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Zusammenfassung

Die Streuung von massiven, elektroschwachen Eichbosonen ist ein Schliisselprozess bei
der Untersuchung der Elektroschwachen Symmetriebrechung. Vor allem die Streu-
ung von longitudinal polarisierten Bosonen ist sensitiv darauf wie die Elektroschwache
Symmetrie gebrochen ist, aber auch auf Erweiterungen des Standardmodells, da diese
Streuung die Unitaritét verletzen wiirde, ohne dass zum Beispiel ein standardmodell-
dhnliches Higgsboson die Divergenzen aufhebt. Am Large Hadron Collider ist dieser
Prozess im Endzustand mit den Zerfallsprodukten von zwei massiven Eichbosonen und
zwei zuséatzlichen Jets V'V jj messbar.

Um die longitudinalen Polarisationszusténde aus den leptonischen Endzustanden aus
einem W*Z Bosonenpaar zu extrahieren, werden verschiedene Methoden der Simula-
tion von Ereignissen mit bekannter Bosonenpolarisation in verschiedenen Phasenrdumen
untersucht und validiert. Die Methode, den Prozess in die Produktion von Bosonen mit
bekannter Polarisation und deren Zerfall mittels der ,Narrow-Width“-Naherung (sinn-
gemif: Naherung der schmalen Breite) zu faktorisieren, wird gegeniiber der verbrei-
teten Umgewichtungsmethode bevorzugt, da die Umgewichtungsmethode nach dem
Einfiihren von Auswahlkriterien zusétzliche methodische Probleme aufweist. In der
erstgenannten Methode wird die Produktion der Bosonen mit WHIZARD und MAD-
GrAPHS AMCQNLO simuliert. Das Programm WZDECAY wird entwickelt um den
Zerfall der Bosonen entsprechend deren Polarisation zu simulieren. Auferdem wird die
Anwendbarkeit der vorausgesetzten Naherungen getestet.

Die Sensitivitét verschiedener Observablen auf die Polarisation der Bosonen wird im
W+Zjj Endzustand bei einer Schwerpunktsenergie von 13 TeV untersucht. Die hoch-
sten Sensitivititen auf den Polarisation des WT-Bosons wurden dabei bei der Pseu-
dorapidisit und dem transversalen Impuls des geladenen Leptons, das dem W-Boson
zugeordnet wurde sowie der skalaren Summe dieses transversalen Impulses und dem
fehlenden transversalen Impuls beobachtet. Im Fall der Polarisation des Z-Bosons er-
wiesen sich der Cosinus des Zerfallswinkels und die skalare Summe der transversalen
Impulse der beiden zum Z zugeordneten Leptonen als am meisten sensitiv.
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Abstract

The scattering of massive electroweak gauge bosons is an essential process for the study
of the mechanism of electroweak symmetry breaking. Especially the scattering of lon-
gitudinally polarized bosons is sensitive to the way in which electroweak symmetry is
broken and extensions of the Standard Model, since it would violate unitarity without
e.g. a Standard Model Higgs boson canceling the divergences. At the Large Hadron
Collider this process is measureable in the final states with decay products of two mas-
sive gauge bosons and two additional jets V'V jj.

To extract longitudinal polarization modes in leptonic final states originating from
a W*Z boson pair, different methods to obtain simulated events of known boson polar-
ization are studied and validated in different phase spaces. The approach of factorizing
the decay of the bosons and the production with defined helicity utilizing the narrow-
width approximation is favored over the commonly used reweighting procedure due to
methodical deficiencies after applying selection criteria. For the former the production
process of bosons is simulated using WHIZARD and MADGRAPHS5 AMCQ@NLO. The
tool WZDECAY is developed to simulate the leptonic decay according to the helicity of
the boson and the validity of the applied approximation is tested.

The sensitivity of different observables to the polarization of the bosons are studied
in the W+ 273 final state at a center-of-mass energy of 13 TeV. The highest sensitivity
of different to the polarization of the W boson is found in the pseudorapidity as well
as the transverse momentum of the charged lepton assigned to the W boson and the
scalar sum of this transverse momentum and the missing transverse momentum. For
the Z boson the cosine of its decay angle and the scalar sum of the transverse momenta
of the lepton pair assigned to the Z boson are most sensitive.
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Chapter 1

Introduction

Particle physics is the study of fundamental particles and their interactions. Some of its
most driving questions go back to ancient Greek philosophers. What are the building
blocks of matter? Are there fundamental particles?

However, it was only 120 years ago when mankind started finding answers to these
questions. In 1897 the electron was the first particle to be discovered [1] which is still
assumed to be fundamental. Since then many other particles have been discovered.
Most of them were found to be composite, for instance the proton, discovered in 1917
by Ernest Rutherford [2], or the neutron, discovered in 1932 [3]. However, some particles
are still assumed to be fundamental.

The theory describing all known particles is called the Standard Model of parti-
cle physics. The predictions of this theory are extremely accurate in describing the
behavior of the known particles, thus making it one of the greatest intellectual achieve-
ments of mankind. Nevertheless, this theory is known to be incomplete. Some of the
remaining problems the Standard Model cannot explain are dark matter, dark energy,
or the matter-antimatter asymmetry. Over the years theorists have developed different
theories that extend the Standard Model in an attempt to explain these deficiency.
However, despite extensive searches no experimental evidence for these predictions has
been found yet.

Historically many theories were confirmed by finding newly predicted particles. Most
of these particles were found in the outcome of scattering processes. In order to achieve
the necessary energies for the production of new particles, over the years many accel-
erators and detectors have been built. The most recent and most impressive being the
Large Hadron Collider at CERN. With its circumference of about 27 km it is the largest
machine ever built.

The observation of a boson compatible with the Standard Model Higgs boson in
collisions produced at the Large Hadron Collider in 2012 [4, 5] was the latest and one
of the most sought-after building blocks of the Standard Model. However, none of
the additional particles predicted for instance by Supersymmetry [6], a widely favored
theory beyond the Standard Model, was found.

Another way to find physics beyond the Standard Model is to precisely measure
the properties of known particles and their interactions. Deviations from the Standard
Model predictions indicate the effect of new physics. The data collected during the
second run of the Large Hadron Collider will also offer a great opportunity to observe
such deviations due to the previously unachieved center-of-mass energy of /s = 13 TeV.
In addition, the expected amount of data will reduce the statistical uncertainty for
these measurements and thus opens up the possibility to study previously unmeasured
processes.

The scattering of longitudinally polarized states of massive gauge bosons is one of
these processes of special interest. From a measurement of this process conclusions
about the gauge structure of the Standard Model and the mechanism through which
electroweak symmetry breaking proceeds can be deduced. For the first time the scat-
tering of massive gauge bosons was measured in 2014 by the ATLAS collaboration in



1 Introduction

the final state of two like-sign W bosons accompanied by two jets WEW=* 3 [7]. Due to
the two neutrinos in the leptonic final state a measurement of the polarization fractions
is, however, very challenging in this final state. The W*Zjj final state is much easier
to reconstruct and, consequently, the polarization fractions are better measurable.

This work aims to study and evaluate different tools necessary for a later study of
polarization in the W*Zjj final state. In Chapter 2, the Standard Model of particle
physics is introduced focusing on electroweak physics. In addition, polarization and
predictions for the different polarization states are introduced. Chapter 3 motivates
the importance of the scattering of massive gauge bosons and outlines the effects of the
different polarization states in this process. In Chapter 4, the Large Hadron Collider
and the ATLAS detector are reviewed. Different approaches to obtain simulated events
with known polarization of the bosons are described in Chapter 5. These methods
are then validated and compared in Chapter 6. In Chapter 7, a set of observables is
introduced and its sensitivity to the boson polarization are analyzed. In addition, an
outlook on the second run of the LHC is given in this chapter. Chapter 8 summarizes
the results obtained in this thesis.



Chapter 2

Theoretical Foundation

One aim of physics is to find a theory able to make predictions about the outcome of
processes. But this theory should not only explain which processes are realized. By
including plausible explanations it should outclass purely phenomenological theories.

In particle physics such a theory should therefore be able to predict which particles
exist and how they interact. The following chapter outlines this theory, examining some
parts of special interest for this thesis in more detail. A more detailed description can
be found in [8,9].

2.1 Standard Model of particle physics

The Standard Model of particle physics (SM) is the most fundamental theory of particle
physics. It describes elementary particles and their interactions. It was developed over
the last few decades and expanded to incorporate previously unexpected measurements.
This resulted in a theory not only in good agreement with measurements. The SM was
also able to make predictions, many of which were confirmed. The presumably greatest
success was the discovery of a Higgs boson in 2012 [4,5]. In the 1960’s theorists have
developed a model to solve one of the main problems of the SM at the time. A side
effect of this was the prediction of a new particle. This particle was found more than 40
years later. While maybe the most impressive, this prediction is only one out of many.
Due to these successes the SM is widely accepted.

The SM is a non-Abelian relativistic quantum field theory based on local gauge
symmetries. Three out of four of the fundamental forces can be described by the SM,
the electromagnetic, the weak, and the strong force. This means their equations of
motion can be derived from the full Lagrangian of the SM.

Local gauge symmetries imply invariance under certain transformations. For the
SM, the set of these transformations can be denoted by

Ul)y ® SU2)z ® SU(3)c . (2.1)

The invariance causes the conservation of the weak hypercharge Yy, the electric charge
@, the third component of the weak isospin T3, and the color charge according to
Noether’s theorem [10]. To ensure local gauge invariance of the Lagrangian additional
fields are introduced. These fields are interpreted as particles, the so called gauge bosons.

