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Zusammenfassung

Die tZq-Produktion ist eine Unterart der Top-Quark Einzelproduktion im ¢-Kanal, bei
der ein zusétzliches Z-Boson abgestrahlt wird. Zur Messung der Polarisierung des Top-
Quarks, wird dieses aus den Endzustandsteilchen des trileptonischen Zerfalls von tZq re-
konstruiert. Im Ruhesystem des Top-Quarks kann die Winkelverteilung des Leptons aus
dem Top-Quark-Zerfall relativ zum Top-Quark-Spin gemessen werden. Aus dieser Vertei-
lung wird dann per Entfaltung die tatsachliche Verteilung ermittelt. Die Entfaltung hat
zum Ziel, die Einfliisse eines Detektors mit begrenzter Auflosung und statistischer Mess-
unsicherheit auf diese Verteilung zu entfernen. Um dies zu erreichen, wird der Effekt des
Detektors simuliert, um anschlieBend die wahre Verteilung der Observable zu finden, die
mit der hochsten Wahrscheinlichkeit zur gemessenen Verteilung passt.

Die Rekonstruktion des Top-Quark liefert ein Ergebnis mit hoher statistischer Ungenauig-
keit. In einigen Ereignissen ergeben sich Top-Quark-Kandidaten, die nicht mit den echten
Top-Quarks des Ereignisses iibereinstimmen. Aufgrund dieser fehlerhaft rekonstruierten
Top-Quarks ergeben sich weitere hohe Unsicherheiten in der Entfaltung. Insgesamt ist der
Entfaltungsprozess in dieser Analyse mit zu hohen Unsicherheiten versehen, um aussage-
kréftige Ergebnisse aus gemessenen Daten zu erhalten.

Stichworter: Physik, Bachelorarbeit, Teilchenphysik, Top Quark, Spin-Polarisierung,
Entfaltung

Abstract

To find the top quark’s polarisation, the top quark is reconstructed from the trileptonic
final state. In the top quark’s rest frame the angular distribution of the lepton from the
top decay with respect to the top spin can be measured. This distribution is then unfolded
to find the distribution on truth-level.

Unfolding is a method to find the true distribution of an observable from a distribution
as measured in the detector with limited resolution and statistical effects. In the process,
the detector effects are simulated to find the truth-distribution with the highest likelihood
of being measured as the reconstructed distribution.

The top reconstruction yields top candidates with high uncertainties that often do not
match the true top quark in the event. Additional uncertainties arise in the unfolding
due to these unmatched top candidates. As a result, the found unfolding procedure does
not have sufficient accuracy to get meaningful results from measured data.

Keywords: Physics, Bachelor thesis, Particle physics, Top quark, Spin polarisation,
Unfolding
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1 Introduction

Particle accelerators with changing electromagnetic fields were first realised in 1928 [I]
and have been enhanced ever since. The energy per accelerated particle has been in-
creased from 50keV in 1928 [I] to 6.5 TeV in 2015 [2]. Through the decades of research
different elementary particles were discovered and lead to the development of the Stan-
dard Model. In 1973 a third generation of quarks consisting of two particles was predicted
[3], one of which was the top quark. The top quark was discovered in the CDF and D@
experiments at the TEVATRON in 1995 [4, 5]. Today the energies of accelerators suffice to
create all known elementary particles, allowing physicists to study their parameters like
mass, lifetime, electric charge, spin, and many more. From comparison of these measured
parameters to the values predicted by the Standard Model differences could be found,
leading to improved theories to describe particle physics.

As there are still questions in elementary particle physics that cannot be answered by the
Standard Model, other theories have been formulated that are usually referred to as Be-
yond Standard Model (BSM) theories. One possible way of testing the Standard Models
predictions and searching for evidence for BSM theories is the measurement of the top

quark’s polarisation.
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2 The Standard Model of Particle
Physics

The Standard Model of particle physics is a well established theory to describe elemen-
tary particle physics [6]. It contains all known elementary particles and describes three
elementary interactions between these particles. Though the Standard Model accurately
describes the processes in its field and has successfully predicted the existence of several
particles, it is known to be incomplete. Phenomena that cannot be explained by the
Standard Model include the observed asymmetry between matter and antimatter in the
observable universe [7] and the supposed existence of dark matter that makes up 25 % of

the universe’s energy [§].

2.1 Elementary Particles

The particles in the Standard Model, as seen in Figure [2.1] are divided into bosons with
integer spins and fermions with half-integer spins. The elementary fermions are spin—%
particles and the bosons are divided into spin-1 gauge bosons and the spin-0 Higgs boson.
The gauge bosons are the force carrying particles in the Standard Model with the photon
(v) and gluons (g) being massless particles while the Z and W* bosons are massive. The
Higgs boson (H) is the only scalar boson and is the excited state of the Higgs field.

The twelve fermions are separated into six quarks and six leptons with three generations
each. Their respective charges determine how strongly the fermions couple to the forces
explained in section In each generation there is an up-type quark (up, charm, top)
with electrical charge —|—§ e and a down-type quark (down, strange, bottom) with charge
—% e. Fermions with a weak isospin I = % corresponding to negative, or "left-handed",
chirality can have the third component of the weak isospin I, = 4. Those with I, = +3
are called up-type fermions, while the other part of the doublet are the down-type fermions
with I, = —%. Right-handed fermions have an isospin of I = 0 and therefore do not form
doublets.

Quarks also have a colour charge with the possible values red, green, and blue. Because of



2 The Standard Model of Particle Physics
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their colour charge, the quarks are subject to the strong interaction that causes them to
form composite particles, called hadrons. Based on their spin being integer or half-integer,
hadrons are classified into mesons with two quarks, and baryons with three quarks.

Similarly to quarks there are the electron, the muon, and the tau as charged leptons with
charge —1 e while the matching electron neutrino, muon neutrino, and tau neutrino are
electrically neutral. With regard to the third component of the weak isospin the neutrinos

are up-type particles and the charged leptons are down type particles with the respective

value [,.

For each particle, the Standard Model also contains its antiparticle with the same mass
and lifetime. Other quantities like electric charge and the weak isospin’s third component

are opposite to the particle’s value. Antiquarks carry the anticolours antired, antigreen,

and antiblue as colour charges.

