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Introduction

With the discovery of the Higgs boson in 2012 by the CMS and ATLAS experiments,
the last missing particle predicted by the standard model of particle physics (SM) was
found. Further Higgs boson studies aim at determining the properties of the discovered
particle. Deviations from the SM prediction are a hint for physics beyond the SM.

The analysis presented in this thesis studies different coupling scenarios of the Higgs
boson to top quarks and vector bosons. The coupling strength to the Higgs boson is
given by gy for vector bosons and the Yukawa coupling strength y; for fermions. As the
top quark is the heaviest particle of the SM, its Yukawa coupling strength y; is larger
than that of the other fermions. Deviations from the SM predictions are expressed as
ke = ¥/yM and xy = &v/gM. The different studied coupling scenarios correspond to a
specific ratio of «t/xy.

For the investigation of these coupling scenarios, the production of a Higgs boson in
association with a top quark (tHq process), the production of a Higgs boson associated
with a W boson and a top quark (tHW process) and the production of a Higgs boson
in association with a top quark pair (ttH process) are investigated. The tHq and tHW
processes, together called tH process, are sensitive to the relative sign of x; and xy while
the ttH process provides additional sensitivity to the magnitude of x;. The production
of a top quark pair (tt production) is the most dominant background process. For the
discrimination of the signal and background processes, multivariate analysis tools are
required. Three different boosted decision trees (BDTs) assign the jets to the final state
particles under three different hypotheses, tHq, tHW and tt respectively. Subsequently,
another BDT classifies the events according to their signal or background process like-
ness. A final fit on this BDT output determines upper limits on the cross section times
branching fraction of the combined tH and ttH process for different coupling scenarios.

The event classification BDT utilises global event variables as well as variables de-
pending on the jet-to-quark assignment as input. The jet-to-quark assignment of back-
ground events, where no Higgs boson is present, is also performed under the tHq and
tHW hypotheses. The use of Higgs-boson-dependent variables in the jet assignment of
background events could result in the reconstruction of a Higgs-boson-like signature
from arbitrary jets. Hence, background events could be more signal-like decreasing the
separation power of the signal classification BDT. Within this thesis, the impact of Higgs-
boson-dependent variables in the jet-to-quark assignment on the event classification is
studied.

The analysed data set was recorded in 2016 by the Compact Muon Solenoid (CMS)
experiment which is located at the Large Hadron Collider (LHC). The centre-of-mass-
energy of the proton-proton collisions is /s = 13 TeV and the integrated luminosity of
the analysed data set is 35.9 bt

The first chapter introduces the relevant theory while chapter 2| explains multivariate
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analysis techniques and statistical methods exploited in this thesis. The experimental
setup is described in chapter 3| The whole analysis is presented in detail in chapter 4
Chapter [5| summarises the thesis and provides an outlook of further studies related to
this thesis.
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1. Theoretical Background

This thesis investigates different coupling scenarios of the Higgs boson. Describing the
fundamental particles and their interactions, the standard model of particle physics (SM)
is an important theoretical foundation of this analysis. It is briefly described in section[I.1}
The relevant processes for the analysis presented in this thesis are explained in section[1.2]
Both parts of this chapter are based on reference [II].

1.1. The Standard Model of Particle Physics

The fundamental particles described by the SM (see figure are grouped into two cat-
egories: Fermions, which have a half-integer spin, and bosons with integer spin. Quarks
and leptons are fermions belonging to the SM. They have a spin given by 1/2, form
hadrons, e.g. protons and neutrons, and chemical elements, e.g. the hydrogen atom, and
are arranged in three generations. Each generation of quarks is made up of one up-type
quark with electric charge +2/3¢ and one down-type quark with electric charge —1/3e.
A charged lepton (electron, muon or tau) with electric charge —e and the corresponding
neutral lepton (electron neutrino, muon neutrino or tau neutrino) belong to each gen-
eration of leptons. An anti-particle with opposite electric charge exists for all of these
fundamental particles.

There are three different types of interaction between these particles: The electromag-
netic, weak, and strong interaction. Each interaction has its own gauge bosons (spin 1),
which mediate the force between the interacting particles. These gauge bosons couple
to the corresponding charge. While the photon couples to the electric charge to mediate
the electromagnetic interaction, the W*, W—, and Z bosons couple to the weak charge
to mediate the weak interaction and the eight gluons couple to the colour charge (blue,
red, green and the corresponding anticolours) to mediate the strong interaction. Since
gluons and quarks are colour charged, they can interact via the strong force. Especially
the gluons interact with each other, so called gluon self-interaction. The leptons, quarks,
W bosons and Z bosons carry weak charge, so they can interact through the weak force.
The gravitation is not explained by the SM and is negligible for the small scales regarded
in particle physics.

Since the gauge invariance forbids mass terms in the Lagrange density (Lagrangian),
all masses of the quarks, charged leptons, W bosons and Z bosons are explained by the
Higgs mechanism: The electroweak theory combines the electromagnetic and the weak
force. Due to spontaneous symmetry breaking, the W and Z bosons are massive and the
photon is massless. The spontaneous symmetry breaking is caused by an infinite number
of possible ground states for the Higgs potential. One particular of these ground states
has to be chosen. The masses of the fermions can be explained by the Lagrangian of the
coupling between the Higgs field and the fermion fields. The Yukawa coupling y; of the
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Figure 1.1.: The standard model of particle physics. The particles of the standard model (SM) are
grouped into fermions and bosons. Quarks and leptons are fermions. The gauge bosons and the Higgs
boson form the bosons of the SM. Figure taken from reference [2].

Higgs boson to fermions depends on the mass of the fermion.

1.2. The Higgs Boson and the Top Quark

In 2012, the Higgs boson was discovered. It is the only scalar boson (spin 0) associated
with the SM. Its experimentally determined mass is my = 125.18 GeV [3]. This section
introduces the most relevant production modes of the Higgs boson in proton-proton
collisions with huge centre-of-mass-energies.

The top quark forms together with the bottom quark the third quark generation.
With a mass of 173.0GeV [3]], it is the heaviest particle belonging to the SM and thus,
its Yukawa coupling strength to the Higgs boson is larger than of the other quarks.
Therefore, the top quark is important for the production modes of the Higgs boson.

The most important production modes are the gluon-gluon fusion process, the vector
boson fusion, the production in association with a vector boson (Higgsstrahlung) and the
production in association with top or bottom quark pairs (ttH or bbH). The ttH process
depends on the magnitude of the Yukawa coupling y; to top quarks. The Feynman
diagrams of the production of Higgs bosons in association with single top quarks (tH)
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Figure 1.2.: Feynman diagrams of the Higgs boson production in association with a single top
quark. The Feynman diagrams of the t-channel production of a single top quark in association with a
Higgs boson ((a) and (b)) and the production of a Higgs boson together with a W boson ((c) and (d))
are depicted. The Higgs boson can either couple to the top quark ((a) and (c)) or to the W boson
((b) and (d)). Figures taken from reference [4].

are given in figure The ttH and tH process are researched in this thesis.

The tH process contains of two different production modes: The ¢t-channel production
of a single top quark in association with a Higgs boson (tHgq, see figure[1.2(a)|and [1.2(b))
and the production of a Higgs boson together with a W boson and a top quark (tHW,
see figure|1.2(c)|and [1.2(d)). In both processes, the Higgs boson can either couple to the
top quark (see figure(l.2(a)|and [1.2(c)) or the W boson (see figure|1.2(b)|and [1.2(d)). Thus,
the cross sections are given by the interference of both coupling scenarios [5]:

Oiiq/fb = 74.25 - (2.63 - &7 + 3.58 - 16y — 5.21 - k), (1.1)
omw/fb = 1517 - (2.91 - k2 +2.31 - k% — 4.22 - Kixy) - (1.2)

They depend on the coupling strength modifiers x; = ¥/y{M and xy = 8v/¢M with the
Yukawa coupling strength ¢ of fermions. The cross sections of both processes depend
on the term «x; - ky and are therefore sensitive to the relative sign of x; and xy. The
predictions of the SM correspond to x; = xy = 1 and the inverted top coupling (ITC)
case is given by —«; = xy = 1. The aim of studies like this is to exclude or find different
coupling scenarios, which are given by a specific value of *t/xy. For this, the combined
tH and ttH process is investigated.

The coupling strength of particles to the Higgs boson scales with the respective parti-
cle mass. Since the decay into a top quark pair is forbidden, the dominant decay channel
of the Higgs boson is the decay into a pair of bottom quarks. This is the reason why this
thesis investigates Higgs bosons decaying into a bottom quark-antiquark pair.



2. Statistical Analysis

For analyses in particle physics like the one presented in this thesis, statistical analy-
sis techniques are essential. This chapter introduces a multivariate analysis technique
named boosted decision trees and two statistical methods, referred to as maximum like-
lihood method and exclusion limit calculation. The whole chapter is based on the refer-

ences [6] and [Z].

