 0.60 0.14 0.99 0.81 0.11 0.84 0.93 1.89

65.0 < pfr'u 1.26-1.57 61.55 0.59 0.13 0.77  0.80 0.13 0.97 0.93 1.85

< 100.0+ GeV 1.57-1.88 59.08 0.62 0.14 0.72 0.81 0.14 1.13 0.93 1.93

1.88-2.20 54.28 0.62 0.15 0.75 0.87 0.15 1.24 0.94 2.04

2.20-2.51 44.84 0.71 0.17 0.83 1.01 0.19 1.42 0.95 2.28

2.51-2.83 32.62 0.80 0.21 0.62 1.21 0.18 1.71 0.96 2.53

2.83-3.14 25.75 0.95 0.23 1.05 1.32 0.24 2.09 0.96 3.02

Table 16. Double-differential cross-section for |A¢|: pf!. The cross-section measured in the last
region includes events with a pr greater than 100 GeV.
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|Ap®H| x (E® + E*) bins d?c/d|A¢eH|d(ES + EF) Data MC tt Lep. Jets/ Bkg. Lumi + Total
[rad] [fb/rad GeV] stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] FEpbeam [%] | unc. [%]

0.00-0.39 4.35 1.21 0.27 0.90 0.85 0.12 0.69 0.91 2.09

0.39-0.79 4.40 1.13 0.24 1.74 0.85 0.11 0.78 0.91 2.56

0.79-1.18 4.38 1.08 0.26 0.76 0.85 0.13 0.80 0.91 2.01

0.0< E€+EH 1.18-1.57 4.48 1.13 0.28 0.47 0.85 0.12 0.61 0.92 1.88

< 110.0 GeV 1.57-1.96 4.44 1.12 0.32 0.91 0.85 0.15 0.65 0.92 2.05

1.96-2.36 4.26 1.15 0.44 1.40 0.86 0.23 0.62 0.93 2.35

2.36-2.75 4.18 1.21 0.45 1.18 0.85 0.20 0.90 0.92 2.34

2.75-3.14 3.96 1.24 0.51 1.49 0.85 0.19 0.76 0.92 2.49

0.00-0.39 13.76 1.28 0.27 1.59 0.77 0.10 0.62 0.91 2.47

0.39-0.79 14.40 1.16 0.26 0.98 0.77 0.10 0.72 0.91 2.08

0.79-1.18 15.57 1.15 0.25 0.69 0.76 0.10 0.60 0.92 1.91

110.0< E°+E* 1.18-1.57 16.94 1.08 0.24 1.01 0.75 0.13 0.62 0.92 2.01

< 140.0 GeV 1.57-1.96 17.44 1.06 0.27 0.83 0.75 0.15 0.64 0.92 1.93

1.96-2.36 18.45 1.03 0.26 1.10 0.74 0.16 0.77 0.92 2.09

2.36-2.75 17.89 1.09 0.26 0.67 0.74 0.17 0.74 0.92 1.91

2.75-3.14 18.00 1.04 0.26 0.76 0.75 0.14 0.61 0.92 1.88

0.00-0.39 9.90 1.07 0.23 0.97 0.81 0.11 0.68 0.92 2.03

0.39-0.79 10.50 0.96 0.21 0.53 0.79 0.11 0.68 0.92 1.79

0.79-1.18 11.42 0.93 0.22 0.93 0.78 0.13 0.70 0.92 1.94

140.0< E°+ E* 1.18-1.57 13.65 0.87 0.19 1.33 0.75 0.11 0.66 0.92 2.10

< 200.0 GeV 1.57-1.96 15.66 0.80 0.20 0.85 0.74 0.13 0.72 0.93 1.82

1.96-2.36 17.77 0.76 0.18 0.81 0.72 0.15 0.61 0.92 1.74

2.36-2.75 18.75 0.75 0.19 1.09 0.72 0.19 0.62 0.92 1.89

2.75-3.14 18.72 0.72 0.18 0.99 0.72 0.16 0.68 0.92 1.84

0.00-0.39 5.81 1.59 0.33 0.91 0.88 0.16 0.96 0.92 2.46

0.39-0.79 6.05 1.48 0.33 2.21 0.88 0.11 0.96 0.92 3.12

0.79-1.18 6.85 1.32 0.31 0.91 0.86 0.13 1.06 0.93 2.33

200.0< E€+EM 1.18-1.57 8.53 1.20 0.27 0.93 0.82 0.14 1.01 0.93 2.23

< 250.0 GeV 1.57-1.96 10.28 1.13 0.26 1.32 0.79 0.12 0.81 0.93 2.29

1.96-2.36 12.65 0.94 0.23 1.52 0.77 0.13 0.70 0.93 2.28

2.36-2.75 14.68 0.94 0.22 0.67 0.76 0.16 0.72 0.93 1.83

2.75-3.14 15.61 0.88 0.21 0.68 0.75 0.20 0.70 0.93 1.80

0.00-0.39 0.65 1.32 0.30 1.54 1.10 0.17 1.84 0.95 3.12

