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Abstract

Differential cross sections for top quark pair (tt) production are measured in proton-
proton collisions at a center-of-mass energy of 13 TeV using a sample of events con-
taining two oppositely charged leptons. The data were recorded with the CMS detec-
tor at the CERN Large Hadron Collider and correspond to an integrated luminosity
of 138 fb−1. The differential cross sections are measured as functions of kinematic
observables of the tt system, the top quark and antiquark and their decay products,
as well as of the number of additional jets in the event. The results are presented as
functions of up to three variables and are corrected to the parton and particle levels.
When compared to standard model predictions based on quantum chromodynamics
at different levels of accuracy, it is found that the calculations do not always describe
the observed data. The deviations are found to be largest for the multi-differential
cross sections.
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1 Introduction
Measurements of top quark pair (tt) production play a crucial role in testing the validity of the
standard model (SM) and in searching for new phenomena [1]. The large data set of proton-
proton (pp) collisions delivered during Run 2 at the CERN Large Hadron Collider (LHC) in the
years 2016 through 2018 enables precision studies of tt differential production cross sections as
functions of kinematic variables of various objects produced in the events. The differential
measurements provide sensitivity to many new physics scenarios [2–10] for which the tt event
topologies and kinematical distributions are different from those in the SM. The present anal-
ysis focuses on events in the tt dilepton decay channel, shown in Fig. 1, where both W bosons
decay into a charged lepton and a neutrino. Kinematic observables of the following objects are
studied in the analysis: the tt system, the top quark (t) and antiquark (t), the charged leptons
(ℓ and ℓ ) and bottom quarks (b and b) produced in the decay chain, and the additional jets in
the event. Electrons and muons produced directly in the W boson decays are considered as
signal, while τ leptons are not. The bottom quarks are experimentally accessible through the
associated b jets.

In the SM context, the measured cross sections can be used to check predictions of perturbative
quantum chromodynamics (pQCD) and electroweak theory. During the last decade, a variety
of next-to-next-to-leading order (NNLO) predictions [11–16] have become available for kine-
matic observables of the tt system, top quark and antiquark, and recently also of the final-state
leptons and b jets [17]. The situation is different for tt events with additional energetic jets in
the final state, which, at LHC energies, contribute a large fraction to the total tt cross section.
The NNLO corrections are not yet established for these high multiplicity radiative processes;
nevertheless, a comparison of the available pQCD models to data provides an important bench-
mark test.
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Figure 1: Illustration of a pp collision with tt plus additional jet production and subsequent
dilepton decay of the tt system.

Differential cross sections for tt production have been measured previously in pp collisions at
the LHC at

√
s = 7 TeV [18–22], 8 TeV [22–29], and 13 TeV [30–47], in the channels with either

both, one, or neither of the W bosons emitted in the decays of t and t decaying leptonically.
The nominal predictions of modern pQCD calculations generally fail to describe several kine-
matic distributions. For instance, most theoretical models predict a spectrum for the transverse
momentum pT of the top quark, that is harder than observed [37, 38].

We present measurements of differential tt cross sections in pp collisions at
√

s = 13 TeV using
data taken with the CMS detector during the Run-2 operation of the LHC. The analysis is based
on an integrated luminosity of 138 fb−1, where 36.3 fb−1 were recorded in 2016, 41.5 fb−1 in
2017, and 59.7 fb−1 in 2018. The dilepton decay channel has a relatively small branching fraction
and significantly lower background compared to other tt decay channels. As a consequence
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of the excellent lepton energy resolution, the precise measurement of kinematic observables
based on lepton pairs is unique to the dilepton channel. However, because of the presence of
two neutrinos in the final state, the measurement of top quark kinematic observables in the
dilepton channel requires specialized kinematic reconstruction techniques.

The analysis follows the procedures and strategies of Refs. [38, 39] for which only the 2016 data
were used. All measurements are compared to predictions from Monte Carlo (MC) generators
with next-to-leading order (NLO) accuracy in QCD at the matrix element level interfaced to
parton shower simulations. Selected cross section measurements are also compared to a variety
of predictions with precision beyond NLO.

The distributions studied in this paper are of basic kinematic observables including the pT,
and pseudorapidities η or rapidities y of single objects, e.g. pT(t) and y(t), or of compound
systems, e.g. pT(tt) and y(tt). Distributions of invariant masses of compound objects are also
investigated, e.g. m(tt), as well as the azimuthal or rapidity differences between two objects,
e.g. |∆ϕ(t, t)|, |y(t)| − |y(t)|, and |∆η(t, t)|, where ϕ is the azimuthal angle in radians. Cross
sections are measured at the particle level in a fiducial phase space that is close to that of the
detector acceptance. In addition, we extract cross sections for kinematic observables of the
top quark and antiquark and the tt system defined at the parton level in the full phase space,
which allows a comparison to a larger set of higher-order pQCD calculations. Both absolute
and normalized differential cross sections are presented. The latter are obtained by dividing the
former by the sum of the cross sections measured in the differential bins, leading to a reduction
of systematic uncertainties. Cross sections are measured as functions of one kinematic variable
(single-differential), or multi-differentially as functions of two or three variables (double- or
triple-differential). The improvements of this analysis compared to Refs. [38, 39] fall into two
categories:

1. Measurements are expanded by considering new kinematic observables, using refined
binnings and extending the phase space range. An example of a new kinematic observ-
able is the ratio pT(t)/m(tt), revealing interesting details of the tt production dynamics.
A finer binning and extended phase space range is used, in particular for the kinematic
distributions of leptons and b jets. For measurements with additional jets in the events, a
systematic survey of the correlations of the top quark and tt kinematic variables with the
number of additional jets in the events is performed in the dilepton channel for the first
time.

2. The statistical and systematic uncertainties of the measurements are generally reduced
by a factor of about two, the latter profiting from the following improvements: using
refined procedures and algorithms, such as for identifying b jets and measuring their pT;
applying precise calibrations determined separately for each year of data taking, such as
for the jet energy scale; having better estimates for some important background process
contributions using in situ constraints from data; exploiting MC simulated samples with
reduced statistical uncertainties to correct the data for detector effects and for assessing
systematic uncertainties.

The paper is structured as follows: Section 2 provides a brief description of the CMS detec-
tor. Details of the event simulation are given in Section 3. The event selection is detailed in
Section 4, followed by a description of the kinematic reconstruction in Section 5 where compar-
isons between data and simulations are shown. The signal extraction and unfolding procedure
are explained in Section 6, together with the definitions of the parton and particle level phase
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spaces. The method to extract the differential cross sections is discussed in Section 7, and the
assessment of the systematic uncertainties is presented in Section 8. Results and comparisons
to theoretical predictions are shown in Section 9. Finally, Section 10 provides a summary. Tab-
ulated results can be found in HEPData [48].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the η coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered trigger system [49]. The first level
(L1), composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz within a time interval of less than
4 µs. The second level, known as the high-level trigger (HLT), consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, and
reduces the event rate to around 1 kHz before data storage. A more detailed description of
the CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in Ref. [50].

3 Event simulation
Simulations of physics processes are performed with MC event generators for three main pur-
poses. First, to obtain representative predictions of tt production cross sections to be compared
to the measurements. Second, to determine corrections for the effects of hadronization, recon-
struction, and selection efficiencies, as well as resolutions. These corrections are obtained by
passing generated tt signal events through a detector simulation, and are applied for the un-
folding of the data. Last, to obtain predictions for the backgrounds by passing generated back-
ground events through the detector simulation. All MC programs used in this analysis perform
the event generation in several stages: matrix element (ME) level, parton showering matched to
ME, hadronization, and the underlying event (UE), including multi-parton interactions (MPIs).
For all simulations, the proton structure is described by the NNPDF3.1 NNLO set [51, 52] of
parton distribution functions (PDFs), unless stated otherwise. For all simulations with top
quark production, the value of the top quark mass parameter is fixed to mMC

t = 172.5 GeV. The
tt signal process is simulated with ME calculations at NLO in QCD. For the nominal signal sim-
ulation, the POWHEG (version 2) [53–56] generator is taken. The hdamp parameter of POWHEG,
which regulates the damping of real emissions in the NLO calculation when matching to the
parton shower, is set to hdamp = 1.379 mMC

t [57]. The PYTHIA 8 program (version 8.230) [58]
with the CP5 tune [57] is used to model parton showering, hadronization, and the UE. This
setup, referred to as POWHEG+PYTHIA 8 , is used for the detector corrections of the tt signal
process in the data, with appropriate variations for assessing the theoretical model uncertain-
ties, described in Section 8.2. The generator-level cross sections of POWHEG+PYTHIA 8 are also
used as theoretical predictions that are compared in Section 9 to the measured tt cross sections,
as well as the predictions from two other models. The first alternative model is based on the
MADGRAPH5 aMC@NLO (version 2.4.2) [59] generator, interfaced with PYTHIA 8 using the CP5
tune. At the ME level, up to two extra partons are included at NLO. The events are matched
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to PYTHIA 8 using the FxFx prescription [60, 61], and MADSPIN [62] is used to model the de-
cays of the top quarks, while preserving their spin correlation. The whole setup is referred to
as MG5 aMC@NLO[FxFx]+PYTHIA 8 . The second alternative model is POWHEG interfaced to
HERWIG7 [63] using the CH3 tune [64] and is referred to as POWHEG+HERWIG7 .

The main background contributions originate from single top quarks produced in association
with a W boson (tW), Z/γ∗ bosons produced with additional jets (Z+jets), W boson produc-
tion with additional jets (W+jets), and diboson (WW, WZ, and ZZ) events. Other backgrounds
are negligible.

For all background samples, parton showering, hadronization, and the UE are simulated with
PYTHIA 8. For single top quark production, the t-channel and tW processes are simulated at
NLO with POWHEG [65–67], and the s-channel process at LO with MADGRAPH5 aMC@NLO.
In all three cases the PYTHIA 8 CP5 tune is used. For all other background samples discussed
in the following, the CP5 tune is applied for the 2017 and 2018 samples, and the CUETP8M1
tune [61, 68, 69] for the 2016 samples. For the latter, the PDF set NNPDF3.0 [70] is used with the
order (e.g. NLO) of the respective simulation. The Z+jets process is simulated at NLO using
MG5 aMC@NLO[FxFx] with up to two additional partons at the ME level. The W+jets process
is simulated at leading order (LO) using MADGRAPH5 aMC@NLO with up to four additional
partons at the ME level and matched to PYTHIA 8 using the MLM prescription [71, 72]. Diboson
events are simulated at LO with PYTHIA 8.

Predictions are normalized based on their inclusive theoretical cross sections and the integrated
luminosity of the data sample. For s- and t-channel single top quark production, the cross
sections are calculated at NLO with HATHOR (version 2.1) [73]. For single top quark production
in the tW channel, the approximate NNLO calculations from Ref. [74] are used. For Z+jets
and W+jets processes, NNLO predictions obtained with FEWZ [75] are taken, and for diboson
production the NLO calculations from Ref. [76] are applied. The tt simulation is normalized
to a cross section of 831 ±20

30 (scale) ± 35 (PDF + αs)pb calculated with the TOP++ (version 2.0)
program [77] at NNLO, including resummation of next-to-next-to-leading logarithm (NNLL)
soft-gluon terms [78–83], and assuming a top quark pole mass of 172.5 GeV.

The CMS detector response is simulated using GEANT4 [84]. The effect of additional pp in-
teractions within the same or nearby bunch crossings (pileup) is taken into account by adding
simulated minimum-bias interactions to the simulated data. Events in the simulation are then
weighted to reproduce the pileup distribution in the data, which is estimated from the mea-
sured bunch-to-bunch instantaneous luminosity and assuming a total inelastic pp cross section
of 69.2 mb [85]. Separate simulations are employed for the data taken in the three years 2016–
2018, in order to match the varying detector performance and data-taking conditions. At every
step of the analysis, the simulated samples from different years are added together and used
as one single sample, both at the detector and the generator levels.

Correction factors described in Sections 6 and 8, subsequently referred to as scale factors, are
used to reconcile the number of expected events from simulation with what is observed in data.
They are applied, for example, to correct a detector efficiency in the simulation to match the one
observed in data, or to scale a background prediction.

4 Event selection
The event selection closely follows that of Ref. [38]. Events are selected corresponding to the
decay chain where both top quarks decay into a W boson and a bottom quark, and each of the
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W bosons decays directly into an electron or a muon and a neutrino. This specification defines
the signal process, while all other tt events, including those with at least one electron or muon
originating from the decay of a τ lepton, are treated as background which is taken into account,
as detailed in Section 6. The signal includes three distinct channels: two same-flavor channels
corresponding to two electrons (e+e−) or two muons (µ+µ−), and the different-flavor channel
corresponding to one electron and one muon (e±µ∓). Results are obtained by combining the
three channels and adding, at every step of the analysis, the samples from the years 2016–2018.

At the HLT level, events are selected either by single-lepton or dilepton triggers. The former
require the presence of at least one electron or muon, and the latter the presence of either
two electrons, two muons, or an electron and a muon. For all employed triggers, the leptons
are required to fulfill isolation criteria that are looser than those applied later in the offline
analysis. For the single-electron triggers, a pT threshold of 27 (32) GeV is applied in 2016 (2017–
2018), while for single-muon triggers the pT threshold is 24 (27) GeV in 2016/2018 (2017). The
dilepton triggers select events based on the leptons with the highest (leading) and second-
highest (trailing) pT in the event. The same-flavor dilepton triggers require either an electron
pair with pT > 23 (12) GeV for the leading (trailing) electron or a muon pair with pT > 17
(8) GeV for the leading (trailing) muon. The different-flavor dilepton triggers require either an
electron with pT > 23 GeV and a muon with pT > 8 GeV, or a muon with pT > 23 GeV and
an electron with pT > 12 GeV. The analysis mainly relies on the dilepton triggers, while the
single-lepton triggers help to improve the overall trigger efficiency by about 10%.

The particle-flow (PF) algorithm [86] aims to reconstruct and identify each individual particle
with an optimized combination of information from the various elements of the CMS detector.
The energy of muons is obtained from the curvature of the corresponding track. The energy
of electrons is inferred from a combination of the electron momentum at the primary interac-
tion vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially compatible with originating from the
electron track. The energy of photons is directly obtained from the ECAL measurement. The
energy of charged hadrons is determined from a combination of their momentum measured
in the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

The measurements presented in this paper depend on the reconstruction and identification
of electrons, muons, jets, and missing transverse momentum p⃗ miss

T associated with neutrinos.
Electrons and muons are selected if they are compatible with originating from the primary
pp interaction vertex. The primary vertex (PV) is taken to be the vertex corresponding to the
hardest scattering in the event, evaluated using tracking information alone, as described in
Section 9.4.1 of Ref. [87].

For both electrons and muons, the “tight” identification criteria as described in Refs. [88, 89]
are applied. Reconstructed electrons [88] are required to have pT > 25 (20) GeV for the leading
(trailing) candidate and |η| < 2.4. Electron candidates with ECAL clusters in the transition
region between the ECAL barrel and endcap, 1.44 < |ηcluster| < 1.57, are excluded since the re-
construction of an electron object in this region is not optimal. A relative isolation Irel is defined
as the pT sum of all neutral and charged hadrons, and photon candidates within a distance of
0.3 from the electron in η-ϕ space, divided by the pT of the electron candidate. A maximum
value of Irel is allowed, in the range 0.05–0.10, depending on the pT and η of the electron can-
didate. Further electron identification requirements are applied to reject misidentified electron
candidates and candidates originating from photon conversions. Reconstructed muons [89]
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are required to have pT > 25 (20) GeV for the leading (trailing) candidate and |η| < 2.4. An
isolation requirement of Irel < 0.15 is applied, including particles within a distance of 0.4 in η-
ϕ space from the muon candidate. Furthermore, muon identification requirements are applied
to reject misidentified muon candidates and muons originating from in-flight decays. For both
electron and muon candidates, Irel is corrected for residual pileup effects. Finally, for the tar-
geted prompt leptons in the tt dilepton decay channel, the total selection efficiencies are about
90% for muons and 70% for electrons.

Jets are reconstructed by clustering the PF candidates using the anti-kT jet algorithm [90, 91]
with a distance parameter of 0.4. The jet energies are corrected following the procedures de-
scribed in Ref. [92]. After correcting for all residual energy deposits from charged and neutral
particles from pileup, pT- and η-dependent jet energy adjustments are applied to correct for
the detector response. Jets are required to have pT > 30 GeV and |η| < 2.4 and a distance in
η-ϕ space of at least 0.4 to the closest selected lepton.

The b jets are identified with the deep neural network algorithm DEEPCSV [93], based on
tracking and secondary vertex information. The chosen working point of the network discrim-
inator has a b-jet tagging efficiency of ≈ 80–90% and a mistagging efficiency of ≈ 1% for jets
originating from gluons, as well as u, d, or s quarks, and ≈ 30–40% for jets originating from
c quarks. The energy measurement of the b-tagged jets is improved using a deep neural net-
work estimator [94] that performs a regression after all other jet energy corrections have been
applied.

The p⃗ miss
T is computed as the negative vector sum of the transverse momenta of all the PF

candidates in an event, and its magnitude is denoted as pmiss
T [95]. The p⃗ miss

T is updated when
accounting for corrections to the energy scale of reconstructed jets in the event. The pileup per
particle identification algorithm [96] is applied to reduce the pileup dependence of the p⃗ miss

T
observable. The p⃗ miss

T is computed from the PF candidates weighted by their probability to
originate from the primary interaction vertex [95].

Events are selected offline if they contain exactly two isolated, oppositely charged electrons
or muons, (e+e−, µ+µ−, e±µ∓) and at least two jets, with at least one of these jets being b
tagged. Events with an invariant mass of the lepton pair m(ℓℓ) below 20 GeV are removed
in order to suppress contributions from resonance decays and low-mass Drell–Yan processes.
Backgrounds from Z+jets processes in the e+e− and µ+µ− channels are further reduced by
requiring m(ℓℓ) < 76 GeV or m(ℓℓ) > 106 GeV, and pmiss

T > 40 GeV.

In this analysis, the tt production cross section is also measured as a function of the extra jet
multiplicity Njet. Extra jets (also referred to as additional jets) are jets arising primarily from
hard QCD radiation and not from the top quark decays. At the reconstruction level, the extra
jets in dilepton tt candidate events are defined as jets with pT > 40 GeV and |η| < 2.4 that are
isolated from the leptons and from the b jets originating from the top quark decays. These two
b jets are identified by the tt kinematic reconstruction algorithms discussed in Section 5. The
extra jet is considered isolated when having a distance to the leptons in η-ϕ space of at least 0.4
and a distance to the b jets from top quark decays of at least 0.8. The requirements on pT and
isolation of extra jets largely eliminate the expected contributions from gluons radiated off b
quarks produced in the top quark decays.
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5 Kinematic reconstruction of the tt system
The four-momenta of the top quark and antiquark are determined from the four-momenta of
their decay products using a kinematic reconstruction method referred to as the “full kinematic
reconstruction” [23]. In this reconstruction, the two pairs consisting of a lepton and a b jet from
the decay are identified, and the top quark (antiquark) is associated with the pair containing
the lepton with positive (negative) charge. The three-momenta of the neutrino (ν) and antineu-
trino (ν ) are reconstructed using algebraic equations deduced from the following six kinematic
constraints: the conservation of the total pT in the event, and the masses of the W bosons and of
the top quark and antiquark. The mass values used in the constraints are 172.5 GeV for the top
quark and antiquark, and 80.4 GeV for the W bosons. The p⃗ miss

T in the event is assumed to orig-
inate solely from the two neutrinos. An ambiguity can arise due to multiple algebraic solutions
of the constraint equations for the neutrino momenta, which is resolved by taking the solu-
tion with the smallest invariant mass of the tt system [97]. The reconstruction is performed 100
times. Each time, the measured energies and directions of the reconstructed leptons and jets are
randomly smeared in accordance with their resolutions. This procedure recovers events that
initially yield no solution because of measurement fluctuations. The three-momenta of the two
neutrinos are determined as a weighted average over all smeared solutions. For each solution,
the weight is calculated based on the expected true spectrum of the invariant mass of the lepton
and the b jet originating from the decay of a top quark m(ℓb) and taking the product of the two
weights for the top quark and antiquark decay chains. All possible lepton-jet combinations
in the event that satisfy the requirement m(ℓb) < 180 GeV are considered. Combinations are
ranked based on the presence of b-tagged jets in the assignments, i.e. a combination with both
leptons assigned to b-tagged jets is preferred over those with one or no b-tagged jet. Among
assignments with an equal number of b-tagged jets, the one with the highest sum of weights is
taken. Events with no solution after smearing are rejected. The efficiency of the full kinematic
reconstruction is defined as the number of events for which a solution is found divided by the
total number of selected tt events after the full event selection described in Section 4. Consis-
tent results are observed in data and simulation. The efficiency for signal events is about 90%.
Performing the reconstruction more than 100 times does not significantly alter the efficiency
and kinematic resolutions. After applying the complete event selection and the full kinematic
reconstruction, about 1.2 million events are observed, with shares of 56, 14, and 30% for the
e±µ∓, e+e−, and µ+µ− channels, respectively. Combining all decay channels, the estimated
signal fraction in data is about 80%.