2.1. Boosted Decision Trees

Boosted decision trees (BDTs) can be used to classify events into two categories, e.g.
signal and background. They are multivariate analysis tools and are used in this thesis
for the jet assignment and the classification of events. The implementation of the BDTs
is given by the package "Toolkit for MultiVariate Data Analysis" (TMVA) [8] included in
the ROOT framework [9]].

A simple decision tree (see figure is a sequence of binary decisions based on
input variables x; from a vector ¥. Binary decision means that there are two possible
outcomes of every decision. For every decision, one of the inputvariables xq, ... x, is
used to decide based on a criterion (x; > ¢; or x; < ¢;) whether the events are signal- or
background-like. The variable x; and the criterion c; are chosen in order to maximise the
separation gain D between parent node and children nodes. In packages like TMVA, the
number of cuts can be chosen. This means that as many grid points in the variable range
are used to find the criterion c;. There are different methods to determine the separation
gain. The method taken in this thesis uses the Gini index

G=P(1-P) 2.1)

with purity
Ng i
P=_. Liy o (2.2)
Yo wi+ 0w
of each branch. The sum includes all signal-like (background-like) weights w; of events
of the branch depending on the upper limit ng (n,). Initially, all events are weighted

equally with w; = 1. By the use of the Gini index, the separation gain is defined as

D= Gparent node — Gehild node 1 — Gchild node 2 - (2.3)

This is repeated until one of the stopping criteria is reached. This can be the maximal
permitted depth of the tree, the minimal number of events belonging to a node or the
fact that the separation gain is worse than a pre-defined value D yt.

A method to improve the separation between signal and background, to make the
method robust against fluctuations and to prevent the learning of statistical fluctuations
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root node

nodes

leaves

Figure 2.1.: Simple decision tree. Beginning with the root node, the first decision is made with the
variable x; based on the comparison with the value c;. The sample is then split into two new nodes.
This is repeated with another variable x, and other criteria ¢, and c3. The endnodes are called leaves.
In every iteration, the so-called parent node is split along branches into two children nodes. Figure
taken from reference [10].

is to use more than one tree. The number of trees M is often chosen between 100 and
1000. While using more than one tree, the events are reweighted after the training of
each tree. This procedure is referred to as boosting. The boosting algorithm used in the
analysis described in this thesis is the AdaBoost algorithm [I1]]. The algorithm principle
is to reweight the misclassified events. The weights are modified according to

with S, (¥) = 0 (= 1) for wrong (correct) assignments by the previous tree. The weight

of the previous tree
a, = In (1 — e’”) (2.5)

is defined via the misclassification rate €, of the previous tree. The final BDT output of
each event is then estimated by

M
yboost 7_6 Z Tm 3? (26)

The pre-defined parameter  describes the strength of the boosting and T, (¥) names the
binary output of tree m, i.e. +1 for signal and —1 for background.

Generally, multivariate analysis techniques are trained first, then tested and finally
applied on samples. It is important that the three samples taken for the three steps
are statistically independent. Only if this is given, it is possible to discover if the BDT
learned statistical fluctuations of the training sample. This effect is called overtraining
or overfitting. Figure illustrates what happens if an overtrained BDT is applied to
an independent sample. To check whether a BDT is overtrained, the shape of the BDT
output of the training sample and a statistically independent test sample is compared.
The Kolmogorov-Smirnov (KS) test is the method for comparing two shapes used in this
analysis.

After the training of a BDT, it has to be checked how good it can differentiate between
signal and background. For this aim, the receiver operating characteristic curve (ROC
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Figure 2.2.: Illustration of overtraining. The separation power of the BDT is better on the training
sample (a) than on the test sample (b) because the BDT learned the statistical fluctuations of the
training sample (solid lines). The training performing equally on both samples corresponds to a not
overtrained BDT (dashed lines). Figure adapted and modified from reference [12].

curve) is useful. It can be calculated by scanning the whole range of the BDT output. For
every value of the BDT output, the true-positive-rate is plotted against the false-positive-
rate. The goal is, to maximise the true-positive-rate and to minimise the false-positive-
rate. This is given for one value of the BDT output, so-called maximum working point,
which is then used to separate between signal and background. The area under the ROC
curve is defined as the integral of the ROC curve. Its maximal possible value is one and
the bigger its value is, the better is the separation power of the trained BDT.

The input variables can be ranked by their importance in the training. This ranking
is useful to check if the separation power is the same for less variables without the
least important. The goal of training a BDT is to maximise the separation power and to
minimise the overtraining and the number of input variables. This can be reached by
adapting the parameters explained previously in this section.

2.2. Maximum Likelihood Method

The maximum likelihood method is a statistical method which can be utilised to find
the best configuration of the parameters of a function describing the measurement. This
method is based on maximising the likelihood function

L@) =1/ Gl0) < L@). 27)
i=1

X; denotes the n measured variables and 4 the m parameters to be determined. f(¥;|@) is
the probability density function depending on the variable ¥;. The configuration of
parameters @ describing the measurement best is then 4.



2. Statistical Analysis

For binned distributions the likelihood function is given by

L(7) = HP(”iMi) =T[5, (2.8)

m m nj
.|
i=1 i—1 M

where i € {1,..m} is the bin number, n; the number of observed entries in bin i and
P(n;|A;) the poisson probability for bin i. The expected number of events A; is defined
as

A = Ai(p,0) = - A i(0) + A, i(6), (2.9)

where A ; is the expected number of signal events and Ay, ; the expected number of back-
ground events in bin i. The expected number of signal events is multiplied by the signal
strength y = /0y, which depends on the physical model. The nuisance parameters 0
include the shape and rate uncertainties in the likelihood function.

It is more comfortable to use the negative log-likelihood-function

~In[L@)] = ~ In [ﬂf(fim)] - ﬁ:lln (5] 2.10)

since there is a sum instead of a product and a minimum instead of a maximum can be
evaluated.

2.3. Exclusion Limit Calculation

Due to the fact that the analysed processes have small predicted cross-sections and
similar final states as other processes, they are overlain by many different background
processes. Therefore, it is not possible to measure the cross-section of the signal process
directly without using the exclusion limit calculation.

The exclusion limit calculation used in this analysis is the CLs method [13]]. The aim
is to exclude one of two hypotheses, i.e. the signal+background hypothesis (s+b) and
the background only hypothesis (b). The signal strength modifier of the background
hypothesis is 4 = 0 as there is no signal expected (¢ = 0). This is the reason why the
background only hypothesis is also named null hypothesis.

The signal+background hypothesis can be excluded if CLs < a with the so-called
pre-defined significance level a. A value of x = 0.05 is equivalent to a 95 % confidence
level which means that the analysed signal does not exist as predicted from theory with
a probability of 95 %. As normal in particle physics, in this analysis « = 0.05 is taken.

In this analysis, upper limits on u are calculated by estimating the confidence level
of signal CL; for different values of y. The smallest value of y that can reject the null
hypothesis is the upper limit of .

A huge discrepancy between expected and observed limit can be a hint for new
physics that was not considered yet or for no adequate treatment of the expected uncer-
tainties.

This thesis uses the coMBINE package [14] for the maximum likelihood method and
the exclusion limit calculation based on the RooSTtATs toolkit [[15].



3. Experimental Setup

The aim of large experiments in particle physics with high energy of particles is to reveal
the physics beyond the standard model and to measure properties of standard model
processes. This chapter describes in section the Large Hadron Collider (LHC) and
in section (3.2 the Compact Muon Solenoid (CMS) experiment. Section |3.3| provides an
overview of the simulation and reconstruction of events.

3.1. The Large Hadron Collider

The Large Hadron Collider [16) [I7] at the European Organisation for Nuclear Research
(CERN, french: Conseil Européen pour la Recherche Nucléaire) is located about 100 m
under ground near Geneva in Switzerland and France. With a circumference of 27 km,
it is the largest particle collider of the world. Together with smaller pre-accelerators, the
LHC was constructed to collide protons with a centre-of-mass-energy of /s = 14 TeV.
Another type of application is to accelerate and collide heavy ions (lead (Pb) ions) with
an energy of 2.8 TeV per nucleon.

There are four points where the particle beams collide. To detect these collisions, four
particle detectors, called experiments, were built. The experiments have different goals,
which are explained briefly in the following;:

A Large lon Collider Experiment (ALICE) ALICE investigates the properties of quark-
gluon plasma in heavy ion collisions. Further information can be found in refer-

ence [[18].

Large Hadron Collider beauty (LHCb) The LHCb measures CP violation and rare de-
cays of B hadrons. For further information have a look at reference [19].

