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1 Introduction1

The top quark is the heaviest elementary particle known, and its corresponding expected strong2

coupling to the Higgs boson suggests it could play an important role in the mechanism of3

electroweak symmetry breaking. Many new physics models predict new particles leading to4

final states similar to that of top quark-antiquark pairs (tt). Thus, the precise measurement of5

the tt differential cross section can lead to a better understanding of background contributions6

and provide a test of perturbative QCD calculations. Some recent examples can be found in [1–7

5].8

Several differential cross sections for tt production have been measured in proton-proton (pp)9

collisions at the LHC at
p

s = 7 TeV [6, 7] and
p

s = 8 TeV [8–15]. In this paper a new measure-10

ment, at a different center-of-mass energy,
p

s = 13 TeV, is reported, using data which corre-11

spond to an integrated luminosity of 2.2 fb�1 recorded by the CMS experiment at the LHC in12

2015. The measurement complements other recent measurements which have been performed13

in different decay channels [16, 17]. The normalised tt differential cross section is measured in14

the dilepton channel as a function of the kinematic properties of the tt system, the top quarks,15

and the leptons and jets associated with bottom (b) quarks (b jet) from top quark decays.16

We present the measurement at particle level with final state objects defined in a theoretically17

safe and unambiguous way. The particle level measurements are expected to reduce the de-18

pendence on the theoretical model, so variables are mainly corrected for detector effects. The19

measurement is performed in the visible phase space to avoid large extrapolations into regions20

that are not experimentally accessible. These measurements are complemented by a measure-21

ment of the normalised tt differential cross sections in the full phase space at parton level to22

compare with perturbative QCD calculations beyond next-to-leading-order (NLO) accuracy.23

This paper is organized as follows. We provide a brief description of the CMS detector in24

Sec. 2. The signal and background modeling are given in Sec. 3. Details of event selections25

are described in Sec. 4, and the signal definition is provided in Sec. 5. Reconstruction of tt26

system is described in Sec. 6. Systematic uncertainties are listed in Sec. 7. Then, we discuss27

measurements of the differential cross section in Sec. 8. Finally, summary of the measurements28

is followed in Sec. 9.29

2 The CMS detector30

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-31

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip32

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-33

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward34

calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.35

Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside36

the solenoid. A detail description of the CMS detector can be found in [18].37

3 Signal and background modeling38

Monte Carlo (MC) simulated event samples are used to model the tt signal and the background39

processes. We use the POWHEG (v2) [19, 20] generator to model the nominal tt signal at the40

NLO in QCD, and assuming a top quark mass of 172.5 GeV. The data are also compared to pre-41

dictions obtained with MG5 aMC@NLO (v2.2.2) [21], which includes the NLO matrix elements42
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(ME). The parton shower (PS) simulation is performed with PYTHIA 8 (v8.205) [22] in which the43

tune CUETP8M1 [23] is used to model the underlying event. Additional partons are used in44

MG5 aMC@NLO to produce tt event. Up to two partons in addition to the tt pair are calculated45

at the NLO and combined with the PYTHIA 8 parton shower simulation using the FXFX [24]46

algorithm. In another simulation, up to three partons are considered at leading order (LO) and47

combined with the PYTHIA 8 parton shower simulation using the MLM [25] algorithm. The sig-48

nal samples are normalised to the next-to-next-to-leading order (NNLO) calculated inclusive49

cross section [26].50

For the Drell-Yan process decaying into dilepton pairs (Z/g⇤ ! l+l�), MG5 aMC@NLO is used.51

The W boson samples are generated with MG5 aMC@NLO and normalised using the NNLO52

calculated cross sections [27]. Single top quark production in the tW-channel is simulated with53

the POWHEG generator based on the five flavour scheme [28], and normalised using the NLO54

calculated cross sections [29]. The diboson samples (WW, WZ and ZZ) are generated using55

PYTHIA 8 and normalised using the NNLO calculated cross sections for the WW sample [30]56

and NLO for the WZ and ZZ samples.57

Additional pp collisions (pileup) are simulated with PYTHIA 8 and superimposed on the hard58

scattering events using a pileup multiplicity distribution that reflects that of the analysed data.59

The detector response to the final state particles is simulated using GEANT4 [31], and the events60

are reconstructed and analysed with the same software used to process the data.61