Distributions of the reconstructed top quark and tt kinematic variables, obtained with the full
kinematic reconstruction, are shown in Fig. 2 and the upper plots in Fig. 3. Furthermore, the
multiplicity of jets in the events is presented in Fig. 2. The pT(t) and y(t) spectra include contri-
butions from both the top quark and antiquark. The expected signal and background contribu-
tions are estimated as described in Section 6, using the MC simulations for the various processes
introduced in Section 3. The events labeled as “tt other” show the expected contributions from
tt final states other than the signal, dominated by events with one or both of the W bosons
decaying into τ leptons with subsequent decay into electrons or muons. The expected events
labeled as “Minor bg” constitute minor background contributions from diboson and W+jets
processes. In general, the data are reasonably well described by the simulation that overesti-
mates, however, the total number of events by about 5%. Some trends are visible, in particular
for pT(t), where the simulation predicts a somewhat harder spectrum than that observed in
data, as seen in previous differential tt cross section measurements [23, 26, 28, 30, 34, 37, 38].
The mismodeling of the data by the simulation is accounted for by the relevant systematic un-
certainties described in Section 8. The checks discussed in Section 7 confirm that the residual
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mismodeling of the pT(t) distribution does not introduce a significant bias in the measurement.

The m(tt) value obtained using the full kinematic reconstruction described above is sensitive
to the value of the top quark mass used as a kinematic constraint. An alternative algorithm is
employed that reconstructs the tt kinematic variables without using the top quark mass con-
straint. This algorithm is referred to as the “loose kinematic reconstruction”. It is used in this
analysis for measuring differential tt cross sections as a function of m(tt), in order to preserve
the sensitivity of the data for a future top quark mass extraction, as performed in Ref. [39]. In
contrast to the full kinematic reconstruction, this algorithm tackles the reconstruction of the νν
system as a whole. The ℓb pairs are selected and ranked as described for the full kinematic
reconstruction. Among combinations with equal number of b-tagged jets, the ones with the
leading and trailing pT jets are chosen. The kinematic variables of the νν system are obtained
as follows: its p⃗T is set equal to p⃗ miss

T and its unknown longitudinal momentum and energy
are set equal to the values of the lepton pair. Additional constraints are applied on the in-
variant mass of the neutrino pair, m(νν) ≥ 0, and on the invariant mass of the W bosons,
m(W+W−) ≥ 2mW . These constraints have only minor impact on the performance of the re-
construction. This method achieves an average reconstruction efficiency of approximately 96%
for signal events and provides tt kinematic resolutions comparable to those obtained with the
full kinematic reconstruction. As in the case of the full kinematic reconstruction, events with no
valid solution for the loose kinematic reconstruction are excluded from further analysis. The
presence of a solution for the full kinematic reconstruction in an event is also required for the
cross section measurements as functions of lepton and b jet kinematic variables discussed in
Section 9.2. Figure 3 (lower row) displays the distributions of the reconstructed tt invariant
mass and rapidity using the loose kinematic reconstruction. These distributions are similar
to the ones obtained with the full kinematic reconstruction, shown in the upper row, except
for m(tt) in the threshold region that is smeared out due the omission of the top quark mass
constraint.

The loose kinematic reconstruction is used for a subset of measurements presented in Section 9,
namely, for single-differential cross sections as functions of m(tt), and for all multi-differential
cross sections composed of combinations of m(tt) with pT(tt), y(tt), or Njet. For all other
cross sections as functions of kinematic observables of the tt system or of the top quark and
antiquark, the full kinematic reconstruction is used.

6 Signal extraction and unfolding
The number of signal events is obtained for each histogram bin by subtracting the expected
number of background events from the observed number of events.

The expected background contribution from single top quark, W+jets, and diboson processes
are taken directly from the MC simulations. The Z+jets contribution is also estimated from
the MC simulation, but corrected by global normalization scale factors, which are determined
from a binned template fit to the data, using the method described in Ref. [98], as implemented
in the TFRACTIONFITTER class in ROOT [99]. In this procedure, the event fraction of Z+jets
process and of the sum of all other contributions are fitted to the m(ℓℓ) distributions in the
data, within the Z boson peak signal region 76 < m(ℓℓ) < 106 GeV. The template distributions
are obtained from the MC-simulated samples. Separate normalization scale factors are fitted
for the simulations of the Z+jets process in the e+e− and µ+µ− channels and the scale factor
for the e±µ∓ channel is calculated as the geometric mean of these factors. The nominal scale
factors are determined for a data selection with relaxed requirements, omitting those on pmiss

T ,
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Figure 2: Distributions of pT(t) (upper left), y(t) (upper right), pT(tt) (lower left), and jet mul-
tiplicity (lower right) obtained in selected events with the full kinematic reconstruction. For
the first two distributions, “t” refers to both top quark and antiquark. The three dilepton chan-
nels (e+e−, µ+µ−, and e±µ∓) are added together. The data with vertical bars corresponding
to their statistical uncertainties are plotted together with distributions of simulated signal and
background processes. The hatched regions depict the systematic shape uncertainties in the
signal and backgrounds (as detailed in Section 8). The lower panel in each plot shows the ratio
of the observed data event yields to those expected in the simulation.
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Figure 3: Distributions of y(tt) (left) and m(tt) (right) obtained in selected events with the full
(upper) and the loose kinematic reconstruction (lower). Further details can be found in the
caption of Fig. 2.
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the number of b-tagged jets, and the presence of a solution for the kinematic reconstruction, in
order to have a clean sample of Z+jets events. The scale factors are compatible, within a few
percent, with unity. The m(ℓℓ) window chosen for the fits ensures that there is no overlap with
the sample used for the analysis and is still large enough to provide a good separation of Z+jets
from the other processes. As a cross-check, the template fits are performed over a wider m(ℓℓ)
range, starting at 20 GeV and extending to values much above the Z boson peak signal region,
and only small scale factor variations are observed of the order of one percent.

After the subtraction of non-tt backgrounds, the resulting event yields are corrected for “tt other”
contributions, introduced in Section 5. These events arise from the same tt production process
as the signal and thus the normalization of this background is fixed to that of the signal. For
each bin, the number of events obtained after the subtraction of all other background sources is
multiplied by the ratio of the number of selected tt signal events to the total number of selected
tt events (i.e. the signal and all other tt events) in simulation.

The numbers of signal events are obtained by adding together the event yields in the e+e−,
µ+µ−, and e±µ∓ channels, subtracting the background, and correcting for detector effects us-
ing the TUNFOLD package [100]. The addition of the three channels before applying detector
corrections is justified by the fact that background levels are small in all channels and kine-
matic resolutions are comparable. The measurements in the separate channels yield consistent
results.

In the unfolding procedure the response matrix plays an important role. An element of this
matrix specifies the probability for an event originating from one bin of the true distribution
to be observed in a specific bin of the reconstructed observables. The response matrix models
the effects of acceptance, detector efficiencies, and resolutions in a given phase space. It is
calculated for each measured distribution using the tt signal simulation, and is defined either
at the particle level in a fiducial phase space or at the parton level in the full phase space, using
the corresponding generator-level definitions discussed in Section 6.1. At the detector level,
the number of bins used per kinematic variable is typically two times larger than the number
of bins used at the generator level. Figure 4 shows example response matrices obtained for the
pT(t) and y(tt) distributions at the parton level. For illustrative reasons, they are displayed
with the same binnings at both the parton and detector levels.

In TUNFOLD, the distribution of unfolded event numbers is extracted from the measured sig-
nal distribution at the detector level by performing a χ2 fit. The fit model consists of the sum
of template distributions, with one distribution per cross section bin, constructed from the
product of the unfolded event number in that bin and the respective column of the response
matrix. An additional χ2 term is included representing Tikhonov regularization [101], based on
second-order derivatives and using the nominal tt simulation as the bias vector. The regular-
ization reduces unphysically large high-frequency components of the unfolded spectrum. The
regularization strength that minimizes the global correlation coefficient [102] is chosen. The
statistical uncertainties of the simulated tt signal samples used to derive the response matrices
introduce small additional uncertainties in the unfolded event yields. These are accounted for
in the TUNFOLD procedure through error propagation.

6.1 Generator-level definitions

The definitions of the generator level that are used in the construction of the response matrices
follow, to a large extent, those applied in Refs. [38, 39, 103].

For the parton-level results, the momenta of the parton-level top quarks are defined after QCD
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Figure 4: Response matrices for the unfolding of the pT(t) (left) and y(tt) (right) distributions
at the parton level, as extracted from the nominal POWHEG+PYTHIA 8 tt signal simulation. The
ranges of the observables for a given bin number can be read off from the corresponding cross
section distributions in Figs. 8 and 10.

radiation, but before the top quark decays. The unfolded signal event numbers are corrected
for the branching fractions W → ℓν. The parton-level results are extrapolated to the full phase
space using the default tt simulation. The extrapolation is implicitly performed by counting
each simulated event in the response matrix that enters a specific parton-level bin of a differen-
tial cross section.

For the particle-level results, the generator-level objects are defined by the stable particles (i.e.
those with lifetime τ > 0.3 × 10−10 s) in the simulation. The selection of these objects is in-
tended to match as closely as possible the detector-level requirements used to select tt events.
It is described together with the generator-level top quark kinematic reconstruction procedure
in Refs. [38, 103], and is summarized below.

• All simulated electrons and muons, including those from τ lepton decays, but not
originating from the decay of a hadron, are corrected (“dressed”) for bremsstrahlung
effects by adding the momentum of each photon to that of the closest lepton if their
separation in η-ϕ space is < 0.1. Leptons are required to have pT > 20 GeV and
|η| < 2.4.

• Only neutrinos originating from nonhadronic decays (i.e. prompt neutrinos) are
used.

• Jets are clustered using the anti-kT jet algorithm [90, 91] with a distance parameter
of 0.4. All stable particles, with the exception of the dressed leptons and prompt
neutrinos, are clustered. Jets with pT > 30 GeV and |η| < 2.4 are selected if there is
no electron or muon, as defined above, within a distance of 0.4 in η-ϕ space.

• b jets are defined as those jets that contain a b hadron using the ghost-matching
technique [104]: as a result of the short lifetime of b hadrons, only their decay prod-
ucts are considered for the jet clustering. However, to allow their association with a
jet, the b hadrons are also included with their momenta scaled down to a negligible
value. This preserves the information of their directions, but removes their impact
on the jet clustering.
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• The following additional event-level requirements are applied to define the fiducial
phase space region in which the particle-level cross sections are measured: we re-
quire that the W bosons produced from decays of the top quark and antiquark in a
tt event themselves decay to an electron or a muon; we reject events where these W
bosons decay to τ leptons; we require exactly two selected lepton candidates with
opposite charges, m(ℓℓ) > 20 GeV, and at least two b jets.

• The top quark reconstruction at the particle level proceeds as follows. Prompt neu-
trinos are combined with the dressed leptons to form W boson candidates. We take
the permutation of neutrinos and leptons that minimizes the sum of the absolute val-
ues of the differences between the mass of each neutrino-lepton pair and the nomi-
nal W boson mass of 80.4 GeV. Subsequently, the W boson candidates are combined
with b jets to form particle-level top quark candidates by minimizing the sum of the
absolute values of the differences between the mass of each pair and the nominal
top quark mass of 172.5 GeV.

Due to the finite detector resolution, events that are outside the fiducial phase space region
at the generator level can be measured inside the accepted region at the detector level. These
events are subtracted, before the unfolding, by a fractional correction of the observed number
of events after subtracting all other backgrounds. The correction, performed separately for each
detector-level bin, is defined as the number of events in the tt signal simulation that pass both
the detector- and particle-level selection criteria, divided by the number of all events fulfilling
the detector-level requirements.

When measuring the differential cross sections as functions of Njet (see Section 9.3), the top
quark and antiquark are measured either at the parton level in the full phase space or at the
particle level in a fiducial phase space, as described above, while the additional jets are mea-
sured at the particle level only. The definition of these extra jets differs from the one given
above only in one aspect: they have to be isolated from the charged leptons (e or µ) and b
quarks originating from the top quark decays, as represented by the corresponding particle
level leptons and b jets, with a minimal distance to these leptons (b quarks) of 0.4 (0.8) in η-
ϕ space. The larger distance to the b quarks is required to avoid selecting jets coming from
gluon radiation from the b quarks as additional jets. In addition, the additional jets are re-
quired to have pT > 40 GeV and |η| < 2.4. Specifically for the measurements of the top quark
and antiquark at the parton level, two more differences in the definition of the extra jets are
introduced [39]. The neutrinos from decays of hadrons are excluded in the clustering of these
jets, and the charged leptons and b quarks used in the jet isolation are taken directly after the
W boson and top quark decays, respectively.

7 Cross section measurement
For a given variable X, the absolute differential tt cross section dσi/dX is extracted via the
relation

dσi
dX

=
1
L

xi

∆X
i

, (1)

where L is the integrated luminosity, xi is the number of unfolded signal events observed in
bin i, and ∆X

i is the bin width. The numbers xi are calculated with respect to the tt parton or
particle generator levels defined in Section 6.1. The normalized differential cross section is ob-
tained by dividing the absolute differential cross section by the measured total cross section σ in
the same phase space, which is evaluated by summing the binned cross section measurements
over all bins of the observable X. For differential cross sections measured simultaneously as
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functions of two or three variables, the following criteria are adopted for optimizing their dis-
play. The measured cross sections are divided by the bin width of the variable that is chosen
as the last one. They present single-differential cross sections as functions of the last variable
in different ranges of the first, or first and second variables, and are referred to as double- or
triple-differential cross sections, respectively.

The bin widths at generator level are chosen based on the resolutions of the kinematic variables,
such that the purity and the stability of each bin are generally above 30% for single-differential
cross sections and above 20% for double- or triple-differential cross sections. For assessing
the purity and stability, the binning at detector level is adjusted to be equal to the binning
at generator level. For a given bin, the purity is defined as the fraction of events in the tt
signal simulation that are generated and reconstructed in the same bin with respect to the total
number of events reconstructed in that bin. To evaluate the stability, the number of events in
the tt signal simulation that are generated and reconstructed in a given bin are divided by the
total number of reconstructed events generated in the bin.

The cross section measurement based on the signal extraction and unfolding procedure de-
scribed in Section 6 is validated with closure tests. Large numbers (∼ 1000) of pseudo-data
sets are generated from the tt signal MC simulations and analyzed as if they were real data.
The unfolded differential cross sections are found to be unbiased and to provide proper 68%
confidence intervals within ±1 estimated standard deviation uncertainties. A second test is
performed by unfolding pseudo-data sets, generated using reweighted tt signal simulations,
with the response matrix and bias vector taken from the nominal simulation. The reweighting
is performed as a function of the differential cross section kinematic observables at the gen-
erator level and is used to introduce controlled shape variations, e.g., making the pT(t) spec-
trum harder or softer. This test probes the robustness of the unfolding procedure with respect
to the underlying physics model in the simulation, which impacts both the response matrix
and the regularization bias vector. Figure 5 shows two examples of these tests, performed for
cross sections as functions of pT(t) and m(ℓℓ). The applied reweightings follow approximately
parabolic functions and lead to shape distortions of about ±20% at thresholds and end points
of the kinematic spectra, comprising the differences observed between data and the nominal
simulation (as shown by figures in Section 9). The unfolding is performed with the standard
regularization procedure and alternatively with switching it off; the obtained cross sections are
found to deviate at most by a few permille, showing that biases induced by the regularization
are small. The unfolded cross sections vary visibly from the true values only in the kinematic
threshold regions, with maximum differences of the order of 1%. Effects of similar size are also
seen for other single- and multi-differential cross sections and demonstrate an overall good ro-
bustness of the unfolding procedure. The simple reweighting approach discussed here is not
suitable for quantifying the measurement uncertainty from the underlying physics model; this
is done, instead, by the dedicated set of variations applied to the tt signal simulation detailed
in Section 8.2.

8 Systematic uncertainties
The systematic uncertainties in the measured differential cross sections are grouped into three
categories: experimental uncertainties from the imperfect modeling of the detector response,
theoretical uncertainties from the modeling of the signal, and the uncertainties in the numbers
of events from background processes. The systematic uncertainty is assessed source by source
largely following the prescriptions used in Refs. [38, 39]. For each change made, the cross
section is recalculated, which for most sources involves a repetition of the full analysis. The
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Figure 5: Reweighting test for the extraction of the normalized differential cross sections as
functions of pT(t) (left) and m(ℓℓ) (right). The former cross section is measured at the parton
level in the full phase space and the latter at the particle level in a fiducial phase space. The
nominal tt signal MC spectra are shown as dotted red histograms and the assumed true spec-
tra, obtained from reweighting, as solid black histograms. The unfolded spectra, using pseudo-
data based on the true spectra but using the nominal spectra for the detector corrections and
bias vector in the regularization, are presented as open red circles. The unfolded spectra with
the regularization switched off are also shown (open blue triangles). The statistical uncertain-
ties in the unfolded cross sections are represented by a vertical bar on the corresponding points.
The lower panel in each plot shows the ratios of the pseudo-data to the predicted spectra.
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difference with respect to the nominal result in each bin is taken as the systematic uncertainty.

Separate simulations are employed for the data taken in the three years 2016, 2017, and 2018, in
order to match the varying detector performance and data-taking conditions. The correlations
of systematic uncertainties among the measurements in the different periods must be specified.
For theoretical uncertainties we assume a 100% correlation, as the same theoretical models and
variations are used for all periods. For experimental uncertainties we use either uncorrelated,
partial, or full correlations. For the case of partial correlations we make use of the varied and
nominal simulations for each year. The correlated part of the uncertainty is assessed by using
the varied simulations for all three years, but rescaling the resulting systematic uncertainty
by a factor

√
ρ, where ρ specifies the level of correlation, e.g. 50%. For the uncorrelated part,

we separately vary the simulation for each year, keeping the nominal simulation for the other
two years, and add the resulting uncertainties in quadrature, after rescaling them by a factor√

1 − ρ.

8.1 Experimental uncertainties

Most experimental uncertainties are assessed by variations that are simultaneously applied to
the signal and background simulations. The following sources are considered:

• The uncertainties in the integrated luminosities of the 2016, 2017, and 2018 data
samples are 1.2, 2.3, and 2.5%, respectively, and are 30% correlated between the
years [105–107]. The resulting total normalization uncertainty on the absolute cross
sections is 1.6%.

• The uncertainty in the amount of pileup is assessed by varying the value of the total
pp inelastic cross section, which is used to estimate the mean number of additional
pp interactions, by its measurement uncertainty of ±4.6% [85], leading to a 100%
correlated uncertainty among the three years.

• The efficiencies for the dilepton and single-lepton triggers are measured with inde-
pendent triggers based on a pmiss

T requirement. Scale factors are calculated in bins
of lepton pT, independently for the years 2016, 2017, and 2018. They agree with
unity typically within 1%. The scale factors are varied within their uncertainties.
The uncertainties are assumed to be uncorrelated among the years.

• Lepton identification and isolation efficiencies are determined using the “tag-and-
probe” method with Z+jets event samples [108, 109]. The efficiencies are assessed in
two-dimensional bins of lepton η and pT. The corresponding scale factors typically
agree with unity within 10% for electrons and 3% for muons. The scale factors are
varied within their calibration uncertainties and a 100% correlation among the years
is assumed. An implicit assumption made in the analysis is that the scale factors
derived from the Z+jets sample are applicable to the tt samples, where the efficiency
for lepton isolation is reduced due to the typically larger number of jets present in the
events. This assumption is validated through studies of tt-enriched samples using
an event selection similar to the current analysis [110]. In these studies, the lepton
isolation criteria are relaxed for one lepton, and the efficiency of passing the criteria
is measured in both data and simulation. The observed efficiencies for electrons
(muons) differ by at most 1% (0.5%) from the nominal values. These maximum
variations are taken as additional uncertainties.