The remaining force is the gravitational force. It can be described by general rela-
tivity. Despite intensive studies for a long time currently no experimental evidence for
models which unify the gravitational force with the SM, has been found. The gravita-
tional force is very weak compared to the other three. Consequently, its influence at
the scales of particle physics is very small. Therefore it is possible to neglect it at the
energy scale studied in this thesis.

The SM distinguishes between two groups of elementary particles, fermions and

3



2 Theoretical Foundation

Generation Fermion Electric charge Mass
m in MeV
18t e~ electron -1 0.511
V.  electron-neutrino 0 <2-10°F
u up 2/3 2.3701
d  down ~1/3 4.810%
ond p~  muon -1 105.7
v,  muon-neutrino 0 <2-1076
c charm 2/3 1275 + 25
s strange -1/3 95+5
3rd T tau -1 1177
v,  tau-neutrino 0 <2-10°6
t top 2/3 (1.735 4 0.014) - 10°
b bottom -1/3 (4.18 £0.03) - 103

Table 2.1: List of fermions in the Standard Model sorted by generations. Each
fermion has a corresponding anti-particle with opposite charges. Data from [11].

bosons.!  Fermions are particles with half-integer spin? and follow the Fermi-Dirac
statistics. Fermions can be divided according to their color charge. Color neutral
Fermions are called leptons, quarks on the other hand have color charge. Also the
(electric) charges® of leptons and quarks differ. While leptons carry integer electric
charges, charges of quarks are always multiples of 1/3. However, only groups of quarks
with integer charges are observable.

Six leptons and their corresponding anti-particles are currently known, divided into
three generations. Each generation contains one charged, one neutral lepton, called
neutrino, and the corresponding anti-particles. Particles of different generation differ
only in their masses. The charged leptons are called electron e~, muon p~, and tau
7~ with their anti-particles, anti-electron, or positron, e, anti-muon p*, and anti-tau
7F. The SM contains also six pairs of quarks and their anti-quarks, divided into three
generations. The different quark types, also referred to as flavors, are: up u, down d,
charm ¢, strange s, top t, and bottom b. Each of these has three representatives each
with a defined color charge (red, blue, green). Anti-quarks carry the corresponding
anti-colors. By construction, states carrying only a color and its anti-color and those
carrying a combination of all colors are color neutral. A list of all known fermions can
be found in Table 2.1.

Bosons have integer spin and obey Bose-Einstein statistics. In the SM they are the
mediators of the forces. The only exception of this is the Higgs boson, which is not
connected to a force but is introduced via the Higgs mechanism as the excitation of the
Higgs field. The SM-Higgs is the only fundamental particle with spin zero. The other
bosons are called gauge bosons due to their introduction to conserve gauge symmetry.
An alternative name is vector bosons, referring to their spin of one. In this thesis the
electroweak bosons W*, Z, and v* are denoted with V. A list of all known bosons is
given in Table 2.2.

Charges describe how particles couple via an interaction. Neutral charges (0 or
color neutral) imply an inability to participate in the corresponding interactions. The
color charge corresponds to the strong interaction, mediated by gluons g. Gluons and
quarks are the only particles with a color, i.e. able to interact via the strong force. A
special property of this interaction called “confinement” leads to the fact, that single
quarks are not observable, but only color neutral groups of them. The theory describing

IWhile this classification is also valid for composite particles, if not noted otherwise only elementary
particles are considered in this thesis.

2In particle physics “natural units” are often used, demanding ¢ = h = e = 1 with unit charge e.
This is also used throughout this thesis.

3The electric charge is often only referred to as charge.



2.1 Standard Model of particle physics

Boson Electric charge Spin Interaction Mass m
in GeV
v photon 0 1 electromagnetic <1-107%7
W+ W bosons +1 1 weak 80.385 + 0.015
A Z boson 0 1 weak 91.188 + 0.002
g gluons 0 1 strong 0
H Higgs 0 0 125.09 + 0.24

Table 2.2: List of bosons in the Standard Model. Data taken from [11] and [12].

confinement and the strong force in general is quantum chromodynamics (QCD) [13-16].

The electric charge is connected to the electromagnetic force with the photon ~ as
gauge boson. This is described by quantum electrodynamics (QED). Additionally, there
is an extension of QED describing also the weak force. As electroweak gauge bosons
are described by this theory, it will be looked at in more detail in the following section.

2.1.1 Electroweak theory

The electroweak theory was introduced by Glashow, Salam, and Weinberg [17-19] in
the 1960s. It is a unified theory to describe the electromagnetic and weak force. A
key aspect of this theory is the violation of parity conservation whereas pure QED or
QCD processes obey parity conservation. In order to account for the violation, different
chiralities have to be treated separately. Therefor, projection operators are applied on
the fermion fields to obtain left- (L) or right-handed (R) fields, respectively

5
(W % <1 F é) p (2.2)

where 1) denotes the four-component Dirac fermion field and v° the Dirac matrix (see
Appendix A). These projections are chosen such that

YL +Yr=1. (2.3)

To achieve parity violation the weak isospin T, is introduced. T, can be represented as
T, := 30, with the Pauli matrices o, (see Appendix A). |T,| is 3 for left-handed fermion
fields. They can be represented as SU(2); doublets in terms of the third component
of the weak isospin T3. However, right-handed fields have |T,| = 0. Thus, they are
represented as singlets with 73 = 0. For instance the first generation of leptons can be

written as

, ve. B
Ly = ( eLL> ; lr = er. (2.4)

Right-handed neutrinos have never been observed and are therefore not considered here.
However, for quarks one has two singlets with right-handed fields in each generation, one
for the up-type quark ug and one for the down-type quark dr. The doublet containing
left-handed quark fields is denoted by Q7. In addition, the weak hypercharge Yy is
introduced. The left-handed lepton fields L have Yy = —1, the quark fields @7, have
Yw = +%. It can be shown, that

Q=Yw + T3 (2.5)

with the electric charge ). For right-handed fermion fields follows Yy, = @. This also
shows the validity of the chosen representation in Equation (2.4). The first component
of the SU(2). doublet has T3 = +%, hence @ = 0 and the second has T3 = f%, hence

Q=—1.
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Using these left- and right-handed fields, the full electroweak theory can be formu-
lated using the electroweak Lagrangian

iL) " Dy LY, + il Dyl

M«

£ew =

j=1
+ Z'QJLW”D,LQJL + iﬂ%’y“Duuﬁ + icﬁév”Dudﬁ
1 v 1 v
— ZWa,m,W(f — ZBIWBM . (2.6)

Here the Einstein summation convention is used, v* denotes the Dirac matrices (see
Appendix A) and the adjoint spinor is 1 := ¥T7°. The index of summation j is used
for the different fermion generations. D,, denotes the covariant derivative

D,ll, = 8# + ingaVV;} + ingBu . (27)
The terms W, and By, are the field strength tensors of the gauge fields, defined as

B, = 9,B, —9,B, (2.8)
We, = 0,W — 0, W + gwe ™ WiWy

with the Levi-Civita symbol €*¢ and the gauge fields B,, and W .

The individual terms in Equation (2.6) can be interpreted as kinematic terms and
interactions of particles. The first line represents kinematic terms of the leptons and
the second line these of quark fields. Additionally, terms proportional to the adjoint
fermion field, the fermion field, and the gauge field are introduced by the covariant
derivative to ensure gauge symmetry. These terms can be interpreted as interactions of
fermions with gauge bosons. The terms in the third line contain the kinematic terms of
the gauge bosons. Since the SM is a non-Abelian theory, the field strength tensors of
the W (see Eq. (2.9)) gauge field is allowed to contain additional terms proportional
to the coupling gw. These terms are mixtures of the three Wy fields and introduce
self-interactions of the bosons. They will be discussed in more detail in Chapter 3.

Lew is invariant under local gauge transformations of the group U(1)y ® SU(2)L.
These transformations can be interpreted as electroweak interactions and written as

¥ — exp (i(a(x)Yw + Ba(x)Ty)) ¥ . (2.10)

Here T, can be interpreted as the generators of the SU(2); group. Then Yy is the
generator of the U(1)y group.

The invariance is ensured by introducing new gauge fields Wy and B,, with the
corresponding gauge couplings gy and gy. The gauge fields have to be transformed
such that all a- or B,-dependent terms cancel in the Lagrangian. These transformations
are given by

1
Wi —=Ww;i - — Ba - eabsﬂbﬁca 2.11
1% 1% gw " ( )
1
B, — B, — —0,a. (2.12)
gy

They are introduced in the covariant derivative and are contained in the terms of the
third line in Equation (2.6). However, the gauge fields cannot be identified with the
observed gauge bosons. This can easily be seen for the photon. The photon does not
couple to neutrinos. All of the introduced gauge fields on the other hand do. Hence the
physical fields must be combinations of the gauge fields. The Z boson’s field (Z,) and
the photon field (A,) are a linear combination of WS and B, according to

Ay [ cosBy  sinfy B,
(Zu> - (—sin@w 0080W> (WE) (2.13)



2.1 Standard Model of particle physics

The weak mixing angle 6y is chosen such that A, decouples from the neutrinos and
couples in the same way to left- and right-handed electrons. The Z boson is identified as
a mixture of the gauge fields Wg and B,. B, couples equally to left- and right-handed
fields, while WS only couples to left-handed fermion fields. Thus, the Z boson does
couple to left- and right-handed fermions, but not equally. The remaining gauge fields
can be identified with the W+ bosons, whose fields then can be represented as

1
Wr=—
V2

The W bosons originate purely from the gauge fields of the SU(2); group. Conse-
quently, the W# bosons do not couple to right-handed fermions.

