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CHAPTER 1

Introduction

A large part of the physics program at the Large Hadron Collider and at the ATLAS experiment
specifically is the measurement of standard model parameters with increasing precision. Especially
parameters of electroweak processes are of interest, since they may provide more insight into yet
unanswered questions about the universe, such as the matter-antimatter asymmetry. Tau (g) leptons
offer the possibility to measure electroweak processes, and due to their short lifetime, they decay within
the detector. This creates a unique opportunity to measure its properties. Especially the property of the
g lepton to decay hadronically is very useful for accessing information about the spin orientation and
consequently the polarization. As an important observable, the polarization can provide more insight
into the parity violation in electroweak processes and the different coupling strengths for left-handed
and right-handed leptons.

The first measurements of the g lepton polarization in / boson decays were performed at the Large
Electron-Positron Collider, the predecessor to the Large Hadron Collider. Electrons and positrons
were annihilated to produce / bosons that, in turn, decayed into a pair of ¢ leptons. The measurements
were performed as a function of the angle between the g lepton and the incoming electron. All four
measurements were combined with a measurement done at the Stanford Linear Collider to obtain the
most precise value for the g polarization to date: Py = 01439 00043 [1]. The first measurement
of the g polarization at harslron colliders was performed at the ATLAS detector in 2018 [2] at a
center-of-mass energy of ' B = 8 TeV and with an integrated luminosity of 20.2 fb ' For that
measurement, the polarization observable  was used, which is also the case for this work. That
measurement found the polarization to be Py = 014 002 0 04, which is in agreement with the
previous measurement.

In 2015 the Large Hadron Collider started its second run (Run 2) with higher center-of-mass
energies of 13 TeV. A measurement of the g polarization at such high energies has only been done
at the CMS experiment [3]. These high energies and the increasing quantity of data may allow for
new measurements with possibly higher precision. In addition to that, new algorithms and methods
have been developed in the reconstruction and classification of g leptons, such as a neural network
based decay mode classification algorithm for g, ;. This decay mode classification has not yet been
employed for the purpose of the g polarization measurement, but will be used in this analysis. The aim
of this work is not only to confirm previous measurements of the g polarization, but also to combine
long-standing analysis methods with new algorithms and approaches and confirm their validity. This
can help pave the way for future measurements of this kind, especially regarding the Higgs boson.



Chapter 1 Introduction

This me%urement makes use of data recorded at the ATLAS detector in 2018 at a center-of-mass
energy of ' B = 13 TeV corresponding to an integrated luminosity of 58.5 fb ' The selected
measurement channel is the decay / W ¥ ¢,.,0,q , Where the 0)ep candidate is used to identify and
trigger candidate events and the ¢, can provide spin information. This analysis will focus on muonic
0)ep and electrons will not be considered for the measurement.

The thesis is structured as follows: Chapter 2 gives an overview of the general theoretical physics
background, focusing on the standard model of particle physics. This is followed by a detailed
description of the polarization and the helicity configurations in the selected measurement channel in
Chapter 3. Chapter 4 introduces the Large Hadron Collider as well as the ATLAS experiment and its
sub-detectors. After a short overview of the Data and Monte Carlo samples in Chapter 5, the event
selection is discussed in Chapter 6. The Fit method is described in detail in Chapter 7 and the final
polarization measurement is presented in Chapter 8. A short summary and discussion of these results
is given in the final chapter 9.



CHAPTER 2

The Standard Model of Particle Physics

The general theory explaining the fundamental components of matter and their interactions is known
as the Standard Model of particle physics. This framework was developed in the 20th century
using a variety of concepts and theories and has since undergone numerous tests and experimental
con rmations. This chapter explores the main concepts of the Standard Model within the context of
this thesis topic.

2.1 General Overview

The Standard Model classi es the most elementary particles and the interactions between them into
di erent categories that can be described by di erent theories. According to this classi cation, matter
in our universe consists of fermions, which can be further divided into quarks and leptons. Then there
are gauge bosons that mediate the di erent forms of interactions between the particles [4]. These
elementary particles and some important characteristics are listed in Figure 2.1.

2.1.1 Fundamental Interactions and Gauge Bosons

The three fundamental forces that the phenomena of particle physics rely on are the electromagnetic
force, the weak force, and the strong force. A fourth interaction - the gravitational force - completes the
full picture, however, it is signi cantly less relevant to the eld of particle physics and will therefore

not be explained in detail here. In the Standard Model every one of the three relevant forces can be
expressed as a Quantum Field Theory (QFT), where the interaction is mediated by a spin-1 exchange
particle, called a gauge boson.

For the electromagnetic force this exchange particle is the photon, an electrically neutral particle
with no mass, and the underlying theory is called the theory of Quantum Electrodynamics (QED).
Only electrically charged particles can couple to the photon and therefore can participate in a QED
interaction. Very common QED interactions are, for example, bound states of positively charged nuclei
and electrons forming an atom, as well as interactions between electromagnetic radiation (photons)
and matter.

In the case of the weak force, an interaction is mediated by either the neutral mlagsigen or
one of the two charged massive bosons. Interactions mediated by théoson are called weak
neutral-current interactions, and weak charged-current interactions involye theson. Nuclear
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Figure 2.1: The standard model of particle physics. Taken from [5]

V-decays and nuclear fusion are some of the most commonly found weak charged-current interactions
in physics. In order to be able to participate in a weak interaction, a particle has to carry a weak
isospin, which is all Standard Model fermions do.

The force carriers of the strong force are the massless gluons and the corresponding theory is the
theory of Quantum Chromodynamics (QCD). As the name suggests, particles with the color charge
can participate in strong interactions and couple to gluons. This is only the case for quarks. The strong
force appears in the nuclei of atoms, where it is responsible for binding the protons and neutrons
together.

Each of the three forces has a di erent strength and range that depend heavily on the coupling
strengths of the particles to the gauge bosons. As the name suggests, the strong force is the strongest
out of the three, followed by the electromagnetic force. However, the strengths of the forces are highly
dependent on the distance between two interacting patrticles: For higher distances, the strength of
both forces decreases - for the strong force faster than for the electromagnetic force. That means that
the electromagnetic force has a wider range and becomes stronger than the strong forces at larger
distances. The weak force is also limited to smaller distances due to the higher mass of the gauge
bosons, which is also the reason for the lower force strength.

A special place within the Standard Model is occupied by the Higgs boson and its corresponding
QFT, the Higgs mechanism. According to that theory the Higgs boson can be viewed as an excitation
of the Higgs eld and all fundamental fermions as well as the massive gauge bosons of the Standard
Model acquire their mass through interaction with that eld. The theory of the Higgs mechanism was
con rmed and proven through the discovery of the Higgs boson in 2012 by ATLAS and CMS [6] [7],
withamass ok =12520 011GeV [8].
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2.1.2 Fermions

Fermions are the elementary particles of our universe and can interact with each other in various
forms, as described in the section before. They are all Bpiparticles and can be further divided
into quarks and leptons.

Quarks can interact electromagnetically as well as via weak and strong forces, since they carry an
electric charge, a weak isospin, and a color charge. There are six known types of quarks called the
up O, down @), charm @), strange B, top (@ and bottom {) quarks and they are classi ed into
three generations of two quarks each, which form a doublet. While the up-type qDa2kendG
carry an electric charge &f = | % the down-type quarks3( Band1l) have& = % The mass of the
qguarks increases with each generation, which makes particles of higher generations more unstable
and, therefore, more prone to particle decays. Every quark has a corresponding antiquark that is
represented with a bar over the symb@ &nd has the exact opposite charges of the q@bkit the
same mass and spin. Free quarks cannot be observed experimentally, since particles that carry a color
charge are con ned. Instead, they have to form hadrons where two or three quarks/antiquarks form a
color-neutral bound state. This can be done in two ways: Mes@@safe hadrons comprising a quark
and its antiquark and baryons have three quark or antiquark constit@@e@@ad. Protons PDJ
and neutrons¥33 are one of the most common baryons in the universe as they form the nucleus of
every atom.

Similarly to quarks, there are six leptons known as the eleetrdime muon' , the tau leptorg, and
their respective neutrinag,, &, a5. Each lepton and their neutrino form a doublet, which results
in three generations sorted by mass, just like the quarks.4Thendg carry a weak isospin and
an electric charg@= 1, while their respective antiparticles carry the same mass, but the opposite
charge@- , 1 as well as the opposite weak isospin. Thus, those leptons can participate in weak and
electromagnetic interactions. The neutrinos are electrically neutral and only carry a weak isospin,
meaning they only take part in weak interactions. This makes them especially di cult to detect in
collider experiments.

The Tau Lepton

This thesis aims to measure the polarization ofghepton, and thus it is necessary to explore the
properties of they lepton in more detail.

Thegis the heaviest lepton with a mass!df77693 009 MeV [8], consequently making it the
only lepton that can decay into lighter leptons as well as lighter hadrons. Due to its high mass, it is
also extremely unstable and decays witH*003 0003 10 Bg [8]. It was rst discovered in
1975 at thet 4 collider in the SLAC National Accelerator Laboratory. The collaboration of the
Mark | detector [9] announced its discovery, when 24 anomalous events of théfdrmh = 4
were found. Those decays could only be explained by the pair production of a heavier lepton, which
then decays further into the lighter leptons of the nalstated ! g g ! ~ 4 +neutrinos.

Because thg lepton decays instantaneously, it cannot be detected directly in collider experiments
and needs to be reconstructed with its decay products. Table 2.1 lists the most important decay modes
of theg lepton and the corresponding branching fractions. The hadronic decay modes are divided
into ve categories according to the number of charged daughter particles (p) and neutral daughter
particles (n), not taking into account the number of neutrinos. The advantage @idneaying
instantaneously is that it decays within the detector of a collider experiment and one can therefore
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measure the polarization, which is not the case for any of the other leptons.

Table 2.1: Dominangy decay modes and their branching fractions. Thestands for charged piorts or
charged kaons . Only decay modes involving neutral pions are included. Only initial states and nal states
are listed, resonances are not mentioned. Values are from [8].

Decay Mode B »%0Ya
Leptonic 3521 006
g !  aa 1739 004
g ! 4 aa, 1782 004
Hadronic 6212 017
1pOn g ! a‘8 1151 005
1pin g ! C ay 2593 009
1pxn g !t 2c%a, 1057 0e12
3p0n g ! © gy 9«02 005
3pXn g ! 1 0c®a, 509 005

2.2 Parity & Helicity

Two important properties in particle decays are parity and helicity. The parity transformation describes
a spatial inversion such that the sign of the spatial coordinate is ipped

%: ®7! RGe (2.1)

As an intrinsic property of particles, parity can either take a value of +1 or -1. Parity is conserved in
an interaction, if the mirror image of this interaction behaves identically, which is the case for QED
and QCD interactions, but not for weak interactions.

Helicity is the projection of the spin onto the momentum vector of a particle, normalized to one [10]

_B®
By
The observable can take the valuesl, where fermions with = 1 are called right-handed
(RH) and the ones with = 1 left-handed (LH). Figure 2.2 visualizes this concept. Under parity
transformations, spin orientations are not reversed, but momentum directions are, thus helicity
transforms a86: 7!

Chirality is a closely related property, but, unlike helicity, it remains invariant under Lorentz
transformations, such as boosts. If an observer is boosted into a reference frame, where it travels faster
than the particle, the direction of the momentum is ipped, while the spin orientation remains the
same, meaning helicity depends on the reference frame of the observer. Instead, chirality can be used
as a particle property, but for massless particles and at very high energies, where particles travel near
the speed of light, helicity and chirality are the sdme

2.2)

! Left-chiral particles will be called left-handed particles in this thesis and right-chiral particles accordingly right-handed
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|

>

Figure 2.2: Sketch of di erent helicities and their de nitions. Thick arrows denote the direction of spin and thin
arrows the direction of the momentum. Adapted from [11].