• The uncertainty arising from the jet energy scale (JES) is assessed by varying the
energy scale correction for all jets in the signal and background simulations by one
standard deviation, in bins of pT and η. This uncertainty is divided into seven in-
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dependent sources, including those from extrapolating between samples with dif-
ferent jet-flavor compositions and the impact of pileup collisions on the corrections
derivation [92]. Most sources are treated as uncorrelated across data-taking periods.
However, sources related to theoretical predictions in the MC simulation, such as
those used to extrapolate between different jet-flavor compositions, are treated as
correlated across data-taking periods. The JES variations are also propagated to the
uncertainties in p⃗ miss

T .

• The uncertainty from the jet energy resolution (JER) is evaluated by the variation of
the simulated JER by ±1 standard deviation in different η regions [92]. An addi-
tional uncertainty in the calculation of p⃗ miss

T is estimated by varying the energies of
reconstructed particles not clustered into jets. Since both sources of uncertainty are
primarily affected by varying detector conditions that are not time-correlated, they
are treated as uncorrelated across the different years.

• During the 2016–2017 data-taking periods, a gradual shift in the timing of the inputs
of the ECAL L1 trigger in the forward endcap region (|η| > 2.4) led to a particular
trigger inefficiency. A correction for this effect was determined using an unbiased
data sample and is found to be relevant in events containing high-pT jets pointing to
the most forward ECAL region (2.4 < |η| < 3.0). While no reconstructed objects at
this pseudorapidity enter the measurements, the systematic variation of 20% in this
correction for affected events nevertheless leads to a small measurement uncertainty.

• Scale factors for the b tagging efficiency of individual b jets and the mistagging ef-
ficiencies of c quark, and light-flavor and gluon jets are measured using dedicated
calibration samples [93]. The factors are parameterized as functions of jet pT and
η. For the systematic uncertainty evaluation the scale factors are varied within their
estimated uncertainties [93]. The variations for b and c jets are treated as fully cor-
related, while independent variations are applied to the light jets. The statistical
uncertainties of the scale factors, arising from the limited size of the calibration sam-
ples, are uncorrelated among the years. These uncertainties play a significant role for
the light jets, and hence, the light jet uncertainties are treated as uncorrelated across
the years. All other b tagging uncertainties are treated as fully correlated across the
years.

8.2 Theoretical uncertainties

The uncertainties in the modeling of the tt events, comprising signal and other final states, are
assessed with appropriate variations of the nominal simulation based on POWHEG+PYTHIA 8
and the CP5 tune, introduced in Section 3:

• The uncertainty arising from missing higher-order terms in the simulation of the
signal process at the ME level is estimated by varying the renormalization and fac-
torization scales (denoted as µr and µf, respectively) in the POWHEG simulation up
and down by factors of two with respect to the nominal values. The nominal scales

are defined in the POWHEG sample as µr = µf =
√
(mMC

t )
2
+ p2

T,t . Here, pT,t denotes
the pT of the top quark in the tt rest frame. In total, six variations are applied:
two with µr fixed, two with µf fixed, and two with both scales varied in the same
direction (up or down). For each measurement bin, the envelope of the resulting
measurement variations is taken as the final uncertainty.

• For the parton shower simulation, uncertainties are separately assessed for initial-
and final-state radiation, by varying the respective shower scales up and down by
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factors of two.

• The uncertainty in the damping of real emissions in the NLO calcululation when
matching to the parton shower is derived by varying the hdamp parameter in POWHEG

from its nominal value of 1.379 mMC
t to 0.8738 mMC

t and 2.305 mMC
t , according to the

tuning results of Ref. [57].

• The uncertainty from the choice of PDFs is assessed by reweighting the tt signal
simulation according to the ±1 standard deviation along the directions of the 100
eigenvectors of the NNPDF3.1 error PDF sets [52] and adding the resulting mea-
surement variations in quadrature. In addition, the value of the strong coupling αS
is independently varied within its uncertainty in the PDF set.

• The dependence of the measurement on the assumed top quark mass is estimated by
varying mMC

t in the tt simulation by ±1 GeV around the nominal value of 172.5 GeV.

• The uncertainty related to modeling of the UE is estimated by varying the CP5 tune
parameters within their uncertainties determined in the tuning process [57].

• The nominal PYTHIA 8 setup includes a model of color reconnection (CR) based on
MPIs with early resonance decays switched off. The analysis is repeated with three
other CR models within PYTHIA 8: the MPI-based scheme with early resonance de-
cays switched on, a gluon-move scheme [111], and a QCD-inspired scheme [112].
The total CR related uncertainty is taken to be the maximum deviation from the
nominal result.

• The b jet energy response is different for semileptonic decays of b hadrons and thus
their branching fractions are varied within world average uncertainties [1]. The par-
ton level cross sections are corrected for the branching fractions for W → ℓν which
are taken from Ref. [1] and varied according to their uncertainty of 1.5%.

The uncertainties associated with the values of hdamp, mMC
t , and the CR treatment are evalu-

ated using separate tt simulations incorporating the varied values, while all other theoretical
uncertainties are assessed by applying appropriate event weights in the nominal simulations.

8.3 Background uncertainties

The contributions from non-tt background processes are overall at the level of a few percent,
and the uncertainties are treated as global normalization uncertainties in the MC simulated
processes. The uncertainty in the Z+jets background normalization is assessed by repeating the
template fits to m(ℓℓ) distributions, described in Section 6, with varied event selections. The
nominal fits are performed with a selection dropping all requirements on pmiss

T , the number
of b-tagged jets, and the tt kinematic reconstruction. In the first varied scenario, the pmiss

T >
40 GeV requirement is switched on again for the e+e− and µ+µ− channels, in the next one it
is additionally required to have at least one b-tagged jet in the event, and in the last one the
criterion of finding a solution to the full kinematic reconstruction is imposed. The variations
are studied separately for each channel (e+e− and µ+µ−) and each year. The maximum scale
factor variation observed among all channels, years, and event selections is used to derive a
±20% systematic uncertainty in the Z+jets normalization.

For the single top quark, W+jets, and diboson backgrounds, a normalization uncertainty of
±30% is taken, following the prescription from our previous analyses [38, 39]. This value is
confirmed for the tW background (the dominant contribution among these processes) by ana-
lyzing the ratio of the numbers of events with one and two b-tagged jets in the e±µ∓ sample.
This ratio is higher for the tW process than for tt events. The observed ratio in data agrees well
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with the nominal simulations but deteriorates significantly when the assumed tW cross section
is varied by more than 30%.

8.4 Summary of uncertainties

The total systematic uncertainty in each measurement bin is assessed by adding all contribu-
tions described above in quadrature, separately for positive and negative cross section vari-
ations. If a systematic uncertainty leads to two cross section variations of the same sign, the
largest one is taken and the opposite variation is set to zero. These procedures are applied only
to the cross section plots while the full information on all measurement variations is preserved
in HEPdata [48] and also contributes to all theory-to-data χ2 comparisons presented in this pa-
per, following the χ2 definition in Appendix A. The total uncertainties for the measured cross
sections range 2–20%, depending on the observable and the bin. They are dominated by the
systematic uncertainties.

The uncertainties are illustrated in Figs. 6–7, showing the relative contributions from the var-
ious sources for selected differential cross sections. Individual sources affecting a particular
uncertainty (e.g. JES) are added in quadrature and shown as a single component. Additional
experimental systematic uncertainties and all contributions from theoretical uncertainties are
also added in quadrature, respectively, and shown as single components. For most bins in a
majority of the distributions, the JES is the dominant systematic uncertainty. The evaluation
of this uncertainty is also affected by the limited number of simulated tt signal events, par-
ticularly at high transverse momenta or invariant masses. Important contributions arise from
other experimental sources, as well as from theoretical and background uncertainties. Among
the significant experimental sources of uncertainties are the lepton and b tagging efficiencies,
and for measurements of absolute cross sections, the integrated luminosity. For the theoretical
uncertainties, the following sources contribute significantly, with relative magnitudes depend-
ing on the observables and phase space region: ME level and final-state radiation scales, hdamp
parameter, top quark mass, underlying event, and CR.
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Figure 6: The various sources of systematic uncertainty and their relative contributions to the
overall uncertainty are shown for several parton-level measurements: absolute pT(t) (upper),
normalized pT(t) (middle), and normalized [m(tt), |y(tt)|] (lower). The statistical uncertainties
and the total uncertainties (statistical and systematic uncertainties added in quadrature) are
shown as grey and yellow bands, respectively. The ranges of the observables for a given bin
number can be read off from the corresponding cross section distributions in Figs. 8 and 17.
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Figure 7: The various sources of systematic uncertainty and their relative contributions to the
overall uncertainty are shown for several normalized particle-level measurements: pT of the
lepton (upper), pT of the leading b jet (middle), and Njet (lower). The statistical uncertain-
ties and the total uncertainties (statistical and systematic uncertainties added in quadrature)
are shown as grey and yellow bands, respectively. The ranges of the observables for a given
bin number can be read off from the corresponding cross section distributions in Figs. 24, 25,
and 31.
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9 Results
Cross sections for tt and top quark kinematic variables are discussed in Section 9.1, for lepton
and b jet variables in Section 9.2, and for events with additional jets in Section 9.3. The three pre-
dictions based on MC simulations introduced in Section 3: POWHEG+PYTHIA 8 (‘POW+PYT’),
POWHEG+HERWIG 7 (‘POW+HER’), and MG5 aMC@NLO[FxFx]+PYTHIA 8 (‘FxFx+PYT’), are
used for comparisons to data. The POW+PYT and POW+HER theoretical predictions differ by
the parton-shower method, hadronization and event tune (pT-ordered parton showering, string
hadronization model, and CP5 tune in POW+PYT, or angular ordered parton showering, clus-
ter hadronization model, and CH3 tune in POW+HER), while the POW+PYT and FxFx+PYT
predictions adopt different matrix elements (inclusive tt production at NLO in POW+PYT, or
tt with up to two extra partons at NLO in FxFx+PYT) and different methods for matching with
parton shower (correcting the first parton shower emission to the NLO result in POW+PYT, or
subtracting from the exact NLO result its parton shower approximation in FxFx+PYT). In Sec-
tion 9.4, several theoretical calculations with beyond-NLO precision are introduced and their
predictions compared to the data for a subset of the measured cross sections. Finally, a study
of the sensitivity of the normalized cross sections to the PDFs is presented in Section 9.5. For
each data-to-theory comparison, a χ2 statistic and the number of degrees of freedom (dof) are
reported. One statistic, denoted in the following as “standard χ2”, probes directly the quality
of the nominal predictions. It takes all measurement uncertainties into account, including bin-
to-bin correlations, but neglects the uncertainties in the theoretical predictions. For POW+PYT,
additional χ2 values that include prediction uncertainties are also provided, applying the full
set of uncertainties discussed in Section 8.2 to the generator-level predictions. The exact defini-
tion of the χ2 values is given in Appendix A. Normalized cross sections and tables providing
the χ2 values are presented in this section, while absolute cross sections and corresponding χ2

tables are summarized in Appendix B. The p-values denoting the probability for finding a χ2

of equal or larger size than observed are tabulated, for all results, in Appendix C.

9.1 Results for top quark and tt kinematic observables at the parton and parti-
cle levels

The studies presented in this subsection aim to provide a comprehensive survey of the kine-
matic spectra of the top quark and antiquark, the tt system, and their correlations.

9.1.1 Single-differential cross sections

The single-differential cross sections are shown in Figs. 8–13. The χ2 values of the model-
to-data comparisons are listed in Tables 1–2, and the corresponding p-values in Tables 25–26.
First, we present measurements where the top quark and antiquark kinematics are studied.
Figure 8 illustrates the distributions of pT(t) and pT(t). Both the POW+PYT and, in particular,
the FxFx+PYT models predict harder spectra than observed, while POW+HER provides a rea-
sonable description of the data, as supported by the p-value of the χ2 test. The discrepancy be-
tween POW+PYT and the data is smaller than what was observed in our previous analysis [38].
This reduction can be attributed to the use of the more-recent tune CP5 [57] for the PYTHIA 8
part of the calculation, whereas in the previous analysis the CUETP8M2T4 tune [61, 68, 69] was
applied. The FxFx+PYT model provides the poorest description of the data, as indicated by
the particularly large χ2 values. Figure 9 depicts the y(t) and y(t) distributions. All models
predict a slightly more central distribution than observed in data. One general observation can
be made at this point: the comparisons of predictions and data for the cross sections at the par-
ton and particle levels show similar patterns. This is also the case for most other cross sections
presented in this paper; consequently, a separate discussion of the parton- and particle-level
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cross sections will be only given in case of significant differences.

Figure 10 shows the distributions of the complete set of tt kinematic observables: pT(tt), m(tt),
and y(tt). For pT(tt), the phase space covered in our previous analysis [38] is extended up to
1 TeV. The description of the pT(tt) distribution is particularly difficult, since nonzero values
indicate the presence of extra QCD radiation in the event recoiling against the tt system, which
directly probes higher-order processes in the calculation. This effect is also characterized by
large theory uncertainties as shown for the POW+PYT prediction. The three MC models differ
in the predicted shape of the pT(tt) distribution and none of them is able to describe the data
accurately. The best description is provided by POW+PYT, which tends to overshoot the data
only in the higher-pT(tt) range. The FxFx+PYT model predicts too many events in the inter-
mediate pT(tt) ranges, while POW+HER predicts too few. The description by POW+HER is
somewhat improved compared to what was observed in our previous analysis [38], which can
also be attributed to using a newer version of the HERWIG MC generator, HERWIG 7 [63], in-
stead of HERWIG++ [113]. It is interesting to note that also in two recent measurements [37, 40]
by the ATLAS and CMS Collaborations, the pT(tt) distribution was found to be rather poorly
described by several models. In the present analysis, the m(tt) spectrum is overall reasonably
well described by the models, with the exception of the first bin near the threshold where the
predictions lie somewhat below the data. This region is known to be particularly sensitive to
the value of the top quark mass assumed in the calculations. To investigate this discrepancy
in more detail, the POW+PYT prediction is also shown for two other values of the top quark
mass parameter, mMC

t = 169.5 GeV and mMC
t = 175.5 GeV, compared to the value of 172.5 GeV

taken in the nominal simulation. For the lower value, the cross section prediction moves up
in the lowest m(tt) bin by about 20% and the whole mass spectrum is a bit softer than in the
data, however still providing a χ2 with a good p-value. Using the higher value, the resulting
predicted m(tt) spectrum is clearly harder than what is observed in data. This discrepancy is
also reflected by an increase of the χ2 value of about 13 units compared to using the central
mass value, proving the high sensitivity of the m(tt) distribution to the top quark mass value,
as explored in the CMS analysis [114]. The y(tt) distribution of the data is described reasonably
well by all models.

Moving on to studies of kinematic correlations between top quark and antiquark, we show in
Fig. 11 the distribution of the absolute value of the azimuthal angle difference between the top
quark and antiquark |∆ϕ(t, t)|, and the difference of the absolute values of the top quark and
antiquark rapidities |y(t)| − |y(t)|, related to the charge asymmetry [115]. For |∆ϕ(t, t)|, angles
smaller than π are directly sensitive to additional QCD radiation in the event. The models
provide a good description of the data. The |y(t)| − |y(t)| spectrum of the data is not perfectly
described by the MC models, as they predict more events at small rapidity separations and
fewer at larger values ||y(t)| − |y(t)|| ≈ 2.

Figure 12 presents the distributions of two ratios: pT(t)/m(tt) and pT(tt)/m(tt). The study
of the first quantity is inspired by the observation in Ref. [39] that at large m(tt) the effect of
the models predicting harder pT(t) spectra is enhanced. Indeed, all three tested models predict
a significantly harder spectrum for the ratio of the two variables and the χ2 values indicate
a poor data description. The distribution of the second ratio, pT(tt)/m(tt), is expected to be
sensitive to pT resummation effects. The description by the three models follows largely the
trends observed for pT(tt).

Finally, we study two observables ξ1 and ξ2, defined as ξ1 = [E(tt) − pz(tt)]/2Ep and ξ2 =

[E(tt) + pz(tt)]/2Ep, with Ep denoting the proton beam energy, and pz(tt) the magnitude of
the tt momentum along the beam axis. In the leading order pQCD picture of the pp → tt
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process, these variables represent the proton momentum fractions of the two partons entering
the hard interaction. Figure 13 depicts the log(ξ1) and log(ξ2) distributions. Overall, these
PDF-sensitive distributions are reasonably well described by all the models. Of special interest
is the last bin covering proton momentum fractions above ≈0.2, where the uncertainties in the
PDFs, in particular for the gluon distribution, start to grow.

The description of the kinematic distributions of top quark, antiquark, and tt system by the
three MC models can be summarized as follows. The models tend to predict, for the individual
quarks, harder pT spectra and slightly more-central rapidity distributions than those observed
in data. A reasonable description is provided for the tt rapidity and invariant mass spectra. The
latter is described less well by the POW+PYT simulation that uses a larger value of mMC

t , as it
predicts a harder spectrum than that observed in data. The |∆ϕ(t, t)| distribution is modeled
well, and smaller rapidity separations are predicted than observed in data on average. The
FxFx+PYT model provides overall the least accurate description of the data, in particular by
predicting harder pT spectra for the top quark, antiquark, and the tt system. Among all the
models, POW+HER predicts the softest pT spectra for the top quark, antiquark, and the tt
system, which matches the data well for the former two, but are too soft for the latter. The
POW+PYT model provides the best description of the pT distribution of the tt system. The
standard χ2 values indicate a rather poor description of several distributions by some of the
models. For POW+PYT, the χ2 values that include the prediction uncertainties (see Tables 1–
2) are significantly smaller than the standard χ2 values. However, for a few distributions,
such as pT(t)/m(tt), the p-values of these additional χ2 tests remain too low for a reasonable
description of the data. This is typically the case for the distributions with the largest visible
discrepancies.
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Figure 8: Normalized differential tt production cross sections as functions of pT(t) (upper) and
pT(t) (lower), measured at the parton level in the full phase space (left) and at the particle level
in a fiducial phase space (right). The data are shown as filled circles with grey and yellow bands
indicating the statistical and total uncertainties (statistical and systematic uncertainties added
in quadrature), respectively. For each distribution, the number of degrees of freedom (dof) is
also provided. The cross sections are compared to various MC predictions (other points). The
estimated uncertainties in the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation are represented by
vertical bars on the corresponding points. For each MC model, a value of χ2 is reported that
takes into account the measurement uncertainties. The lower panel in each plot shows the
ratios of the predictions to the data.
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Figure 10: Normalized differential tt production cross sections as functions of pT(tt) (upper),
m(tt) (middle) and y(tt) (lower) are shown for data (filled circles) and various MC predictions
(other points). The m(tt) distributions are also compared to POWHEG+PYTHIA 8 (‘POW-PYT’)
simulations with different values of mMC

t . Further details can be found in the caption of Fig. 8.
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Figure 11: Normalized differential tt production cross sections as functions of |∆ϕ(t, t)| (upper)
and |y(t)| − |y(t)| (lower) are shown for data (filled circles) and various MC predictions (other
points). Further details can be found in the caption of Fig. 8.
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Figure 12: Normalized differential tt production cross sections as functions of pT(t)/m(tt)
(upper) and pT(tt)/m(tt) (lower) are shown for data (filled circles) and various MC predictions
(other points). Further details can be found in the caption of Fig. 8.
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per) and log(ξ2) (lower) are shown for data (filled circles) and various MC predictions (other
points). Further details can be found in the caption of Fig. 8.
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Table 1: The χ2 values and dof of the measured normalized single-differential cross sections
for tt and top quark kinematic observables at the parton level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) 6 15 (11) 38 5

pT(t) 6 13 (9) 37 6

y(t) 9 23 (20) 34 21

y(t) 9 28 (25) 39 24

pT(tt) 6 22 (7) 38 34

y(tt) 11 10 (8) 19 8

m(tt) 6 5 (3) 7 4

|∆ϕ(t, t)| 3 1 (0) 5 7

|y(t)| − |y(t)| 7 16 (9) 19 14

pT(t)/m(tt) 4 33 (20) 77 11

pT(tt)/m(tt) 8 17 (6) 27 27

log(ξ1) 8 14 (10) 17 12

log(ξ2) 8 10 (7) 23 7
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Table 2: The χ2 values and dof of the measured normalized single-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) 6 17 (12) 40 6

pT(t) 6 14 (9) 40 5

y(t) 9 19 (16) 30 20

y(t) 9 24 (20) 30 27

pT(tt) 6 21 (7) 32 41

y(tt) 11 10 (7) 21 9

m(tt) 6 5 (3) 5 8

|∆ϕ(t, t)| 3 1 (0) 3 6

|y(t)| − |y(t)| 7 15 (10) 15 18

pT(t)/m(tt) 4 30 (20) 67 12

pT(tt)/m(tt) 8 18 (7) 32 36

log(ξ1) 8 14 (9) 17 18

log(ξ2) 8 9 (6) 17 10
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9.1.2 Multi-differential cross section measurements

Studies of differential tt cross sections performed as functions of several kinematic observables
shed light on the details of the tt production dynamics and can help to better understand the
origin of model-to-data discrepancies seen in single-differential cross sections. The double-
differential measurements performed in this analysis, e.g. as functions of |y(t)| and pT(t), are
denoted in the following as [|y(t)|, pT(t)], etc., and an analogous notation is adopted for triple-
differential cross sections. The cross section results are shown in Figs. 14–23. The upper and
lower plots show the cross sections at the parton and particle levels, respectively. The χ2 val-
ues of model-to-data comparisons are listed in Tables 3–4, and the corresponding p-values in
Tables 27–28.

