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Zusammenfassung

In der Teilchen- und der Hochenergiephysik finden Neuronale Netze und andere Machine
Learning Algorithmen stetig wachsende Anwendung. Hauptsédchlich zur Diskriminierung
zwischen Signal und Background werden eben jene als bindre Klassifizierungsmethoden
eingesetzt.

Die vorliegende Thesis handelt von der Anwendung eines Neuronalen Netzwerks zur Un-
terscheidung zwischen prompten Photonen, die von Top-Quark Paaren ausgesandt wer-
den, und hadronischen “fake* Photonen, die einen dominanten Beitrag zu der Untergrund-
verteilung ausmachen, um die ylektromagnetische Kopplung des Top-Quarks weitergehend
fir die Schwerpunktsenergie s = 13TeV am Cern zu untersuchen. Fir diese Untersu-
chung ist insbesondere der Aufbau des Atlas Detektors von tragender Bedeutung.

So genannte Shower Shapes werden in das Neuronale Netz implementiert, um bestmog-
lich systematische Unsicherheiten zu eliminieren. Wie sich herausstellen wird, sind diese
bestens geeignet, um die gewiinschte Separierung zwischen prompten Photonen und ha-
dronischen Fake Photonen hervorzubringen.

Abstract

Neural Networks and other machine learning algorithms enjoy an ever-expanding usage
in particle and high energy physics. Primarily, they are used as binary classifiers to
discriminate between signal and background contributions.

The thesis deals with the usage of a Neural Network to discriminate between prompt
photons, which will be radiated off top quark pairs, and the contribution of hadron fakes
being a dominar%y background contribution to get sensitive to the ty coupling for a centre-
of-mass energy S = 13TeV at Cern. The structure of the Atlas detector is important
for this study.

So-called shower shapes will be implemented in the used Neural Network to eliminate
systematic uncertainties in a best possible way. As it turns out, they will be used to get
the desired separation between prompt photons and hadron fakes.
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1. Introduction

If it disagrees with experiment, it is wrong. In that simple statement is the key to sci-
ence. It does not make any di erence how beautiful your guess is, it does not matter how
smart you are who made the guess, or what his name is... If it disagrees with experiment,
it is wrong. That is all there is to it. Richard Feynman said these words about scienti ¢
methods in one of his famous lectures in the 1960s. Particle physicists study the nature of
the particles that constitute matter and radiation. For this purpose, particle colliders like
the Lhc and important detectors like Atlas were built. The Standard Model is one of
these "beautiful guesses’, which is not in disagreement with the experiments until today.
Scienti c theories and hypothesis base on the principle of falsi cationism. A famous ex-
ample is the statement: all swans are white , which is falsi able since there is another
statement that contains observations of black swans anywhere in the world and contra-
dicts it [1]. Such a statement can not be proven, but it was considered right until it
was proven wrong. Scienti ¢ theories are treated the same way, so scientists appreciate a
theory like the Standard Model until it would be proven wrong.

The Standard Model is one of the most successful theories of contemporary physics, but
it is certainly not perfect. Down to the present day, the Standard Model predicts one
observation after another right, which lead to its enormous triumph nowadays. But there
are numerous e ects that were not experimentally observed (limitations) and this is why
scientists try to observe further particles or e ects today at @rn .

One of these e ects is the electromagnetic coupling of the heaviest known particle in the
Standard Model: the top quark. This thesis deals with the improvement of techniques like
a Neural Network to get sensitive to this kind of top quark coupling. Mainly, the discrim-
ination between prompt photons and hadron fakes, which are hadrons misidenti ed as
photons and photons originating from hadronic decays, will be discussed in the analysis.
Version 21.0 of the Neural Network will be implemented for analysing the top quark pair
production in association with a photon at centre-of-mass energys = 13 TeV.

The following chapter deals with the theoretical background, which includes a brief in-
troduction to the Standard Model, its limitations and a section about top quark physics.
The latter section contains besides its properties and interactions previous results at
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P s=7TeV and P s = 8TeV. Besides the physical foundations, the experimental ones,

so the setup of the Large Hadron Collider and the #as detector, will be presented
afterwards. Chapter 4 is about the photon measurements attilds , which includes the
di erence between prompt photons and hadron fakes, photon reconstruction and iden-
ti cation. Then, Monte Carlo truth studies are presented to analyse the behaviour of
the photon candidates for di erent cuts and types. After giving a short introduction to
machine learning in Chapter 6, the used Neural Network, the Prompt Photon Tagger,
will be introduced and in Section 6.1 nally in thett analysis implemented. Chapter 7
presents a short summary of all results and achievements.



2. Theoretical Background

This chapter deals with the theoretical background, which is necessary for the analysis of
the tt process the thesis deals with.