Parity Violation in Weak Interactions

Parity is not conserved in weak interactions, which was rst observed by Wu and colleagues in 1957
during the nuclea¥-decay of polarize§°Co [4],

0co!l °Ni , 4 | ae (2.3)

In particle physics, observables can be classi ed into di erent categories according to their di-
mensionality and how they transform under parity; two of those categories are called vectors and
axial-vectors. Examples for vectors are position and momentum vectors, which change sign under
parity transformations. Axial-vectors, such as the spin, do not change sign under parity transformations,
since they are usually constructed as a cross product of two vectors.

QED and QCD interactions are purely vectorial, which means that parity is conserved and the
gauge boson couples equally to left-handed and right-handed fermions. Due to parity violation, weak
interactions cannot be purely vectorial and must include an axial-vectorial component as well. Those
are represented by the vector and axial-vector coupling congiardad6 , therefore the theory
is called the V-A theory. Due to the experimentally observed fact that the charged gauge bosons of
the weak interaction  only couple to left-handed fermions and to right-handed antifermions, the
coupling constants must be relateddyy = 6' . Thus, the charged weak interactiomisximally
parity violating Parity is also violated in neutral weak currents, but not to the same extent as in
charged weak currents.

2.3 The Electroweak Theory

2.3.1 Quantum Electrodynamics

As mentioned previously, Quantum Electrodynamics is the underlying theoretical framework for
electromagnetic interactions. It is a gauge theory witht&° gauge symmetry. Except for neutrinos,

all fermions can patrticipate in these interactions, as they carry an electric éhahgelectroweak
interactions a photon usually couples to the fermion to mediate the interaction with another charged
fermion, which is described in the QED Lagrangian [12]

Loep= 8Wm <° %1 W% & W e (2.4)
is the spinor representing the fermion eld with masé the QED interaction, ., =m , m -

is the electromagnetic eld tensor, and is the electromagnetic vector potential describing the

massless photon. Additionallg, is the elctromagnetic charge of the participating fermionahds a

Dirac matrix. The rst and second terms are the kinetic and mass terms for the fermion and photon

eld, respectively, while the last term describes the interaction between the two elds, as shown in
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Figure 2.3.

5

Figure 2.3: Interaction vertex of the QED. A simple QED interaction consists of a charged fermion, a charged
anti-fermion and the mediator of the QED, the photon.

2.3.2 Charged Weak Interactions

The weak charged-current interaction is associated with’&° local gauge symmetry with three
gauge elds, 1, 2and, 3, which correspond to three gauge bosons [12]. The charge of the charged
weak interaction is the weak isospinwhich is only carried by left-handed fermions of the standard
model. Due to the nature of the local gauge symmetry, the left-handed particle states are written as

weak isospin doublets, where two left-handed fermions of the same avour are grouped together:

4 _a ' D 2 C 25
4 S g9 30 ! g ! 1° ! @9
In each of these doublets, the components di er by one unit of electric cléarged represent
opposite weak isospin states, denoted by the third compggreiihe right-handed states, however,

are represented as singlets with no weak isogpin J ;3 = 0):
14 0, _ 1 o _ 1g o _ 1P — 120, _ 1(® _ 130 _ 1P, _— 110 . (2.6)

Since neutrinos are masslésthey do not have any right-handed states and thus are not included.
The physical gauge bosons of the charged-current interactioare constructed from the gauge
elds:

, =ﬁ1§1~1 8, 20 2.7)

In weak charged-current interactions the bosons only couple to left-handed fermions and transform
them into the other particle state within the same weak isospin doublet.
2.3.3 The Electroweak Uni cation

The idea for a uni cation theory between the weak interaction and the electromagnetic interaction
was proposed by Sheldon Glashow [13], Abdus Salam [14] and Steven Weinberg [15] in the 1960s.

2 Neutrinos will be assumed to have no mass for the purposes of this analysis.
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Mathematically, this uni cation was achieved using*a'2® * 11° gauge group, which combines
the(* 12° local gauge symmetry of the weak charged current witht th# gauge symmetry of the
electromagnetic photon eld. However, in the electroweak model, the gauge syniidfipf the
QED is now replaced by a new gauge symmé&tile,,, which results in a new gauge eld- and a
new charge, called the weak hypercharge, given by

=218 )0 (2.8)

Thus, in the electroweak model we have the two charges, the weak i3oapihthe weak hypercharge

', as well as four gauge elds \1—, ?—, Sand -. However, initially these gauge elds do not have
mass, since a mass term would violate the invariance of the Lagrangian. This obviously contradicts
experimental observations but can be solved with electroweak spontaneous symmetry breaking, where

the massive gauge bosons acquire their mass through the Higgs mechanism.

Table 2.2: Electroweak quantum numbers for the electroweak fermion mult)pisshe weak isospir),; the
third component of , & is the electric charge and is the electroweak hypercharge. Template from [10].

Fermion Multiplets ) ) 3 &
ay a 3y o s 102 0
4 s g -2 1e2 1 1
14 o, 1t o 1g 0 0 0 1 2
D 2 C ,1e2 23 .
3, B, 1° 12 "y gy W13
1. 120, e 0 0 ,2:3 43
130 1B, 110, 0 0 13 23

The Higgs Mechanism and Electroweak Symmetry Breaking

The Higgs mechanism [16] [17] [12] is an essential part of the standard model, as it explains the
acquisition of mass for the massive gauge bosons of the (electro)weak interaction. In the Higgs
mechanism, particles gain their mass by interacting with the so called Higgs eldhich is
represented by a weak isospin doublet, consisting of two complex scalargelds

= 0° (2.9)

The Standard Model Lagrangian is then amended by additional terms

L =1 o1 _ o ~2 1 Y 02, (2.10)
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Here, - isthe covariant derivative

C=m, 86%, v 8@% - (2.11)

where6 and6° are the coupling constants ¢f 12°, and* *1°,respectively angy, and. * the
generators of* 12°, and* 11°,respectively.

For* 2 Y 0, the minimum of the Higgs potential = 2 Y | 1 Y 92|l no longer be at 0,
instead the Higgs eld will acquire a vacuum expectation value of
s
.10 . s2
hig= pi E with E= j (2.12)

and the original symmetry of the Lagrangian will be broken. Fluctuations around the vacuum
expectation value can be represented by an additional real scalar, slach that can now be
written as

= ﬁ_é £ - (2.13)
Here, is the physical Higgs particle, and when using the above representation of the Higgs eld

in the Lagrangian two things happen. One consequence of spontaneous symmetry breaking is the
creation of two new vector elds

/- = qﬁle, 3 60 o (2.14)
62, 6

- = qﬁls, 3 6% .o (2.15)
62, 6

By de ning a weak mixing anglé , one can simplify the above expression to

~=, ~cos\ ,, dsin\ - (2.16)
[-= ~.cos\ ,, 3¥sin\ - (2.17)
with 5 €0
cos\ = gq——— and sin\ = g——* (2.18)
6%, 6% 6%, 6%

Another consequence of spontaneous symmetry breaking is the appearance of mass terms for the
massive gauge elds and/, while the photon eld . remains massless, which is consistent with
what is known.

2.4 Quantum Chromodynamics

Quantum Chromodynamics iqa 13° gauge eld theory describing the strong force. Similarly to
QED and the weak interaction, the strong force couples to a charge; in this case it is the color charge,

10
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which only the quarks and gluons carry. Gluons mediate the strong force, but because they carry a
color charge, they can also couple to other gluons and interact with each other. The Lagrangian for
QCD follows the same structure as the QED Lagrangian [18]

. 1 - .
Loco=kg8Wm <%kg 7 ¢ O B6kWk 9—70— (2.19)

wherek gis the quark eld for one quark@with mass<, 6gis the strong coupling constant angle 2
are the eight generators of tfte 13° group. Furthermore,

d=m 3 nf 5 655 L5 (2.20)

is the eld strength tensor, where;J are the eight gluon elds an&,,, the totally antisymmetric
structure constants. As in QED, there are no mass terms for the gluon elds in the Lagrangian, making
the gluon a massless particle. The last term in the Lagrangian describes the classic QCD interaction
involving two quarks and a gluon. However, the extended form of the second term gives rise to two
more interaction terms, involving gluon self-coupling, as shown in Figure 2.4.

A direct consequence of the gluon self-coupling is the principleoof nement which states that
there can be no free particles with a color charge of non-zero (or non-white). This explains why quarks
cannot propagate freely and instead are always in bound states (hadrons), such as @@ sk
baryonst@ @.@n the rst case the quark and antiquark colors cancel each other out (e.g. red and
ant-red) and in the second case the three di erent colors add up to white (red+green+blue=white).
Color con nement also has an e ect on the coupling strength of the strong force: for larger distances
between two particles the force increases. For processes in which two free quarks are produced
back-to-back (such as in collider experiments, whe@g@air is produced), this means that they
cannot propagate freely and they undergo a process daldenization Qualitatively, hadronization
occurs when the distance between two quarks grows, and consequently the energy density of the color
eld between them grows. At high enough energies, r@pairs can be created, and the process can
continue further until the quarks form high-energy bound states of hadrons that materialize as jets.

@ 6 6 6

@ 6 6 6

Figure 2.4: Interaction vertices of the QCD. The interaction on the far left consists of a quark, an anti-quark and
the mediator of the QCD, the gluon. In the middle the interaction between three gluons is shown and on the far
right the interaction between four gluons.

11






CHAPTER 3

Measuring the Tau Polarizationin =~ Decays

3.1 The "~ ! 33 Process

/ bosons can be produced directly@collisions at the LHC, however, they are short-lived and
decay within the detector. Mostly, they decay into pairs of fermions and antifermions and the speci c
decay into & g pair occurs with a branching fraction ofr = 337%][8].

When looking at thegyg pair production process i@acollisions, one has to consider not only the
pure@ /! ggprocess, butalso processes mediated by an o -shell virtual phataas well
as the interference betweand a/ boson. Figure 3.1 shows the Feynman diagram for all these
processes.

Due to the fact thatthé ! ggprocess is an electroweak interaction, the interaction strength is
in uenced by the vector and axial-vector couplings of theoson. In the Standard Model they are
expressed as

6)=), 2&°sinf\ -

3.
65:)35_ ( 1)

where) 35 is the third component of the weak isospin of the fermi&@r, the electric charge and

q g
q g
Figure 3.1: Feynman diagram for thgeair production in@&collisions. Adapted from [11].

13
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forward scatteringdos\ Y 0) backward scattering6s\ i 0)

\
9 9
@ @ il
—> < >
@ @
/ \QA %/ /
\
9 9
\(—\ @ @ \
—_— < >
@ @
/ \QL %/ /
Figure 3.2: Helicity con gurations for the proceg®! / ! ggin forward scattering (left column) and
backward scattering (right column). Thick arrows denote the direction of spin and thin arrows the direction of

the momentum. The grey arrow displays the spin direction of theson and its length corresponds to a spin
of 1. All other spin arrow lengths are relative to thespin arrow length. Adapted from [11].

\  the Weinberg angle. In general, the vector and axial-vector couplings 6ftieson should be
independent of the lepton avor and thus the same for electrons, muong,laptlbns:6f =6, =67.
Another way to express the coupling strengths is by using left- and right-handed couplings instead,
(3.2)

6°= 6, 6°-
6°=6

6> 6
In electroweak interaction§,‘5 is always larger in magnitude th&?, meaning that the bosons of

the weak interaction preferably couple to left-handed fermions. This is the theoretical manifestation of

the violation of parity in electroweak interactions.