(W, FiW}3). (2.14)

2.1.2 Electroweak symmetry breaking

The electroweak Lagrangian given in Equation (2.6) contains kinematic terms of the
SM particles and their electroweak interactions. However, no mass terms are included.
Mass terms contain only a particle’s field in quadrature and a scalar function of the
mass. These functions are known and differ for fermions and bosons. The resulting
terms are

_ 1
ﬁfermion mass — mi/”/’ ‘Cboson mass — _§M\2/V;1,VM . (215)

Thus, a particle’s mass can be “read of” the Lagrangian if terms proportional to its
field in quadrature are present. These terms are not gauge invariant. Since observed
particles, however, do have masses gauge symmetry must be broken.

In the 1960’s Brout, Englert, and Higgs proposed [20-24] a mechanism to introduce
mass terms while preserving global gauge invariance, the BEH or Higgs mechanism.
Gauge symmetry is then spontaneously broken, called electroweak symmetry breaking
(EWSB).

To achieve this a complex scalar SU(2)r, doublet field @, called BEH or Higgs field,
with a weak hypercharge of Yy = % is introduced as

o — (g) , (2.16)

This field transforms under the symmetry group U(1)y ® SU(2) according to Equa-
tion (2.10) as
D — exp (ia(z)Yw +iBa(x)T,) P. (2.17)

In addition, a potential is introduced as
V(®) = —p20id + ) (010)? (2.18)

with the free scalar parameters i, A > 0. These terms are gauge invariant. Thus, it is
allowed to add them to the Lagrangian in addition to the kinematic term as

2
Litiges = |Du®| + 12070 — X (979)". (2.19)

The parameters p and A are chosen such that the potential is minimal for

1)2

2 P
Qol" = = = —, 2.20
@of? =L = 2 (2:20)
using the vacuum expectation value v. An infinite number of points fulfill this condition.
They can be transformed into each other using gauge transformations. It is therefore
possible to choose the vacuum state to be

(0]0[0) = % (2) . (2.21)
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Picking one single state breaks the gauge symmetry. Thus, the vacuum state is not
gauge invariant under U(1)y ®SU(2), transformations. This state is, however, invariant
under the transformation given by

O — exp (i, (Yw +T,)) . (2.22)

Using Equation (2.5) this can be identified as the U(1)ggp symmetry of QED. Thus,
the symmetry breaking can be described as

U(l)y@SU(Q) — U(l)QED. (223)

The full first order expansion of the field ® around the vacuum state can be parametrized
as

G1(z) +iGa(z)
o = ) 2.24
(\}i(v + H(x)) + iGs(z) ) ° (2:24)
with real scalar fields H and G;. The G; are massless Goldstone fields as dictated by
the Nambu-Goldstone theorem [25,26]. The field H is the field of an additional scalar
particle, called the Higgs boson H. This expansion can be transformed to the special

case with vanishing G;
1 0
o= 7 (v n H(a:)) . (2.25)

This expansion can be identified with the general first order expansion around the vac-
uum state. Using this expansion in Lyjggs from Equation (2.19) adds several additional
terms. The terms of the potential V(®) introduce a kinematic term, a mass term, and
terms for three- and four-particle Higgs self-interactions. The mass of the Higgs boson

is given by
myg = V2 =V2p. (2.26)

The term |D#<I>|2 leads to mass terms for the gauge bosons given by

vgw

v
Mz = 3\/ah + 6% (2:28)
My =0, (2.29)

and interaction terms between the gauge bosons and the Higgs boson. Massless particles
do not have a state of longitudinal polarization (see Section 2.2). The introduction of
masses for the W+ and Z boson gives each of them an additional degree of freedom.
These additional degrees of freedom are identified with the Goldstone bosons g;, which
were removed by the gauge transformation. Thus, the longitudinally polarized states of
the massive gauge bosons are deeply linked to the mechanism of electroweak symmetry
breaking. This will be discussed further in Chapter 3.
Equation (2.27) can also be used to calculate v. Using the Fermi constant

2
9w -5 -2

Gp=—F"—=~1.16-10"° GeV ™ ~, 2.30

SVNGIVE (2.30)

precisely measured in muon decays, leads to

M 1
v=2"W= o ~ 246 GeV. (2.31)

gw VV2GE

This constrains one out of the two new free parameters y and A. The mass of the
Higgs boson is not predicted by theory and can therefore be used to constrain the
second parameter. Provided the Higgs boson, found in 2012, is a SM Higgs boson as
introduced here, this mass is now also known to be [12]

mpy ~ 125.09 GeV . (2.32)



2.2 Polarization

At this point the theory only gives masses to bosons. However, it is now possible to
introduce interaction terms of fermion fields with the BEH fields “by-hand”

3
Ly =Y ylL30l, + y,Qrioca®ul, + yjQL0d% + h.c.. (2.33)
j=1

The Yukawa couplings y; are free parameters constrained by measurements of the
fermion masses. Using the extension in Equation (2.25) this leads to mass terms for
the fermions and interactions between fermions and the Higgs boson. The couplings for
interactions with the Higgs boson are always proportional to the masses of the involved
particles.

The electroweak part of the Lagrangian L., (see Eq. (2.6)) combined with Higgs and
Yukawa terms (Lmiggs, Ly) can now explain electroweak physics and particle masses.
Adding the Lagrangian for QCD Lqcp (see i. e. [27]) one obtains the Lagrangian of the
full Standard Model

Lsv = Lew + ﬁHiggs + Ly + £QCD . (2.34)

2.1.3 From Lagrangian to event rate

So called Feynman rules can be obtained from the SM Lagrangian Lgy;. These rules
describe the conversion of Feynman graphs into the matriz elements M of the corre-
sponding processes. The full matrix element is given by the sum of all possible Feynman
graphs with given initial and final states. For the full calculation also processes of higher
order, i. e. including loops or additional radiations, have to be taken into account. Since
this is an infinite series with in general decreasing influence, calculations are often per-
formed at “leading order” (LO). This means only processes with the minimal number
of vertices are considered.

This full matrix element is needed to calculate the rate for a final state in a specific
phase space region. The calculation of this rate N is factorized in the following way

N=o¢ 2. (2.35)

One of factors is the cross section o, which contains all process and phase space de-
pendent variables. The luminosity .Z on the other hand incorporates all detector and
experiment specific values.

The differential cross section do is independent of the experimental setup. It can be
calculated from the matrix element M as

do oc | M?|d®. (2.36)

Here d® denotes a differential volume of the phase space.
The luminosity at the LHC (see Chap. 4) can be calculated as [28]

NN frev
£ = 712:?5*7’"1:. (2.37)

Here Np is the number of particles in each of the n;, bunches per beam. Furthermore, the
revolution frequency frey, the relativistic gamma factor ,, the normalized transverse
beam emittance €,, and the beta function at the collision point 5* are used. In order to
correct for the crossing angle at the interaction point an additional factor F' is introduced
reducing the geometric luminosity.

2.2 Polarization

If the spin of a particle has a preferred direction the particle is polarized. In order to
quantify this direction the helicity h is used. The helicity is defined as the projection
of the particle’s spin .S onto the direction of its momentum p’

=

h=25- (2.38)
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W+
7
Ve Ve

(a) Feynman diagram (b) Directions of momenta and spins
in boson rest frame

Figure 2.1: Leptonic decay of W™ boson. In (a) the Feynman diagram is depicted.
In (b) a sketch of the directions of the particles’ momenta and spins is depicted. ve
is left-handed, e* is right-handed.

Considering boosts along the particles momentum it can easily be seen that the helicity
is not Lorentz invariant. Traveling at the speed of light, massless particles have an
invariant helicity. In this case it can be identified with the particles chirality (see
Eq. (2.2)). If not noted otherwise the helicity in the laboratory frame will be considered
throughout this thesis.

Depending on the particle’s spin different eigenvalues are possible. Since the focus
of this work is laid on the polarization of particles with spin one, namely the W# and
Z bosons, only this case is considered from here on. The possible helicity values for
these particles are —1, 0, and 1. For massless bosons only —1 and 1 are allowed. This
means the spin can either be parallel or anti-parallel to the momentum. A state with
h = 1 has right-handed helicity and is called transversally polarized. Also states with
h = —1 are transversally polarized, but with left-handed helicity. The polarization of
states with A = 0 is referred to as longitudinal.

Throughout this thesis transversally polarized particles will be denoted with index
T and longitudinal polarization with L. Note the second meaning of the index T as
projection into the transverse plane. If this index is used for a particle (variable), it
denotes the polarization (projection). Variables related to the helicity will be marked
with the helicity eigenvalue as index.

2.2.1 Angular distributions

Conservation of the spin dictates relations of the helicity of a particle and the angular
distributions of the decay products. These can be easily understood for the W boson
since it does only couple to left-handed particles and right-handed anti-particles. Thus,
in the rest frame of the boson the charged lepton is expected to escape in the direction
of the spin for W and in opposing direction for W~ (see Fig. 2.1).

This can be quantified using the decay angle 05;,. It is defined as the angle between
the z-axis and the charged lepton’s momentum in the W= rest frame. The z-axis is
chosen as the direction of the momentum of the boson transfered to its rest frame. The
exact frame in which the momentum of the boson is considered, is not unique. Usually
the frame the helicity is defined in, is used. For the definition of an equivalent angle for
the Z boson decay 67 the particle, i.e. not the anti-particle, of the decay products is
used. This is illustrated in Figure 2.2.