2.2 Interactions

The three interactions described by the Standard Model are the electromagnetic, the weak,

and the strong force. The electromagnetic force is conveyed by the photon coupling to




2.3 The Top Quark

electrically charged particles and has an infinite range. The weak and the electromagnetic
forces can be combined to the electro-weak interaction, which is mathematically described
by the U(1) x SU(2) symmetry group [9-11]. The four fields arising from these symmetries
can be superpositioned to form the exchange particles. These are the massive W and
Z bosons, and the massless photon. A particle’s coupling to a W boson is essential for
particle decay processes and allows quarks to change between the generations. The W bo-
son only couples to left-handed particles, allowing them to change between being up-type
and down-type fermions. Weak interactions without a charged current, called neutral
current interactions, involve the Z boson, which couples on particles depending on their
electric charge and weak isospin. In contrast to the W boson the Z boson couples to both,
left-handed and right-handed, particles though the coupling strength is still asymmetric
with respect to the particle’s isospin. The W boson has a mass of 80.385 4 0.015 GeV [12]
and the Z boson’s mass is 91.1875 4 0.0021 GeV [13]. Both bosons decay into fermions.
The strong interaction’s gauge group is SU(3) [14], 15]. The force carrying particles of the
strong force are gluons coupling to colour charges. Unlike electrically neutral photons,
gluons have a colour charge themselves, allowing them to interact with each other. When
quarks move apart from each other, new quark antiquark pairs are created between them,
creating new bound states. This effect of quarks not existing as free particles is called
confinement [16].

A locally gauge invariant theory of the weak interaction only allows for massless gauge
bosons. Thus, the mass of these gauge bosons can only be explained by the Higgs mech-
anism [I7H20]. The mass of the bosons, and in fact also the fermions, is gained by the

coupling of the particles to the Higgs field.

2.3 The Top Quark

With a mass of 173.34 £ 0.27 (stat) = 0.71 (syst) GeV [21], the top quark is the heavi-
est particle in the Standard Model. Because of its high mass top quark decays have a
large phase space and many decay modes are possible, leading to a large decay width of
1.32 GeV [22] being predicted by the Standard Model. The top quark’s lifetime can be
calculated as 7 = I'"! and is therefore very short with about 5-1072%s. The timescale
needed for depolarisation of particles is much longer than the time for quarks to hadro-
nise [23], which is in the order of 107**s. In summary, the top quark is expected to
decay as a single particle before hadronisation and depolarisation of its spin. Therefore,
the top quark’s spin properties are preserved by its decay products, allowing them to be

measured.
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Top quark production modes

The top quark can either be produced as a single top quark or as a tt pair. For each
process the energy in the collision must be at least the top mass or twice the top mass for
pair production. The special processes of single top quark production associated with a
Z boson and a quark can be categorised as tZq production which contains the processes
seen in Figure[2.2] The tZq production can happen as a weak interaction in the ¢-channel
with any of the four participating quarks radiating a Z boson. The Z boson can also be
emitted from the W boson propagator in a WW Z vertex. Though it does not contain a
Z boson, the non-resonant "¢~ production from the W bosons has the same final state
as tZq production with a leptonically decaying Z boson and is therefore classified as a

contribution to tZ¢ production too [24, 25].

Figure 2.2: Contributions to tZq production via Z radiation in a weak ¢-channel single
top production (in the three upper and the lower left diagrams), triple gauge
boson coupling WW Z (in the lower mid diagram), and via non-resonant
(¢~ production (in the lower right diagram).

Since the valence quarks of a proton-proton collision do not contain any bottom quarks,
a possible origin of the bottom quark in the initial state is a quark-antiquark production

from a gluon as can be seen in Figure [2.3]

Top quark decay modes

The top quark has a mass greater than the combined mass of a W boson and any other
quark, allowing it to decay into an on-shell W' boson and a down-type quark. The
cross-sections for decays into the different down-type quarks are affected by the Cabibbo-
Kobayashi-Maskawa-Matrix (CKM-Matrix, Vexm) [3]. Since the element |V, for changes



2.3 The Top Quark

Figure 2.3: A 1Zq production feynman diagram with a the b quark originating in a
quark-antiquark production by a gluon. The final state has a b spectator
quark.

between top and bottom quarks is almost unity and |Vi| > [Vigl,|Vis|, the resulting
branching ratio for a bottom quark is nearly 100% (101.4 % +3.2 % (syst)) [26]. Therefore,
a b-jet can be measured in almost all top quark decays. The W boson can either decay
into a charged antilepton (e™, u*,7") and the corresponding neutrino (v, v, v;) or into
a ¢'q pair. The branching ratios for the W boson according to [27] can be seen in
Figure [2.4, In the case of a ¢ pair being created, these quarks form jets that can
be detected. When the W boson decays into a positron or an antimuon the relevant
antilepton can be observed together with missing transverse energy from the neutrino
that cannot be observed. An antitau is too short-lived to reach the detector and only
its decay products can be measured. These products are always a tau antineutrino and
either up to four mesons, or a lighter antilepton and its neutrino.

To predict possible particle combinations that can be measured in the detector after
tZq production, the Z boson and the additional quark must be considered too. The
Z boson decay’s branching ratios measured by [I3] are included in Figure 2.4 The
possible decay products are a ¢q pair, an ¢~ pair, or a third product that is invisible to
the detector. With the Standard Model prediction that these invisible decay products are
v pairs the number of neutrino generations can be measured to be 2.9840 £ 0.0082 [13].
In the detector the signal from the Z boson is therefore either two jets, two charged
leptons, or just missing transverse energy, if the decay products are neutrinos. The quark

from the tZq production is detectable as a single jet.