3.2 Spin and Polarizationin ~ ! 33 Decays

The following derivations, calculations and explanations closely follow the argumentations in
References [19] [20] [3] [21] [22].
Angular momentum conservation requires the incoming fermions - in this case the quarks - to have
opposite helicities in a head-on collision in order to produce a spin-1 boson such/abdisen. This
is illustrated in Figure 3.2, which shows the four possible con gurations fo@®e / ! ggprocess.
Analogously, theg leptons produced in the decay of thealso have opposite helicities, depending on
the spin direction of thé boson and the scattering angléetween the initial-state quark and the
nal-stateg. For example, a right-handed incoming quark results in either a right-handad
depending on whether it is forward or backward scattering, as seen in the rst row of Figure 3.2.
Assuming unpolarized colliding beams, the di erential cross section for the Feynman diagram in
Figure 3.1 is calculated as [19]

h i
df
deosy - 0oL cof\°, 2 ;1Bcos\ B, cof\°, 2 ;1Bcos\ ¢+ (3.3)
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ggDecays

Table 3.1: A tabular view of the functiong! B and the di erent exchange terms. Adapted from [19] and [20].

w

exchange interference + | exchange
B=1e g282  + 2Re BRE6% + jj 1B 6%, 601692 §9%
B= iy 2Rej 1BE 6% + 1] 1B 2676026967
JB = 1o 2Rej 1B& £ 6769 + jj 1B 162, 6% 26769
Jp=1ey 2Rej 1BE £ 6% +  jj 1B 267691637, 69%

Here, 4 is the helicity of theg lepton andBthe squared center-of-mass energy of the collision. The
couplings and their dependence on the energy are expressed in the fungti®nsvhich are given in

Table 3.1. The functiof 1B describes the lineshape of theand is given by

||2
8= ] .
2c 2U'B B "2, 8B, ",

(3.4)

The functions g'B generally consist of three terms describing contributions from the/pesehange,

the pureW exchange, and the interference of these two.

The total cross section is then calculated as
O d
f = dcos\e
dcos\

g

(3.5)

Various observables can be de ned using the cross section, among those is the longitudinal polarization

P4 oftheg lepton:
f1 = 10 f1 = 10
9= 19—’ o 1g— [¢}
frg=,20,ft4=1

P

In terms of the form factorsg'B and the scattering angle P, looks like

11, cof\° LB, 2cos\ 4P
11, cof\° 1B, 2cos\ ,!P

Py'B€os\® =
Averaged over all anglés this becomes

B
hP.i = 2-,
9' 015)

Around the/ resonancep(B: ", ) the pure photon exchange process is negligible:

2B 2696° _
OlB) 6.,9.2, 692 - g

hP,i =

(3.6)

(3.7)

(3.8)

(3.9)
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whereA 4 is the chiral coupling asymmetry. In the ling? 69, one can further approximate

69
hPyi 26—;= 211 4sirf\® o- (3.10)

where\fe is the e ective Weinberg angle. Thus, the polarization is related to the coupling constants
as well as the e ective weak mixing angle.

3.3 Measuring the Polarization in Hadronic 3 Decays

Two hadronic decay modes of tijdepton are especially sensitive to the polarization measurement: the
decay into a charged hadron and meutrino (1p0n) and the decay intgaeutrino and a vector meson

d that further decays into a charged hadron and a neutral pion (1pln), see Table 2.1. In both decay
modes, the angular distribution and, related to that, the energy distribution of the nal-state particles
reveal information about the spin of the hadronic tau and can therefore be used as spin analyzers. In
the following sections, all concepts and principlesdoreptons and their decay con gurations are
described. Since the concepts for thedecays work analogously (a left-handgdcorresponds to a
right-handedy ), Py simply has the opposite sign B,. and we will just de ne

P,=P, = P

g (3.11)

g g

as the polarization. This means that the analysis does not have to be done separgteiynby ,
and their kinematic distributions will be the same.

3.3.1 Polarization in 1pOn Decays

The 1pOn decay mode of tligepton can be viewed as a simple two-body decay without any angular
momentum. Theg decays into a neutrino and a charged hadron, which is most likely a charged pion.
Thus, the procesg ! ¢ ay is the only signi cant process in this case. Due to the fact that the pion
does not carry any spin, the spin of tés fully transferred to they in this process. This leads to

two possible con gurations, as shown in Figure 3.3.

L In this thesis, the average polarization will be simply referred to as the polarization and deaned as
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3.3 Measuring the Polarization in Hadromgi®ecays

Figure 3.3: Helicity con gurations for the procegs ! ¢ a4 for a left-handedy (a) and a right-handegl

(b). Thick arrows denote the direction of spin and thin arrows the direction of the momentum. The decays are
shown in the rest frame of thgeand the dashed arrows show the direction of ight for thelong which the
system needs to be boosted to transform into the lab frame. Adapted from [11].

Con guration (a) shows the hadronic decay of a left-hangednto ¢ ag. As explained above, the
spin of theg is fully transferred to the neutrino, which fully determines the ight directioraf
Since neutrinos are left-handed particles, the ight direction of the neutrino must be opposite to its
spin direction, which means that for left-handgdthe neutrinos are emitted in the ight direction of
the incomingg . Due to conservation of momentum, the pion is emitted in the opposite direction,
which means against the ight direction of tige.

For an incoming right-handegl , as seen in con guration (b), the ight direction of the neutrino
must be against the ight direction of the incomigg to preserve its left-handedness. Therefore, the
pion is emitted in the ight direction of thg to conserve momentum.

In both cases, the helicity of thge determines the ight direction of the pion and thus the decay
angle\ .. When transformed into the lab frame by boosting along the direction of ight, the pion in
con guration (a) becomes a low-energy pion and in con guration (b) a high-energy pion. This means,

that the fraction of energy carried by the pioge  now contains all spin information

cos\, 2-% 1=2G 1 (3.12)
g

The spectrum fog, = * 4 is given by

d

— 1 1,P, 12 1° A

i ! 1P (313)
and is sketched in Figure 3.4 for the two di erent polarizatidhs = 1 andPy =, 1, which
correspond to samples with 100% left-handed or right-haigded

3.3.2 Polarization in 1p1n Decays

In 1p1n decays thg rst decays into a short-lived vector mesdrand a neutrino. Unlike the piow,

can carry a spin, which can be oriented (anti-)parallel or perpendicular to its direction of ight. In
the rst case, the meson is called longitudinally polarizdd)(and in the second case transversely
polarized @) ). However, due to the left-handed nature of the neutrino as well as the conservation of
angular momentung can only take on the helicitieg; = 1and 4 = 0in this process. This yields

four possible con gurations, as sketched in Figure 3.5.
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Chapter 3 Measuring the Tau Polarization ilDecays

Figure 3.4: The fractional energy spectrum of the piog il ¢ ay decays. The fractional ener@y =
is calculated in the lab frame. Depicted are two caBgs; 1andPg =, 1, which correspond to samples

with 100% left-handed or right-handgd Adapted from [19].

d \ d
\
a)
d \ d

\aii/

Figure 3.5: Helicity con gurations for the procegs ! d a4 for a left-handedy (top row) and a right-handed

g (bottom row). Thick arrows denote the direction of spin and thin arrows the direction of the momentum. The
length of the spin arrows correspond to 1 for thmeson and to 1/2 for the other particles. The decays are
shown in the rest frame of thggand the dashed arrows show the direction of ight for th@long which the
system needs to be boosted to transform into the lab frame. Adapted from [11].
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3.3 Measuring the Polarization in Hadromgi®ecays

The spin constellations for the 1pln decay of a left-hargledre shown in the top row, each
diagram depicting the case of either a transversely poladzadson or a longitudinally polarized
meson. The left-handedness of the neutrino and the conservation of angular momentum require that a
transversely polarized meson be emitted in the ight direction of tlgpwhereas a longitudinally
polarizedd meson must be emitted against it. In terms of the fraction of energy af theson in the
lab frameG = 4* 4, itis expected that a transverdevill carry a higher fraction of energy than the
longitudinald when boosted along the ight direction of the.

For a right-handed this looks a little di erent. Here, the left-handedness of the neutrino allows
the exact opposite con gurations as for the left-handeda longitudinald meson will be emitted
in ight direction of theg and a transverseé meson against. Thus, the opposite case ag, fas
expected, namely a larger fraction of energy for the longitudiiraleson.

Generally, there will be a mixing of longitudinally and transversely polarieteson states, and
the di erential distribution as a function of the energy fracti@ncan be written as the sum of

2_2
id_ld 0= “g=d
e )" 1<§1 <§°1<é>2<§° »
2 2 '
< < <
—dsiPl | 1, cosl ,Pgcos\y —Isifl —Zsin2 tan\y 1 cos|
< < <4
d d
(3.14)
and
2_2
id_ld 0= “g=d
d d({l‘ ! l<2 <§01<2 2< 50
" 9 9 I# (3.15)
<2 i <2 < A i
—Scodl | sinfl ,Pgcos\y —Zcofl , —Isin2 tan\y sir’l
<3 <3 <4
with
2 _2 2 _2
cosl = g <d’.'<g. <a"C0s\g (3.16)
1<?, <fo, 1<l <focos\y
2G 1 <jGe<?
cos\y = > 9. (3.17)
1 <d°<g

Due to this mixing, the sensitivity to the polarization measurement is decreased in this decay mode.
However, looking at the di erential distributions afy andd, for the case®; = 1landPy= 1
(corresponding to 100% right-handed and left-hangledn Figure 3.7, it becomes evident that for
left-handedy the decay into al, is preferred over the decay intoda. For the right-handed
the opposite is the case, it predominantly decays irdp.aAs a consequence of this observation,
the approximation in this analysis will be made that a left-hargledecays (only) into @, and a
right-handedy into ad, . Another observation that can be made from Figures 3.7 3.5 (d) is that the
decay of a right-handeglinto a longitudinald meson is very similar to the decay of a right-handed
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@) (b)

Figure 3.6: Decay con gurations for the process! ¢ cOfor atransversely polarizati(a) and a longitudinally
polarizedd (b). Thick arrows denote the direction of spin and thin arrows the direction of the momentum. The
length of the spin arrows correspond to 1 for thmeson.The decays are shown in the rest frame of thed

the dashed arrows show the direction of ight for tipealong which the system needs to be boosted to transform
into the lab frame. Adapted from [11].

into a pion in decay mode 1p0n, as shown in Figures 3.4 and 3.3 (b). A noticeable di erence can be
observed for lowG, regions, where there are no events present due to the high massdafson.

The helicity of thed meson cannot be measured directly, but measurements of its daughter
particles can provide information. & meson will decay into two pions in almost 100% of the cases:
d ! ¢ c° Since pions do not carry spin, the spin of the vector meson will be transformed into
orbital angular momentum, which in turn determines the decay angle

did ! 2c° 1
a9 - € Iy
doos . 2smz\CC (3.18)
did ! 2c°
W cod\ (3.19)
ccC

The distributions show, that for transvermdgethe pions will preferably be emitted perpendicular to the
ight direction of the d meson, while for longitudinall the decay angle® and18( are preferred,
meaning one pion is emitted in ight direction and the other one against, see Figure 3.6. The decay
angle can then be written as
<
¢ c o (3.20)

cos\ .. = ¢ - e

The decay angle is directly related to the energy distributions of the pions: a trandwersts two
pions back to back perpendicular to the ight direction and the energy is split evenly between them,
while for longitudinald, the pion emitted in ight direction will receive most of the energy. Therefore
we can de ne the polarization observable by the energy asymmetry of the nal state pions

= ¢ c, (3.21)

The polarizatiorP, can be determined by usingto extract the number of left-handeéd and

20



3.3 Measuring the Polarization in Hadromgi®ecays

Figure 3.7: The fractional energy spectrum of the transverse (blue) and longitudinal (nespning ! d a4
decays. The fractional ener@y = 4+  is calculated in the lab frame. Sketched are two caBgs; 1
(left) andP =, 1 (right), corresponding to 100% left-handed or right-handedmples. Adapted from [19].

right-handed leptons#. and then calculating

_#
Po= %7, (3.22)

B
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CHAPTER 4

The Experimental Setup

The analysis done in this thesis makes use of data collected by the ATLAS experiment at the Large
Hadron Collider. This chapter provides a brief overview of the experiment and the setup.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular particle accelerator located at and managed by CERN
(Conseil Européen pour la Recherche Nucléaire) in Geneva, near the Swiss-French border. It lies
about 100 m below the ground and measures 27 km in circumference, making it the largest accelerator
in the world. With a most recent collision energy of almost 14 TeV, it is also the world's highest-energy
particle accelerator. Two beams of high-energy protons or heavy ions are accelerated in two separate
beampipes and then made to collide at four interaction points, where the two beampipes cross. These
four interaction points correspond to the four major experiments at the LHC: ATLAS, CMS, ALICE,
and LHCDb. Figure 4.1 shows the whole accelerator complex, including the four large experiments at
the LHC.

