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Abstract

This thesis presents studies for a measurement of the invariant mass of jets containing
all decay products of a fully hadronic top quark decay given by the decay channel t —
Wb — q¢'b. At high transverse momentum pr of the top quark, the decay products
are collimated and can be reconstructed in one jet. The invariant mass of these jets is
a fundamental jet substructure variable, used in top tagging algorithms to distinguish
between jets from top quark decays and jets from light quarks or gluons. Jet substructure
is well suited to test the modeling of parton showers and hadronization in Monte Carlo
generators.

In the special case of jets from very collimated top quark decays the invariant mass of
jets is sensitive to the mass of the top quark itself. Moreover, this jet mass is in principle
calculable from first principle in an effective field theory, providing the opportunity to
compare the measurement directly to those calculations. This could lead to a measurement
of the top quark mass in a well defined renormalization scheme.

The main result of this thesis is a preliminary measurement of the jet mass of the leading
jet in collimated top quark decays for pr > 400 GeV. The measurement is corrected to the
level of stable particles. Corrections for detector effects are applied using a regularized
unfolding. A second measurement has been done for jets with pr > 500 GeV, where jets
with 400 GeV < pr < 500 GeV are taken into account in the migration matrix of the
unfolding. This measurement shows a reduced dependence on the simulation used to

calculate the migration matrix.
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Zusammenfassung

Diese Arbeit befasst sich mit Studien zur Messung der invariantem Masse von Jets, welche
alle Zerfallsprodukte eines hadronischen Top-Quark-Zerfalls (t — Wb — ¢q¢'b) beinhalten.
Fiir einen groflen transversalen Impuls pr des Top-Quarks sind dessen Zerfallsprodukte
stark kollimiert und lassen sich in einem einzigen Jet rekonstruieren. Bei der invarianten
Masse von Jets handelt es um eine fundamentale Jet-Substrukturvariable, welche unter
anderem fiir Methoden wie das Top-Tagging verwendet wird, um Jets aus Top-Quark
Zerfallen von Jets leichter Quarks oder Gluonen zu unterscheiden. Dartiber hinaus ist
Jet-Substruktur gut geeignet um Parton-Schauer- und Hadronisierungsmodelle in Monte-
Carlo-Generatoren zu validieren.

Im Spezialfall eines Jets aus stark kollimierten Top-Quarks Zerfillen ist die Massen-
verteilung dieser Jets sensitiv auf die Masse des Top-Quarks selbst. Dariiber hinaus ist die
Jet-Masse berechenbar in einer effektiven Feldtheorie, wodurch ein Vergleich dieser Mes-
sung mit solchen Rechnungen moglich ist. Das konnte eine Bestimmung der Top-Quark
Masse in einem wohldefinierten Renormalisierungsschema, erlauben.

Das zentrale Ergebnis dieser Arbeit ist eine vorldufige Messung der Jet Masse in voll-
standig iiberlagerten Top-Quark Zerfillen fiur Jets mit pr > 400 GeV. Die Messung wurde
auf Teilchen-Ebene korrigiert, wobei die Detektoreffekte mit Hilfe einer regularisierten
Entfaltung korrigiert wurden. In einer zweiten Entfaltung wurden Jets mit pr > 500 GeV
gemessen, wobei Jets mit 400 GeV < pr < 500GeV in der Entfaltung berticksichtigt
wurden. Diese Messung zeigt einen geringeren Einfluss des verwendeten Modells fiir die

Berechnung der Migrationsmatrix, allerdings sind die statistischen Unsicherheiten grofier.







Contents

2.1.
2.2.

2.3.

3.1.
3.2.

4.1.
4.2.

4.3.
4.4.
4.5.
4.6.
4.7.

Introduction

. Theory

Standard Model of Particle Physics . . . . . . .. ... ... ... ...
Top Quark . . . . . . . .
2.2.1. Mass of the Top Quark . . . . . ... .. ... ... ... ......
2.2.2. Production and Decay . . . . . ... .. ... .. ... .. ...,
Simulation . . . . . . . ..
2.3.1. Monte Carlo Generators . . . . . . ... ... ... ... ......
2.3.2. Hadronization . . . . . . . ...

. Experiment

Large Hadron Collider . . . . . . . . .. ... ... ... .. ... ..
Compact Muon Solenoid (CMS) . . . . ... ... ... .. .. ...
3.2.1. Coordinate System . . . . . .. .. ...
3.2.2. Magnet . . ...
3.2.3. Inner Tracking System . . . . .. ... ... ... ... ... ...
3.2.4. Calorimetry . . . . . .. ..
3.2.5. Muon system . . . ...
3.2.6. Trigger . . . . ..

Event Reconstruction

Particle Flow Algorithm . . . . . . . . . .. .. .. .. ... .. ......
Jets o
4.2.1. Jet Algorithms . . . . . . . ...
4.2.2. Jet Energy Corrections . . . . . . .. .. ... ...
4.2.3. Pile-Up . . . . . o
4.2.4. Jet Grooming . . . . . ...
Boosted Top Quarks and Top Tagging . . . . . .. ... ... ... ....
Missing Transverse Energy and Hy . . . . . . . . . ... ... ... ....
Muons . . . . . . .
Electrons . . . . . . . . .

B-Tagging . . . . . . .

11
11
11

13
13
14
14
15
16
17
18
19

21
21
21
21
22
23
24
24
26
27
27
28

vii



Contents

. Unfolding

5.1. Basic Problem . . . . . . . . ...
5.2. Regularized Unfolding in TUnfold . . . . . . . . ... ... ... ... ...
5.3. Regularization Strength and Conditions . . . . . . . . ... ... ... ...

. Analysis

6.1. Data and simulation samples . . . . . . . . ... ...
6.2. Studies on Particle Level . . . . . . . . . ..o
6.2.1. Phase Space Definition . . . . . . .. .. ... ...
6.2.2. Different Monte Carlo Generators . . . . . . . . ... ... .....
6.3. Reconstruction . . . . . . . . ...
6.3.1. Basic Selection . . . . .. ...
6.3.2. Post Selection . . . . . . ...
6.3.3. Grooming Studies . . . . . . . . ...
6.3.4. Mass of light jets in Top Anti-Top decays. . . . . . ... ... ...
6.4. Unfolding . . . . . . . . . .
6.4.1. Binning . . . . . ...
6.4.2. Determination of the Migration Matrix . . . . . .. ... ... ...
6.4.3. Purity, Stability and Efficiency . . . .. ... ... 000
6.4.4. Regularization . . . . . . .. ... L oo
6.4.5. Unfolding Tests . . . . . . . .. . . ...
6.4.6. Devision of the phase space . . . . . . ... ... ... .......
6.4.7. Unfolding real data . . . . . . . . . . ... ... .. ... ... ..

6.5. Systematic Uncertainties . . . . . . . . . . ... ... ... ... ... ...

. Results

. Summary

. Outlook

. Control Distributions in the muon channel

. Mass dependance of the unfolding

Unfolding tests for the divided phase space
C.1. Divided . . . . . . .
C.2. Combined . . . . . . . .

. Unfolding Data for the Divided Phase Space

31
31
32
33

35
35
37
37
43
45
45
46
50
23
56
26
57
o8
60
62
69
71
73

77

87

89

91

93

95
95
98

101

viil



1. Introduction

Substructure methods have become an imptortant tool in high energy physics. They give
the opportunity to access information on processes that can not be resolved with standard
reconstruction methods. Of special interest for many analysis is the substructure of jets.
Jet substructure methods allow for example to study the distribution of energy within
the jet or to separate contributions of different particle decays to one jet.

With increasing center of mass energy the jet substructure gets more and more impor-
tant for a good description of jets and physics processes with high energy. In the last
run of the LHC at a center of mass energy of /s = 8 TeV, jet substructure has already
been successfully used by the CMS collaboration and has proven to be a very successful
method to gain more information on processes with very high momenta [1-4]. An impor-
tant tool in this context and a good example for the use of jet substructure is top tagging,
which has been studied in CMS extensively [5]. Being a very useful tool at /s = 8 TeV
top tagging, as well as substructure in general, will be much more important in the next
LHC runs with /s = 13 — 14 TeV. Jet substructure is well suited to test the modeling of
jets including hadronization models by measurements of jet substructure observables. A
good description of jets by Monte Carlo methods is very important for many new physics
searches, comparing Monte Carlo signal to real data.

Beside using jet substructure for searches for new physics and identification of boosted
objects, it can be further used to perform standard model measurements. This thesis
aims on a measurement of a basic jet substructure variable, the jet mass, which is, in
case of jets containing a full hadronic top quark decay, connected to the mass of the top
quark. Because of its high mass and the resulting large Yukava coupling to the Higgs field,
the top quark has a direct impact on the Higgs sector of the standard model. Therefore
the mass of the top quark is an important input parameter for consistency checks in the
electroweak sector.

The most precise measurements measure the top quark mass by reconstruction of
its decay products. A world combination in 2014 resulted in a top quark mass of
173.20 £ 0.76 GeV [6]. The calculation of the top quark mass from separated decay leads
to a measurement of the top quark mass parameter in the Monte Carlo generator. This
mass parameter, however, can not be compared unambiguously to the top quark mass
parameter in the lagrangian density of the standard model in a well defined renormaliza-
tion scheme, because it always includes effects like color reconnections, which can not be

calculated perturbatively and have to be estimated using tuned models. For this reason
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this mass is often referred to as the Monte Carlo mass of the top quark.

A measurement of the jet mass, however, could lead to a determination of the top
quark mass much less influenced by theoretical ambiguities, because the jet mass of a jet
containing an hadronic top quark decay is in principle calculable from first principle in the
framework of an effective field theory. This calculation has been done for lepton lepton
collisions [7] and is planned also for hadron collisions. This provides the opportunity to
compare a measurement to theoretical calculation from first principle, instead of Monte
Carlo generated distributions and provides in this way a complementary determination
of the top quark mass.

In this thesis studies are done to perform a measurement of the mass of jets contain-
ing all decay products of an hadronic top quark decay at the LHC. The measurement is
corrected for detector effects and (in)efficiencies to particle level, to be able to compare
it directly to theoretical calculations. The correction is performed using a regularized
unfolding with the TUnfold framework [8]. The detector effects and reconstruction effi-
ciencies are calculated from Monte Carlo simulation. Uncertainties arising from the choice
of the Monte Carlo generator and the top quark mass parameter in the generator are eval-
uated. Finally a measurement in CMS data is performed using the 2012 dataset with a
center of mass energy of /s = 8 TeV and an integrated luminosity of 19.7fb™'. The jet
mass distribution is measured in two kinematic regions. The main measurement will be
done for a jet pr > 400 GeV. At the same time a second measurement of the jet mass for
pr > 500 GeV together with events with 400 GeV < pr < 500 GeV is performed to study
the influence of a sideband region with lower pr on the systematic uncertainties.

This thesis is organized in the following way. Chapter 2 starts with a short introduction
of theoretical aspects about the standard model of particle physics and the top quark.
The following chapter gives short overview of the experimental set-up introducing the
Large Hadron Collider (LHC) and the CMS detector. Chapter 4 describes the event
reconstruction as performed in the CMS experiment as well as some analysis techniques.
The unfolding method used for this measurement is described in more detail in chapter 5.
Chapter 6 describes the analysis. It begins with the definition of the measurement on the
level of stable particles, continues with the reconstruction of events in data and finishes
with an unfolding of the data and a determination of systematic uncertainties. The final

results of the measurement can be found in chapter 7.




2. Theory

2.1. Standard Model of Particle Physics

The standard model of particle physics [9] describes all fundamental particles and forces
except for gravity. The particles can be divided into two basic groups, the fermions,
carrying a spin of one half, and gauge bosons with integer spin, responsible for the me-
diation of the fundamental forces. Furthermore there is a scalar boson called the Higgs
boson, needed for the electroweak symmetry breaking and to include particle masses in
the theory. In 2012, a new boson with a mass of about 125 GeV was observed by the CMS
and ATLAS collaborations at the LHC [10, 11]. All studies of its properties show a good
agreement with the standard model Higgs boson so far.

The fermions can be further divided into quarks and leptons. In contrast to leptons,
quarks carry color charge and can therefore interact via the strong interaction. Both
quarks and leptons occur in three generations mainly differing in their mass.

The three fundamental interactions described by the standard model are the electro-
magnetic interaction, mediated by the photon, the weak interaction, mediated by the W
and Z bosons, and the strong interaction, mediated by eight gluons. These interactions
are discussed in more detail in the following. Figure 2.1 shows the particle content of the

standard model.

The Standard Model as a Quantum Field Theory

The standard model is a renormalizable quantum field theory, invariant under the local
gauge group U(1)y x SU(2), x SU(3)¢. It basically combines three quantum field the-
ories invariant under the local gauge groups U(1)y, SU(2), and SU(3)¢, one for each

fundamental interaction, described in the following.

Quantum Electro Dynamics (QED)

QED describes the electromagnetic interaction between electrically charged particles. It
is invariant under the local gauge group U(1)en,. The requirement of this local gauge
invariance leads to one massless gauge boson, called photon. QED is one of the most
precise verified theories in physics. Due to small coupling constants over a large energy

range, perturbation theory works well and QED is able to provide precise predictions.
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Figure 2.1.: The particle content of the standard model of particle physics, taken from
reference [12].




2.1. Standard Model of Particle Physics

Quantum Chromo Dynamics (QCD)

The strong interaction is described by QCD, a theory invariant under a SU(3) group. It
acts on fermions carrying one of three color charges. The invariance under SU(3) leads
to nine massless gauge bosons carrying color charge themselves. Only eight of them are

contributing to the interaction since one is color neutral.

In case of QCD these gauge bosons are called gluons. The fact that gluons carry color
charges themselves leads to the self-interaction between gluons and the confinement of
quarks and gluons. This means the potential between two color charged particles increases
approximately linearly with distance and therefore quarks and gluons cannot exist as free

particles but only in color neutral multi-quark states called hadrons.

Weak Interaction

The weak interaction is obtained by a SU(2), symmetry group. These transformations
act only on left handed fermions (indicated by the “L”), leading to a coupling to the left
handed isospin. Invariance under this group leads to three identical interacting mediator
fields.

