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Supervisor’s Foreword

Understanding of the matter structure is the fundamental task of particle physics.
The mass of the proton and therefore of the baryonic matter in the universe is
ascribed to the strong force, carried by massless gluons, acting between the quarks,
the fundamental constituents of nucleons. The underlying theory of the strong force,
Quantum Chromodynamics (QCD), describes the interactions of the quarks and the
gluons. Quark masses have an unambiguous definition in a renormalization scheme
of QCD and are its fundamental parameters.

The heaviest elementary particle known, the top quark, is an object of particular
interest in particle physics, being the only quark decaying before hadronizsation,
thus allowing the study of bare quark properties and tests of QCD with ultimate
precision. The value and the precision of the top-quark mass have far-reaching
implications affecting conclusions about the stability of the vacuum state of our
universe.

The top quark was discovered in the 1990s at the Tevatron proton-antiproton
collider. Since 2011, the Large Hadron Collider (LHC) at CERN has served almost
as a factory for top-quark pair production in the proton—proton collisions at
centers-of-mass of 7, 8, and 13 TeV. In recent precise measurements at hadron
colliders, a top-quark mass parameter used in simulations based on heuristic models
is obtained. Its interpretation in terms of a theoretically well-defined top-quark mass
has been a long-standing problem. The thesis of Jan Kieseler addresses this problem
for the first time employing novel techniques of experimental analysis. The
top-quark pair production cross section and the top-quark mass are determined
simultaneously in proton—proton collisions at the LHC using the data, collected by
the CMS detector at a center-of-mass energy of 7 and 8 TeV.

Dr. Kieseler has developed an analysis technique which employs a combination
of a template fit of multi-differential distributions of observed kinematics of
top-quark production and a parameterization of the top-quark signal based on the
expected event topology. The fitted distributions include the invariant mass of the
lepton and the b-quark originating in the top-quark decay. This distribution and the
sensitivity of its shape to the top-quark mass is explicitly investigated in the thesis.



vi Supervisor’s Foreword

A simultaneous fit to the cross section and the top-quark mass, as used in the
simulation, is performed, with the dependence of the measured cross section on the
top-quark mass parameter being diminished. The resulting top-quark pair produc-
tion cross sections are the most precise measurements at the LHC. By using the
theoretical dependence of the top-quark pair production cross section on the pole or
running mass of the top-quark at the highest perturbative order available, the
resulting top-quark mass is calibrated to all orders and the direct connection of the
measurement to the well-defined QCD parameter is established. This method can be
extended to other experimental observables. By means of this fully consistent
comparison with the simultaneously obtained top-quark mass parameter in the
simulation, the long-standing problem of its interpretation is solved. The top-quark
mass, unambiguously defined in various renormalization schemes of quantum
chromodynamics, is determined directly and with unprecedented precision.

The analysis strategy developed by Jan Kieseler opens new paths for top-quark
measurements and their interpretation. One prominent application would be the first
determination of the top-quark running mass, which may become possible with
more precise data to be collected by the LHC experiments at a center-of-mass
energy of 13 TeV in the coming years.

Hamburg Dr. Katerina Lipka
April 2016



Abstract

In this thesis, measurements of the production cross sections for top-quark pairs and
the determination of the top-quark mass are presented. Dileptonic decays of
top-quark pairs (tt) with two opposite-charged lepton (electron and muon) candi-
dates in the final state are considered. The studied data samples are collected in
proton—proton collisions at the CERN Large Hadron Collider with the CMS
detector and correspond to integrated luminosities of 5.0 fb' and 19.7 fb™" at
center-of-mass energies of /s = 7 TeV and /s = 8 TeV, respectively. The cross
sections oy, are measured in the fiducial detector volume (visible phase space),
defined by the kinematics of the top-quark decay products, and are extrapolated to
the full phase space. The visible cross sections are extracted in a simultaneous
binned-likelihood fit to multi-differential distributions of final state observables,
categorized according to the multiplicity of jets associated to b quarks (b jets) and
other jets in each event. The fit is performed with emphasis on a consistent treat-
ment of correlations between systematic uncertainties and taking into account
features of the tt event topology. By comparison with predictions from the Standard
Model at next-to-next-to leading order (NNLO) accuracy, the top-quark pole mass,
mP °l¢ s extracted from the measured cross sections for different state-of-the-art PDF
sets.

Furthermore, the top-quark mass parameter used in Monte Carlo simulations
mi\’lc, is determined using the distribution of the invariant mass of a lepton candidate
and the leading b in the event, m;,. Being defined by the kinematics of the
top-quark decay, this observable is unaffected by the description of the top-quark
production mechanism. Events are selected from the data collected at /s = 8 TeV
that contain at least two jets and one b jet in addition to the lepton candidate pair.
A novel technique is presented, in which fixed-order calculations in quantum
chromodynamics (QCD) are employed to determine the top-quark mass from the
shape of the measured m;, distribution.