0.39-0.79 0.70 1.24 0.30 1.52 1.10 0.15 2.14 0.95 3.27

0.79-1.18 0.81 1.17 0.26 0.96 1.08 0.13 1.75 0.95 2.74

250.0< E€+ EM 1.18-1.57 1.04 1.09 0.24 0.67 1.07 0.15 1.75 0.95 2.61

< 900.0+ GeV 1.57-1.96 1.42 0.86 0.21 1.03 1.05 0.14 1.74 0.95 2.62

1.96-2.36 2.01 0.75 0.17 0.96 1.01 0.17 1.41 0.94 2.33

2.36-2.75 2.65 0.60 0.15 0.74 1.01 0.17 1.38 0.95 2.19

2.75-3.14 3.17 0.59 0.13 0.85 1.03 0.23 1.20 0.94 2.13

Table 17. Double-differential cross-section for |[A¢®#|: E¢+ E*. The cross-section measured in
the last region includes events with a sum of the two energies greater than 900 GeV.
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pr bins 1/o do/dp Data MC tt Lep.  Jets/ Bkg. Lumi+ | Total
[GeV] x107? [1/GeV] | stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Ebeam [%] |unc. [%]
25.0-30.0 21.85 0.34 0.10 0.24 0.55 0.07 0.24 0.01 0.74
30.0-40.0 20.50 0.23 0.06 0.23 0.21 0.04 0.30 0.01 0.49
40.0-50.0 16.90 0.25 0.06 0.37 0.19 0.02 0.27 0.01 0.56
50.0-60.0 13.12 0.28 0.07 0.13 0.23 0.02 0.20 0.01 0.44
60.0-75.0 9.33 0.26 0.06 0.46 0.25 0.02 0.20 0.01 0.62
75.0-100.0 5.17 0.26 0.07 0.34 0.20 0.04 0.15 0.00 0.51
100.0-140.0 1.98 0.37 0.09 0.31 0.43 0.08 0.64 0.02 0.92
140.0-180.0 0.61 0.68 0.17 0.57 0.92 0.13 1.67 0.05 2.11
180.0-250.0 0.15 1.01 0.28 0.86 1.42 0.20 3.74 0.09 4.23
250.0-350.0 0.024 2.34 0.66 2.57 3.90 0.35 12.48 0.24 13.55
Table 18. Normalised differential cross-section for pf.
|n*| bins 1/o do/d|n’| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
- x1072 [1/units of 7] |stat. [%)] stat. [%] mod. [%] [%] b-tag. [%] [%] FEveam [%]|unc. [%]
0.00-0.09 60.72 0.78 0.12 0.24 0.40 0.02 0.17 0.01 0.93
0.09-0.18 60.81 0.69 0.11 0.09 0.11 0.02 0.14 0.01 0.73
0.18-0.27 60.38 0.68 0.11 0.24 0.08 0.03 0.12 0.02 0.75
0.27-0.36 59.70 0.65 0.11 0.46 0.08 0.03 0.13 0.01 0.82
0.36-0.45 58.67 0.68 0.11 0.49 0.08 0.02 0.19 0.01 0.87
0.45-0.54 57.91 0.69 0.11 0.49 0.08 0.02 0.22 0.01 0.88
0.54-0.63 56.42 0.68 0.11 0.38 0.09 0.03 0.09 0.01 0.79
0.63-0.72 54.80 0.70 0.11 0.66 0.13 0.02 0.13 0.01 0.99
0.72-0.81 52.92 0.73 0.12 0.41 0.13 0.02 0.11 0.01 0.87
0.81-0.90 51.59 0.74 0.11 0.23 0.13 0.02 0.11 0.01 0.80
0.90-0.99 49.24 0.78 0.12 0.47 0.13 0.02 0.14 0.01 0.94
0.99-1.08 46.65 0.79 0.13 0.28 0.13 0.03 0.16 0.00 0.88
1.08-1.17 44.94 0.83 0.12 0.42 0.12 0.05 0.09 0.00 0.95
1.17-1.26 43.10 0.84 0.13 037  0.13 0.05 0.04 0.00 0.94
1.26-1.35 40.61 0.85 0.14 0.43 0.14 0.03 0.04 0.00 0.98
1.35-1.44 37.97 1.09 0.18 0.56 0.11 0.04 0.12 0.01 1.25
1.44-1.53 35.16 1.24 0.22 0.85 0.12 0.05 0.25 0.01 1.54
1.53-1.62 34.08 0.92 0.15 0.69 0.32 0.04 0.16 0.01 1.21
1.62-1.71 30.87 0.99 0.17 0.44 0.31 0.08 0.29 0.02 1.18
1.71-1.80 28.02 1.05 0.18 0.52 0.30 0.05 0.35 0.02 1.27