For the quark sector weak couplings between the different quark generations have been
observed. This is implemented in the theory by a rotation of the down type isospin states

of the quark fields. The left handed states coupling via the week interaction are then

B L))

The rotation is described by a unitary matrix called the Cabibbo-Kobayashi-Maskawa
(CKM) matrix:

given by:

dl ‘/;Ld Vus Vub d
sS1=1Vea Ves V| |s]- (2.2)
v Via Vis Vi) \b

Absolute values of the CKM matrix are [13] :

0.97427 £ 0.00014  0.22536 + 0.00061 0.00355 = 0.00015
Veorn = | 0.22522 +0.00061  0.97343 4+ 0.00015  0.0414 & 0.0012 | . (2.3)
0.0088675-00053 0.0405739%L 0.99914 + 0.00005

The SU(2), describes the interaction of the W bosons to the fermions, but not the cou-
pling via the Z boson observed in [14]. A proper description is obtained by the unification

of the weak and the electromagnetic interaction.
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Electroweak Unification

The unification of the electromagnetic and the weak interaction can be realized by a
definition of a new hypercharge Y inserted in the U(1) symmetry group. This hypercharge
is defined as:

Y =2Q-Ty), (2.4)

with the electrical charge @) and the third component of the weak isospin 73 (41 for the
left handed isospin states).

Requiring local gauge invariance under both symmetry groups leads to four vector fields,
three W¥-fields from SU(2);, and one B* from the U(1)y group. A superposition of the
first two W fields leads to the two physical W bosons. The photon and the Z boson fields
A* and Z*" can be obtained by a mixing of the W' with the B* field. This mixing is
described by a rotation of these fields by the Weinberg angle 6y, similar to the rotation
in the weak interaction by the CKM matrix,

Wi\ [ cosOw siny\ (2" (2.5)
B —sinfy cosby ) \A*] '

Spontaneous Symmetry Breaking

Electroweak unification with the resulting photon and the weak W and Z bosons requires
local gauge invariance which leads to massless gauge bosons. However experimentally the
W and Z bosons have been measured with masses of 80.4 GeV and 91.2 GeV [13].

The Solution is an introduction of a scalar field ¢, the higgs field, and a symmet-
ric potential with a finite vacuum expectation value, leading to spontaneous symmetry
breaking. Including this field together with the potential in the electroweak theory leads
to a new scalar boson, called the Higgs boson, mass terms for the W and Z bosons and

provides a mechanism to include mass terms for all fermions in the standard model.
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2.2. Top Quark

The top quark was first discovered in 1995 by the DO [15] and CDF [16] collaborations
at the Tevatron collider in proton anti-proton collisions, and has been studied extensively
at the LHC and the Tevatron afterwards. The large cross section of ;; = 245.87531¢3 pb
for /s =8 TeV [17] at the LHC leads to a large number of produced top quark pairs and
precise measurements of its properties. With a mass around 175 GeV [6] the top quark
is the heaviest particle of the standard model. Due to its high mass the top quark has
a very small life time, smaller than the characteristic timescale for hadronization. This
means the top quark decays before hadronization, making the top quark the only quark
whose dynamics can be studied for a bare quark without being diffused by fragmentation

effects.

2.2.1. Mass of the Top Quark

The mass of the top quark is a fundamental parameter of the standard model. It defines
it’s coupling strength to the higgs boson and has therefore a direct impact on the higgs
sector and on the electroweak vacuum stability [18]. That makes it a very important

input parameter for self-consistency checks of the standard model [19].

Definition and Measurement

Due to the importance of the top quark mass, a large effort has been made since its
discovery to measure the mass of the top quark as precisely as possible. The most precise
measurements of the top quark mass are direct measurements performed at the LHC and
Tevatron, summarized in Fig. 2.2. The most precise single measurements have been done
by CMS leading to a mass of 172.04 £ 0.19(stat.) = 0.75(syst.) GeV [20] and DO with
Miop = 174.98 £ 0.76 GeV [21].

These measurements are obtained by taking the invariant mass of the top quark’s
products and have a very high experimental precision. However there is no unambiguous
way to relate this measured top quark mass to the top quark mass in the lagrangian
density of the standard model, using a well defined renormalization scheme, because a
calculation of the top quark mass from the invariant mass of its decay products always
includes processes that cannot be calculated perturbatively like color re-connections and
hadronization (cf.e.g. [22]). Those effects are included in Monte Carlo event generators
by phenomenological models. For this reason this mass definition is often referred to as
the Monte Carlo mass m}:\gg. In reference [23] it is argued, that it is possible to relate the
Monte Carlo mass to the pole mass of the top quark. However this is not possible from
first principle and a theoretical uncertainty of the order of 1 GeV is assumed.

A possibility to suppress the influence of those effects, is a measurement of the jet

mass of a jet containing all decay products of an hadronic top quark decay, proposed in
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Tevatron+LHC m,,, combination - March 2014, L_ =3.5fb™*-8.7 fb™
ATLAS + CDF + CMS + DO Preliminary
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ATLAS 2011, I+jets
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Figure 2.2.: Combination of top quark mass measurements at the LHC and Tevatron [6].

references (24, 25]. Leptonic top quark decays will not be studied in this thesis, because
the neutrino from the W boson decay cannot be reconstructed directly, but only a missing
transverse energy.

Calculations for the jet mass of jets containing all decay products of a top quark are
done for lepton-lepton collisions [25]. These calculations will be extended for hadron
collisions in the future. It is shown that the jet mass can be calculated in effective field
theory and that the shape of the jet mass spectrum in the peak area is sensitive to the
mass of the top quark. In this way a measurement of this jet mass spectrum could lead
to a determination of the top quark mass in a theoretically well defined mass scheme.
For lepton-lepton collisions it was verified, that this definition of the top quark mass can
than be related to other important mass definitions like the MS-mass with theoretical
uncertainties below Agpc (= 240 MeV) [25].

2.2.2. Production and Decay

At the LHCTop quarks can be produced in top anti-top quark pairs via the strong inter-
action or as single top quarks by the weak interaction. The corresponding leading order
Feynman diagrams for pair production are shown in Fig. 2.3.

Because of the strongly interacting initial state, top quarks are dominantly produced
in pairs at the LHC. The dominant production channel is gluon-gluon fusion, because of

a high density of gluons with low momentum in the proton, shown in Fig. 2.4, which
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Figure 2.3.: Feynman diagrams for top anti-top quark production in leading order in
hadron collisions. The top left diagram shows the production via quark anti-
quark annihilation and the others show gluon-gluon fusion.

can contribute to the tt-production due to the high momentum of the proton itself. The
fraction of gluon-gluon fusion to the total tf-production cross section is about 80 % for
Vs =T7TeV and 90 % for /s = 14 TeV [13].

From the unitarity of the CKM-matrix, we know that the top quark decays with a
probability of more than 99.9 % into a W boson and a b-quark. The W boson can further
decay hadronically into two quarks, or leptonically into a charged lepton and a neutrino,
leading to three different decay channels for a tt-system, the all-hadronic channel with
both W bosons decaying hadronically, the lepton+jets channel with one W boson decaying
hadronically and one leptonically, and the dilepton channel with both W bosons decaying
leptonically. The branching ratios are listed in Tab. 2.1. This analysis will concentrate

on the lepton+jets channel visualized in Fig. 2.5.

decay channel | branching ratio
all-hadronic 45.7%
leptonjets 43.8%
dilepton 10.5%

Table 2.1.: Branching ratios of the top quark decay channels [13].
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Figure 2.4.: Parton density functions (PDFs) in the proton from reference [26], measured
by the H1 and ZEUS collaborations in electron-proton collisions at the HERA
collider in Hamburg. On the x-axis is the fraction of the proton momentum
and on the y-axis the parametrized PDFs: xg for the gluon distribution, xS
for the sea-quark distribution and xu, and xd, for the valence quarks. The
distributions of xg and xS are scaled by a factor of 1/20.
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Figure 2.5.: Top anti-top quark decay in the lepton+jets channel.
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2.3. Simulation

2.3. Simulation

Because of the complexity of particle physics events and effects that cannot be calculated
in perturbation theory, Monte Carlo simulation methods are crucial to compare the data
to theory predictions. A full simulation of an event starts with the calculation of the
matrix element of the hard process by a Monte Carlo generator like MADGRAPH [27] or
POWHEG [28]. This matrix element is folded with the parton density function (PDF) of
the proton.

Next, the radiation of additional partons is simulated using a parton shower like the
ones implemented in PYTHIA [29] or HERWIG [30]. This is followed by the modeling of
hadronization and particle decays, which leads to predictions on particle level. Detector
effects are included by a full simulation of the detector implemented in GEANT4 [31, 32].

2.3.1. Monte Carlo Generators

In this analysis two different generators are used to calculate the hard matrix elements.
The use of two different calculations is important to test the dependence of the measure-
ment on the underlying assumptions. The two generators used differ most notably in the
description of additional radiation to the production of top quark pairs. POWHEG is a
next-to-leading order (NLO) matrix element generator, taking into account all real and
virtual corrections at NLO, having up to one radiation additional parton to the hard pro-
cess. MADGRAPH, on the other hand, is a leading order (LO) generator, which allows

to add up to three additional partons at tree level to the leading order prediction.

2.3.2. Hadronization

Hadronization includes soft QCD splittings and bound states of colored particles that
would lead to divergences in the calculation of the matrix elements. Therefore these
processes can only be simulated using tuned models like string fragmentation [29] in case
of PYTHIA or cluster fragmentation [30] in case of HERWIG. Both hadronization models
have been used in this analysis, to test the influence of the hadronization model on the

measurement.
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3. Experiment

3.1. Large Hadron Collider

The Large Hadron Collider (LHC) is a proton-proton collider located at CERN (Consseil
Européen pour la Recherche Nucléaire or European Organization for Nuclear Research)
near Geneva in Switzerland. It is designed for proton-proton collisions at a center of mass
energy of /s = 14TeV and is further able to collide heavy ions. The main motivations
for such a high energetic proton collider are the search for the higgs boson as well as new
physics at the TeV scale, and studies of electroweak symmetry breaking. A key parameter
of a collider is its Luminosity L defined as
NEp frevy

L= ZWETF’ (3.1)
with the number of bunches ny;, the number of protons per bunch N, the Lorentz factor
v, the normalized emittance ¢,, the betatron function in the interaction point g* and
a factor correction for effects related to the beam crossing F. Together with the cross

section oprocess Of @ certain process one can calculate the expected event rate as:
Nevents = Laprocess (32)

The design luminosity for 14 TeV is L = 10** cm?s. More interesting than this instanta-
neous luminosity is often the integrated luminosity, integrated over time, that is related
to the total number of events expected in a dataset. Figure 3.1 shows the integrated
luminosity delivered by the LHC to the CMS experiment in the years 2010 to 2012.

The LHC is a circular collider with a length of 26.7 km and four interaction points with
experiments. ATLAS and CMS are general purpose detectors build for a full reconstruc-
tion of proton-proton collisions, LHCD is used for b-physics and ALICE is specially build
for the reconstruction of heavy ion collisions. A detailed description of the LHC can be

found in reference [34].
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Figure 3.1.: The integrated luminosity in proton-proton collisions delivered by the LHC
to the CMS experiment in the years 2010-2012 [33].

3.2. Compact Muon Solenoid (CMS)

The CMS detector is a general purpose detector at one of the LHC interaction points. It
is designed to analyze proton-proton collisions at high energies and high repetition rates
as well as heavy ion collisions. Its purpose is to reconstruct the transverse momentum
and the energy of particles, as well as the trajectories and the electric charge of charged
particles, coming from high energy proton-proton collisions at the LHC. To reconstruct
a full collision event, several detector components are used and briefly described in the
following. Additional information on the CMS-detector can be found in the technical

design report [35, 36]. A schematic view is shown in Fig. 3.2.

3.2.1. Coordinate System

The coordinate system, used by CMS to describe the position of detector parts or physical
objects, has its origin in the nominal interaction point of CMS. It is a right handed
coordinate system with the y-axis pointing vertically in the upward direction, the x-axis
pointing horizontally towards the center of the LHC and thus the z-axis pointing anti-
clockwise in the direction of the beam. Usually the position of a particle or component
is described by the azimuthal angle ¢ in the x-y-plane and the polar angle # measured

with respect to the beam axis. Usually 6 is not used directly, but in form of the pseudo
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Figure 3.2.: Schematic view of the CMS detector [35].

rapidity n defined as

n = In tan (Z) | (3.3)

The absolute value of 7 runs from 0 (perpendicular to the beam axis) to infinity (parallel
to the beam axis). Distances are calculated as the distance in the 7-¢-plane AR =
VAN? + A¢?, since this distance is invariant under longitudinal boosts.

3.2.2. Magnet

In order to measure the full kinematic properties of charged particles, a large and strong
magnetic field parallel to the beam axis is needed to bend their trajectories by the Lorentz
force. The curvature of these trajectories gives information about the momentum and the
charge of the particle. The magnet of the CMS-detector is a superconducting solenoid
with an inner radius of 3m and a length of 12m. It is able to produce magnetic fields of
4T. Inside of the solenoid lies the tracker and the calorimetry. An iron yoke around the
solenoid returns the magnetic field, providing enough field strength for the muon system

outside the magnet.
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Figure 3.3.: Schematic view of the inner tracking system of CMS [35].

3.2.3. Inner Tracking System

The inner tracking system is used for precise reconstruction of tracks induced by charged
particles and to provide a good reconstruction of primary and secondary vertices. A
schematic view of the CMS tracking system can be found in Fig. 3.3. It covers a volume
of 5.8m in length and 2.5m in diameter. Because of more than 20 interactions and over
1000 particles per bunch crossing taking place every 25ns, CMS chose to build the inner
tracking system of semi-conducting silicon layers, providing a good single point resolution

and a very fast read out.

The tracking system is divided into two parts, a pixel and a silicon strip detector,
each consisting of several layers of semi-conducting silicon detectors. Several layers in the
barrel region coaxial around the beam pipe and some discs orthogonal to the beam, to
cover the forward direction up to || = 2.5. Particles passing one of these layers create
hits by exciting electrons in the conduction band of the silicon and therefore inducing a
current, that can be measured. Tracks can be reconstructed by a fit to the hits in the

different layers.

Pixel Detector

The pixel detector, schematically shown in Fig. 3.4, covers a rather small volume around
the beam pipe. It consists of three layers of silicon pixel modules in the barrel region
between 4.4 cm and 10.2 cm radial distance to the interaction point and two endcap discs.
Each layer consists of many modules carrying hundreds of 100 x 150 um? silicon pixels.
These small pixels provide a good resolution of the tracks near the interaction point and
thus improve the reconstruction of primary and especially secondary vertices, which is

important for b-tagging.
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Figure 3.4.: Schematic view of the CMS pixel detector [36].

Silicon Strip Detectors

The silicon strip detectors have a worse resolution than the pixel detector, but at the
same time much less read out channels. They can be used to efficiently cover a much
larger volume than the pixel detector. The silicon strip tracker consists of ten layers in
the barrel region covering a radius up to 1.1 meter and three plus nine endcap discs in

the forward direction.