4 Object and event selection62

The dilepton final state of the tt decay consists of two leptons (electrons or muons), at least63

two jets, and missing transverse momentum from two neutrinos. The particle flow (PF) algo-64

rithm [32] is used to reconstruct objects in the event, using global information from the CMS65

detector.66

Muons are reconstructed by a global fit to the track using information from the tracker and67

muon systems. The muons are required to have pT > 20 GeV and |h| < 2.4. Quality require-68

ments are imposed on the number of hits and on the association of the muon track to the pri-69

mary vertex of the event [33]. To reduce the secondary leptons from multijet background, iso-70

lation criteria are applied. For muons, the isolation requirement accounts for the contribution71

from additional particles such as charged hadrons from the primary vertex, neutral hadrons,72

photons, and charged hadrons from the pileup vertices.73

Electrons are reconstructed using the Gaussian Sum Filter algorithm [34] for the inner tracker74

track and matched to an electromagnetic calorimeter (ECAL) cluster. The electrons are required75

to have pT > 20 GeV and |h| < 2.4. We use the identification criteria designed to give an av-76

erage efficiency of around 80% [35]. We reject electrons traversing through the barrel-endcap77

transition region of the ECAL, corresponding to a calorimeter cluster position of 1.4442 < |h|78

< 1.5660. The electron selection also includes an isolation criterion, depending on the pseudo-79

rapidity of the calorimeter cluster.80

Mismodelling of the lepton selection and trigger efficiencies in simulation are accounted for by81

applying scale factors derived using data-based techniques [36].82

Jets are reconstructed using PF candidates as inputs to the anti-kT jet clustering algorithm [37,83

38], with the distance parameter set to 0.4 [39]. The momenta of jets are corrected to account for84

effects from pileup and non-uniformity and non-linearity of the detector. For the data, residual85

energy corrections are also applied to account for residual mismodelling of the MC response.86
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We select jets with pT > 30 GeV and |h| < 2.4 that pass loose identification criteria designed to87

reject noise in the calorimeters.88

Jets from B hadron decays are identified by the Combined Secondary Vertex (CSV) b tagging89

algorithm [40]. This algorithm uses several input variables including the information from the90

secondary vertices. We select jets using a loose working point corresponding to an efficiency91

of about 80% and a light-flavor jet rejection probability of 85%. The b tagging efficiency in the92

simulation is corrected to be consistent with the data.93

The missing transverse momentum vector ~pmiss
T is calculated from the imbalance of the trans-94

verse momentum of all PF candidates in the event following energy corrections [41]. Its mag-95

nitude is referred to as Emiss
T .96

We select events passing double-lepton triggers with low pT thresholds of 8 GeV (muon) or97

12 GeV (electron) and a high pT threshold of 17 GeV. In addition, events are required with98

exactly two opposite-charge leptons with M(l+l�) > 20 GeV, and at least two jets, at least one99

of which has to be identified as a b quark jet. In addition, for the same-flavour lepton channels100

(ee and µµ), additional selection criteria are applied designed to reject events from Drell-Yan101

production: Emiss
T > 40 GeV and |M(l+l�) � MZ| > 15 GeV, where the Z boson mass MZ =102

91 GeV.103

5 Signal definition104

We define the particle level top quark following the generator level prescriptions used in Ref. [42].105

This approach avoids differences in the top quark definition due to possible differences in the106

decay history of different generators, and leads to results that are expected to be independent107

of the generator implementation and tuning.108

The top quarks are reconstructed starting from the final state particles in tt events at generator109

level as summarised in Table 1. To avoid the ambiguity from additional leptons at generator110

level, a distinction is made between prompt particles and particles from hadron decays. Lep-111

tons are ”dressed”, which means that leptons are defined using the anti-kT clustering algorithm112

with a distance parameter of 0.1 to account for final state radiated photons. The clustering is113

applied on prompt electrons, muons and photons. Events with leptons from prompt t decay114

are treated as background. Leptons are required to satisfy the same acceptance requirements115

as imposed on the reconstructed objects described in Sec. 4, i.e. pT > 20 GeV and |h| < 2.4.116

The generator level jets are clustered using the anti-kT algorithm with a distance parameter117

of 0.4. The clustering is applied to all final state particles except neutrinos and the particles118

already included in the dressed leptons. Jets are required to have pT > 30 GeV and |h| < 2.4119

to be consistent with the reconstructed object selection. To identify the flavour of the jet we120

use the ghost B hadron technique [43] where B hadrons are included in the jet clustering after121

scaling down their momentum to be negligible. A jet is identified as a b quark jet if it contains122

any B hadrons among its constituents.123

We denominate as pseudo-W bosons two particle systems reconstructed by combining a dressed124

lepton and a prompt neutrino. In each event a pair of pseudo-W bosons is chosen among the125

possible combinations to minimise the scalar sum of invariant mass differences with respect126

to the W boson mass of 80.4 GeV [44]. Similarly, the pseudo-top quarks are defined by com-127

bining a pseudo-W boson and a b quark jet, requiring that the invariant mass is close to 172.5128