For W+ with right-handed helicity the boson’s spin then points along the z-axis,
resulting in a small decay angle 65;,. For opposite helicity large angles are expected.
For longitudinally polarized W™ bosons 65, is expected to be approximately 5. It can
be shown, that the expected differential cross section for mixtures of the helicity states
is [29]

g = g UFCosty)* foa o (L costiy)” fra+ Jsin® Oy fo  for W,
w
(2.39)
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07

Figure 2.2: Definition of decay angle 05,. Black lines (center) are depicted in frame
used for definition of helicity, i.e. laboratory frame. Blue lines (upper right side)
are boosted along W boson’s momentum to W= rest frame. Green lines (lower left
side) are defined similarly for Z boson.

g T s T
]I L — ] Oln L — 4
|3 i transversal, f o|3 i transversal, f_ ]
- 0.8 — transversal, f | - 0.8 — transversal, f | -
—io — longitudinal, f, ] —o L — longitudinal, f, ]
0.6 b 0.6 - b
0.4 = 0.4 =
0.2 = 0.2

0 l L T ) 0t L e
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos 6}, cos 0%

Figure 2.3: Normalized differential distributions of the cross section over the cosine
of the decay angle of a W boson (left) or Z boson (right) for bosons of given helicity.
Helicity state —1 is shown in blue, 0 in black, and +1 in green.

with the fractions f_1, fo, and f;1 for the helicity denoted by the index. For the Z
boson some differences arise from the additional coupling to right-handed fermions [29]

1 do 3 2(c2 —c%)

1 do 30 os2or 2L =CR) o) ¢
o dcosby 8< HeosTlz (2 +c%) cosbz ) f-1
2(c, — ¢p)

3( 5
+ —(1+cos“0} + ~—=—>~
2 (3 +cR)

3
3 cos G*Z) fe1+ 1 sin? 0% fo . (2.40)

2.2.2 Spin density matrix

In order to fully describe a general spin system the helicity fractions are not sufficient.
In addition to the quantum-mechanical effects, quantum-statistical effects also have to
be taken into account.

The full spin density matrix p has to be used in order to consider these effects. A
system of two vector bosons which occurs for instance in vector boson scattering, the
density matrix p¥'V can be represented by a complex 9x9 matrix. The diagonal elements
of the density matrix p;; can be interpreted as statistical probabilities to be in a certain
state. For p"" these states are the nine possible combinations of pure helicity. This

11
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dictates Tr p¥"V to be one and p);" to be positive and real. The complex off-diagonal
elements account for the interference effects between the helicity amplitudes.

Summing over the helicity states of one of the particles one gets the one-particle
spin density matrix p" represented by a complex 3 x 3 matrix with the aforementioned
properties. This summation is not sensitive to interference effects between the bosons
anymore. However, all interferences between the single helicity states are fully included.
The diagonal elements p). are then identical to the helicity fractions f_i, fo, and fi1
introduced in Equation (2.39).

Using p" the full angular dependence of the cross section for the W decay can be
calculated at NLO QCD from [30]

do
d (pr(W))? dy(W) d cos 65, doiy,

i do®
167 d (pr(W))? dy(W)

= Zga(e%v ¢*W)

a

(2.41)

Here pr(W) is the transverse momentum of the W boson®. @ are the helicity cross
sections corresponding to the nine elements of the spin density matrix p". ¢y denotes
the azimuthal angle of the charged lepton in the W rest frame and the sum is applied
over all nine helicity cross sections . Introducing the angular coefficients A; (i =
0,...,7) as shown in [30] leads to

do 3 do
d(pr(W))? dy(W)dcosy, dgt, 167 d (pp(W))? dy(W)

. <(1 + cos? 03)

+ %Ao(l — 3cos? 03y) + Aj sin 205, cos o3y

+ %Ag sin? 03y cos 20}, + As sin 05y cos ¢f

+ Ay cos Oy + Assin® 0y sin 207

+ Ag sin 205y, sin ¢y, + Az sin 63, sin gb}}/) ,
(2.42)

with the unpolarized cross section o. The angular coefficients A; depend on the boson’s
pr and y and are associated to the elements of the spin density matrix. Similar to the
helicities they also depend on the chosen reference frame. At LO As, Ag, and A7 vanish
due to conservation of parity.

As it can be seen in Equation (2.42) the interference effects introduce a ¢}, depen-
dency. For efficiencies and acceptances uniformly distributed in ¢j;,, the cross section
can be integrated over ¢j;, though. Integrating Equation (2.42) over pr(W) and y(W)
leads to [31]

1 d 3 1
Eﬁ = 3 <(1 + cos? 9;‘/{/) + AO§(1 — 3cos? 91";1/) + Ay cos 9;;;) . (2.43)
w
Comparing Equation (2.43) with (2.39) yields
1

Foal(W).pr(W) = T 2~ Aoly(W).pr(W)) F As(u(W).pe(W)) . (244
L), pr(W) = T (2~ Aoly(W).pr(W)) £ Au(W).pr(W)) . (245)
Foly (W), pr(W) = § Ao(y(W), pr()) (2.46)

where the upper sign applies for W and the lower for W ™.

For a real detector the assumption of uniform distribution does not hold. Selec-
tion criteria and constraints arising from the detector composition Thus, have a large
influence on measured angular coefficients and reconstructed 65, [29].

For the Z boson the above Equations (2.41) to (2.46) are more complicated due to
the additional coupling to right-handed fermions. For the studies shown in this thesis
Equation (2.40) contains all necessary information.

4This notation will be used for all variables associated to specific particles throughout this thesis.
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Chapter 3

Vector Boson Scattering

As introduced in Subsection 2.1.1 the SM Lagrangian Lg\; contains terms for gauge
boson self-interactions. They are predicted by the gauge structure of the SM. These self-
interactions contain three-particle and four-particle vertices. This chapter introduces a
process containing these self-interactions.

3.1 Process definition

The scattering of massive gauge bosons, also called vector boson scattering (VBS), is
a process extremely sensitive to several predictions of the SM and models beyond the
SM. Its small cross section makes it challenging to measure. Nevertheless, its clean
signature allows a good suppression of backgrounds in some channels.

The pure scattering process contains several Feynman diagrams connecting two ini-
tial and two final state massive gauge bosons. All possible channels are depicted in Fig-
ure 3.1. Besides the four-particle vertex and s, u, and ¢ channel! vector boson exchange,
the Higgs boson can also be exchanged via s, u, or t channel diagrams. Depending on
the studied boson combinations, some channels are forbidden due to violation of charge
conservation. In addition to this constraint, all of the self-interactions contain at least
two W+ bosons. In this thesis, the focus is set on the scattering of WZ — W Z. For
this channel an exchange of vector bosons is only possible via a W= in an s or u channel
diagram. The Higgs boson contributes only via a ¢ channel diagram.

At the LHC (see Chapter 4), being a p-p collider, the vector bosons are radiated off
by quarks. The outgoing quarks are only weakly deflected, resulting in a large rapidity
difference and a large invariant mass of the resulting jets. Combined with small hadronic
activity between these jets this is an important signature of vector boson fusion and
vector boson scattering processes. This is exploited to tag events and for suppression
of background processes. These jets are also called tagging jets.

After the scattering process the bosons decay into two fermions each. This results

IThroughout this thesis the following convention for the numbering of the incoming and outgoing
particles is used. If a particle contributes as incoming and outgoing particle, the momenta of these
particles are denoted with 1 and 3. If a second pair of momenta exists they are denoted by 2 and 4.
Following this convention, it is possible to distinguish between an u and ¢t channel diagram.

Vv vV vV Vo sV Vv VOV
v H il

1 'H

1% Vo vV v~

vV oV vV oV

Figure 3.1: All possible Feynman diagrams connecting two initial and two final
state massive gauge bosons.
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q q

Figure 3.2: Schematic diagram of the vector boson scattering process at the LHC.
The dashed circle stands for the possible interactions between the vector bosons
shown in Figure 3.1.

in a final state containing the two tagging jets along with four fermions. A schematic
diagram for this is depicted in Figure 3.2. Despite lower branching ratios, only the fully
leptonic decays of the bosons are considered in this thesis. Decays containing 7 leptons
are also neglected. The advantages of restricted final state are a better suppression of
backgrounds and a better momentum resolution for the decay products. The momentum
resolution is especially vital in polarization measurements for the reconstruction of
variables such as the decay angle 07, (see Sec. 2.2). Thus, the final state is given by
0£u,0' 0" jj, where ¢ denotes either e or p. Note that either the neutrino vy or the
lepton of same flavor ¢ have to be an anti-particle. For the sake of readability, this is
not denoted for the neutrino, as it can be easily deduced from the charged lepton. This
notation will be used throughout this thesis.

As quantum mechanics dictates, all diagrams leading to this final state contribute
to the measurement. Some of these diagrams can be separated from the VBS process.
The couplings of the VBS process are of the order O(a%y;,) at LO, i.e. it is a purely
electroweak process. All purely electroweak processes with the same final state are
not gauge invariantly separable from each other. This means all of these processes
should be contained in the definition of the signal process. Some possible Feynman
diagrams of other electroweak processes are depicted in Figure 3.3. These processes of
order O(a%w) are defined as signal and denoted by WZjj-EW. These diagrams can be
divided into resonant and non-resonant diagrams. A diagram is called resonant if the
final state fermions accompanying the tagging jets originate from two s channel vector
bosons. In this case the diagram can be separated in the production of two vector
bosons along with two jets and the decay of the vector bosons. This is not possible for
non-resonant channels.