1.80-1.89 26.08 1.17 0.18 0.33 0.30 0.05 0.39 0.03 1.33
1.89-1.98 23.72 1.19 0.20 0.36 0.31 0.03 0.49 0.03 1.39
1.98-2.37 18.10 0.65 0.11 0.50 0.41 0.03 0.34 0.04 0.98
2.37-2.50 12.68 1.74 0.25 0.71 0.58 0.14 0.45 0.06 2.04
Table 19. Normalised differential cross-section for |n’|.
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E¢+E* bins|1/o do/d(E°+ E")| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[GeV] x107% [1/GeV] |stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] Ebeam [%)]|unc. [%]
50.0-60.0 0.13 5.19 3.77 3.95 092 1.07 5.68 0.06 9.54
60.0-70.0 0.86 1.92 0.88 1.84 0.52 0.40 1.02 0.03 3.05
70.0-80.0 1.94 1.15 0.37 2.25 0.42 0.13 1.14 0.03 2.83
80.0-90.0 291 0.93 0.28 0.45 0.35 0.11 0.63 0.03 1.29
90.0-110.0 4.14 0.50 0.13 0.54 031 0.07 0.69 0.03 1.07
110.0-125.0 4.86 0.54 0.12 0.30 0.26 0.03 0.58 0.03 0.90
125.0-160.0 4.89 0.33 0.08 0.26 0.22 0.02 0.39 0.02 0.62
160.0-200.0 4.10 0.35 0.08 0.36  0.17 0.02 0.24 0.01 0.59
200.0-250.0 2.99 0.35 0.08 0.30 0.13 0.02 0.06 0.00 0.49
250.0-300.0 1.99 0.46 0.11 0.47  0.17 0.05 0.35 0.01 0.77
300.0-370.0 1.21 0.52 0.13 0.45 0.27 0.04 0.60 0.03 0.96
370.0-450.0 0.66 0.68 0.16 0.74 044 0.05 0.99 0.04 1.49
450.0-550.0 0.33 0.95 0.22 0.43 0.73 0.08 1.33 0.06 1.85
550.0-700.0 0.13 1.18 0.28 1.49 1.11 0.08 1.79 0.08 2.85
700.0-900.0 0.058 1.75 0.43 1.97  2.06 0.21 3.18 0.14 4.65
Table 20. Normalised differential cross-section for E¢+ E*.
m®" bins 1/o do/dm®* Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[GeV] x1072 [1/GeV] | stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] FEbeam [%]|unc. [%]
0.0-15.0 0.78 2.06 0.47 2.18 0.32 0.16 1.21 0.01 3.29
15.0-20.0 1.78 1.70 0.36 0.45 0.18 0.15 0.60 0.01 1.91
20.0-25.0 2.22 1.54 0.32 1.10 0.19 0.14 0.43 0.02 1.98
25.0-30.0 2.75 1.32 0.30 1.52 0.16 0.10 1.15 0.02 2.35
30.0-35.0 3.13 1.23 0.28 1.20 0.17 0.07 0.53 0.01 1.83
35.0-40.0 3.62 1.18 0.25 0.28 0.17 0.08 0.49 0.01 1.35
40.0-50.0 4.31 0.74 0.18 0.60 0.17 0.06 0.62 0.01 1.16
50.0-60.0 5.32 0.68 0.20 0.38 0.19 0.06 0.55 0.01 0.99
60.0-70.0 6.49 0.60 0.19 0.33 0.17 0.06 0.44 0.01 0.85
70.0-85.0 7.26 0.44 0.12 0.46 0.16 0.06 0.31 0.01 0.74
85.0-100.0 7.24 0.44 0.10 0.23 0.16 0.02 0.36 0.01 0.64
100.0-120.0 6.37 0.40 0.09 0.23 0.13 0.03 0.18 0.01 0.53
120.0-150.0 4.81 0.36 0.09 0.41 0.10 0.03 0.07 0.00 0.56
150.0-175.0 3.28 0.49 0.11 0.60 0.13 0.03 0.20 0.01 0.82
175.0-200.0 2.25 0.59 0.15 0.36 0.22 0.06 0.47 0.01 0.88
200.0-250.0 1.30 0.56 0.13 0.68 0.30 0.06 0.83 0.02 1.26
250.0-300.0 0.64 0.81 0.20 1.11 0.53 0.09 1.11 0.03 1.85
300.0-400.0 0.24 0.93 0.23 0.85 0.78 0.11 2.17 0.05 2.64
400.0-500.0 0.07 1.76 0.43 0.95 1.22 0.17 3.18 0.07 3.98
500.0-650.0 0.020 2.72 0.67 1.74 1.79 0.17 2.24 0.08 4.38
650.0-800.0 0.064 5.13 1.25 1.55 2.87 0.30 7.25 0.14 9.55