GeV. The visible phase space is defined to have a pair of pseudo-top quarks, constructed from129

prompt neutrinos, dressed leptons and b quark jets. Events that are not in the visible phase130
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Table 1: Summary of object definitions at the particle level
Object Definition Selection criteria

Prompt neutrino neutrinos not from hadron decays none

Dressed lepton
anti-kT jet with a distance parameter of 0.1
using electrons, muons and photons pT > 20 GeV, |h| < 2.4
not from hadron decays

b quark jet

anti-kT jet with a distance parameter of 0.4
using all particles and ghost B hadrons pT > 30 GeV, |h| < 2.4
not including any neutrinos with ghost B hadrons
nor particles used in dressed leptons

space are considered as background.131

In addition, the top quark and tt system observables are defined at a level before the top quark132

decay and after QCD radiation which we refer to as the parton level.133

6 Reconstruction of the tt system134

In the tt dilepton channel, the reconstruction of the neutrino and antineutrino is crucial in de-135

termining the top quark kinematics. Using an analytical approach [45, 46], the six unknown136

neutrino degrees of freedom are constrained by the two measured components of the miss-137

ing transverse momentum and the assumed invariant masses of both W boson and top quark138

systems.139

The top quark reconstruction method is very similar to that used in the recent CMS measure-140

ment of the differential tt cross section at parton level [8], but is performed at particle and par-141

ton level. To allow for the finite resolution of the measured objects the tt system is reconstructed142

for 100 random variations within their simulated resolution functions, and the W boson mass143

is also allowed to vary over its Breit-Wigner distribution. In each trial there are up to eight144

solutions [45], and we select the solution with the minimum invariant mass of the tt system.145

For each trial, a weight is calculated using the expected invariant mass distribution of lepton146

and b quark jet pairs (Mlb) at particle and parton level. Finally, the lepton and jet pairs with147

maximum sum of weight are chosen for final solution of the tt system, and the reconstructed148

neutrino momentum is taken from the weighted average over the trials. The efficiency of the149

kinematic reconstruction is approximately 90%.150

The kinematics of the leptons, b quark jets, top quarks, and tt system are taken from the selected151

final solution. Figure 1 shows the distributions of pl
T, pj

T, pt
T, and yt, while Figure 2 shows152

the distributions of ptt
T, ytt, Mtt, and Dftt. In the top panel of each figure, the data points are153

compared to the sum of the expected contributions. The bottom panel shows the ratio of the154

data to the expectations. The measured pl
T, pj

T, pt
T are softer than MC expectation, so slopes are155

observed on the bottom ratio panel. The overall data are slightly lower than MC simulation. In156

general, the data are fairly described by the simulation within the uncertainties.157

7 Systematic uncertainties158

We study several sources of systematic uncertainties. The differential cross sections are re-159

measured with respect to each source of systematic uncertainty individually, and the differ-160

ences from nominal values in each bin are taken as corresponding systematic uncertainty. The161
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Figure 1: Reconstructed pl
T, pj

T, pt
T, and yt distributions. All corrections described in the text are

applied to the simulation. The shaded band provides the statistical and systematic uncertainty.
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are applied to the simulation.The shaded band provides the statistical and systematic uncer-
tainty.
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overall systematic uncertainties are obtained by quadrature sum.162

The systematic uncertainties in the lepton identification and isolation efficiencies are deter-163

mined by varying the measured scale factors by their total uncertainties. For the trigger selec-164

tion, the systematic uncertainty is calculated ‘antagonistically’ depending on the |h| combina-165

tions of the first and second legs: ±1s for barrel-barrel, ⌥1s for endcap-endcap, and ±0.5s for166

barrel-endcap and endcap-barrel.167

The pileup distribution used in the simulation is varied, by shifting the assumed total intelastic168

pp cross section by ±5%, in order to determine the associated systematic uncertainty. Uncer-169

tainties in the jet energy scale (JES) and jet energy resolution (JER) are determined on a per-jet170

basis by shifting the energies of jets and propagated to the event level quantities [47].171

For the theoretical uncertainties, we investigate the effect of the choice of PDFs, factorisa-172

tion and renormalisation scales (µF and µR), different top quark masses, and hadronisation173

and generator modelling. The PDF uncertainty is estimated using the uncertainties in the174

NNPDF30 NLO as 0118 parametrization [48]. We measure 100 individual uncertainties and175

take the root-mean-square as the PDF uncertainty following the PDF4LHC recommendation [49].176