The definition of the signal process is restricted further in order to enhance the
contribution of the VBS diagrams. An initial state bottom quark radiating of a W+
boson causes a top quark resonance. This can only contribute to the VBS topology in
higher orders due to the additional W radiated off during the decay of the top quark.
However, other O(aS,,) diagrams, which also result in the £*v,¢’ “¢'tjj final state,
contain a top quark resonance. Thus, the contribution of non-VBS diagrams is strongly
enhanced if a bottom quark is present in the initial state. Since the initial state is not
accessible experimentally it cannot be used for the process definition. However, the
top quark resonance leads to final states containing a bottom quark. This is accessible,
since bottom quarks can be distinguished from other quarks in the ATLAS detector
(see Sec. 4.2) using b-tagging. Hence, diagrams with a bottom quark in the final state
are not included in the signal process definition. These diagrams contribute to the
background and are denoted by tZj.

There are other processes with the same final state of the order O(agya?2). Some
example processes are shown in Figure 3.4. These are separable and therefore defined
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Figure 3.3: Feynman diagrams for some examples of non-VBS O(a% ) processes.
These diagrams are not gauge invariantly separable from the VBS diagrams and
are contained in the signal definition. Final states containing a bottom quark are
defined as background. For processes with at least one bottom quark in the final
state, the contribution of VBS diagrams is reduced due to a top quark resonance in
the non-VBS diagrams. The diagram on the right-hand is an example for a so-called
tri-boson diagram. Omne of the three produced bosons decays hadronically. Since
each of the bosons can decay like this, decay products are not specified further.

q q
q
! ¢ ! ¢ q—»—GMQ
¢ ¢ Y .
7 1 l
_ l 0§t ¢
q g ¢
q q ’

Figure 3.4: Feynman diagrams for some examples of O(a%y a2) background pro-
cesses. These are gauge invariantly separable from the VBS diagrams and therefore
contribute to the background.

as part of the background. This contribution to the background is called WZjj-QCD.

Other backgrounds can arise from detector effects such as leptons that were not
reconstructed or other objects reconstructed as leptons. As a study of the background
exceeds the scope of this work, this is not discussed further. A more detailed study of
the background processes can be found in [32]. &

3.2 Polarization in vector boson scattering

As explained in Subsection 2.1.2 the massive gauge bosons acquire their masses via
EWSB as described by the BEH mechanism. Without this symmetry breaking, the
observed longitudinally polarized states, denoted by I/VLi and Z1, cannot be explained
in the SM. Thus, these longitudinal states are deeply linked to the mechanism of EWSB
and incorporate an important test of the SM. In the BEH mechanism they can be
identified with the introduced Goldstone bosons. Although of interest in general, the
difference between left- and right-handed helicities of the bosons is not connected to
EWSB. Considering also the low cross section of the total VBS process, it is reasonable
to omit distinguishing between the two transverse polarizations. Instead they will from
here on be combined and denoted with V.

In the SM without EWSB the scattering of longitudinal bosons Vi,Vi, — VLV,
violates unitarity. The cross section of the VBS process increases with the center-of-mass
energy E.,. Consequently, the cross sections exceed the unitarity limit for sufficiently
large center-of-mass energy. According to scattering theory this can be interpreted as
a probability for the process larger than one. This increase is solely caused by the
scattering of the longitudinal states. In the BEH mechanism additional channels are
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Figure 3.5: Dependency of the cross section of all polarization combinations of
the scattering WZ — WZ on the center-of-mass energy Ecm. Full lines show the
dependency including a SM-like Higgs boson and dashed lines for the case without a
Higgs boson. Blue lines show the scattering of purely longitudinal boson polarization
while all other polarization combinations are shown in gray. Cross sections are
calculated using the MADGRAPHS AMCQ@NLO Monte Carlo event simulator (see
Chapter 5).

introduced via the Higgs boson. These cancel the increase leading to a constant cross
section. This can be seen in Figure 3.5 for all different helicity combinations for the
scattering WZ — W Z. The violation of unitarity can be seen in the increase of the
cross section over the center-of-mass energy. As shown only the scattering of purely
longitudinal bosons in the Higgs-less case show this behavior.

In Figure 3.6 the scattering of longitudinal bosons is depicted for different boson
combinations. It can be seen that the violation of unitarity occurs for all boson com-
binations. However, none of the processes including the SM Higgs boson shows this
increase in o.

This behavior motivates a more intensive study of the polarizations in VBS, in
particular the scattering of longitudinal bosons.

3.2.1 Change of the polarization state in vector boson scattering

For the scattering process itself it is worthwhile to notice that the bosons are allowed
to change their helicity while interacting with each other. The cross sections for this
are depicted in Figure 3.7 for different boson combinations at a center-of-mass energy
of the di-boson system of E., = 250 GeV. The mass of the SM Higgs boson is set to
mpy = 126 GeV. In order to avoid divergences at least one of the final state bosons
is required to have pr > 1 GeV. It can be seen that the probability for a change
in helicity is negligible if only W¥ bosons are involved. For W*W#* — W*W* and
WEWF — WEWT the spin properties can be assumed to be conserved while scattering.

In W*W+ — W*WH the rows in Figure 3.7a which correspond to the W%WLi
and WE—L W{TL initial states, are identical. This behavior is expected since the bosons are
identical and the order is arbitrary. The argument also applies to the columns with the
corresponding final states. In this boson combination the difference between dominant
and suppressed boson helicity combinations is the largest, spanning over ten orders of
magnitude in cross section.
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Figure 3.6: Dependency of the cross section of all boson combinations of the scat-
tering of longitudinally polarized bosons V3,Vi, — V4, V4, on the center-of-mass en-
ergy Ecm. Full lines show the dependency including a SM-like Higgs boson and
dashed lines for the case without a Higgs boson. The scattering Z1, 71, — Z 71,
is only allowed with a Higgs boson. Cross sections are calculated using the MAD-
GRAPHS _AMC@NLO Monte Carlo event simulator (see Chapter 5).

The helicity conserving diagrams dominate also for the WEWT — W*WT scatter-
ing diagrams. The suppression of the other diagrams is much smaller, though. Again
some identical diagrams are included, leading to identical results.

The W*Z — W*Z diagrams show a different behavior. In this case the diagrams
where the polarizations of bosons swap dominate. The non-dominant boson helicity
combinations are suppressed only in the order of 1072,

A possible explanation for the different dominant diagrams is illustrated in Fig-
ure 3.8. Here the spin does not change along the upper and lower boson line. In
WEW* — WHWH scattering this corresponds to a conservation of the helicity states,
as both bosons are identical. However, for the W*Z — W*Z scattering the bosons
swap the lines. In this diagram the bosons exchange their polarization properties. In
WEWT — WEWT scattering this diagram is not allowed, since no fundamental parti-
cle with electric charge two is known in the SM.

Applying the argument of constant spin along the boson line, on the ¢ channel
exchange diagrams explains the observed large cross sections for the dominant diagrams
in pure W scattering. For both charge combinations a ¢ channel exchange is possible
for H, Z, and v*. However, for the W*Z — W*Z channel only a H exchange is
allowed in a t channel diagram. The reduced number of allowed particles leads to a
smaller contribution of this diagram. This argument requires the contribution of u
and t channel diagrams to be dominant compared to s channel exchanges. As the
center-of-mass energy was set to E.,, = 250 GeV, a suppression of the s channel is
reasonable since the propagating particle has to be off-shell with a large deviation from
its resonance mass.

To quantify and compare the dominance, the relative contribution of the non-
dominant diagrams to the sum over all diagrams which contribute to a given final state,
are listed in Table 3.1. The strong suppression in the W*W+ — W*W= scattering
could be caused by the unavailable s channel exchange. Transfers of the polarizations
seem to be more probable in this diagram.

It can be seen that the helicity combination of the initial state cannot be deduced
from the helicity combination of the final state in W*Z — W*Z.
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Figure 3.7: The cross section for all helicity combinations in the scattering of differ-
ent boson combinations at a center-of-mass energy of the di-boson system of 250 GeV.
One of the final state bosons is required to have a transverse momentum larger than
1 GeV in order to avoid divergences. On the x- (y)-axis all combinations for the final
(initial) state bosons are plotted. Color represents the cross section in pb, which is
also indicated in each bin. Uncertainties are not shown for the sake of readability.
More precise values and uncertainties are shown in equivalent plots in Section D.1 in
the Appendix. Cross sections are calculated using the MADGRAPHS _AMCQNLO
Monte Carlo event simulator (see Chapter 5).

— —
W {w+, z}

{(W*, 7} w*

Figure 3.8: Feynman diagram for different boson combinations for the u channel
exchange in the scattering process. Braces denote particles in the allowed chan-
nels. For WHW#* — W*W# scattering Z and H exchanges are allowed. For the
W*Z — W*Z scattering only an exchange of the W+ is allowed. The u channel
for WEWT — WEWT is not allowed. The double arrows denote a special helicity
combination.
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3.2 Polarization in vector boson scattering

Table 3.1: Ratio of the sum of cross sections of non-dominant diagrams over the sum
of all cross sections contributing to a given final state. Note that for W*Z — W*Z
this does not coincide with the off-diagonal diagrams in Figure 3.7c. Columns (rows)
contain different helicity (boson) combinations. Identical diagrams contribute only
once. Interferences between these diagrams are not considered. None of the cells or
rows are expected to add up to one since each cell denotes a final state independent
from the other cells.

