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1. Introduction

Top quark-antiquark pairs (#¢) are produced in proton-proton collisions via the strong interac-
tion. Due to the large ¢# production cross section at the Large Hadron Collider (LHC) at CERN,
precision studies of differential cross sections have become feasible, allowing for detailed tests
of quantum chromodynamics (QCD) at TeV energy scales. Detailed understanding of TeV-scale
standard model processes such as ¢ production is also beneficial for the extraction of parton distri-
bution functions, for Higgs boson physics, and for searches for physics beyond the standard model
(BSM).

This article is organized as follows. In section 2 several #7 differential cross section mea-
surements are reviewed, followed by a discussion of jet multiplicity measurements in ¢ events in
section 3. Measurements of event-level observables in ¢f events, such as transverse momentum
sums, are presented in section 4. All of these measurements are based on proton-proton collision
data taken with the CMS detector [1] during Run I of the LHC. The datasets correspond to inte-
grated luminosities of approximately 5 fb~! at a center-of-mass energies of \/s = 7TeV and 20 fb~!
at /s = 8TeV.

2. Differential cross section

The general strategy of the 77 differential cross section measurements presented in this article
is as follows. Events are selected in the e/u+jets and in the dilepton #7 decay channels, with
criteria that ensure #7 data samples with high purity. In particular, one or more of the jets have
to be identified as coming from b partons (b-tagging). The ¢ and 7 kinematics are reconstructed
from the decay products. Contributions of background processes such as single top production,
W /Z+jets production, boson pair production, and QCD multijet production are estimated with
data-driven techniques or taken from simulated data. After background subtraction, the data are
corrected for detector acceptance, efficiency, and resolution effects using regularized unfolding
techniques. These corrections are usually performed to the level of stable particles in the visible
phase space, defined by requiring leptons and jets with minimum transverse momenta and within
the angular acceptance of the CMS detector. If properties of the top quarks and antiquarks or the
1t system are studied, all distributions are corrected to the level of top partons. In this case, the
unfolding is performed both in the visible and in the full phase space of the event. The unfolded
data is displayed as a normalized differential cross section to reduce systematic uncertainties. The
data are compared with simulated data from various Monte-Carlo (MC) event generators and with
theoretical calculations. The detailed procedures are described e.g. in [2, 3].

2.1 Leptons and b-jets

Differential cross sections as a function of the kinematic properties of leptons and b-jets are
measured in the visible phase space of the CMS detector. Example distributions are displayed in
figure 1, many more can be found in [3]. They are compared to the distributions generated with
the MC event generators MADGRAPH [4] (interfaced to Pythia6 [5]), MC@NLO [6] (interfaced
to Herwig6 [7]) and POWHEG [8] (interfaced to Pythia6 and Herwig6). The lepton transverse mo-
mentum spectrum is slightly softer and the b-jet pseudorapidity distribution is slightly less central
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Figure 1: Examples of normalized differential cross sections as a function of lepton and b-jet kinematics
at /s = 8TeV. [3] . Left: lepton transverse momentum in e/{l+jets events. Right: b-jet pseudorapidity in
dilepton events.

in data compared to simulations. Generally, the combination of POWHEG and Herwig6 describes
all distributions well.

2.2 Top quarks and 77 system

All differential distributions as a function of the top (anti)quark or #¢ system kinematics are
corrected to the parton level, before the top decay, but after radiation. Example distributions are
shown in figure 2. The distributions are compared to MC generators and also to calculations at next-
to-leading order in QCD perturbation theory with resummation (NLO+NLL) [10] and approximate
next-to-next-to-leading order (approx. NNLO) [9]. Generally good agreement is observed, how-
ever, the measured transverse momentum spectrum of top quarks is softer than predicted by most
MC generators and the ¢f transverse momentum spectrum is not well described by the NLO+NLL
calculation.

Various top differential cross section results obtained with the CMS detector at /s = 7TeV
and /s = 8TeV as well as in the e/p+jets and the dilepton decay channels have been compared
and found to be consistent [3], as illustrated in figure 3.