A Toroidal LHC Apparatus (ATLAS) ATLAS tests the QCD, electroweak interactions
and flavour physics. The search for the Higgs boson and the investigation of the
properties of the Higgs boson are other tasks. For further information see refer-

ence [20].

Compact Muon Solenoid (CMS) The CMS experiment has the same physics goals as
ATLAS. Due to their different experimental setup, both experiments yield indepen-
dent measurements. In 2012, CMS and ATLAS discovered the Higgs boson [21} 22].

In this thesis, the data set recorded in 2016 with the CMS experiment is analysed.
The centre-of-mass-energy of the colliding particles is /s = 13 TeV and the integrated
luminosity of the data set is 37.8 fb~1 23] of which 35.9 fb~! are usable for this analysis.
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3.2. The Compact Muon Solenoid Experiment

The CMS experiment [24] is located in the north of the LHC at Point 5. The CMS de-
tector has a cylindrical shape with a length of 21 m, a diameter of 15m and a weight
of 14,000t [25]. The point of the beam pipe, in which the collisions happen, is located
in the centre of the detector. This collision point is the origin of the coordinate system
used to describe the traces of the particles. The x-axis points toward the centre of the
LHC, the y-axis points vertically upward and the z-axis points in direction of the pro-
ton beam circling counterclockwise through the LHC when viewed from above ground.
Cylindrical coordinates with azimuthal angle ¢ and polar angle 6 are used. ¢ is located
in the x-y-plane and measured from the x-axis. The radial coordinate r = \/x? 4+ y? and
z-axis define the plane in which 6 is measured beginning on the z-axis. Instead of 0, the

pseudorapidity
n=—In [tan <g>} (3.1)

is often used. To describe the positions of two particles in relation to each other, the
spatial distance

AR = \/(An)? + (Ap)? (3.2)

is commonly used [26]]. In contrast to the momentum p, in beam direction, the transverse

momentum
pr =/Pz t 1y (3.3)

of the accelerated particles is known and zero before the collision. This is the reason why
it is often used as a variable describing the particles in the analyses based on data from
the CMS experiment.

Figure 3.1/ shows a sector of the CMS detector with its subdetectors. In the following
they are described from inside out.

Tracking System The aim of the tracking system is to measure the trajectories of char-
ged particles. It is made up of two parts, the pixel detector and the silicon strip
detector. The principle of this detector is that charged particles generate an electron-
hole-pair in semiconductors like silicon. In the electric field of the depletion zone,
they separate and can be measured as a current. Due to the detector being split in
pixels respectively strips, the necessary spatial resolution is achieved.

Electromagnetic Calorimeter (ECAL) The ECAL measures the energy of electrons, po-
sitrons and photons. It is composed of lead tungstate (PbWO,) crystals. This mate-
rial absorbs the measured particles completely by creating electromagnetic showers
due to bremsstrahlung and pair production. The intensity of the resulting scintilla-
tion light is measured with photo-diodes and is proportional to the energy of the
primary particles.

Hadron Calorimeter (HCAL) The HCAL is mounted for the energy measurement of
hadrons which create a shower in this part of the CMS detector. Together with the
ECAL, the HCAL measures nearly the whole energy of an event. The energy of
neutrinos is not measured and the energy of muons is measured partially because
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Figure 3.1.: The CMS detector. The figure shows a sector of the CMS detector with distance of the
layers to the beam pipe. The different subdetectors beginning close to the beam pipe are the tracking
system, the ECAL, the HCAL, the superconducting solenoid and the iron return yoke interspersed
with muon chambers. Tracks of different particles and their interaction with the detector are depicted
as well. The inset shows a cross section of the whole CMS detector with an indication of the shown
sector. Figure taken from reference [27].

their interaction with this part of the detector is very low. If the final state includes
only one neutrino, this fact can be used to determine the energy and transverse
momentum of this neutrino as missing transverse energy of this event.

Superconducting Solenoid The next layer is a solenoid with a central magnetic flux
density of 3.8 T [28]. The direction of its magnetic field is opposite inside and out-
side the solenoid. A steel return yoke outside ensures homogeneity of the magnetic
field. The magnetic field implicates that charged particles have a curved trace in the
detector. This, together with the tracking system, is used to measure the transverse
momentum of these particles.

Muon System Together with the superconducting solenoid, this part of the detector is
eponymous for the whole experiment. Measurements of processes with neutrinos
in the final state benefit from the muon system. In contrast to other charged parti-
cles, the muons reach the outside part of the detector because their loss of energy
by interacting with the detector is smaller than for the other particles. The opposite
directions of the magnetic field cause s-curved tracks of muons (see figure[3.I). The
muon system contains a drift tube system, cathode strip chambers and a resistive
plate chamber system.

10
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3.3. Simulation and Reconstruction of Events

The processes investigated in this theses occur in proton-proton collisions. Due to the fact
that protons are not elementary particles, the constituents of the proton (three valence
quarks (u, u, d), sea quarks and gluons), so-called partons, interact with each other. The
difficulty is that the momentum of a proton is distributed to its partons and the values
of these parton momenta are not known. Nevertheless, the parton distribution functions
(PDF) can be measured. They describe the probability of the occurrence of a parton with
a specific momentum in the proton.

A proton-proton scattering process consists of different parts. Since the energy of
the colliding protons is large, the collision can be described as an interaction of free
partons, the so-called hard scattering process. It is described by Feynman diagrams and
its probability is estimated with perturbation theory. Other interactions with less energy
are collectively referred to as underlying event (UE). During the interaction process
gluons and photons are radiated. This phenomenon is called initial (final) state radiation
depending on whether the radiation occurs in the initial (final) state. These emitted
particles can split into even more particles, which form the so-called parton showers.
Since gluons carry colour charge and because of the confinement, they have to form
colour-neutral states (hadronisation).

The event simulation is done with Monte Carlo (MC) event generators. They are able
to start with the initial protons and to simulate how the processes and final states would
look like in case of a certain theory. In this thesis, the combination of different simulation
software (MADGRAPHS [29], AMC@NLO [30], PownEc [B1]] and PytHIA [32]) is used
due to the fact that every generator is specialised in simulation of a specific part of proton-
proton collisions. In reality, the occurring particles cannot be measured without their
interaction with the detector. Due to this fact it is essential to simulate the interaction of
the simulated particles with every part of the detector. For the detector simulation the
software GEANT4 is used.

After the event simulation, the events can be reconstructed. To find the tracks of
charged particles in the tracking system, the Combinatorial Track Finder (CTF) [34] is
used. The Particle-Flow (PF) algorithm then links the information of the different
subdetectors. This makes the identification of physical objects possible. The narrow bun-
dles of particles resulting from hadronisation of one primary quark or gluon are called
jets. For this thesis, it is important to identify jets resulting from bottom quarks (b jets) be-
cause processes with an Higgs bosons decaying into two bottom quarks are investigated.
For the identification of b jets the Combined Secondary Vertex (CSV) algorithm [36] is
used. Neutrinos are the only particles which do not interact with the detector. They can
be measured indirectly with the use of the missing transverse momentum

(3.4)
i=1

n
miss __ =
Py = ‘—Emz

Pt is the transverse momentum of the reconstructed particle i and 7 is the total number
of reconstructed particles.
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4. Investigation of Higgs Boson Couplings to
Top Quarks and W Bosons

The study of Higgs boson couplings to top quarks and W bosons investigates processes
depending on the Yukawa coupling y; and the coupling gy of the Higgs boson to vector
bosons. This study considers the production of a Higgs boson in association with a
top quark (tH) and the production of a Higgs boson in association with a top quark-
antiquark pair (ttH) as signal processes. The tH process is sensitive to the relative sign
of x; and xv and the ttH process provides sensitivity to the magnitude of «;.

From the different possible decay modes of the Higgs boson, the decay into a bottom
quark-antiquark pair is targeted in this analysis. Another requirement for the decay of
the final state particles is that exactly one W boson decays leptonically.

The analysed data set, corresponding to an integrated luminosity of 35.9 fb™*!, was
recorded in 2016 with the CMS experiment during proton-proton collisions at a centre-
of-mass-energy of /s = 13 TeV.

This thesis analyses the impact of Higgs-boson-dependent variables in the jet as-
signment on the analysis. It determines the improvement of the analysis sensitivity ac-
complished with the use of Higgs-boson-dependent variables in the jet assignment and
researches if the jet assignment without using Higgs-boson-dependent variables is able
to improve the classification that gets jet assignment dependent variables as input. The
general aim of studies like this is to improve the sensitivity of the analysis which means
that the upper limits on the cross section times branching fraction get smaller.

In section 4.1 and the signal and background processes of the analysis are pre-
sented, while section provides an overview of the analysis strategy. The jet assign-
ment is explained in section Section 4.5/ describes the classification of the events. The
uncertainties taken into account in this thesis are briefly introduced in section {4.6{ and
the results are presented in section

4.1. Signal Processes

As this analysis searches for the production of a Higgs boson in association with a single
top quark (tH), there are two signal processes considered: the t-channel single top quark
production associated with a Higgs boson (tHq) and the production of a Higgs boson
together with a W boson and a top quark (tHW).