L, VoeWr, .Vt VoVr
WEWE 3.08-107% 1.05-1071° 1.05-10710 142.10710
WEWF  1.71-107%  4.72-107%* 4.72-107%  4.72-10%
Wz 266-1071  1.95-10! 23-1071  1.72-107!

w+ w+

(a) Feynman diagram (b) Directions of momenta and spins

Figure 3.9: Kinematics of radiation process of a W™ boson for an u in the initial
state. (a) shows the Feynman diagram. In (b) the directions of spins and momenta
are shown in the laboratory frame. The different colors correspond to different
kinematics of the W™ boson, only one of which is realized. Double arrows depict the
direction of the spins.

3.2.2 Expected influence on kinematics

Another possibility to study the polarization of the initial bosons uses the kinematics of
the tagging jets. The motivation for this is similar to the one used for the distribution
of the decay angles. Some features of the kinematics of the radiated W+ boson can be
deduced since the W= only couples to left-handed quarks. In Figure 3.9 a schematic
view of the radiation is shown. As the deflection of the quark is small the spin vectors
of the initial and final state are similar. Therefore the projection of the bosons spin
vector onto the direction of the initial quark’s momentum is small. For high rapidities
these directions of the boson spin correspond to longitudinal polarization. In the central
region, though, this spin projection corresponds to transverse boson polarization. This
should be reflected in the bosons transverse momentum and rapidity distributions. As
the tagging jet balances the kinematics of the emitted boson in the transverse plane,
their kinematics are also expected to discriminate between the bosons polarization.

The Z boson couples also to right-handed fermions, it does not mix between the
chiralities, though. The kinematics should, therefore, be similar as for the W* boson.

Further expectations can be deduced from the equivalence theorem [33,34]. It states
that the longitudinally polarized gauge boson states Vi, can be replaced by the corre-
sponding Goldstone boson at energies larger than the boson mass. The couplings of V7,
then change and become proportional to the mass of the other particle participating
in the interaction. Consequently, Vi, decouple from light quarks. For instance it is
therefore expected that the longitudinal states are suppressed in light quark initiated
diagrams for high transverse momenta of the boson.
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Chapter 4

Experimental Setup

This thesis is entirely based on simulated data without simulation of detector effects.
However, selection criteria are chosen as in a specific analysis at the ATLAS detec-
tor [35]. Thus, a short overview of the ATLAS detector at the Large Hadron Collider
is given below. Nevertheless, all results are expected to be valid regardless of specific
detector design, as long as it covers the studied phase space.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [28] is the largest circular particle accelerator and
collider ever built. It was constructed from 2000 to 2008 by the European Organi-
zation for Nuclear Research (CERN original French name “Conseil Européen pour la
Recherche Nucléaire”) near Geneva. The tunnel of the previous Large Electron-Positron
Collider (LEP) was reused. Although some technical restrictions arose from this, finan-
cial benefits made the realization possible in the first place. The 26.7 km tunnel crosses
the CERN facility on the Swiss side of the border, while the largest part of it is under
French territory. The tunnel lies between 45 and 170 m beneath the surface with a slope
of 1.4%. The arcs are intersected by eight straight sections of a length of more than
500 m each hosting a possible interaction point.

The LHC is designed to collide counter-rotating beams of proton or heavy ion
bunches. In order to accelerate and bend the beams two separate rings are required.
The former LEP tunnel did not allow for completely separated beam lines without
widening. This trade-off is a so called “two-in-one” solution. Both rings are contained
within the same mechanical structure, sharing for instance the cryostat, but each ring
has its own bore and set of coils. This limits flexibility but allows the beam-line to be
much more compact. An overview of the LHC is depicted in Figure 4.1

Superconducting radio-frequency cavities are used to generate the magnetic fields
needed to achieve the desired center-of-mass energies. In total 1232 dipoles and several
thousand multi-pols are used to suppress dispersion and to accelerate and control the
particle beams. The beams themselves consist of 2808 bunches each containing about
2 - 10" particles. About 20 to 40 single proton-proton collisions per bunch crossing
occur simultaneously (pile-up). Distinguishing between these single events is crucial for
good performance of the detectors.

The nominal maximum beam energy is limited by the peak dipole field. More
advanced cooling techniques compared to previous accelerators allow a decrease in the
run temperature from about 4K to 1.9K. This translates into an increase in field
strengths from about 1.5T to about 8 T. The resulting design center-of-mass energy
for proton-proton collisions is 14 TeV. Several pre-accelerators are needed to inject
particle bunches. For this, previous CERN colliders are used, namely the LINAC, the
Proton Synchrotron BOOSTER, the Proton Synchrotron (PS), and the Super Proton
Synchrotron (SPS). To provide enough statistics for the experiments the LHC was
also designed to maximize luminosity (see Eq. (2.37)). The design luminosity is . =
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Figure 4.1: Schematic overviews of the LHC acceleration complex.

1034 em?s™1, resulting in an expected integrated luminosity of %, = 80 —120fb~! per
year.

The beams are not crossed at four of the eight possible interaction points in or-
der to avoid their disruption. Instead they are used for acceleration and cleaning to
ensure good beam quality. The other interaction points are used by the main experi-
ments ATLAS [38], CMS [39], ALICE [40], and LHCb [41]. ATLAS (A Toroidal LHC
ApparatuS) and CMS (Compact Muon Solenoid) are high luminosity detectors. Both
are general purpose detectors, studying a wide range of predictions of the Standard
Model and its extensions. The designs of LHCb (Large Hadron Collider beauty) and
ALICE (A Large Ion Collider Experiment) on the other hand are optimized to study
more specific research goals. LHCb is specialized on b-physics to study CP-violation
in interactions of bottom quarks and thereby matter-antimatter asymmetry in the uni-
verse. ALICE focuses on heavy ion collisions to search for quark gluon plasma and test
QCD. In addition to these experiments, TOTEM (TOTal Elastic and diffractive cross
section Measurement) [42], LHCf (Large Hadron Collider forward) [43], and MoEDAL
(Monopole and Exotics Detector At the LHC) [44] are hosted at the LHC.

Just nine days after the first complete beam line in September 2008 an accident
occurred. A badly soldered contact caused excessive resistances. Heating up, the cav-
ities in that area lost its superconducting properties. The rapid heating up lead to
evaporation of helium. The expansion damaged a large part of the accelerator ring
nearby. After a maintenance period for reparations, further testing, and enhancements
to the magnets, the first proton-proton collisions were realized in March 2010 at a re-
duced proton beam energy of Fpeam = 3.5 TeV. After an increase to Epeam = 4 TeV
in 2012, the LHC ran until February 2013. The highly sophisticated operations during
this time provided the necessary data for the discovery of a Higgs boson in 2012, and,
thus, achieving one of the main goals of the LHC project. In order to fulfill further
expectations LHC was shut down and updated from 2013 on to prepare for another
increase of Fheam to 6.5 TeV and later to its design beam energy of 7 TeV. The second
run period starts in summer of 2015 at a center-of-mass energy of 13 TeV. The inte-
grated luminosity for this run ending in 2018 is expected to be about %, = 100fb~!.
After a short delay caused by a short circuit [45] in April 2015 p-p collisions at injection
energy were performed [46] as well as the first successful acceleration of a single beam
t0 Fheam = 6.5 TeV [47].
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Figure 4.2: Cut-away view of the ATLAS detector [38].

4.2 The ATLAS detector

The ATLAS detector is one of the two general purpose detectors installed at the LHC.
Its cylindrical geometry surrounds the beam pipe. It is forward-backward symmetric
and has a length of 44 m and a height of 23 m. A schematic view of the ATLAS detector
is shown in Figure 4.2.

ATLAS is designed to study a wide range of physics scenarios. Besides intensively
testing of the SM, ATLAS searches for some new physics scenarios like supersymmetry
and will study the characteristics of the Higgs boson. This dictates several requirements
of the measuring capabilities of ATLAS. High spatial and momentum resolutions are
essential for the reconstruction of particles and the measurement of their properties.
Accurate charge identification allows for suppression of backgrounds. Excellent track
reconstruction is important to suppress pile-up and for b-tagging. Large angular cover-
age combined with precise calorimetry are important to accurately reconstruct missing
transverse momentum. Efficient triggering is required to find most interesting events
while keeping data storage feasible.

The combination of these requirements lead to the design described below. Infor-
mation is taken from reference [38] where not stated otherwise.