3. Jet multiplicity

At the LHC additional QCD radiation is expected in more than half of the 7 events. By mea-
suring the jet multiplicity in 77 events [11, 12], the validity and completeness of higher-order QCD
calculations and MC event generators for multijet events can be studied. Important parts of the
LHC physics program, such as associated 1fH production, depend on the proper modeling of ¢f
+ jets production as an irreducible background. As for other differential cross section measure-
ments, the jet multiplicity distribution is unfolded to particle level and compared to different MC
event generators and to variations of the renormalization and factorization (0?) scales, as well as
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Figure 2: Examples of normalized differential cross sections as a function of top (anti)quark and 7 system
kinematics at 4/s = 8 TeV. [3] . Left: top quark transverse momentum in dilepton events. Right: 77 transverse
momentum in e/ L +jets events.
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Figure 3: Comparison of differential cross section results [3]. Left: 7 transverse momentum distribution
compared between the e/ p+jets and the dilepton channels and MC generators. Right: top quark transverse
momentum distribution compared between /s = 7TeV and /s = 8 TeV and between the e¢/u+jets and the
dilepton channels.
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Figure 4: Normalized differential cross section as a function of jet multiplicity in the e/u+jets channel at
/s =7TeV [11]. Left: comparison with the MC event generators MADGRAPH, MC @NLO, and POWHEG.
Right: comparison with variations of the Q? scale and matching threshold in MADGRAPH.

variations of the matching threshold between radiation generated by the matrix element and the
parton shower within MADGRAPH. As shown in figure 4, good agreement with MADGRAPH and
POWHEG is observed, and the data precision is better than the scale variations by factors of four.

The CMS collaboration also explored alternative approaches to describe additional radiation
in tf events. The multiplicity of additional jets, defined as jets not matched to partons from the
top decay products, was determined by a maximum likelihood fit to data. The fraction of events
in which observables related to additional radiation are below a certain threshold (e.g. transverse
momenta of additional jets), called gap fraction, is also sensitive to the modeling of radiation in
1t events. Selected results from both approaches are shown in figure 5. All distributions are well
described within their uncertainties.

4. Event-level observables

Event level observables in #7 events such as missing transverse energy and momentum sums
were studied in e/pL+jets events at /s = 8 TeV [13]. These observables are sensitive to rare pro-
cesses, e.g. the associated production of #7 pairs and W, Z, or Higgs bosons, as well as to BSM
processes with lepton plus multijet signatures. In order to obtain a pure 7 sample, e/ L +jets events
are selected, requiring least two b-tagged jets. The sample is then split into subsets depending on
the value of the event-level observable. In each subset the top content is extracted from a maximum
likelihood fit to the pseudorapidity distribution of the e or i, which is expected to be more central
in tf events compared to background processes. The top content is then corrected for tauonic top
decays and single top production and corrected for migration between subsets by regularized un-
folding. As shown in figure 6, the event-level observables show good agreement with the MC event
generators MADGRAPH, MC @ NLO, and POWHEG within the uncertainties.
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Figure 5: Alternative measures of additional radiation in ¢f events compared to the MC event generators
MADGRAPH, MC@NLO, and POWHEG. Left: normalized differential cross section as a function of the
number of additional jets in 77 events in the e/g+jets channel at /s = 7TeV [11]. Right: gap fraction
as a function of the additional jet with the largest transverse momentum in the dilepton channel at /s =
8TeV [12].
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Figure 6: Examples of normalized differential cross sections as a function of event-level observables in
events in the e/u+jets channel at /s = 8 TeV [13]. Left: missing transverse energy, E‘T"iss. Right: sum of
the transverse momenta of all objects, St. The data are compared to the MC event generators MADGRAPH,
MC@NLO, and POWHEG.
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5. Conclusions

With Run I of the LHC, the physics of top quarks has made a big step towards precision
measurements. An important cornerstone of this development is differential cross sections. At the
CMS experiment, differential cross sections have been measured as a function of the #f system,
the top (anti)quark and its decay products. To test the modeling of QCD radiation in #f events,
jet multiplicities have been studied. Event-level observables sensitive to rare processes and BSM
physics have also been extracted. Generally good agreement with standard MC event generators
and higher-order calculations is found, the remaining discrepancies are being worked on together
with the ATLAS experiment and the theory and MC event generator communities.
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