Top quark spin polarisation

A particle’s polarisation describes whether the spin direction is equally distributed over
all possible directions or whether there is a preferred direction which would be called the

polarisation direction. The fraction of spin that is parallel to the direction of momentum
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TV,

(a) W boson (b) Z boson

Figure 2.4: Branching ratios for the decay of (diagram a) a W boson according to [27]
and (diagram b) a Z boson according to [13].

of a particle is called the helicity of the particle. In the limit of a massless particle the
helicity becomes equivalent to the chirality of the particle. Since W bosons only interact
with particles with a left-handed chirality, the initial quarks b and ¢ must be left-handed.
The top quark is then expected to be polarised in the direction of momentum of the final
state quark ¢’ [28]. When the top quark decays via the W-boson into a lepton, this lepton’s
direction of momentum is correlated with the polarisation with the angular correlation
ay. [29]. Measurement of the polarisation can be carried out via reconstructing the angle
0* between the ¢’ and the lepton in the top quark’s rest frame. The differential cross
section over this angle can be fitted to the expected formula to find the polarisation Pt(q/)
and the spin asymmetry defined as A; = %Pt(ql)ag:

b o (1 +PDq cos(@*)) =0 <1 + A cos(@*)) : (2.1)

dcos(*) 2 2
With tZq production multiple couplings of the SM can be probed. As seen in the first
diagram of Figure [2.2] and in Figure [2.3] the top quark can radiate a Z boson before
decaying. Through this coupling the electro-weak sector of the top quark can be studied.
Another possible interaction that can be probed, is the triple gauge coupling between the
W- and the Z boson as seen in the fifth diagram of Figure 2.2
In conclusion, the top polarisation is sensitive to changes in different couplings, which can

be studied in an effective field theory approach.



3 The Experimental Setup

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [30] is a circular particle accelerator with a length of
27km. It collides two beams of high energy proton bunches at the four positions on the
ring where the detectors ALICE [31], Atras [32], Cwms [33], and Luce [34] are located.
Bunch crossings in the LHC happen every 25ns with an average 27 collisions per bunch
crossing [2]. The centre-of-mass energy reached in 2015 was /s = 13TeV. This energy
suffices to investigate nearly all possible interactions within the Standard Model and a lot

of possible BSM scenarios.

3.2 The ATLAS Detector

With the high frequency at which the protons collide, and the high energies allowing for
many particles to be created, detectors need to effectively decide, which events to record,
and they need to accurately identify the created particles. The decision which events
to record is made by a hardware based first level trigger and software based high level
triggers [35]. The level 1 trigger determines a region of interest for further analysis, and
rejects events without high pr-objects. At the higher level triggers the objects from the
event are reconstructed within the region of interest to reject events with a low resolu-
tion or if the reconstruction is not possible. The remaining objects after these selections
are fully reconstructed and stored for later analysis. To identify different particles and
measure their energy, momentum, and trajectory, detectors consist of different layers, in
which the particles interact differently with the matter of the detector. Important criteria
for the order of the layers are the spatial resolution of a detector, the cost to build it in
the required size, and whether particles pass through it to be detected by later detector
layers. The design of the ATLAS detector can be seen in Figure 3.1 The innermost layers
of the ATLAS detector are a pixel detector and a semiconductor tracker [32] both made
up of small silicon semiconductor sensors [36], in which charged particles create a signal

by ionising the material. This detector is followed by a transition radiation tracker [32]
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Tile calorimeters

LAr hadronic end-cap and
, forward calorimeters

Pixel detector

Toroid magnefs LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Figure 3.1: Design of the ATLAS detector with its different detector layers.
ATLAS Experiment © 2008 CERN.

that is based on the ionisation of gas in drift chambers, where the ions and electrons
are measured by wires with a high voltage. The used gas mixture is Xenon (70%), COq
(20%), and CF, (10%) [36]. Between the drift chambers are materials with different re-
fractive indices to cause relativistic particles to radiate photons when passing through the
boundaries between the materials. The combination of several layers of these small pix-
els, strips, and drift chambers can measure a three-dimensional track of the particles with
decreasing resolution towards the outside of the detector. The resolution perpendicular
to the beam direction is ¢ = 12 um for the pixel detector, 16 ym for the silicon strips,
and 170 ym for the transition radiation tracker [36]. The solenoid magnet outside these
detector layers creates a magnetic field parallel to the beam line. In this field particles
moving in transverse direction to the beam line are deflected. The curvature of the par-
ticles” trajectories is used to measure their momenta. The emitted transition radiation
then allows to distinguish light particles that are more relativistic than heavy particles of
the same momentum.

Outside the Inner Detector are an electromagnetic and a hadronic calorimeter for mea-
suring the energy of the particles. Inside the calorimeter electrons create photons through

Bremsstrahlung and photons create electrons and positrons through pair production. The
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3.2 The ATLAS Detector

initial particle’s energy is distributed among these secondary particles. Hadrons can create
electrons, photons, and other hadrons through strong interactions with atomic nucleons
in matter. The energy depositions of the shower particles are measured individually and
combined by jet reconstruction algorithms into groups which are called jets. Through
this combination of the energy deposits, the energy of the jet and thus the energy of
the primary parton is determined. The electromagnetic calorimeter is made up of Lead
for shower creation and liquid Argon for the detection of showers [36]. Similarly, the
hadronic calorimeter uses steel as an absorbing material and scintillating tiles as an ac-
tive medium [36].

The outermost part of the ATLAS detector is the muon spectrometer. It works similarly
to the Inner Detector by measuring the muons trajectories in a gas mixture of Argon
(93%) and COy (7%) with a resolution of 80 ym [36] to measure their momentum.

At each end of the detector there is an end cap consisting of calorimeters, toroid magnets,
and muon chambers to detect particles emitted at small angels with respect to the beam

line.
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4 Object reconstruction

4.1 Monte Carlo generators

To investigate the effect of the detector on an observable, and to study the efficiency
of event selection and reconstruction, data samples cannot be used, since the true reac-
tions and final states are not known. For those purposes the events can be simulated by
specifically created Monte Carlo generators. Those are based on standard model calcu-
lations to find probabilities for different reactions and then simulate the collisions. The
information generated this way is called the truth-level information since it contains the
particles’ true quantities and information on their respective creation. Additional simu-
lations are performed to include the detector measuring the particles of the truth-level
events. This process adds statistical uncertainties to the particles’ quantities and can po-
tentially misidentify the particles. The resulting samples contain the reconstruction-level
(short reco-level) information in the same format as given from the detector after mea-
suring real events. To simulate the events that are studied in this analysis, the general
purpose Monte Carlo generator PYTHIA [37] is used in combination with aMc@NLO [3§]
to account for QCD corrections. For the b quarks involved in the process, the 4 flavour
scheme (4FS) was used by not considering b quarks as partons in the proton. Instead, the

b quarks were generated using massive QCD splitting functions.

