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Zusammenfassung

Messungen der Eigenschaften des Top Quarks sind ein wichtiger Bestandteil der aktuellen
Forschung in der Teilchenphysik. Diese Arbeit beschéftigt sich mit der Untersuchung des
tty Produktionsprozesses. Hierbei wird unter anderem die Kopplung zwischen dem Top
Quark und dem Photon untersucht. Das Photon kann hierbei direkt von dem Top Quark
oder seinen Zerfallsprodukten abgestrahlt werden, oder von den Quarks im Anfangszu-
stand. Aktuelle Forschungsergebnisse beriicksichtigen diese Unterscheidung nicht, welche
aber fiir sehr préazise Messungen, insbesondere der Top-Photon-Kopplung, nétig ist. Daher
wurde im Rahmen dieser Arbeit ein Werkzeug entwickelt, welches in der Lage ist, diese
beiden Prozesse zu unterscheiden. Dafiir wurden Simulationen durchgefithrt und Varia-
blen untersucht, in welchen die beiden Prozesse unterscheidbar sind. Diese wurden dann
genutzt, um ein neuronales Netzwerk zu trainieren. Ein Area Under Curve (AUC)-Wert
von 0.8323 wurde erreicht, was bedeutet, dass etwa 83% der Prozesse richtig klassifiziert
wurden.

Abstract

The measurement of the properties of the top quark is an important part of current
research in particle physics. This thesis involves the tty analysis, where the coupling
between the photon and the top quark can be examined. The photon can be radiated
off the top quark or its decay products, or the quarks in the initial state. The current
analysis does not distinguish between those cases. But this is necessary for high precision
measurements, in particular of the top-photon-coupling. In this thesis, a tool is developed
to separate events were the photon is radiated off the top quark or the quarks in the
initial state. Events were simulated and discriminant variables were investigated. These
variables were then used to train a neural network. An Area Under Curve (AUC) value
of 0.8323 is achieved which means that about 83% of the events were classified correctly.
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1. Introduction

After the discovery of the top quark in 1995 at the Bvatron  [1,[2] the research on the
top quark progressed a lot. At rst it was only a rare signal process. The theory of the
Standard Model (SM) and more detail about the top quark are described in Chaptgf 2.
Now in the Large Hadron Collider (Lhc) [3] era (see Chaptefr[3), the top quark production
has become a well known process which is relatively easy to observe. A lot of di erent
properties of the top quark were measured and all measurements are so far in agreement
with the SM. But one measurement which is still not done yet is the coupling strength
between the top quark and the photon. By doing that, the electric charge of the top
guark can be determined. This is one of the goals of the analysis.

Current measurements are done but one aspect is not taken into account. The photon
can not only be radiated o the top quark but also the quarks in the initial state of the

tt production process can emit a photon. Currently both processes are counted as signal
but for high precision measurements of the coupling only the events where the photon
was emitted by the top quark are relevant. The goal of this thesis is to develop a tool
which is able to distinguish these events.

Neural networks are used for this task. The theory behind them as well as the tools which
were used in this thesis are described in Chaptef 4.

In order to develop a tool that can distinguish between the processes, events were sim-
ulated using MadGraph [4] and discriminant variables were investigated. After that a
neural network was trained to distinguish the events (see Chaptgf 5).

The nal results and an outlook for future analysis are shown in Chaptér] 6.






2. Theory

2.1. The Standard Model

The Standard Model (SM) of particle physics describes fundamental particles and the in-
teractions between them. These fundamental particles are called fermions and are %)in-
particles. Currently, 12 fermions of di erent avour are known which are grouped in three
generations of quarks and leptons. Particles of di erent generations only di er in their
masses which increases with higher generations.

Furthermore, the quark and the lepton sector are each divided into up-type and down-
type particles which di er by one unit in the third component of the weak isospinl s.
Up-type fermions havel ; = + % and down-type fermions havd ; = %

The SM describes three of the four fundamental forces which are the electromagnetic force,
described by Quantum Electro Dynamics (QED), the weak force, and the strong force,
described by Quantum Chromo Dynamics (QCD). Gravity is not described by the SM.
Actually, as shown by Glashow [5], Weinberg [6] and Salam [7], the electromagnetic force
and the weak force both come from the same physical phenomenon which is described in
the electroweak uni cation.

In the SM, these forces get transmitted via gauge bosons which are spin-1 particles. The
electromagnetic force is transmitted by massless photons, the strong force is transmitted
by massless gluons and the weak force is transmitted by massive electrically chargéd-
bosons and neutralZ -bosons.

