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Abstract

Normalised differential cross sections for top quark pair production are measured
in the dilepton (ete~, "1, and uTe*) decay channel in proton-proton collisions at
a center-of-mass energy of 13 TeV. The measurements are performed with data cor-
responding to an integrated luminosity of 2.2 fb~! collected in 2015 using the CMS
detector at the LHC. The cross section is measured differentially as a function of the
kinematic properties of the leptons, b jets, top quarks, and top quark pairs at particle
level. The results are compared to several models of perturbative QCD and found to
be in agreement with the standard model predictions.
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1 Introduction

The top quark is the heaviest elementary particle known, and its corresponding expected strong
coupling to the Higgs boson suggests it could play an important role in explaining the mech-
anism of electroweak symmetry breaking. Many new physics models predict new particles
leading to final states similar to that of top quark-antiquark pairs (tt). The precise measurement
of the tt differential cross section can lead to a better understanding of background contribu-
tions [1], and provides a good test of perturbative QCD calculations.

The normalised tt differential cross section is measured in the dilepton channel as a function of
the tt system, top quark, and daughter lepton and b jet kinematic properties such as transverse
momentum, rapidity, invariant mass and azimuthal decorrelation [2].

We present the measurement at particle level with final state objects defined in a theoretically
safe and unambiguous way. The particle level measurements are expected to reduce the de-
pendence on the theoretical model, so variables are mainly corrected for detector effects. The
measurement is performed in the visible phase space to avoid large extrapolations into regions
that are not experimentally accessible.

2 Data and simulated samples

We use /s = 13 TeV proton-proton (pp) collision data, corresponding to an integrated lumi-
nosity of 2.2 fb~! collected in 2015 with the CMS detector at the CERN LHC [3]. At least two
leptons (electrons or muons) are required at trigger level, a lepton with pr > 17GeV and a
second lepton with pr > 12 GeV for an electron or pr > 8 GeV for a muon.

Monte Carlo (MC) simulated event samples are used to model the tt signal and the background
processes. We use the POWHEG (v2) [4] generator to model the nominal tt signal at the next-
to-leading order (NLO) in QCD, assuming a top quark mass of 172.5GeV. The data are also
compared to predictions of MG5_.aMC@NLO (v2.2.2) [5], which includes the NLO matrix ele-
ments (ME) for up to two partons in addition to the tt pair, and MADGRAPH, which includes
the ME for up to three partons at LO. The parton distribution functions (PDF) used in the
MG5_aMC@NLO sample is NNPDF30_10_as_-0130, while all other samples used NNPDF30_NLO-
as_0118 [6]. The parton shower (PS) is modelled using PYTHIA 8 (v8.205) [7] in which the tune
CUETP8ML1 [8] is used to model the underlying event. The matching to the ME partons is done
using the FXFX [9] algorithm for the NLO generators and MLM [10] for the LO generators. The
signal samples are normalised to the next-to-next-to-leading order (NNLO) calculated cross
section [11].

For the Drell-Yan + jets process decaying into dilepton pairs (Z/v* — IT17), MG5_.aMC@NLO
is used with the dilepton invariant mass at generator level satisfying M(I71~) > 10GeV. The
W boson + jets samples are generated with MG5_aMC@NLO and normalised using the NNLO
calculated cross sections [12]. The single top quark production in the tW-channel is simulated
with the POWHEG generator based on the five flavour scheme, and normalised using the NLO
calculated cross sections [13]. The diboson samples (WW, WZ and ZZ) are generated using
PYTHIA 8 and normalised using the NNLO calculated cross sections for the WW sample [14]
and NLO for the WZ and ZZ samples.

Additional pp collisions (pileup) are simulated with PYTHIA 8 and superimposed on the hard
scattering events using a pileup multiplicity distribution that reflects the luminosity profile
of the analysed data. The detector response to the final state particles is simulated using
GEANT4 [15], and the events are reconstructed and analysed with the same software used to
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process the data.

3 Object and event selection

The dilepton final state of the tt decay consists of two leptons (electrons or muons), at least
two jets, and missing transverse momentum from two neutrinos. The Particle Flow (PF) algo-
rithm [16, 17] is used to reconstruct objects in the event, using global information from the CMS
detector.

Muons are reconstructed by a global fit to the track using information from the tracker and
muon systems. The muons are required to have pr > 20GeV and |y| < 2.4. Quality require-
ments are imposed on the number of hits and on the association of the muon track to the
primary vertex of the event [18].