In addition, we consider the PDF sets with the strong constant as = 0.117 and 0.119. The MC177

modelling uncertainties are estimated by comparing the POWHEG and MG5 aMC@NLO genera-178

tors. The uncertainty from the choice of µF and µR is estimated by varying the scales indepen-179

dently by a factor of two up and down (but not in opposite directions), and taking the envelope180

of the differences with respect to the nominal parameter choice. The scale uncertainty in the181

parton shower is assessed by dedicated MC samples where the scale has been varied up and182

down. We evaluate the top quark mass uncertainty by taking the maximum deviation between183

the nominal sample with a top quark mass of 172.5 GeV and two different top quark mass184

samples of 171.5 GeV and 173.5 GeV. The uncertainty from hadronisation and parton shower185

modelling is estimated by comparing the results obtained from POWHEG samples interfaced to186

PYTHIA 8 and HERWIG++ [50] (v 2.7.1) using the tune EE5C [51].187

The uncertainty in the background normalisation is estimated based on a 30% variation of the188

background yields [52].189

Table 2 illustrates typical values for the magnitude of the statistical and systematic uncertainties190

in the measurement of several variables which will be explained later in Sec. 8. The table is191

listed by the uncertainty sources and corresponding maximum of the median values of the each192

distribution at particle and parton level. The hadronisation is dominant systematic uncertainty193

sources for pt
T (6% at particle and 7% at parton) and Mtt (6% at particle and 8% at parton),194

and the modeling is dominant for yt (2% at particle and parton) , ptt
T (6% at particle and 4% at195

parton) , ytt (1% at particle and 2% at parton) , and Dftt (12% at particle and 10% at parton).196

In general, the modelling and hadronisation are dominant systematic uncertainty sources for197

both particle and parton level measurement. In addition, the background uncertainties for pl
T198

and pj
T are dominant at particle level.199

8 Normalised differential cross section200

We measure the normalised differential tt cross section (1/s)(ds/dX) as a function of several201

different kinematic variables X. The variables include the transverse momenta of leptons (pl
T),202

jets (pj
T), top quarks (pt

T), and the tt system (ptt
T), the rapidities of the top quarks (yt) and the203

tt system (ytt), and the invariant mass of the tt system (Mtt). In addition, we measure the204

differential cross section as a function of the azimuthal angle between the top quarks Dftt to205
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Table 2: Statistical and systematic uncertainties in the normalised differential cross section at
particle and parton level. The table is listed by the uncertainty sources and corresponding
maximum of the median values of the each distribution at particle and parton level.

Uncertainty source Particle level [%] Parton level [%]
Statistical uncertainty 1 1

Trigger 1 1
Pileup 1 1

Lepton SF 1 1
JES 2 2
JER 2 1

b jet SF 2 2
Background 6 2
µF and µR 5 5

MC modelling 12 11
Top quark mass 2 5
Hadronisation 6 9

PDF 2 2

investigate the azimuthal decorrelation of top quarks [53]. The measurements are compared to206

the predictions of POWHEG +PYTHIA 8, MG5 aMC@NLO +PYTHIA 8[FXFX], MG5 aMC@NLO207

+PYTHIA 8[MLM], and POWHEG +HERWIG++.208

In order to measure the top quark kinematic distribution in the visible phase space, we first209

remove the contributions from backgrounds. While tt-other contribution is about 30%, single210

top is about 3% and Drell-Yan is about 2%. Since the data is slightly lower than MC predictions,211

the background contribution can be over-estimated. Non-tt backgrounds are subtracted from212

the measured distributions. The tt backgrounds (including events from outside the visible213

phase space and events not from the dilepton channel, and denoted tt-others) are then removed214

as a proportion of the total tt contribution by applying a correction factor k as defined in Eq. 1:215

k =
Ndata � NMC,bkg

NMC,tt�signal + NMC,tt�others
,

Ndata,tt�signal = Ndata � NMC,bkg � kNMC,tt�others .
(1)

Here, NMC,bkg is the estimate for the non-tt background, NMC,tt�signal is the MC predicted tt216

signal yield, and NMC,tt�others is the remaining MC tt yield. We find k ⇠ 0.95, and the tt signal217

yield, Ndata,tt�signal, is then extracted in each bin as shown in the lower part of Eq. 1.218

The width of each bin in the distributions is chosen to control event migration between recon-219

struction- and generator-level bins due to detector resolutions. We compute the purity (stabil-220

ity), defined as the number of events both generated and correctly reconstructed in a certain221

bin divided by the total number of events in the reconstruction-level (generator-level) bin, and222

the bin width is chosen to give purity and stability of about 50%.223

Detector resolution and reconstruction efficiency effects are corrected by using an unfolding224

procedure. The method relies on a response matrix which maps the expected relation between225

the true and reconstructed variables. D0Agostini’s method is employed to perform the unfold-226

ing [54, 55]. The effective regularisation strength of the iterative D0Agostini unfolding is con-227

trolled by the number of iterations. A small number of iterations can bias to the measurement228

towards the simulated prediction, while with a large number of iterations the result converges229
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to that of matrix inversion. The number of iterations is optimised for each distribution, using230

simulation to find the minimum number of iterations that keeps the bias to a negligible level.231