The production of a Higgs boson together with a pair of top quarks (ttH) is sensitive
to the magnitude of x;. Due to this fact it is considered as signal in the investigation of
different coupling scenarios. Nevertheless, it is treated as background in the search for
tH production.

Each of the three signal processes is explained in the following and representative
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4. Investigation of Higgs Boson Couplings to Top Quarks and W Bosons

Figure 4.1.: Extended Feynman diagrams of the signal processes. The figure shows one possible
Feynman diagram for tHq (a), tHW (b) and ttH (c), which are the signal processes. They are extended
by the decays of the produced particles.

Feynman diagrams, including the decays of the final state particles, are given in figure

Production of a Higgs Boson Associated with a Top Quark The initial state is given
by a light-flavoured quark and a gluon (see figure f.1(a)). The gluon decays into
a pair of bottom quarks. One of them interacts with the light-flavoured quark
by exchanging a W boson. The produced top quark can then couple to a Higgs
boson. Another possibility is that the Higgs boson couples to the W boson. The
Higgs boson is assumed to decay into a pair of bottom quarks and the top quark
decays into a bottom quark and a W' boson. Due to the fact that this W boson is
assumed to decay leptonically, the final state is given by: one light-flavoured quark,
four bottom quarks, one charged lepton and the corresponding neutrino. Since the
bottom quark, which resulted from the gluon splitting, often has a low pr and is
emitted in forward direction, its jet can not always be b-tagged. Hence, three or
four b-tagged jets are allowed for this process in the event selection.

Production of a Higgs Boson Associated with a W Boson and a Top Quark The ini-
tial state of this process includes two gluons that become a pair of bottom quarks
(see figure . One of the bottom quarks radiates a W~ boson and changes its
flavour to top. The occurring Higgs boson couples either to the top quark or to the
W boson. As considered in the analysis, one of the W bosons is assumed to decay
leptonically and the other one hadronically. The final state is given by two light-
flavoured quarks, four bottom quarks, one charged lepton and the corresponding
neutrino.

Production of a Higgs Boson in Association with a Top Quark Pair This process cor-
responds to the top quark pair production with a Higgs boson radiated from one
of the top quarks. Depending on the exact process (gluon-gluon fusion (see fig-
ure or quark-antiquark annihilation) different initial states are possible. As
before, the Higgs boson is assumed to decay into two bottom quarks, one of the
two W bosons is assumed to decay leptonically and the other one is assumed to
decay hadronically.

13
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(b) (©

Figure 4.2.: Extended Feynman diagrams of dominant background processes. The figure shows one
possible Feynman diagram for tt production (a), t-channel production of single top quarks (b) and tW
production (c), which are dominant background processes. They are extended by the decays of the
produced particles.

4.2. Background Processes

In this section, the dominant background processes are explained and the minor and
negligible background processes are listed.

Top Quark Pair Production The gluon-gluon fusion (see figure and the quark-
antiquark annihilation are two modes of the top quark pair production (tt process).
Additional jets occur from initial or final state radiation. The possible additional
particles are: light-flavoured quarks or gluons (tt 4 LF), two charm quarks (tt + cc),
two bottom quarks (tt + bb), two bottom quarks and only one reconstructed as
b jet (tt + b) or two bottom quarks reconstructed in the same jet (tt + 2b). These five
resulting categories are treated separately to reduce the systematic uncertainties.

Single Top Quark Production From the electroweak production of single top quarks (t),
the t-channel production (see figure and the production in association with
a W boson (tW, see figure are considered. If there is an additional radiation
of a bottom quark pair, this process has the same final state as the signal processes.
Therefore, the separation of both processes from the signal process is very difficult.

Minor and Negligible Backgrounds The minor backgrounds (top quark pair produc-
tion in association with a vector boson, single top quark production in association
with a Z boson and Z boson production in association with jets, the so-called Drell-
Yan process) are treated separately in the analysis but are shown collectively as
"Misc" in the resulting plots.

The diboson production, the W boson production in association with jets and the
QCD multijet events are negligible background processes.
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training in 3 tag SR, application in 3 tag SR and 4 tag SR 2 lep BR

tHq tHW tt

JA-BDT JA-BDT JA-BDT
/

tHq tHW tt global flavour

variables variables variables variables variables
\ / y
SC-BDT FC-BDT
Fit <

Figure 4.3.: Analysis workflow. Jet assignment BDTs (JA-BDTs) are trained under the tHq, tHW and tt
hypotheses in the 3 tag SR and applied on the 3 tag SR and 4 tag SR. A signal classification BDT (SC-
BDT) uses global event variables and JA-BDT dependent variables for the training. In the dileptonic
background region (2 lep BR), a dedicated flavour classification BDT (FC-BDT) is trained and applied.
The fit to the SC-BDT output and FC-BDT output derives the resulting limits. Figure adapted and
modified from reference [10].

4.3. Analysis Strategy

This section introduces the search strategy of the analysis presented in this thesis. The
workflow explained in the following is illustrated in figure

As explained in the previous chapters, the final states of the signal processes have
characteristic features that are helpful to select them. The challenge is that the final states
of the background processes are very similar to those of the signal processes. The cross
section of the main background processes is also larger than of the signal process.

The final states of the signal processes are given by one charged lepton, the corre-
sponding neutrino, and several quarks. Some of the quarks are bottom quarks. The jets
of bottom quarks can be identified via multivariate analysis methods (b tagging). As a
result, the events are sorted by the number of b-tagged jets into categories. Only events
with exactly one lepton, pTiss > 45GeV (piss > 35GeV) for events with an electron
(muon) and jets are selected. The 3 tag signal region (SR) contains events with three
b-tagged jets and the 4 tag SR contains events with four b-tagged jets. The events of both
regions contain additionally at least one untagged jet. Together they are called single
lepton regions.

For the discrimination between signal and background events, jet assignment BDTs
(JA-BDTs) are used. They assign the measured jets to the final state quarks of the events
under three different event hypotheses: tHq, tHW, and tt. Using several variables de-
pending on those jet assignments and global event variables, a signal classification BDT
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(SC-BDT) combines the variables into a single BDT output. The JA-BDTs and the SC-BDT
are trained on simulated samples corresponding to the 3 tag SR and applied on samples
belonging to the 3 tag SR and the 4 tag SR.

The tt process is the most important background. To understand its impact on the
analysis better and to reduce the systematic uncertainties corresponding to the tt pro-
cess, there is another region containing events with two leptons, the so-called dileptonic
background region (2 lep BR). In this region, a flavour classification BDT (FC-BDT) is
trained and applied.

The last step of the analysis is the combined fit on the SC-BDT output and the FC-
BDT output. This fit determines the upper limits on the cross sections times branching
fraction for the tH and ttH processes for different coupling scenarios specified by the
ratio *t/xy.

4.4. Jet Assignment

The aim of the jet assignment is to determine variables of the event such as the mass
of the Higgs boson. Those variables depend on the process of the event and on the
assignment of the jets to the final state particles. This assignment is done based on the jet
assignment BDTs (JA-BDTs), which assign the measured jets to the final state particles
under a specific hypothesis (tHq, tHW, or tt).

The JA-BDTs are trained in the 3 tag SR. To make sure that they are trained and
applied on statistically independent samples, the 3 tag SR is split into two parts including
an equal number of events. One of the samples contains the events with an even event
number and the other contains the events with an odd event number. These samples are
called sample A and sample B in the following. For each hypothesis two JA-BDTs with
the same BDT configurations and input variables are trained. The one that is trained on
sample A is applied on sample B and the other way around. For the training, sample A
and B are split into a training and a test sample including 80 % and 20 % of the respective
sample. This procedure allows to use the whole simulated and recorded samples for the
analysis. In figure 4.4} the method of training and application of the JA-BDTs is illustrated.
The JA-BDTs are applied on the 3 tag SR and 4 tag SR of the MC samples, the data set
and the samples representing the systematic uncertainties. If not stated otherwise, the
plots contain the events belonging to sample A and B.

In the training, the correct assignment is treated as the signal process which results
in a larger BDT output and the wrong assignments are treated as background processes
resulting in a lower BDT output. During the application of the JA-BDTs, all possible
assignments are calculated and the one with the highest JA-BDT output is then used to
calculate the variables which depend on the jet assignment and the respective hypothesis.

The training is performed for the ITC case (x; = —1, xy = +1). The other coupling
scenarios can be calculated using a reweighting procedure.