For this purpose, the Standard Model of elementary particle physics with its properties
and limitations will be introduced and, after that, features and fundamental interactions
of the top quark and previoustt analyses will be presented.

2.1. The Standard Model of elementary particle
physics

In the following lines, a brief description of the Standard Model (SM) of elementary
particle physics and a short summary about the most recent discoveries at the Large
Hadron Collider (Lhc) will be given. After that the limitations of the SM will be discussed.

2.1.1. Brief description of the SM

The Standard Model [2] describes the fundamental particles and their interactions. Figure
2.1 shows a sketch of the fundamental particles in the SM.

There are 12 fermions (and also 12 antifermions) with spigl,-six quarks and six leptons,
grouped into three generations. The mass of these fermions increases from the rst to
the third one. Quarks and Leptons are even more divided into up-type and down-type
fermions. Up-type quarks (up, charm, top) all have an electric char§ef Q = + % (which
has to be measured for the top quark), whereas the down-type (down, strange, bottom)

quarks haveQ = % The charged leptons¢ , , )have anelectricchargeo = 1,
and their corresponding neutrino (e, , ) is uncharged.

Thus, the di erence in units of electric chargeQ between down-type and up-type fermions
is always 1.

Another di erence between the up-type and down-type fermions is the property of the
third component of the weak isospirl 3. For up-types itis |3 = +1 =2 and for down-types

in elementary chargee=1:602 10 °C.



2. Theoretical Background

Figure 2.1.: Schematic depiction of the Standard Model of elementary particles with the
three generations of matter in the rst three columns, the gauge bosons in
the fourth and the Higgs boson in the fth column.

;= 1=2.
The SM describes three out of four known fundamental interactions: weak, strong and
electromagnetic interaction. For each of these interactions there are force carriers (known
as gauge bosons) with spin 1.
The bosons of the weak interaction are th&/ (charged weak interaction) and thez°
(neutral weak interaction) [3]. Whereas the Z boson couples to both left- and right-handed
fermions, only left-handed fermions (or right-handed anti-fermions) can couple with the
W because of the W-Vertex factor of the charged electric current [4]

?3 L @

=2P_

whereP_ is the left-handed projection operator. Neutrinos just interact weakly and they
appear only as left-handed fermions.
The photon is the gauge boson of the electromagnetic interaction. All charged fermions
and bosons can couple with it.
Quarks are the participating particles in the strong interaction. They carry besides of
electric and weak charge a colour charge (red, green, blue). This is the charge of the
Quantum Chromodynamics (QCD), describing the strong interaction. In nature there
are only colourless particles, so quarks only exist in bound colour-neutral states. They
build colourless hadrons in the process of hadronisation. Because of the underlying group
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theory of QCD, there are eight gluons, which carry one colour and one anticolour. So
they can couple to themselves via triple or quartic gauge couplings.

With the discovery of the Higgs boson [5, 6] with spin-O the SM was completed. In
2012 Alas and Cms discovered the Higgs boson in diphoton-channel. The Higgs boson
couples only to massive particles. So it couples to the W and Z bosons, but not to gluons
and photons.

Mathematically, the SM is described as a local gauge and Lorentz invariant Lagrange
density function with the underlying gauge groupU(1)y SU(2). SU(3)c, which is
fully renormalisable [7].

2.1.2. Limitations of the SM

As it was already mentioned, the SM only describes three out of the four fundamental
interactions, excluding gravity. Besides the missing hypothetical spin-2 graviton, the SM
is widely considered to be incompatible with general relativity.

Another problem is the dark matter, which is a common concept for explaining the Galaxy
rotation curve [8]. A particle with the properties, that are needed to describe this kind
of matter, is still missing today.

Noteworthy is also the search for heavy resonances (W', Z') or supersymmetric particles
[9 11]. If their existence would be con rmed, theories beyond the SM could be examined
more.

Lastly, the neutrinos are supposed to be massless, because they do not interact with the
Higgs boson, which is inconsistent with neutrino avour oscillations [12].

As it is shown, there are some problems the SM can not explain, which means that the
search for these (until now) hypothetical particles is really important. This is one of the
aims of the Lhc: to nd physics beyond the SM.

2.2. Top quark physics

The top quark [13 15] is the heaviest known fermion in the SM (see Section 2.1.1). After
discovering the bottom quark [16] in 1977 at Ermilab , it was suggested that there will
be also a third up-type quark, completing the third generation. In the end, it took over
18 years to discover the top quark. Finally it was observed in 1995 at theeVatron by
the D@ [17] and CDF [18] experiments.
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2.2.1. Properties

As it is shown in Figure 2.1 the top quark has an electric charge @f = + % and a spin of
1=2.

One of the top quark's peculiarities is its enormous mass. With a value of

m; =172:44 0:13(stat) 0:47(sysy)GeV [19] the top quark is the heaviest known particle,
which made the search for it challenging.