In the first set of studies, we investigate how the pT(t) distribution is correlated with other
event kinematic observables. In Fig. 14, the pT(t) distribution is compared in different ranges
of |y(t)| to predictions from the same three MC models discussed above. The data distribution
is softer than that of the predictions over the entire y(t) range. The POW+HER prediction that
gave a reasonable description of the single-differential pT(t) cross section (Fig. 8), still provides
the best description, but exhibits a stronger positive pT(t) slope with respect to the data in the
lowest and highest |y(t)| ranges. Figure 15 shows the pT(t) distributions in different m(tt)
ranges. Similar to the result of the previous analysis [39], this is among the double-differential
cross sections poorly described by the models. While the POW+HER model describes the pT(t)
distribution in the lowest m(tt) range near threshold reasonably well, it joins POW+PYT and
FxFx+PYT in a trend that grows with increasing m(tt) to predict a pT(t) spectrum that is harder
than observed in the data. Figure 16 illustrates the pT(tt) spectrum in different pT(t) ranges.
Larger pT(t) values can be kinematically correlated with higher pT(tt) values when the tt sys-
tem is recoiling against additional QCD radiation in the event. The FxFx+PYT model predicts
a harder pT(tt) spectrum than observed in the data for all pT(t) ranges. The POW+PYT and
POW+HER predictions tend to overshoot the data in the higher pT(t) ranges at the lower pT(tt)
values.

Next we investigate the tt kinematic observables. Figure 17 illustrates the [m(tt), |y(tt)|] distri-
butions. Both variables are kinematically correlated with the observables ξ1 and ξ2 introduced
above, and their combination is known to provide optimal information for constraining the
PDFs [28]. For low- and medium-m(tt) regions, the predictions are slightly more central than
the data, though in the highest m(tt) range the opposite effect is observed. In Fig. 18, the
spectrum of pT(tt) is shown in bins of |y(tt)|. These two observables are rather uncorrelated,
and thus it is not surprising that the description of the pT(tt) distribution by the models is
similar in all |y(tt)| ranges. Figure 19 presents the [m(tt), pT(tt)] distributions. This is an in-
teresting observable combination since the phase space for QCD radiation that is driving the
pT(tt) observable is increasing with higher m(tt). The trends observed in the single-differential
pT(tt) distribution (see Fig. 10), namely, that FxFx+PYT (POW+HER) predicts a too hard (soft)
spectrum, are somewhat enhanced in the higher m(tt) ranges. Figure 20 shows the first simul-
taneous study of all three tt kinematic observables: pT, mass, and rapidity. Overall, POW+PYT
provides a fairly reasonable description, though FxFx+PYT and POW+HER show deficiencies
in specific m(tt) and pT(tt) phase space regions, with mostly small or moderate dependencies
on y(tt).

Finally, we perform several studies of m(tt), investigating its correlation to several other kine-
matic observables. Figure 21 illustrates the distributions of |y(t)|. The trend that the predic-
tions exhibit a more-central rapidity distribution than the data increases slightly with higher
m(tt). In Fig. 22, the |∆η(t, t)| distributions are shown, which are sensitive to the hard scat-
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tering dynamics. The data favor larger rapidity separations than predicted by the models, and
the significance of this effect increases at larger m(tt). The disagreement is the strongest for
FxFx+PYT. For a given m(tt) value, larger |∆η(t, t)| are correlated with lower pT(t) values on
average. This gives a hint that the effects of the models predicting harder pT(t) spectra and
smaller |∆η(t, t)| distributions, which are enhanced in the higher m(tt) ranges (Figs. 15 and
22), are related. Figure 23 depicts the [m(tt), |∆ϕ(t, t)|] distributions. At low m(tt), the data
prefer a slightly more back-to-back distribution of the top quark and antiquark compared to
the models, but in the highest m(tt) range, the trend reverses. Of all models considered, the
FxFx+PYT simulation provides the best description and POW+HER the worst.

The observations made with the multi-differential cross sections can be summarized as follows.
The pT of the top quark and tt, and the tt invariant mass are, in general, mildly correlated with
rapidity of the same objects, and also the quality of their description by the MC models is nearly
independent of the rapidity. As expected, larger kinematical correlations are observed between
pT and the mass observables. The trends of harder top quark pT spectra and smaller rapid-
ity separations between top quark and antiquark, when comparing the models to the data, is
clearly enhanced at higher m(tt). The tendency for FxFx+PYT (POW+HER) to predict pT spec-
tra for the tt system that are too hard (soft) is also stronger at higher m(tt). In general, the
p-values associated with the standard χ2 values of the model-to-data comparisons are often
much lower for the multi-differential tt cross sections than for the single-differential results
presented in the previous subsection. This result is in line with the observations in recent com-
parable tt differential cross section papers from the ATLAS and CMS Collaborations [37, 40].
Another interesting observation is that the χ2 values for both the single- and multi-differential
tt cross sections are, on average, significantly higher than those observed in the corresponding
previous measurements [38, 39] based on the 2016 data set only, which can be attributed to a
substantially improved measurement precision. The χ2 values that include the prediction un-
certainties for the POW+PYT model (see Tables 3–4) are, in general, significantly lower than the
standard ones. However, for several distributions such as [m(tt), |∆ϕ(t, t)|], the values remain
too high to indicate a good description of the data.
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Figure 14: Normalized [|y(t)|, pT(t)] cross sections measured at the parton level in the full
phase space (upper) and at the particle level in a fiducial phase space (lower). The data are
shown as filled circles with grey and yellow bands indicating the statistical and total uncer-
tainties (statistical and systematic uncertainties added in quadrature), respectively. For each
distribution, the number of degrees of freedom (dof) is also provided. The cross sections
are compared to various MC predictions (other points). The estimated uncertainties in the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation are represented by vertical bars on the corre-
sponding points. For each MC model, a value of χ2 is reported that takes into account the
measurement uncertainties. The lower panel in each plot shows the ratios of the predictions to
the data.
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Figure 15: Normalized [m(tt), pT(t)] cross sections are shown for data (filled circles) and vari-
ous MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 16: Normalized [pT(t), pT(tt)] cross sections are shown for data (filled circles) and var-
ious MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 17: Normalized [m(tt), |y(tt)|] cross sections are shown for data (filled circles) and var-
ious MC predictions (other points). Further details can be found in the caption of Fig. 14.



9.1 Results for top quark and tt kinematic observables at the parton and particle levels 39

200 400

0.002

0.004

)| < 2.5t1.15 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.002

0.004

)| < 1.15t0.75 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.002

0.004

)| < 0.75t0.35 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.002

0.004

]
-1

)
[G

e
V

t
(t

T
/d

p
σ

d
σ

1
/

)| < 0.35t0 < |y(t

200 400
0.8
0.9

1
1.1
1.2

D
a

ta
P

re
d

.

15=Data, dof

28=2χPOW+PYT,

36=2χFxFx+PYT,

70=2χPOW+HER,

Total unc.

Stat. unc.

) [GeV]t(t
T

p

CMS (13 TeV)-1138 fbDilepton, parton level

200 400

0.001

0.002

0.003

0.004
)| < 2.5t1.15 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.001

0.002

0.003

0.004
)| < 1.15t0.75 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.001

0.002

0.003

0.004
)| < 0.75t0.35 < |y(t

200 400
0.8
0.9

1
1.1
1.2200 400

0.001

0.002

0.003

0.004

]
-1

)
[G

e
V

t
(t

T
/d

p
σ

d
σ

1
/

)| < 0.35t0 < |y(t

200 400
0.8
0.9

1
1.1
1.2

D
a

ta
P

re
d

.

15=Data, dof

27=2χPOW+PYT,

38=2χFxFx+PYT,

67=2χPOW+HER,

Total unc.

Stat. unc.

) [GeV]t(t
T

p

CMS (13 TeV)-1138 fbDilepton, particle level

Figure 18: Normalized [|y(tt)|, pT(tt)] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 19: Normalized [m(tt), pT(tt)] cross sections are shown for data (filled circles) and var-
ious MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 20: Normalized [pT(tt), m(tt), |y(tt)|] cross sections are shown for data (filled circles)
and various MC predictions (other points). Further details can be found in the caption of
Fig. 14.



42

1 2

0.1

0.2

0.3
) < 1500 GeVt650 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3
) < 650 GeVt500 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3
) < 500 GeVt400 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3

/d
|y

(t
)|

σ
 dσ

1/

) < 400 GeVt300 < m(t

1 2

0.9
1

1.1

D
at

a
P

re
d.

 15=Data, dof 

 61= 2χPOW+PYT, 

 83= 2χFxFx+PYT, 

 49= 2χPOW+HER, 

Total unc.

Stat. unc.

|y(t)|

CMS  (13 TeV)-1138 fbDilepton, parton level

1 2

0.1

0.2

0.3 ) < 1500 GeVt650 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3 ) < 650 GeVt500 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3 ) < 500 GeVt400 < m(t

1 2

0.9
1

1.11 2

0.1

0.2

0.3

/d
|y

(t
)|

σ
 dσ

1/

) < 400 GeVt300 < m(t

1 2

0.9
1

1.1

D
at

a
P

re
d.

 15=Data, dof 

 57= 2χPOW+PYT, 

 71= 2χFxFx+PYT, 

 38= 2χPOW+HER, 

Total unc.

Stat. unc.

|y(t)|

CMS  (13 TeV)-1138 fbDilepton, particle level

Figure 21: Normalized [m(tt), |y(t)|] cross sections are shown for data (filled circles) and vari-
ous MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 22: Normalized [m(tt), |∆η(t, t)|] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Figure 23: Normalized [m(tt), |∆ϕ(t, t)|] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 14.
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Table 3: The χ2 values and dof of the measured normalized multi-differential cross sections
for tt and top quark kinematic observables at the parton level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] 15 40 (31) 71 30

[m(tt), pT(t)] 8 83 (35) 152 41

[pT(t), pT(tt)] 15 39 (21) 69 83

[m(tt), |y(tt)|] 15 64 (42) 66 63

[|y(tt)|, pT(tt)] 15 28 (15) 36 70

[m(tt), pT(tt)] 15 61 (43) 71 112

[pT(tt), m(tt), |y(tt)|] 47 89 (64) 107 134

[m(tt), |y(t)|] 15 61 (37) 83 49

[m(tt), |∆η(t, t)|] 11 165 (31) 233 124

[m(tt), |∆ϕ(t, t)|] 11 74 (47) 49 91

Table 4: The χ2 values and dof of the measured normalized multi-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] 15 35 (25) 61 28

[m(tt), pT(t)] 8 86 (36) 142 47

[pT(t), pT(tt)] 15 35 (19) 62 67

[m(tt), |y(tt)|] 15 77 (40) 72 81

[|y(tt)|, pT(tt)] 15 27 (18) 38 67

[m(tt), pT(tt)] 15 61 (36) 54 116

[pT(tt), m(tt), |y(tt)|] 47 114 (68) 119 174

[m(tt), |y(t)|] 15 57 (26) 71 38

[m(tt), |∆η(t, t)|] 11 155 (30) 209 119

[m(tt), |∆ϕ(t, t)|] 11 71 (42) 39 101
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9.2 Results for lepton and b jet kinematic variables at the particle level

In this subsection we present selected kinematic distributions of the leptons and b jets produced
in the decays of the top quark and antiquark, at the particle level in a fiducial phase space.
These distributions are sensitive to both the dynamics of the tt production and its decay. The
kinematic observables of these objects are measured very precisely with the CMS detector. The
single-differential cross sections studied at the particle level are shown in Figs. 24–26. The
model-to-data χ2 and corresponding p-values are listed in Tables 5 and 29, respectively.

First we investigate the lepton kinematic observables. Figure 24 shows the distributions of the
pT of the lepton (with negative charge), the ratio of the trailing and leading lepton pT, and the
ratio of the lepton and top antiquark pT. As for the top antiquark (Fig. 8), the MC models pre-
dict a harder pT spectrum for the leptons than observed, with FxFx+PYT exhibiting a stronger
discrepancy. For the ratio of the trailing and leading lepton pT, the models predict distribu-
tions that are slightly too soft, with FxFx+PYT again showing a more significant deviation than
POW+PYT and POW+HER. The distribution of the ratio of the lepton and top quark pT shows
an interesting excess of data over the predictions for ratios above 0.8, which is an indication of
a failure of the models to describe the dynamics of the top quark decay.

Next, we study three b jet observables, as shown in Fig. 25. The leading (trailing) b jet is defined
as the b jet from the decay of the tt system with the higher (lower) pT. The distributions of the
leading and trailing b jet pT are reasonably well described by the POW+PYT and POW+HER
models, while FxFx+PYT predicts a spectrum that is too hard. The third studied variable is the
ratio between the sum of the pT of the b and b jets over the sum of the pT of the top quark and
antiquark (pT(b) + pT(b))/(pT(t) + pT(t)). All models predict a distribution that is somewhat
too soft.

In the next set of studies, shown in Fig. 26, we analyze the invariant mass spectra of the lep-
ton pair m(ℓℓ), of the b jet pair m(bb), and of the combined system m(ℓℓbb). We investigate
whether the model descriptions for the mass spectra of these partial decay systems follow the
good description observed for the full tt system, m(tt) (Fig. 10, middle plot). The m(ℓℓ) dis-
tributions show a clear trend towards a somewhat harder spectrum in the model predictions
compared to the data. The m(bb) spectra are reasonably well described overall by all three
predictions, with a small trend of the data overshooting the predictions near threshold and at
large mass values. The m(ℓℓbb) distributions show a similar trend. Furthermore, we investi-
gate the sensitivity of the different mass spectra to the value of the top quark mass assumed
in the POW+PYT calculation, by showing the predictions for mMC

t = 169.5 and 175.5 GeV, com-
pared to the nominal prediction using a value of 172.5 GeV. It is clear that the predicted m(ℓℓ)
and m(bb) spectra become harder with increasing mMC

t , although the effects are diluted in
the regions of small invariant masses compared to the m(tt) distribution shown in Fig. 10. The
m(ℓℓbb) distribution clearly exhibits a better sensitivity to the mMC

t value in the small invariant
mass region, comparable to the one observed for the m(tt) spectrum.

Finally, we study additional dilepton distributions, whose kinematic obervables are among
those in the present analysis that are reconstructed with highest precision. Figure 27 shows the
pT(ℓℓ) and |η(ℓℓ)| distributions. Overall, they are reasonably well described by the three MC
models, with FxFx+PYT predicting a pT(ℓℓ) spectrum that is slightly too hard and an |η(ℓℓ)|
distribution that is a bit too central. Figures 28-30 show double-differential cross sections, il-
lustrating the correlations between the dilepton kinematic observables. The [|η(ℓℓ)|, m(ℓℓ)]
distributions show that the tendency of the MC predictions to provide a m(ℓℓ) spectrum that
is harder than in data is a bit enhanced towards high values of |η(ℓℓ)|. The [|η(ℓℓ)|, pT(ℓℓ)]
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spectra are well described by the POW+PYT and POW+HER models, while FxFx+PYT predicts
pT(ℓℓ) distributions that are somewhat too hard at small |η(ℓℓ)| values. For the [pT(ℓℓ), m(ℓℓ)]
distributions the m(ℓℓ) spectra clearly become harder towards larger values of pT(ℓℓ) and this
effect is a bit more pronounced in the MC models than in the data.

The observations made with the differential tt cross sections as functions of charged lepton and
b jet kinematic observables can be summarized as follows. These measurements are the most
accurate of all results presented in this document. Overall, the predictions from the MC models
agree rather well with each other. The models predict harder distributions for the lepton pT
and the invariant mass of the lepton pair. The distributions of pT of leading and trailing b
jets, and of m(bb) are reasonably well described, except for FxFx+PYT, which predicts harder
pT spectra. Among the invariant mass spectra, the m(ℓℓbb) distribution clearly shows the
strongest sensitivity to the value of the top quark mass used in the POW+PYT calculation. The
single-differential pT and η distributions of the dilepton system are reasonably well described
by the models overall, although for double-differential distributions, including also m(ℓℓ) as a
possible second variable, some tensions are visible, in particular for FxFx+PYT. The standard
χ2 values indicate, in general, a poor quality in the description of the data by the nominal
predictions. The inclusion of the prediction uncertainties for the POW+PYT model (see Table 5)
results in χ2 tests with reasonable p-values in most cases.
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Figure 24: Normalized differential tt production cross sections as functions of pT of the lepton
(upper left), of the ratio of the trailing and leading lepton pT (upper right), and of the ratio of
lepton and top antiquark pT (lower), measured at the particle level in a fiducial phase space.
The data are shown as filled circles with grey and yellow bands indicating the statistical and
total uncertainties (statistical and systematic uncertainties added in quadrature), respectively.
For each distribution, the number of degrees of freedom (dof) is also provided. The cross sec-
tions are compared to various MC predictions (other points). The estimated uncertainties in
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation are represented by vertical bars on the cor-
responding points. For each MC model, a value of χ2 is reported that takes into account the
measurement uncertainties. The lower panel in each plot shows the ratios of the predictions to
the data.
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Figure 25: Normalized differential tt production cross sections as functions of the pT of the
leading (upper left) and trailing (upper right) b jet, and (pT(b) + pT(b))/(pT(t) + pT(t))
(lower). Further details can be found in the caption of Fig. 24.
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Figure 26: Normalized differential tt production cross sections as functions of m(ℓℓ) (upper
left), m(bb) (upper right), and m(ℓℓbb) (lower) are shown for data (filled circles) and vari-
ous MC predictions (other points). The distributions are also compared to POWHEG+PYTHIA 8
(‘POW-PYT’) simulations with different values of mMC

t . Further details can be found in the
caption of Fig. 24.
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Figure 27: Normalized differential tt production cross sections as functions of pT(ℓℓ) (left) and
|η(ℓℓ)| (right) are shown for data (filled circles) and various MC predictions (other points).
Further details can be found in the caption of Fig. 24.
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Figure 28: Normalized [|η(ℓℓ)|, m(ℓℓ)] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 24.
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Figure 29: Normalized [|η(ℓℓ)|, pT(ℓℓ)] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 24.
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Figure 30: Normalized [pT(ℓℓ), m(ℓℓ)] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 24.
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Table 5: The χ2 values and dof of the measured normalized single-differential cross sections
for lepton and b-jet kinematic observables at the particle level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(ℓ) 11 28 (18) 51 18

pT(ℓ) trailing/pT(ℓ) leading 9 15 (11) 24 7

pT(ℓ)/pT(t) 4 10 (9) 25 12

pT(b) leading 9 5 (4) 26 8

pT(b) trailing 6 6 (4) 24 7

(pT(b) + pT(b))/(pT(t) + pT(t)) 3 19 (15) 27 18

m(ℓℓ) 11 23 (20) 27 23

m(bb) 6 15 (12) 15 14

m(ℓℓbb) 18 33 (18) 28 28

pT(ℓℓ) 8 4 (3) 14 9

|η(ℓℓ)| 13 14 (9) 21 11

[|η(ℓℓ)|, m(ℓℓ)] 23 48 (28) 73 37

[|η(ℓℓ)|, pT(ℓℓ)] 19 27 (14) 78 24

[pT(ℓℓ), m(ℓℓ)] 29 44 (37) 83 55
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9.3 Results as a function of additional-jet multiplicity

In the final set of studies, we measure differential tt production cross sections as a function of
the multiplicity of additional jets in the events. These investigations provide an exemplary test-
ing ground for the understanding of perturbative QCD. In particular, additional jets provide a
second hard kinematic scale in the events, competing with the tt invariant mass, and thus give
rise to a multiscale situation that provides a challenge for the perturbative expansion [116].
The definitions of the cross sections are given in Section 6.1. Additional jets are measured at
the particle level, and the top quark and antiquark are either measured at the parton level in
the full phase space or at the particle level in a fiducial phase space. The cross sections are
shown in Figs. 31–40. The upper and lower plots in the figures depict the cross sections at the
parton and particle levels, respectively. The χ2 values of model-to-data comparisons are listed
in Tables 6–7 and the corresponding p-values in Tables 30–31.