Each of the four experiments focuses on di erent physics and is speci cally designed for their
purpose. While the LHCb experiment explores physics surrounding-tneark and the matter-
antimatter asymmetry, the ALICE experiment specializes in heavy-ion physics and the physics of the
guark-gluon plasma. The other two experiments ATLAS and CMS both are primarily investigating
fundamental physics processes. However, they are designed for a broad range of physics, including
dark matter and physics beyond the standard model (BSM). Both detectors were independently involved
in the discovery of the Higgs boson in 2012, which has since opened up new possibilities in the search
for new physics.

In order to reach the high energies needed for these purposes, the LHC needed to be designed
accordingly. By using a circular hadron collider rather than a circular lepton collider, higher maximum
energies can be achieved, as the energy loss due to synchrotron radiation is signi cantly less for
hadrons than for leptons. A circular collider also makes it possible for the particles to pass the
accelerator a number of times, increasing the speed each time. To stabilize the proton beams at such
high energies, superconducting electromagnets are employed: while dipole magnets keep the beams
on a circular path, quadrupole magnets focus them. As the protons reach higher energies each turn,
the magnetic elds are adjusted accordingly. The magnets are operated at 1.9 K, which requires a
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Chapter 4 The Experimental Setup

Figure 4.1: The full accelerator complex at CERN. Shown is the larger hadron collider LHC with its
preaccelerators, the Linac 4, the PSB, the PS and the SPS. Taken from [23].

distribution system of liquid Helium. Because these magnetic and focusing systems are optimized for
handling beams at very high energies and cannot safely handle them at lower energies, the proton
beams need to be accelerated before being injected into the LHC. A series of preaccelerators increase
the particles' speed from very low energies to 450 GeV, at which point it can safely be injected into
the LHC. Radiofrequency cavities further accelerate the particles from 450 GeV to the maximum
possible energy.

The other important design parameter for a powerful accelerator in addition to the maximum energy
is luminosity. A high luminosity allows for a higher rate of particle collisions according to the relation

#event= L f eveni” (4-1)

where# .o denotes the number of events,the luminosity and . the cross section for the
process. The luminosity, which is dependent on the particle beam charaeteristics, characterizes the
number of collisions per unit area and time. Therefore, the integrated luminokit Cover a period

of time directly correlates with the amount of data collected by a detector. This thesis makes use of
data recorded in 2018 during Run 2 of the LHC, which corresponds to an integrated luminosity of
58.5 fb  and meet the criteria for good data quality at ATLAS.
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4.2 The ATLAS Experiment

4.2 The ATLAS Experiment

The design and structure of the ATLAS experiment enables research on a wide range of physics topics.
It is constructed cylindrically around the collision point to cover a large solid angle and consists of
multiple layers of detectors and instruments. The following sections describe the coordinate system in
ATLAS and all of the separate detectors within.

4.2.1 The ATLAS Coordinate System

The origin of the ATLAS coordinate system is xed to the interaction point of the colliding beams and
therefore coincides with the center of the detector [24]. Blagis points towards the center of the

LHC accelerator ring, while thetaxis is directed upward. THeaxis is de ned as the direction of the
beampipes in the right-handed convention. Often it is useful to describe positions and momentum
vectors in a polar coordinate system. The azimuthal angle in the transverse plane is de ned by
g 2 » c—¢/and the polak 2 »0- ¢/angle corresponds to the angle betweenl th&is and the vector.

A more convenient way to de ne the coordinates in a collider experiment is to use the pseudorapidity

[ = In tan \5 (4.2)

and the angular distance
t= (% o (4.3)

Some important physical quantities such as the transverse moméntutime missing transverse
energy ", and the transverse energy are de ned in@iglane.

4.2.2 The ATLAS Detector Setup

The ATLAS detector weighs 7000 tonnes and measures 46 m in length and 25 m in diameter. Three
main detector systems are layered around the collision point: the tracking system, the calorimeter
system, and the muon spectrometer 4.2.

The Tracking System

The tracking system is the innermost detector system in ATLAS, constructed to measure the tracks of
electrically charged particles, as well as interaction vertices. It consists of three subsystems that work
together and provide high-precision measurement and reconstruction 4.3.

The tracking system's rst component, tliixel Detector (PD), is made up of three layers of
semiconductor pixel detectors in each endcap and four layers in the barrel [24, 25]. Prior to Run 2 of
the LHC, the innermost layer was installed to greatly enhance the inner detector's tracking performance
at higher luminosities. The resolution of uéh in thet'q °-plane and 11%m in thel-direction is
made possible by the use of highly segmented pixel detectors, which have sizgsof 5850 um
for the innermost layer and 38m 250um for the outer layers.

The PD is followed by the second subsystem,$eeniconductor Tracker (SCT). More than 6
million silicon microstrips are used in four cylindrical layers in the barrel region and in nine discs at
the end caps, allowing a resolution of fiih in the'q °-plane and 58@m in thel -direction [24, 25].
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Figure 4.2: A schematic representation of the ATLAS detector con guration.Taken from [24].

Together, the PD and SCT detector subsystems can e ciently and accurately reconstruct vertices and
tracks in thg[ j Y 2+5 region.

TheTransition Radiation Tracker (TRT) is the nal part of the tracking system and comprises
around 300000 drift tubes, which are gas- lled straw tubes [24, 25]. Although the main aim of the TRT
is the precision tracking of electrically charged particles, it can also be employed for the identi cation
of electrons by detecting transition-radiation photons. For that purpose, transition radiation material
is placed inbetween the straw tubes. The TRT works within a rangjg &f2+0 and can achieve a
resolution of 13Qum per straw in thé'q ° plane.

Particle momenta and charge may all be calculated due to the Inner Detector's immersionina2 T
axial magnetic eld produced by a central solenoid [24, 25]. The entire ID with all its subsystems
extends radially from the center (R = 0) to about R = 1150 mm and measures 3512 mm in length.

The Calorimeter System

The Inner Detector is surrounded by the calorimeter system that measures the energy of the particles
as they pass through 4.4. By design, the traversing particles are forced to slow down within the
calorimeter and deposit their entire energy there to be detected. Particles that can interact via the
electromagnetic force can deposit their energy in the electromagnetic calorimeter, whereas particles
interacting via the strong force deposit their energy in the hadronic calorimeter. While the Inner
Detector can only track electrically charged particles, neutral hadrons can be traced in the calorimeter
system as well.

The electromagnetic calorimeter at ATLAS is called tguid Argon (LAr) Calorimeter and
provides energy measurements for electrons, photons, and electrically charged hadrons. For that
purpose, layers of lead and liquid argon alternate in an accordion-like structure [24, 25]. When
electrically charged particles traverse the lead layer, they are stopped and deposit their energy there,
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Figure 4.3: Overview of the ATLAS Inner Detector/Tracking System. Taken from [25].

creating showers of secondary particles, which in turn travel further to the next layer. Here, they ionize
the liquid argon and thus produce a measurable electrical current that is directly correlated to the
energy of the incoming particle. The calorimeter itself is separated into the barrel part, which covers
the regionj[ j Y 1+475and the end caps, which cover the regie875Y j[j Y 3¢2.

Particles that pass through the LAr calorimeter without depositing all their energy traverse the
surroundingTile Hadronic Calorimeter next and can deposit the rest of their energy here [24, 25].
Similarly to the LAr calorimeter, two alternating layers of passive and active materials are utilized.
Steel layers stop the particles and absorb their energy by producing secondary particles. These in turn
produce photons in the layers of plastic scintillating tiles, which are detected with photomultipliers.
Together, both calorimeters cover a rangg{ ¢fY 4+9. However, only thg[ j Y 2¢5 region of the LAr
calorimeter is equipped with ne-granularity detectors to precisely measure photons and electrons
that were detected and tracked in the ID.

The Muon Spectrometer

Since muons do not interact with the strong force and emit less bremsstrahlung, making deceleration
more di cult, they typically pass through the calorimeters undetected. Consequently, a specialized
large muon spectrometer was built around the calorimeters [24, 25]. It consists of three cylindrical
modules in the barrel and two end caps with three discs each, all immersed in magnetic elds.
Monitored Drift Tubes (MDTSs) are utilized in the three modules within the barrel and measure
the trajectory of the muons withiifij Y 2+0. A toroidal magnetic eld bends the muons onto curved
tracks, making it possible to measure the momenta of the muons. For larger pseudorapidity regions,
additional modules calle@athode Strip Chambers(CSCs) are employed in the innermost layer and
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Figure 4.4: An illustration of the ATLAS calorimeter system. Taken from [24].

those coveRe0 Y j[ j Y 2¢7 in the bending coordinate [24, 25].

The Muon Spectrometer is also equipped with a specialized trigger system, that can not only provide
triggering but also measure tracks in the azimuthal direction, the direction perpendicular to the one
measured by the MDTs and CSQResistive Plate ChambergRPCs) ful Il these purposes in the
barrel region, whilér'hin Gap Chambers (TGCs) are used in the endcaps and together they cover the
pseudorapdity ranggj Y 24 [24, 25].

A combination of three magnets, one barrel toroid and two smaller endcap toroid magnets, generates
the requisite magnetic eld for the de ection of muon trajectories within the spectrometer. The large
barrel toroid facilitates the magnetic eld for the ranijg¢ Y 14, while the two endcap magnets
encompass the randes Y j[ j Y 2+7. For the region between, the interaction of the three magnetic
elds provides the magnetic de ection [25].

4.2.3 The Trigger System

The ATLAS experiment may detect up to 1.7 billion proton-proton collisions every second. However,
only a subset of these events is su ciently signi cant for physics analysis. A spdcigher and

Data Acquisition (TDAQ) system is implemented, which only selects such events to store and discards
the rest. It uses a two-level trigger system that examines each event and checks if the selection
requirements are met in a very short time frame.

In a rst stage, the detected event passedinel-1 Trigger (L1), which uses information from
several detectors to select speci ¢ events. Information from the Muon Spectrometer trigger system
helps identify high?) muons and the calorimeter modules provide information for the selection of
electrons/photons, jetg;leptons and events with largg™*or , [24, 25]. In this rst step, the
event rate is reduced to 100 kHz and each event is selected or discarded witlmn 2.5

Events that pass the L1 trigger are sent toHiigh Level Trigger (HLT) [24, 25]. Here, a more
detailed event reconstruction is performed, using high-resolution information from the di erent
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detector systems, which helps re ne the selections made previously by the L1 trigger. Within 400 ms,
the HLT processes an event and decides whether to store it or not, reducing the data rate even further.

4.3 Particle Identi cation and Event Reconstruction

After an event passes through the trigger system, it is stored and can then be further processed for
physics analyses. This includes particle identi cation and full event reconstruction, where signals
measured by each detector subsystem need to be associated with particles or events. The following
section gives a brief overview of the reconstruction processes and algorithms used for a few important
particles and objects.

4.3.1 Electrons

An electron that is produced during the collision passes through the inner detector and the LAr
calorimeter, where it will be absorbed. Due to its charge, it will leave a track in the tracking system
and then deposit its full energy in the LAr, which means that the electron can be identi ed and
reconstructed with information from these two detectors within the rgjio¥i 2+47. The algorithm for

the reconstruction of electrons starts by identifying energy clusters in the electromagnetic calorimeter
with a total transverse energy greater than 2.5 GeV. Then, these clusters are matched to a track in the
inner detector with condition$ guster [racd ¥ 005and 010Y @ Qgyster irack’ ¥ 0°05[26,

27].