Table 21. Normalised differential cross-section for mc*.
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pT+ph bins|1/o do/d(pT+pf)| Data MC tt Lep. Jets/ Bkg. Lumi + | Total
[GeV] x107% [1/GeV] |stat. [%)] stat. [%] mod. [%] [%] b-tag. (%] [%] Ebeam [%]|unc. [%)]
50.0-60.0 2.36 1.23 0.48 1.76 0.85 0.17 0.55 0.01 2.42
60.0-70.0 6.82 0.62 0.21 0.44 0.43 0.12 0.78 0.01 1.20
70.0-80.0 9.67 0.49 0.13 0.22 0.25 0.09 0.44 0.01 0.76
80.0-100.0 10.85 0.29 0.08 0.31 0.25 0.05 0.46 0.01 0.68
100.0-125.0 9.09 0.29 0.06 0.20 0.22 0.01 0.32 0.01 0.53
125.0-150.0 5.93 0.36 0.08 0.50  0.17 0.04 0.04 0.00 0.64
150.0-200.0 2.79 0.37 0.09 0.34 0.32 0.08 0.53 0.01 0.81
200.0-250.0 0.96 0.63 0.17 1.11 0.72 0.13 1.69 0.04 2.25
250.0-300.0 0.37 1.09 0.26 0.76 1.07 0.14 2.49 0.07 3.03
300.0-400.0 0.11 1.42 0.36 2.08 1.64 0.17 4.00 0.09 5.02
400.0-600.0 0.013 2.84 0.83 297  3.38 0.37 11.44 0.20 12.65
Table 22. Normalised differential cross-section for p§ + pk..