In contrast to the reference analysis, the analysis presented in this thesis uses no
Higgs-boson-dependent variables as input of the JA-BDTs. In the subsections
and the details and these innovations of the jet assignment under the tHq, tHW, and
tt hypothesis are explained. An improvement to reduce fluctuations in the background
hypothesis is explained in subsection
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Figure 4.4.: Illustration of the JA-BDT training, test and application. The MC samples are split into
sample A and sample B depending on the event number. In each set of events, an independent BDT is
trained and tested and afterwards applied on the other set of events.

4.4.1. Jet Assignment under the tHq Hypothesis

The jet assignment under the tHq hypothesis assigns the three b-tagged jets and the one
jet according to the light-flavoured quark to the final state quarks. Since more than four
jets per event can be reconstructed, the number of possible assignments per event

N;!

Np=—"+—
AT (N -4

(4.1)
depends on the number of assignable jets Nj. To get less possibilities, there are more
requirements for the assignments: The jets assigned to the bottom quark need to be
central corresponding to |i7| < 2.4, the jet assigned to the light-flavoured quark must not
be b-tagged and AR(q,j) < 0.3 has be satisfied. If no assignment fulfils all criteria, there
is no correct assignment given for the respective event. If more than one assignment is
possible, the one with the smallest sum of spatial distances

AT =) " AR(q,j) 4.2)
(CP))

between the quark-to-jet assignments (q,j) in the 7-¢-plane is chosen as the correct as-
signment. All other assignments are wrong and taken into account as background in
the training. Weights depending on the number of wrong assignments of the respective
event make sure that all events are weighted equally.

The configuration of the tHq JA-BDT used in this thesis can be found in table
The input variables are listed in table In contrast to further analyses, no variables
depending on the reconstructed Higgs boson, e.g. the mass or the transverse momentum
of the reconstructed Higgs boson, are used. The distributions of the tHq JA-BDT output
for correct and wrong assignment are shown in figure Since the distributions of the
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Table 4.1.: Configuration of the JA-BDTs. The table contains the configuration of the JA-BDTs used
for the jet assignment under the tHq, tHW and tt hypothesis. The percentages are based on the total
number of events.

Parameter tHq JA-BDT tHW JA-BDT tt JA-BDT
NTrees 700 600 400
MinNodeSize 1% 1% 1%
MaxDepth 3 4 3
BoostType AdaBoost AdaBoost AdaBoost
AdaBoostBeta 0.3 0.3 0.3
nCuts 10 10 20
SeparationType  Ginilndex Ginilndex Ginilndex

training and test samples are similar, no overtraining is observed. In figure the shape
of the best tHq JA-BDT response for the ITC scenario in the 3 tag SR is given. Agreement
of simulation and data is determined.

The tHq JA-BDT configuration and the input variables taken in the reference analysis

are given in table[A.T|and [A.2]in the appendix
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Table 4.2.: Input variables of the tHq JA-BDT. The variables are ranked by their importance in the
training performed in sample A. Variations of the ranking in sample A and B begin with the variable

ranked 6" in the training.
Variable Description
AR(by, 1) AR between the jet assigned to the bottom quark from the top quark
decay and the lepton
log m(t) Invariant mass of the reconstructed top quark
pr(t) Transverse momentum of the reconstructed top quark

cos O(by, 1)

|1(by)|

pr(lightjet)
|7(lightjet) — 5(be)|

|7(lightjet)|
AE(lightjet, by)

()]

Cosine of the angle between the jet assigned to the bottom quark from
the top quark decay and the lepton

Absolute pseudorapidity of the jet assigned to the bottom quark from
the top quark decay

Transverse momentum of the light forward jet

Absolute difference of the pseudorapidity of the light forward jet and
the bottom quark from the top quark decay

Absolute pseudorapidity of the light forward jet

Jet energy difference of the light forward jet and the jet assigned to
the bottom quark from the top quark decay

Absolute pseudorapidity of the reconstructed top quark

CSV(by) Output of the b tagging discriminant for the jet assigned to the bottom
quark from the top quark decay
> F . X > F . .
G | tHq jet assignment G L tHq jet assignment
$ 10l trained in sample A $ 10f- trained in sample B
E, r wrong (training) correct (training) 2 r wrong (training) correct (training)
£ r —+ wrong (test) —+ correct (test) £ I —+ wrong (test) —+— correct (test)
§ 8; szrong:4'7% Kscorrect:85‘2% E 8 szrongze'l% KScorrectzez'O%
o r o i
o r [on r
61— 6—
4 4
21— 2—
T W74/ AN ol s s S5
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Figure 4.5.: Distribution of the tHq JA-BDT output. The figure shows the distribution of the tHq
JA-BDT output trained in sample A (a) and trained in sample B (b) for wrong (blue) and correct (red)
jet assignments. The distributions of the training samples (dashed) and test samples (markers) look
similar. No overtraining is observed.
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Figure 4.6.: Distribution of the best tHq JA-BDT response. The distribution of the best tHq JA-BDT
response for the ITC scenario is shown for the 3 tag SR. Agreement of simulation and data is observed.

4.4.2. Jet Assignment under the tHW Hypothesis

The jet assignment under the tHW hypothesis matches the three bottom quarks and the
two light-flavoured quarks of the final state to the reconstructed jets. The number of
possible assignments is given by

Ni!

Npy=2 — ) .
AT N -5

(4.3)
The factor two results from the fact that one of the two W bosons is assumed to decay
leptonically. Since the single lepton region contains events with just one or more not
b-tagged jets, there can be less jets than necessary. In the training, just events with two or
more not b-tagged jets are used. The conditions for the correct assignment are the same
as in the jet assignment under the tHq hypothesis. If more than one assignment satisfies
the conditions of correct assignment, the one with the smallest sum

All = 2 (AR(q/j)) + AR(tgen/ trec) (4.4)
(CP))

is taken as the correct assignment. AR(tgen, trec) is the distance of the simulated and the
reconstructed top quark in the #-¢-plane.

In the application of the tHW JA-BDT, the variables of events with no possible assign-
ment are set to a global default value of —99,999 and the tHW JA-BDT output of these
events is set to —1.

The training parameters of the tHW JA-BDT are listed in table and the input
variables in table Just like in the tHq jet assignment, no quantities depending on the
reconstructed Higgs boson are used as input variables in the tHW JA-BDT. The shapes of
the tHW JA-BDT output for correct and wrong assignments can be seen in figure[#.7] No
overtraining is observed. The agreement of simulation and data is presented in figure

20



4. Investigation of Higgs Boson Couplings to Top Quarks and W Bosons

Table 4.3.: Input variables of the tHW JA-BDT. The variables are ranked by their importance in the
training performed in sample A. Variations of the ranking in sample A and B begin with the variable
ranked 3" in the training.

Variable Description

logm(t) Invariant mass of the reconstructed top quark

log m(Wy,) Invariant mass of the W boson from the top quark production vertex
pr(t) Transverse momentum of the reconstructed top quark

rr(Wp) Transverse momentum of the of the reconstructed W boson from the top

quark production vertex

cos O(by, 1) Cosine of the angle between the jet assigned to the bottom quark from the
top quark decay and the lepton

AR(bt, Wiep) AR between the jet assigned to thebottom quark from the top quark decay
and the leptonically decaying W boson

|7 (Wyp)| Absolute pseudorapidity of the reconstructed W boson from the top quark
production vertex

|5(t)] Absolute pseudorapidity of the reconstructed top quark

|57(by) | Absolute pseudorapidity of the jet assigned to the bottom quark from the
top quark decay

|n(t) —n(Wp)| Absolute difference of the pseudorapidity of the reconstructed top quark
and the reconstructed W boson from the top quark production vertex

CSV(by) Output of the b tagging discriminant for the jet assigned to the bottom
quark from the top quark decay
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N
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Figure 4.7.: Distribution of the tHW JA-BDT output. The figure shows the distribution of the tHW
JA-BDT output trained in sample A (a) and trained in sample B (b) for wrong (blue) and correct (red)
jet assignments. The distributions of the training samples (dashed) and test samples (markers) look
similar. No overtraining is observed.
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Figure 4.8.: Distribution of the best tHW JA-BDT response. The distribution of the best tHW JA-BDT
response for the ITC scenario is shown for the 3 tag SR. Agreement of simulation and data is observed.

The diagram shows the distribution of the best tHW JA-BDT response for the ITC case
in the 3 tag SR.

In the reference analysis, a tHW JA-BDT trained with the configuration given in
table of appendix [A] and the input variables listed in table of appendix [A] are
used.

4.4.3. Jet Assignment under the tt Hypothesis

The two bottom quarks from the top quark decays and the two light-flavoured quarks
from the hadronically decaying top quark are assigned to the reconstructed jets. The
assignment procedure is analogous to the tHq and tHW jet assignment.