4.3.2 Muons

Muons are the only standard model particles that pass through all main ATLAS detector systems
and can be detected in all of them. Although primarily ID and MS information are used for muon
reconstruction, calorimeter signals can provide additional information.

In the rst step, the muon tracks are independently reconstructed in the MS and ID. Then, a global
muon reconstruction is performed, using several di erent strategies [28]. If an MS track can be
matched to an ID track considering the energy loss in the calorimeters, the reconstructed muon is
called acombined(CB) muon. In case an MS track cannot be matched to an ID track, the MS
track is extrapolated backwards towards the collision point and the reconstructed muon is called a
muon-spectrometer extrapolat€dE) muon. Inside-out combine@dO) muons are identi ed using an
ID track, which is extrapolated to the MS and coincides with at least three MS hits and signals in
the calorimeter. Here, a separate MS track is not needed, which can be useful to reconstyct low-
muons. Similarly, when the reconstructed ID track can only be matched to at least one MS segment,
the muons are identi ed asegment-taggefST) muons. If there is no MS information available,
muons can also be identi ed by calorimeter information that is compatible with a minimum-ionizing
particle. If the calorimeter hits coincide with an extrapolated ID track, the reconstructed particle is
called acalorimeter-taggedCT) muon.

4.3.3 Jets

The particles that are directly involved in the collision within a hadron-hadron collider like the LHC
are the quarks, which make up the hadron. A signi cant fraction of these collisions are enabled by
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the strong force, resulting in the creation of quarks and gluons. As a result of color con nement,
these particles experience hadronization, which manifests itself as jets, collimated bundles of hadrons,
ying in the same direction within the detector.

At the heart of the jet reconstruction process is the agtigorithm, which uses information
from the detector subsystems to reconstruct and identify two di erent types of jets, di erentiated by
the distance parameter Radiation from quarks and gluons is usually considered to form small-
jets with a distance parameter 'of= 0«4, while large* jets with' = 1 represent the product of
hadronically decaying heavy particles (such as theand/ -boson). The anti-;algorithm can have
di erent objects as input, the most important two #gopoclustersandparticle ow (PFlow) objects.

Topoclusters are clusters of topologically connected calorimeter signals that are reconstructed using
a clustering algorithm, which takes calorimeter cells with an energy above the thre§W8?B= 4f
as seeds, wherfe represents the noise level. Then, the algorithm nds neighbouring cells with

y i 2f and adds them to the cluster [29].

The PFlow algorithm uses topoclusters in conjunction to ID tracks to construct the input to the
anti-: calgorithm. This procedure is particularly advantageous for ®Bwets, since the tracking
system has a better resolution at lower energies. By combining information from the calorimeters and
the ID, the energy resolution is improved, and pile-up contributions, for which the calorimeters are
highly sensitive, are decreased [30].

4.3.4 Tau Leptons

Sinceg leptons are very short-lived, they can not directly be detected by the ATLAS detector and
must be constructed by their decay products.

For leptonically decaying tau leptogg,, the created light lepton is reconstructed as usual, whereas
the two neutrinos will evade direct detection. To reconstruct the event as a leptdaaay, the
missing transverse energy™*°can be utilized, as neutrinos can be the cause of a nonZ&rd

Hadronically decaying tau leptomgg,4 produce predominantly charged and neutral pions, which
have a jet-like signature in the detector. This is utilized in the reconstruction: Jets reconstructed by
the anti: calgorithm with* = 0+4 are selected as candidatesdpyy if they also ful ll ?) j 5GeV,
i[iY 25 and do not lie within the transition regidr37 Y j[ j Y 2¢5. In the next step, a dedicated
vertex association algorithm is used to nd the right production verteggr.is Since neutrinos
evade detection, they are not considered in the reconstruction. The algorithm calcul@efrédution
for each vertex according to [31]

? (tracks associated with the vertex)

> = * ?) (all tracks)

(4.4)

where a track is considered associated with the vertex if it lies withivi  0s2 of the g,,4.,isCandidate

jet. Then, the vertex with the maximui®, is selected as thg,,q.,is Production vertex. For the
reconstruction of the,,4.,is four-momentum, the four-momenta of the topoclusters of the seed jet
are considered. Afterwards, associated tracks tgthg,isare selected using di erent criteria, most
importantly they should be within the core regiohY 0-25around the direction of thg,,q.is After

passing the criteria for track association, tracks are divided into four types: When determining the
charge and quantity of charged decay products, such as for a decay mode classikatidracks

(TT), which are produced by charged tau lepton decay products, can be helpful. The electrons and
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positrons created when photons are converted inside the detector are the s@looeesSion Tracks

(CT). They are crucial for rejecting electrons that have been mistakenly categorigggdasd for
reconstructing and detecting neutral pions. In contrast to tracks from hadronic discégton

Tracks (IT) are more likely to originate from quark or gluon jets produced in hard-scattering processes.
These tracks also typically have a softer transverse momentum spectrum, a larger multiplicity, and a
wider angular distributionFake Tracks (FT) are tracks that do not belong to the categories listed
above, usually being misidenti ed or incorrectly reconstructed or coming from pile-up interactions.
The classi cation of the tracks is done using either a boosted decision tree (BDT) or a recurrent neural
network (RNN). The latter is a rather novel method that was developed for Run 3 of the LHC and is
also employed for the reprocessed Run 2 data.

Separation of trug,,q.is from misidenti ed g,,4.yisOriginating from QCD jets can be done using
an RNN-based identi cation algorithm, which was developed during Run 2 and has also been
used for reprocessed Run 2 data. It takes various track variables, cluster variables and high level
jet variables as input and is trained separately for 1-prong and 3-prong decays because of their very
di erent signatures. Four working points are de ned for tipédenti cation, namedTight , Medium
Loose, andVery Loose.

The decay mode of thglepton and the four-momentum of tigg, 4.,is Candidate are reconstructed
using a DeepSet neural network (DeepSet NN) in the reprocessed Run 2 data. It uses information
regarding kinematics, tracks, anfl candidates for the algorithm and outperforms the previously used
algorithm that was based on a BDT, as well as the eagligrParticle Flow (TPF) reconstruction
method.

4.3.5 Missing Transverse Energy

While the ATLAS detector is capable of detecting electrons, muons, photons, taus, and jets, some
particles such as neutrinos can escape detection. They are less likely to interact with any detector
subsystem and therefore leave no signature. However, due to momentum conservation in the transverse
plane, the observablg]™*® can shed light on whether particles left the detector undetected. The proton
beams travel fully in the z-direction with no contribution in the transverse plane before collision, which
means that the initial transverse momentum must be zero. It follows that the transverse momenta of
the nal-state objects should also add up to zero. A value that di ers from zero is a strong indicator
for undetected particles, which meanZ'°can be calculated via [32]

q
miss _ missp2 missp2
s 1 gEeR il (4.5)
where each component is
miss _ , jets el w g : ST o, 4.6
GH — GHs GH s GHs GH s GHs GH ()

Jgfip— %'LHD— VGLVFP— &ipand ,, each are th& H-component of the total momenta of all recon-

structed jets, electrons, photogdeptons and muons. The last ter@THo describes the Soft Term

and is theG H-component of the total momentum for all topoclusters and tracks that were not matched
to any of the objects mentioned before. It is especially sensitive to pile-up and requires a pile-up
correction, which can be done using di erent methods, which will not be explained here further,

but can be explored in [32]. Due to the number of compounds)‘i’B?S, reconstruction can be very
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complex and is associated with a lot of uncertainties.
) °%is a valuable observable for the procéss ge,ghae Since the decay of thgleptons produces

neutrinos, which can only be accessed with that observable.
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CHAPTER D

Simulation and Data

This analysis uses data recorded at ATLAS in 2018 for the measurementgptiarization. In

order to understand the physics underlying the data in high energy particle physics, theoretical models
and simulations of known processes are utilized. Using Monte Carlo (MC) methods, the contributing
physics processes are simulated and then compared to empirical data, which can help solidify known
physics or identify new phenomena. This chapter gives a general overview of the physics behind
Monte Carlo simulations in collider experiments and the samples used for the analysis.

5.1 Simulation

Data from high-energy collider experiments are simulated using Monte Carlo methods, which simulate
not only the physics processes at hadron-hadron collisions but also the speci ¢ detector responses.

5.1.1 Monte Carlo Event Generation

Simulated data are produced with Monte Carlo event generators, which use theoretical calculations
and distributions to model experimental physics. Due to the composite nature of the protons, the event
structure at the Large Hadron Collider and ATLAS can become very complex, which necessitates
a multi-step simulation approach. Often, a proton-proton collision can be divided into ve steps
for event generation: The hard process, the parton shower, hadronization, the underlying event and
unstable particle decays [33].

Hard Process

Hard processes in QCD describe interactions between hadrons at very small distances with high
momentum transfers. At these scales, the strong coupling constant is small and perturbation theory
can be used to calculate and simulate a speci ¢ hard process with the parton distribution functions

(PDFs) describing the incoming partons.

Parton Shower

A parton shower is a cascade of partons (quarks, gluons) that is produced by the partons involved in
the hard scattering process. Similar to Bremsstrahlung in QED, accelerated color charges in QCD
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radiate gluons, which in turn can also radiate o gluons due to their color charge. This leads to a
shower of partons that extends only until their energy is reduced enough for hadronization. This part
of an event is simulated using perturbative QCD as well.

Hadronization

At lower energies, perturbative QCD breaks down, and hadronization takes over. The physics behind
hadronization can be simulated with two di erent models, where di erent event generators can use
di erent models to simulate this step.

Underlying Event

Apart from the primary event produced in the hard process, the partons that were not involved in the
hard scattering process can also interact and / or hadronize, leading to underlying events. They can
be simulated using perturbative models by assuming multiple parton-parton interactions in the hard
process.

Unstable Particle Decays

Often the primary hadrons produced during hadronization are not stable and decay further into stable
nal states. These decays are simulated in the last step using matrix elements, branching ratios, and
more recently, spin e ects of the decay process [8].

5.1.2 Detector Simulation

After event generation, the simulated events need to be processed further to detector-level events. This
is done using a simulation to@eant4 [34], which models how the di erent detector modules of
ATLAS respond to the di erent simulated particles.

The detector hits need to be processed further by the detector readout system, which is replaced
by another simulation step. This also includes noise modelling to account for electronic noise and
random signals not related to particle hits. In a nal step, the simulated output from the detector is
then reconstructed to physics objects, similar to the reconstruction described in 4.3.

5.2 Data and Monte Carlo Samples

The samples used in this analysis were in the form of n-tuples, producedTetiFrameworl{35]
andAnalysisBase 25.2.41 [36].

5.2.1 Data

'this analysis uses data recorded with the ATLAS detector in 2018 at a center-of-mass energy of

B= 13TeV with an integrated luminosity &85 fb ! The integrated luminosity corresponds to
data that were classi ed as "Good For Physics". The samples are ozfDD_PHWE&rivations for
ATLAS Run 2 using tagp6479.

34



5.2 Data and Monte Carlo Samples

Table 5.1: Di erent processes and the corresponding event generators for their MC samples as well as their
Dataset Identi ers (DSIDs). In addition to the processes described above, processes with vector boson fusion
(VBF) are included as well. In these cases, the gauge boson is not created directig@dtdlisions and
instead is produced as a "fusion” of two vector bosons, that are radiated o the initial state quarks [37].