p’ bins 1/o do/dp3 Data MC tt Lep.  Jets/ Bkg. Lumi + Total
[GeV] x107% [1/GeV] | stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Ebeam (%] |unc. [%)
0.0-20.0 3.08 0.64 0.20 0.47 0.29 0.12 0.47 0.01 0.99
20.0-30.0 6.55 0.61 0.16 0.77 0.27 0.17 0.42 0.01 1.13
30.0-45.0 8.29 0.42 0.10 0.47 0.25 0.09 0.47 0.01 0.84
45.0-60.0 10.53 0.37 0.09 0.55 0.17 0.06 0.42 0.01 0.81
60.0-75.0 11.48 0.35 0.08 0.23 0.13 0.03 0.40 0.01 0.60
75.0-100.0 8.84 0.29 0.07 0.24 0.05 0.04 0.19 0.00 0.43
100.0-125.0 4.60 0.43 0.09 0.66 0.30 0.12 0.37 0.00 0.94
125.0-150.0 1.87 0.67 0.16 0.53 0.73 0.21 1.46 0.03 1.86
150.0-200.0 0.54 0.93 0.22 0.73 1.20 0.28 3.13 0.08 3.57
200.0-300.0 0.082 1.78 0.48 3.71 2.24 0.33 11.38 0.22 12.32

Table 23. Normalised differential cross-section for pit‘.
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|A¢®| bins | 1/0 do/d|A¢*"|| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
[rad] %1072 [1/rad] |stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Fbeam [%)]|unc. [%]
0.00-0.10 20.94 1.11 0.24 0.61 0.14 0.13 0.15 0.01 1.31
0.10-0.21 20.81 1.11 0.24 0.59 0.13 0.11 0.26 0.01 1.32
0.21-0.31 20.72 1.04 0.24 1.39 0.13 0.12 0.32 0.01 1.79
0.31-0.42 21.04 1.07 0.22 0.25 0.14 0.10 0.35 0.01 1.19
0.42-0.52 21.20 1.02 0.22 0.90 0.13 0.08 0.12 0.01 1.39
0.52-0.63 21.87 1.01 0.22 1.19 0.12 0.09 0.22 0.01 1.60
0.63-0.73 22.04 0.99 0.22 0.62 0.12 0.10 0.29 0.01 1.24
0.73-0.84 22.76 0.93 0.22 1.26 0.11 0.08 0.32 0.01 1.62
0.84-0.94 23.06 1.00 0.23 1.22 0.11 0.08 0.20 0.00 1.61
0.94-1.05 23.57 0.97 0.22 0.47 0.10 0.06 0.07 0.01 1.11
1.05-1.15 24.66 0.96 0.22 0.82 0.11 0.07 0.24 0.01 1.31
1.15-1.26 25.94 0.92 0.21 0.49 0.09 0.06 0.15 0.01 1.08
1.26-1.36 26.87 0.89 0.20 0.84 0.08 0.07 0.20 0.00 1.26
1.36-1.47 28.40 0.89 0.20 0.42 0.07 0.09 0.14 0.00 1.02
1.47-1.57 29.15 0.88 0.20 0.31 0.06 0.04 0.16 0.00 0.97
1.57-1.68 30.17 0.86 0.20 0.45 0.06 0.03 0.37 0.00 1.06
1.68-1.78 31.77 0.85 0.20 0.32 0.04 0.04 0.07 0.00 0.93
1.78-1.88 32.83 0.83 0.21 0.35 0.03 0.07 0.35 0.00 0.99
1.88-1.99 34.62 0.79 0.20 0.50 0.02 0.03 0.16 0.00 0.97
1.99-2.09 36.31 0.79 0.20 0.51 0.03 0.03 0.10 0.00 0.97
2.09-2.20 37.97 0.74 0.18 0.89 0.03 0.03 0.11 0.00 1.18
2.20-2.30 39.74 0.73 0.20 0.84 0.05 0.06 0.20 0.00 1.15
2.30-2.41 40.84 0.71 0.18 0.21 0.06 0.06 0.38 0.00 0.86
2.41-2.51 42.60 0.71 0.18 0.45 0.08 0.06 0.12 0.00 0.87
2.51-2.62 43.50 0.69 0.19 0.47 0.09 0.08 0.13 0.01 0.87
2.62-2.72 44.70 0.69 0.19 0.47 0.10 0.08 0.14 0.01 0.88
2.72-2.83 45.46 0.68 0.17 0.84 0.12 0.09 0.08 0.01 1.11
2.83-2.93 46.22 0.69 0.18 0.53 0.13 0.09 0.15 0.01 0.92
2.93-3.04 46.94 0.67 0.18 0.64 0.14 0.08 0.19 0.01 0.98
3.04-3.14 48.24 0.65 0.16 0.49 0.14 0.13 0.11 0.01 0.86
Table 24. Normalised differential cross-section for |AgeH|.
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|y**| bins 1/o do/dly*"| Data MC tt Lep. Jets/ Bkg. Lumi+ | Total
- %1072 [1/units of y] |stat. [%)] stat. [%] mod. [%] [%] b-tag. [%] [%] Ebeam [%)]|unc. [%)
0.00-0.08 754.8 0.56 0.14 0.27 0.15 0.02 0.18 0.02 0.68
0.08-0.17 756.2 0.55 0.14 0.33 0.15 0.03 0.18 0.02 0.69
0.17-0.25 749.7 0.60 0.14 0.39 0.14 0.02 0.18 0.02 0.76
0.25-0.33 739.6 0.55 0.13 0.14 0.14 0.03 0.26 0.02 0.65
0.33-0.42 726.2 0.59 0.14 0.57 0.13 0.02 0.20 0.02 0.86
0.42-0.50 710.1 0.59 0.14 0.65 0.12 0.03 0.25 0.01 0.93
0.50-0.58 685.2 0.62 0.14 0.53 0.12 0.03 0.20 0.01 0.86
0.58-0.67 663.1 0.64 0.15 0.81 0.11 0.02 0.14 0.01 1.05
0.67-0.75 636.3 0.64 0.16 0.53 0.09 0.02 0.10 0.01 0.86
0.75-0.83 610.2 0.64 0.16 0.33 0.08 0.03 0.23 0.00 0.78
0.83-0.92 569.5 0.67 0.17 0.25 0.07 0.03 0.19 0.00 0.76
0.92-1.00 544.1 0.68 0.16 0.44 0.08 0.04 0.23 0.00 0.86
1.00-1.08 512.9 0.74 0.17 0.56 0.06 0.03 0.16 0.00 0.96
1.08-1.17 472.0 0.79 0.19 0.97 0.08 0.02 0.11 0.01 1.27
1.17-1.25 432.5 0.84 0.20 0.79 0.10 0.05 0.13 0.01 1.18
1.25-1.33 391.0 0.87 0.23 0.65 0.13 0.06 0.11 0.02 1.13
1.33-1.42 356.0 1.00 0.23 0.88 0.17 0.04 0.35 0.02 1.40
1.42-1.50 317.8 1.04 0.26 0.28 0.21 0.07 0.25 0.02 1.16
1.50-1.58 282.1 1.13 0.28 0.61 0.29 0.14 0.35 0.03 1.40
1.58-1.67 240.7 1.25 0.35 1.09 0.36 0.08 0.45 0.03 1.80
1.67-1.75 202.4 1.41 0.37 1.07 0.43 0.06 0.65 0.05 1.98
1.75-1.83 167.1 1.57 0.43 1.21 0.51 0.10 0.85 0.05 2.26
1.83-1.92 142.7 1.79 0.42 1.86 0.59 0.09 0.74 0.05 2.79
1.92-2.00 108.4 2.03 0.56 1.21 0.67 0.10 0.84 0.07 2.66
2.00-2.08 84.03 2.52 0.72 1.44 0.75 0.11 1.31 0.07 3.35
2.08-2.17 63.59 2.86 0.75 1.34 0.86 0.28 1.99 0.09 3.91
2.17-2.25 41.88 3.69 1.00 4.41 0.88 0.19 1.42 0.10 6.07
2.25-2.33 23.18 4.63 1.60 2.39 0.96 0.24 1.94 0.12 5.87
2.33-2.42 12.40 7.90 2.25 3.77 1.01 0.35 2.42 0.15 9.42
2.42-2.50 4.27 26.26 3.66 7.43 1.45 0.69 6.67 0.11 28.37