To reduce the secondary leptons from multijet background, isolation criteria are applied. For
muons, the isolation requirement accounts for the contribution from additional particles from
pileup:

_ Epft +max (0, L py + Ypr — 5 x Zpr )
Pr

where the superscripts CH, NH, <, and PU-CH denote charged hadrons from the primary

vertex, neutral hadrons, photons, and charged hadrons from the pileup vertices, respectively.

The momentum is summed inside a radius of AR = \/A¢? + Ay? < 0.4.

Lei (1) < 0.15,

Electrons are reconstructed using the Gaussian Sum Filter algorithm [19] for the inner tracker
track and matched to an electromagnetic calorimeter (ECAL) cluster. The electrons are required
to have pp > 20GeV and || < 2.4. We use the identification criteria designed to give an av-
erage efficiency of around 80% [20]. We reject electrons traversing through the barrel-endcap
transition region of the ECAL, corresponding to a calorimeter cluster position of 1.4442 < 7]
< 1.566. The electron selection also includes an isolation criterion, depending on the pseudo-
rapidity of the calorimeter cluster.

Mismodelling of the lepton selection and trigger efficiencies in simulation are accounted for by
applying scale factors derived using data-driven techniques [21, 22].

Jets are reconstructed using PF candidates as inputs to the anti-kt jet clustering algorithm [23,
24], with the distance parameter set to 0.4 [25]. The momenta of jets are corrected to account
for effects from pileup and non-uniformity and non-linearity of the detector [26]. For the data,
residual energy corrections are also applied to account for residual mismodelling of the MC
response. We select jets with pr > 30GeV and || < 2.4 which pass loose identification criteria
designed to reject noise in the calorimeters.

Jets from B hadron decay are identified by the Combined Secondary Vertex (CSV) b tagging
algorithm. This algorithm uses several input variables including the information from the sec-
ondary vertices. We select jets using a loose working point corresponding to a rate of misidenti-
tying a light flavour jet as a b quark jet of 10% [27, 28]. The b tagging efficiency in the simulation
is corrected to be consistent with the data.

The missing transverse energy (ET*) is calculated from the imbalance of the transverse mo-
mentum of all PF candidates in the event following energy corrections [17, 29]. Since neutrinos
in the tt dilepton channel are reconstructed from the missing transverse momentum of the



event, ETSS is an important variable in reconstructing the top quark kinematics.

We require events with exactly two opposite-charge leptons with M(IT17) > 20GeV, and at
least two jets, at least one of which has to be identified as a b quark jet. In addition, for the
same-flavour lepton channels (ee and py), additional selection criteria are applied designed to
reject events from Drell-Yan production: ET > 40 GeV and |[M(I71~) — Myz| > 15GeV, where
Mz =91GeV.

4 Signal definition at particle level

We define the particle level top quark following the generator level prescriptions used in Ref. [30].
This approach avoids differences in the top quark definition due to possible differences in the
decay history of different generators, and leads to results that are expected to be independent
of the generator implementation and tuning.

The top quarks are reconstructed starting from the final state particles in tt events at genera-
tor level as summarised in Tab.1. To avoid the ambiguity from additional leptons at generator
level, a distinction is made between prompt particles and particles from hadron decays. Lep-
tons are dressed using the anti-kt clustering algorithm with a distance parameter of 0.1 to
account for final state radiated photons. The clustering is applied on prompt electrons, muons
and photons. Events with leptons from prompt T decay are treated as background. Leptons are
required to satisfy the same acceptance requirements as imposed on the reconstructed objects
described in Sec. 3, pr > 20GeV and |7| < 2.4.

The generator level jets are clustered with the anti-kt algorithm with a distance parameter
of 0.4 applied on all final state particles except neutrinos and the particles already included
in the dressed leptons. Jets are required to have pr > 30GeV and |57| < 2.4 to be consistent
with the reconstructed object selection. To identify the flavour of the jet we use the ghost B
hadron technique [31], where B hadrons are included in the jet clustering after scaling down
their momentum to be negligible. A jet is identified as a b quark jet if it contains any B hadrons
among its constituents.