A detailed description can be found in [42].232

After subtracting the background contribution and unfolding to particle level, Figures 3 and233

4 show the normalised differential tt cross section as a function of pl
T, pj

T, pt
T, yt, ptt

T, ytt, Mtt,234

and Dftt at particle level in the visible phase space. Also, parton level results are extrapolated235

to the full phase space using the POWHEG +PYTHIA 8 tt simulation. Figures 5 and 6 show the236

normalised differential tt cross section as a function of pt
T, yt, ptt

T, ytt, Mtt, and Dftt at parton237

level in the full phase space. The measured data are compared to different standard model238

predictions from POWHEG +PYTHIA 8, MG5 aMC@NLO +PYTHIA 8[FXFX], MG5 aMC@NLO239

+PYTHIA 8[MLM], and POWHEG +HERWIG++.240

The compatibility between the measurements and the predictions has been quantified by means241

of a c2 which includes the bin-by-bin difference between data and predictions. We perform c2
242

test to compare the measurement with the model predictions. Tables 3 and Table 4 report the243

values obtained for the c2 with the numbers of degrees of freedom (dof) and the correspond-244

ing p-values. The lepton, jet and top quark pT spectrum in data tend to be softer than the MC245

predictions for the high pT region. A similar trend is also observed at 8 TeV by both ATLAS246

and CMS [8, 9]. POWHEG +PYTHIA 8 is better described pT of tt system and rapidity of pT and247

tt system for particle and parton level. While POWHEG +HERWIG++ is found to be in better248

agreement in the pT of top quark for parton and particle level. In general, measurements are249

found to be in fair agreement with predictions within the uncertainties.250

Table 3: c2 and p values are calculated with different model predictions at particle level.
POWHEG MADGRAPH MG5 aMC@NLO POWHEG
+PYTHIA 8 +PYTHIA 8 +PYTHIA 8 +HERWIG++

[MLM] [FXFX]
Distribution c2/ dof p value c2/ dof p value c2/ dof p value c2/ dof p value

pl
T 25.0/6 < 0.01 35.5/6 < 0.01 13.6/6 0.03 3.7/6 0.70

pj
T 8.8/4 0.07 20.7/4 < 0.01 1.0/4 0.91 13.5/4 < 0.01

pt
T 27.0/5 < 0.01 40.9/5 < 0.01 11.0/5 0.05 1.4/5 0.92

yt 1.7/7 0.98 3.5/7 0.84 3.4/7 0.85 3.2/7 0.87
ptt

T 1.3/4 0.87 10.1/4 0.04 16.7/4 < 0.01 6.5/4 0.17
ytt 3.9/7 0.79 7.2/7 0.41 4.2/7 0.76 5.0/7 0.66
Mtt 8.5/4 0.07 8.5/4 0.07 2.0/4 0.73 12.7/4 0.01
Dftt 7.1/3 0.07 0.9/3 0.82 2.9/3 0.41 3.7/3 0.30

Table 4: c2 and p values are calculated with different model predictions at parton level.
POWHEG MADGRAPH MG5 aMC@NLO POWHEG
+PYTHIA 8 +PYTHIA 8 +PYTHIA 8 +HERWIG++

[MLM] [FXFX]
Distribution c2/ dof p value c2/ dof p value c2/ dof p value c2/ dof p value

pt
T 50.6/5 < 0.01 79.3/5 < 0.01 34.9/5 < 0.01 10.3/5 0.07

yt 3.3/7 0.86 4.5/7 0.72 4.7/7 0.70 4.6/7 0.71
ptt

T 3.1/4 0.53 26.6/4 < 0.01 40.8/4 < 0.01 16.8/4 < 0.01
ytt 5.8/7 0.57 7.1/7 0.42 7.2/7 0.41 6.0/7 0.54
Mtt 17.4/5 < 0.01 5.3/5 0.38 3.2/5 0.66 1.1/5 0.96
Dftt 16.2/3 < 0.01 3.2/3 0.36 6.2/3 0.10 21.0/3 < 0.01
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Figure 3: Normalised differential cross section as a function of lepton, jet, and top quark
pT and top quark rapidity, measured at particle level in the visible phase space and com-
bining the distributions for top quarks and antiquarks. The error bars on the data points
indicate the total (combined statistical and systematic) uncertainties, while the dark shaded
band shows the statistical uncertainty. The measurements are compared to predictions from
POWHEG +PYTHIA 8, MG5 aMC@NLO +PYTHIA 8[FXFX], MG5 aMC@NLO +PYTHIA 8[MLM],
and POWHEG +HERWIG++.
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Figure 4: Normalised differential cross section as a function of ptt
T, ytt, Mtt, and Dftt for the