Table 25. Normalised differential cross-section for |yH|.
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|y | x m®* bins 1/0 d?c/d|y*|dmH Data MC tt Lep. Jets/ Bkg. Lumi + Total
- x1073 [1/GeV] stat. [%] stat. [%] mod. [%] [%] b-tag. (%] [%] Epeam (%] | unc. [%]

0.00-0.31 2.30 0.66 0.19 0.48 0.22 0.08 0.57 0.03 1.04

0.31-0.62 2.19 0.66 0.17 0.27 0.21 0.07 0.52 0.03 0.93

0.62-0.94 1.96 0.73 0.20 0.30 0.21 0.06 0.54 0.02 1.00

0.0 < m®H 0.94-1.25 1.67 0.82 0.21 0.58 0.19 0.08 0.79 0.01 1.31

< 70.0 GeV 1.25-1.56 1.33 1.05 0.29 0.36 0.29 0.07 0.54 0.01 1.31

1.56-1.88 0.92 1.33 0.38 1.72 0.55 0.09 1.04 0.04 2.50

1.88-2.19 0.50 1.89 0.58 1.61 0.72 0.16 1.26 0.06 2.94

2.19-2.50 0.12 4.18 1.41 3.10 0.84 0.26 1.38 0.10 5.63

0.00-0.31 5.12 0.65 0.17 0.72 0.21 0.04 0.33 0.03 1.06

0.31-0.62 4.84 0.70 0.17 0.44 0.21 0.03 0.26 0.02 0.91

0.62-0.94 4.26 0.78 0.18 1.19 0.19 0.02 0.44 0.02 1.52

70.0 < meH 0.94-1.25 3.63 0.84 0.20 0.88 0.18 0.03 0.44 0.01 1.32

< 100.0 GeV 1.25-1.56 2.73 1.05 0.29 0.92 0.22 0.17 0.47 0.01 1.53

1.56-1.88 1.69 1.44 0.41 0.68 0.37 0.09 0.71 0.03 1.83

1.88-2.19 0.76 2.38 0.67 0.57 0.60 0.11 1.29 0.06 2.91

2.19-2.50 0.17 5.86 1.39 2.83 0.73 0.69 2.29 0.10 7.11

0.00-0.31 4.46 0.69 0.16 0.32 0.21 0.04 0.26 0.03 0.84

0.31-0.62 4.24 0.72 0.16 0.55 0.21 0.03 0.20 0.02 0.97

0.62-0.94 3.73 0.82 0.18 0.58 0.16 0.03 0.14 0.01 1.04

100.0 < meH 0.94-1.25 3.10 0.91 0.22 0.50 0.14 0.02 0.18 0.00 1.08

< 130.0 GeV 1.25-1.56 2.15 1.14 0.26 0.89 0.15 0.07 0.38 0.02 1.53

1.56-1.88 1.19 1.71 0.40 1.01 0.35 0.07 0.62 0.04 2.14

1.88-2.19 0.50 2.90 0.66 1.81 0.73 0.10 1.13 0.08 3.74

2.19-2.50 0.09 7.54 1.92 4.18 1.02 0.37 2.77 0.12 9.32

0.00-0.31 2.56 0.60 0.13 0.52 0.21 0.04 0.19 0.01 0.85

0.31-0.62 2.42 0.62 0.14 0.78 0.18 0.03 0.20 0.01 1.05

0.62-0.94 2.09 0.69 0.16 0.50 0.14 0.04 0.29 0.00 0.93

130.0 < me# 0.94-1.25 1.58 0.83 0.19 1.07 0.16 0.06 0.34 0.01 1.42

< 200.0 GeV 1.25-1.56 1.01 1.10 0.25 1.70 0.22 0.07 0.22 0.03 2.07

1.56-1.88 0.53 1.66 0.38 1.96 0.62 0.10 0.38 0.06 2.70

1.88-2.19 0.19 3.26 0.76 2.20 1.23 0.08 0.71 0.10 4.25

2.19-2.50 0.038 9.42 2.36 9.26 1.84 0.25 2.92 0.18 13.86

0.00-0.31 0.20 0.75 0.17 0.83 0.42 0.08 1.32 0.02 1.79

0.31-0.62 0.18 0.77 0.18 1.12 0.47 0.08 1.47 0.02 2.07

0.62-0.94 0.14 0.87 0.21 0.31 0.54 0.07 1.43 0.03 1.80

200.0 < m°H 0.94-1.25 0.10 1.14 0.27 1.60 0.70 0.09 1.41 0.04 2.54

< 800.0+ GeV  1.25-1.56 0.056 1.70 0.37 2.57 1.01 0.12 1.03 0.06 3.43

1.56-1.88 0.024 2.73 0.76 2.92 1.49 0.17 1.62 0.11 4.63

1.88-2.19 0.0063 6.52 1.56 5.43 2.29 0.30 1.36 0.18 9.04

2.19-2.50 0.00070 20.92 7.42 23.90 3.57 1.30 3.72 0.27 33.05

Table 26. Normalised double-differential cross-section for |y°#|: m®. The cross-section measured
in the last region includes events with an invariant mass greater than 800 GeV.
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|Ap®H | x m®* bins 1/0 d?c/d|A¢H |dm P Data MC tt Lep. Jets/ Bkg. Lumi + Total
[rad] %1073 [1/rad GeV] stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] FEpeam (%] | unc. [%]