4.2 Objects

In the detector, an electron is reconstructed from the combination of an energy deposition
in the calorimeter that matches a reconstructed track in the Inner Detector [39]. Electrons
with a high pseudorapidity have reduced resolution in the Inner Detector and deposit
their energy in the endcap calorimeter, which is less efficient than the barrel calorimeter.
Similarly, electrons with a pseudorapidity between 1.37 and 1.52 pass through the gap
between the barrel detectors and the endcap detectors. They traverse part of the detector’s
support structure, which is inactive material and greatly reduces the resolution of the

energy measurement. In combination, electrons are only reconstructed for |n| < 1.37 or
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4 Object reconstruction

1.52 < |n| < 2.5.

The identification of electrons is improved by using the tight likelihood working point
with an average efficiency of 80% [39].

Since non-prompt electrons can emerge from decays of other particles after the original
collision, the reconstructed electrons should be isolated to avoid misidentifying the non-
prompt electrons as prompt. The isolation criteria are based on measuring the deposited
energy in a cone of AR = (0.2 around the electron. For the isolation in the Inner Detector
the cone size can be smaller for high pr values by taking AR = min(mp%, 0.2). This
accounts for electrons from high pr particle decays to be close to the other decay products.
The isolation is determined with the loose working point by requiring the deposited energy
in the cone in the calorimeter to be below 20% of the electron’s pr. For the energy
measured in the variable sized cone in the Inner Detector, the relative energy must be

below 15% [39].

Muons can be detected in the Inner Detector as tracks, but only deposit a negligible
amount of energy in the calorimeters as they are minimum-ionising particles (MIPs).
Therefore, muons can pass through both calorimeters and can then be detected in the
muon spectrometer. If a track found in the muon spectrometer can be matched to a track
in the Inner Detector, the corresponding particle is identified as a muon [40]. Since a
measured track in the Inner Detector is necessary for this identification, the muon is only
reconstructed for |n| < 2.5, similarly to the electrons. To extend this geometrical limit
up to |n| < 2.7, tracks in the muon spectrometer without an associated track in the Inner
Detector are identified as muons as well.

For the muon identification, the medium working point is used, which considers mainly
muons from combined tracks in Inner Detector and muon spectrometer. Muons with hits
only in the muon spectrometer are only considered if they are in the region 2.5 < |n| < 2.7
[40].

To determine whether a muon is isolated, the loose working point is used, similar to the
electron isolation. The cone for the calorimeter deposits is the same as for the electron,
while the variable cone in the Inner Detector has a maximum size of 0.3. In Z — puu

processes this working point has an efficiency of 99% [40].

Jets are reconstructed from energy deposited in adjacent calorimeter cells. The grouping
of the energy clusters into jets is achieved using the anti-k; algorithm [41]. Jets do not
need to be matched to tracks in the Inner Detector and can be reconstructed with high
pseudorapidities |n| < 4.5.

The hadrons formed by bottom quarks have comparatively high lifetimes since they only

decay via the weak interaction. Due to these lifetimes, they can travel distances of up to
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4.2 Objects

several millimetres away from the collision point before decaying in a secondary vertex.
The jets originating from bottom quarks (b-jets) are characterised by originating in such
secondary vertices. To identify a jet as a b-jet, tracks in the Inner Detector are needed to
determine the secondary vertex. Due to the needed tracking resolution, these jets must
satisfy || < 2.5. The b-tagging algorithm DL1r used in this thesis is based on a deep
neural network [42].
In the ATLAS detector there are usually multiple scattering processes per bunch crossing
resulting in energy deposits from the different events occurring at the same time. This
effect is referred to as in-time pileup. Additionally, out-of-time pileup is found when
remnants of previous processes are still being detected. To differentiate between these
pileups and jets, the jet-vertex-tagger (JVT) can be used to tag and reject pileup jets
[43]. The JVT is based on reconstructing the primary vertices, from which jets originate,
to discriminate between pileup and signal jets. For this reconstruction tracks in the Inner
Detector are necessary limiting the use of the JVT to object with |n| < 2.5. To reject jets
with 2.5 < |n| < 4.5, the forward jet-vertex-tagger (fJVT) algorithm is used [44].
Neutrinos are not measured in any part of the ATLAS detector due to their negligible
interaction cross section with matter. The only trace of a neutrino being involved in a
particle reaction is therefore the absence of its energy and momentum in the transverse
plane. Since the colliding particles in the collider have no momentum transverse to the
beam line, the total transverse momentum of the final state should be zero through the
conservation of momentum. The negative sum of all measured transverse momentum
vectors is interpreted as the missing transverse momentum vector or missing transverse
energy (FERss) [45].
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5 Event Selection and

Reconstruction

The studied events are expected to contain the associated quark ¢’ of the top production,
the decay products from the Z boson, and the decay products from the top quark itself.
Additional jets can contribute through final state QCD radiation. To not exclude this
case, both final states with and without an additional untagged jet are selected for the
analysis.

The quark ¢’ will be measured as an untagged jet. From the Z’s decay products, the
¢T¢~ pair is used for this analysis due to the clean event signature in the hadronic envi-
ronment of the LHC. Since Z interactions do not allow flavour changes, the leptons are
expected to have the same flavour while also being oppositely charged. Such ¢t~ pairs
are also known as opposite-sign, same-flavour (OSSF) pairs.

The decay mode of the top quark considered for this analysis is the decay into a bottom
quark and a W boson. This boson decays leptonically into a charged electron or muon,

and the corresponding neutrino. The reaction can therefore be summarised to:

pp—=bg—=>tZq—qblltl v (5.1)

5.1 Cuts

To account for low energetic backgrounds, it is useful to require a minimum pr of all
detected objects [39, [40].