Process Event generator DSIDs

/! gg Powheg+Pythia8 361108

/' gg(VBF) Powheg+Pythia8 600939

/v Powheg+Pythia8 361107

/v 7 (VBF) Powheg+Pythia8 600938

, | da+jets Sherpa 700338-700340
, ! Ta+jets Sherpa 700341-700343
, ! gepatjets Sherpa 700344-700346
, 1 G tets Sherpa 700347-700349
, ! 4da+jets (VBF) Sherpa 700362

, ! "a+jets (VBF) Sherpa 700363

, ! ga+jets (VBF) Sherpa 700364

Top pair production  Powheg+Pythia8 410470-410472
Single Top Powheg+Pythia8 410644-410645, 410658-410659

5.2.2 Monte Carlo samples

Monte Carlo simulation samples were used for the signal process, as well as for the Z + jets, W +
jets and top pair production background processes, described in 6.1. They areRARBD_ PHYS
derivations for ATLAS Run 2 using taopp490from the MC20 campaign. A list of the samples and

the corresponding processes and event generators can be found in Table 5.1. The QCD background is
di cult to simulate, so instead it is modeled using a data-driven method, which will be explained
further in section 6.3.1.

ThePowheg Boxvl MC generator [38 40] was used for the simulation at NLO accuracy of the
hard-scattering processes/oboson production and decay in the muon gridpton channels. It was
interfaced tdPythia 8.308 [41] for the modelling of the parton shower, hadronization, and underlying
event, with parameters set according to the AZNLO tune [42]. Th&Onlo PDF set [43] was used
for the hard-scattering processes, whereafhEQ6L1PDF set [44] was used for the parton shower.
The e ect of QED nal-state radiation was simulated wi#hotos++3.52 [45, 46]. Thé&vtGen 1.2.0
program [47] was used to decay bottom and charm hadrons.

The production of W+jets was simulated with the Sherpa 2.2.1 [48] generator using NLO matrix
elements for up to two partons and LO matrix elements for up to four partons calculated with
the Comix [49] andOpenLoops[50 52] libraries. They were matched with the Sherpa parton
shower [53] using theMEPS@NLOprescription [54 56]. The samples were normalized to a
next-to-next-to-leading-order prediction [é?]

The production oft and single-top events was modelled usingPogvheg Boxv2 [38 40, 58]
generator at NLO with the correspondiNg{PDF3.0nlo set of PDFs [59]. The events were interfaced

' The sample with the DSID 700342 was not available for the year 2018 due to some technical issues. Therefore, it was
replaced with the sample from 2017, neglecting the small di erences in the pileup pro les.
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with Pythia 8.230 [60] using the Al4 tune [61] and theNPDF2.3lo set of PDFs [62]. The decays
of bottom and charm hadrons were performedhyGen 1.6.0 [47].

Samples simulating vector boson fusion processes were included in the initial analysis for complete-
ness, but due to very small contributions (<1%) they were left out of the nal measurements.

Pileup Reweighting

The e ect of multiple interactions in the same and neighboring bunch crossings (pileup) was modelled
by overlaying [63] the simulated hard-scattering event with inelastic proton-pr@@nevents
generated from a mix dEpos2.0.1.4 [64] andPythia 8.308 [41]. TheEposevents were generated
with the EposLHC tune [65] and théythia events with the A3 tune [66] and tiNNPDF2.3l0 [62]

set of parton distribution functions (PDFythia pileup events include either a high transverse
momentum ®5) jet, a prompt photon, or a lepton fromlahadron decay, whil&poswas Itered

to simulate all remaining pileup events in the overlay sample. The individual simulations were rst
reweighted to ensure a smooth connection acrosa;j¢tien the combination reweighted to match the
distribution of the actual number of interactions per bunch crossiphgeasured in data.

Event cleaning

Following the recommendations of the DataPrep group, the following event-level requirements are
made.
Only events included in the o cial GRL are used:

datal8 13TeV.periodAllYear DetStatus-v102-pro22-04_Unknown_PHYS_ StandardGRL
_All_Good_25ns_Triggernol7e33prim.xml

The following event-level vetos are made to reject bad / corrupt events:
" LAr noise burst and data corruptiorRAOD::Eventinfo::LAr ),
" Tile corrupted eventsx@OD::Eventinfo::Tile ),

" events a ected by the SCT recovery procedure for single event upge®y:.Eventinfo::SCT ),

incomplete eventsx@OD::Eventinfo::Core ).

Events must have a primary vertex with at least two associated tracks. The primary vertex is
chosen as the one with the Iarge§t2, where the sum is over all tracks with transverse momentum
?7 i 05 GeVthat are associated with the vertex.

Cross Section and Luminosity Scaling

After normalizing each sample by the sum of event weights, each MC sample is scaled by the cross
section of the simulated process and needs to be corrected for higher-order terms (k-factor) and the
lter e ciency at event generation. The corresponding scale factors are retrieved from the PMG Cross
Section Tool Database [67]. Finally, samples need to be further scaled by the integrated luminosity of
the data collection period, which can be found in [68].
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Tau Decay Simulation and Spin E ects

Decays ofg leptons and the corresponding spin e ects are simulated witf &igOLL69] package.
However, the spin information of the particles are not stored after event generation, so they have to be
simulated afterwards using decay kinematics.

TauSpinner [70] is a package, that can simulate spin e ects by relying on the four-momenta of
the heavy boson, thgglepton and its decay products. Based on these information, the algorithm can
reconstruct the polarimetric vectorsand . These vectors are then used to de ne weighis
andF,. for the right-leftg-pair con guration ¢ g ) and the left-right con gurationgd, g ). For the
decay of a spin-0 resonance such as the Higgs boson, the probabiﬂlyeach spin state i§ and
the weights are de ned as

11011, o (5.1)

F., =211, ,°11 ;0 (5.2)
For a spin-1 boson decay such as thdaoson,’?'g is rather de ned as the probability for the
rst lepton of the pair to be left-handed?y, = 11 P (°. Here,Py is de ned as the longitudinal
polarization. In this case the weights are constructed as
Fioo=2411, °1, j°- (5.3)

B

F, =31 ?2\e11 o1 o (5.4)

or in terms of the longitudinal polarization

1
Fr =34 Pgotl, 01, j°- (5.5)
F. =%11,Pé°11 |01 O (5.6)

The probability for the con gurationd g; ) is then calculated using

Fy

?'g g °= (5.7)

5

I:'! l:!'

and then compared to a random numbgbetween 0 and 1. IP1g g ° j = 5, the event is assigned
the helicity con gurationg g; . The helicity con guration ¢, g ) is assigned for the opposite case.

The TauSpinner algorithm is applied to thé | ggsample to assign the helicities of the
lepton on an event-by-event basis. An important fact to note here i3 #&w8pinner always assigns
the helicities in relation to thg . The helicities are then used to split the sample into events with
left-handed and right-handedeptons, respectively.
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CHAPTER O

Selection of Events

6.1 Signal and Background Processes

While the analysis angd-lepton polarization measurement is done inthe  gg,0,,4 decay channel,
there are a number of background processes that mimic the signal process.

6.1.1 The Signal Process

The signal process for this analysis is thed g g decay, where one of thg leptons decays
leptonically and the other hadronically. Here, the leptonically decayisgyves to trigger, identify

and choose signal events, whereas the hadronically decaying tau can be used as a spin analyzer. Both
decays are mediated by the boson that further decays into either a lighter lepton and two neutrinos

or into two quarks that hadronize and a neutrino. This means that in totalthee,g,,4 Process
produces three neutrinos, a lighter lepton as well as a jet of hadrons in the nal state. Furthermore, the
lighter lepton and the jet, which is reconstructed as the hadronic tau, must have opposite signs as they
originate from the samé-boson decay. Thus, the event selection focuses on identifying events with
this speci ¢ signature. An additional requirement in this analysis is an electron veto, which means
that only muons are considered as candidates for leptonic taus.

@
/ %
jet
Figure 6.1: Thd ! ° background process. The additional jet can occur, which can also contribute to the

background. Adapted from [11].
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6.1.2 The Background Processes

o

The Z+jets background can be split into two procesges: *~~ and/ ! ° +jets. In the rst

process, one of the leptons can be misidenti ed as a muon from a legalgcay, while the second

lepton is falsely reconstructed as a hadronic tau. In the second process, one of the leptons is missed,
and instead an additional jet from ti@ / process fakes the hadromjc

WHjets

One signi cant background consists of ! ;a + jets processes, wheyean be any leptord( *, g).
The lepton in this process is reconstructed ggacandidate and can even stem from a real leptgnic
decay for, ! gg;tjets processes. The jet, on the other hand, is misidenti ed as a hagyonic

@ ;
jet a

Figure 6.2: The W+jets background process. Adapted from [11].

Top Pair Production

Pairs ofCguarks can be produced @collisions in ATLAS through the exchange of a gluon. The
CandCcan then further decay intolaor 1 quark by emitting  bosons. These can decay either
leptonically, ! ;a or hadronically, ! @® Inthe rst case, the lepton is identi ed as the lepton
from age, decay, which may be true for ! ga, processes. In the second case, the quarks hadronize
and form jets that can be mistaken for hadramleptons.

> <

Figure 6.3: The top pair production background process. Adapted from [11].

QCD Background

In addition to the other background processes, a large fraction of the backgroundl fage,gaq
processes comes from multijet events that encompass QCD jets from hadronizing gluons and quarks.
In this case, jets can fake both thg candidate and thg,, candidate. The QCD background will
occasionally be referred to as the Fakes background.
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Figure 6.4: Distribution of the number dfjets in for 1-prong decays after event selection and before any
background suppression cuts. Events originating from the top background mostly have at |dagtone

6.2 Event Selection

In order to be selected as candidate events forglpislarization measurement, each event must pass a
set of requirements, also referred to as cuts.

6.2.1 Event Preselection

In a rst rough preselection, the reconstructed leptonic and hadgpiysics objects are required to

pass some selection cuts, in order to be considered t for this analysis. Since this analysis is only done
in the g g,5-channel, only events with no electrons and exactly one muon are selected. Furthermore
the events had to pass the high level trigger with at least one muorPyvit26 GeV and medium
isolation. ThegIe|O candidate is additionally required to pass the tight identi cation criteria and have a
tight isolation with variable radius. Only events with agpg, candidate are selected and it is further
required that the candidate ful®y >20 GeV and pass the medium identi cation criteria. Finally, the

Jiep @NdGhaq are required to have the opposite charge.

6.2.2 Selection of Signal Events

In order to have a high signal-to-background ratio for the measurement, further cuts are applied that
suppress background events. A comprehensive list of these cuts can be found in Table 6.1, which will
be explained in further detail in the following sections.

Top Pair Production Background Suppression Cuts

A distinct signature of the top pair production background is the productidrets, which is not
present in the signal proceés! gg By requiring that the number df-jets in an event should
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be zero, the top background can be ltered out very e ectively, see Figures 6.4. The e ect of this
cut on the distribution is di cult to see with the eye in Figure 6.5 due to the small number of top
background events, but is shown quantitatively in Table 6.1 for all 1-prong decays in general.

(@) (b)

Figure 6.5: distribution for 1p1n decays after event preselection and before any background cuts (a) as well as
after the top background suppression cut (b).

W-+jets Background Suppression Cuts

i
A possible discriminator between signal and W+jets background events is the observaipldt is
de ned as i

q= qt )Iep_ )misso E )had_ )misso_ (6.1)
with )had being the energy of thg, 4 candidate. Furthermore,is the azimuthal angle between the
missing transverse energy and eithéﬁp or )had and g is the sum of those.

As can be seen in Figure 6.6, the neutrinos are emitted in a di erent fashion betweeigg
and, ! ;atjetsevents. Thé ! ggprocess is atwo-body decay, where neutrinos are produced
in the second step during the decay of thieptons. These neutrinos are usually emitted in the
ight direction of their parent particles, which means that the total*® vector then lies between the
momentum directions of the twgleptons. For W+jet processes, this looks a bit di erent: itf{@ss
vector will show in the ight direction of the nqutrino, as depicted in Figure 6.6 and in this casg
is larger. Therefore, only including events with g < 3.5 rad should remove a bulk of.the W+jets
background events. Figure 6.7 shows the g distribution after the top cut and before tlhe g cut
as well as the distribution after the cut.