The analysis is extended to a simultaneous fit of the tt production cross sections
and mMC, including the my,, distribution to increase the sensitivity to mMC. The
resulting tt production cross sections at /s = 7 and 8 TeV do not depend on
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viii Abstract
assumptions on mMC¢
experiment. The extracted mMC reaches an unprecedented precision for a single
measurement of mMC in the dileptonic decay channel. The measured o are further

and are the most precise ones obtained with the CMS

used to determine ™" and the MS mass, mi\“_s, at up to NNLO QCD. The extracted

mMS exhibits a better perturbative convergence and is converted to the pole mass

my ™™ using recent calculations at 4-loop QCD. For the first time, the direct

) 1 ‘
relation of mMC to mMS, m{*, and m}”

available precision.

conv

is quantified experimentally at the highest
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Chapter 1
Preamble

Particle physics studies the fundamental components of matter and their interactions.
Within the last decades impressive advancements in this field have been achieved.
The variety of physics phenomena are explained in terms of fundamental interac-
tions between elementary particles. All of them, except the gravitational force, are
combined into the Standard Model (SM) of particle physics, describing the build-
ing blocks of matter. It comprises leptons and quarks which build up matter, and
gauge bosons, which mediate the exchange forces between them. Combinations of
two or three quarks, held together by gluons, create hadrons, thereby defining their
properties.

The SM has been successfully tested over the past 30years. Very recently, at
the Large Hadron Collider (LHC) experiments at CERN, experimental evidence has
been found for a Higgs boson with a mass of around 125 GeV [1, 2], which was the
last missing building block of the SM. However, the SM cannot explain particular
features of our universe, such as the origin of dark matter and the predominance
of matter over antimatter. Therefore, it is believed that the SM is only an effective
description of the structure of matter up to a certain energy scale and that there must
be a truly fundamental underlying theory. Most of the extensions of the theory that
have been proposed to solve the shortcomings of the SM have a common feature:
they predict the existence of new physics phenomena not considered by the SM at
the TeV scale. Nevertheless, no evidence of such phenomena has yet been observed.

Within the SM, the top quark is the heaviest fundamental particle. Due to its large
mass, the top quark decays very rapidly (within 5 x 10~ s), before hadronizing, and
is thus the only quark that gives direct access to its properties such as spin and charge.
With its large mass, the top quark has a uniquely strong coupling to the Higgs boson.
Thus, the top quark is believed to play a special role in the electroweak symmetry
breaking. Various scenarios of physics beyond the SM expect the top quark to couple
to new particles. Furthermore, SM top quark processes are a dominant background to
many searches for physics beyond the SM. It is crucial to understand the production
mechanisms and properties of the top quark to the highest possible precision. Apart
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from this, the description of final states of all processes at hadron colliders such as
the LHC relies on Quantum Chromodynamics (QCD), describing the interaction of
colliding partons and subsequently produced hadrons. The exceptional properties of
the top quark offer unique possibilities to test QCD as well as predictions from the
electroweak theory.

The top quark was discovered at the Tevatron proton-antiproton collider in 1995 at
a center-of-mass energy (4/s) of 1.8 TeV [3, 4]. Although some of its properties and
interactions have been measured very precisely as reviewed in [5], others suffer from
the relatively low rate of top quarks produced at the Tevatron. At the LHC, which is
in operation since 2009, protons collide with protons at /s = 7 TeV (2010-2011)
and 8 TeV (2012), and since June 2015, also 13 TeV. These high collision energies
allow for a large production rate for top quarks. In consequence, several million of
top-quark pairs have been produced at the LHC, around 100 times more than at the
Tevatron. This allows to perform precise measurements of the top-quark production
and properties, challenging the accuracy of the theoretical predictions, potentially
constraining QCD parameters, and opening the possibility to search for new physics
by studying deviations of the top-quark properties from the SM expectation.

The top-quark mass, m,, is one of the fundamental parameters of the SM. Its value
significantly affects predictions for many observables either directly or via radiative
corrections. As a consequence, the measured top-quark mass is one of the crucial
inputs to electroweak precision fits, which enable comparisons between experimen-
tal results and predictions within and beyond the SM. Furthermore, together with
the Higgs-boson mass, it has critical implications on the stability of the electroweak
vacuum when extrapolating the SM to high energy scales [6, 7]. The top-quark mass
has been determined with remarkable precision: the current world average is 173.34
+0.76GeV' [8], determined by combining results from the Tevatron and the LHC.
However, these direct measurements rely on the relation between the top-quark mass
and the respective experimental observable, e.g. the reconstructed invariant mass of
the top-quark decay products. This relation is derived from Monte Carlo (MC) sim-
ulations. Hence, the direct measurements determine the top-quark mass parameter
implemented in this simulation, mﬁ‘/IC, that is most compatible with the data. It is
important to understand how to interpret the experimental result in terms of well-
defined theory parameters used in QCD and electroweak calculations. In calcula-
tions beyond leading order (LO), the top-quark mass depends on the renormalization

scheme [9], e.g. the pole or M S scheme. The relation between m?AC and these mass

parameters is of particular relevance since the uncertainty on the measured mM¢
parameter has become smaller than the uncertainty on its theoretical interpretation,
which is of the order of 1 GeV [10]. Therefore, a calibration of mltwc to a theoretically
well-defined top-quark mass is necessary and an important aspect of this thesis.
The top-quark mass can be extracted by confronting a measured observable with
its prediction, e.g. the inclusive top-quark pair (¢7) production cross section (o;7) [11-
13], calculated beyond LO QCD in a well-defined top-quark mass scheme. Studies

of tt production have been performed on a variety of production and decay channels