Table 1: Summary of object definitions at the particle level

Object Definition Selection criteria
Prompt neutrino | neutrinos not from hadron decay none
anti-kt jet with a distance parameter of 0.1
Dressed lepton | using electrons, muons and photons pr > 20GeV, || <24

not from hadron decay

anti-kt jet with a distance parameter of 0.4
using all particles and ghost B hadrons pr >30GeV, |y| <24
not including any neutrinos with ghost B hadrons
nor particles used in dressed leptons

b quark jet

Pseudo-W bosons are reconstructed by combining a dressed lepton and a prompt neutrino. A
pair of pseudo-W bosons is chosen among the possible combinations to minimise the scalar
sum of invariant mass differences with respect to the W boson mass of 80.4 GeV [32]. Similarly,
the pseudo-top quarks are defined by combining a pseudo-W boson and a b quark jet, with
an invariant mass requirement of 172.5GeV. The visible phase space is defined to have a pair
of pseudo-top quarks, constructed from prompt neutrinos, dressed leptons and b quark jets.
Events that are not in the visible phase space are considered as background.
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5 Systematic uncertainties

The systematic uncertainties in the lepton identification and isolation efficiencies are deter-
mined by varying the measured scale factors by their total uncertainties. For the trigger selec-
tion, the systematic uncertainty is calculated ‘antagonistically” depending on the |77| combina-
tions of the first and second legs: +1¢ for barrel-barrel, 10 for endcap-endcap, and £0.5¢ for
barrel-endcap and endcap-barrel.

The pileup distribution used in the simulation is based on a central value of the total inelas-
tic pp cross section of 69 mb, which is varied by +5% to determine the associated systematic
uncertainty. Uncertainties in the jet energy scale (JES) and jet energy resolution (JER) are de-
termined on a per-jet basis using a tag and probe method, and propagated to the event level
quantities [33].

For the theoretical uncertainties, we investigate the effect of the choice of PDFs, factorisation
and renormalisation scales (yr and pug) at ME and PS level, different top quark masses, and
hadronisation and generator modelling. The eigenvector sets of the NNPDF30_NLO_as_0118
parametrisation are used to calculate the PDF uncertainty [6]. We measure 100 individual un-
certainties and take the root-mean-square as the PDF uncertainty following the PDF4LHC rec-
ommendation [34]. The MC modelling uncertainties are estimated by comparing the POWHEG
and MG5_.aMC@NLO generators. The uncertainty from the choice of yr and pur is estimated by
varying the scales independently by a factor of two up and down (but not in opposite direc-
tions), and taking the envelope of the differences with respect to the nominal parameter choice.
The scale uncertainty in the parton shower is assessed by changing yr and ur together up and
down by a factor of two. We evaluate the top quark mass uncertainty by taking the maximum
deviation between the nominal sample with a top quark mass of 172.5GeV and two differ-
ent top quark mass samples of 171.5GeV and 173.5 GeV. The uncertainty from hadronisation
and parton shower modelling is estimated by comparing the results obtained from POWHEG
samples interfaced to PYTHIA 8 and HERWIG++.

The uncertainty in the background normalisation is estimated based on a 30% variation [35] of
the background yields.

Typical systematic uncertainties for some of the kinematic variables that will be introduced
in Sec. 6 are presented in Tab. 2, which lists the median value for each systematic uncertainty
source in each kinematic distribution. The dominant sources for systematic uncertainty are due
to the modelling, hadronisation and background estimation.

6 Normalised differential cross section

We measure the normalised differential tt cross section (1/¢)(do/dX) as a function of several
different kinematic variables X. The variables include the transverse momenta of leptons (pk),

jets (pjT), top quarks (pt), and the tt system (pt!), the rapidities of the top quarks (y!) and the tt
system (y"), and the invariant mass of the tt system (M"). In addition, we measure the differen-
tial cross section as a function of the azimuthal angle between the top quarks A¢" to investigate

the azimuthal decorrelation of top quarks, which is particularly sensitive to the presence of new
physics. The measurements are compared to several standard model predictions.

In the tt dilepton channel, the reconstruction of the neutrino and antineutrino is crucial in de-
termining the top quark kinematics. Using an analytical approach [36, 37], the six unknown
neutrino degrees of freedom are constrained by the two measured components of the miss-



Table 2: Median systematic uncertainties in the normalised differential cross section for three
representative kinematic variables. The maximum over all measured variables is given in the
last column.

Systematic Median of Median of Median of | Maximum of
uncertainty ph %] P [%] APt [%] | median [%]

Trigger 1 1 1 1
Pileup 1 1 1 1
Lepton SF 1 1 1 1
JES 1 1 1 2
JER 2 1 1 2
b jet SF 1 2 1 2
Background 3 3 4 6
UF and UR 1 4 5 5
MC modelling 3 7 12 12
Top quark mass 1 4 5 5
Hadronisation 6 4 2 6
PDF 1 1 1 2

ing transverse momentum and the assumed invariant masses of both W boson and top quark
systems.