Another property is the really short lifetime. Theoretically, the width of the top quark is
predicted to ; 1:33 GeV[20], which corresponds to a lifetime of, 5 10 ?°s. The
time scale of hadronisation [21] processes is two orders of magnitude larger, which means
that the top quark decays before forming a hadronic bound state. Thus, further studies
onto the decay products and the reconstruction of its properties are important and allow
accessing the quantities of this quark.

2.2.2. Interactions of the top quark

According to the SM (see Section 2.1.1), the top quark interacts weakly, strongly and
electromagnetically. These interactions are described individually in the following para-
graphs.

Weak interaction of the top quark

In the weak interaction, there is also single top quark production possible [22]. A top
guark decays mainly viat ! W™ b. Furthermore, the W* boson decays into a quark pair
aq® (679 or leptonically * - ( 33%).

In the case oftt production, there are three nal state topologies (with decreasing prob-
ability): full-hadronic (alljets), single lepton (* + jets) and dilepton (2 leptons + jets).
The branching ratios of these nal state topologies are depicted in Figure 2.2.

Strong interaction of the top quark

Due to avour conservation in the strong interaction, there is onlytt pair production
possible. Dierent from the production at the Tevatron [23], whereqq annihilation is
the dominant mechanism ott pair production, gluon fusion is the main production at the
Lhc ( 90%. The reason for this is thatqq annihilation of valence quarks is not possible
because of the usage of@p collider and due to parton distribution functions (PDF) [24],
but gluon fusion is available.
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Figure 2.2.: Final state topologies fortt production and their branching ratios.

The top quark in the electromagnetic interaction

Top quarks can also couple to a photon (electromagnetic) vigp! tt . In the SM this
coupling is expected to be a vector coupling. Examples of the electromagnetic interaction
of the top quark are shown in the case dft production because ofjq annihilation in
Figure 2.3 and because of gluon fusion in Figure 2.4.

Figure 2.3.: Possible photon radiation
of tt system for quark
annihilation.

Figure 2.4.: Possible photon radiation ott
system for gluon fusion.

To con rm or to get sensitive to possible deviations of thé coupling, detailed measure-
ments are necessary.
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2.2.3. Results of tt analysis at centre-of-mass energies of 7 TeV
and 8TeV

At a centre-of-mass energy ol'? s=7TeV and an integrated luminosity ofL = 4:59fb !
the cross section measurements for the electromagnetic coupling of the top quask (

tt ) were analysed in the single lepton channel and in a kinematic ducial region above
the photon's transverse energy dE+ > 20 GeVat Atlas . This measurement is mention-
able because it was the rst time the observations are at a signi cance of 5.3 standard
deviations.

The ducial cross section is de ned as

fid _ NS.

tt T

whereNs = N Ny is the corrected number oftt events. The number of estimated
background eventsN,, is subtracted from potentialtt candidatesN. " is the e ciency,
which is determined from Monte Carlo simulations as the ratio of alit events passing
the event selection to the events generated in the ducial region.
The analysis showed that the ducial cross section aﬁ s=7TeV is found to be

=63 8(stat.) [5(syst) 1(lumi.)fb, which is in good agreement to the theoretical
result, predicted in QCD NLO calculations, of eo: = (48  10)fh.
At © s=8TeV and an integrated luminosity ofL = 20:2fb * a measurement of photons
with a transverse momentum abovegr > 15 GeV was performed.
In this case the theoretical prediction at NLO calculations yielded a value Ofyeo =

(151 24)fb. The experimental value was " =139 7(stat) 17(syst.)fb [25].

tt



3. Experimental Setup - LHC & the
ATLAS detector

In the following section the experimental setup will be described. First, there will be a
brief description of the Large Hadron Collider at @rn . Then, the Atlas detector will
be introduced.

3.1. Hadron Collider physics at the Large Hadron
Collider

The Large Hadron Collider [26] (Ihc) is a proton-proton (pp) collider. In 2009, it started
operating. The Lhc has a circumference of abol27 kmand is placed100 munder ground
near Geneva, Switzerland. Currently, the centre-of-mass energypi§ =13 TeV.

Two beams of protons are accelerated in the opposite direction. At thent there are
four points, where the beams cross surrounded by one of the detectordlgda [27], Ons
[28], Alice [29], Lhco [30]). Atlas and Cms are supposed to examine collisions getting
SM measurements and hints for physics beyond the SM, wherealicd is specialised on
heavy-ions to produce a quark-gluon plasma andic b studies the CP violation. A sketch
of the Cern complex is shown in Figure 3.1. The lhc is a circular accelerator. To hold
these high-energetic protons on a circular orbit, a magnetic eld strength ¢Bj = 8:33T
is necessary. Technically, the hc is limited by this high, but necessary, magnetic eld
strength. This strength is reached using liquid Helium to get a temperature df9 K and
using superconducting NbTi magnets.