We first discuss the additional-jet multiplicity Njet distribution and its dependence on the mini-
mum jet pT requirement. This distribution provides a direct view of the amount of higher-order
QCD radiation in tt events. Figure 31 shows the Njet cross section distributions for minimum
pT values of 40 and 100 GeV, respectively. The data are compared to the same three MC models
as discussed above. The POW+PYT MC provides a good description of the Njet distribution for
the lower pT value, though for the higher pT value it starts to overshoot the data at larger jet
multiplicities Njet ≥ 2. The FxFx+PYT model exhibits a low accuracy, nearly independent of
the pT requirement. Its cross section prediction is too low for Njet = 0 and too high for Njet = 1,
though it is reasonable for larger Njet. The effect is underlined by large χ2 values. The descrip-
tion of the data by POW+PYT and FxFx+PYT is consistent for the parton- and particle-level
cross sections, but for POW+HER a different picture emerges. This model clearly predicts too
many extra jets for the parton-level cross section, but describes the data well at the particle level
in a fiducial phase space. The parton level is defined for the full phase space. However, there
might be a larger contribution from extra jets in POW+HER from events that are predominantly
outside the particle-level fiducial phase space for the top quark and antiquark.

Next we investigate the top quark and tt kinematics as a function of Njet. This allows us to
map the kinematic correlations to additional jets and to check whether description deficiencies
seen, e.g. for the top quark transverse momentum pT(t) spectrum (Fig. 8), are associated with
specific Njet values. Figure 32 shows the pT(t) distributions. For POW+PYT, the effect of a
harder pT(t) spectrum compared to that observed in data seems to be slightly enhanced in the
lower two jet multiplicity bins Njet = 0, 1, though a reasonable description is seen for higher
multiplicities Njet > 1. The FxFx+PYT model predicts harder pT(t) spectra, rather independent
of Njet. Among all considered predictions, POW+HER provides the best description of the pT(t)
distributions at the particle level, but fails at the parton level, where its large excess at Njet > 1 is
accompanied by a pT(t) spectrum that falls too steeply. The distributions of |y(t)| are illustrated
in Fig. 33. The data prefer slightly less-central |y(t)| distributions than the models, with weak
dependence on Njet. Figure 34 shows the [Njet, pT(tt)] distributions. The two variables are
correlated since additional QCD radiation in the event leads to nonzero values of pT(tt), as
well as to values Njet ≥ 1. For low jet multiplicities, Njet = 0, 1, the POW+PYT model provides
a reasonable description of the measured pT(tt) spectrum, though for Njet > 1 it predicts a rise
of the cross section that is too steep over the first three pT(tt) ranges from 0 to 100 GeV. The
ratio of the FxFx+PYT model to the data always exhibits a positive slope over the first three
pT(tt) ranges, irrespectively of Njet. The POW+HER prediction mostly follows the POW+PYT
model, except at high pT(tt) where it is a bit lower.

The distributions of m(tt) are shown in Fig. 35. The shapes of these distributions are fairly well



9.3 Results as a function of additional-jet multiplicity 55

modeled by POW+PYT, for all Njet ranges. The FxFx+PYT calculation clearly predicts much
harder m(tt) spectra for Njet = 1. The POW+HER provides a fair description at the tt particle
level, but fails again at the parton level, where it predicts a much softer m(tt) distribution for
Njet > 1. Figure 36 displays the |y(tt)| spectra. The shapes of these distributions are reason-
ably well described by the models, irrespectively of the Njet range, but specific Njet-dependent
normalization problems remain for FxFx+PYT and POW+HER at the particle level. Figure 37
depicts the ∆η(t, t) distributions. The description by the models is poor, which is also indicated
by the large χ2 values with very small p-values. For the first two Njet bins there is a clear trend
for the models to predict rapidity separations between top quark and antiquark that are too
small, while in the last bin the trend is slightly reversed.

Figures 38–40 show triple-differential cross sections as functions of Njet, m(tt), and |y(tt)|.
These cross sections were one of the highlights of our previous analysis [39], where it was
demonstrated that they can be used for a simultaneous extraction of the top quark pole mass,
αS, and the PDFs, with good precision. We measure the cross sections separately using two
(Njet = 0 and Njet ≥ 1), three (Njet = 0, Njet = 1, and Njet ≥ 2), and four (Njet = 0, Njet = 1,
Njet = 2 and Njet ≥ 3) bins of Njet for the particle-level jets. These cross sections are denoted as
[N0,1+

jet , m(tt), |y(tt)|], [N0,1,2+
jet , m(tt), |y(tt)|], and [N0,1,2,3+

jet , m(tt), |y(tt)|], respectively. The

[N0,1,2,3+
jet , m(tt), |y(tt)|] cross sections are measured for the first time. A striking feature of the

comparisons of the MC models to the data is a growing discrepancy when going from two to
three and four bins of Njet. The [N0,1,2,3+

jet , m(tt), |y(tt)|] cross sections clearly exhibit the best
power for distinguishing the models. Among all tested predictions, the POW+PYT model pro-
vides the overall best description. The FxFx+PYT calculation exhibits the same normalization
problems versus Njet that are visible in the Njet spectrum (Fig. 31), coupled with a small trend
to predict cross sections towards large m(tt) that are too high, though the |y(tt)| shapes are
described reasonably well. The POW+HER model delivers a description at the particle level
that is comparable to that of POW+PYT, but fails at the parton level where it overshoots the
data for the Njet = 2 and Njet > 2 bins.

The comparisons of MC models and data can be summarized as follows. The POW+PYT
calculation clearly provides the best description of the additional-jet multiplicity Njet in tt
events. The FxFx+PYT and POW+HER models fail, the former predicting too many events
with Njet = 1 and the latter too many events at the parton level in the full phase space with
Njet > 1. There are rather weak kinematic correlations of the top quark and tt rapidity spectra
with Njet, and the quality of the descriptions of the rapidity spectra by the models is rather
independent of Njet. As expected, there are larger kinematic correlations of top quark and
tt transverse momenta or tt invariant mass with Njet, showing harder spectra for larger Njet.
All models exhibit different level of discrepancies for these distributions that depend on the
jet multiplicity. For instance, there is an indication that the problem of harder pT(t) distribu-
tions in the models is localized at small jet multiplicities. The theory-to-data χ2 values indicate
a rather poor description of the data by the nominal model predictions for many of the dis-
cussed distributions. The χ2 values that include the prediction uncertainties for POW+PYT
(see Tables 6–7) are significantly reduced, but the corresponding p-values remain too small for
a reasonable description of several measured observables.
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Figure 31: Normalized differential tt production cross sections as a function of Njet, for a min-
imum jet pT of 40 GeV (upper) and 100 GeV (lower), measured at the parton level in the full
phase space (left) and at the particle level in a fiducial phase space (right). The data are shown
as filled circles with grey and yellow bands indicating the statistical and total uncertainties (sta-
tistical and systematic uncertainties added in quadrature), respectively. For each distribution,
the number of degrees of freedom (dof) is also provided. The cross sections are compared to
various MC predictions (other points). The estimated uncertainties in the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation are represented by vertical bars on the corresponding points. For each
MC model, a value of χ2 is reported that takes into account the measurement uncertainties.
The lower panel in each plot shows the ratios of the predictions to the data.
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Figure 32: Normalized [Njet, pT(t)] cross sections measured at the parton level in the full phase
space (upper) and at the particle level in a fiducial phase space (lower). The data are shown as
filled circles with grey and yellow bands indicating the statistical and total uncertainties (sta-
tistical and systematic uncertainties added in quadrature), respectively. For each distribution,
the number of degrees of freedom (dof) is also provided. The cross sections are compared to
various MC predictions (other points). The estimated uncertainties in the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation are represented by vertical bars on the corresponding points. For each
MC model, a value of χ2 is reported that takes into account the measurement uncertainties.
The lower panel in each plot shows the ratios of the predictions to the data.
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Figure 33: Normalized [Njet, |y(t)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 32.
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Figure 34: Normalized [Njet, pT(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 32.
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Figure 35: Normalized [Njet, m(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 32.
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Figure 36: Normalized [Njet, |y(tt)|] cross sections are shown for data (filled circles) and vari-
ous MC predictions (other points). Further details can be found in the caption of Fig. 32.
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Figure 37: Normalized [Njet, |∆η(t, t)|] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 32.
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Figure 38: Normalized [N0,1+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled circles)

and various MC predictions (other points). Further details can be found in the caption of
Fig. 32.
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Figure 39: Normalized [N0,1,2+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled cir-

cles) and various MC predictions (other points). Further details can be found in the caption
of Fig. 32.
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Figure 40: Normalized [N0,1,2,3+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled cir-

cles) and various MC predictions (other points). Further details can be found in the caption of
Fig. 32.
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Table 6: The χ2 values and dof of the measured normalized differential cross sections as a
function of the additional-jet multiplicity in the events, at the parton level of the top quark
and antiquark, are shown with respect to the predictions of various MC generators. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 5 6 (3) 280 251

Njet(pT > 100 GeV) 4 27 (8) 34 68

[Njet, pT(t)] 8 22 (12) 161 124

[Njet, |y(t)|] 11 38 (29) 128 85

[Njet, pT(tt)] 11 50 (37) 189 92

[Njet, m(tt)] 11 56 (41) 140 151

[Njet, |y(tt)|] 11 11 (5) 121 60

[Njet, |∆η(t, t)|] 8 84 (37) 189 143

[N0,1+
jet , m(tt), |y(tt)|] 23 48 (35) 73 92

[N0,1,2+
jet , m(tt), |y(tt)|] 35 83 (57) 212 211

[N0,1,2,3+
jet , m(tt), |y(tt)|] 47 122 (84) 425 462
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Table 7: The χ2 values and dof of the measured normalized differential cross sections as a
function of the additional-jet multiplicity in the events, at the particle level of the top quark
and antiquark, are shown with respect to the predictions of various MC generators. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 5 6 (3) 340 9

Njet(pT > 100 GeV) 4 31 (8) 34 6

[Njet, pT(t)] 8 30 (13) 237 26

[Njet, |y(t)|] 11 39 (24) 174 28

[Njet, pT(tt)] 11 58 (37) 327 89

[Njet, m(tt)] 11 53 (35) 283 51

[Njet, |y(tt)|] 11 14 (5) 178 9

[Njet, |∆η(t, t)|] 8 124 (41) 290 107

[N0,1+
jet , m(tt), |y(tt)|] 23 75 (45) 96 91

[N0,1,2+
jet , m(tt), |y(tt)|] 35 127 (69) 379 142

[N0,1,2,3+
jet , m(tt), |y(tt)|] 47 156 (94) 699 167
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9.4 Comparisons to higher-order theoretical predictions

In this Section, the measured cross sections are compared to the following calculations of
beyond-NLO precision in QCD:

• aN3LO: An approximate next-to-NNLO calculation [11, 12], based on the resumma-
tion of soft-gluon contributions at NNLL accuracy in the moment-space approach.
This prediction is only available for the pT(t), y(t), and [|y(t)|, pT(t)] cross sections.
The renormalization and factorization scales are set to mt for the y(t) distributions
and to mT for pT(t) and [|y(t)|, pT(t)]. Here, mt denotes the top quark mass and mT

is defined as mT =
√

m2
t + pT(t)2.

• MATRIX (NNLO): A prediction with full NNLO accuracy in QCD obtained with
the MATRIX package [16, 117–123]. The dynamic scales are set to HT/4, where HT
denotes the sum of the top quark and antiquark mT values.

• STRIPPER (NNLO): A calculation with full NNLO precision in QCD using the STRIP-
PER framework [14, 17, 124–126]. The dynamic scales are set to HT/4. For parton
level cross sections as functions of the tt and top quark kinematic observables, the
STRIPPER predictions are expected to be identical to the results obtained with MA-
TRIX. The STRIPPER calculation also provides cross sections at NNLO accuracy for
the process pp → tt → bbℓℓνν + X [17], that can be compared to the particle level
measurements obtained in this analysis as functions of the tt, top quark, and lepton
and b jet kinematic variables.

• MINNLOPS (NNLOPS): A prediction with full NNLO precision in QCD, comple-
mented with parton showers and computed using the POWHEG-BOX-V2 [55]. These
calculations are obtained using the MINNLOPS method [127–129], which supple-
ments the MINLO prescription [130, 131] with the missing pieces to reach NNLO
accuracy for inclusive observables. The µr for the two powers of αS is set to HT/4,
and the scale of the modified logarithms is set to half of this value. Parton show-
ering is simulated with PYTHIA 8, and includes the effects of underlying event and
hadronization.

In all predictions, the top quark mass is set to mt = 172.5 GeV and the NNPDF3.1 NNLO PDF
set [52] is used. In the following, the calculations are collectively referred to as theoretical
predictions.

The comparisons of the theoretical predictions, indicated by different symbols, to the mea-
sured normalized differential cross sections are shown in Figs. 41–63. The predictions from
POW+PYT are also shown, serving as a reference for the description by the MC models, dis-
cussed in Sections 9.1 and 9.2. The χ2 values of model-to-data comparisons are listed in Ta-
bles 8–12, and the corresponding p-values can be found in Tables 32–36. The values are pro-
vided considering only measurement uncertainties; for POW+PYT, additional values are pre-
sented, which include the full prediction uncertainties. Comparisons of the predictions to the
measured absolute cross sections are provided in Appendix B.2. To illustrate the magnitude of
the perturbative uncertainties, the beyond-NLO calculations are displayed with vertical bars
constructed from the envelope of six µr and µf variations, following the procedure outlined in
Section 8.2.

For the cross sections as functions of the tt and top quark kinematic observables at the parton
and particle levels, shown in Figs. 41–56, the theoretical models provide descriptions of the data
that are similar or improved in quality, compared to POW+PYT, with a few exceptions. For the



9.4 Comparisons to higher-order theoretical predictions 69

pT(t) and pT(t) distributions shown in Fig. 41, the MATRIX, STRIPPER, and MINNLOPS mod-
els provide a good description of the data, with no discernible trend towards a distribution that
is harder, as exhibited by POW+PYT. For the aN3LO calculation, some wiggles are visible in the
distribution of the ratio to the data, leading to a rather poor χ2. The STRIPPER model describes
the data also at the particle level reasonably well. The theoretical models also provide a reason-
able description of other measured cross sections related to top quark pT, such as pT(t)/m(tt)
(Fig. 45), and [m(tt), pT(t)] (Fig. 48), clearly improving upon POW+PYT. For observables re-
lated to the top quark rapidity and the rapidity and mass of the tt system, the trends between
data and theoretical calculations are mostly similar to those of POW+PYT. Exemplary cases
are the rapidity spectra y(t) and y(t), depicted in Fig. 42, where the models exhibit rapidity
distributions that are more central than what is observed in data, and the [m(tt), |y(tt)|] cross
sections (Fig. 50), where the predictions overshoot the data in the high-m(tt) region at large
y(tt).

Figures 43 and 44 present the cross sections as functions of pT(tt) and |∆ϕ(t, t)|, which directly
probe higher-order QCD effects. These effects are reflected in the large uncertainties of the
theoretical predictions, as shown in the corresponding absolute cross section measurements in
Figs. 101 and 102. The central predictions of these models fail to describe the data accurately.
Similar observations can be made for the multi-differential cross sections involving these two
kinematic variables.

Summarizing, the beyond-NLO theoretical predictions provide descriptions of the data that
are of similar or improved quality, compared to POW+PYT, except for some of the kinematic
distributions that are directly sensitive to higher-order QCD corrections.

For the differential cross sections as functions of lepton and b jet kinematic variables at the
particle level, shown in Figs. 57–63, the STRIPPER calculation provides descriptions that are
overall of similar quality compared to POW+PYT. One exception is the m(bb) distribution,
where STRIPPER clearly predicts too many events in the lowest mass bin.
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Figure 41: Normalized differential tt production cross sections as functions of pT(t) (upper)
and pT(t) (lower), measured at the parton level in the full phase space (left) and at the par-
ticle level in a fiducial phase space (right). The data are shown as filled circles with grey
and yellow bands indicating the statistical and total uncertainties (statistical and systematic
uncertainties added in quadrature), respectively. For each distribution, the number of de-
grees of freedom (dof) is also provided. The cross sections are compared to predictions from
the POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation and various theoretical predic-
tions with beyond-NLO precision (other points). The estimated uncertainties in the POW+PYT
model are represented by vertical bars on the corresponding points. For each model, a value of
χ2 is reported that takes into account the measurement uncertainties. The lower panel in each
plot shows the ratios of the predictions to the data.
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Figure 42: Normalized differential tt production cross sections as functions of y(t) (upper) and
y(t) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open circles)
simulation, and various theoretical predictions with beyond-NLO precision (other points). Fur-
ther details can be found in the caption of Fig. 41.
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Figure 43: Normalized differential tt production cross sections as functions of pT(tt) (upper),
m(tt) (middle), and y(tt) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-
PYT’, open circles) simulation, and various theoretical predictions with beyond-NLO precision
(other points). Further details can be found in the caption of Fig. 41.
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Figure 44: Normalized differential tt production cross sections as functions of |∆ϕ(t, t)| (upper)
and |y(t)| − |y(t)| (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’,
open circles) simulation, and various theoretical predictions with beyond-NLO precision (other
points). Further details can be found in the caption of Fig. 41.
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Figure 45: Normalized differential tt production cross sections as functions of pT(t)/m(tt) (up-
per) and pT(tt)/m(tt) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-
PYT’, open circles) simulation, and various theoretical predictions with beyond-NLO precision
(other points). Further details can be found in the caption of Fig. 41.
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Figure 46: Normalized differential tt production cross sections as functions of log(ξ1) (upper)
and log(ξ2) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open
circles) simulation, and STRIPPER NNLO calculation (stars). Further details can be found in the
caption of Fig. 41.
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Figure 47: Normalized [|y(t)|, pT(t)] cross sections measured at the parton level in the full
phase space (upper) and at the particle level in a fiducial phase space (lower). The data are
shown as filled circles with grey and yellow bands indicating the statistical and total uncer-
tainties (statistical and systematic uncertainties added in quadrature), respectively. For each
distribution, the number of degrees of freedom (dof) is also provided. The cross sections are
compared to predictions from the POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation
and various theoretical predictions with beyond-NLO precision (other points). The estimated
uncertainties in the POW+PYT model are represented by vertical bars on the corresponding
points. For each model, a value of χ2 is reported that takes into account the measurement un-
certainties. The lower panel in each plot shows the ratios of the predictions to the data.
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Figure 48: Normalized [m(tt), pT(t)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 49: Normalized [pT(t), pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.



9.4 Comparisons to higher-order theoretical predictions 79

1 2

0.1

0.2

0.3 ) < 1500 GeVt650 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3 ) < 650 GeVt500 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3 ) < 500 GeVt400 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3

)|t
/d

|y
(t

σ
d

σ
1

/

) < 400 GeVt300 < m(t

1 2

0.9
1

1.1

D
a

ta
P

re
d

.

15=Data, dof 

64=2χPOW+PYT, 

53=2χMATRIX, 

47=2χSTRIPPER, 

51=2χMiNNLOPS, 

Total unc.

Stat. unc.

)|t|y(t

CMS (13 TeV)-1138 fbDilepton, parton level

1 2

0.1

0.2

0.3

) < 1500 GeVt650 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3

) < 650 GeVt500 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3

) < 500 GeVt400 < m(t

1 2

0.9
1

1.1
1 2

0.1

0.2

0.3

)|t
/d

|y
(t

σ
d

σ
1

/

) < 400 GeVt300 < m(t

1 2

0.9
1

1.1

D
a

ta
P

re
d

.

15=Data, dof 

77=2χPOW+PYT, 

43=2χSTRIPPER, 

Total unc.

Stat. unc.