The configuration of the tt JA-BDT is given in table The input variables of the tt
JA-BDT are given in table Figure [4.9| shows the distribution of the tt JA-BDT output
for the training sample and an independent test sample. No overtraining is observed. The
distribution of the best tt JA-BDT response can be found in figure The distribution
of the simulation accords with the distribution of the data. Since no Higgs boson has to
be assigned to the jets in the tt process, this JA-BDT is the same as the one used in the
reference analysis.
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Table 4.4.: Input variables of the tt JA-BDT. The variables are ranked by their importance in the
training performed in sample A. Variations of the ranking in sample A and B begin with the variable

ranked 6 in the training.

Variable

Description

log(m(thad) - m(whad))

log m(Whad)
log m(tyep)
1og pr(thad)

CSV(Whaq jet 2)

CSV(Wh,gq jet 1)

AR(Whag jets)

relative Hy

Difference between the invariant mass of the reconstructed
hadronically decaying top quark and the reconstructed hadroni-
cally decaying W boson

Invariant mass of the two jets assigned to the reconstructed W
boson from the hadronically decaying top quark

Invariant mass of the reconstructed leptonically decaying top
quark

Transverse momentum of the reconstructed hadronically decay-
ing top quark

Output of the b tagging discriminant for the jet assigned to the
hadronically decaying W boson with the second highest trans-
verse momentum

Output of the b tagging discriminant for the jet assigned to the
hadronically decaying W boson with the highest transverse mo-
mentum

AR between the two tight jets assigned to the hadronically decay-
ing W boson

Fraction of the total transverse momenta that falls to the recon-
structed hadronically and leptonically decaying top quarks

log p1(tiep) Transverse momentum of the reconstructed leptonically decaying
top quark
2 [ ) 2 F )
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Figure 4.9.: Distribution of the tt JA-BDT output. The figure shows the distribution of the tt JA-
BDT output trained in sample A (a) and trained in sample B (b) for wrong (blue) and correct (red)
jet assignments. The distributions of the training samples (dashed) and test samples (markers) look
similar. No overtraining is observed.
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Figure 4.10.: Distribution of the best tf JA-BDT response. The distribution of the best tt JA-BDT re-
sponse for the ITC scenario is shown for the 3 tag SR. Since the tt process is independent of the relative
sign of x; and «y, the distribution is the same for all coupling scenarios. Agreement of simulation and
data is observed.

4.4.4. Reducing Fluctuations in the Background Hypothesis

The choice of the correct and wrong jet-to-quark assignment is essential for the training
of the JA-BDTs. In the previous subsections, the correct assignment was explained in
detail. All assignments not defined as correct are referred to as wrong. Since there is not
only one possible wrong assignment, they have to be treated differently than the correct
assignments.

In previous analyses, this was done by taking randomly one wrong assignment for
each event. This was then treated as if there were no other wrong assignments. Therefore,
another jet-to-quark assignment was used as the wrong one in each new creation of back-
ground hypotheses. In sample A and sample B were also different wrong assignments
taken for the training. The training of the BDTs depends on the choice of the wrong
assignment which causes different performances in the application of every separately
trained BDT.

An improved approach is to take all possible wrong assignments into account. For
this purpose, the wrong assignments are weighted via

1
Nai .

w; = (4.5)
The number of possible assignments N,; for each event i depends on the number N; of
assignable jets (see equation ([£.I) and (4.3)). The weights w; ensure that all events are
taken into account equally, no matter how many wrong assignments are possible. As the
sum over all weights w; per event adds up to one, the correct and wrong assignments
are weighted the same.

In this thesis, the consideration of all wrong assignments with respective weights
is implemented. As a result, the jet assignment is more stable, which means that the
shapes of the BDT output from trainings belonging to different creations of hypotheses
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4. Investigation of Higgs Boson Couplings to Top Quarks and W Bosons

look exactly the same. The shapes of the input variables and the BDT output are also
more similar in sample A and B. The small difference can be accredited to statistical
fluctuations. The sole disadvantage is the increase in computing time caused by much
bigger samples including all wrong assignments and their respective weights.

All jet assignments presented in the subsections to already include this
improvement.

4.5. Event Classification

After the jet assignment under the three hypotheses tHq, tHW, and tt, the events are
classified. The events belonging to the 3 tag SR and 4 tag SR are classified with a signal
classification BDT (SC-BDT) according to their likeness to the tH signal process. Different
global event variables as well as the variables depending on the jet assignments can be
taken as input variables for the SC-BDT. The training procedure is the same as for the jet
assignments described in section {4.4] and illustrated in figure The tH processes are
treated as signal processes resulting in a high BDT output value and the tt processes of
all categories are taken as background processes (low BDT output). The impact of other
background processes is too low to be taken into account in the signal classification.
Analogue to the jet assignments, the training of the SC-BDT is performed for the ITC
case. The distributions belonging to the other coupling scenarios are calculated using a
reweighting procedure for the events. As a result, the shapes of the SC-BDT output look
different for each coupling scenario.

In this thesis, variables depending on five different JA-BDTs can be simultaneously
used: the variables from the three JA-BDTs of the reference analysis and from the tHq
and tHW JA-BDT presented previously, which do not exploit Higgs-boson-dependent
variables for the jet assighment. The aim is to improve the performance of the SC-BDT
by increasing the area under the ROC curve. By trying different combinations of those
variables as input variables of the SC-BDT, various ideas what could lead to an improve-
ment are tested. In addition to the variables that were already used in previous analyses,
the corresponding variables of the JA-BDTs independent of any Higgs-boson-dependent
variable are added one after the other. The previous variables are also replaced succes-
sively by the corresponding variables of the JA-BDTs independent of any Higgs-boson-
dependent variable. Each configuration of variables is first probed with a bigger number
of trees. This normally leads to some overtraining and a greater area under the ROC
curve. If the area under the ROC curve is not increased, the tested variable can be re-
jected. If it is, the number of trees and the other parameters can be optimised to avoid
overtraining effects. In case the area under the ROC curve is still larger than that of the
reference afterwards, this configuration can be used to check if this configuration leads
to an improvement of the extracted limits. Since the area under the ROC curve is equal
or smaller than that of the reference for every tested combination of input variables, the
tests do not lead to any improvement.

To test the impact of the Higgs-boson-dependent variables in the jet assignment on the
upper limits calculated within this analysis, the SC-BDT is trained with the same input
variables and configuration as the reference. This configuration of the SC-BDT is stated
in table The variables used for the discrimination are given in table 4.6/and the shape
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4. Investigation of Higgs Boson Couplings to Top Quarks and W Bosons

Table 4.5.: Configuration of the SC-BDT and the FC-BDT. The table contains the configuration of the
SC-BDT and the FC-BDT. They are the same for the analysis described in this thesis and the reference.
The percentages are based on the total number of events.

Parameter SC-BDT FC-BDT
NTrees 900 600
MinNodeSize 1% 2%
MaxDepth 4 2
BoostType AdaBoost AdaBoost
AdaBoostBeta 0.3 0.3
nCuts 15 16

SeparationType Ginilndex Ginilndex

of the SC-BDT output for sample A and B can be seen in figure No overtraining is
detected. The agreement of data and simulation for the SC-BDT response is shown in
tigure The difference of both analyses results from different JA-BDTs. The reference
analysis uses additional input variables depending on Higgs boson information in the
jet assignment. The tHq and tHW JA-BDTs of this analysis are trained without using any
variables depending on information of the reconstructed Higgs boson.

The events belonging to the 2 lep BR are classified with a flavour classification BDT
(FC-BDT) according to their resemblance to the tt + LF background process. The FC-BDT
is not changed for this analysis. The reference analysis and the presented analysis take
the FC-BDT described in reference [10]. The used configuration can be found in table
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4. Investigation of Higgs Boson Couplings to Top Quarks and W Bosons

Table 4.6.: Input variables of the SC-BDT. The list is ordered by global event variables, tHq jet as-
signment variables, tHW jet assignment variables and tt jet assignment variables. In each category, the
variables are ranked by their importance in the training performed in sample A. Variations of the rank-
ing in sample A and B begin with the top ranked variable. In the reference, the same input variables
depending on other JA-BDTs are used.