3.2.4. Calorimetry

The tracking system is surrounded by the calorimeter system, which is still inside of the
magnet except for a small part of the hadronic calorimeter. Calorimeters are build to
absorb particles and to measure the energy they deposit inside their active material.
Calorimeters are crucial for the detection of neutral particles, that will not leave tracks
in the tracking system. In case of the CMS calorimeters the deposited energy is mea-
sured using scintillator materials. Particles passing a scintillator material excite atoms
or molecules in the material, emitting light when returning to their ground state. This

scintillation light is read out by photo detectors.

Electromagnetic Calorimeter

Electromagnetic calorimeters (ECALSs) are used to measure the energy of electromagnet-
ically interacting particles, like electrons and photons. Those particles start an electro-
magnetic shower inside the calorimeter and are absorbed completely within the ECAL.
Muons, however have a higher mass and interact much less with the material. They de-
posit energy according to minimal ionizing particles (MIPs), but they are not absorbed
completely within the ECAL.

A schematic view of the CMS ECAL is shown in Fig. 3.5. It is a homogeneous calorime-
ter consisting of lead tungstate (PbWQ,) crystals with a high density of 8.28 gcm™3. This
homogeneous calorimeter provides a good energy resolution needed to be sensitive to the

decay channel of the higgs boson into two photons, H — ~~.
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Figure 3.5.: Schematic view of the electromagnetic calorimeter of CMS [35].

Hadrons may start a shower in the ECAL but they will not be fully absorbed because
of their much larger interaction length, compared to the radiation electrons and photons.

For this reason, the ECAL is complemented by a hadronic calorimeter.

Hadronic Calorimeter

Considering the large interaction length of hadrons and the limited space in typical par-
ticle physics experiment, hadronic calorimeters (HCALS) can not be build homogeneous.
Instead, HCALSs always have a sampling structure with layers of dense material only used
for absorption alternating with layers of active material for the read out. The CMS HCAL
is a sampling calorimeter with absorption layers made of brass and plastic scintillator as
active material. To get a better control of energy leakage form highly energetic showers,
an additional layer of HCAL is located right outside of the solenoid, the hadronic outer
(HO) calorimeter.

3.2.5. Muon system

As minimal ionizing particles (MIPs) muons are the only charged particles that are not
absorbed by the calorimeters, allowing a separate reconstruction outside of the magnet.
The muon system is located in several coaxial layers around the magnet and within the
iron yoke, as well as in the forward region in form of two endcap discs. It is designed
to measure efficiently the momentum and energy of muons and is included in the trigger
system. For this purpose, the muon system consists of three different types of gaseous

detectors, each with its advantages for it’s specific region and it’s dedicated purpose.
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o Drift tubes are used in the central barrel region up to |n| = 1.2. In this region, the

muon rate and the background is low.

o In the endcaps, where muon and background rates are high, cathode strip chambers

are used with a faster response time and a finer segmentation.

o For the trigger additional, resistive plate chambers are integrated in the barrel and

the endcap region.

3.2.6. Trigger

At design luminosity the bunch spacing is 25 ns, leading to a total event rate of 40 MHz.
However, only a few hundred Hz can be stored. Fortunately interesting processes like
tt-production have much smaller event rates and most of the processes are soft QCD
effects.

The purpose the trigger system is therefore to reduce the event rate from 40 MHz
down to about 100 Hz that can be stored without loosing interesting physics events. The
CMS trigger system consists of two parts, a hardware based level one trigger (L1) and a
software based high level trigger (HLT). The L1 trigger must be able to make hardware
based decisions within a few ns. Therefore it uses hardware components that provide
a fast read out. It uses the calorimetry and the muon system of the CMS detector as
well as global combinations of these systems like calculation of transverse energy Er or
missing transverse energy. It is able to write out events with a rate of about 100kHz.
The High-Level trigger is used further reduce the event rate from 100 kHz to 100 Hz for
storage. It uses the full granularity of the detector and does not reconstruct the full event
instantaneously, but only step by step, in order to be able to reject the event as soon as

possible.
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4. Event Reconstruction

4.1. Particle Flow Algorithm

The particle follow algorithm [37] is used in CMS to reconstruct and identify every recon-
structible particle in the event using a combination of all detector components.

The identification is segmented in three stages. At the first stage muons are identified
by reconstructed tracks in the inner and the muon tracker. In the second step, electrons
are identified by associating a track to a cluster in the ECAL. As a last step the remaining
tracks are matched to clusters in the HCAL or ECAL. The obtained particle candidates
are called charged hadrons if the energy determined by the tracker is consistent within
three sigma with the energy deposit measured with the calorimeter. In this case the
energy of a charged hadron is taken only from the track information using a charged pion
mass hypothesis. In this way the particle flow algorithm reduces the influence of the worse
resolution of the hadronic calorimeter to the jet reconstruction.

Neutral particles like photons and neutral hadrons leave no track in the tracker and
are identified by clusters in the calorimeters. These particle candidates are considerd as

photons if they just deposit energy in the ECAL, otherwise they are as neutral hadrons.

4.2. Jets

As a result of the confinement of quarks and gluons, these particles cannot exist as free
particles, but start to hadronize. This hadronization together with radiation of additional
particles leads to a bunch of stable particles propagating in approximately the same
direction as the initial particle and carrying in total the same momentum. This is called

a jet. A good definition of jets is therefore crucial for most hight energy physics analyses.

4.2.1. Jet Algorithms

Jet algorithms are used to define jets from the reconstructed four momenta of particles in
the event. Jet algorithms have to fulfill two conditions in order to obtain cross sections
calculable beyond leading order. These two conditions are called infrared and collinear

safety.
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o Infrared safety means that the algorithm should be insensitive to soft radiation of

a particle.

o Collinear safety means that a collinear splitting of particles should not change the
jet. In other words: the jet algorithm should be insensitive to the replacement of

one particle with momentum p by two collinear particles with momenta p/2.

Jet algorithms used in this thesis are sequential clustering algorithms. These algorithms
start with four-momenta of all particles in the event and cluster them step by step to jets.
All algorithms discussed in the following look for pairs of four momenta with the smallest
defined distance parameter and merge them into one new four momentum if the distance
is not bigger than a chosen maximal distance parameter Ry. Jets are build by a repetition
of merging the four momenta until there is no pair four momenta with AR < Ry left.
There are three commonly used algorithms working in this way. They differ in their
definition of the distance parameter d;, ;,.
o The Cambridge/Aachen (C/A) algorithm [38] is a purely geometrical jet algorithm

in the sense, that its distance parameter is just the distance in the n-¢-plane

(4.1)

with R = v/n? + ¢2. This algorithm is often used for jet substructure studies.

o The kp algorithm [39] weights the geometrical distance with the transverse momen-

tum of the jet,
. 1
djyj, = AR?ljZ mln(pZTJl,p%jz)Eo. (4.2)

In this way it combines low pr four vectors first.

o The anti-kr algorithm [40] is used in CMS for the standard jet reconstruction with
a maximum distance parameter of Ry = 0.5. Weighting the distance with p;', it
combines the hardes particles first and ends with adding soft ones,

1 1 1

= AR? . min , —. 4.3
<p2T,j1 p%’,jz)RO ( )

4.2.2. Jet Energy Corrections

Jet energy corrections have to be applied to reconstructed jets to correct for differences
between measured jets and particle level jets due to non linearities in the detector response,
as well as differences between data an MC.

A detailed description of these corrections can be found in reference [41] and a brief

overview is given below.
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4.2. Jets

The total jet energy corrections are applied as a correction factor to the raw four-vector
of the jet,

pzorrected — szaw. (44)

This correction consists of four contributions combined by a factorization ansatz,

C = Coffset (p?w) C1MC (p/T7 77) Crel(n) C1abs (pljl“)a (45)

where p/, and p. represent the corrected pr after the previous correction steps.

The contributions are:

o offset Cygsi: The first correction factor is used to correct for an offset between

reconstruction and particle level due to pile-up and electronic noise.

e MC calibration Cy;c: The MC calibration correct the energy of reconstructed

jets, such that it is on average equal to the energy of the jets on particle level.

« relative corrections C\: This factor corrects for an 1 dependence of the detector

response returning a response flat in 7.

o absolute corrections C,;,s: Because of remaining residual effects in the response
in data and simulation the absolute scale of the jet energy is derived from Z + jet

and 7y +jet events.

4.2.3. Pile-Up

At design luminosity the LHC produces on average more than 20 collisions per bunch
crossing. After triggering typically only one of these processes includes a physically inter-
esting process and the rest are soft QCD processes, that can overlap with the hard process
and change event variables. Especially jet properties are influenced by the amount of pile-
up in the event, because they consist of many particles covering rather large areas in the
detector. In this way jets with a larger distance parameter cover a larger area and are
therefore more effected by pile-up.

One possibility to reduce the influence of pile-up is charged hadron subtraction used
by CMS and described in reference [42]. The particle flow algorithm reconstructs charged
hadrons matching calorimeter clusters with tracks. The tracks can be related to the the
primary vertices in the event. A leading primary vertex is defined as the vertex with the
highest value of the sum of the squared track transverse momenta Y [pia%|2, all other
primary vertices are considered to be pile-up vertices. The charged hadron subtraction
subtracts all particles that can be associated with a pile-up vertex. Particles that can not

be related to pile-up remain in the event.
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4.2.4. Jet Grooming

Jet grooming methods are used to reduce the influence of pile-up and initial or final state
radiation on single jets. The intention is to remove soft radiation and pile-up particles
without changing the substructure of the jet. Three of these grooming methods are

considered in this analysis:

1 Filtering [43]: The filtering algorithm takes all stable particles of a jet and re-
clusters them using a clustering algorithm with a smaller distance parameter Rgjie;.
This results in many smaller jets, ordered by their transverse momentum. In a next
step only a number of N jets, the N jets with the highest py, are combined into a
filtered jet. If there are less than NNV jets, all jets are kept. A disadvantage of this
method is that it imposes a specific jet substructure by choosing a fixed number of

N subjets. A typical distance parameter for the re-clustering is Rgyer = 0.3

2 Trimming [44]: The ansatz of trimming is similar to the filtering algorithm. All
stable particles of the jet are again clustered with a smaller parameter Rg,,. Now
all of these small jets that carry more than a certain fraction f.,; of the pr of the
entire jet are combined to the final trimmed jet. Typical parameters for trimming
are Rep = 0.2 and fou = 0.03.

3 Pruning [45]: Pruning repeats the jet clustering with the same jet algorithm and
the same Ry and checks at every combination of object ¢ and object 7 to object p

the following two conditions:

min (pTi » PTj )

< Zecut and Rij > Deys, (46)
Prp

where 2., and D, are predefined values. If these conditions are fulfilled objects i
and j are not merged and the softer one is excluded from the clustering process. The
idea behind these conditions is to reject soft radiation with large distances to the
hard objects, that probably originate from pile-up or initial state radiation. Typical

parameters are: Deyy = Mjet / DT, jet and zeyy = 0.1.

4.3. Boosted Top Quarks and Top Tagging

Due to the high center of mass energy of the LHC, top quarks can be produced with
very high transverse momenta. For those quarks the decay products are boosted in the
direction of flight of the decaying top quark due to the large Lorentz boost. The higher
the momentum, the lower the distance between two of its decay products. This behavior
is shown in Fig. 4.1, where the distance of two decay products of a top quark is shown
on the y-axis against the py of the top quark on the x-axis. It is clearly visible, that the

distance between two decay products decreases with the py of the top qurak.
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Figure 4.1.: Distance between two decay products of the top quark vs. the transverse
momentum of the top quark [46].
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Especially for hadronic top quark decays this effect gets very interesting, because all
decay products form jets, which start to merge into one big or fat jet for approximately
pr > 400 GeV, assuming a distance parameter Ry of the order 1. In this case the jets
from the individual quarks cannot be reconstructed as separated jets anymore, but will
be reconstructed as a single fat jet. The study of variables sensitive to the substructure
of fat jets is important to identify them as top quark jets and distinguish them from
QCD induced jets. This identification of top quark jets is called top tagging and plays an
important role for the search of heavy particles that decay into top quarks. An overview
of top tagging algorithms used in CMS can be found in reference [5].

Apart from the identification of top quarks, substructure variables can also be used to
study standard model parameters. For example the shape of the jet mass distribution for
boosted hadronic top quark jets is sensitive to the mass of the top quark, as described in

section 2.2.1.

4.4. Missing Transverse Energy and Hry

Missing transverse energy Fr and the scalar sum of transverse momenta Hrp are important
variables to distinguish events including a leptonically decaying W boson, like tt-events in
the lepton+jets final state from QCD multi-jet events. Fr originates from an imbalance
with respect to the total momentum of all reconstructed particles in the event. Due to
the absence of transverse momentum in the initial state and momentum conservation, the
vectorial sum of all particle momenta should add up to zero. This is no longer the case if
one particle leaves the detector undetected, like a weakly interacting neutrino.

Missing transverse energy is defined as the negative vectorial sum of reconstructed

particle transverse momenta,

Er=| Y. -1l (4.7)

particles

A description of the reconstruction of £r in CMS can be found in reference [47].
Another important variable to reject processes not including a leptonically decaying W
leptonic

boson is Hy , which is defined as the scalar sum of the transverse momenta of the

reconstructed leptons in the event added with Er,

HP" = N7 ||+ B (4.8)

leptons
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4.5. Muons

Different methods are used within CMS to reconstruct muons. There is the possibility
to reconstruct muons locally in the muon-system or the inner tracker, or globally using
both trackers. A detailed description of the muon reconstruction can be found elsewhere
[36, 48]. Here a short overview is given.

A local standalone muon reconstruction using the muon system only is used by the
HLT trigger seeded by the L1 trigger. Global fits can be performed in two directions,

starting from the muon-system or the inner tracker.

e The global muon reconstruction starts with a standalone muon reconstruction in
the muon system. This standalone track is then matched to a track in the inner

tracker and a global fit using the information of both tracks is performed.

o The tracker muon reconstruction works the other way around, starting from a track
in the inner tracker. Tracks with a pr > 0.5 GeV and a momentum p > 2.5 GeV are
considered as muon candidates. The tracks are extrapolated to the muon system
and defined as a muon if they match hits in the muon system. This method has
a better efficiency as the global muon reconstruction for low transverse momenta

pr < 5GeV, because only one muon segment is required.

The muon identification has three working points: loose, soft and tight. For this analysis

the tight working point is used, that has the following criteria.

o The muon has to be reconstructed as a global and a tracker muon.

e The muon has to have a pr > 3 GeV.

o The normalized x? of the global fit is smaller 10.

o There has to be at least one muon chamber hit in two muon sections.

o At least 10 hist in the inner tracker including one hit in the pixel detector are found.

o The transverse impact parameter has to be smaller 2 mm.