42



6.2 Event Selection
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i
Figure 6.6: Sketchof qin/ ! ggprocesses (left) and in W+jets processes (right). Adapted from [11].

@) (b)

i i
Figure 6.7: The g distribution after the top cut (a) and thedistribution after the g cut (b).

Another characteristic observable for measurements qf theoson is the transverse mass de ned
as

lep mi i i
<= 2 )ep "1 cos gt )ep— o (6.2)

where P is the transverse energy of the Iepton),miss the missing transverse energy, and

qr e )’“iSSO the azimuthal angle between those two. In the leptonic decay modes the
sondecaysvia ! ;aand the neutrino escapes detection. The visible invariant mass obsesvable
does not take this into account, and instead the transverse mass is ussq. dis&ibution for the
, | ;atjets background peaks around the mass, as can be seen in Figure 6.8. Since the energy
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(@) ) (b)

|
Figure 6.8: The<, distribution afterthe g cut (a) and the distribution after the<, cut (b).

of the hadronig is not considered in this variable, thg distribution for the/ ! ggprocess peaks
at lower values. Thus, to eliminate a signi cant amount of W+jets background events, one can exclude
events that do not lie within the regien < 30 GeV.

Z+jets Background Supression Cuts

Toreducethé ! ° background, a cut on the invariant visible mass is employed. The invariant
visible mass is de ned as q

1 o= 1 02_
<vis ghad_%p - ?ghad’ ?glep (63)

where?, and?, 9p 2T€ the four-momenta of thg,,andg,,, candidates. Due to the involvement of
neutrinos in the decay of thpcandidates, the reconstructeg distribution peaks at lower energies
for/ ! ggeventsthanfof ! °° events, see Figure 6.9. By only selecting events in the region
40GeVY <, Y 85GeV, alarge portion of ! events is suppressed.

The nal distribution after all the background cuts is shown in Figure 6.9. In contrast to Figure
6.5, the number of events is reduced signi cantly, but the signal to background ratio has improved.

Considered Cuts

A di erent way to suppress ! *° events is to look at the energy left in the calorimeters versus
the momenta of the, 4 candidate, calculated from the curvature of the tracks. Since muons
typically do not deposit energies in the calorimeters, the observatffewill most likely be less
than 1 for the misidenti edy, 4 stemming fronv | " events. Read),,4will leave their entire
energy in the hadronic calorimeter, thus? will be close to 1 or larger for actua,,; This
phenomenon is clearly shown in Figure 6.10 (a). As seen in Table 6.1, a cut®reduces the
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@) (b)

Figure 6.9: The< ;s distribution after the<) cut (a) and the distribution after the< ;s cut (b).

Table 6.1: Event yields for data and prediction (except the QCD background) after preselection and each
background cut. The cuts are applied sequentially from top to bottom. Also listed are the event yields after
applying each rejected cut separately but after all background cuts. The event yields are calculated for all
1-prong decay modes together. Uncertainties have been left out.

Data I./! gg r/! gg /! ™ W+jets Top
Preselection 1253602 169724 79682 156383 920571 99919
Background Cuts
Tojets = 0 1126721 164846 76929 152493 892294 11622
gY 35 rad 575785 143356 66752 115190 260477 5986

< Y 30GeV 209146 69449 41656 44862 34121 1163
40GeVY<, Y 85GeV 140197 62901 38189 11156 13290 403
Rejected Cuts

*? i 098 132224 62178 37031 5076 13213 597

)missi 10GeV 64194 27814 20662 1849 7219 325
f miss| 3 39872 16470 13427 982 4675 260
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/' " background while barely having an e ect on the yield for the signal process. However, the
eectonthe/ ! °° background is very small, especially for events in the 1pln decay mode and
thus this cut was left out.

Another cut that was initially included in the signal region and then later removed was the cut on the
missing transverse energy"*". Since this observable usually describes the neutrinos that cannot be
detected at ATLAS, it tends to be larger for  ggsignal eventsthanfar! " events, since no
neutrinos are involved in the latter, see Figure 6.10. Thus, the)’Bﬁfi 10GeVwas at rst included
for the signal region. However, after quantitatively evaluating the number of events remaining from
each process after that cut, it was removed. While the cut does remove a signi cant portion of the
background, it strongly reduces the number of events in the signal sample as well.

A related variable is the signi cance of)"*", de ned as

miss
foss = . (6.4)
)
Again, for background events (especially fromthé " process)f misstends to be smaller, and so
the cutf missi 3 was previously included for the signal region. However, this cut does signi cantly
reduce the statistics for the signal samples as well, which is shown in Table 6.1 and was therefore
excluded after careful consideration.

6.3 Background Estimation

6.3.1 QCD Background Estimation

Most of the background processes (W+jétd, ~° , @ are simulated using Monte Carlo techniques.
However, this is not the case for the QCD background. The production mechanisms of QCD events
are quite complex and therefore di cult to model. Instead, the QCD background is estimated using a
data-driven method.

This is done in a dedicated region close to the signal region, but whegg, tfendgj,,4 candidates
have the same sign. Here, the di erence between the sum of all other Monte Carlo events and data is
simply lled up by QCD events. This estimate is then transferred to the signal region.

The reasoning behind this method is the assumption that the number of events and shapes of the
distributions for the QCD background should generally be the same in the opposite-sign (OS) and
same-sign (SS) regions. The QCD jets fakingghg andg,,q are not correlated by charge, so on
average there should be no di erence between the QCD background in the OS- and SS-regions.

6.3.2 Control Regions

While the previously described selection criteria remove a large portion of the background, a signi cant
number of background events remain. To measure the number of signal events correctly, the remaining
background needs to be estimated as precisely as possible. This can be done using control regions for
each background process, which are de ned by inverting one single background cut from the signal
region for each control region. This ensures that the control regions remain kinematically close to
the signal region. These control regions are enriched in background events and can help correctly
estimate the contribution of those in the signal region.
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(a) (b)

(©

Figure 6.10: The « ? distribution (a), the )missdistribution (b) and thé )missdistribution (c) after all background
cuts listed in Table 6.1.
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Figure 6.11: Regions for the "ABCD" method. Region B is used for the data-driven QCD background estimation
and regions C and D are chosen as control regions.

QCD control regions

Since the QCD background is not simulated, but estimated using a data-driven method, two control
regions are de ned for this background using the ABCD method. The ABCD method de nes four
regions - the signal region and three orthogonal regions, which are dominated by background events.
These regions are de ned using two criteria.

The mediung,,4identi cation requirement from the event preselection can remove events from
the QCD background, which can be used to de ne the control regions. The rst criterion for the
ABCD method is therefore thg, .4 identi cation requirement, with which two regions are de ned:
the rst region encompasses events passing the medjypidenti cation requirement and the
second region contains events passing the Igpggdenti cation requirement, but not the medium
one. These regions are then further divided into OS- and SS-regions, such that four regions are
de ned, see Figure 6.11. A is the signal region and B is the region, where the QCD background is
estimated# 9P = # 9P, Regions C and D are dominated by the QCD background due to the loose
Ohaq identi cation requirement and are thus selected as control regions for the QCD background. To
di erentiate the two, region C will be referred to as thakes OS Control Regicand Region D will
be called thd-akes SS Control Region

WH+jets Control Region

Two cuts were applied to remove the W+jets background in the signal region, and inverting one of
those two de nes the W+jets control region. Instead of events wjth? 30 GeV only events with

<y i 70GeVareincluded. This region is largely dominated by the W+jets background as shown in
Figure 6.12 (a).

48



6.3 Background Estimation

Z+jets Control Region

To estimate thd ! °°  background as precisely as possible, a control region dominated by
/1 77 events is needed. This is created by inverting ¢hg cut from the signal region
and choosing events betwe86 Y<,.Y 100 GeV. This kinematic region is especially rich in

/! "7 events, see Figure 6.12 (b).

Top Control Region

To de ne a control region that is dominated by the top background, the cut on the numbenoiured
jets is inverted. By requiring that events have at leastbravoured jet, mostly events from the top
background are selected, see Figure 6.12 (c).
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(a) (b)

(©)

Figure 6.12: The<, distribution in the signal region without the) cut (a), the< ; distribution in the signal
region without the< ;5 cut (b) and thes, s distribution in the signal region without thg; cut (c) for 1-prong

decays.
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The Fit Method

In order to match the Monte Carlo distributions to the data distributions and extract the polarization
from the -plotin the signal region, a tis performed. The t determines global normalization factors
(normfactors) that scale each Monte Carlo template such that they match data. The measurement of
the polarization is done in the signal region, but control regions provide more information for the t,
especially for scaling the Monte Carlo templates for the background processes.

7.1 Binned Template Pro le Likelihood Fit with TREXFitter

The tis performed withTREXxFitter [71], a tool for binned template pro le likelihood ts using
Poisson statisticSTRExFitter constructs statistical models in HistFactory [72]. RooFit serves as the
framework for statistical modeling, while RooStats o ers supplementary classes for interval estimation
hypothesis testing.

The number of measured events in Bia given by3gand the contributions from each Monte Carlo
template byOgg The goal is to nd normfactor# 4 for each Monte Carlo template such that the

~

predicted bin content, given by 0]
3= #g Ogg (7.1)
9
matches the measured number of ev@gtsThen, the binned likelihood function can be constructed
using Poisson distributions
@ins4 % %38

0 —
P9 S 34!

(7.2)

81
Maximizing the binned likelihood function yields the desired normfactors. More commonly, the
negative log-likelihood function is minimized instead

@ins
Nt 1% P= 15 3gln 5°— (7.3)
8

where the last term has been omitted, since it is constant and does not contribute in the minimization
procedure.
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7.1.1 Statistical Uncertainties

Monte Carlo samples usually have nite statistics, which means that the predicted number of events
is prone to statistical uctuationsTREXFitter takes this into account by introducing nuisance
parameters callegammador each bin. These nuisance parameters are Poisson constrained due to
their statistical nature. By introducing these statistical uncertainties, the t can additionally vary the
bin contents within the given limits.

In the Barlow-Beestoifi73] method, one nuisance parameter for each Monte Carlo template per bin
is used. This leads to one independent scale fA§gior each Monte Carlo template and for each bin,
such that the predicted number of events in each bin is now

0
3= #g Wg Ogg (7.4)

9
and the likelihood function including all the nuisance parameters becomes
Oins g B %38 Oc Bins 4 Vo os 1V\é£99§098

34 )

I 14 0 = (7.5)

81 o1 81 Ood

While the Barlow-Beeston method is quite elegant, it produces a very large number of nuisance
parameters, especially in cases with a larger number of Monte Carlo templates.

TREXFitter uses a simpli ed version of the Barlow-Beeston method, where only one nuisance
parameter for each bin is created. The idea is that the e ect of statistical uncertainties on the sum of
the templates dominates. Thus, all Monte Carlo samples are scaled by the sam@ffactor

0
=W #9 Ogg (7.6)
9

and the simpli ed likelihood function becomes
E"Bins4 % §8®in34 Wﬁ 8 1W 80 8

| |
3 ., o

|14 P = (7.7)

81

i : . :
where g= 40ggis the number of events predicted by Monte Carlo, summed over all templates in
bin8

7.1.2 Systematic Uncertainties

Apart from statistical uncertainties arising from nite Monte Carlo statistics, systematic uncertainties
from di erent sources must be considered. This can also be taken carel&byfitter , which

creates nuisance parameters for each source of systematic uncertainty. The nuisance parameter for
the systematic uncertain®/will be denoted by, with nominal valueJ;°™ and uncertainty .
TREXxFitter assumes Gaussian distributions for these parameters and thus adds Gaussian constraint
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terms for each systematic uncertainty

1Un?om U?°2
1 2
=t I (7.8)
cfy,

Additionally the bin content is varied by a functid@tU,°, such that

O

3=B'U,° W #g Ogg (7.9)
9

These function®g*U,° are response functions that interpolate between the up-)(athd down-
variations (-1 ) of U,. In order to create these functions, each Monte Carlo template is recreated
with the parameters varied up and down, resulting in three histograms such as depicted in Figure 7.1.
TREXFitter can create the response function for each bimbyphingand - in the simplest case -
piecewise linear interpolation:
(i

1| fpom o 1] NOMp1 . nom
%1@): %1@90%, i ?U? »% Ur?o ' f > nonE,B U? /4 BJ? l--U ?om
2 U, SBIYT BIU fy,°% 8, YW
Here, ®@is the vector containing all nuisance parametess which leads to &,,-dimensional
interpolation.