)|t|y(t

CMS (13 TeV)-1138 fbDilepton, particle level

Figure 50: Normalized [m(tt), |y(tt)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 51: Normalized [|y(tt)|, pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 52: Normalized [m(tt), pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 53: Normalized [pT(tt), m(tt), |y(tt)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 54: Normalized [m(tt), |y(t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 55: Normalized [m(tt), |∆η(t, t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 56: Normalized [m(tt), |∆ϕ(t, t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 47.
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Figure 57: Normalized differential tt production cross sections as functions of pT of the lepton
(upper left), of the ratio of the trailing and leading lepton pT (upper right), and of the ratio of
lepton and top antiquark pT (lower middle), measured at the particle level in a fiducial phase
space. The data are shown as filled circles with grey and yellow bands indicating the statistical
and total uncertainties (statistical and systematic uncertainties added in quadrature), respec-
tively. For each distribution, the number of degrees of freedom (dof) is also provided. The
cross sections are compared to predictions from the POWHEG+PYTHIA 8 (‘POW-PYT’, open
circles) simulation and STRIPPER NNLO calculation (stars). The estimated uncertainties in
the POW+PYT model are represented by vertical bars on the corresponding points. For each
model, a value of χ2 is reported that takes into account the measurement uncertainties. The
lower panel in each plot shows the ratios of the predictions to the data.
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Figure 58: Normalized differential tt production cross sections as functions of the pT of the
leading (upper left) and trailing (upper right) b jet, and (pT(b) + pT(b))/(pT(t) + pT(t))
(lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) sim-
ulation, and STRIPPER NNLO calculation (stars). Further details can be found in the caption of
Fig. 57.
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Figure 59: Normalized differential tt production cross sections as functions of m(ℓℓ) (up-
per left), m(bb) (upper right), and m(ℓℓbb) (lower) are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 57.
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Figure 60: Normalized differential tt production cross sections as functions of pT(ℓℓ) (left) and
|η(ℓℓ)| (right) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open circles)
simulation, and STRIPPER NNLO calculation (stars). Further details can be found in the caption
of Fig. 57.

200 400 600

0.001

0.002

0.003

200 400 600

0.8

1

1.2
200 400 600

0.001

0.002

0.003

200 400 600

0.8

1

1.2
200 400 600

0.001

0.002

0.003

200 400 600

0.8

1

1.2
200 400 600

0.001

0.002

0.003

]
-1

)
[G

e
V

l
/d

m
(l

σ
d

σ
1

/

200 400 600

0.8

1

1.2

D
a

ta
P

re
d

.

23=Data, dof

48=2χPOW+PYT,

78=2χSTRIPPER,

Total unc.

Stat. unc.

) [GeV]lm(l

CMS (13 TeV)-1138 fbDilepton, particle level

)| < 5l(lη< |2)| < 2l(lη< |1)| < 1l(lη0.5 < |)| < 0.5l(lη0 < |

Figure 61: Normalized [|η(ℓℓ)|, m(ℓℓ)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 57.
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Figure 62: Normalized [|η(ℓℓ)|, pT(ℓℓ)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 57.
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Table 9: The χ2 values and dof of the measured normalized single-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

pT(t) 6 17 (12) 3

pT(t) 6 14 (9) 3

y(t) 9 19 (16) 11

y(t) 9 24 (20) 10

pT(tt) 6 21 (7) 83

y(tt) 11 10 (7) 19

m(tt) 6 5 (3) 4

|∆ϕ(t, t)| 3 1 (0) 1076

|y(t)| − |y(t)| 7 15 (10) 4

pT(t)/m(tt) 4 30 (20) 8

pT(tt)/m(tt) 8 18 (7) 144

log(ξ1) 8 14 (9) 10

log(ξ2) 8 9 (6) 9
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Table 11: The χ2 values and dof of the measured normalized multi-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

[|y(t)|, pT(t)] 15 35 (25) 16

[m(tt), pT(t)] 8 86 (36) 18

[pT(t), pT(tt)] 15 35 (19) 160

[m(tt), |y(tt)|] 15 77 (40) 43

[|y(tt)|, pT(tt)] 15 27 (18) 78

[m(tt), pT(tt)] 15 61 (36) 363

[pT(tt), m(tt), |y(tt)|] 47 114 (68) 137

[m(tt), |y(t)|] 15 57 (26) 20

[m(tt), |∆η(t, t)|] 11 155 (30) 37

[m(tt), |∆ϕ(t, t)|] 11 71 (42) 405
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Table 12: The χ2 values and dof of the measured normalized single-differential cross sections
for lepton and b-jet kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

pT(ℓ) 11 28 (18) 16

pT(ℓ) trailing/pT(ℓ) leading 9 15 (11) 5

pT(ℓ)/pT(t) 4 10 (9) 5

pT(b) leading 9 5 (4) 7

pT(b) trailing 6 6 (4) 3

(pT(b) + pT(b))/(pT(t) + pT(t)) 3 19 (15) 8

m(ℓℓ) 11 23 (20) 13

m(bb) 6 15 (12) 76

m(ℓℓbb) 18 33 (18) 15

pT(ℓℓ) 8 4 (3) 5

|η(ℓℓ)| 13 14 (9) 40

[|η(ℓℓ)|, m(ℓℓ)] 23 48 (28) 78

[|η(ℓℓ)|, pT(ℓℓ)] 19 27 (14) 43

[pT(ℓℓ), m(ℓℓ)] 29 44 (37) 48
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9.5 Comparisons to POWHEG+PYTHIA 8 predictions using different PDFs

In this subsection the sensitivity of the measured differential tt production cross sections to
the PDFs is assessed. The tt production at the LHC is known to be particularly sensitive
to the gluon density at higher proton momentum fractions x. In the previous CMS analy-
ses [28, 39], systematic investigations were performed in which different sets of tt kinematic
spectra were included in PDF fits and their impact evaluated. A particularly large sensitivity
was observed in Ref. [28] for the [m(tt), |y(tt)|] cross sections measured at

√
s = 8 TeV, lead-

ing to a strong constraint on the gluon density at x values around 0.3. In the present analysis,
the PDF sensitivity is assessed by comparing kinematic spectra of the top quark or the tt sys-
tem with the POWHEG+PYTHIA 8 predictions, evaluated with a number of different PDF sets:
NNPDF3.1 [52], CT14 [132], ABMP16 [133], MMHT2014 [134], and HERAPDF2.0 [135]. For
the NNPDF3.1 PDFs, both the NNLO (used in the nominal simulation) and NLO variants are
studied, while only the NLO versions are taken for all other sets. The PDFs differ in the input
data and methodologies that were used to extract them, as discussed elsewhere [136, 137].

Figure 64 shows the measured normalized single-differential cross sections, defined at the par-
ton level, as functions of pT(t), y(t), m(tt), and y(tt), and compared to the predictions obtained
with different PDF sets. Most of the PDFs provide a similar description of the data, except HER-
APDF2.0 NLO that describes the pT(t) distribution well but exhibits clear shape deviations for
the other spectra, leading to large χ2 values. In Fig. 65, the log(ξ1), log(ξ2), and [m(tt), |y(tt)|]
cross section distributions are shown. As discussed above, in the LO QCD picture the log(ξ1)
and log(ξ2) variables represent the proton momentum fractions carried by the two partons en-
tering the hard interaction. The HERAPDF2.0 NLO prediction undershoots the data near the
smallest and largest values of these observables, which may give a hint of a possibly wrong x
dependence of the gluon density in this PDF set. For [m(tt), |y(tt)|], all PDFs again provide
data descriptions of similar quality, except HERAPDF2.0 NLO, that predicts too few events to-
wards large m(tt) and y(tt) values. The particularly large χ2 for HERAPDF2.0 NLO for this
distribution indicates an enhanced PDF sensitivity for this double-differential cross section.
Summarizing, the differential spectra of the top quark and the tt system show some sensitivity
to the PDFs and, therefore, it will be useful to include the corresponding data in future global
PDF fits.
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Figure 64: Normalized differential tt production cross sections as functions of pT(t) (upper
left), y(t) (upper right), m(tt) (lower left), and y(tt) (lower right), measured at the parton
level in the full phase space. The data are shown as filled circles with grey and yellow bands
indicating the statistical and total uncertainties (statistical and systematic uncertainties added
in quadrature), respectively. For each distribution, the number of degrees of freedom (dof) is
also provided. The cross sections are compared to predictions from the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation with various PDF sets. The nominal prediction (open circles) uses
the PDF set NNPDF3.1 at NNLO accuracy, assuming a top quark mass value of 172.5 GeV
and αS = 0.118. The alternative PDF sets (other points) constitute NNPDF3.1, CT14, ABMP16,
MMHT2014, and HERAPDF2.0 at NLO accuracy and assume the same values for the top quark
mass and αS as the nominal NNPDF3.1 NNLO PDF set. The estimated uncertainties in the
nominal prediction are represented by vertical bars on the corresponding points. For each PDF
set, a value of χ2 is reported that takes into account the measurement uncertainties. The lower
panel in each plot shows the ratios of the predictions to the data.
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cross sections are shown for data (filled circles) and predictions from the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation with various PDF sets (other points). Further details can be found in
the caption of Fig. 64.
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10 Summary
A measurement of differential top quark pair (tt) production cross sections in proton-proton
collisions at

√
s = 13 TeV was presented, performed with events containing two oppositely

charged leptons (electrons or muons). The data used in this analysis were recorded in the years
2016 through 2018 with the CMS detector at the LHC and correspond to an integrated luminos-
ity of 138 fb−1. Differential cross sections are measured as functions of kinematical observables
of the tt system, the top quark and antiquark and their decay products, and the total number of
additional jets in the event not originating from the tt decay. The measurements are performed
as functions of single observables, or simultaneously as functions of two or three kinematic
variables. The differential cross sections are defined both with particle-level objects in a fidu-
cial phase space close to that of the detector acceptance and with parton-level top quarks in the
full phase space. Overall, both the statistical and the systematic uncertainties in the measure-
ments are improved by a factor of about two compared to the previous analyses [38, 39] which
are based on the 2016 data set.

Predictions of several next-to-leading-order (NLO) Monte Carlo (MC) event generators that
differ in the hard matrix element, parton shower, and hadronization models were compared
to the data. The predictions of these MC models, without taking theoretical uncertainties into
account, generally fail to describe many of the measured cross sections in their full kinematic
range. The predicted transverse momentum pT distributions of the top quark and antiquark are
harder than observed in the data, and the rapidity distributions are more central. The invariant
mass and rapidity distributions of the tt system are reasonably well described by the models
overall. The predictions for the tt transverse momentum distribution differ from the data even
more than the top quark and antiquark distributions do; none of them provides a good de-
scription of the data. Double- and triple-differential cross sections show large model-to-data
discrepancies, for instance the effect of a harder top quark pT spectrum pT(t) in the models
is pronounced at high m(tt). Differential cross sections as functions of kinematic observables
of the leptons and b jets originating from the decay of the top quark and antiquark are mea-
sured with high precision. Overall, the observed trends for these objects follow those for the
top quarks and antiquarks, with the models predicting harder pT spectra than seen in the data.
For the leptons, this effect is somewhat enhanced and furthermore the dilepton invariant mass
spectrum is harder in the models than in the data. The distribution of the multiplicity of addi-
tional jets in tt events shows varying level of agreement between data and the models. When
considered as a function of jet multiplicity, the evolution of the shapes of tt , top quark and an-
tiquark kinematic distributions is different for the models and for data. There is an indication
that the trend of harder pT(t) distributions in the models is localized at small jet multiplicities.

Selected kinematic distributions were also compared to a variety of theoretical predictions be-
yond NLO precision. For observables of the top quark and the tt system, these predictions
provide descriptions of the data that are of similar or improved quality, compared to the MC
model best describing each variable, except for some of the kinematic spectra that are directly
sensitive to higher-order QCD effects. For observables associated with the leptons and b jets,
the quality of the tested next-to-NLO model is on average comparable to but not better than
that of the NLO MC models. Comparing several kinematic distributions of the top quark and
the tt system to NLO MC models using various parton distribution function (PDF) sets, clear
differences are observed which indicate a sensitivity to PDFs that could be exploited in future
PDF fits.

For each distribution, the quality of the description of the data by the models has been as-
sessed with a χ2 test statistic. When only the measurement uncertainties are taken into account
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in the calculation (i.e. neglecting the uncertainties on the predictions), the p-values obtained
from the χ2 tests are in general close to zero, pointing to a poor description of the data by the
nominal models. For the POWHEG+PYTHIA 8 model, additional χ2 values have been evalu-
ated including the uncertainties on the prediction. This inclusion often leads to substantially
reduced χ2 values with reasonable p-values. However, for several distributions, and in particu-
lar for a larger fraction of the multi-differential distributions, the observed differences between
data and simulation still remain significant, providing important input for future theoretical
predictions.
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A Definition of χ2 for theory-to-data comparisons
We define here the χ2 values for the theory-to-data comparisons shown in Section 9 and Ap-
pendix B. The standard χ2 values are calculated taking the measurement uncertainties into
account, but ignoring the uncertainties in the predictions:

χ2 = RT
NCov−1

N RN , (2)

where N denotes the number of bins of the respective cross section distribution and RN the
vector of differences of the measured cross sections and the corresponding predictions. The
covariance matrix Cov is calculated as:

Cov = Covunf + Covsyst, (3)

where Covunf and Covsyst are the covariance matrices representing the statistical uncertainties
from the unfolding, and the systematic uncertainties, respectively. The systematic covariance
matrix Covsyst is calculated as

Covsyst
ij = ∑

k,l

1
Nk

Cj,k,lCi,k,l , 1 ≤ i ≤ N, 1 ≤ j ≤ N. (4)

Here, Ci,k,l denotes the signed systematic shift of the measurement in the ith bin arising from
variation l of source k and Nk is the number of variations for source k. The sums run over all
sources of systematic uncertainties and all their corresponding variations. Most of the system-
atic uncertainty sources in this analysis consist of positive and negative variations and thus
have Nk = 2, though one model uncertainty (namely, the model of color reconnection) consists
of more than two variations, a property that is accounted for in Eq. (4). For the POW+PYT
model, additional χ2 values are provided including the uncertainties in the predictions. This is
achieved by adding the covariance matrix of the predictions, Covpred, calculated analogously
to Eq. (4), to Cov.

For normalized cross sections the χ2 values are calculated as

χ2 = RT
N−1Cov−1

N−1RN−1, (5)

where RN−1 is the column vector of the residuals calculated as the difference of the measured
normalized cross sections and the corresponding predictions and discarding one of the N bins,
and CovN−1 is the (N − 1)× (N − 1) submatrix obtained from the full covariance matrix by
discarding the corresponding row and column. The matrix CovN−1 obtained in this way is
invertible, while the original covariance matrix Cov is singular because for normalized cross
sections one degree of freedom is lost.

http://dx.doi.org/10.1140/epjc/s10052-016-4285-4
http://www.arXiv.org/abs/1603.08906
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B Results for absolute cross sections
Absolute differential cross sections corresponding to the normalized ones discussed in Section 9
are presented in the following, together with tables listing χ2 values of all prediction-to-data
comparisons.

B.1 Comparisons to MC simulations

The absolute differential cross sections comparing data to predictions based on MC simula-
tions are shown in Figs. 66–98, and the corresponding χ2 values are presented in Tables 13–
19. The p-values of the χ2 tests are provided in Tables 37–43. The measurements are com-
pared to the three MC simulations introduced in Section 3: POWHEG+PYTHIA 8 (POW+PYT),
MG5 aMC@NLO[FxFx]+PYTHIA 8 (FxFx+PYT), and POWHEG+HERWIG 7 (POW+HER). As de-
tailed in Section 3, the POWHEG+PYTHIA 8 simulation is normalized to the cross section cal-
culated at NNLO+NNLL. Comparing the absolute cross sections to the normalized ones pre-
sented in Section 9, two effects are visible. Firstly, the uncertainties in the measured absolute
cross sections are considerably larger than those of the corresponding normalized ones, which
can be attributed to bin-to-bin correlated global normalization uncertainties. Secondly, the ab-
solute total cross section obtained by integrating over the spectra of the three MC models is
within 5% of that calculated from the data, indicating a reasonable agreement.
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Figure 66: Absolute differential tt production cross sections as functions of pT(t) (upper) and
pT(t) (lower), measured at the parton level in the full phase space (left) and at the particle level
in a fiducial phase space (right). The data are shown as filled circles with grey and yellow bands
indicating the statistical and total uncertainties (statistical and systematic uncertainties added
in quadrature), respectively. For each distribution, the number of degrees of freedom (dof) is
also provided. The cross sections are compared to various MC predictions (other points). The
estimated uncertainties in the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation are represented by
vertical bars on the corresponding points. For each MC model, a value of χ2 is reported that
takes into account the measurement uncertainties. The lower panel in each plot shows the
ratios of the predictions to the data.
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Figure 67: Absolute differential tt production cross sections as functions of y(t) (upper) and
y(t) (lower) are shown for data (filled circles) and various MC predictions (other points). Fur-
ther details can be found in the caption of Fig. 66.
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Figure 68: Absolute differential tt production cross sections as functions of pT(tt) (upper),
m(tt) (middle) and y(tt) (lower) are shown for data (filled circles) and various MC predictions
(other points). Further details can be found in the caption of Fig. 66.
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Figure 69: Absolute differential tt production cross sections as functions of |∆ϕ(t, t)| (upper)
and |y(t)| − |y(t)| (lower) are shown for the data (filled circles) and various MC predictions
(other points). Further details can be found in the caption of Fig. 66.
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Figure 70: Absolute differential tt production cross sections as functions of pT(t)/m(tt) (upper)
and pT(tt)/m(tt) (lower) are shown for the data (filled circles) and various MC predictions
(other points). Further details can be found in the caption of Fig. 66.
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Figure 71: Absolute differential tt production cross sections as functions of log(ξ1) (upper) and
log(ξ2) (lower) are shown for the data (filled circles) and various MC predictions (other points).
Further details can be found in the caption of Fig. 66.
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Figure 72: Absolute [|y(t)|, pT(t)] cross sections measured at the parton level in the full phase
space (upper) and at the particle level in a fiducial phase space (lower). The data are shown as
filled circles with grey and yellow bands indicating the statistical and total uncertainties (sta-
tistical and systematic uncertainties added in quadrature), respectively. For each distribution,
the number of degrees of freedom (dof) is also provided. The cross sections are compared to
various MC predictions (other points). The estimated uncertainties in the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation are represented by vertical bars on the corresponding points. For each
MC model, a value of χ2 is reported that takes into account the measurement uncertainties.
The lower panel in each plot shows the ratios of the predictions to the data.
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Figure 73: Absolute [m(tt), pT(t)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 74: Absolute [pT(t), pT(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 75: Absolute [m(tt), |y(tt)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 76: Absolute [|y(tt)|, pT(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 77: Absolute [m(tt), pT(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 78: Absolute [pT(tt), m(tt), |y(tt)|] cross sections are shown for data (filled circles) and
various MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 79: Absolute [m(tt), |y(t)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 80: Absolute [m(tt), |∆η(t, t)|] cross sections are shown for data (filled circles) and var-
ious MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 81: Absolute [m(tt), |∆ϕ(t, t)|] cross sections are shown for data (filled circles) and var-
ious MC predictions (other points). Further details can be found in the caption of Fig. 72.
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Figure 82: Absolute differential tt production cross sections as a function of pT of the lepton
(upper left), of the ratio of the trailing and leading lepton pT (upper right), and of the ratio of
lepton and top antiquark pT (lower middle), measured at the particle level in a fiducial phase
space. The data are shown as filled circles with grey and yellow bands indicating the statistical
and total uncertainties (statistical and systematic uncertainties added in quadrature), respec-
tively. For each distribution, the number of degrees of freedom (dof) is also provided. The cross
sections are compared to various MC predictions (other points). The estimated uncertainties
in the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation are represented by vertical bars on the cor-
responding points. For each MC model, a value of χ2 is reported that takes into account the
measurement uncertainties. The lower panel in each plot shows the ratios of the predictions to
the data.
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Figure 83: Absolute differential tt production cross sections as functions of the pT of the lead-
ing (upper left) and trailing (upper right) b jet, and (pT(b) + pT(b))/(pT(t) + pT(t)) (lower).
Further details can be found in the caption of Fig. 82.
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Figure 84: Absolute differential tt production cross sections as functions of m(ℓℓ) (upper left),
m(bb) (upper right) and m(ℓℓbb) (lower) are shown for data (filled circles) and various MC
predictions (other points). Further details can be found in the caption of Fig. 82.
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Figure 85: Absolute differential tt production cross sections as functions of pT(ℓℓ) (left) and
|η(ℓℓ)| (right) are shown for data (filled circles) and various MC predictions (other points).
Further details can be found in the caption of Fig. 82.
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Figure 86: Absolute [|η(ℓℓ)|, m(ℓℓ)] cross sections are shown for data (filled circles) and vari-
ous MC predictions (other points). Further details can be found in the caption of Fig. 82.
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Figure 87: Absolute [|η(ℓℓ)|, pT(ℓℓ)] cross sections are shown for data (filled circles) and vari-
ous MC predictions (other points). Further details can be found in the caption of Fig. 82.
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Figure 88: Absolute [pT(ℓℓ), m(ℓℓ)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 82.
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Figure 89: Absolute differential tt production cross sections as a function of Njet, for a min-
imum jet pT of 40 GeV (upper) and 100 GeV (lower), measured at the parton level in the full
phase space (left) and at the particle level in a fiducial phase space (right). The data are shown
as filled circles with grey and yellow bands indicating the statistical and total uncertainties (sta-
tistical and systematic uncertainties added in quadrature), respectively. For each distribution,
the number of degrees of freedom (dof) is also provided. The cross sections are compared to
various MC predictions (other points). The estimated uncertainties in the POWHEG+PYTHIA 8
(‘POW-PYT’) simulation are represented by vertical bars on the corresponding points. For each
MC model, a value of χ2 is reported that takes into account the measurement uncertainties.
The lower panel in each plot shows the ratios of the predictions to the data.
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Figure 90: Absolute [Njet, pT(t)] cross sections measured at the parton level in the full phase
space (upper) and at the particle level in a fiducial phase space (lower). The data are shown as
filled circles with grey and yellow bands indicating the statistical and total (sum in quadrature
of statistical and systematic) uncertainties, respectively. For each distribution, the number of
degrees of freedom (dof) is also provided. The cross sections are compared to various MC
predictions (other points). The estimated uncertainties in the POWHEG+PYTHIA 8 (‘POW-PYT’)
simulation are represented by vertical bars on the corresponding points. For each MC model, a
value of χ2 is reported that takes into account the measurement uncertainties. The lower panel
in each plot shows the ratios of the predictions to the data.
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Figure 91: Absolute [Njet, |y(t)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 90.