The pr required for all leptons is 20 GeV [24] while they must also satisfy |n| < 2.5. Since
the first level trigger of the detector only saves events with high-pr particles, at least one
of the leptons is required to have a pt of at least 28 GeV. The required pr for the measured
jets is 35 GeV [24] while for b-jets |n| < 2.5 is required and |n| < 4.5 for untagged jets.
As two of the leptons originate from the Z boson, an OSSF pair is expected among the
three leptons that can be reconstructed to a Z candidate with |mg — myz| < 10 GeV. The

reconstruction is described in the following section.
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5 Event Selection and Reconstruction

5.2 Z boson reconstruction

To reconstruct the Z boson candidate from the available leptons, first all OSSF pairs are
identified. For each pair the four-momenta are added to find the four-momentum of the
7 candidate. Out of all OSSF pairs, the one with the invariant mass my, closest to the
Z boson’s mass of 91.1875 4+ 0.0021 GeV [13] is considered to originate from the Z decay.

The remaining lepton is associated with the decay of the top quark.

5.3 Top decay angle reconstruction

The lepton from the top decay is used to reconstruct the W boson. Since the missing
transverse energy can be measured and the neutrino’s mass can be neglected, only the
neutrino’s momentum along the beam axis is left unknown. As the minimum required
energy of the lepton of 20 GeV is much higher, than the mass of either an electron or
a muon, those can be neglected as well. The invariant mass of the W boson can be

rearranged into the quadratic equation (5.2)) with the coefficients in ([5.3)).

2
miy = (P +p}) =2 a-p, +bpay+c=0 (5.2)
a = pig - El? )
1 — —
b=2 Pz (2m%/[/ + Dy pT,miss) ) (53)

1 L 2 |
€= <2m%1/ + D1y 'pT,miss> - z? pig,miss :
Of the two possible momenta of the neutrino along the beam line, the smaller one is kept
to reconstruct the W boson. In case of complex solutions only the real part is used as a

unique solution.

With the reconstructed W boson and the b-jet, the top quark can be reconstructed by
adding the four-momenta. The top quark’s polarisation is known to be parallel to the
direction of ¢’ in the top quark’s rest frame. Therefore, both the ¢’ jet and the lepton
from the W decay are boosted into the top rest frame since all particles’ four-momenta
can be reconstructed. In case of two untagged jets being detected, the one with higher
pr is assumed to be corresponding to the quark ¢’. The angle 6* is defined to be between
the lepton and the quark. The cosine of this angle cos(6*) is the observable of interest to

study the top quark’s polarisation in comparison to equation (2.1)).
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6 Unfolding

Unfolding is a method used on measured distributions to reconstruct the truth-distribution.
To find an unfolding process, simulated distributions must be used to know the truth-
distribution and the result simultaneously. The effects of the detector can be mathemat-
ically described by the migration matrix M, the acceptance A and the efficiency e. Each
column of the migration matrix corresponds to one bin of the truth-distribution, while
each row is associated with a bin of the reconstructed distributions. Thus, the matrix
element M;; gives the proportion of events in the truth-bin with index ¢ that are measured
to be in the bin with index j in the reconstructed distribution.

The efficiency of a bin ¢ gives the percentage of events in this bin in the truth-distribution
that are included anywhere in the reco-distribution. In contrast, the acceptance is de-
fined as the percentage of events in a reco-bin j that belong to the same bin in the
truth-distribution. The efficiency accounts for events that are missed by the detector or
rejected by the cuts, while the acceptance takes events from background processes into
account that are identified as events from the signal. The migration matrix contains the
information on events that are measured to be in a different bin in the reconstructed
distribution, compared to the true distribution. The whole effect of the measurement
can be described by the response matrix as a combination of the three effects. To calcu-
late an element of the response matrix, the migration, efficiency and acceptance must be

combined according to equation (6.1) [46]:

1
Rz‘j = EiMin (6‘1)
J

6.1 Profile Likelihood Unfolding

In the profile likelihood unfolding, each line of the response matrix is considered as the
reco-distribution if only events in the corresponding truth-bin are measured. These dis-
tributions can be added while each is scaled by the number of events in the truth-bin to
form a measured distribution. The scaling factors of each bin are used as free parameters

Hi=o,....n- By performing a fit to match the weighted sum of the distributions to a given
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6 Unfolding

data distribution, the parameters u; are computed. That way the truth-distribution is
determined from the measured data distribution.

Since the response matrix is computed from simulated events, it is affected by the system-
atic uncertainties of the used Monte Carlo generators and the detector. These uncertain-
ties are included as nuisance parameters ¢; in the distribution. To fit the free parameters
to the data distribution, a likelihood function £ is maximised. In equation the like-
lihood to measure a distribution 7 is defined. The parameter u; can be interpreted as the
expectation value of bin ¢ and n; as the measured content in bin i. The n; are Poisson-

distributed, while the uncertainties are normally distributed. This normal distribution is

characterised by the expectation values 9? and standard deviations Af;.
ng
|

i (6, - )"
] exp(—4) - H exp _W

? jEsyst.

c (i d) = T

i€bins

(6.2)

For any given choice of /i, the profile likelihood is defined in (6.3) as the maximum value
of the likelihood. The profile likelihood is only dependant on p. Working with the profile
likelihood allows to include the uncertainties in the fit without needing more parameters.

To simplify the fit numerically, ¢(f) is defined from the normalised profile likelihood A(f7)
according to equation ([6.4).

Lorofite (12| f7) = max{ﬁ (ﬁ|ﬁ, 5) ‘ﬁ = const} (6.3)
Lproite (71]/1)

max{£ (ﬁ|ﬁ, e‘) }

= ¢ (i]ji) = —2log (A (7l1)) - (6.4)

= A(7|{) =

For processes with a large migration between neighbouring bins, the unfolding can lead
to a result strongly different from the truth-distribution due to statistical fluctuations in
the reco-distribution. An adjustment to the unfolding can be made by including more
terms in the likelihood from equation . This adjustment is called regularisation and a
typical constraint is that each bin’s content is normal distributed as seen in equation [6.5]
The regularisation strength 7 determines the regularisation effect with no regularisation

at 7 = 0 and a strong regularisation at higher 7.