0.00-0.39 2.06 0.66 0.15 1.02 0.12 0.10 0.40 0.01 1.30

0.39-0.79 2.02 0.64 0.14 0.54 0.12 0.08 0.47 0.01 0.98

0.79-1.18 1.80 0.69 0.16 0.66 0.15 0.05 0.61 0.01 1.16

0.0 < meH 1.18-1.57 1.31 0.81 0.20 0.63 0.28 0.05 0.68 0.01 1.28

< 70.0 GeV 1.57-1.96 0.75 1.12 0.39 0.50 0.33 0.09 0.63 0.01 1.47

1.96-2.36 0.39 1.72 0.81 1.24 0.47 0.27 0.96 0.03 2.53

2.36-2.75 0.24 2.32 1.30 2.54 0.50 0.38 1.47 0.03 4.01

2.75-3.14 0.16 2.59 1.75 1.35 0.69 0.45 1.82 0.06 3.95

0.00-0.39 0.91 1.50 0.33 0.59 0.16 0.11 0.66 0.01 1.79

0.39-0.79 1.14 1.26 0.29 0.74 0.14 0.08 0.21 0.01 1.51

0.79-1.18 1.78 1.05 0.24 1.08 0.15 0.13 0.20 0.01 1.55

70.0 < m°eH 1.18-1.57 2.92 0.82 0.18 0.78 0.10 0.07 0.17 0.01 1.17

<100.0GeV  1.57-1.96 3.44 0.79 0.18 0.67 0.22 0.04 0.31 0.01 1.12

1.96-2.36 3.20 0.79 0.21 0.82 0.28 0.06 0.77 0.01 1.42

2.36-2.75 2.68 0.87 0.26 0.59 0.32 0.11 0.77 0.01 1.37

2.75-3.14 2.38 0.97 0.29 1.14 0.31 0.23 0.68 0.01 1.72

0.00-0.39 0.51 1.97 0.43 2.34 0.24 0.20 0.67 0.01 3.17

0.39-0.79 0.62 1.73 0.37 1.71 0.28 0.11 0.45 0.01 2.52

0.79-1.18 0.88 1.41 0.32 1.40 0.24 0.11 0.76 0.01 2.17

100.0 <m®¥*  1.18-1.57 1.52 1.08 0.24 0.54 0.19 0.13 0.46 0.00 1.33

<130.0GeV  1.57-1.96 2.46 0.86 0.20 0.50 0.10 0.05 0.17 0.00 1.03

1.96-2.36 3.13 0.78 0.18 0.93 0.21 0.04 0.24 0.01 1.27

2.36-2.75 3.20 0.79 0.17 0.74 0.24 0.08 0.54 0.01 1.25

2.75-3.14 3.16 0.80 0.18 0.30 0.29 0.06 0.36 0.01 0.99

0.00-0.39 0.22 1.99 0.41 3.94 0.35 0.19 0.76 0.03 4.51

0.39-0.79 0.25 1.88 0.40 2.86 0.31 0.13 1.14 0.02 3.64

0.79-1.18 0.32 1.56 0.34 1.47 0.27 0.12 0.93 0.01 2.38

130.0 <m®* 1.18-1.57 0.54 1.24 0.27 1.04 0.34 0.13 0.68 0.01 1.82

<200.0GeV  1.57-1.96 0.97 0.89 0.20 0.84 0.27 0.09 0.71 0.01 1.46

1.96-2.36 1.61 0.70 0.16 0.58 0.15 0.05 0.11 0.01 0.94

2.36-2.75 2.11 0.61 0.14 0.60 0.17 0.06 0.13 0.00 0.90

2.75-3.14 2.26 0.60 0.14 0.39 0.20 0.08 0.24 0.00 0.79

0.00-0.39 0.0089 3.43 0.71 3.20 0.58 0.19 2.30 0.04 5.31

0.39-0.79 0.010 3.05 0.66 2.58 0.57 0.19 3.12 0.04 5.15

0.79-1.18 0.014 2.57 0.58 2.22 0.65 0.13 2.44 0.03 4.28

200.0 < m®*  1.18-1.57 0.022 2.13 0.47 1.80 0.53 0.20 2.44 0.03 3.77

< 800.04+ GeV  1.57-1.96 0.040 1.55 0.35 0.95 0.61 0.16 2.55 0.04 3.22

1.96-2.36 0.085 1.07 0.23 0.89 0.60 0.12 1.81 0.03 2.38

2.36-2.75 0.16 0.73 0.19 0.37 0.54 0.08 1.17 0.03 1.54

2.75-3.14 0.22 0.65 0.15 0.61 0.53 0.13 0.87 0.03 1.37

Table 27. Normalised double-differential cross-section for |A¢®*|: m. The cross-section mea-
sured in the last region includes events with an invariant mass greater than 800 GeV.

— 50 —



[APeH| x pfi,” bins 1/c dzo'/d\Aqbe“|dp,er” Data MC tt Lep. Jets/ Bkg. Lumi + Total
[rad] x1073 [1/rad GeV] stat. [%] stat. (%] mod. [%] [%] b-tag. (%] [%] FEbeam (%) | unc. [%]

0.00-1.65 0.0070 8.68 3.10 8.35 1.61 0.27 5.85 0.02 13.84

0.0< pf}” 1.65-2.02 0.46 2.10 0.79 2.35 0.58 0.17 1.36 0.01 3.57

< 40.0 GeV 2.02-2.40 1.76 1.02 0.36 1.18 0.33 0.12 0.76 0.01 1.81

2.40-2.77 4.43 0.60 0.17 0.28 0.32 0.12 0.48 0.01 0.90

2.77-3.14 7.16 0.46 0.12 0.36 0.28 0.14 0.40 0.01 0.78

0.00-0.31 0.75 2.37 0.52 2.16 0.66 0.24 0.97 0.02 3.46

0.31-0.63 0.96 1.99 0.42 1.09 0.56 0.13 1.05 0.03 2.60

0.63-0.94 1.29 1.70 0.38 0.53 0.50 0.07 1.29 0.02 2.28

0.94-1.26 1.94 1.34 0.31 1.23 0.40 0.08 0.73 0.02 2.02

40.0 < p,pi‘“ 1.26-1.57 3.07 1.07 0.25 1.02 0.32 0.08 0.58 0.01 1.64

< 65.0 GeV 1.57-1.88 4.41 0.86 0.22 0.80 0.28 0.05 0.32 0.01 1.27

1.88-2.20 5.72 0.70 0.18 0.78 0.33 0.06 0.63 0.01 1.28

2.20-2.51 6.23 0.68 0.15 0.27 0.34 0.08 0.68 0.01 1.07

2.51-2.83 5.24 0.74 0.17 0.93 0.24 0.09 0.16 0.01 1.24

2.83-3.14 3.69 0.88 0.21 0.91 0.22 0.11 0.21 0.01 1.32

0.00-0.31 5.40 0.63 0.14 0.64 0.14 0.12 0.17 0.01 0.94

0.31-0.63 5.42 0.62 0.13 0.28 0.14 0.09 0.16 0.01 0.73

0.63-0.94 5.54 0.58 0.13 0.86 0.13 0.10 0.21 0.00 1.08

0.94-1.26 5.68 0.58 0.13 0.86 0.13 0.08 0.09 0.00 1.06

65.0 < p;‘“' 1.26-1.57 5.83 0.58 0.13 0.57 0.12 0.10 0.31 0.00 0.89

< 100.04+ GeV 1.57-1.88 5.59 0.60 0.13 0.47 0.15 0.08 0.53 0.01 0.95

1.88-2.20 5.14 0.61 0.14 0.51 0.26 0.08 0.64 0.01 1.07

2.20-2.51 4.25 0.69 0.16 0.52 0.45 0.10 0.85 0.02 1.30

2.51-2.83 3.09 0.78 0.20 0.20 0.68 0.08 1.13 0.04 1.56

2.83-3.14 2.44 0.94 0.23 0.90 0.80 0.17 1.55 0.04 2.20

Table 28. Normalised double-differential cross-section for |A¢*|: pit’. The cross-section measured
in the last region includes events with a pr greater than 100 GeV.
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|[ApH | X (E€ + E*) bins 1/0 d2c/d|A¢°H|d(E® + EF*)| Data MC tt Lep. Jets/  Bkg. Lumi + Total
[rad] %1073 [1/rad GeV] stat. [%] stat. [%] mod. [%] [%] b-tag. [%] [%] FEpeam [%]|unc. [%]