4.6. Electrons

The reconstruction of electrons is more challenging than the reconstruction of muons.
Because of the smaller mass, electrons produce more bremsstrahlung passing the tracker
layers. Together with the magnetic field of 4T this leads to an energy spread in the
¢ direction. This is a challenge for fitting the track, as well as defining the clusters in
the ECAL. A detailed description of the electron reconstruction in CMS can be found in
references [36, 49].
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In the ECAL, so called super-clusters are defined consisting of several smaller clusters
containing all the radiation emitted by the electron to reduce energy fluctuations. The
reconstruction constructs primary electrons consisting of tracks, related to the interaction
point, and matched to a super-cluster. Seeds for the tracking can be found using super-
clusters in the ECAL. For high pr electrons the tracks can then be fitted from the inner
pixel layers to the outer layers of the tracker using a Kalman-Filter [50]. Low pr electrons
suffer non linear effects due to bremsstrahlung and the Kalman Filter gets inefficient. For
those events a non linear generalization of the Kalman-Filter, the Gaussian Sum Filter
[51] can be used for the fitting procedure.

Electrons can be identified by matching super-clusters to reconstructed tracks and can
be divided into different classes applying certain criteria.

The electrons used in this thesis have to fulfill multivariate identification criteria de-

scribed in reference [52]. They have to fulfill the following criteria.
o They have to pass a conversion veto.
e There should be not tracker layers before the first hit of the electron track.

« They have to pass a cut on the Triggering MVA discriminator (MVAtrig) dependent

on the n of the super-cluster nge:
— MVAtrig > 0.94 for |nsc| < 0.8
— MVAtrig > 0.85 for 0.8 < |nsc| < 1.479
— MVAtrig > 0.92 for 1.479 < |nsc| < 2.5

o Their transverse momentum has to be greater than 35 GeV and |n| <2.5.

4.7. B-Tagging

B-tagging algorithms are used to distinguish jets form b-quark decays from those origi-
nating from lighter quarks and gluons. This is possible because the b-quark has a short
lifetime (=~ 1.5ps) and therefore the B-meson inside of the jet decays after a short dis-
tance creating a secondary vertex within the jet that may be reconstructed. Tracks from
this vertex can not be assigned to the primary vertex and are called displaced tracks. A
description of b-tagging algorithms used in CMS can be found in reference [53].

In CMS secondary vertices are reconstructed using an adaptive vertex fitter. Vertices
that share more than 65% of their tracks with the primary vertex are rejected, as well
as vertices that have a distance AR > 0.5 to the jet axis or vertices having a transverse
distance to the primary vertex greater 2.5 cm and a mass compatible with the K° mass.

A very important variable to separate b-jets from light jets is the impact parameter. It

gives the spacial distance between a track and the primary vertex at the point of closest
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approach. In contrast to the decay length of the b-meson, the impact parameter is Lorentz
invariant.

Sometimes it is possible to combine tracks with a significant impact parameter to a so
called pseudo vertex. This allows the calculation of vertex properties without a proper
vertex reconstruction.

In this Analysis the standard CSV (Combined Secondary Vertex) tagger [53] is used. A
CSV discriminator uses a combination of vertex reconstruction and track based lifetime
information. Examples for these properties are the vertex category (real, pseudo or no
vertex), the vertex mass, the number of tracks assigned to the vertex and the jet, to name
a few. A detailed list of all parameters can be found in reference [53]. The combination of
these properties to one discriminator is done using a likelihood based multivariate method.
This combination allows to tag a jet, even if just a pseudo or no vertex is found.

The cut on the CSV discriminator defines the working point of this tagger. The three
official CMS working points are loose, medium and tight with a mis-identification proba-
bility of jets induced by lighter quarks of about 10%, 1% and 0.1%.
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5. Unfolding

5.1. Basic Problem

An important aspect of particle physics is the measurement of observables and a compar-
ison with theoretical predictions. The measured quantities should be independent of the
experimental set up to be comparable among different experiments and to our theoretical
expectations.

For this reason detector effects, like a finite detector resolution or acceptance have
to be corrected for. This problem is addressed by unfolding algorithms, constructed to
unfold detector effects from measured distributions. The aim of the unfolding is to get
an estimator for a true distribution x! with a given measurement of a reconstructed
distribution y. Due to detector effects an event truly lying in bin x; can be reconstructed
in a different bin y; of the reconstructed distribution. Those Migrations can be described
using a matrix of probabilities A, that gives the probability that an event in bin ¢ is

reconstructed in bin j. Using this approach the problem can be written as:

gi=Y Ayt; , 1<i<n, (5.1)
j=1

where the tilde indicates that this is the statistical mean, which is not necessarily the
true quantity due to statistical fluctuations. Furthermore is n the number of bins of the
reconstructed distribution and m the number of bins of the true distribution x.

In a typical application the reconstructed distribution is measured, the migration ma-
trix is determined from simulation and the true distribution is unknown. A schematic
view is given in Fig. 5.1, where a migration matrix A introduces detector effects to the
true distribution x to obtain a distribution § that can be measured. A real measurement
further includes statistical fluctuations leading to a distribution y. The aim of the un-
folding is now to obtain the true distribution from a measured distribution y, by solving

equation (5.1) for x.

Ix is a vector of the bins of the true distribution.
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Figure 5.1.: Schematic representation of the unfolding problem, taken from reference [8],
with the true distribution x, the reconstructed distribution y and the response
matrix A

5.2. Regularized Unfolding in TUnfold

The unfolding method used in this thesis is a regularized unfolding method implemented
in TUnfold. A short overview of the principle and the basic formulas is given in the

following. More information about TUnfold can be found in reference [8].

In principle the problem described before in equation (5.1) can be solved using a least

squares method. This would lead to a minimization of
X' = (y — Ax) 'V, 7y — Ax) (5.2)

where V,y is the covariance matrix of y.

From equation (5.1) to equation (5.2) a replacement of § — y and X— x is done.
This replacement of values without statistical fluctuations by the ones including the fluc-
tuations introduces large statistical fluctuations to the measurement amplified by the
unfolding. To damp these fluctuations it is necessary to introduce a regularization term

to the minimization.

7 (x — f3Xo) " (LTL)(x — fyXo), (5.3)

where 7 is a constant parameter giving the strength of the regularization and L is a matrix
containing the regularization conditions. These parameters are explained in the following
section. The regularization term introduces a small bias fyxg to the measurement of x
consisting of a normalization factor f, and a vector xq. At the same time it reduces the
influence of statistical fluctuations to the result. The matrix L. determines if the bias is
introduced to the the single values in each bin, to the first derivative between the bins or

to the curvature (second derivative).
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The unfolding method in TUnfold looks for the minimum of the Lagrangian

L(x, ) =Ly + Lo+ L3
=(y — Ax)TV,, !}y — Ax)
+7%(x = fyxo) " (L'L)(x — fyXo)
+ MY —e'x),

(5.4)

where the two first terms are already known from the least squares method and the
regularization. The third term is an optional area constraint, which ensures, that the
integral of the input is the same as the integral of the output. In this term Y is the sum
over all components of y, Y = 3, y; and the vector e is defined as e; = 3, A;;.

The minimum is found by using the first derivatives.

9Lx, ) =0 and

The exact solution of x and the determination of its covariance matrix can be found in

reference [8].

5.3. Regularization Strength and Conditions

The choice of the regularization strength and conditions should be done carefully to
get a result with small fluctuations, that is at the same time not dominated by the

regularization.

Regularization Strength

There are two methods implemented in TUnfold to determine the optimal regularization

strength:

e L[-Curve Scan

The L-Curve scan defines two Variables L3¢ = log £y and Ly"™* = log% that
quantify the influence of the first two terms of the lagrangian to the result. The
7 value giving the best compromise with respect to the influence of the terms £,
and £; to the result is determined, building a graph in the L3""® — Li*™ plane for
many 7 values. The obtained graph is typically l-shaped and the 7 value in the
point of largest curvature is the one giving the best compromise. Figure 5.2 shows
a schematic view of a possible graph with Li™"® on the x-axis and L;"™¢ on the

y-axis. Every point on the blue curve corresponds to a specific value of 7.
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7 =small

point of largest
curvature

Figure 5.2.: Schematic representation of a possible L-curve graph in the L3¢ — Ly™™°

plane, with L = log £y and Ly™° = log % Every point on the cure
belongs to a specific value of 7. The point of largest curvature determines the
best compromise with respect to the influence of the terms £, and £; to the
result.

o Minimization of global correlation coefficients

A second method to determine the best value of 7 is a minimization of the global

correlation coeflicients defined as:

1
Pi = 1— — )
\/ (Vxx ! )u (Vxx)ii

with the covariance matrix of the output V4.

(5.6)

The first term of the lagrangian causes large positive correlations, whereas the reg-
ularization term introduces negative correlations. So in principle there should be a
value of 7, for which the correlations cancel and the mean global correlation coeffi-

cient reaches a minimum. This value of 7 is chosen as the best choice.

Regularization Conditions

The Matrix L can be chosen in such way that the regularization acts on the absolute

values of x (size regularization), on the first or on the second derivative of x. Which

condition performs best, depends on the unfolded distribution and on the chosen method

to determine the T-parameter. This will be discussed further for the case of this analysis

in the Analysis chapter.
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6. Analysis

The goal of this analysis is a measurement of the jet mass on particle level of jets containing
a fully-hadronic top quark decay. The particle level is the level of stable particles after
hadronization, but without detector effects. A measurement to particle level provides the
possibility to compare the results with other experiments and to theoretical calculations.

This chapter is divided into three parts. In the first part the particle level phase space
is defined in such a way, that it contains mostly fully merged hadronic top quark decays
and can be compared to theoretical calculations. The second part includes a similar phase
space definition on reconstruction level, that further suppresses background processes like
QCD multi-jet production, W+jets and single top quark production. In the third part a
regularized unfolding is set up and tested for model dependence and the dependence of
the top quark mass, before it is applied to the 2012 CMS data set.

6.1. Data and simulation samples

Data

The used dataset includes an integrated luminosity of 19.7fb™!, collected in proton-proton
collisions with a center of mass energy of /s = 8 TeV at the LHC by the CMS detector
in the years 2010 to 2012.

Simulation Samples

Signal samples are top anti-top quark pair production samples produced with different
Monte Carlo Generators and different top quark masses. A full list of samples used
is listed in Tab. 6.1. The dominant backgrounds for this analysis are QCD multi-jet
production, W boson production in association with an additional jets and single top
quark production. The samples used are listed in Tab. 6.2. To determine the systematic
uncertainty due to scale variations of the renormalization and factorization scales, four
samples with varied scales and high mass of the tt-system have been used, listed in Tab.
6.3.
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characteristic generator number integrated
of events luminosity

[pb ']

inclusive POWHEG 21675970 88185
700 GeV < my; < 1000 GeV  POWHEG 3082812 169478
myz > 1000 GeV POWHEG 1249111 363114
MADGRAPH 62240059 253214

Miop = 166.5 GeV MADGRAPH 27284436 111003
Miop = 169.5 GeV MADGRAPH 40952045 166607
Miop = 171.5 GeV MADGRAPH 24655025 100305
Miop = 173.5 GeV MADGRAPH 26807385 109062
Miop = 175.5 GeV MADGRAPH 40401115 164366
Moy = 178.5 GeV MADGRAPH 26752453 108838

Table 6.1.: Simulated # signal samples used in this analysis.

process | characteristic generator number integrated
of events luminosity

[pb~"]

W+jets + 1 jet MADGRAPH 23141598 3473.2
+ 2 jets MADGRAPH 34044921 15767

+ 3 jets MADGRAPH 15539503 24266

+ 4 jets MADGRAPH 13382803 50683

single top | s-channel POWHEG 259961 68591
t-channel POWHEG 3758227 66635
tW-channel POWHEG 497658 44834

anti top s-channel POWHEG 139974 79531

anti top t-channel POWHEG 1935072 63032

anti top tW-channel POWHEG 493460 44456

QCD muon enriched PYTHIAG 79261757 -
electron enriched PYTHIAG 214438367 -

Table 6.2.: Simulated samples of background processes, used in this analysis. For QCD
different samples for different pr regions are used and therefore no luminosity
is given here.

characteristic variation generator number integrated
of events luminosity

[pb~"]

700 GeV < my; < 1000 GeV  up POWHEG 1241650 123346.5
down POWHEG 1308090 119300.4

myz > 1000 GeV up POWHEG 2243672 360944
down POWHEG 2170074 380258.7

Table 6.3.: Simulated ¢t samples with varied renormalization and factorization scales used
in this analysis to estimate systematic uncertainties.
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6.2. Studies on Particle Level

The particle level is the level of stable particles after hadronization, but before the detector
simulation. On this level the measurement will be compared with theoretical calculations
from first principle. For this reason a precise definition of the phase space on this level is
crucial for this analysis.

This section includes studies of events simulated with MADGRAPH and POWHEG,
showered and hadronized with PYTHIA before the detector simulation. The phase space
for the measurement is defined and differences between MADGRAH and POWHEG are
studied.

6.2.1. Phase Space Definition

One of the most important steps of this analysis is the definition of the phase space on
particle level, because it defines the result of the measurement. This phase space def-
inition should just include theoretically well defined and calculable objects and should
comprise a selection that can be reconstructed in the experiment with reasonable back-
ground suppression.

The measurement will be done in top anti-top quark decays with one top quark decay-
ing hadronically and one leptonically including an electron or muon. The electron and
muon-jets channels ensure a reasonable suppression of backgrounds from processes not
involving top quarks on reconstruction level. The all hadronic decay channel is not used
as it would have too much QCD-multi-jet background, and the di-leptonic channel pro-
vides no hadronic top quark decay. Tau leptons are excluded because their reconstruction
is difficult. Because of their decay into pions they can easily be reconstructed as jets
in the detector, making their identification and in this way the background subtraction

inefficient.

Minimal Transverse Momentum of the Jets

In order to measure the mass of jets containing a fully merged hadronic top quark decay,
the transverse momentum of the top quark should be high enough to ensure that its decay
products are boosted in the direction of flight of the top quark and merge into a single
jet. Moreover the phase space should be defined in such a way, that the cross section is
calculable to any order in perturbation theory. That means the transverse momentum of
the top quark has to be much higher than its mass priop >> Myep-

The transverse momentum pr of the hadronic top quark jets is correlated to the trans-
verse momentum of the top quark itself. For theory calculations the pr should be as high
as possible, while for an experimental measurement there have to be enough events left
in data after reconstruction.