4.2.1 ATLAS coordinate system

For a consistent description of processes and analyses ATLAS uses a well-defined coor-
dinate system. It is a right-handed cartesian coordinate system, with the center at the
nominal interaction point. The z-axis points along the beam axis and the x- and y-axes
lie in the transverse plane. The positive x direction is chosen to be towards the center
of the LHC and the positive y-axis points upwards. Thus, also the positive z-axis is
uniquely defined. The angles ¢ and 6 and the distance R are defined as usual in a cylin-
drical coordinate system. The azimuth angle ¢ is defined as the angle from the positive
z-axis to the projection of a given point into the transverse plane. The polar angle 6 is
the angle, which is spanned from the positive z-axis to the point itself. R is the distance
from the origin of the coordinate system to the projection in the transverse plane. At
a proton-proton collider the z component of the total initial momentum is not known,
since the momentum fraction of quarks and gluons constituting the proton cannot be
predicted. Therefore the center-of-mass frame of the hard interaction process is boosted
along the z-axis with respect to the laboratory frame. Observables which are invariant
under boosts along this axis are necessary to compare events. The azimuth angle and
projections onto the transverse plane, for instance the transverse momentum pr fulfill
this condition. These projections are denoted with the index “I” from here on. The
polar angle on the other hand is not invariant. In order to evaluate the corresponding

23



4 Experimental Setup

information of a particle the rapidity y is introduced. It is defined as

1 E
y:=—1In + P , (4.1)
2 Efpz

where p, denotes the z component of the particle’s momentum. The rapidity itself is
also not invariant under boosts along the z-axis, but rapidity differences Ay are. In
order to simplify calculations the pseudorapidity 7 is introduced as

-0 ”

For massless particles, 7 is equal to the rapidity, hence their differences are also invariant.
This does not apply for non-negligible masses. The rapidity should be used instead in
particular for massive bosons and jets at the usual energy scales. Another commonly
used variable is the angular distance AR defined as

AR :=/(A¢)* + (An)?, (4.3)

where A¢ (An) denotes difference in the azimuthal angles (pseudorapidity).

The initial momentum of the hard process is not fully known. However, the trans-
verse momenta of the initial state particles are negligible. Thus, momentum conserva-
tion dictates the transverse momenta of all particles of each single collision to balance
each other. A possible imbalance, also called missing transverse momentum piss, can
be caused by momentum mismeasurement or undetected particles. Candidates for un-
detected particles are neutrinos, which are not measurable by the ATLAS detector, or
any particle leaving the detector outside its acceptance region.

4.2.2 Inner Detector

A precise track reconstruction is the foundation of a good measurement. It allows
amongst others for pile-up rejection, momentum measurement, vertex reconstruction,
charge identification, and b-tagging. At the ATLAS detector the track reconstruction
is realized by the Inner Detector (ID). The ID is closest to the interaction point and
only a few centimeters away from the beam line. The number of particles detected in
each bunch crossing at design luminosity in the pseudorapidity region of |n| < 2.5 is in
the order of 1000.

The ID (see Figure 4.3a) is axially symmetrical around the beam axis and inter-
spersed with a 2T magnetic field parallel to the beam axis. This bends the tracks of
particles according to their charge. The curvature is used to calculate the charge and
transverse momentum of the particle.

The innermost parts of the ID are the Pizel Detector and the SemiConductor Tracker
(SCT). They cover a region of || < 2.5 and are devoted to precision tracking. In the
barrel region, they are built-up in cylindrical layers around the beam axis, and, in the
end-cap of discs parallel to the transverse plane. The pixel tracker consists of silicon
pixel layers segmented in the R-¢ plane and z (R) in the barrel (end-cap) region. It
reaches accuracies of 10 um in the R-¢ plane and 115 um in the z direction. Each
charged particle causes up to three hits in the pixel detector. In the SCT there are up
to eight hits. The strips of the SCT are parallel to the beam direction and have an
accuracy of 17 um in the R-¢ plane and 580 um in the z direction.

The SCT is encased by the Transition Radiation Tracker (TRT), which covers the
region, where || < 2.0. The TRT provides only R-¢ information with an accuracy
of 130 um. This inferior accuracy is compensated by a larger number of hits of up
to 36 and longer track lengths. The TRT also contributes significantly to the track
reconstruction.
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4.2.3 Calorimeter System

The missing transverse momentum pss as described in Section 4.2.1 is often interpreted

as the signature of an escaping neutrino. This is not valid in all cases, since there
are several other possible causes, for instance, imprecise momentum measurement or
particles escaping outside the acceptance region of the detector. The calorimeter system
of ATLAS was designed to minimize these influences, covering the whole azimuthal angle
around the beam axis. Precise energy measurement is provided in a pseudorapidity
region of |n| < 4.9 using different techniques. The calorimeter system also provides
significant information for the identification of particles. A cut-away view can be seen
in Figure 4.3b.

The innermost part of the calorimeter system is the liquid argon (LAr) based FElec-
tromagnetic Calorimeter. It covers a pseudorapidity region of |n| < 1.475 in the barrel
region. The accordion geometry was used for its full ¢ coverage and high rotational
symmetry in acceptance. Two coaxial wheels extend the acceptance to the end-cap
region of 1.375 < |n| < 3.2. The region with the highest accuracy dedicated to preci-
sion physics is |n| < 2.5. All electromagnetically interacting particles deposit all their
energy in this calorimeter in the ideal case. This is not the case for heavy particles due
to suppression of bremsstrahlung.

In the barrel region the Electromagnetic Calorimeter is surrounded by the Hadronic
Tile Calorimeter which uses scintillating tiles as active material. The Hadronic Tile
Calorimeter covers a region of || < 1.7 which is expanded by the LAr based Hadronic
End-cap Calorimeter. This calorimeter is situated behind the end-cap Electromagnetic
Calorimeter and provides energy measurements in a region of 1.5 < || < 3.2.

To extend the acceptance region to even higher pseudorapidities the LAr-based
Forward Calorimeter (FCal) was built. It consists of three additional segments per
beam direction. The innermost segment is an electromagnetic calorimeter using copper
as active medium, while the other two measure hadronic interactions using tungsten as
active medium. The FCal covers pseudorapidities of 3.1 < |n| < 4.9.

4.2.4 Muon System

Muons have a mass of 105.6 MeV, resulting in a strong suppression of bremsstrahlung
compared to electrons. Combined with a long lifetime of 2.2 us', these properties pre-
vent effective measurement in the calorimeter system. The Muon System was designed
especially for the measurement of muons. Since typically no other particle? escapes the
calorimeter system the Muon System provides a clean signature leading to excellent re-
construction and identification rates close to 100 %. For the momentum measurement a
region of |n| < 2.7 is covered, while information for triggering are available for |n| < 2.4.
The Muon System is the outermost part of the ATLAS detector, filling in most of the
total volume. A cut-away view can be seen in Figure 4.3c.

In the barrel region the Monitored Drift Tubes measure the tracks of muons and
Resistive Plate Chambers provide trigger information. In high-n regions the Cathode
Strip Chambers are used for tracking and Thin Gap Chambers for triggering. In order to
bend the tracks of muons there is a toroidal magnetic field of 0.5 T in the barrel region
and 1T in the high-n region. For an accurate measurement the current field must
be precisely known. Hundreds of sensors to monitor the fields enable a momentum
accuracy of 10 % for transverse momenta of the muon up to pr ~ 1 TeV.

4.2.5 Trigger System

Saving information of every event (=~ O(1 MB)) at the collision rate at design luminosity
of ¥ = 40 MHz would result in an infeasible output-rate of several TB per second.
Output and storage of this amount of data cannot be implemented due to technical

n this case long means sufficient to allow muons with typical energies to escape the detector
without decaying.
2The exception of this being the neutrino which escapes also the Muon System.
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4.2 The ATLAS detector

and financial constraints. These constraints limit the recording rate to approximately
200 Hz. It is therefore necessary to reduce the output stream by an order of 105.

The Trigger and Data Acquisition System (TDAS) was designed to store only the
most interesting events while meeting these financial constraints. It is a highly config-
urable system with multiple levels. Each of these levels imposes additional constrains
on each event passing previous levels by utilizing increasingly complex event data. In-
between the levels a buffering system is used to reduce the effective dead-time. Only
the events passing all levels are stored and available for offline analyses.

The hardware-based level-one trigger (L1) evaluates the output over the full detector
area. Trigger decisions are made using only information of the calorimeter and the MS
at a reduced granularity. Regions of interest (Rol) are defined containing n and ¢
information of objects to be evaluated. L1 limits the maximum output rate of 75 kHz.

The second level trigger (L2) and Event Filter (EF) are software based and can be
adjusted easily. L2 considers the full granularity in the Rol and more advanced algo-
rithms to refine the decision of L1. The maximum output rate of L2 is 3.5 kHz. The EF
uses full offline analysis algorithms and object reconstructions for its decisions. Current
calibrations and magnetic field strengths are also available. Its decision completes the
trigger chain and every event passing the EF is stored and distributed for later offline
analyses. The final output is reduced to an event rate of 200 Hz which corresponds to
an output of data of 300 MB per second.
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Chapter 5

Data Processing

To test theories it is necessary to compare their predictions to experimental measure-
ments. Theories whose predictions contradict measurements are ruled out. Since there
may be other theories able to explain measurements a theory can never be proven to be
true though. In order to test the SM and other theories in particle physics, events have
to be simulated. Total cross sections and kinematic distributions of these simulated
events are then assumed to be compatible with measurements, assuming the theory is
valid. The following chapter summarizes the process of obtaining simulated events from
theory.

5.1 Simulation of events

At first the events of the hard scattering are simulated. These correspond to a set
of Feynman diagrams connecting an initial state with a given final state at matrix
element level. Event generators calculate all allowed Feynman diagrams of a given order
of pertubation theory, evaluate the phase space integral numerically and afterwards
simulate events. The kinematics of the final state particles are chosen according to the
probability functions obtained in the integration process. This level of simulation is
often called parton level as all partons are allowed to be included regardless of their
observability.

As the total phase space can easily have more than ten, for instance for the events
simulated for this thesis up to 16! , dimensions Monte Carlo methods have to be used
to evaluate the phase space integral. Thus, these programs are called Monte Carlo
generators. In order to reduce calculation time it is possible to restrict the phase space,
reducing the range of the phase space integral.