I'Throughout this thesis ¢ = % = 1 applies.
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in the recent years by the LHC and Tevatron experiments. So far, all these results are
consistent with predictions from the SM at next-to-next-to leading order (NNLO) with
a precision of about 4 % [14], depending on the dominant production mechanism and
the center-of-mass energy. Reaching a similar or lower uncertainty in measurements
at hadron colliders is experimentally challenging.

Compared to previous precision analyses of o [12, 15, 16], the measurements
presented in this thesis bring the following improvements. The full data sample
recorded by the Compact Muon Solenoid (CMS) experiment at the LHC in the years
2011-2012 is analyzed, corresponding to two center-of-mass energies, 7 and 8 TeV.
An innovative cross section extraction method is employed: a simultaneous fit of
the tt production cross sections at /s = 7 and 8 TeV is performed, with emphasis
on a consistent treatment of correlations regarding simulation modeling and detector
uncertainties. The cross sections are measured in the visible phase space, defined
by the detector fiducial volume, and extrapolated to the full phase space. With total
uncertainties of 3.6 % (7 TeV) and 3.8 % (8 TeV), the measurements presented in this
thesis constitute the most precise determinations of o; with the CMS detector and are
competitive with recent results published by the ATLAS collaboration [12]. These
precise results are used to determine the top-quark pole mass through comparison
with recent calculations.

Alternatively, differential tt production cross sections are studied, aiming for the
determination of m, in a well-defined scheme. These measurements can improve
the precision compared to the results from oy if the chosen observable is particular
sensitive to m, or not affected by certain systematic uncertainties. Already long before
the first start-up of the LHC, it was proposed to employ the invariant mass of lepton
and b jet (m,;,) in dileptonic tt events as such an observable [17]. It has been noted that
the distribution is under good theoretical control up to next-to-leading order (NLO)
QCD over the entire range that is relevant for measurements of m, [9, 18, 19]. In this
thesis, a novel technique is presented to relate such fixed-order calculations to the
distribution observed in data and extract the top-quark mass. The method is applied
to predictions of the tt production cross section as a function of my, calculated with
MCFM [20] and the resulting distribution is compared to the observation in data at
/s = 8TeV.

Finally, a simultaneous fit of m?’lc and o at 4/s =7 and 8 TeV is performed,
profiting from the individual studies of these parameters. In consequence, the pro-
duction cross sections are determined for the first time without prior assumptions
on mMC. The extracted o are employed to determine the top-quark mass in well-
defined renormalization schemes with unprecedented precision. The simultaneously
determined mMC parameter not only represents the by far most precise single mea-
surement of m?’lc in dileptonic tt events, but also provides a consistent treatment
of correlations between the extracted o; and mivlc, and as a consequence between
the extracted well-defined top-quark mass parameters and m™C. Thus, this measure-
ment represents the first experimental calibration of the mMC parameter to these mass
parameters.

This thesis is organized as follows: The SM is introduced in Chap. 2 with particular
focus on the top quark, its production, decay and the interpretation of its mass.
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Furthermore, the MC generators and detector modeling used in the analyses are
discussed. In Chap. 3, the LHC machine, the CMS detector, and the data employed
in this thesis are described. The event reconstruction and selection are reviewed
in Chap.4, which also comprises a description of data-driven corrections applied
to the simulation. The simultaneous fitting technique to extract oz at 7 and 8 TeV
is presented and validated in Chap.5, together with a description of the sources
of systematic uncertainties. The resulting visible and total cross sections are also
discussed there. Chapter 6 is dedicated to the extraction of the top-quark mass from
the measured o; and the my, distribution. The simultaneous fit of o7 at 7 and 8 TeV
and mM€ is described in Chap. 7, as well as the determination of the theoretically well-
defined top-quark masses and the calibration of m™C. The summary and conclusions
are discussed in Chap. 8.

1.1 Frequently Used Terms and Expressions

Throughout this thesis, the term “uncertainties on A due to variations of x and y
are added in quadrature” is defined in the following way: let the variation increasing
A due to a variation of x be A, y and the term decreasing A A, _. Then, both
uncertainties are added to the total asymmetric uncertainty on A, A4 4, as:

Ay =A% +A7 (1.1)
Ay =AL_+ A (1.2)

The term “the difference in quadrature between A and B is C” refers to the
following operation:
C? =A% - B (1.3)
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