To decide on the minimum transverse momentum of the hadronic top quark jets, the
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Figure 6.1.: Distribution of the invariant mass of the leading jet in top anti top quark
decays in the lepton+jets channel for different transverse momenta of the
leading jet. The transverse momentum of the second jet is greater 100 GeV.

mass of the leading jet in t events in the lepton+jets channel including an electron or
muon is shown for a transverse momentum of the leading jet greater 300, 400, 500 GeV in
Fig. 6.1. The jet algorithm used for the jet clustering is a Cambridge/Aachen algorithm
with an R parameter of 1.2. Because of a second jet in the event formed by the bottom
quark from the leptonically decaying top quark, a cut on the transverse momentum of
the second jet to be greater 100 GeV is applied. The figure shows the distribution of the
jet mass for events simulated with POWHEG + PYTHIA with a center of mass energy
of /s = 8 TeV and normalized to an integrated luminosity of 19.7 fb™'.

The distribution shows a sharp peak at about 180 GeV, originating from jets including
all decay products of a top quark decay. The value of 180 GeV is higher than the mass of
the top quark because of initial and final state radiation. Jets with lower masses originate
from events in which not all top quark decay products are clustered into the leading jet.
In one example only the decay products of the hadronic W boson decay are clustered into
the jet, leading to a mass around 80 GeV. In another example the leading jet is formed

by the bottom quark only, or from the leptonically decaying side, or by radiation.

Assuming a reconstruction efficiency of 10%, a cut on the leading jet pr greater 500 GeV
is not expected to provide enough events in data to perform a measurement with small
enough statistical uncertainties. The amount of events around the top quark mass peak
for a leading jet pr >400GeV could include enough events for the measurement after
reconstruction. Taking into account that theoretical calculations need a high transverse
momentum of the top quark [54], the transverse momentum of the leading jet is chosen
to be greater 400 GeV for the rest of this thesis.
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Basic Selection and Distance Parameter of the Jets

The transverse momentum of the top quark has a direct impact on the distance AR
between two of its decay products. The lower the py of the top quark, the less boosted
are its decay products and the larger is the distance between two decay products. The
distance between two decay products of the top quark against its transverse momentum
has been discussed in C. 4.3. The distance parameter R of the jets needs to be chosen
in such a way that in most of the events all three decay products of the top quark
are reconstructed in one jet, but not too large to avoid large effects from pile-up on
reconstruction level.

Figure 4.1 shows that a distance parameter R > 1.0 is needed to get most of the hadronic
top quark decays merged in one jet. In the following, different distance parameters are

studied using the following basic selection:

1 jet with pp > 400 GeV and |n| < 2.5

1 jet with pr > 150 GeV and |n| < 2.5

 veto on more jets with pr > 150 GeV and |n| < 2.5

1 electron or muon with pr > 45GeV and |n| < 2.5

The leading jet with py > 400 GeV is supposed to be the jet containing the hadronic top
quark decay, the second cut is used to select the b-jet from the leptonic top quark decay.
The jet veto on additional jets is needed for theory calculations [54], and the lepton cut
should ensure an efficient reconstruction in data. The veto affects the number of selected

events but has no significant influence on the shape of the jet mass spectrum.

Figure 6.2 shows the jet mass distribution of the leading jet on particle level for events
simulated with POWHEG + PYTHIA using different distance parameters for the jets of
R =0.8,1.2and 1.5. All of these jets are clustered with the Cambridge/Aachen algorithm.
For a R-parameter of R = 0.8, the leading jet has a tendency to small jet masses. Two
peaks beside the top quark mass peak are visible, one at approximately 90 GeV coming
from semi merged top quark decays and one peak at 50 GeV that probably consists of jets
from bottom quarks or radiation. Those jets are a challenge for the theory calculations
and should be efficiently suppressed by the selection. Using larger R-parameters leads to
more fully merged top quark decays within the distance R. However, the R-parameter
should not be chosen too large, because influence of radiation on the jet mass increases
with the radius of the jet, leading to a large tail toward high masses, which can be seen
in Fig. 6.2 for R = 1.5. An R-parameter of R = 1.2 shows the best reconstruction of the

top quark mass peak with this basic selection and is used for the rest of this thesis.
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Figure 6.2.: Distribution of the invariant mass of the leading jet for different R-parameters
used for the jet clustering in simulated tt events. The jets are clustered with
the Cambridge/Aachen algorithm. The basic selection described in the text

is applied.
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Figure 6.3.: Distribution of the invariant mass of the leading jet after the basic selection
compared with the matched and unmatched fraction of this selection.

Further Selection

It is important to test, how many of the jets can actually be matched to the hadronically
decaying top quark. This is possible using the information of the MC generator. A jet is
matched if its distance to the hadronically decaying top quark AR is below the distance
parameter of the jet, AR < 1.2. Figure 6.3 shows the distribution of the leading jet mass
with the full basic selection applied in comparison with the matched and unmatched
fractions of the selected events. The distribution of the full selection shows a peak near
the top quark mass, that is dominated by fully merged decays, matched to a hadronically
decaying top quark. However, there is also a large shoulder to lower jet masses dominated
by unmatched events that should be suppressed for the measurement.

The jet mass of the unmatched jets shows the typical shape for QCD-jets (jets induced
by light quarks® or gluons). In these events the leading jet is formed by one of the two
bottom-quarks in the event or by initial or final state radiation. Since these jets are not
included in first-principle calculations, a way to suppress their contribution is needed.
The matched jets show a peak a bit above than the top quark mass (higher because of
additional radiation). Events in the shoulder to smaller jet masses down to 80 GeV are
semi-merged events giving masses comparable to the W mass of 80 GeV. These events are
also not calculable in fixed-order calculations and need to be suppressed.

To suppress the semi-merged and unmatched jets, two additional cuts are added to the

basic selection:
® AR2ndjet, lepton < 1.2

® Mleading jet —> "2nd jet + lepton

Night quarks at this point means all quarks except for the top quark
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Figure 6.4.: Distribution of the invariant mass of the leading jet after the full selection
together with the matched and unmatched fraction of this selection.

The motivation for the first cut is to assume that the leptonically top quark is boosted,
to increase the fraction of fully merged hadronically top quarks. It is also experimentally
motivated, to get a better description of the particle level on reconstruction level, which
will be discussed in more detail in the section 6.3.2. A top quark is boosted if the distance
between two decay products of the top quark (in this case the b-quark and the lepton) is
smaller than 1.2.

The second cut is used to suppress the semi-merged and unmatched events. Just requir-
INg Micading jet > Mand jet WOuld suppress the unmatched but not the semi-merged events
because a W-jet has in most cases still a bigger mass than the b-jet. Adding the lepton
to the second jet returns the leptonic top quark decay without the neutrino, which should
have a lower mass than the full hadronic top quark decay, but a higher mass than the
hadronic W-jets.

The distribution of the jet mass on particle level is shown in Fig. 6.4 after the full
selection in comparison with the matched and unmatched fraction of the selection. It
becomes clear that the tow additional cuts suppress the influence of the unmatched jets
as well as the shoulder due to semi-merged decays for the matched events. The result
is a selection including mostly events, where the leading jet contains a full hadronic top

quark decay.
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Figure 6.5.: Invariant mass of the leading jet after the full selection simulated with MAD-
GRAPH and POWHEG on the left and the ratio between both distributions
on the right.

6.2.2. Different Monte Carlo Generators

Because the final measurement should be independent of the chosen simulation model and
therefore on the choice of the Monte Carlo generator, it is interesting to look at differences
in the jet mass spectrum for different generators. In this section differences in the jet mass
between events generated with POWHEG and with MADGRAPH are analyzed. For this
comparison the full selection of the previous section is applied.

Figure 6.5 shows the jet mass of the leading jet after the full selection for POWHEG
and MADGRAPH and a ratio between them. The observation is that there are about
10% more MADGRAPH-events than POWHEG-events in the peak region. The excess of
MADGRAH in the peak area can be explained by two effects. First, the pr spectrum of
the top quarks is harder in MADGRAPH than in POWHEG, as shown in Fig. 6.6. For
a pr > 400 GeV this results in about 10% more MADGRAPH- than POWHEG-events.

Secondly, the pr of the third jet is softer in MADGRAPH, witch leads to a smaller
influence of the jet veto. This second effect is shown Fig. 6.7, where the distribution of

the third jet pr is shown after the full selection except for the veto for ¢t events simulated
with POWHEG and MADGRAPH.
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quark in tf events in the lepton+-jets channel without selection simulated with
MADGRAPH and POWHEG (left) and the ratio between these distributions

(right). The distributions are normalized to the total number of events.
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Figure 6.7.: Distribution of the transverse momentum of the third leading jet in pr after
the basic selection without the jet veto applied, simulated with MADGRAPH
and POWHEG.
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6.3. Reconstruction

In data it is important to get a phase space similar to the particle level phase space, as
well as an efficient suppression of the dominant backgrounds. The dominant backgrounds
for this analysis are QCD-multi-jet production, production of W-bosons in association

with additional jets and single top quark production.

6.3.1. Basic Selection

The basic selection is used to suppress the backgrounds. It is derived from a search for
tt-resonances in reference [55], and was adjusted to this analysis, such that it provides a
clean tt selection in the lepton+jets channel.

The used data is recorded using non isolated lepton triggers. The trigger for the muon
channel requires one muon with pr > 40GeV and |n| < 2.1, while the trigger used for
the electron channel requires one electron with pr > 30 GeV and || < 2.5. The selection

cuts on reconstruction level are listed in Tab. 6.4. At this stage, jets refer to anti-kt jets

electron channel \ muon channel

at least one good primary vertex
one electron (pr > 35GeV, |n| < 2.5) | one muon (pr > 45GeV, |n| < 2.1)
no muon no electron
at least two jets with py > 50 and || < 2.5
2D cut
Hrep > 150 GeV
missing B > 20 GeV
triangular cut \
one b-tag (CSV tight working point)

Table 6.4.: Selection criteria of the basic selection on reconstruction level for the electron
and the muon channel.

with a distance parameter of R = 0.5. These jets are used for the triangular and 2D, cut
described below.

The cut on the lepton is applied to select the lepton-+jets channel and suppress QCD
multi-jet background. The veto on muons in the electron and electrons in the muon
channel avoids an overlap between the two channels. The Hrp)e, cut is again used for
suppression of QCD as well as the missing Er cut on 20GeV, with a non-zero value
expected because of the neutrino in the final state. The 2D-cut is used to ensure that the
lepton originates form a hard process and not from semi-leptonic decays of charm- and
bottom mesons. This helps to suppress QCD-background. The 2D-cut consists of two

cuts:
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ARpin(lepton, jets) > 0.5,
or pr, re(lepton, jets) > 2.5

with the minimal distance of the lepton to the closes jet AR, (lepton, jets) and the
fraction of the lepton pr perpendicular to the nearest jet pr, pr, rel.

In the electron channel an additional triangular cut is applied to further suppress QCD-

background,
Lo Fr+ 1.5 < Ad(lepton, Fr) < L5 Yr+15
T75Gev AT P TS 75Gev 7T
LS 415 < Ad(jetimane, Fr) < —2— B+ 1.5
75 G V T Je leading» T 75 G V T

and ensures that ET does not point along the transverse direction of the leading jet
or the lepton. The last selection step is the requirement of a b-tagged jet, which is an

important cut to suppress the W+jets background.

6.3.2. Post Selection

After the basic selection a post-selection is applied to obtain a similar phase space on
reconstruction level as on particle level In this selection jets are considered to be Cam-
bridge/Aachen jets with R = 1.2. The post selection on reconstruction level is similar to

the one on particle level. It includes the following cuts.

« one jet with pr > 400 GeV and |n| < 2.5.

« one jet with pr > 150 GeV and |n| < 2.5.

 veto on more jets with pr > 150 GeV and |n| < 2.5.

« one electron (muon) with pr > 45GeV and |n| < 2.5 (|| < 2.1).
o ARoud jet, lepton < 1.2.

® Mieading jet ~> M2nd jet-

The last cut does not include the lepton as on particle level and compares just the
masses of the two leading jets. These cuts have already been discussed in detail in section
6.2. Just the AR cut between the second jet and the lepton is motivated on reconstruction
level and therefore mentioned again in this section.

It requires a boosted leptonically decaying top quark in order to obtain more boosted
hadronically decaying top quarks without any direct requirements on the hadronic side,

which could bias the measurement. Figure 6.8 shows the distribution of the leading jet
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Figure 6.8.: Jet mass distribution on particle level for events passing the particle level
and reconstruction level selection, compared to events on reconstruction level
passing just the reconstruction level selection. The solid lines indicate the
full selection without the cut on ARapg jet, lepton < 1.2. For the distributions
displayed with dotted lines the full selections with this cut are applied.

mass for events on particle level, passing the particle and the reconstruction level selection,
and on reconstruction level passing just the reconstruction level selection. It is visible,
that this cut has just a minor influence on the particle level selection after requiring

Micading jet > Mand jet, PUt a bigger influence on reconstruction level. It increases the

Nrec+gen
Nrec

the particle level and the reconstruction level selection and N,.. the number of events

purity of the selection defined as , Where Niectgen is the number of events passing
just passing the reconstruction level selection. A high purity is important for a stable

unfolding and therefore this cut improves the performance of the unfolding.

Control distributions for the electron channel after the full selection comparing data and
Monte Carlo simulation are shown in Fig. 6.9. The number of b-jets and the distributions
of pr of the first three jets in data agree with simulation within the statistical uncertainties.
The Hrpep and the missing Ep distributions show sightly bigger differences between data
and simulation for small values of Hr e, and missing Erp, but still a reasonable agreement.
Simulation and data mostly agree within the statistical uncertainties. All MC samples are
normalized to an integrated luminosity of 19.7fb™" and the tt-samples are additionally
scaled by a factor of 0.75. This scaling is needed, because the py spectrum of the top
quark is expected to be softer in data compared to simulation. This effect has been seen

for a top quark pr lower 400 GeV in references [56, 57].
Similar control distributions for the muon channel can be found in the appendix A.

The jet mass distribution in data compared to simulated events for tt-samples generated
with POWHEG and MADGRAPH after the full selection is shown in Fig. 6.10. It is

clearly visible that the selection developed in simulation performs equally well in data.
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Figure 6.9.: Control distributions after the full selection in the electron+jets channel. The
tt-samples are simulated with POWHEG plus PYTHIA and scaled by a factor

of 0.75.
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Figure 6.10.: Distribution of the invariant mass of the leading jet after full selection for tt
simulated with POHEG on the left and MADGRAPH on the right.

It selects a phase space dominated by events in which the leading jet includes all decay
products of a hadronic top quark decay. After the full selection, the QCD-background is
negligible and will not be included in the unfolding. Overall the jet mass is equally well
described by POWHEG and MADGRAPH. POWHEG is chosen as the default sample
for the unfolding, since the py distribution of the top quark is better described.