top quarks or antiquarks, measured at particle level in the visible phase space. The error bars
on the data points indicate the total (combined statistical and systematic) uncertainties, while
the dark shaded band shows the statistical uncertainty. The measurements are compared to
predictions from POWHEG +PYTHIA 8, MG5 aMC@NLO +PYTHIA 8[FXFX], MG5 aMC@NLO
+PYTHIA 8[MLM], and POWHEG +HERWIG++.
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Figure 5: Normalised differential cross section as a function of top quark pT and top quark ra-
pidity, measured at parton level in the full phase space and combining the distributions for top
quarks and antiquarks. The error bars on the data points indicate the total (combined statisti-
cal and systematic) uncertainties, while the dark shaded band shows the statistical uncertainty.
The measurements are compared to predictions from POWHEG +PYTHIA 8, MG5 aMC@NLO
+PYTHIA 8[FXFX], MG5 aMC@NLO +PYTHIA 8[MLM], and POWHEG +HERWIG++.
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Figure 6: Normalised differential cross section as a function of ptt
T, ytt, Mtt, and Dftt for the

top quarks or antiquarks, measured at parton level in the full phase space. The error bars
on the data points indicate the total (combined statistical and systematic) uncertainties, while
the dark shaded band shows the statistical uncertainty. The measurements are compared to
predictions from POWHEG +PYTHIA 8, MG5 aMC@NLO +PYTHIA 8[FXFX], MG5 aMC@NLO
+PYTHIA 8[MLM], and POWHEG +HERWIG++.
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Figure 7: Normalised differential cross section as a function of top quark pT and top quark ra-
pidity, measured at parton level in the full phase space and combining the distributions for top
quarks and antiquarks. The error bars on the data points indicate the total (combined statisti-
cal and systematic) uncertainties, while the dark shaded band shows the statistical uncertainty.
The measurements are compared to theory predictions.

Furthermore, the parton level results have been compared to different fixed-order perturbative251

QCD calculations as shown in Figures 7 and 8. An approximate next-to-next-to-leading-order252

(NNLO) is based on QCD threshold expansions beyond the leading logarithmic approxima-253

tion using the CT14nnlo PDF set [2]. An approximate N3LO is performed with the resum-254

mation of soft-gluon contributions in the double differential cross section at next-to-next-to-255

leading-logarithm (NNLL) accuracy in moment space using the MSTW2008nnlo PDF set [1].256

An NNLO+NNLL’ [4] is considered simultaneous resummation of soft and small-mass loga-257

rithms to NNLL’ accuracy, matched with both the standard soft-gluon resummation at NNLL’258

accuracy and the fixed-order calculation at NLO accuracy, and used the MTSW2008nnlo PDF259

set. A full NNLO calculation is based on NNPDF3.0 PDF set [3]. Tables 5 shows the c2 with the260

numbers of degrees of freedom (dof) and the corresponding p-values between measurements261

and QCD calculations. The rapidity of the top and the pT of the tt system are found to be in262

good agreement with the different predictions considered. We observe some tension between263

data and the NNLO predictions for other variables such as the top quark pT, Mtt and ytt.264

Table 5: c2 and p values are calculated between data and different NNLO calculations with
perturbative QCD model

Approx. NNLO Approx. N3LO NLO+NNLL’ NNLO
JHEP 01 (2015) PRD 91 (2015) PRL 116 (2016) PRL 116 (2016)

082 031501 202001 082003
Distribution c2/ dof p value c2/ dof p value c2/ dof p value c2/ dof p value

pt
T 17.1/5 < 0.01 32.4/5 < 0.01 14.1/5 0.02 30.6/5 < 0.01

yt 2.4/7 0.94 1.7/7 0.98 2.0/7 0.96
ptt

T 3.9/4 0.42
ytt 5.7/7 0.58
Mtt 59.4/5 < 0.01 39.9/5 < 0.01
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Figure 8: Normalised differential cross section as a function of ptt
T, ytt, Mtt, and Dftt for the

top quarks or antiquarks, measured at parton level in the full phase space. The error bars on
the data points indicate the total (combined statistical and systematic) uncertainties, while the
dark shaded band shows the statistical uncertainty. The measurements are compared to theory
predictions.
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9 Summary265