B.1 Comparisons to MC simulations 137

100 200 300 400

5

10

 > 1jetN

100 200 300 400
0.5

1

1.5100 200 300 400

5

10

 = 1jetN

100 200 300 400
0.5

1

1.5100 200 300 400

5

10

]
-1

) 
[p

b 
G

eV
t

(t
T

/d
p

σd

 = 0jetN

100 200 300 400
0.5

1

1.5

D
at

a
P

re
d.

 12=Data, dof 

 58= 2χPOW+PYT, 

 192= 2χFxFx+PYT, 

 93= 2χPOW+HER, 

Total unc.

Stat. unc.

) [GeV]t(t
T

p

CMS  (13 TeV)-1138 fbDilepton, parton level

100 200 300 400

0.05

0.1

0.15

 > 1jetN

100 200 300 400
0.5

1

1.5100 200 300 400

0.05

0.1

0.15

 = 1jetN

100 200 300 400
0.5

1

1.5100 200 300 400

0.05

0.1

0.15

]
-1

) 
[p

b 
G

eV
t

(t
T

/d
p

σd

 = 0jetN

100 200 300 400
0.5

1

1.5

D
at

a
P

re
d.

 12=Data, dof 

 67= 2χPOW+PYT, 

 341= 2χFxFx+PYT, 

 86= 2χPOW+HER, 

Total unc.

Stat. unc.

) [GeV]t(t
T

p

CMS  (13 TeV)-1138 fbDilepton, particle level

Figure 92: Absolute [Njet, pT(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 93: Absolute [Njet, m(tt)] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 94: Absolute [Njet, |y(tt)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 95: Absolute [Njet, |∆η(t, t)|] cross sections are shown for data (filled circles) and various
MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 96: Absolute [N0,1+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled circles) and

various MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 97: Absolute [N0,1,2+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled circles) and

various MC predictions (other points). Further details can be found in the caption of Fig. 90.
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Figure 98: Absolute [N0,1,2,3+
jet , m(tt), |y(tt)|] cross sections are shown for data (filled circles)

and various MC predictions (other points). Further details can be found in the caption of
Fig. 90.
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Table 13: The χ2 values and dof of the measured absolute single-differential cross sections
for tt and top quark kinematic observables at the parton level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) 7 21 (13) 43 5

pT(t) 7 19 (12) 43 6

y(t) 10 28 (24) 34 21

y(t) 10 33 (28) 40 25

pT(tt) 7 24 (8) 39 35

y(tt) 12 13 (9) 19 8

m(tt) 7 6 (4) 9 4

|∆ϕ(t, t)| 4 4 (2) 7 11

|y(t)| − |y(t)| 8 18 (10) 19 14

pT(t)/m(tt) 5 39 (21) 104 13

pT(tt)/m(tt) 9 20 (7) 32 39

log(ξ1) 9 16 (12) 18 12

log(ξ2) 9 14 (9) 24 7



B.1 Comparisons to MC simulations 145

Table 14: The χ2 values and dof of the measured absolute single-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) 7 22 (13) 44 7

pT(t) 7 20 (12) 44 5

y(t) 10 24 (18) 32 19

y(t) 10 28 (23) 32 26

pT(tt) 7 23 (8) 34 41

y(tt) 12 13 (8) 23 9

m(tt) 7 7 (4) 5 7

|∆ϕ(t, t)| 4 4 (1) 4 7

|y(t)| − |y(t)| 8 17 (11) 15 18

pT(t)/m(tt) 5 33 (23) 71 14

pT(tt)/m(tt) 9 21 (7) 46 61

log(ξ1) 9 16 (10) 17 19

log(ξ2) 9 12 (7) 19 10
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Table 15: The χ2 values and dof of the measured absolute multi-differential cross sections for
tt and top quark kinematic observables at the parton level are shown with respect to the pre-
dictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] 16 48 (36) 75 30

[m(tt), pT(t)] 9 93 (36) 156 42

[pT(t), pT(tt)] 16 50 (25) 72 87

[m(tt), |y(tt)|] 16 72 (46) 67 65

[|y(tt)|, pT(tt)] 16 32 (17) 37 71

[m(tt), pT(tt)] 16 68 (47) 77 115

[pT(tt), m(tt), |y(tt)|] 48 102 (71) 119 140

[m(tt), |y(t)|] 16 67 (39) 84 49

[m(tt), |∆η(t, t)|] 12 182 (34) 236 125

[m(tt), |∆ϕ(t, t)|] 12 82 (51) 50 93

Table 16: The χ2 values and dof of the measured absolute multi-differential cross sections for
tt and top quark kinematic observables at the particle level are shown with respect to the pre-
dictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] 16 44 (28) 68 27

[m(tt), pT(t)] 9 103 (37) 151 46

[pT(t), pT(tt)] 16 44 (21) 68 64

[m(tt), |y(tt)|] 16 86 (41) 77 81

[|y(tt)|, pT(tt)] 16 32 (19) 41 66

[m(tt), pT(tt)] 16 69 (37) 57 112

[pT(tt), m(tt), |y(tt)|] 48 133 (69) 130 170

[m(tt), |y(t)|] 16 64 (27) 75 37

[m(tt), |∆η(t, t)|] 12 174 (32) 220 114

[m(tt), |∆ϕ(t, t)|] 12 80 (44) 41 98
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Table 17: The χ2 values and dof of the measured absolute single-differential cross sections
for lepton and b-jet kinematic observables at the particle level are shown with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the χ2 values
including theory uncertainties are indicated with the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(ℓ) 12 32 (19) 62 21

pT(ℓ) trailing/pT(ℓ) leading 10 16 (11) 27 7

pT(ℓ)/pT(t) 5 20 (17) 28 14

pT(b) leading 10 6 (5) 31 8

pT(b) trailing 7 7 (5) 26 7

(pT(b) + pT(b))/(pT(t) + pT(t)) 4 24 (19) 30 21

m(ℓℓ) 12 31 (25) 29 23

m(bb) 7 21 (16) 17 15

m(ℓℓbb) 19 36 (19) 30 27

pT(ℓℓ) 9 4 (3) 17 10

|η(ℓℓ)| 14 16 (10) 22 12

[|η(ℓℓ)|, m(ℓℓ)] 24 55 (29) 76 35

[|η(ℓℓ)|, pT(ℓℓ)] 20 30 (15) 84 24

[pT(ℓℓ), m(ℓℓ)] 30 50 (39) 88 52
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Table 18: The χ2 values and dof of the measured absolute differential cross sections as a func-
tion of the additional-jet multiplicity in the events, at the parton level of the top quark and
antiquark, are shown with respect to the predictions of various MC generators. The χ2 values
are calculated taking only measurement uncertainties into account and excluding theory un-
certainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with the
brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 6 7 (5) 288 258

Njet(pT > 100 GeV) 5 41 (11) 46 77

[Njet, pT(t)] 9 31 (17) 163 137

[Njet, |y(t)|] 12 42 (32) 131 85

[Njet, pT(tt)] 12 58 (43) 192 93

[Njet, m(tt)] 12 62 (48) 177 154

[Njet, |y(tt)|] 12 14 (7) 122 61

[Njet, |∆η(t, t)|] 9 94 (40) 194 144

[N0,1+
jet , m(tt), |y(tt)|] 24 54 (39) 75 93

[N0,1,2+
jet , m(tt), |y(tt)|] 36 93 (63) 223 215

[N0,1,2,3+
jet , m(tt), |y(tt)|] 48 135 (92) 445 471
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Table 19: The χ2 values and dof of the measured absolute differential cross sections as a func-
tion of the additional-jet multiplicity in the events, at the particle level of the top quark and
antiquark, are shown with respect to the predictions of various MC generators. The χ2 values
are calculated taking only measurement uncertainties into account and excluding theory un-
certainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with the
brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 6 7 (4) 355 8

Njet(pT > 100 GeV) 5 45 (11) 40 7

[Njet, pT(t)] 9 37 (15) 249 25

[Njet, |y(t)|] 12 44 (26) 182 27

[Njet, pT(tt)] 12 67 (41) 341 86

[Njet, m(tt)] 12 60 (40) 302 50

[Njet, |y(tt)|] 12 17 (6) 188 8

[Njet, |∆η(t, t)|] 9 138 (43) 306 103

[N0,1+
jet , m(tt), |y(tt)|] 24 85 (46) 101 87

[N0,1,2+
jet , m(tt), |y(tt)|] 36 144 (71) 401 137

[N0,1,2,3+
jet , m(tt), |y(tt)|] 48 176 (97) 736 161
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B.2 Comparisons to higher-order theoretical predictions

The absolute differential cross sections comparing data to theoretical predictions of beyond-
NLO precision are shown in Figs. 99–121, and the corresponding χ2 values are given in Ta-
bles 20–24. The p-values of the χ2 tests are presented in Tables 44–48. The theoretical calcu-
lations are those discussed in Section 9.4: aN3LO, STRIPPER (NNLO), MATRIX (NNLO), and
MINNLOPS (NNLOPS). Comparing the absolute cross sections to the normalized ones in Sec-
tion 9.4, one can see a similar level of agreement between data and predictions. We conclude
that the calculations provide overall reasonable predictions of the total normalization of the
data.



B.2 Comparisons to higher-order theoretical predictions 151

0 100 200 300 400 500

1−10

1

10

]
-1

(t
) 

[p
b 

G
eV

T
/d

p
σd

0 100 200 300 400 500

0.8
1

1.2

D
at

a
P

re
d.

 7=Data, dof 
 21= 2χPOW+PYT, 

 47= 2χLO, 3aN
 3= 2χMATRIX, 

 15= 2χSTRIPPER, 
 6= 2χMiNNLOPS, 

Total unc.
Stat. unc.

(t) [GeV]
T

p

CMS  (13 TeV)-1138 fb
Dilepton, parton level

0 100 200 300 400 500

3−10

2−10

1−10

]
-1

(t
) 

[p
b 

G
eV

T
/d

p
σd

0 100 200 300 400 500

0.8
1

1.2

D
at

a
P

re
d.

 7=Data, dof 
 22= 2χPOW+PYT, 
 3= 2χSTRIPPER, 

Total unc.
Stat. unc.

(t) [GeV]
T

p

CMS  (13 TeV)-1138 fb
Dilepton, particle level

0 100 200 300 400 500

1−10

1

10

]
-1

) 
[p

b 
G

eV
t(

T
/d

p
σd

0 100 200 300 400 500

0.8
1

1.2

D
at

a
P

re
d.

 7=Data, dof 
 19= 2χPOW+PYT, 

 5= 2χMATRIX, 
 10= 2χSTRIPPER, 
 7= 2χMiNNLOPS, 

Total unc.
Stat. unc.

) [GeV]t(
T

p

CMS  (13 TeV)-1138 fb
Dilepton, parton level

0 100 200 300 400 500

3−10

2−10

1−10

]
-1

) 
[p

b 
G

eV
t(

T
/d

p
σd

0 100 200 300 400 500

0.8
1

1.2

D
at

a
P

re
d.

 7=Data, dof 
 20= 2χPOW+PYT, 
 4= 2χSTRIPPER, 

Total unc.
Stat. unc.

) [GeV]t(
T

p

CMS  (13 TeV)-1138 fb
Dilepton, particle level

Figure 99: Absolute differential tt production cross sections as functions of pT(t) (upper) and
pT(t) (lower), measured at the parton level in the full phase space (left) and at the particle level
in a fiducial phase space (right). The data are shown as filled circles with grey and yellow bands
indicating the statistical and total uncertainties (statistical and systematic uncertainties added
in quadrature), respectively. For each distribution, the number of degrees of freedom (dof) is
also provided. The cross sections are compared to predictions from the POWHEG+PYTHIA 8
(‘POW-PYT’, open circles) simulation and various theoretical predictions with beyond-NLO
precision (other points). The estimated uncertainties in the predictions are represented by ver-
tical bars on the corresponding points. For each model, a value of χ2 is reported that takes into
account the measurement uncertainties. The lower panel in each plot shows the ratios of the
predictions to the data.



152

2− 1− 0 1 2

100

200

300

/d
y(

t)
 [p

b]
σd

2− 1− 0 1 2

0.8
1

1.2

D
at

a
P

re
d.

 10=Data, dof 
 28= 2χPOW+PYT, 

 24= 2χLO, 3aN
 17= 2χMATRIX, 

 17= 2χSTRIPPER, 
 14= 2χMiNNLOPS, 

Total unc.
Stat. unc.

y(t)

CMS  (13 TeV)-1138 fb
Dilepton, parton level

2− 1− 0 1 2

2

4/d
y(

t)
 [p

b]
σd

2− 1− 0 1 2

0.8
1

1.2

D
at

a
P

re
d.

 10=Data, dof 
 24= 2χPOW+PYT, 
 11= 2χSTRIPPER, 

Total unc.
Stat. unc.

y(t)

CMS  (13 TeV)-1138 fb
Dilepton, particle level

2− 1− 0 1 2

100

200

300

) 
[p

b]
t

/d
y(

σd

2− 1− 0 1 2

0.8
1

1.2

D
at

a
P

re
d.

 10=Data, dof 
 33= 2χPOW+PYT, 

 15= 2χMATRIX, 
 26= 2χSTRIPPER, 
 22= 2χMiNNLOPS, 

Total unc.
Stat. unc.

)ty(

CMS  (13 TeV)-1138 fb
Dilepton, parton level

2− 1− 0 1 2

2

4

) 
[p

b]
t

/d
y(

σd

2− 1− 0 1 2

0.8
1

1.2

D
at

a
P

re
d.

 10=Data, dof 
 28= 2χPOW+PYT, 
 10= 2χSTRIPPER, 

Total unc.
Stat. unc.

)ty(

CMS  (13 TeV)-1138 fb
Dilepton, particle level

Figure 100: Absolute differential tt production cross sections as functions of y(t) (upper) and
y(t) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open circles)
simulation, and various theoretical predictions with beyond-NLO precision (other points). Fur-
ther details can be found in the caption of Fig. 99.
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Figure 101: Absolute differential tt production cross sections as functions of pT(tt) (upper),
m(tt) (middle), and y(tt) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-
PYT’, open circles) simulation, and various theoretical predictions with beyond-NLO precision
(other points). Further details can be found in the caption of Fig. 99.



154

0 1 2 3

1000

2000

)|
 [p

b]
t

(t
,

φ∆
/d

|
σd

1 2 3

0.8
1

1.2

D
at

a
P

re
d.

 4=Data, dof 
 4= 2χPOW+PYT, 

 91= 2χMATRIX, 
 78= 2χSTRIPPER, 
 5= 2χMiNNLOPS, 

Total unc.
Stat. unc.

)|t(t,φ∆|

CMS  (13 TeV)-1138 fb
Dilepton, parton level

0 1 2 3

10

20

30

40

)|
 [p

b]
t

(t
,

φ∆
/d

|
σd

1 2 3

0.8
1

1.2

D
at

a
P

re
d.

 4=Data, dof 
 4= 2χPOW+PYT, 
 1412= 2χSTRIPPER, 

Total unc.
Stat. unc.

)|t(t,φ∆|

CMS  (13 TeV)-1138 fb
Dilepton, particle level

2− 1− 0 1 2

200

400

600)|
 [p

b]
t

/d
|y

(t
)|

-|
y(

σd

2− 1− 0 1 2
0.8

1

1.2

D
at

a
P

re
d.

 8=Data, dof 
 18= 2χPOW+PYT, 

 2= 2χMATRIX, 
 3= 2χSTRIPPER, 
 12= 2χMiNNLOPS, 

Total unc.
Stat. unc.

)|t|y(t)|-|y(

CMS  (13 TeV)-1138 fb
Dilepton, parton level

2− 1− 0 1 2

5

10)|
 [p

b]
t

/d
|y

(t
)|

-|
y(

σd

2− 1− 0 1 2

0.8
1

1.2

D
at

a
P

re
d.

 8=Data, dof 
 17= 2χPOW+PYT, 
 4= 2χSTRIPPER, 

Total unc.
Stat. unc.

)|t|y(t)|-|y(

CMS  (13 TeV)-1138 fb
Dilepton, particle level

Figure 102: Absolute differential tt production cross sections as functions of |∆ϕ(t, t)| (upper)
and |y(t)| − |y(t)| (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’,
open circles) simulation, and various theoretical predictions with beyond-NLO precision (other
points). Further details can be found in the caption of Fig. 99.
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Figure 103: Absolute differential tt production cross sections as functions of pT(t)/m(tt) (up-
per) and pT(tt)/m(tt) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-
PYT’, open circles) simulation, and various theoretical predictions with beyond-NLO precision
(other points). Further details can be found in the caption of Fig. 99.
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Figure 104: Absolute differential tt production cross sections as functions of log(ξ1) (upper)
and log(ξ2) (lower) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open
circles) simulation, and STRIPPER NNLO calculation (stars). Further details can be found in the
caption of Fig. 99.
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Figure 105: Absolute [|y(t)|, pT(t)] cross sections measured at the parton level in the full phase
space (upper) and at the particle level in a fiducial phase space (lower). The data are shown as
filled circles with grey and yellow bands indicating the statistical and total uncertainties (sta-
tistical and systematic uncertainties added in quadrature), respectively. For each distribution,
the number of degrees of freedom (dof) is also provided. The cross sections are compared to
predictions from the POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation and various
theoretical predictions with beyond-NLO precision (other points). The estimated uncertain-
ties in the predictions are represented by vertical bars on the corresponding points. For each
model, a value of χ2 is reported that takes into account the measurement uncertainties. The
lower panel in each plot shows the ratios of the predictions to the data.
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Figure 106: Absolute [m(tt), pT(t)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 107: Absolute [pT(t), pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 108: Absolute [m(tt), |y(tt)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 109: Absolute [|y(tt)|, pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 110: Absolute [m(tt), pT(tt)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 111: Absolute [pT(tt), m(tt), |y(tt)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 112: Absolute [m(tt), |y(t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 113: Absolute [m(tt), |∆η(t, t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 114: Absolute [m(tt), |∆ϕ(t, t)|] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 105.
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Figure 115: Absolute differential tt production cross sections as functions of pT of the lepton
(upper left), of the ratio of the trailing and leading lepton pT (upper right), and of the ratio of
lepton and top antiquark pT (lower), measured at the particle level in a fiducial phase space.
The data are shown as filled circles with grey and yellow bands indicating the statistical and
total uncertainties (statistical and systematic uncertainties added in quadrature), respectively.
For each distribution, the number of degrees of freedom (dof) is also provided. The cross
sections are compared to predictions from the POWHEG+PYTHIA 8 (‘POW-PYT’, open circles)
simulation and STRIPPER NNLO calculation (stars). The estimated uncertainties in the predic-
tions are represented by vertical bars on the corresponding points. For each model, a value of
χ2 is reported that takes into account the measurement uncertainties. The lower panel in each
plot shows the ratios of the predictions to the data.
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Figure 116: Absolute differential tt production cross sections as functions of the pT of the lead-
ing (upper left) and trailing (upper right) b jet, and (pT(b) + pT(b))/(pT(t) + pT(t)) (lower)
d-NLO precision (other points). are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-
PYT’, open circles) simulation, and STRIPPER NNLO calculation (stars). Further details can be
found in the caption of Fig. 115.
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Figure 117: Absolute differential tt production cross sections as functions of m(ℓℓ) (up-
per left), m(bb) (upper right), and m(ℓℓbb) (lower) are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 115.
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Figure 118: Absolute differential tt production cross sections as functions of pT(ℓℓ) (left) and
|η(ℓℓ)| (right) are shown for data (filled circles), POWHEG+PYTHIA 8 (‘POW-PYT’, open circles)
simulation, and STRIPPER NNLO calculation (stars). Further details can be found in the caption
of Fig. 115.
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Figure 119: Absolute [|η(ℓℓ)|, m(ℓℓ)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 115.
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Figure 120: Absolute [|η(ℓℓ)|, pT(ℓℓ)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 115.
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Figure 121: Absolute [pT(ℓℓ), m(ℓℓ)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA 8 (‘POW-PYT’, open circles) simulation, and STRIPPER NNLO calculation
(stars). Further details can be found in the caption of Fig. 115.
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Table 21: The χ2 values and dof of the measured absolute single-differential cross sections
for tt and top quark kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

pT(t) 7 22 (13) 3

pT(t) 7 20 (12) 4

y(t) 10 24 (18) 11

y(t) 10 28 (23) 10

pT(tt) 7 23 (8) 87

y(tt) 12 13 (8) 20

m(tt) 7 7 (4) 4

|∆ϕ(t, t)| 4 4 (1) 1412

|y(t)| − |y(t)| 8 17 (11) 4

pT(t)/m(tt) 5 33 (23) 9

pT(tt)/m(tt) 9 21 (7) 285

log(ξ1) 9 16 (10) 10

log(ξ2) 9 12 (7) 10
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Table 23: The χ2 values and dof of the measured absolute multi-differential cross sections for
tt and top quark kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2 val-
ues are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

[|y(t)|, pT(t)] 16 44 (28) 17

[m(tt), pT(t)] 9 103 (37) 26

[pT(t), pT(tt)] 16 44 (21) 169

[m(tt), |y(tt)|] 16 86 (41) 44

[|y(tt)|, pT(tt)] 16 32 (19) 81

[m(tt), pT(tt)] 16 69 (37) 388

[pT(tt), m(tt), |y(tt)|] 48 133 (69) 149

[m(tt), |y(t)|] 16 64 (27) 21

[m(tt), |∆η(t, t)|] 12 174 (32) 39

[m(tt), |∆ϕ(t, t)|] 12 80 (44) 426
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Table 24: The χ2 values and dof of the measured absolute single-differential cross sections
for lepton and b-jet kinematic observables at the particle level are shown with respect to the
POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The χ2

values are calculated taking only measurement uncertainties into account and excluding theory
uncertainties. For POW+PYT, the χ2 values including theory uncertainties are indicated with
the brackets (w. unc.).