A comparison between the jet mass in simulated events on reconstruction and particle
level is shown in Fig. 6.11, for events passing the particle and reconstruction level se-
lection. The peak of the jet mass spectrum on reconstruction level is shifted to higher
masses compared to the particle level. The reason for this is pile-up, which is included on
reconstruction level but not on particle level. The large distance parameter R = 1.2 of
the jets result in a large pile-up dependence due the clustering of particles from pile-up

processes into the jets.
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Figure 6.11.: Comparison between the jet mass distribution of the leading jet on particle
and reconstruction level for events passing both particle and reconstruction
level selections.

6.3.3. Grooming Studies

In order to get a better matching between reconstruction and particle level and to damp
the influence of pile-up, the three grooming techniques described in chapter 4.2.4 have

been studied, using the recommended values in the references [36, 43, 44].
o pruning: Dey = Miet/ P, jet a0d Zeyy = 0.1
o filtering: Rgier = 0.3 and Ngjper = 3
e trimming: Ry, = 0.2 and fo = 0.03

Figure 6.12 shows the invariant mass of the leading jet in simulated ¢t events passing
the full selection for jets groomed with one of the the methods mentioned above and
ungroomed. As expected, the groomed distributions show a more narrow peak around
the top quark mass at lower mass values.

Using pruning, some events reconstructed near the top quark mass before grooming
are now reconstructed at low masses. This means that reconstructed particle candidates,
originating from the decay of the top quark have been filtered out by the grooming
algorithm. The shape of the mass spectrum changes dramatically, and in an undesired
way. Trimming was chosen for the following optimization.

For a good measurement a good reconstruction of the events used is important. There-
fore the trimming was optimized to get a narrow pull distribution (myec — Mygen)/Mgen,
peaking at zero. The best trimming parameters found are Rgy, = 0.2 and f., = 0.003.
The pull distributions are shown in Fig. 6.13 and a comparison between reconstruction

and particle level for events passing both particle and reconstruction level selection is
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Figure 6.12.: Comparison of the ungroomed jet mass of the leading jet after full selection
on reconstruction level with distributions obtained using different grooming
methods

shown in Fig. 6.14 with and without trimming. For the last plots the trimming was
applied before the post selection.

However, it has been found that trimming leads to model dependent effects in the
unfolding. For this reason trimming is not used in the final measurement, but should be
studied for the final set up with respect to all systematic uncertainties again in future

studies.
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6.3.4. Mass of light jets in Top Anti-Top decays

The reconstruction of the jet mass is essential for this analysis. Since jets with a distance
parameter of R = 1.2 have not been studied in CMS, a study of the jet mass reconstruction
is performed here. If the jet mass reconstruction is not well described by simulation, an
uncertainty on the jet mass scale would have to be added to the final result.

A method to study the jet mass scale selects jets containing just the hadronic W-decay
within the ¢t decays on reconstruction level and compares data to simulation. The mass
of these jets should be centered around the W boson mass. Several attempts have been
made to obtain the W-peak in tt-decays.

The first selection is inspired from a selection in reference [58] providing a good selection
of hadronic W-jets in tt-decays for jets with R = 0.8. It selects at least three jets with
pr > 150 GeV and denotes the jet with the highest mass to be the W-jet candidate. The

following additional criteria have to be fulfilled,

one b-tag (CSV medium working point),

AR(jet, b —jet) > 1.2,

AR(jet, lepton) > 7,

Ao (jet, Br) > 2.0.

Figure 6.15 shows the selection and the matched fraction of jets for the jets with R = 1.2
used in this analysis. The fraction of matched jets at the W-mass is below 50 %. The
selection bases on the assumption, that the W-jet is the jet with the highest mass in the
event. However for a distance parameter of R = 1.2, jets originating from light quark
decays gain mass by collecting particles from initial state radiation, final state radiation
and pile-up. Together with the pr cut on the leading jet of pr > 400 GeV this leads to
the effect, that the mass of jets including a hadronic W-decay does not differ significantly
from the mass of a jet originating from a light quark decay (including bottom-quarks),
making this selection inefficient for jets of this size. Hence the masses of light quark jets
and W-jets are peaking at almost the same mass, making it impossible to separate them
efficiently.

A second selection is based on the assumption that there should be at least three jets
in the event, one from the hadronic W-decay and two b-jets from the top quark decays.
After demanding at least three jets with py> 150 GeV and at least two b-tags with a loose
CSV working point the not b-tagged jet should be the hadronic b-jet. The selection is
shown in Fig. 6.16 and suffers from the same problems as the previous selection. The
high mass of light quark jets with a distance parameter of R = 1.2 makes it difficult
to reconstruct the W-peak in tt-decays on a falling background, which would allow an

estimation of the jet mass scale. Therefore it can not be done in this thesis.
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Figure 6.15.: Distribution of the invariant mass of the jet with the highest mass for events
selected by the W-tagging selection described in reference [58] in comparison
with the fraction of jets matched to a hadronic W boson.
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to a hadronic W boson.
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Figure 6.17.: Distribution of the invariant mass of the leading jet after the basic selection
and requiring three jets with pr > 150 GeV.

In order to test the reconstruction of the jet mass of light jets in tt-decays, data is
compared to simulation in Fig. 6.17. For this comparison three jets with pr > 150 GeV
are required in addition to the basic selection. This results in a statistically indepen-
dent sample from the main analysis. Data and simulation agree within the statistical

uncertainties, and no further uncertainty is applied due to the jet mass scale.
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Figure 6.18.: Resolution (left) and mean relative difference between the mass of jets on
reconstruction and particle level (right) for the leading jet as a function of
the jet mass on particle level.

6.4. Unfolding

6.4.1. Binning

The choice of the binning on particle level for the unfolding is driven by the reconstruction
resolution of the jet mass. The resolution is determined as the root mean squared (RMS)
of the pull distribution (myec — Mgen)/Mgen and shown in Fig. 6.18 as well as the mean of
this distribution as a function of mje.

For small masses the resolution is only about 50 %, because the mass of the jets is
dominated by radiation and highly influenced by pile-up on reconstruction level. The
same effects lead to a reconstruction of events with small masses on particle level at higher
jet masses on reconstruction level. The bin width on particle level is chosen to be roughly
one standard deviation of the pull distribution for a given mass. Smaller bin widths
would lead to larger correlations between neighboring bins of the final measurement. The
binning on reconstruction level is chosen to avoid overlap of bin borders between particle
and reconstruction level to suppress border effects and to have a reasonable number of
events entering the unfolding. Figure 6.19 shows the distribution of the leading jet mass
on particle level and on reconstruction level with the chosen binning in tf events simulated
with POWHEG+PYTHIA. Both distributions show a peak around the top quark mass

and a reasonable number of events in each bin for the unfolding.
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Figure 6.19.: Distribution of the invariant mass of the leading jet on particle level (left)
and reconstruction level (right) after the full selection.

6.4.2. Determination of the Migration Matrix

The migration or response matrix includes the possibilities that an event that has a mass
of the leading jet on particle level in a certain bin on particle level is reconstructed in one
of the bins on reconstruction level. It is used to correct the reconstructed distribution for
detector effects. In this analysis the migration matrix is determined from MC simulation.
Rows (x-axis) contain the generator distributions and columns (y-axis) the reconstructed
distributions. A whole row should contain 100 % of the generated events in this generator
level bin. This is important when applying reconstruction weights to correct for differ-
ences between efficiencies in MC and data (for example because of b-tagging, jet energy

resolution, and more).

Events passing the reconstruction selection but not the particle level selection can be
seen as background for this measurement because they do not belong to the desired phase
space. These events are included in the migration matrix instead of being subtracted
before the unfolding like other background processes, because subtracting those would
lead to a dependence of the shape of the generated distribution and in this way of the top
quark mass that was used in the simulation. This influence can be avoided by including

the tt-background in the unfolding.

Normalized response matrices determined in POWHEG and MADGRAPH plus PYTHIA
are shown in Fig. 6.20. Both response matrices are very similar and show only small off-
diagonal entries. The effect of small masses reconstructed too high, as already seen in

Fig. 6.18, is visible in the first bin of the response matrices.
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Figure 6.20.: Normalized response matrices obtained with POWHEG (left) and
MADGARPH (right). The contents are normalized to the number of events
passing the reconstruction and the particle level selection.

6.4.3. Purity, Stability and Efficiency

Before performing the unfolding a few quantities are derived that allow to estimate the

average size of corrections due to efficiencies and migrations. The three quantities are

defined as:

Nrec e1n

purity = N_+g (6.1)

Nreet

tability = ———reen 6.2

stability Ny (6.2)
Nrec

efficiency = : (6.3)
gen

where N, is the number of events passing the reconstruction selection, Nge, the number
of events passing the particle level distribution and Nyecigen the number of events passing
both distributions.

These three quantities should be sufficiently high to ensure a stable unfolding. All three
quantities are evaluated for the selection using POWHEG + PYTHIA generated events
and shown in Fig. 6.21 as a function of the invariant mass of the leading jet using the
binning that is used on particle level. They are sufficiently high, except for the purity
in the first bin, which is so low, that the unfolding cannot be trusted in this bin. The
measurement in this bin will therefore be omitted for the final result. The bin is still

included in the unfolding to account for migrations into other bins.
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Figure 6.21.: Purity (top left), stability (top right), and efficiency (bottom center) as a
function of mje, calculated for events simulated with POWHEG.
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6.4.4. Regularization

Regularization is an important method to damp fluctuations amplified by the minimiza-
tion process within the unfolding. The regularization conditions and the regularization
strength 7 has to be chosen carefully, to get an efficient damping. The form of the L
matrix determines if the regularization is applied with respect to the size of each single
bin, to the first derivative or the curvature (second derivative) of the distribution. For
the first tests a size regularization is used. In this case the L matrix is just a unity matrix

for all bins inside the particle level phase space.

Determination of the -Parameter

Two methods to determine the ideal 7 parameter have been introduced in section 5. These
methods are now tested for this specific unfolding. Figure 6.22 shows an unfolding of
events generated with MADGRAPH, and unfolded with the migration matrix determined
from POWHEG. Two different 7-parameters, determined with an L-curve scan and a
minimization of global correlation coefficients, are used. Both scans are shown in the
same figure below the distributions.

For size regularization the regularization term acts just on single bins, while regular-
ization using derivatives acts on differences between different bins. For this reason the
usage of derivatives is expected to induce larger correlations to the result and thus leads
to a better performance of the minimization of the average global correlation coefficient.
However, for a peaking spectrum size regularization should lead to correlations, large
enough to get a minimum in the scan over the average global correlation coefficient. Fig-
ure 6.22 shows indeed, that this scan has a minimum and returns lower statistical errors
and less statistical fluctuations than the L-Curve scan. Another advantage of this method
is the possibility to include systematic uncertainties in the determination of the global
correlation coefficients and therefore in the determination of the 7-parameter. Systematic
uncertainties as described in section 6.5, up to the background subtraction, are already
included in the scan shown in Fig. 6.22. The L-curve scan does not provide this possibility.

The minimization of the average global correlation coefficient is chosen to be the default
method for all following tests and for the unfolding of the data. It is always checked, if

the scan has a well defined minimum.
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Figure 6.22.: Unfolded distribution of the jet mass in events simulated with MADGRAPH,

unfolded with migrations taken from POWHEG and compared to the par-
ticle level in MADGRAPH. On the top left a scan over global correlation
coefficients was used and on the top right an L-curve scan. The correspond-
ing scan curves can be found below the distributions. The red markers shows
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Figure 6.23.: Distribution of the jet mass in events simulated with MADGRAPH and
unfolded with migrations of POWHEG using a regularization to the first
derivative with a scan over the average global correlation coefficient. For
the peak bin only the first derivative with respect to the right bin is used.

Regularization conditions

A scan of global correlation coefficients should perform better with first or second deriva-
tive regularization, because the regularization acts on derivatives between bins and should
induce negative correlations between different bins leading to a minimum in the average
global correlation coefficient. Regularization using the first or second derivative is not a
good choice for a peaking spectrum like in this analysis. For the bin in the peak, the first
derivative is not well defined numerically. In Fig. 6.23 the unfolding output using the first
derivative is shown. For the peak bin just the first derivative with respect to the right
bin is considered. Regularization using the first derivative introduces a bias. The first
derivative is much lager near the peak compared to the tails of the distribution, leading to
a strong dependence of the result in the peak area on the regularization strength. Figure
6.23 shows that this leads to a good matching between output and truth in the tails where
the low first derivatives are numerically small and large difference in the peak area, where
they are large. The same arguments hold for regularization using the second derivative.

For this reason the size regularization has been chosen for this analysis.

6.4.5. Unfolding Tests

The first and most basic test is an unfolding of a reconstruction level jet mass spectrum
with a migration matrix determined using the same sample. In this case the unfolding
should return exactly the initial distribution. Any differences would indicate basic prob-
lems in the unfolding set up. For this test migrations and the reconstruction distribution
have been determined with POWHEG + PYTHIA. The result in Fig. 6.24 shows perfect
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Figure 6.24.: Jet mass distribution in events simulated with POWHEG unfolded with
migrations of POWHEG in comparison with the particle level in POWHEG

agreement between the true distribution and the unfolded output. The statistical un-
certainties shown are not correct, because the migration matrix is fully correlated to the

reconstructed input distribution and the particle level distribution it is compared with.

Dependence on the MC generator

To determine that the unfolding is independent of the underlying assumptions, recon-
structed distributions, simulated with a specific generator, are unfolded using migrations
determined with a different generator. In this way the dependence of the unfolding on
the used Monte Carlo generator can be tested. Differences between the output and the
particle level distribution have to be considered as a systematic uncertainty. Figure 6.25
shows unfolded distributions of the jet mass in events simulated with MADGRAPH or
POWHEG and unfolded with migrations determined with the other generator respec-
tively. The unfolded distributions are shown together with the jet mass distributions on
particle level simulated using the same generator. Except for the first bin, which has low
purity, the deviations between the truth distributions and the unfolded ones are small,
showing that the unfolding is independent on the assumption of the underlying distribu-
tion. Differences in the case of MADGRAPH unfolded with POWHEG are added as a

systematic uncertainty in the final result.
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Figure 6.25.: Unfolded jet mass distributions in events simulated with MADGRAPH with
migrations of POWHEG in comparison with the particle level in MAD-
GRAPH on the right and the other way around on the left.