Variable Description
Global event variables
aplanarity Aplanarity [37] of the event
log m; Invariant mass of the three jets that result in the highest pr when

q(1)

Fox-Wolfram #1

combined
Electric charge of the lepton
First Fox-Wolfram moment [38]] of the event

tHq JA-BDT response
log pr(Higgs)

log m(Higgs)
|[n(lightjet)|
CSV(Higgs jet 2)

CSV(Higgs jet 1)
cos O(by, )

log pr(lightjet)
cos 0*

|7(t) — n(Higgs)|

tHq jet assignment variables

Output of the tHq JA-BDT

pr of the reconstructed Higgs boson candidate

Invariant mass of the reconstructed Higgs boson candidate
Absolute pseudorapidity of the light forward jet

Output of the b tagging discriminant for the jet assigned to the
Higgs boson with the second highest p

Output of the b tagging discriminant for the jet assigned to the
Higgs boson candidate with the highest pr

Cosine of the angle between the jet assigned to the bottom quark
from the top quark decay and the lepton

pr of the light forward jet

Cosine of the angle between the light forward jet and the lepton in
the top quark frame

Absolute difference of the pseudorapidity of the reconstructed top
quark and the reconstructed Higgs boson candidate

log |pT(Wp)|

tHW JA-BDT response
log [m(Wp)|

tHW jet assignment variables

pr of the reconstructed W boson from the top quark production
vertex

Output of the tHW JA-BDT

Invariant mass of the W boson from the top quark production vertex

tt JA-BDT response
CSV(Whaq jet 2)

CSV(Whad jet 1)
log 1 (tnad)

AR(Whag jets)

tt jet assignment variables

Output of the tt JA-BDT

Output of the b tagging discriminant for the jet assigned to the
hadronically decaying W boson with the second highest pt
Output of the b tagging discriminant for the jet assigned to the
hadronically decaying W boson with the highest pr

Invariant mass of the reconstructed hadronically decaying top
quark

AR between the two light jets assigned to the hadronically decaying
W boson
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Figure 4.11.: Distribution of the SC-BDT output. The figure shows the distribution of the SC-BDT
output trained in sample A (a) and trained in sample B (b) for the background (blue) and the signal
(red). The distributions of the training samples (dashed) and test samples (markers) look similar. No
overtraining is observed.
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Figure 4.12.: Distribution of the SC-BDT response. The distribution of the SC-BDT response for the
ITC scenario is shown for the 3 tag SR. Agreement of simulation and data is observed. The number
of bins and the range of the x-axis correspond to them taken in the limit extraction described in

chapter
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4.6. Uncertainty Treatment

In the analysis, different uncertainties are taken into account. In the final fit, which ex-
tracts the upper limit of the cross section times branching fraction, they are represented
by nuisance parameters (see section . The uncertainties are of two types: shape and
rate uncertainties. Shape uncertainties change only the distribution of the SC-BDT and
FC-BDT output. Rate uncertainties change the total number of events. In general, un-
certainties can be grouped in three categories: experimental, statistical and theoretical
uncertainties. The uncertainties considered in this analysis are listed in the following for
each group. It is specified in brackets whether they are shape or rate uncertainties.

Experimental Uncertainties Variations of the luminosity (rate), the jet energy scale
(shape and rate), the jet energy resolution (shape and rate) and the contribution of
unclustered particles to pis* (shape and rate) are taken into account. The uncer-
tainty on the expected number of pileup interactions (shape and rate) and several
uncertainties associated with the reweighting procedure (shape and rate) belong to
this category, too. The uncertainties of the lepton efficiencies (shape and rate) are
also taken into account.

Statistical Uncertainties The bin-by-bin uncertainties (shape) take into account that
the number of events in each bin is affected by statistical variations caused by the
limited size of analysed simulation samples.

Theoretical Uncertainties Further uncertainties are given by the choice of the Q? scale
(shape and rate), the Q? scale of tW (rate) and the PDF set (rate). The effect of
additional heavy-flavour jets (rate) and differences of the pr spectra of the top
quark (shape and rate) are also taken into account.

4.7. Exclusion Limits

For the different coupling scenarios specified by the ratio *t/«xy, the upper limits on the
cross section times branching fraction for the combined tH and ttH process are deter-
mined by a simultaneous maximum likelihood fit of the SC-BDT output and the FC-BDT
output. The ttH process is taken in the fit as a signal process to increase the sensitivity
to the absolute value of «;.

These upper limits at 95% C.L. are depicted for the reference analysis (green lines)
and presented analysis (yellow lines) in figure The expected upper limits of the
reference analysis are smaller than those of the presented analysis. Since the expected
upper limits indicate the sensitivity of the analysis, the use of Higgs-boson-dependent
variables in the jet assignment is an improvement for the investigation of different cou-
pling scenarios. The observed limits lie within the bands corresponding to one standard
deviation. The observations do not deviate significantly from the expectations.

The average improvement as a result of using reconstructed Higgs-boson-dependent
variables in the jet assignment is 28.3 % (10.0 %) for the observed (expected) limit. The
maximum (minimum) improvement of the observed limits is 31.4% (20.1%) for the
coupling scenarios represented by *t/xy = —4.00 (¥t/xy = 1.25). The maximum (minimum)
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Figure 4.13.: Improvement of the limits accomplished with the use of Higgs-boson-dependent vari-
ables in the jet assignment. The impact of the use of Higgs-boson-dependent variables in the JA-BDTs
on the expected and observed limits on the cross section times branching fraction of the combined tH
and ttH process is illustrated for different coupling scenarios given by #t/xy. The expected (continuous
lines) and observed (dots) limits as well as the one (dashed lines) and two (dotted lines) standard
deviations from the expected limits are indicated for the reference analysis (green) and the presented
analysis (yellow). No significant deviations from the expectation are observed.
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Figure 4.14.: Upper limits on the cross section times branching fraction for the tH + ttH process.
The upper limits on the cross sections times branching fraction for the combined tH and ttH process
of the reference analysis are shown for different ratios #i/xy of the coupling strength modifiers of the
Higgs boson to the top quark x; and the W boson «y. The theoretical predictions for xy = 1 are shown
for different processes with red lines. The green (yellow) band indicates one (two) standard deviations
from the expectation. No significant deviations are observed.

improvement of the expected limits is given by 14.6 % (6.8 %) in the case of *t/xy = —6.00
(*t/xy = 1.00). The improvements of the expected and observed limits of each scenario
are given in appendix [B|in table [B.T|and

Figure shows the reference analysis and the theoretical predicted cross section
times branching fraction for the ttH, tH and combined tH + ttH process. A specific cou-
pling scenario can be excluded if the observed cross section times branching fraction is
smaller than predicted by the theory. With the reference analysis, the coupling scenarios
given by —6.00 < #t/xy < —1.25 and 3.00 < *t/xy < 6.00 can be excluded.
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5. Summary and Outlook

The analysis presented in this thesis studies different coupling scenarios of the Higgs
boson to top quarks and vector bosons. The coupling strength of the Higgs boson to
top quarks gy and the Yukawa coupling strength of the Higgs boson to fermions y; are
investigated. Deviations from the SM can be written as x; = ¥/yM and xy = 8v/gM.
The different coupling scenarios are thus given by the fraction #:/xy. The SM corresponds
to k¢ = xy = 1 and the inverted top coupling (ITC) case is given by —«x; = xy = 1. For the
investigation of the different coupling scenarios, the combined tH and ttH production
is treated as the signal process. The jet-to-quark assignment under different hypotheses
is realised by BDTs called jet assignment BDTs. Within this thesis, the impact of input
variables depending on Higgs boson information in the jet assignment on the sensitivity
of the analysis is studied.

Compared to the analysis that uses no variables depending on the Higgs boson
information in the jet assignment, the observed (expected) upper limits at 95 % C.L. of
the reference analysis on the cross section times branching fraction for the combined
tH and ttH process are 28.3 % (10.0 %) lower on average. The observed (expected) upper
limits of the reference analysis in which Higgs-boson-dependent variables are used in the
jet assignment are given by 2.26 pb (2.80 pb), which corresponds to 6.53 X gy (8.09 X ogpm)
for the SM, and 1.04 pb (1.43 pb), which corresponds to 1.19 x oirc (1.64 X oic) for the
ITC scenario. Thus, the observed limit is 20.6 % (30.2 %) better for the SM (ITC scenario).
The expected limit is 6.8 % (12.0 %) lower for the SM (ITC scenario). With the reference
analysis, the coupling scenarios given by #t/xy < —1.25 and 3.00 < xt/xy can be excluded.
The ITC case can also nearly be excluded.

Thus, this thesis shows that using Higgs-boson-dependent variables in the jet assign-
ment, as done in the reference analysis and earlier published versions of the analysis [39],
leads to improved results.

The improvement realised within this thesis is the reduction of fluctuations in the
background hypothesis. In the training of the jet assignment BDTs, all possible wrong jet
assignments are now taken into account instead of only one randomly chosen wrong jet
assignment. This improves the stability of the jet assignment and thereby of the whole
analysis.

Taking a combination of variables from the jet assignments, which gets Higgs-boson-
dependent variables as input variables and the jet assignment which uses only variables
independent of Higgs boson information as input variables of the event classification
BDT is also tested. So far, this is not able to improve the upper limits on the cross section
times branching fraction. However, in the future in the case of larger simulated samples
additional variables with separation power are necessary. For this, the variables from the
jet assignment which uses only variables independent of Higgs boson information could
be taken.
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A. Jet Assignment of the Reference Analysis

Table A.1.: Configuration of the JA-BDTs of the reference. The table contains the configuration of the
JA-BDTs of the reference used for the jet assignment under the tHq, tHW and tt hypothesis.