0.00-0.39 0.41 1.19 0.27 0.72 0.30 0.11 0.78 0.04 1.65

0.39-0.79 0.42 1.12 0.24 1.68 0.30 0.08 0.83 0.03 2.22

0.79-1.18 0.42 1.07 0.26 0.49 0.30 0.10 0.94 0.03 1.56

0.0< E°4+EF 1.18-1.57 0.42 1.11 0.27 0.40 0.33 0.07 0.62 0.03 1.40

< 110.0 GeV 1.57-1.96 0.42 1.11 0.31 0.76 0.34 0.07 0.67 0.03 1.57

1.96-2.36 0.40 1.15 0.44 1.23 0.35 0.19 0.53 0.03 1.86

2.36-2.75 0.40 1.20 0.44 0.94 0.35 0.18 1.01 0.02 1.92

2.75-3.14 0.38 1.23 0.50 1.38 0.35 0.16 0.76 0.02 2.10

0.00-0.39 1.30 1.28 0.27 1.49 0.20 0.11 0.28 0.03 2.01

0.39-0.79 1.37 1.15 0.26 0.68 0.20 0.06 0.83 0.03 1.61

0.79-1.18 1.48 1.13 0.24 0.51 0.22 0.05 0.48 0.02 1.37

110.0< E€+ EM 1.18-1.57 1.61 1.08 0.24 1.03 0.23 0.02 0.58 0.03 1.63

< 140.0 GeV 1.57-1.96 1.65 1.04 0.27 0.75 0.28 0.06 0.23 0.02 1.36

1.96-2.36 1.75 1.02 0.25 0.88 0.30 0.06 0.85 0.02 1.64

2.36-2.75 1.70 1.07 0.26 0.64 0.32 0.08 0.81 0.02 1.54

2.75-3.14 1.71 1.03 0.26 0.49 0.36 0.06 0.57 0.03 1.36

0.00-0.39 0.94 1.05 0.23 1.01 0.17 0.12 0.21 0.01 1.50

0.39-0.79 1.00 0.96 0.21 0.55 0.15 0.09 0.25 0.01 1.16

0.79-1.18 1.08 0.92 0.21 0.93 0.16 0.11 0.17 0.01 1.35

140.0< E®+ E* 1.18-1.57 1.29 0.86 0.19 1.21 0.15 0.06 0.28 0.01 1.53

< 200.0 GeV 1.57-1.96 1.48 0.78 0.19 0.86 0.18 0.04 0.13 0.01 1.20

1.96-2.36 1.68 0.75 0.18 0.48 0.25 0.04 0.34 0.02 1.00

2.36-2.75 1.78 0.72 0.18 1.06 0.28 0.10 0.34 0.01 1.37

2.75-3.14 1.78 0.72 0.18 0.71 0.30 0.08 0.43 0.01 1.15

0.00-0.39 0.55 1.57 0.33 1.04 0.24 0.18 0.29 0.01 1.96

0.39-0.79 0.57 1.46 0.33 2.19 0.24 0.11 0.27 0.01 2.68

0.79-1.18 0.65 1.32 0.31 0.80 0.20 0.10 0.38 0.01 1.63

200.0< E€+ EM 1.18-1.57 0.81 1.20 0.26 0.85 0.15 0.12 0.33 0.00 1.54

< 250.0 GeV 1.57-1.96 0.97 1.11 0.25 1.21 0.14 0.05 0.18 0.00 1.67

1.96-2.36 1.20 0.94 0.23 1.29 0.15 0.02 0.21 0.00 1.63

2.36-2.75 1.39 0.92 0.21 0.32 0.24 0.05 0.31 0.00 1.07

2.75-3.14 1.48 0.87 0.21 0.51 0.25 0.17 0.23 0.00 1.10

0.00-0.39 0.059 1.32 0.30 1.71 0.50 0.19 1.17 0.04 2.53

0.39-0.79 0.064 1.22 0.29 1.68 0.51 0.16 1.54 0.04 2.66

0.79-1.18 0.077 1.16 0.26 1.15 0.47 0.11 1.11 0.04 2.05

250.0< E€+ EM 1.18-1.57 0.10 1.07 0.24 0.69 0.47 0.15 1.11 0.04 1.78

< 900.04 GeV  1.57-1.96 0.13 0.84 0.20 0.80 0.45 0.11 1.14 0.04 1.70

1.96-2.36 0.19 0.73 0.16 0.58 0.38 0.07 0.79 0.04 1.29

2.36-2.75 0.25 0.57 0.15 0.49 0.38 0.06 0.76 0.04 1.15

2.75-3.14 0.30 0.56 0.13 0.58 0.40 0.12 0.55 0.04 1.07

Table 29. Normalised double-differential cross-section for |A¢<#|: E€+ E*. The cross-section
measured in the last region includes events with a sum of the two energies greater than 900 GeV.
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