Influence of renormalization and factorization scale variations

It is further important to test the influence of renormalization and factorization scales on
the unfolding. Variations of these scales change the kinematics of the signal processes and
thus the jet mass distribution. In the ideal case the unfolding should be insensitive to
the choice of the scale, otherwise changes in the result will be considered as a systematic
uncertainty. Samples produced with the factorization and renormalization scales varied
by factors of 2 and 0.5 are unfolded by using migration matrices obtained from samples
using the default scale choices. These samples were produced only for m,; >700 GeV and
are therefore unfolded with migrations in POWHEG for m, >700 GeV. Figure 6.26 shows
unfolded distributions of samples with varied scales unfolded with the default POWHEG
sample for m,; > 700 GeV. A possible reason for a large bias for the down variation can
be found in Fig. 6.27, where the distributions of the first three jet prs and the jet mass
of the leading jet is shown. While these distributions for the up variation are very similar
to the default sample, the distributions for the down variation differ much more. This
leads to different corrections between particle and reconstruction level and in this way to
a bias in the unfolding. Like before, differences between truth and unfolded distribution

have to be considered as an uncertainty.
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Figure 6.26.: Jet mass distributions in events simulated with POWHEG with factoriza-
tion and renormalization scales varied by factors of 2 (left) and 0.5 (right)
unfolded with migrations determined with the default POWHEG sample
for my > 700 GeV. The unfolded distributions are shown together with the
particle level distributions simulated with the same generator.
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Figure 6.27.: Control distributions for POWHEG samples produced with up (left) and

down (right) varied renormalization and factorization scales compared to
the default POWHEG sample.
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Figure 6.28.: Jet mass distributions in events simulated with MADGRAPH with differ-
ent values of mi\gg unfolded with migrations determined with the central
MADGRAPH sample with m{iS = 172.5GeV. The unfolded distributions
are shown together with the particle level distributions simulated with the

same values of my.S.

Dependence on the top quark mass

Because of the sensitivity of the jet mass to the top quark mass it is important to verify

MC

top used to obtain the

MC
top

that the unfolding is unbiased with respect to the choice of m
migration matrix. To perform this test, samples generated with different choices of m
are unfolded using a value of 172.5 GeV to obtain the migration matrix. Figure 6.28 shows
distributions produced with MADGRAPH and values of 166.5 GeV and 178.5 GeV for
m{iS, unfolded with the central MADGRAPH sample with m{iS’ = 172.5 GeV. The same
distributions for the masses of 169.5 GeV, 171.5GeV, 173.5GeV and 175.5 GeV can be
found in appendix B. The unfolding performs well for a mass difference up to 3 GeV. For
mass differences of +6 GeV the agreement between the unfolded and the true distribution

gets slightly worse, with at least one bin being off by about 20. Control distributions

MC

top compared to the central value are shown in Fig.

for the highest and lowest value of m
6.29, where the distributions of the first three jet prs and the mass of the leading jet are
shown for all three samples. Similar to the down variation of the renormalization and
factorization scales the low mass distributions show a significant difference to the other

two samples, leading to a bias in the unfolding.
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Figure 6.29.: Control distributions for MADGRAPH samples produced with different top
quark masses.
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Figure 6.30.: Jet mass distribution of the leading jet on particle level after the full selection
for different pr regions.

6.4.6. Devision of the phase space

In order to study possible improvements on the unfolding, a devision of the phase space in
two regions on both particle and reconstruction level is studied in the following. Previously
it has been observed that a variation of the renormalization and factorization scales as
well as a variation of mi\gg leads to differences in the pr spectra of the jets and the jet
mass distribution. Figure 6.30 shows the jet mass distribution for different py bins. For
pr > 500 GeV the shape of the mass spectrum differs significantly compared to the shape
in the lower pr bins. In order to take this p; dependence into account in the unfolding the
phase space is divided in two pr regions, one from 400 GeV to 500 GeV and one for 500 GeV
and above. Both of these regions are unfolded at the same time to account for migrations
and correlations between the two pr regions. The migration matrix is divided in four
parts, describing migrations within the two pr regions and between them. Figure 6.31
shows a response matrix simulated with POWHEG + PYTHIA in the electron channel.
In order to show both sup phase-spaces in the matrix at the same time, events with a
leading jet pr > 500 GeV are shown with a jet mass increased by a constant value of
500 GeV. The response matrix shows only small migrations from the high to the low pp
regions.

After the unfolding the two pr regions are added up to obtain on single distribution of
Mmjer With pr > 400 GeV. The covariance matrix of the output is given by two covariance
matrices for the two sub-phase spaces, and two covariance matrices, holding the covari-
ances between the sub-phase spaces. The covariance matrix for the combination of both

sub phase spaces is obtained by adding up the four covariance matrices.

For this set up all the tests of the previous section are repeated to check for improvement.

All the tests can be found in the appendix for the divided phase space in C.1 and for the
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Figure 6.31.: Migration matrix in POWHEG for the unfolding using two regions in pr.
Events with a leading jet pr > 500 GeV are shown with a jet mass of the
leading jet increased by a constant value of 500 GeV.

combination in C.2.

The combined tests show no improvement to the undivided set up. The statistical
uncertainties are slightly higher and the model dependence increases, leading to larger
systematic uncertainties. Before the combination of the two pp-regions however, one
can see that the main contribution of the model dependence, due to the choice of the
Monte Carlo generator and the scale variations, comes from the lower pr-region. A
possible explanation for this effect is, that as a result of different pr-spectra in the various
samples, migrations from lower pp-regions, which are not included in the unfolding can
lead to different corrections, and in this way to the large bias for the scale variations
and different MC generators. The shape of the pr-spectra of the MADGRAPH sample
and the sample produced with renormalization and factorization scales varied down by a
factor of 0.5, differ to the one of the POWHEG sample. This could lead to a difference in
the jet mass spectrum. In principle it would be interesting to test this with an additional
pr-region with, for example 300 GeV < pr < 400 GeV, to see if it’s possible to reduce
the model dependence on the phase space with pr > 400 GeV. This is not within the
scope of this work, but will be implemented at a later stage. However, a measurement for
pr > 500 GeV will be performed, which has reduced systematic uncertainties albeit larger
statistical ones. The main result, however, will be obtained by an unfolding for jets with

pr > 400 GeV without a division in two regions.

70



6.4. Unfolding

]

L L O L ) I L L — AL L L B B B L B B

> ] > ]
“9‘8 1T —POWHEG | & ‘8 1+ —POWHEG |
= I —4- DATA ] —_ I —$-DATA 1

b EQ L | b Eqi' L i
©ls o8t 4 ©lo osf , -
0.6F . 0.6} I .

0.4 ~ % ~ 0.4 ~ I

sz ———$——“ by ] 02, {

TR O I TN R T T Lo

| | | |
300 350 150 200 250 300 350
M [GeV] My, [GeV]

T BT

| |
150 200 250

T R TR

Figure 6.32.: Measured differential cross section as a function of the leading jet mass in
data, unfolded with migrations obtained from POWHEG, and compared to
the particle level distribution in POWHEG. The electron channel is shown
on the left and the muon channel on the right. The error bars include
statistical errors only.

6.4.7. Unfolding real data

The unfolding procedure is applied to real data. The electron and the muon channels are
unfolded separately, and added up afterwards, because they are statistically independent.
Purity, stability and efficiency have been shown above and do not differ between the
two channels. In the first bin the purity is so low that it is excluded from the final
result. Results for the unfolding of jets with pr > 400 GeV are presented in Fig. 6.32.
It shows the unfolded mje distributions from data in both channels compared to the
truth distribution simulated with POWHEG. The results for the unfolding of jets with
pr > 500 GeV, together with the low pr sideband region can be found in appendix D.
Figure 6.33 shows the scans over the global correlation coefficient used for the unfolding
of the data in both channels as a function of the 7-parameter. Both scans show a well
defined minimum and that the chosen value of 7 lies in both cases directly in the minimum.
Correlations between the output bins are also be calculated. The absolute value of the
correlation coefficients between different bins should not be greater than 50 % to ensure
a stable unfolding. Figure 6.34 shows the correlation matrices for both channels. All

off-diagonal elements are below 50 %.
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Figure 6.33.: Scans of the average global correlation coefficient for the unfolding of the
data in the electron channel on the left and the muon channel on the right,
as a function of the T-parameter. Systematic uncertainties are included in
the calculation of global correlation coefficients. The red marker shows the
7 value that has been chosen.
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Figure 6.34.: Correlation coefficients of the output in the electron channel on the left and
the muon channel on the right, including statistical uncertainties only.
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6.5. Systematic Uncertainties

Apart from statistical uncertainties, a set of systematic uncertainties has to be taken into
account for this measurement. A list of systematic uncertainties that are included in the

final result is given in the following.

Uncertainties included in the unfolding process

The uncertainties included in the unfolding process are obtained by a variation of correc-
tion factors by +1 standard deviation. Correction factors are used to correct for differences
between Monte Carlo simulation and data. The data is unfolded with migration matrices
determined with up and down varied correction factors and the unfolded distributions
are compared to the ones obtained with a non varied migration matrix. The mean differ-
ence of the up and down varied output to the unvaried output is added quadratically as

systematic uncertainty to the total uncertainty. The considered uncertainties are:

o The jet energy resolution (JER) corrections are applied to MC samples as an 7

dependent factor. The size of the uncertainties depends on 7 as well.

o The jet energy corrections (JEC) as described in section 4.2.2. In this case the size

of the uncertainties depends on py and 7.

o Pile-up correction factors are applied to match the number of primary interactions
to the instantaneous luminosity profile in data. The variation is done by varying

the minimum bias cross section used for the matching.

» B-tagging scale factors due to efficiencies and mis-tag rates as evaluated in reference

[53]. The uncertainties depend on pr and 7.

Uncertainties due to background processes

Events originating from background processes are estimated from simulation and sub-
tracted from data before the unfolding. Uncertainties due to the normalization of the

background samples are estimated by changing the cross section of the various processes.

o The uncertainty of the W + jets cross section is chosen conservatively as the uncer-
tainty for W-+heavy flavor production in reference [59]. An uncertainty of 23 % for
all W + jets events is used.

o The uncertainty on single top cross section is also taken to be 23 % as measured in

reference [60] for tWW-production.
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Normalization Uncertainties

Uncertainties affecting the overall normalization are added quadratically to the total un-

certainty after the unfolding. The considered uncertainties are:

e An uncertainty to the luminosity determination of 2.6 %, as descried in reference

[61].
o An uncertainty for the single electron trigger efficiency of 1% [55].

o An uncertainty for the single muon trigger of 1% [55].

Uncertainties due to model dependence

o Reconstructed events simulated with MADGRAPH are unfolded with a migration
matrix determined in POWHEG, to get an estimation on the uncertainty of the
Monte Carlo simulation used. The difference between the output and the particle

level distribution in MADGRAPH is considered as systematic uncertainty.

o The uncertainty due to the choice of the renormalization and factorization scales are
estimated by using, samples with varied scales. These are unfolded with the default
POWHEG sample for m;; > 700 GeV. Differences between output and particle level

distributions are again considered as systematic uncertainties.

MC

top used to obtain the migration matrix is

e The uncertainty due to the choice of m
estimated using samples with different values of mi\gg. It is estimated by unfolding
samples produced with masses, that differ up to 6 GeV from the sample used to

obtain the central result.

Because the deviations between unfolded and true distribution for the variations of m%g
and the scale variations have similar reasons, only the largest deviation in a given bin
is applied as a systematic uncertainty to the final result. This is done in order not to
overestimate the systematic uncertainty.

The uncertainties due to the variations are shown for both measurements in Fig. 6.35.
Uncertainties due to model dependence can be found in Fig. 6.36. These uncertainties
are added quadratically to the statistical uncertainties in each bin.

Figure 6.36 shows that a significant reduction of the uncertainty due to the model
dependence is obtained for the measurement with pr > 500 GeV in the peak region
(170 < mje < 200GeV). In the other regions the reduction of the model dependence is
not as large, but it can be seen from Fig. C.2 and C.3 in appendix C.1, that these could
be statistical fluctuations. A study if these are real systematic differences is beyond the

scope of this work and will be addressed in the future.
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Figure 6.35.: Systematic uncertainties due to experimental effects for the unfolding of jets
with pr > 400 GeV (left) and py > 500 GeV (right).
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Figure 6.36.: Systematic uncertainties due to the model dependence for the unfolding of
jets with pr > 400 GeV (left) and pr > 500 GeV (right).
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7. Results

The main result of this thesis is an unfolded measurement on the level of stable particles
of the differential cross section for top quark production in the lepton+jets channel as a
function of the leading jet mass. The measurement is performed in a phase space defined

by the following criteria discussed in section 6.2:

o 1 jet with pr > 400 GeV and |n| < 2.5

1 jet with pp > 150 GeV and |n| < 2.5

« veto on more jets with pr > 150 GeV and |n| < 2.5

1 electron or muon with pr > 45GeV and |n| < 2.5

AR2nd jet, lepton <12

® Mieading jet > "2nd jet + lepton

The result is obtained by combining the electron and muon channels, as given in Fig.
6.32. The event numbers are scaled with the luminosity and the bin width to obtain
the differential cross section. All systematic uncertainties listed in section 6.5 are added
quadratically to the statistical uncertainties. The measured differential cross section as
a function of the leading jet mas can be found in Fig. 7.1, in comparison with particle
level distributions obtained from POWHEG and MADGRAPH. In Fig. 7.2 the results are
compared to MADGRAPH produced with different values of the top quark mass mi\gg.

Figure 7.1 shows a better description of the data by POWHEG than by MADGRAPH.
The systematic uncertainties are quite large, especially in the first two bins. These large
uncertainties arise form the dependence on the scale variation, shown in Fig. 6.26, and
from the mass dependence of the unfolding shown in Fig. 6.28. A detailed list of all
systematic uncertainties for each bin is listed in Tab. 7.1. A list of cross sections for each
bin together with the uncertainties applied can be found in Tab. 7.2.