Parameter tHq JA-BDT tHW JA-BDT tt JA-BDT
NTrees 700 800 400
MinNodeSize 1% 1% 1%
MaxDepth 4 5 3
BoostType AdaBoost AdaBoost AdaBoost
AdaBoostBeta 0.3 0.3 0.3
nCuts 20 20 20
SeparationType  Ginilndex Ginilndex Ginilndex
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A. Jet Assignment of the Reference Analysis

Table A.2.: Input variables of the tHq JA-BDT of the reference. The variables are ranked by their
importance in the training performed in sample A. Variations of the ranking in sample A and B begin
with the variable ranked 5% in the training.

Variable Description

logm(H) Invariant mass of the reconstructed Higgs boson

AR(by, 1) AR between the jet assigned to the bottom quark from the top quark
decay and the lepton

pr(t) pr of the reconstructed top quark

logm(t) Invariant mass of the reconstructed top quark

cos O(by, 1)
relative Ht

pr(H)
AR(Higgs jets)
|n(by) |

pr(lightjet)
AR(t, H)

|[n(lightjet) — 5(by)|
CSV(by)
logmin(pr(Hjets))

ln(0)]
CSV(Higgs jet 1)

|[7(lightjet)|
CSV(Higgs jet 2)

ln(t) —n(H)|
AE(lightjet, by)

ln(H)|

Cosine of the angle between the jet assigned to the bottom quark from
the top quark decay and the lepton

Fraction of the total transverse momenta that falls to the b jet from the
top quark, Higgs jet and light forward jet

pr of the reconstructed Higgs boson
AR between the two jets from the Higgs boson decay

Absolute pseudorapidity of the jet assigned to the bottom quark from
the top quark decay

Transverse momentum of the light forward jet

AR between the reconstructed top quark and reconstructed Higgs bo-
son

Absolute difference of the pseudorapidity of the light forward jet and
the bottom quark from the top quark decay

Output of the b tagging discriminant for the jet assigned to the bottom
quark from the top quark decay

Minimum of the transverse momenta of the two jets assigned to the
Higgs boson decay products

Absolute pseudorapidity of the reconstructed top quark

Output of the b tagging discriminant for the jet assigned to the Higgs
boson with the highest pr

Absolute pseudorapidity of the light forward jet

Output of the b tagging discriminant for the jet assigned to the Higgs
boson with the second highest pr

Absolute difference of the pseudorapidity of the reconstructed top
quark and the reconstructed Higgs boson

Jet energy difference of the light forward jet and the jet assigned to
the bottom quark from the top quark decay

Absolute pseudorapidity of the reconstructed Higgs boson
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A. Jet Assignment of the Reference Analysis

Table A.3.: Input variables of the tHW JA-BDT. The variables are ranked by their importance in the
training performed in sample A. Variations of the ranking in sample A and B begin with the variable

ranked 6 in the training.
Variable Description
logm(H) Invariant mass of the reconstructed Higgs boson
logm(t) Invariant mass of the reconstructed top quark
log m(Wy) Invariant mass of the W boson from the top quark production vertex
AR(Higgs jets) AR between the two jets from the Higgs boson decay

AR(btr Wlep)
cos O(by, I)
pr(Wp)

pr(t)

relative Ht

pr(H)
[7(be)|

ln(Wo)|

ln(®)]
() —5(H)|

CSV(Higgs jet 1)
CSV(by)

CSV(Higgs jet 2)

() —n(Ws)|

AR between the jet assigned to the bottom quark from the top quark decay
and the leptonically decaying W boson

Cosine of the angle between the jet assigned to the bottom quark from the
top quark decay and the lepton

Transverse momentum of the reconstructed W boson from the top quark
production vertex

Transverse momentum of the reconstructed top quark

Fraction of the total transverse momenta that falls to the b jet from the top
quark, Higgs jet and light forward jet

Transverse momentum of the reconstructed Higgs boson

Absolute pseudorapidity of the jet assigned to the bottom quark from the
top quark decay

Absolute pseudorapidity of the reconstructed W boson from the top quark
production vertex

Absolute pseudorapidity of the reconstructed top quark

Absolute difference of the pseudorapidity of the reconstructed top quark
and the reconstructed Higgs boson

Output of the b tagging discriminant for the jet assigned to the Higgs
boson with the highest transverse momentum

Output of the b tagging discriminant for the jet assigned to the bottom
quark from the top quark decay

Output of the b tagging discriminant for the jet assigned to the Higgs
boson with the second highest transverse momentum

Absolute difference of the pseudorapidity of the reconstructed top quark
and the reconstructed W boson from the top quark production vertex
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B. Improvement Accomplished with
Higgs-Boson-Dependent Variables in the
Jet Assignment
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B. Improvement Accomplished with Higgs-Boson-Dependent Variables in the Jet Assignment

Table B.1.: Improvement of the expected limits via Higgs-boson-dependent variables in the jet
assignment. The expected limits on the cross section times branching fraction (¢ x BR) of combined
tH + ttH process with different coupling scenarios represented by the ratio #i/xy are given for the
presented analysis and the reference analysis. The improvement of the reference analysis caused by
the use of Higgs-boson-dependent variables in the jet assignment is also listed. The expected limit is
enhanced for all scenarios.

ted limit on o X BR(pb
Scenario given by xi/xy expectec Tmit on (pb) improvement in %

presented analysis reference analysis

—6.00 2.28 1.94 14.63
—4.00 2.18 1.87 14.37
-3.00 2.09 1.80 14.25
—-2.50 2.03 1.75 13.85
—2.00 1.94 1.67 13.62
—1.50 1.80 1.57 12.80
—1.33 1.75 1.53 12.81
—1.25 1.72 1.51 12.40
—1.00 1.62 1.43 11.95
—0.83 1.55 1.37 11.53
—-0.75 1.50 1.33 11.33
—0.67 1.46 1.30 11.04
—0.50 1.37 1.23 10.04
—0.33 1.28 1.17 9.01
—0.25 1.25 1.14 8.82
-0.17 1.21 1.11 8.29
0.00 1.20 1.11 7.64
0.17 1.31 1.21 7.10
0.25 1.45 1.34 7.28
0.33 1.66 1.53 7.69
0.50 2.33 2.11 9.32
0.67 2.90 2.63 9.35
0.75 3.01 2.75 8.54
0.83 3.04 2.79 8.10
1.00 3.00 2.80 6.76
1.25 2.96 2.73 7.63
1.33 2.93 2.72 7.27
1.50 291 2.68 791
2.00 2.87 2.59 9.52
2.50 2.83 2.52 10.76
3.00 2.78 2.46 11.52
4.00 2.73 2.38 12.72
6.00 2.66 2.30 13.65
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B. Improvement Accomplished with Higgs-Boson-Dependent Variables in the Jet Assignment

Table B.2.: Improvement of the observed limits via Higgs-boson-dependent variables in the jet
assignment. The observed limits on the cross section times branching fraction (¢ x BR) of combined
tH + ttH process with different coupling scenarios represented by the ratio #/xy are given for the
presented analysis and the reference analysis. The improvement of the reference analysis caused by
the use of Higgs-boson-dependent variables in the jet assignment is also listed. The observed limit is
enhanced for all scenarios.

b d limit X BR(pb
Scenario given by #i/xy observed it on & (pb) improvement in %

presented analysis reference analysis

—6.00 2.07 1.43 31.19
—4.00 1.99 1.36 31.41
—3.00 191 1.31 31.27
—2.50 1.84 1.29 29.74
—2.00 1.76 1.22 31.00
—1.50 1.65 1.14 30.82
—1.33 1.57 1.09 30.45
—1.00 1.48 1.04 30.15
—0.83 1.41 0.99 29.87
—0.75 1.38 0.97 29.79
—0.67 1.34 0.94 29.42
—0.50 1.26 0.89 28.81
—-0.33 1.18 0.84 28.29
—0.25 1.14 0.82 28.00
—-0.17 1.12 0.81 27.89
0.00 1.11 0.80 27.50
0.17 1.20 0.87 27.58
0.25 1.33 0.96 28.17
0.33 1.52 1.08 28.73
0.50 2.14 1.49 30.13
0.67 2.70 1.95 27.87
0.75 2.82 2.10 25.43
0.83 2.86 2.20 23.29
1.00 2.85 2.26 20.60
1.25 2.80 2.23 20.14
1.33 2.78 221 20.57
1.50 2.75 217 21.05
2.00 2.69 2.06 23.27
2.50 2.64 1.98 25.17
3.00 2.59 1.91 26.15
4.00 2.53 1.83 27.67
6.00 2.45 1.74 28.95
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