Choosing an appropriate parametrizatioh]" can be set to zero arfd,  simply to one. The nal

likelihood function with 9]

2=B'& W #g4 Ogg (7.10)
9

can then be written as

@ins 4 % %38 @ins 4 Vg 8 1vg 0 8 @ar 1 U, 02
8 ?
3 : p—a4 7 s (7.11)

| 1 O =
&1 ) 2=1 2C

&1

In this analysis there are ve Monte Carlo templates (left-handéd gg, right-handed ! gg,
/' 77, W+jets and Top) and an additional template, which is estimated using a data-driven method
(Fakes). The statistical and systematic uncertainties are only applied to the ve Monte Carlo samples
and not considered for the Fakes sample.

The nal likelihood function in Equation 7.11 only considers one single region. However, in this
analysis the tis performed in multiple regions dnannelsthus the likelihood function needs to be
amended, such that

@1an@ins4 5 538 @in54 W g 1V¥ 8o g Qar 1 1U702

p—4 7T - (7.12)
% e g =1 2C

PP =

2=1 &1

where=,,,is the number of regions considered in the t.
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(@) (b)

Figure 7.1: The< distributions for the full ! ggMonte Carlo sample. The plot on the left (a) is created by
varying the TES parameter 8.1 up and downlbyand overlaying with the nominal distribution. Similarly,

the plot on the right (b) is produced by varying a Tau ID parameter up and dowh .bBoth distributions

are normalized by the sum of weights and have not yet been scaled by the corresponding cross sections and
luminosity.

7.2 Fit Input

7.2.1 Normfactors

Normfactors for each of the MC templates, including the Fakes template, can be de ned in order to
scale them appropriately. Using this method, one can scale the pre- t yields for the left-handed and
right-handed samples with their respective normfactors and calculate the polarization via

# , #Pre-t # | #!pre-t
# , #Pre—t # ! #!pre—t

B

P (7.13)

A more elegant method is to instead de ne normfactors for the polarizétion, as well as for the
total/ ! ggtemplate# ., and use these as degrees of freedom in the t. The normfactors scaling
the left-handed and right-handed samples are then de ned #sing and# ,; and the relations

- (7.14)

P — (7.15)
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Table 7.1: Overview of all cuts in the signal region, the event yields in the left-handed and right-handed samples
after applying each cut sequentially and the resulting polarization value. The percentages in brackets after the
event yields describe the selection e ciency with regard to the event yields in the row above. The numbers in
the rst row are calculated from the sum of weights and are therefore not associated with uncertainties. The
cuts in rows 2 to 4 have a selection e ciency of 100% since the n-tuples used in the analysis were already
supplied with these cuts. The uncertainties on the polarization value are only an estimate using Gaussian error
propagation.

Selection Left-handed Right-handed Polarization
70615261813.55481 52407842391.244514 0148
?Fadi 20GeV 702574 1120 305519738 03939 00012
?)ep i 26GeV 702574 1120 (100%) 305519 738 (100%) 043939 00012
S 702574 1120 (100%) 305519 738 (100%) 03939 00012
= =0 377440 820 (54%) 160042534 (54%) -0.40450.0017
= = 377440 820 (100%) 160042534 (100%) -0.40450.0017
Trigger 377232 820 (>99%) 159950534 (>99%) -0.40450.0017
Lepton ID 366825 809  (97%) 155534527 (97%) -0.40450.0017
Lepton Isolation 342130 781  (93%) 144307508 (93%) -0.40670.0018
Had Tau ID 227512 637  (66%) 99299421  (69%) -0.39230.0021
Opposite Charge 225616634  (99%) 98433419 (99%) -0.39250.0022
=nbjets 219024 624  (97%) 95045411 (97%) -0.39480.0022
) Y 30GeV 102733 427 (47%) 55739314 (59%) -0.29650.0032
qY 35rad 95517 411  (93%) 51915303 (93%) -0.29570.0033
40GeVY<,.Y85GeV 79586 376 (83%) 44895283  (86%) 02787 00037
Decay mode 1pln 36777256  (46%) 19697187 (44%) 03024 00054

The polarization value can be set t6+148 which is the value used ifauSpinner to assign the
helicities. Scaling this value with the resulting normfactor,, calculated by the t then yields the
measured value fd?g. However, since the normfactors are unconstrained nuisance parameters in the
t, information about its constraint is not known, and error propagation becomes quite complicated.
So instead, the polarizatid?lg itself is set as a nuisance parameter in the t, which allows the direct
measurement of the polarization and its associated uncertainties with correct error propagation and
taking into account all the correlations between the left-handed and right-handed terms.

Selection E ciencies

One matter that has to be taken into account here is the e ect of the selection cuts in the di erent
regions. Table 7.1 shows the e ciencies of each selection cut in the signal region and the e ect on
the polarization. Some selection cuts a ect the left-handed and right-handed samples di erently.
This is especially the case for thg , <\;s and thegy,4 1D cuts, which tend to a ect the left-handed

/ ! ggsample signi cantly more. Th@)had and 2P have a signi cant e ect on the measured
polarization as well. The e ects of each of those two cuts respectively cannot be shown here due to
technical reasony but can be found in other works such as [74]. Thus, the polarization depends

' The n-tuples used in this analysis were already provided with the cuts & and 2'°P as well as the cut on the
number ofg,, .+ The event yields without any selection cuts are accessed through the sum of weights.
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heavily on the kinematic region in which it is measured and on the selection cuts.

In order to correct for these e ects, the measurement is extended to the inclusive phase space and
the equations above are amended by an additional factbe selection e ciencf

pre- t
— #'—!

n_, (7.16)

- 4 incl *

Here,# .p_r!e't is the number of left- or right-handed events in one region#sl.iﬁﬂ the number of left-
or right-handed events in the inclusive phase space. Furthermore, the total nurhlder gf events

ina region#f’o[e't is replaced by the total number bf! ggevents in the inclusive phase space.

7.2.2 Regions and Histograms

For the analysis, one signal region (SR) and ve control regions (CR) were de ned. The histograms

that are given to the t are selected such, that they provide as much information for the t as possible.
For the SR, the distribution is plotted and given to the t to directly measure the polarization

using the observable. For the CRs, the selected distributions need to be dominated by background and

speci cally by one background process for each region. Thussthelistribution was used for the

W+jets control region, the ;-distribution for the/ ! " control region and the "™ distribution

for the Top and both Fakes control regions.

Although the analysis is performed mainly in the decay mode 1pln, the other decay modes can
be used as additional regions in the t. This means that in totab = 30 regions were initially
de ned for the t. Due to very low statistics in the 1pXn, 3p0On, and 3pXn decay modes for the
/! 7 control region, these three regions were left out of the t. The total number of regions used
in the nal tis therefore 27.

7.3 Blinded Fit

Ensuring an unbiased measurement is a fundamental concept of scienti ¢ experiments. For this
purpose, a blind tis performed with the setup described above. Measured data is disregarded and
instead Asimov data is used to t the prediction to. If the experiment is unbiased, all normfactors
should take up their nominal value and produce the predicted results.

First, the blind experiment is done with statistical uncertainties only. All normfactors scaling
the di erent templates have taken the nominal value of 1 and the polarization is calculated to be
0148 0022 which is consistent with the nominal value.
Then, the tis repeated with the statistical as well as all systematic uncertainties listed in 8.1. The
results are the same, see Figure 7.3, and all nuisance parameters adopt their nominal value, see Figure
7.4.

2 The uncertainty attached to the selection e ciencies need to be propagated to the nal result as well, which is neglected
in this analysis.
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@) (b)

© (d)

(e) ®)

Figure 7.2: Input histograms for the t iMREXxFitter . Depicted are the histograms for the signal region and
all control regions for the decay mode 1pln. The full set of input histograms can be found in the appendix A.
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@) (b)

Figure 7.3: Normfactors (a) calculated for the blind t and post- Wistribution for decay mode 1p1n (b). The
normfactors are de ned as described in section 7.2.1.

7.4 Validation of the Fit-Method

Before the actual measurement of thpolarization is performed, the t method must be validated
to ensure that the t works before tting to measured data. This is done with left-handed and
right-handed ! gg Monte Carlo templates scaled for di erent input polarizaticb?h{‘gput and
corresponding pseudo-data. Then the polarization is measure@dRiEkFitter and compared to

the input polarization.

7.4.1 Generating New Templates and Pseudo-Data

To generate new left-handed and right-hantidd ggMonte Carlo templates with di erent input
polarizations, the relation

##
#, #
is used, whergt._, are the event yields in the right-handed and left-handed samples for the new
polarization. From that relation and froth | #, = #,,, where#,, is the total event yield for the

/ 1 ggprocess, the new event yields can be calculated as

pinput = (7.17)

#. =%1Pg, 19 #,— (7.18)
B, = Heo (7.19)

To scale the event yields of the left-handed and right-handed tempiatedo the new event yields,
scale factors are de ned:

10 h_ 5:—#t°t #:

1
5 =Z1p
2
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Figure 7.4: Nuisance parameter pulls for the blind t. Depicted is how much the post- t value for each parameter
deviates from the pre- t value.
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Table 7.2: Normfactors that were calculatedlBRExFitter for each input polarizatioﬁ’iganJt with pseudodata.

input output
Pg # tot # /v # W+ijets # Top # Fakes Pg

04 100 002 100 002 100 003 100 004 100 005 040 002
035 100 002 100 002 100 003 100 004 100 005 035 002
03 100 002 100 002 100 003 100 004 100 005 030 002
025 100 002 100 002 100 003 100 004 100 005 025 002
02 100 002 100 002 100 003 100 004 100 005 020 002
015 100 002 100 002 100 003 100 004 100 005 015 002
01 100 002 100 002 100 003 100 004 100 005 010 002
0«05 100 002 100 002 100 003 100 004 100 005 005 002
000 100 002 100 002 100 003 100 004 100 005 000 002
,005 100 002 100 002 100 003 100 004 100 005 , 005 002

5

,01 100 002 100 002 100 003 100 004 100 005 010 002

After scaling the Monte Carlo samples to the new event yields, corresponding pseudo-data is created
by simply generating Asimov data.

7.4.2 Validation of Fit Method

To test the t performance, ten di erent input polarizations are used betvl?%%‘}"lt = 0+40and

Pg‘p“t = 0°10in steps 0f0+05. Then, usingrREXFitter , the prediction is tted to the pseudo-data
and the normfactors and measured polarization is compared to the input polarization. The same setup
described in section 7.2.1 is used and in order to avoid bias, the nominal vam,:l,eisnfeft at 04148
and only# '[ir,et aswella:y_, are corrected for the new eventyields. Each tis is done with statistical
uncertainties and a very small subset of systematic uncertainties to conceptually analyze their e ect.
The systematic uncertainties used are the tau energy scale smearing uncertainties named in Table 8.1.
The post-t -distributions with the new left-handed and right-handed templates for the di erent
polarizations can be found in Figures 7.5 and 7.6. As expected, the distributions change form for the
new polarization values, but pseudo-data and prediction match. Table 7.2 shows all the normfactors
calculated byTREXxFitter for each input polarization, as well as the output polarization. The
normfactors for all background samples and the tbtal ggsample are consistent with 1 and the
output polarization matches the input polarization. Although the nominal value for the polarization
was setto 04148 in all cases the twas able to retrieve the correct polarization and thus the t works
as expected.
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