The normalised differential cross section for top quark pair production is measured in the dilep-266

ton decay channel in pp collisions at
p

s = 13 TeV with data corresponding to an integrated267

luminosity of 2.2 fb�1. The differential cross sections are measured as a function of several268

kinematic variables at particle level in the visible phase space and parton level in full phase269

spcae. The measurements are compared to the predictions from Monte Carlo (MC) and NNLO270

calculations. In general, measurements are in broadly agreement with predictions. We observe271

that the top quark pT spectum in data is softer than the MC prediction for particle and parton272

level. It is found to be in better agreement with QCD calculations beyond NLO accuracy for273

parton level.274
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A Tables of differential cross section at particle level428

Table 6: Differential cross section with statistical and systematic uncertainties at particle level
as a function of pT(l).

pT(l) [GeV] (1/s)(ds/dpT[GeV])
20 - 30 0.01947 ± 0.0004484 ± 0.001128
30 - 40 0.01835 ± 0.0004061 ± 0.0003803
40 - 60 0.01382 ± 0.0002323 ± 0.0002374
60 - 80 0.00811 ± 0.0001716 ± 0.0002585
80 - 120 0.003199 ± 7.475e-05 ± 0.000117

120 - 180 0.0007212 ± 2.935e-05 ± 2.592e-05
180 - 400 5.441e-05 ± 4.374e-06 ± 3.17e-06

Table 7: Differential cross section with statistical and systematic uncertainties at particle level
as a function of pT(j).

pT(j) [GeV] (1/s)(ds/dpT[GeV])
30 - 50 0.01373 ± 0.0003336 ± 0.001808
50 - 80 0.01122 ± 0.0002148 ± 0.0003743
80 - 130 0.005326 ± 0.0001153 ± 0.0003622

130 - 210 0.001222 ± 4.407e-05 ± 9.62e-05
210 - 500 8.516e-05 ± 7.11e-06 ± 2.107e-05

Table 8: Differential cross section with statistical and systematic uncertainties at particle level
as a function of pT(t).

pT(t) [GeV] (1/s)(ds/dpT[GeV])
0 - 65 0.003934 ± 0.0001236 ± 0.0001746

65 - 125 0.005696 ± 0.0001558 ± 0.0002296
125 - 200 0.003284 ± 9.989e-05 ± 0.0001471
200 - 290 0.001157 ± 5.411e-05 ± 9.895e-05
290 - 400 0.000358 ± 2.761e-05 ± 5.225e-05
400 - 550 8.515e-05 ± 1.521e-05 ± 2.464e-05
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Table 9: Differential cross section with statistical and systematic uncertainties at particle level
as a function of y(t).

y(t) [GeV] (1/s)(ds/dy)
-2.5 - -1.6 0.05716 ± 0.003443 ± 0.003234
-1.6 - -1 0.2034 ± 0.00759 ± 0.008799
-1 - -0.5 0.2974 ± 0.01007 ± 0.007365
-0.5 - 0 0.3466 ± 0.01077 ± 0.006162
0 - 0.5 0.3549 ± 0.01088 ± 0.01094
0.5 - 1 0.2997 ± 0.0101 ± 0.005626
1 - 1.6 0.2103 ± 0.007625 ± 0.008403

1.6 - 2.5 0.05668 ± 0.003385 ± 0.002899

Table 10: Differential cross section with statistical and systematic uncertainties at particle level
as a function of pT(tt).

pT(tt) [GeV] (1/s)(ds/dpT[GeV])
0 - 30 0.01025 ± 0.0003324 ± 0.0015

30 - 80 0.008162 ± 0.0002554 ± 0.0006962
80 - 170 0.00231 ± 9.957e-05 ± 0.0001728

170 - 300 0.0004691 ± 3.924e-05 ± 7.249e-05
300 - 500 7.785e-05 ± 1.339e-05 ± 2.597e-05

Table 11: Differential cross section with statistical and systematic uncertainties at particle level
as a function of y(tt).

y(tt) [GeV] (1/s)(ds/dy)
-2.5 - -1.5 0.02559 ± 0.00323 ± 0.003011
-1.5 - -1 0.1707 ± 0.01032 ± 0.006931
-1 - -0.5 0.3357 ± 0.01391 ± 0.005237
-0.5 - 0 0.4329 ± 0.01589 ± 0.01058
0 - 0.5 0.4541 ± 0.01604 ± 0.007482
0.5 - 1 0.3302 ± 0.01384 ± 0.007822
1 - 1.5 0.164 ± 0.01017 ± 0.006965

1.5 - 2.5 0.03067 ± 0.003311 ± 0.001793

Table 12: Differential cross section with statistical and systematic uncertainties at particle level
as a function of M(tt).