The matrix of correlation coefficients including all statistical uncertainties for the data
is shown in Fig. 7.3. All off-diagonal correlation coefficients lie well below 50 %. The
systematic uncertainties are added fully uncorrelated to the covariance matrix after the

unfolding.
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Figure 7.1.: Measured differential cross section for the electron and muon channels as
a function of the leading jet mass. The measurement to the particle level
distributions in MADRAPH and POWHEG. The unfolding was performed
with migrations determined with POWHEG. The inner error bar shows to the
statistical uncertainties. Systematic uncertainties are added quadratically to
obtain the total uncertainty (outer error bar).
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Figure 7.2.: Measured differential cross section for the electron and muon channels as a
function of the leading jet mass. The measurement is compared to the par-
ticle level distributions in MADRAPH with different values of the top quark
mass m{\gg . The unfolding was performed with migrations determined with
POWHEG. The inner error bar shows to the statistical uncertainties. Sys-
tematic uncertainties are added quadratically to obtain the total uncertainty

(outer error bar).
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7. Results

bin 1 2 3 4 5 ]
input +359% +£88% +£140% £16.7% £ 264 %
background subtraction | 106 % +£21% +£29% +£26% +£44%
stat. on the migr. matrix | =143 % +£33% +£57% +60% +101%
total statisical error +£401% £96% £154% £179% +£28.6%
background cross setion +02% +£22% £37% +£18% +£01%
JER +11.7% +00% +00% +00% +00%
-0.0% -1.1 % -2.7% -28 % -2.6 %
JEC +105% +03% +37% +1.0% +54%
-1.1% -0.0% -6.9% -84 % -104 %
pile up +165% +02% +1.7% +13% +00%
-0.0% -1.2% -58% -6.1 % -35%
b-tagging scale factors +£126% £05% £20% £23% £29%
MADGRAPH-POWHEG | £ 141 % +37% +£73% £98% +£31%
scale and mass +432% +£182% +107% +£141% 4304 %
Luminosity +26% +£26% +£26% £26% £26%
Trigger +10% +£1.0% +£10% £1.0% +1.0%

Table 7.1.: Detailed list of systematic uncertainties and their contribution to the total

uncertainty for each measurement bin (pr > 400 GeV).

| bin 1 | 2 [ 3 | 4 | 5 |
Range [GeV] 140-170 | 170-200 | 200-240 | 240-290 | 290-350
Cross section [fb] 12.2 45.4 28.2 26.1 15.7
statistical uncertainty | 40.1 % | 9.6 % | 154 % | 17.9 % | 28.6 %
systematic uncertainty | 21.5 % | 3.8 % 8.4 % 7.7 % 9.6 %
model uncertainty 475 % | 185 % | 129 % | 171 % | 30.5 %
total uncertainty 65.8% | 21.2% | 21.8% | 26.0 % | 429 %

Table 7.2.: List of measured cross sections and systematic uncertainties for each bin (pr >

400 GeV).

80



bin

0.05 0.09 -0.18 -0.15

1 1
[
-t o
o]

0.31 -0.14 0.09 0.05

1 2 3 4 5
bin

Figure 7.3.: Correlation coefficients of the combined data in the electron and muon chan-
nels, including statisical uncertainties only.
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Figure 7.4.: Measured differential cross section for the electron and muon channels as
a function of the leading jet mass. The measurement is compared to the
particle level distributions in MADRAPH and POWHEG. The unfolding was
performed with migrations determined with POWHEG. The inner error bar
shows to the statistical uncertainties. Systematic uncertainties are added
quadratically to obtain the total uncertainty (outer error bar).

Measurement for jets with pr > 500 GeV

A second measurement is performed for pr > 500 GeV of the leading jet, unfolded to-
gether with events containing jets with lower pr between 400 and 500 GeV. The aim of
this second measurement is to study the influence of a lower py sideband region on the
systematic uncertainties. Figure 7.4 shows the result including all the systematic uncer-
tainties discussed in section 6.5. For the bin in the peak of the distribution, the systematic
uncertainty decreases by a large amount compared to the main result in Fig. 7.1. For the
rest of the bins the relative systematic uncertainties increased, which could come from
statistical uncertainties of the Monte Carlo samples contributing to the bias tests used to
obtain these systematic uncertainties.

All systematic uncertainties are listed in Tab. 7.3 and the cross sections can be found
in Tab. 7.4.
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bin 1 2 3 4 5 ]
input +486 % +192% +£278% £27.7% £+ 482 %
background subtraction | £ 138 % +43% +54% +43% +£85%
stat. on the migr. matrix | £23.1% £84% +13.0% +95% +£191%
total statisical error £55.6% +£214% £312% £296% +£525%
background cross setion +61% £25% £55% £16% £1.0%
JER +75% +29% +00% +33% +71%
-0.0% -0.0% -13.4 % -0.0% -0.0%
JEC +23% +61% +18% +16% +17.0%
-0.0 % -2.7% -21.8 % -4.3 % -83 %
pile up +108% +19% +00% +100% +95%
-0.6 % -0.0% -17.9 % -4.3% -00%
b-tagging scale factors +50% +£13% £154% £29% £79%
MADGRAPH-POWHEG | £101% +11% +£26% +114% +£99%
scale and mass +708% *£74% £204% £196% £43.8 %
Luminosity +26% +£26% +£26% £26% £26%
Trigger +10% +£1.0% +£10% £1.0% +1.0%

Table 7.3.: Detailed list of systematic uncertainties and their contribution to the total
uncertainty for each measurement bin (pr > 500 GeV).

| bin 1 | 2 [ 3 | 4 | 5 |
Range [GeV] 140-170 | 170-200 | 200-240 | 240-290 | 290-350
Cross section [fb] 6.0 124 8.6 10.3 5.8
statistical uncertainty | 55.6 % | 214 % | 31.2 % | 29.6 % | 52.5 %
systematic uncertainty | 11.7 % | 6.3 % | 283 % | 9.3 % | 184 %
model uncertainty 15% | 75% | 2056 % | 227 % | 449 %
total uncertainty 91.3% | 23.6% | 468 % | 384 % | 1.5 %

Table 7.4.: List of measured cross sections and systematic uncertainties for each bin (pr >

500 GeV).
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Determination of the Monte Carlo Mass

One of the main motivations of this measurement is a complimentary determination of
the top quark mass, independent of the definition of the top quark mass used in the MC
generator. However, theoretical calculations that are needed to compare to the unfolded
jet mass spectrum for a determination of the top quark mass, do not exist yet.

Even if calculations would exist, it would still be interesting to determine the Monte

MC
top

this determination of mgS

Carlo top quark mass m, ~ and compare the result to existing measurements. In addition,

provides a good estimate for the experimental precision which

can be obtained with this measurement.

MC
top

distributions generated with different values of mlt\gg These templates are obtained using
MADGRAPH for masses of mi\gg = 166.5 GeV, m%\gg = 169.5 GeV, mi\gg = 171.5GeV,
myns = 172.5GeV, mitS = 173.5 GeV, miiS = 175.5 GeV and m{iS = 178.5 GeV.

top top top
For every template, the value 2 is calculated according to

The determination m, = is done by a one dimensional template fit using simulated

X2 = (mdata - mMC)TC_l(mdata - mMC)

where 1 is a vector of the measured (data) or simulated (MC) normalized cross sections

and C is the covariance matrix of the unfolded data. For a determination of mg,J the x?

distribution should have a well defined minimum at the best value of m{\gg . Figure 7.5

shows the x? values for all mass points as a function of my.. It shows low x? values for

MC

top increasing with higher masses. The smallest value of

the samples with low values of m
X* is observed for a mass of m};\gg = 169.5 GeV. However, it is not clear if this distribution

really shows a minimum, because the only lower mass point with mi\gg = 166.5 GeV has
just a slightly higher x? value. More mass point would be needed to see if there is a well
defined minimum.

A possible improvement of this method could be obtained by the introduction of corre-
lations from systematic uncertainties to the covariance matrix. In this thesis systematic
uncertainties are just added fully uncorrelated to the covariance matrix. Additional cor-

relations could improve the sensitivity of this method.
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8. Summary

In this thesis a measurement has been performed of the invariant mass distribution of
large jets containing a complete hadronic top quark decay. The measurement has been
done in the electron and muon+jets decay channel of top anti-top quark decays.

As a first step a selection of jets containing a fully merged hadronic top quark decay
has been developed on particle level. The minimum transverse momentum of the jets
has been chosen to be greater than 400 GeV. To obtain jets including all decay products
of a fully hadronic top quark decay, the jets are defined using the Cambridge/Aachen
algorithm with a distance parameter of R = 1.2. For this selection no requirements on
the substructure of the jets have been applied, in order not to bias the measurement. It
has been shown that with the selection developed, the spectrum is dominated by jets from
fully-merged top quark decays.

For the reconstruction level a selection of top anti-top quark decays in the the elec-
tron+jets and muon+jets decay channel was applied. Similar cuts as on particle level
have been used to obtain a similar phase space definition on reconstruction level as on
particle level. With these selections a regularized unfolding was set up and tested. For
the regularization a size regularization acting on the content of each bin, has been chosen,
because it showed the best performance. To evaluate the regularization strength, a scan
over the average global correlation coefficient was used. Migrations have been evaluated
using events simulated with POWHEG interfaced to PYTHIA.

A division of the phase space into two regions, of high and low transverse momentum
of the leading jet, has been studied. The high pp-region of this divided phase space
shows less model dependence when taking both regions simultaneously into account in
the unfolding.

The measurement is done using a dataset with an integrated luminosity of 19.7fb™*
of proton-proton collisions with a center of mass energy of /s = 8 TeV, collected by the
CMS detector at the LHC in the years 2010 to 2012. Two distributions are measured, one
jet mass distribution for jets with pr > 400 GeV and one for jets with pr > 500 GeV, in
which jets with 400 GeV < pr < 500 GeV are taken into account in the migration matrix
of the unfolding. The muon+jets and the electron+jets channels have been unfolded sep-
arately. The output has been combined into one single measurement of the differential
cross section as a function of the jet mass. Several systematic uncertainties have been
included in the final results. The measurement of the jet mass for py > 400 GeV shows

large uncertainties due to model dependence. These uncertainties are reduced in the mea-
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8. Summary

surement for pr > 500 GeV, but the statistical uncertainties are larger. The measurement
is compared to POWHEG and MADGRAPH. It is compatible with both distributions,
but better described by POWHEG than by MADGRAPH.

As a last step a fit to the Monte Carlo top quark mass has been studied, that does not

provide a reliable result yet.
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9. Outlook

This thesis presents a first step towards measuring the jet mass from collimated top quark
decays at the LHC. To reach the best possible precision with the 8 TeV dataset collected
by the CMS experiment, several improvements are possible.

The unfolding with a lower pr sideband region showed a possible reduction of systematic
uncertainties due to scale variations and the choice of the Monte Carlo generator for pr
greater 500 GeV. This principle can be used for jets with py > 400 GeV using a sideband
region with 300 GeV < pr < 400 GeV in the future. The systematic uncertainties included
due to model dependence are overestimated due to statistical fluctuations. To reduce the
influence of statistical fluctuations on the model dependent systematic uncertainties, a
Kolmogorov—Smirnov test could be used, to decide, if a bias between the true and the
unfolded distribution is a statistical fluctuation or a systematic effect, that has to be
included in the result.

The uncertainty due to the hadronization model used has not been taken into account,
since it is expected to be much smaller than the model dependence in the present mea-
surement. Once the model dependence is reduced, this uncertainty should be studied as
well. This can be done by using a tt-sample simulated with POWHEG+HERWIG and
comparing it to the default POWHEG+PYTHIA sample.

The influence of pile up could be reduced by using new pile up removing techniques
like Pile-Up-Per-Particle-Identification (PUPPI) [62].

A measurement of the jet mass in the future with center of mass energies of 13-14 TeV
at the LHC can be performed with higher statistics. The top anti-top production cross
section increases with higher center of mass energy and the integrated luminosity in the
next LHC runs is expected to be much higher than the one of the 8 TeV run. This leads
to lower statistical uncertainties, the possibility to study systematic effects in more detail,

and a measurement for even higher values of jet pr, which is preferred by the theory.
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A. Control Distributions in the muon
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A. Control Distributions in the muon channel
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B. Mass dependance of the unfolding
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Figure B.1.: Jet mass distributions in events simulated with MADGRAPH with different

C

values of m{{ unfolded with migrations determined with the central MAD-

GRAPH sample with mMC¢ = 172.5GeV. The unfolded distributions are

top
shown together with the particle level distributions simulated with the same

values of mgis.

93






C. Unfolding tests for the divided

phase space

C.1. Divided

This section shows the unfolding tests for the phase space divided into two p regions with
400 GeV < pr < 500 GeV and pr > 500 GeV. For events with a leading jet pr > 500 GeV
the jet mass is added by a constant value of 500 Gev to unfold both pr regions at the

same time.
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Figure C.1.: Unfolded jet mass distributions in events simulated with MADGRAPH with
migrations of POWHEG in comparison with the particle level in MAD-
GRAPH on the right and the other way around on the left.
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C. Unfolding tests for the divided phase space
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Figure C.2.: Jet mass distributions in events simulated with POWHEG with factorization

and renormalization scales varied by factors of 2 (left) and 0.5 (right) unfolded
with migrations determined with the default POWHEG sample for m;; >
700 GeV. The unfolded distributions are shown together with the particle
level distributions simulated with the same generator.
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C.1. Divided
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Figure C.3.: Jet mass distributions in events simulated with MADGRAPH with different
values of mi\gg unfolded with migrations determined with the central MAD-
GRAPH sample with m%S = 172.5GeV. The unfolded distributions are
shown together with the particle level distributions simulated with the same

values of mM¢.
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C. Unfolding tests for the divided phase space

C.2. Combined

This section shows the same test as section C.1 with both py regions combined after the

unfolding to one phase space with a leading jet pr > 400 GeV.

Events

1000 i
800
600
400

200

T T T

LI B B B L

— truth

T T T

-4 unfolded

| | | |

100

400 500
Mgy [GeV]

200 300

Events

T

1200
10005
soof
eoof
4005

200

LI

LA L B B B B BN B B

— truth

]

-8~

- unfolded

| | | |

-
0

400 500
my, [GeV]

100 200 300

Figure C.4.: Unfolded jet mass distributions in events simulated with MADGRAPH with
migrations of POWHEG in comparison with the particle level in MAD-
GRAPH on the right and the other way around on the left.
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C.2. Combined
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Figure C.5.: Jet mass distributions in events simulated with POWHEG with factorization

and renormalization scales varied by factors of 2 (left) and 0.5 (right) unfolded
with migrations determined with the default POWHEG sample for m;; >
700 GeV. The unfolded distributions are shown together with the particle
level distributions simulated with the same generator.
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C. Unfolding tests for the divided phase space
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Figure C.6.: Jet mass distributions in events simulated with MADGRAPH with different
values of mi\gg unfolded with migrations determined with the central MAD-
GRAPH sample with m%S = 172.5GeV. The unfolded distributions are
shown together with the particle level distributions simulated with the same

values of mM¢.
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D. Unfolding Data for the Divided
Phase Space
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Figure D.1.: Measured differential cross section as a function of the leading jet mass in
data, unfolded with migrations obtained from POWHEG, and compared to
the particle level distribution in POWHEG. The electron channel is shown on
the left and the muon channel on the right. The error bars include statistical
errors only.
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D. Unfolding Data for the Divided Phase Space
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Figure D.2.: Scans over the average global correlation coefficient for the unfolding of the
data in the electron channel on the left and the muon channel on the right.
Systematic uncertainties are included in the calculation of global correlation
coefficients. The red marker shows the tau value that has been chosen.
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Figure D.3.: Correlation coefficients of the output in the electron channel on the left and
the muon channel on the right, including statistical uncertainties only.
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