However, these bosons can only couple to the di erent charges of a fermion. Photons cou-
ple to the electric charge, which all quarks and their antiparticles and all charged leptons
and their antiparticles have. Neutrinos do not have an electric charge and hence do not
interact electromagnetically. TheW -bosons have an electric charge as well so they also
interact electromagnetically. Gluons couple to the colour charge which only quarks and
the gluon itself has, which means that gluons can couple to themselves. The charge of
the weak force is the third component of the isospin which all particles have as mentioned
before. This means that all fermions can interact via the weak force.

In the electroweak theory, the weak hypercharge [6] is de ned &=2(Q 13), whereQ
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Figure 2.1.: All components of the Standard Model.

is the electric charge. Therefore, the photon, th&/ -boson and theZ-boson couple to
the weak hypercharge.
The last part of the SM is the Higgs boson. According to the mathematical description
of the SM all gauge bosons should be massless. But experiments show that \tiie-
boson has actually a mass ahy = (80370 19) MeV [8] and the Z-boson a mass of
mz; = (91187:6 0:0021)MeV [9]. Mathematically, the SM is described as a local gauge
and Lorentz invariant Lagrangian density function which is fully renormalisable [10]. To
solve the problem with the gauge boson masses, it is not possible to just add a mass term
to the Lagrangian density function because it would violate the local gauge invariance.
The solution to this problem was found by Higgs [11], Englert and Brout [12] and Gu-
ralnik, Hagen and Kibble [13]. Instead of a mass term a scalar eld was added. This
spontaneously breaks the electroweak symmetry which allows the bosons to acquire a
mass while the local gauge invariance is still satis ed. This scalar eld was later called
Higgs eld and is also responsible for the masses of most fermions (except neutrinos). One
consequence of this scalar eld is the existence of a spin-0 scalar boson which would be a
result of the excitation of the eld. This particle, called Higgs boson, was discovered in
2012 at the Lhc by Atlas [14] and Gns[15], therefore completing the SM of elementary
particle physics.
All the components of the SM are summarised in Figure 2.1.

The SM is very successful in describing the smallest parts of the known universe. It
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makes precise predictions which were probed by many di erent experiments. However,
it is known that the SM is an incomplete description of the universe. For example, as it
was already mentioned, gravity is not included in the SM. Furthermore, dark matter or
dark energy are not explained so only about% of the energy distribution of the universe

is included in the SM. Also, neutrinos do not interact with the Higgs eld which means
that they should be massless, but that is a contradiction to experimental results [16].
This shows that further investigations and high precision measurements are necessary to
explain these aspects of our universe.

Precise measurements of the SM and the search for physics beyond the SM are part of the
research at the Ihc. This includes for example the search for supersymmetric particles
or heavy resonancesW® Z9. But these particles have not been observed at thehic .

2.2. The top quark

An important part of current research at the Lhc is the top quark. With a mass of

m; = 173:0 0:4 GeV [9], itis currently the heaviest known elementary particle. Because
of that it has a high decay width and hence a short lifetime of =0:5 10 ?* s [17]. This
time is shorter than the interaction time of the strong force which means that the top
quark decays before it interacts strongly or hadronizes. This gives a rare opportunity to
study a "bare" quark. Normally, quarks have to be in bound states due to con nement.
This also gives restrictions on how a top quark decays. Since it does not interact strongly
it only decays via the weak force almost always into &/ *-boson and a bottom quark.
Decays to other down-type quarks are possible but highly suppressed because of the struc-
ture of the CKM matrix [18]. The top antiquark also decays via the weak force into a
W -boson and a bottom antiquark. TheW -bosons then decay further both into quarks
(full hadronic decay), both into leptons (dileptonic decay) or one into quarks and one
into leptons (semileptonic decay). Knowing these decay modes is important to identify a
top-antitop pair in the detector.

Some measurements which were already done include the mass di erence between the top
guark and the top antiquark [19], forward-backward asymmetry [20] and charge asymme-
try [21], spin correlation [22], thejVyj element of the CKM matrix [23] and the search for
avour-changing neutral currents [24]. All those measurements are currently consistent
with the SM but more precise measurements could give clues about physics beyond the
SM.

Another aspect of current research, which is the topic of this thesis, is the measurement of
the coupling between the top quark and photons by measuring the associated production
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Figure 2.2.: All possible production channels of &t pair at leading order. The diagram
on top shows quark-antiquark annihilation and the three diagrams at the
bottom show gluon-gluon fusion.

of a top quark-antiquark pair and a photon. Any deviation of the measured cross section
value from the SM prediction would be an indication of beyond SM physics. Even though
recent measurements are in agreement with the SM predictions [25, 26].

The Lhc is a proton-proton collider, so the main production process for & pair is
gluon fusion with about 90% [27]. The other 10% are quark-antiquark annihilation. In
Figure 2.2 all possiblett production processes at leading order are shown.