Cross section
dof

χ2

variables POW+PYT (w. unc.) STRIPPER

pT(ℓ) 12 32 (19) 17

pT(ℓ) trailing/pT(ℓ) leading 10 16 (11) 5

pT(ℓ)/pT(t) 5 20 (17) 8

pT(b) leading 10 6 (5) 8

pT(b) trailing 7 7 (5) 4

(pT(b) + pT(b))/(pT(t) + pT(t)) 4 24 (19) 9

m(ℓℓ) 12 31 (25) 13

m(bb) 7 21 (16) 80

m(ℓℓbb) 19 36 (19) 16

pT(ℓℓ) 9 4 (3) 6

|η(ℓℓ)| 14 16 (10) 41

[|η(ℓℓ)|, m(ℓℓ)] 24 55 (29) 80

[|η(ℓℓ)|, pT(ℓℓ)] 20 30 (15) 46

[pT(ℓℓ), m(ℓℓ)] 30 50 (39) 51
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Table 25: The p-values are shown for the χ2 tests of the measured normalized single-differential
cross sections for tt and top quark kinematic observables at the parton level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) 2 (10) <1 51

pT(t) 5 (16) <1 41

y(t) <1 (2) <1 1

y(t) <1 (<1) <1 <1

pT(tt) <1 (32) <1 <1

y(tt) 51 (74) 7 73

m(tt) 56 (77) 30 70

|∆ϕ(t, t)| 82 (97) 15 7

|y(t)| − |y(t)| 3 (22) <1 6

pT(t)/m(tt) <1 (<1) <1 3

pT(tt)/m(tt) 3 (62) <1 <1

log(ξ1) 9 (26) 3 15

log(ξ2) 24 (54) <1 51

C Tables with p-values of χ2 tests
Tables 25–48 present the p-values of the performed χ2 tests between the measured differential
cross sections for tt production and various predictions. The corresponding χ2 values and
number of degrees of freedom can be found in the Tables 1–24.
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Table 26: The p-values are shown for the χ2 tests of the measured normalized single-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) <1 (7) <1 47

pT(t) 3 (15) <1 59

y(t) 3 (7) <1 2

y(t) <1 (2) <1 <1

pT(tt) <1 (33) <1 <1

y(tt) 51 (81) 3 64

m(tt) 59 (81) 60 28

|∆ϕ(t, t)| 82 (97) 36 10

|y(t)| − |y(t)| 4 (20) 4 1

pT(t)/m(tt) <1 (<1) <1 2

pT(tt)/m(tt) 2 (57) <1 <1

log(ξ1) 8 (34) 3 2

log(ξ2) 32 (67) 3 29
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Table 27: The p-values are shown for the χ2 tests of the measured normalized multi-differential
cross sections for tt and top quark kinematic observables at the parton level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] <1 (<1) <1 1

[m(tt), pT(t)] <1 (<1) <1 <1

[pT(t), pT(tt)] <1 (14) <1 <1

[m(tt), |y(tt)|] <1 (<1) <1 <1

[|y(tt)|, pT(tt)] 2 (44) <1 <1

[m(tt), pT(tt)] <1 (<1) <1 <1

[pT(tt), m(tt), |y(tt)|] <1 (5) <1 <1

[m(tt), |y(t)|] <1 (<1) <1 <1

[m(tt), |∆η(t, t)|] <1 (<1) <1 <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1 <1

Table 28: The p-values are shown for the χ2 tests of the measured normalized multi-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] <1 (5) <1 2

[m(tt), pT(t)] <1 (<1) <1 <1

[pT(t), pT(tt)] <1 (21) <1 <1

[m(tt), |y(tt)|] <1 (<1) <1 <1

[|y(tt)|, pT(tt)] 3 (28) <1 <1

[m(tt), pT(tt)] <1 (<1) <1 <1

[pT(tt), m(tt), |y(tt)|] <1 (3) <1 <1

[m(tt), |y(t)|] <1 (4) <1 <1

[m(tt), |∆η(t, t)|] <1 (<1) <1 <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1 <1
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Table 29: The p-values are shown for the χ2 tests of the measured normalized single-differential
cross sections for lepton and b-jet kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(ℓ) <1 (8) <1 9

pT(ℓ) trailing/pT(ℓ) leading 10 (30) <1 66

pT(ℓ)/pT(t) 4 (6) <1 2

pT(b) leading 86 (92) <1 55

pT(b) trailing 48 (70) <1 35

(pT(b) + pT(b))/(pT(t) + pT(t)) <1 (<1) <1 <1

m(ℓℓ) 2 (5) <1 2

m(bb) 2 (7) 2 3

m(ℓℓbb) 2 (45) 6 6

pT(ℓℓ) 86 (96) 9 31

|η(ℓℓ)| 40 (77) 7 58

[|η(ℓℓ)|, m(ℓℓ)] <1 (23) <1 4

[|η(ℓℓ)|, pT(ℓℓ)] 10 (78) <1 19

[pT(ℓℓ), m(ℓℓ)] 3 (15) <1 <1
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Table 30: The p-values are shown for the χ2 tests of the measured normalized differential cross
sections as a function of the additional-jet multiplicity in the events, at the parton level of
the top quark and antiquark, with respect to the predictions of various MC generators. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 34 (64) <1 <1

Njet(pT > 100 GeV) <1 (11) <1 <1

[Njet, pT(t)] <1 (14) <1 <1

[Njet, |y(t)|] <1 (<1) <1 <1

[Njet, pT(tt)] <1 (<1) <1 <1

[Njet, m(tt)] <1 (<1) <1 <1

[Njet, |y(tt)|] 46 (94) <1 <1

[Njet, |∆η(t, t)|] <1 (<1) <1 <1

[N0,1+
jet , m(tt), |y(tt)|] <1 (5) <1 <1

[N0,1,2+
jet , m(tt), |y(tt)|] <1 (1) <1 <1

[N0,1,2,3+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1
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Table 31: The p-values are shown for the χ2 tests of the measured normalized differential cross
sections as a function of the additional-jet multiplicity in the events, at the particle level of
the top quark and antiquark, with respect to the predictions of various MC generators. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 30 (63) <1 12

Njet(pT > 100 GeV) <1 (8) <1 19

[Njet, pT(t)] <1 (12) <1 <1

[Njet, |y(t)|] <1 (1) <1 <1

[Njet, pT(tt)] <1 (<1) <1 <1

[Njet, m(tt)] <1 (<1) <1 <1

[Njet, |y(tt)|] 22 (94) <1 65

[Njet, |∆η(t, t)|] <1 (<1) <1 <1

[N0,1+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1

[N0,1,2+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1

[N0,1,2,3+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1
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Table 33: The p-values are shown for the χ2 tests of the measured normalized single-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

pT(t) <1 (7) 83

pT(t) 3 (15) 82

y(t) 3 (7) 29

y(t) <1 (2) 37

pT(tt) <1 (33) <1

y(tt) 51 (81) 6

m(tt) 59 (81) 73

|∆ϕ(t, t)| 82 (97) <1

|y(t)| − |y(t)| 4 (20) 81

pT(t)/m(tt) <1 (<1) 9

pT(tt)/m(tt) 2 (57) <1

log(ξ1) 8 (34) 28

log(ξ2) 32 (67) 33
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Table 35: The p-values are shown for the χ2 tests of the measured normalized multi-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

[|y(t)|, pT(t)] <1 (5) 38

[m(tt), pT(t)] <1 (<1) 2

[pT(t), pT(tt)] <1 (21) <1

[m(tt), |y(tt)|] <1 (<1) <1

[|y(tt)|, pT(tt)] 3 (28) <1

[m(tt), pT(tt)] <1 (<1) <1

[pT(tt), m(tt), |y(tt)|] <1 (3) <1

[m(tt), |y(t)|] <1 (4) 18

[m(tt), |∆η(t, t)|] <1 (<1) <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1
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Table 36: The p-values are shown for the χ2 tests of the measured normalized single-differential
cross sections for lepton and b-jet kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

pT(ℓ) <1 (8) 12

pT(ℓ) trailing/pT(ℓ) leading 10 (30) 81

pT(ℓ)/pT(t) 4 (6) 33

pT(b) leading 86 (92) 64

pT(b) trailing 48 (70) 81

(pT(b) + pT(b))/(pT(t) + pT(t)) <1 (<1) 4

m(ℓℓ) 2 (5) 32

m(bb) 2 (7) <1

m(ℓℓbb) 2 (45) 68

pT(ℓℓ) 86 (96) 73

|η(ℓℓ)| 40 (77) <1

[|η(ℓℓ)|, m(ℓℓ)] <1 (23) <1

[|η(ℓℓ)|, pT(ℓℓ)] 10 (78) <1

[pT(ℓℓ), m(ℓℓ)] 3 (15) 2
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Table 37: The p-values are shown for the χ2 tests of the measured absolute single-differential
cross sections for tt and top quark kinematic observables at the parton level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) <1 (7) <1 61

pT(t) <1 (9) <1 50

y(t) <1 (<1) <1 2

y(t) <1 (<1) <1 <1

pT(tt) <1 (35) <1 <1

y(tt) 38 (67) 9 78

m(tt) 55 (78) 28 76

|∆ϕ(t, t)| 40 (81) 14 3

|y(t)| − |y(t)| 2 (23) 2 9

pT(t)/m(tt) <1 (<1) <1 3

pT(tt)/m(tt) 2 (66) <1 <1

log(ξ1) 7 (23) 4 20

log(ξ2) 14 (47) <1 60
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Table 38: The p-values are shown for the χ2 tests of the measured absolute single-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(t) <1 (7) <1 46

pT(t) <1 (11) <1 68

y(t) <1 (5) <1 4

y(t) <1 (1) <1 <1

pT(tt) <1 (37) <1 <1

y(tt) 35 (78) 3 74

m(tt) 46 (80) 67 39

|∆ϕ(t, t)| 40 (85) 43 13

|y(t)| − |y(t)| 3 (23) 5 2

pT(t)/m(tt) <1 (<1) <1 1

pT(tt)/m(tt) 1 (59) <1 <1

log(ξ1) 7 (35) 4 3

log(ξ2) 22 (67) 3 36
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Table 39: The p-values are shown for the χ2 tests of the measured absolute multi-differential
cross sections for tt and top quark kinematic observables at the parton level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] <1 (<1) <1 2

[m(tt), pT(t)] <1 (<1) <1 <1

[pT(t), pT(tt)] <1 (6) <1 <1

[m(tt), |y(tt)|] <1 (<1) <1 <1

[|y(tt)|, pT(tt)] <1 (37) <1 <1

[m(tt), pT(tt)] <1 (<1) <1 <1

[pT(tt), m(tt), |y(tt)|] <1 (2) <1 <1

[m(tt), |y(t)|] <1 (<1) <1 <1

[m(tt), |∆η(t, t)|] <1 (<1) <1 <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1 <1

Table 40: The p-values are shown for the χ2 tests of the measured absolute multi-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

[|y(t)|, pT(t)] <1 (3) <1 4

[m(tt), pT(t)] <1 (<1) <1 <1

[pT(t), pT(tt)] <1 (17) <1 <1

[m(tt), |y(tt)|] <1 (<1) <1 <1

[|y(tt)|, pT(tt)] 1 (27) <1 <1

[m(tt), pT(tt)] <1 (<1) <1 <1

[pT(tt), m(tt), |y(tt)|] <1 (3) <1 <1

[m(tt), |y(t)|] <1 (5) <1 <1

[m(tt), |∆η(t, t)|] <1 (<1) <1 <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1 <1
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Table 41: The p-values are shown for the χ2 tests of the measured absolute single-differential
cross sections for lepton and b-jet kinematic observables at the particle level with respect to the
predictions of various MC generators. The χ2 values are calculated taking only measurement
uncertainties into account and excluding theory uncertainties. For POW+PYT, the p-values of
the χ2 tests including theory uncertainties are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

pT(ℓ) <1 (9) <1 6

pT(ℓ) trailing/pT(ℓ) leading 9 (34) <1 70

pT(ℓ)/pT(t) <1 (<1) <1 2

pT(b) leading 85 (91) <1 64

pT(b) trailing 46 (64) <1 41

(pT(b) + pT(b))/(pT(t) + pT(t)) <1 (<1) <1 <1

m(ℓℓ) <1 (2) <1 3

m(bb) <1 (2) 2 4

m(ℓℓbb) <1 (48) 6 10

pT(ℓℓ) 88 (97) 6 34

|η(ℓℓ)| 32 (77) 7 63

[|η(ℓℓ)|, m(ℓℓ)] <1 (22) <1 7

[|η(ℓℓ)|, pT(ℓℓ)] 7 (80) <1 24

[pT(ℓℓ), m(ℓℓ)] 1 (12) <1 <1
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Table 42: The p-values are shown for the χ2 tests of the measured absolute differential cross
sections as a function of the additional-jet multiplicity in the events, at the parton level of
the top quark and antiquark, with respect to the predictions of various MC generators. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in $)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 30 (56) <1 <1

Njet(pT > 100 GeV) <1 (5) <1 <1

[Njet, pT(t)] <1 (5) <1 <1

[Njet, |y(t)|] <1 (<1) <1 <1

[Njet, pT(tt)] <1 (<1) <1 <1

[Njet, m(tt)] <1 (<1) <1 <1

[Njet, |y(tt)|] 32 (87) <1 <1

[Njet, |∆η(t, t)|] <1 (<1) <1 <1

[N0,1+
jet , m(tt), |y(tt)|] <1 (3) <1 <1

[N0,1,2+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1

[N0,1,2,3+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1
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Table 43: The p-values are shown for the χ2 tests of the measured absolute differential cross
sections as a function of the additional-jet multiplicity in the events, at the particle level of
the top quark and antiquark, with respect to the predictions of various MC generators. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER

Njet(pT > 40 GeV) 29 (66) <1 22

Njet(pT > 100 GeV) <1 (5) <1 25

[Njet, pT(t)] <1 (9) <1 <1

[Njet, |y(t)|] <1 (1) <1 <1

[Njet, pT(tt)] <1 (<1) <1 <1

[Njet, m(tt)] <1 (<1) <1 <1

[Njet, |y(tt)|] 13 (91) <1 75

[Njet, |∆η(t, t)|] <1 (<1) <1 <1

[N0,1+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1

[N0,1,2+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1

[N0,1,2,3+
jet , m(tt), |y(tt)|] <1 (<1) <1 <1
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Table 45: The p-values are shown for the χ2 tests of the measured absolute single-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

pT(t) <1 (7) 88

pT(t) <1 (11) 82

y(t) <1 (5) 33

y(t) <1 (1) 43

pT(tt) <1 (37) <1

y(tt) 35 (78) 6

m(tt) 46 (80) 80

|∆ϕ(t, t)| 40 (85) <1

|y(t)| − |y(t)| 3 (23) 87

pT(t)/m(tt) <1 (<1) 11

pT(tt)/m(tt) 1 (59) <1

log(ξ1) 7 (35) 34

log(ξ2) 22 (67) 37
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Table 47: The p-values are shown for the χ2 tests of the measured absolute multi-differential
cross sections for tt and top quark kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

[|y(t)|, pT(t)] <1 (3) 39

[m(tt), pT(t)] <1 (<1) <1

[pT(t), pT(tt)] <1 (17) <1

[m(tt), |y(tt)|] <1 (<1) <1

[|y(tt)|, pT(tt)] 1 (27) <1

[m(tt), pT(tt)] <1 (<1) <1

[pT(tt), m(tt), |y(tt)|] <1 (3) <1

[m(tt), |y(t)|] <1 (5) 20

[m(tt), |∆η(t, t)|] <1 (<1) <1

[m(tt), |∆ϕ(t, t)|] <1 (<1) <1
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Table 48: The p-values are shown for the χ2 tests of the measured absolute single-differential
cross sections for lepton and b-jet kinematic observables at the particle level with respect to
the POWHEG+PYTHIA 8 (‘POW-PYT’) simulation and the STRIPPER NNLO calculation. The
χ2 values are calculated taking only measurement uncertainties into account and excluding
theory uncertainties. For POW+PYT, the p-values of the χ2 tests including theory uncertainties
are indicated with the brackets (w. unc.).

Cross section p-values of χ2 (in %)

variables POW+PYT (w. unc.) STRIPPER

pT(ℓ) <1 (9) 14

pT(ℓ) trailing/pT(ℓ) leading 9 (34) 86

pT(ℓ)/pT(t) <1 (<1) 14

pT(b) leading 85 (91) 61

pT(b) trailing 46 (64) 78

(pT(b) + pT(b))/(pT(t) + pT(t)) <1 (<1) 7

m(ℓℓ) <1 (2) 36

m(bb) <1 (2) <1

m(ℓℓbb) <1 (48) 66

pT(ℓℓ) 88 (97) 78

|η(ℓℓ)| 32 (77) <1

[|η(ℓℓ)|, m(ℓℓ)] <1 (22) <1

[|η(ℓℓ)|, pT(ℓℓ)] 7 (80) <1

[pT(ℓℓ), m(ℓℓ)] 1 (12) <1
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C. Garbers , E. Garutti , M. Hajheidari, J. Haller , A. Hinzmann , H.R. Jabusch ,
G. Kasieczka , R. Klanner , W. Korcari , T. Kramer , V. Kutzner , J. Lange ,
T. Lange , A. Lobanov , C. Matthies , A. Mehta , L. Moureaux , M. Mrowietz,
A. Nigamova , Y. Nissan, A. Paasch , K.J. Pena Rodriguez , M. Rieger , O. Rieger,
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Basilicatac, Potenza, Italy; Scuola Superiore Meridionale (SSM)d, Napoli, Italy
S. Buontempoa , F. Carnevalia,b, N. Cavalloa,c , A. De Iorioa,b , F. Fabozzia,c ,
A.O.M. Iorioa,b , L. Listaa,b,47 , P. Paoluccia,19 , B. Rossia , C. Sciaccaa,b
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