E@WWQ:EWWQ-Hew(;wwmm) (6.5)

i€bins
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7 Analysis

7.1 Data vs. MC / Background examination

To examine the applied cuts, they can be applied to both signal and background processes
and to measured data. The result can be drawn as a stacked histogram of the signal and
background processes and the data events as a point for each bin. As an example, this
plot is performed for the distributions of the transverse momentum for different particles.
The leading and sub-leading leptons and jets are used as particles that do not require
further reconstruction from the information given by the detector. To obtain a good
resolution of the distribution, while not having bins with too little content, the bins are
chosen to be larger in regions with less events. The smallest bin limit is for each object
chosen according to the applied pr cut. That way, the distributions start at 28 GeV for
the leading lepton, at 20 GeV for the sub-leading one, and at 35GeV for both jets. A
comparison of signal and background to the data can be seen in Figures[7.I] and [7.2]

|2} T T T T [%] T T T T
€ {s=13TeV, 139 fb* o Data £ 300 (5=137ev, 130 fo o Data =
@ tZq production = nt'zﬁl g [ tzq production = ntz,.? ]
w . \WZ +2Z w = mm \WZ +272 -
[—\ 250 I tw —
B 7 C . iz ]
— tWz = — tWz -
== NPL ~ === NPL ]
+ . Zl 200— + 2l —
2 MC Stat. Unc. r v MC Stat. Unc. ]
+ 150 3
100 3
e ]
Ar : 1.4r . ‘ ‘ : —
T L2F + + + l + = T 1.23 ' + + ‘ 3
o E [ 1k 4 | |
g ¥ | g et i -
8 osF + + 3 8 osfF 3
0655 100 150 200 250 06——%p 100 150 200 250
Leading lepton P, [GeV] Sub-leading lepton P, [GeV]

Figure 7.1: Transverse momentum of the (a) leading and (b) sub-leading lepton. Con-
tributions from the tZq signal and backgrounds in a stacked histogram and
the data measured in Run 2 as one point per bin. In the ratio plot the ratio
between the data points and the histogram is plotted for each bin.
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Figure 7.2: Transverse momentum of the (a) leading and (b) sub-leading jet. Contri-
butions from the tZq signal and backgrounds in a stacked histogram and
the data measured in Run 2 as one point per bin. In the ratio plot the ratio
between the data points and the histogram is plotted for each bin.

In these histograms, the simulated events must be weighted to be comparable to the
data measured in the LHC Run 2. The weights from the Monte Carlo generator are multi-
plied with the integrated luminosity of 139fb~!. An overview of the considered processes
is given in Table with the number of found events in each process.

The comparison between the leading and the sub-leading lepton shows a wider distribu-
tion for the leading lepton with more events with high pr objects. This fits the expectation
since in each event individually the leading lepton must have a higher pr than the sub-
leading one. In the same way, the distribution of the leading jet is wider and reaches its
maximum at a higher pr of around 80 GeV, compared to 40 GeV for the sub-leading jet.
This behaviour is similar for all contributing processes with small changes in the width
and maximum of each distribution. The most notable exception are the non-prompt lep-
tons that show a strong preference for low pr values.

In most bins, the Monte Carlo generated distribution is within two standard deviations of
the data points as can be seen from the ratio plots. Therefore, the data and Monte Carlo
distributions are in agreement. From the events per production mode in Table [7.1] it is
evident that the most important background processes are diboson (WZ and ZZ) and ttZ
production with similar yields to tZq production. The tW Z production, Z¢¢ production
and non-prompt lepton (NPL) can also be seen in the stacked histograms, while ¢/ and
ttH are almost negligible as they each account for approximately one percent of the total

events.
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7.2 'Top Reconstruction

Process Number of events
tZq 156.42
ttH 5.04

WZ+ 2727 162.75
tw 777

ttz 170.69

tWZz 43.20

NPL 32.44

A4 14.96

Sum without Data 539.3
Data 655

Table 7.1: Number of total events per signal and background contribution and for the
measured data.

7.2 Top Reconstruction

After reconstructing the top quark, its mass can be calculated and saved as a histogram.
The top reconstruction at reco-level is done as described in Section 5.3 At truth-level,
the top quark’s properties are known, allowing to directly calculate the mass. Again, the
bins around the expected top mass are smaller, since the distribution is expected to have
a narrow peak there. By dividing the bin contents of the distribution by the integrated
luminosity, the contents are converted from numbers of events into the cross section. A
division by the respective bin width computes the differential cross section ;—n‘; from the
bins with the unit fb GeV~!. In Figure (a), the distribution can be seen to be narrow
as expected from the SM. The reconstructed mass follows a much wider distribution,
as seen in Figure (b). The distribution of the reconstructed top, noticeably, has
a long tail of candidates with much higher masses than the actual known mass of top
quark of approximately 173 GeV [2I]. Since the reconstruction differs so strongly from
the expectation, there seems to be some larger source of uncertainty in the reconstruction.
To search for the source of such inaccuracies, the Z boson reconstruction was investigated
by checking, whether the leptons of the OSSF pair are within a AR = 0.1 cone of the
truth-level leptons. It was found that in around 86% of the matched entries the OSSF
pair was correctly identified. This leads to a wrongly reconstructed W boson in the other
14% of events, since the wrong lepton is associated with the top decay. Further analysis

is needed to improve the reconstruction and possibly isolate other variables that cause
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Figure 7.3: Differential cross section of tZq production with respect to the invariant
mass of the top quark. Calculated on (a) truth-level and on (b) reco-level
with a top quark reconstruction as described in Chapter

the uncertainty. One possibility are missing transverse energy values that are measured
to high. This happens if any object in the detector is missed or attributed to a wrong

primary vertex.

7.3 Top Polarisation Reconstruction

The polarisation observable cos(6*) can be computed from the reconstructed top quark in
the samples from both the true, and the reconstructed events. As with the top mass, the
distribution of events can be converted into a differential cross section. The differential
cross section over cos(6*) on both truth- and reco-level is shown in Figure [7.4] In the
truth-distribution the linear dependency, described by the equation , can clearly be
seen. The reconstructed distribution only roughly follows a linear function in the middle
of the distribution. For high cos(6*) the bins are much lower than expected by the slope.
In this region the angle between the lepton from the top decay and the jet from the quark
¢ is close to zero with the particles moving almost parallel. In the detector, such events
look similar to non-prompt leptons, and have a high risk of being rejected by the isolation
criteria. For these distributions, the efficiency and the acceptance can be calculated to

describe the detector’s effect on the observable. These quantities are shown in Figure

24



K e e e
[ Vs=13TeV, 139"
30_ tZq production

7T

25

do/d cos(6*) [fb]

20

15

10

ILINLANLL LL  L  LL  L

0

-1 -0.8-06-04-02 0 02 04 06

- aMC@NLO+Pythia8
% me stat. unc.