M(tt) [GeV] (1/s)(ds/dM[GeV])
300 - 400 0.002933 ± 0.000126 ± 0.000136
400 - 500 0.00313 ± 0.0001536 ± 0.000202
500 - 650 0.001483 ± 8.093e-05 ± 9.544e-05
650 - 1000 0.0003931 ± 2.632e-05 ± 7.993e-05

1000 - 1600 5.625e-05 ± 9.005e-06 ± 1.593e-05

Table 13: Differential cross section with statistical and systematic uncertainties at particle level
as a function of Df(tt) .

Df(tt) (1/s)(ds/dDf)
0 - 1.57 0.06406 ± 0.005989 ± 0.01055

1.57 - 2.61 0.2175 ± 0.01364 ± 0.02637
2.61 - 3.016 0.9633 ± 0.04409 ± 0.07087
3.016 - 3.142 2.239 ± 0.1041 ± 0.4163
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Table 14: Differential cross section with statistical and systematic uncertainties at parton level
as a function of pT(t).

pT(t) [GeV] (1/s)(ds/dpT[GeV])
0 - 65 0.004166 ± 0.0001113 ± 0.0003995

65 - 125 0.006088 ± 0.0001276 ± 0.000138
125 - 200 0.003271 ± 8.022e-05 ± 0.0003104
200 - 290 0.0009573 ± 3.711e-05 ± 4.554e-05
290 - 400 0.000227 ± 1.602e-05 ± 2.199e-05
400 - 550 4.984e-05 ± 7.968e-06 ± 1.193e-05

Table 15: Differential cross section with statistical and systematic uncertainties at parton level
as a function of y(t).

y(t) [GeV] (1/s)(ds/dy)
-2.5 - -1.6 0.1016 ± 0.004868 ± 0.003477
-1.6 - -1 0.1998 ± 0.006261 ± 0.005575
-1 - -0.5 0.2672 ± 0.007622 ± 0.005946
-0.5 - 0 0.3036 ± 0.007982 ± 0.004561
0 - 0.5 0.3105 ± 0.008068 ± 0.0109
0.5 - 1 0.2673 ± 0.007628 ± 0.005164
1 - 1.6 0.2072 ± 0.006287 ± 0.01033

1.6 - 2.5 0.1 ± 0.004789 ± 0.004545

Table 16: Differential cross section with statistical and systematic uncertainties at parton level
as a function of pT(tt).

pT(tt) [GeV] (1/s)(ds/dpT[GeV])
0 - 30 0.01216 ± 0.0003137 ± 0.001257

30 - 80 0.007324 ± 0.0001785 ± 0.0006133
80 - 170 0.002139 ± 6.971e-05 ± 0.0001256

170 - 300 0.0004744 ± 2.66e-05 ± 6.164e-05
300 - 500 7.487e-05 ± 7.889e-06 ± 2.064e-05
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Table 17: Differential cross section with statistical and systematic uncertainties at parton level
as a function of y(tt).

y(tt) [GeV] (1/s)(ds/dy)
-2.5 - -1.5 0.07427 ± 0.00748 ± 0.005768
-1.5 - -1 0.1951 ± 0.01027 ± 0.007082
-1 - -0.5 0.2969 ± 0.01089 ± 0.008211
-0.5 - 0 0.3427 ± 0.01136 ± 0.01013
0 - 0.5 0.3639 ± 0.0115 ± 0.0088
0.5 - 1 0.2881 ± 0.01074 ± 0.005307
1 - 1.5 0.1865 ± 0.01018 ± 0.006666

1.5 - 2.5 0.08917 ± 0.007636 ± 0.003931

Table 18: Differential cross section with statistical and systematic uncertainties at parton level
as a function of M(tt).

M(tt) [GeV] (1/s)(ds/dM[GeV])
340 - 380 0.003639 ± 0.0001971 ± 0.0007044
380 - 470 0.004159 ± 0.0001136 ± 0.0001502
470 - 620 0.00199 ± 6.173e-05 ± 0.000179
620 - 820 0.0006207 ± 3.007e-05 ± 4.667e-05
820 - 1100 0.0001484 ± 1.266e-05 ± 1.528e-05

1100 - 1600 3.206e-05 ± 5.84e-06 ± 9.659e-06

Table 19: Differential cross section with statistical and systematic uncertainties at parton level
as a function of Df(tt) .

Df(tt) (1/s)(ds/dDf)
0 - 1.57 0.06871 ± 0.004845 ± 0.009212

1.57 - 2.61 0.2116 ± 0.01093 ± 0.02427
2.61 - 3.016 0.9305 ± 0.03689 ± 0.05285

3.016 - 3.142 2.336 ± 0.09455 ± 0.3337