In Figure 3.1 the accelerator chain of the &n complex is presented ending at the lic.
First of all, the protons are collected into bunches, containing:15 10' protons per
bunch. Each proton beam consists of 2808 bunches. Ev@&¥ynstwo bunches cross.

The protons start at the linear accelerator LINAC2. Then they reach the BOOSTER
accelerator, where the protons already have an energy of abdut GeV. After leaving
the Proton Synchrotron (PS) with an energy of26 GeV, the protons are injected to the
Super Proton Synchrotron (SPS). There, the protons reach an energy of abcth0 GeV
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Figure 3.1.: Representation of the accelerator chain at&n (©Cern , Geneva, Switzer-
land).

and are injected to the Lhc until they reach the desired energy.
In contrast to the static quark model, which was the rst idea of a proton and assumes
that the proton consists of three quarks (uud), QCD describes the behaviour of the pro-
ton and its quarks much better. According to QCD, a proton consists of three valence
guarks and, because of the interaction of these valence quarks, gluons can form further
quark-antiquark pairs. These are described as sea quarks. All these components of the
proton are called partons.
The issue of a high luminosity and therefore a high cross sections solved usingop colli-
sions. The current luminosity of the lhc goes up to a maximumof. =2  10*%cm 2s 1.
An advantage of using protons, with beam energl, instead ofe e" pairs as LEP did,
is the non limiting e ect of energy lossEx by synchrotron radiation. The reason for this
is the following proportionality ,

Ex / 514: (3.1)
Due to the much larger massn of the proton, compared to the electron ( 2000 times),
Ex becomes small.
It is planned that in the next years the centre-of-mass energ{)F/) s ) will reach its maximum
of 14 TeV. From the year 2026 onwards, larger luminosity values are also planned.

10
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3.2. The ATLAS detector

The Atlas detector [27] is designed for many purposes, for example to nd hints for
physics beyond the SM or to identify particles. Figure 3.2 shows a schematic picture of
the Atlas detector and its important components.

Figure 3.2.: Sketch of the Atlas detector with its most important sub-components.

In Figure 3.2 one can see that the #as detector is a cylindrical one and therefore a
special coordinate system is required (see Figure 3.3). Obviously, the z-axis matches the
beam line, is the polar and is the azimuthal angle.

Figure 3.3.: Sketch of the cylindrical coordinate system of the #as detector.

For the observed patrticles at Alas , so E  m, wherem describes the object's mass and
E the total energy, the pseudorapidity

= Intan - (3.2)

11
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is a really important quantity, because it depends only on the polar angle, which can
be measured directly. Also, is preferred to , because di erences in pseudorapidity are
Lorentz invariant under boosts along the longitudinal axis. Lorentz invariant variables are
independent of the reference frame, which is also helpful. The following Lorentz invariant
variable is used due to distance measurements of two objects in the plane

R= () ?+( )% (3.3)

The Inner Detector

The Inner Detector of Atlas consists of three components: Pixel detector, Semiconductor
Tracker (SCT) and Transition Radiation Tracker (TRT). The whole Inner Detector is
placed in a homogenous magnetic eld, with a strength gBj = 2T and eld lines parallel

to the beam. Because of the Lorentz force, charged particles move onto circular orbits
with a radius r, which can be measured. By equating centripetal force and Lorentz force
and knowing the chargey of the particle, the absolute value of the transverse momentum
pr of the particle can be calculated withjprj = gjBjr.

Ultrarelativistic particles are hard to identify in this tracking system, because they travel
so fast through this magnetic eld, that the radiusr becomes nearly immeasurable. The
resolution of the reconstructed transverse momentum gets worse with higher transverse

momentum, thus
(pr)

T / pr: (3.4)
The innermost part of the Inner Detector, the Pixel Detector, is made of Si-diodes and
the pixels have an extent ovebOum  400um. If an ionizing particle travels through the
depletion zone and therefore creates electron-hole pairs, a pulse is measurable. With this
information the position, and so the track of the particle is known with a good resolution.
Next, the Semiconductor Tracker (SCT) achieves a nearly equivalent resolution of a par-
ticle's track. Here, Si strips are used. Financially, this part of the detector is more
inexpensive than the Pixel Detector.
To identify a massive particle, one can use the equatigst = m , wherem is the parti-
cle's mass, is the Lorentz factor and is the patrticle's velocity. With the Pixel Detector
and the SCT, pr can be measured, which leads to the need of the particle's velocity to
measure the particle's mass.
The outermost part of the Inner Detector is the Transition Radiation Tracker (TRT),
which is used for further tracking resolution and to identify particles. This kind of radia-

tion occurs whenever a particle passes the boundary with two di erent refraction indices

12
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