0.8

1

cos(6%)

do/d cos(6*) [fb]

e
3

7.3 Top Polarisation Reconstruction

o
)

0.2

0.1

0

LI L B

=

- aMC@NLO+Pythia8
2 me stat. unc.

L
Vs=13TeV, 139 b
tZq production

coa v b by

-08-06-04-02 0 02 04 06 08 1
cos(6*)

Figure 7.4: Differential cross section with respect to the top polarisation observable
cos(#*) on (a) truth- and (b) reconstructed level.

0.04 T
C Vs=13TeV, 139 fb"

Efficiency €

-08-06-04-02 0 02 04 06

aMC@NLO+Pythia8 ]
: 0.035[— tzq production % MC Stat. Unc.

0.8
cos(6%)

1

Acceptance

1.2

0.8

0.6

0.4

0.2

O—1 -08-06-04-02 0 02 04 06 08 1

L B
Vs=13TeV, 139 fb"!
tZq production

- aMC@NLO+Pythia8
2 me stat. unc.

cos(6*)

Figure 7.5: (a) Efficiency and (b) Acceptance of cos(0*) distributions calculated from
the differential cross section on truth- and reco-level.

Notably, the efficiency is very low between 1.5% and 3% due to the low number of

events in the reconstructed sample. On the reco-level, only 107.66 events make up the
distribution while the truth-distribution consists of 4419.76. It is highest in the middle
region of the distribution, where the linear behaviour can be best seen in the reconstructed
distribution. Towards the high cos(#*) the efficiency is lowest, fitting the possible rejection

through the isolation. As no background samples are investigated in this analysis, the

acceptance of the event selection is per definition expected to be 1. Only about 1200

entries in the simulated reco-samples are not matched in the truth-sample, accounting to
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7 Analysis

negligible variations in the acceptance.

A migration with large off-diagonal elements leads to an unfolding result that can differ
strongly from the truth-distribution through enlarged statistical fluctuations [47]. To gain
more events per bin and a migration matrix with more events on the diagonal, the bins
can be combined to fewer, larger bins. By starting the rebinning from small cos(6*) and

requiring 52% of each line in the migration to be on the diagonal, the migration matrix
in Figure [7.0]is found.

Vs =13 TeV, 139 fb™', tZq Production, aMC@NLO+Pythia8
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Figure 7.6: Migration of events in tZq production between bins of the cos(6*) distribu-
tions on truth- and reco-level. Each row is normalised to the total event

number and is invariant under the migration.

-1

Noticeably, the off-diagonal elements are still large and even the outermost elements
contain over 10% of events. This means that, at the current event selection and recon-
struction, more than 10% of events with a large angle between the lepton and jet are
measured to have these objects close to each other. That can only be explained by using
the wrong object from the detector for either the lepton or the jet.

Requiring more events on the diagonal, however, leads to the third diagonal element
becoming smaller with less relevance for the distribution until it is negligible and the mi-
gration consists of only two elements. Since the behaviour predicted by the SM is linear,
at least three bins are necessary, so a discrepancy besides a wrong slope could be noticed.
Applying the same binning to the truth- and reco-distributions creates the distributions
found in Figure [7.7] Again, the linear behaviour in the truth distribution is easily vis-
ible. In the reco-distribution the slope between the first two bins is reduced compared

to the truth-distribution corresponding to the nearly constant sector in the fine binned
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Figure 7.7: Differential cross section with respect to cos(#*) on (a) truth- and (b) re-
constructed level. The distributions are rebinned to match the binning of

the migration matrix in Figure [7.6]

reco-distribution. Due to the missing events at high cos(0*), the last bin is even lower
than expected by the slope of the other two bins. The rebinned efficiency and acceptance
related to these distributions are shown in Figure[7.8] As before, the efficiency is highest
in the middle bins and lower at the edges. The Acceptance is again 1 with negligible

variations that are further reduced by averaging multiple bins.
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Figure 7.8: (a) Efficiency and (b) Acceptance of cos(#*) distributions on truth- and reco-
level. The distributions are rebinned to match the binning of the migration

matrix in Figure
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7 Analysis

7.4 Unfolding

The distributions from the previous section can be used for the profile likelihood unfolding.
The unfolded reco-distribution can be seen as data points in Figure while the truth-

histogram is shown as a red line.
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Figure 7.9: Unfolded differential cross section on reco-level as data points compared to
truth-level drawn as a red line. The ratio plot shows the ratio between the
unfolding result and the truth-distribution, which is exactly one.

Notably, the total uncertainty of the distribution is identical to each bin’s value. This
means that any one of the bin values could be zero on truth level, which would be com-
pensated by larger values in the other two bins. This large uncertainty shows that a
migration with 52% of events on the diagonal is not sufficient to create a meaningful
unfolding result with the used profile likelihood unfolding. Since 52% of events being on
the diagonal would be expected to be sufficient in general, the problem must occur in
the applied unfolding method. As no measured data is unfolded, the reco-distribution is
fitted to exactly match the truth-distribution, causing the ratio between the distributions

to be exactly one.

Applying a regularisation to reduce the uncertainties leads to the result in Figure
Since the uncertainty after the regularisation is limited to %ﬁ?e*)’ the shown uncertain-
ties are only a numerical result of the unfolding and do not correspond to an improved
description of the studied distribution. Importantly, in this unfolding process the regu-
larisation does not change the bin contents of the distribution. This can be seen from the
ratio that, still, is exactly one, which corresponds to the unfolded and truth-distributions

being identical.
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Figure 7.10: Unfolded reco-distribution as data points compared to truth-distribution
in red. A regularisation of strength 7 = 2.5 is applied. The ratio between
the shown distributions is exactly one as without the regularisation.