2.3. The tt process

The tt production process gives a good opportunity to directly study the coupling
strength between the photon and the top quark. Current cross section measurements at
Atlas and Cmsyield a cross section of g =139 18fb [25] and ¢ =127 27 fb [28],
respectively, in the semileptonic channel at an energy 8f§ = 8 TeV. In both measure-
ments, all prompt photons (photons originating from the hard collision) are counted as
signal. This means, that not only photons radiated o the top quark are taken into ac-
count, but also photons radiated o the partons in the initial state and photons radiated

o the decay products of the top quarks. Since only photons radiated o the top quark
are of interest for these coupling measurements, one must distinguish between the ini-
tial state radiation (ISR) and nal state radiation (FSR). The nal state radiation can
further be separated into photons from the top quarks, photons from the bottom quarks
and photons from theW bosons. In this thesis only the separation between FSR from
the top quark (which will only be called FSR in the following) and ISR is discussed. The
processes are shown in Figure 2.3.
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Figure 2.3.: The two processes which will be discussed in this thesis are shown. The left
gure shows a photon from the nal state radiation (FSR) process from
the top quark. In this case the top quarks are created by gluon fusion. The
right gure shows a photon from the initial state radiation (ISR) process.

Since the dominant production process fdt is gluon fusion and gluons can not radiate
0 photons, ISR has only a small contribution to the cross section. But for high precision
measurements, the separation between FSR and ISR is still necessary.






3. Experimental setup

3.1. LHC

The Large Hadron Collider (Lhc) [3] at Cern started operating in 2009. It is installed
about 100 m underground in the tunnel previously used for the Large Electron-Positron
Collider (Lep) near Geneva, Switzerland. The hc has a circumference of abou27 km.

It is designed for a maximum centre-of-mass energy gfé = 14 TeV. Because the lhc

is a particle-particle collider, two separate beam pipes with magnetic elds pointing in
opposite directions are needed, unlike particle-antiparticle colliders which only need one
pipe. The particles inside the beam are grouped into bunches of up 16! protons and
both beam pipes contain 2808 bunches each. Théd has three modes of operations.
In one mode two proton beams are used, in the second mode two beams of lead ions are
used and the third mode collides protons with lead ions. A high magnetic eld strength
is necessary to bend the high energetic particle beams to a circular orbit. For that,
superconductive NbTi magnets are used which operate at a temperature beldu using
liquid helium. In the 7 TeV run a eld strength up to jBj = 8:33 T was used.

The Lhc has four experiments: Alas [29], Oms[30], Alice [31] and Lhco [32]. The rst
two are general-purpose experiments which aim at a peak luminositylof= 10%* cm 2s !

for proton operation. The Atlas experiment is going to be discussed in more detail in
Section 3.2. lhco is a low luminosity experiment specialised om-physics at a peak
luminosity of L = 1032 cm 2 s ! for proton collisions. Aice is a heavy ion experiment
aiming at a peak luminosity ofL = 102’ cm 2 s ! for lead-lead ion operation.

The Lhc makes use of the accelerating facilities ateZn because the magnet system of
the Lhc alone is not capable to cover the complete acceleration process. A scheme of the
acceleration complex is shown in Figure 3.1.

The starting point of the proton injection chain is the linear accelerator Inac 2 . There
the protons get accelerated up t&0 MeV after which they reach the Boster . Here, the
protons get further accelerated and reach the Proton Synchrotron & with an energy of
1:4 GeV. They leave it with an energy of25 GeV where they are injected into the Super
Proton Synchrotron (PS) and nally reach the Lhc with an energy of450 GeV. There
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Figure 3.1.: The acceleration facilities at @rn . © CERN.

they get accelerated up to the desired energy. Thent has four interaction points where
the two beam pipes cross. At these crossings, the four detector experiments are installed
to observe the nal states of the collision.

The ion acceleration process is almost the same except that instead ohdc 2 and
Booster the accelerators linac 3 and Leir are used. For lead ions, a total centre-of-
mass energy of.:15 PeV (2:76 TeV per nucleon) is achieved.

3.2. ATLAS

The Atlas detector is a general purpose detector [29] designed for more precise mea-
surements of the SM and physics beyond that. A sketch of the detector and its main
components is shown in Figure 3.2.

The Atlas detector is placed symmetrically around the beam pipe and covers almost
a solid angle of4 to detect as many particles as possible.
The most inner part of the detector is the tracking system. It is used for pattern recog-
nition, momentum and vertex measurement and electron identi cation. The tracking
system itself is composed of three layers: the semiconductor pixel tracker and silicon mi-
crostrip tracker (SCT) and the Transition Radiation Tracker (TRT). The inner detector
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