The top quark reconstruction method is very similar to that used in the recent CMS measure-
ment of the differential tt cross section at parton level [22], but is performed at particle level.
To allow for the finite resolution of the measured objects the tt system is reconstructed for 100
random variations within their simulated resolution functions, and the W boson mass is also
allowed to vary over its Breit-Wigner distribution. In each trial there are up to eight solu-
tions [36], and we select the solution with the minimum invariant mass of the tt system. For
each trial, a weight is calculated using the expected invariant mass distribution of lepton and
b quark jet pairs (My;) at particle level. The reconstructed neutrino momentum is taken from
the weighted average over the trials. The final solution of the tt system is the solution with the
maximum weight. The efficiency of the kinematic reconstruction is approximately 90%.

The kinematics of the leptons, b quark jets, top quarks, and tt system are taken from the selected
final solution. Figure 1 shows the distributions of p%, p, p%, and y, while Figure 2 shows
the distributions of pY, y", M", and A¢". In the top panel of each figure, the data points are

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

The width of each bin in the distributions is chosen to control event migration between recon-
struction- and generator-level bins due to detector efficiencies and resolutions. We compute the
purity (stability), defined as the number of events both generated and correctly reconstructed in
a certain bin divided by the total number of events in the reconstruction-level (generator-level)
bin, and the bin width is chosen to give purity and stability of about 50%.

In order to measure the top quark kinematic distribution in the visible phase space, we first re-
move the contributions from backgrounds. Non-tt backgrounds are subtracted from the mea-
sured distributions. The tt backgrounds (including events from outside the visible phase space
and events not from the dilepton channel, and denoted tt-others) are then removed as a pro-
portion of the total tt contribution by applying a correction factor k as defined in Eq. 1:
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Figure 1: Reconstructed p’, pjT, pl, and y' distributions. All corrections described in the text
are applied to the simulation.
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Figure 2: Reconstructed pY, y*, M%, and A¢'t distributions. All corrections described in the text
are applied to the simulation.
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k Ndata - NMC,bkg

7

N, MC, tt—signal + N, MC, tt—others (1)

Ndata,tffsignal = Ndata — NMC,bkg - kNMC,tffothers .

Here, Nucpkg is the estimate for the non-tt background, Nyic si—signal i the MC predicted tt

signal yield, and Nyc ii_others i the remaining MC tt yield. We find k ~ 0.95, and the tt signal
yield, Nyata fi—signats 1S then extracted in each bin as shown in the lower part of Eq. 1.

Detector resolution and reconstruction efficiency effects are corrected by using an unfolding
procedure. The method relies on a response matrix which maps the expected relation between
the true and reconstructed variables. D’ Agostini’s method is employed to perform the unfold-
ing [38-40]. The effective regularisation strength of the iterative D’ Agostini unfolding is con-
trolled by the number of iterations. A small number of iterations can bias to the measurement
towards the simulated prediction, while with a large number of iterations the result converges
to that of matrix inversion. The number of iterations is optimised for each distribution, us-
ing simulation to find the minimum number of iterations that keeps the bias to a negligible
level [41].

Figures 3 and 4 show the normalised differential tt cross section as a function of p’, v, pt,
v, pt, ytt, M%, and A¢! at particle level in the visible phase space. The measured data are
compared to different standard model predictions from POWHEG +PYTHIA 8, MG5_.aMC@NLO
+PYTHIA 8 [FXFX], MG5_aMC@NLO +PYTHIA 8 [MLM], and POWHEG +HERWIG++. The main
experimental systematic uncertainties are related to the uncertainty in the modelling in simu-
lation of the lepton trigger, isolation and identification efficiencies, pileup, JES, JER, and b jet
tagging efficiency.

In general, the POWHEG +HERWIG++ prediction better describes the data than the predictions
interfaced with PYTHIA 8, with the exception of the M" distribution. The lepton pr spectrum
in data tends to be softer than the MC predictions for pr > 100 GeV. A similar trend is also
observed in the top quark pr spectrum, although it is in agreement with predictions within
the uncertainties. The measurements are generally found to be in agreement with the standard
model predictions.

7 Summary

The normalised differential cross section for top quark pair production is measured in the dilep-
ton decay channel in pp collisions at /s = 13 TeV with data corresponding to an integrated

luminosity of 2.2 fb~'. The differential cross section is measured as a function of pk, p’, pt,
yl, pit, vy, MY, and A¢' at particle level in the visible phase space. The measurements are
compared to the predictions from POWHEG +PYTHIA 8, MG5_.aMC@NLO +PYTHIA 8 [FXFX],
MG5_aMC@NLO +PYTHIA 8 [MLM], and POWHEG +HERWIG++, and are found to be in agree-

ment with the standard model.
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Figure 3: Normalised differential cross section as a function of lepton, jet, and top quark
pr 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{, yﬁ, Mﬁ, and Acpﬁ 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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