7.5 Systematic Uncertainties

The studied samples are affected by systematic uncertainties in the object reconstruction.
To account for these uncertainties in the Monte Carlo generators, the weights of the entries
can be changed. The studied sub-weights are listed in Table In total, 102 systematic
uncertainties are included in the unfolding. The unfolded distribution with the systematic

uncertainties can be seen in Figure [7.11]
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Figure 7.11: Unfolded reco-distribution as data points compared to truth-distribution
drawn as a red line. Systematic uncertainties are included in the total
uncertainties.
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As found before, the statistic uncertainties are unexpectedly large, considering the
migration matrix. This can again be seen as the total uncertainties are indistinguishable
from the statistic uncertainties alone, indicating that the systematic uncertainties are

negligible compared to the huge statistic uncertainties.

Weight Corresponding reconstruction step
weight jvt
weight forwardjvt Rejection of jets from pileup in the detector.

weight pileup

weight bTagSF B X (0 < X < 44)
weight bTagSF C X (0 < X <19)
weight bTagSF_Light X (0 < X < 19)

b-tagging of jets with the DL1r neural network
based on finding b-, ¢- and light-jets [42].

weight lepSF_EL_RECO
weight lepSF_EL_ID
weight lepSF_EL_Isol

Electron reconstruction, identification

and isolation.

weight lepSF_MU_ID
weight_lepSF_MU_ID_LOWPT Muon identification, isolation and

weight_ lepSF_MU_Isol reconstruction by track-to-vertex-association.
weight lepSF_MU_TTVA

weight globalTrigger EL . .
Triggers applied to detect electrons and muons.
weight globalTrigger MU

Table 7.2: Weights in the sample affected by systematic uncertainties and the respective
object reconstruction in the detector.

7.6 Extraction of Spin Asymmetry

The spin asymmetry that is to be found from the distribution is related to the mean of
the observable cos(6*). By substituting cos(6*) in equation (2.1)) as  and normalising the

linear function, the following relation is found:

1

(z) = /_11 z- f(z)dz = /_11 <;m + Atx2> dr = [;Atx?’ + 4552]1_1 — §At : (7.1)

In a histogram with the bin centres b;, the truth-bin yields /NV;, and the signal strengths

i, the mean of an observable O can be computed from these quantities. Rearranging
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7.6 Extraction of Spin Asymmetry

this formula leads to the first bin’s signal strength u; being expressed by the other known

parameters and the mean as seen in (|7.2)).

>ie1 bilNip; Yo (bi — (O)) N,
— st v U = 2
O =N T T T o) (72)

With this equation, the mean can be found from fitting p; to the distribution. The spin
asymmetry can be calculated from the found mean.

By taking the values of two bins as given, a fit in the parameter p; can be performed to
find a bin value for the first bin that matches the truth distribution. The result of this
fit is shown in Figure From the fit, an additional uncertainty of the fit parameter
is introduced to the total uncertainty in the first bin leading to even larger uncertainties.
The extracted mean is 0.341.6 leading to a spin asymmetry of A; = 0.45+2.4. Due to the
large uncertainties, the full range of possible asymmetries from -1 to 1 is included within
one standard deviation of the extracted value. This is consistent with the observation

that many different slopes are possible within the uncertainties of Figure [7.9]
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Figure 7.12: Unfolded reco-distribution as data points compared to truth-distribution
drawn as a red line. Systematic uncertainties are included in the total
uncertainties. The first bin’s value is shown as found from a fit, which
leads to additional uncertainties of the fit parameter being seen as larger
uncertainties. The ratio plot shows a small deviation in the first bin.

The angular correlation ay of a leptonic top quark decay is 1 at lowest order with a next-
to-lowest-order correction of 1 x 1073 [48]. Using the definition of the spin asymmetry as

Ay = %Pt(ql)ozg, the top quark’s polarisation is found to be 0.9+£4.8. While the uncertainty
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is still huge, this corresponds to the top quark being polarised along the ¢’ jet in 90% of

the events.
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8 Conclusion and Outlook

The SM prediction for the spin asymmetry of the top quark in the 4FS is 0.44 [49]. This
fits well with the extracted asymmetry of A = 0.45 £ 2.4 in this analysis. However, the
uncertainties are larger than the value itself, meaning that the analysis is not sensitive
enough to the top quark polarisation, as an asymmetry of A = 0 cannot be excluded.
The agreement of the extracted value and the SM prediction is expected as only simu-
lated events were used in this thesis. Therefore, this does not show that the SM prediction
holds for this observable, but that the extraction was done correctly. However, the large
uncertainties suggest that the unfolding procedure from the thesis would not yield an
accurate truth-distribution, if applied to measured data.

The top quarks polarisation of 0.9 & 4.8 also fits recent measurements in single top pro-
duction via the t-channel without Z boson emission with P{Y) = 0.91 & 0.10 (syst.) £
0.02 (stat.) [50]. This fits the prediction that the Z boson radiation in tZq production
does not change the top quark’s polarisation in the SM.

Further studies could investigate the reconstruction of the top quark and ways of im-
proving it. A good way of finding the source of the inaccuracies would be to compare the
W boson on reco- and truth-level by checking if they are within a small AR cone of each
other. In the case of either the wrong lepton being used for the top reconstruction, or
the wrong missing transverse energy being reconstructed in the detector, the W bosons
would not be matched. By additionally comparing the top quarks themselves on reco-
and truth-level, an inaccuracy coming from the b-jet could be found. As b-jets occur both
in top quark and Higgs boson decay, they are very important objects for the research with
the ATLAS detector. Thus, they are usually reconstructed with an accurate momentum.
However, in the hadronic environment of the ATLAS detector another b-jet could occur
and be confused with the b-jet from the top decay. Such a b-jet could stem from the b
quark produced in the gluon pair production before tZ¢ production as seen in Figure[2.3]

To practically improve the reconstruction, some of the following cuts may be helpful:

o A mass constraint for the reconstructed top candidate to be close to the top quark’s

pole mass
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8 Conclusion and Outlook

o A minimum value for EX*to reduce low-energy backgrounds

miss

o A minimum value for the transverse mass of the top decay’s lepton and EF"** com-
bined

In a further study the respective effects of these cuts could be investigated along with

possible additional cuts found from the sources of inaccuracy in the top reconstruction.

Besides necessary improvements of the unfolding, the next step of studying the top
quark’s polarisation would be to apply the found unfolding process to measured data.
With that, the agreement or disagreement between the measurement and the SM can be

found to possibly improve our theoretical description of nature.
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