For hadronic beams, parton density functions (PDFs) are introduced to parametrize
the probability for a given constituent to have a given fraction of the total momentum
of the momentum. The PDFs cannot be calculated using available computing facilities
and are obtained from fits to measurements.

To obtain physical final states, the next step of event simulation, called parton
shower, is applied. Outgoing particles of the previous step are read in and several
effects are simulated. Unstable particles decay and in addition to initial and final
state radiation, also pertubative effects are taken into account. Subsequently, resulting
partons are grouped to stable hadrons during hadronization. The level of simulation of
events which have passed this step, is called on particle level since only stable particles
are included.

In this step, no simulation of detector effects has taken place. Detector effects have
to be considered, though, for a comparison with measured data. Several effects such

LCalculated for a process with 2 incoming and 6 outgoing particles. Each particle is assumed to be
on-shell, the transverse momenta of the incoming particles are neglected, and energy and momentum
conservation is applied. This leads to one dimension per incoming, three dimensions per outgoing
particle, minus 4 for the conservation laws.
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as multi-parton interactions, underlying event, or pile-up have to be simulated for a
good modeling of the full collision. Subsequently, the response of the detector including
digitization is modeled considering detector geometry and material properties. From
this point on the same algorithms are used for measured and simulated data. These
algorithms aim to reconstruct particles using their signatures in the detector and to
distinguish between simultaneous interactions.

5.2 Narrow-width approximation

To reduce computing time it is possible to apply approximations. In the narrow-width
approzimation an intermediate resonance is required to be produced at its pole [48].
Thus, for the calculation of the matrix element the propagator can be replaced using

1
q2 — M2 +iMT

™

5(q* — MQ)m. (5.1)

This approximation is only valid for I' < M hence the nomenclature. Equation (5.1)
implies that the matrix element can be factorized into the single matrix elements for the
production and the decay of the intermediate resonance. This simplifies the necessary
calculations, therewith reducing the computing time for the calculation of the matrix
element. This approximation also effects the treatment of helicities of the intermediate
particle during the calculation of the matrix element. In the full propagator one has
to sum over all helicity combinations. Consequently, a separation of different helicity
states of the intermediate resonance is not possible. However, in the narrow-width
approximation in each matrix element the intermediate resonance has a defined helicity
state. Thus, if the interferences between the helicity states are small a separation is a
valid approximation.

Full spin correlations can be considered using the Collins-Richardson algorithm [49].
In summary the matrix element of the full process using the narrow-width approxima-
tion Mywa is given by the sum of the products of the production Mp and decay Mp
subprocesses for all helicity states. |/\/1NWA\2 can be written as follows

Muwal? = Mg (Mp)” P M3 (ME)" (52)

using the spin density matrix of the intermediate states p’\)‘/. This matrix incorporates
the full spin correlations according to the description in Subsection 2.2.2. By passing
only the spin matrix from the production process to the decay the full spin correlations
are considered while splitting the matrix element into subprocesses.

5.3 Monte Carlo generators

Several Monte Carlo generators are available to simulate V'V jj processes at leading
order (LO). For this study, WHIZARD and MADGRAPH5 _AMCQ@NLO have been used
as they are able to write out helicity information for final state particles. This will be
discussed in Section 5.4. Beforehand both programs are introduced briefly.

5.3.1 WHIZARD

WHIZARD [50,51] is a universal Monte Carlo event generator covering the whole process
from calculation of matrix elements of LO Feynman diagrams to simulating and writing
out parton or particle level events. Matrix elements are calculated dynamically using
O’MEGA allowing for usage in a broad range of physics processes. Several models
are implemented, but only the SM was used in this thesis. While not written out by
default, helicity event output to hepmc [52] can be switched on by hand for each final
state particle. The angle between the spin and momentum of a particle is then explicitly
written out.
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WHIZARD is steered using a special-purpose language called SINDARIN. Its syntax
was designed to meet the needs in event analyses. In contrast to other approaches this
enables WHIZARD to use very sophisticated phase space definitions while steering scripts
can remain short and clean in basic processes. Fundamental analyses and studies can be
performed using SINDARIN on the output events. The final events can be processed
using a parton shower in WHIZARD or via interfaces to external tools.

In addition to the calculation of the full set of allowed matrix elements, user-defined
chains of decays can be applied. Using these decay chains, complex processes can
be split into subprocesses allowing for faster integration and generation. Only the
Feynman diagrams containing the chosen intermediate particles as s channel resonances
are considered. In this case the full matrix element is calculated but only for a subset of
all possible diagrams. This approximation is only valid for I' < M of the intermediate
resonances.

In addition the narrow-width approximation is implemented in WHIZARD using the
Collins-Richardson algorithm (see [53] for details of the implementation). WHIZARD
also includes the possibility to use approximations of the introduced spin density ma-
trix. This enables WHIZARD to use only a diagonal spin density matrix, neglecting
interference effects or to neglect all spin correlations. However, a bug was found in
the implementation of this approximation of the spin density matrix in version 2.2.3
used throughout this thesis. In version 2.2.4 this was corrected, but samples were not
available in the time-frame of this thesis. Since this approximation of the spin density
matrix was not used for any dataset simulated for this thesis, the used datasets are not
effected by this bug.

5.3.2 MADGRAPH5 AMCQ@NLO

MADGRAPHS AMC@NLO [54] (MG5 _AMC) is a Monte Carlo event generator able
to perform next-to-leading (NLO) order calculations. It is a universal generator like
WHIZARD calculating the matrix element on-the-run and was developed as a com-
bination of MADGRAPH5 and MC@QNLO. Interfaces to several external programs are
available to perform parton showering and the simulation of detector effects. In contrast
to WHIZARD MADGRAPH5 AMC@NLO is steered using runcards. Also a pre-defined
set of cuts is allowed and read-in from these runcards. Thus, abilities for sophisticated
phase space cuts or direct analyses are rather limited.

Throughout this thesis, version 5.2.2.2 was used. In order to reduce computing time
samples generated for this thesis are simulated at LO. This was necessary as the time
for the calculation of matrix elements increased from several seconds or minutes at LO
to several hours at NLO for the full VBS process.

By default the output file in the 1hef [55] format also contains the helicity informa-
tion of initial and final state particles. This is possible as different helicity combinations
are treated as different diagrams and are thus calculated independently. All diagrams
are written out after the calculation of all possible diagrams before the event generation
is started. These files can be modified such that only a given helicity combination is
generated (see [56]). The final sample contains then only the specified helicity combi-
nation.

Similar to WHIZARD, MADGRAPH5 AMC@NLO is able to separate the produc-
tion and decay of particles while spin correlations are taken into account. In MAD-
GRrRAPH5 AMCQ@NLO this is done via the program MADSPIN [57]. It simulates spec-
ified decays of final state particles contained in the output files written by MAD-
GRrRAPH5 AMCQ@NLO. The used algorithm [58] ensures implementation of the full
spin correlations and recovers off-shell effects. In the first step the undecayed matrix
element Myndecayed is calculated using the information given in the header of the lhef
file written by MADGRAPHS _AMCQ@NLO. M pndecayed multiplied by a known func-
tion is an upper bound for the full matrix element Mg, including decay. This is used
to reweight Mndecayed t0 Mgq on an event-by-event basis. For each particle to be
decayed a set of momenta for the decay products is chosen randomly and both matrix
elements Muyndecayed and Mgy are evaluated at this phase space point. If a uniformly
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distributed random number r € [0, 1] fulfills

M

re Mundecayed (53)
the momenta of the decay products are accepted. If it is larger than this fraction the set
of random momenta for the decay products are rejected. New momenta are randomly
chosen until an accepted pair of momenta is found. Thus, the matrix element of the
subprocess is reweighted to the matrix element of the full process and the decay spin
correlations are taken into account. Additionally, the § peak for the on-shell resonance
mass is reweighted to the full Breit-Wigner-Peak again.

5.4 Methodology for simulation of events with known
boson polarization

For a study of boson polarization in VBS simulated events of known helicity of the
bosons are necessary. Although the helicity of an intermediate particle is of interest
this is not defined considering the full process?. In this section different approaches
to obtain events with known polarization of the intermediate bosons using different
approximations are presented.

5.4.1 Reweighting method

In former analyses [31,59| such datasets are simulated using a reweighting approach.
In order to obtain a sample of pure polarization the distribution of 67, of a sample
containing all helicity combinations is reweighted to the known analytical functions of
pure polarization. As these analytical functions are distorted by phase space cuts it is
necessary to apply the reweighting procedure in a phase space as inclusive as possible.
The fitted helicity fractions are predicted by theory to depend on the rapidity and the
transverse momentum of the boson V' (see Eq. (2.41)). In order to take this into account
the reweighting is usually done in bins of y(V') and pr(V'). This introduces unphysical
steps at the boundaries of the bins in the corresponding differential distributions. These
steps can only be smoothed by increasing the number of bins. This is limited by the
available statistics of the input dataset. It is also intrinsically not possible to find other
dependencies of the helicity fractions using this method.

For this thesis, the reweighting method was implemented using RIVET [60]. In the
first step an analysis reads in the sample storing y(V'), pr(V') and 65, information, which
are calculated using the true momenta of the charged leptons and neutrinos, for W+,
W~ and Z in a three-dimensional histogram. Having read-in the whole sample the
helicity fractions f;(V) with ¢ € {—1,0,1} are fitted in each pr(V) and y(V) bin ac-
cording to the theoretical predictions from Equations (2.39) and (2.40). The transverse
momentum of the boson was binned in [0,30 GeV), [30 GeV, 60 GeV), [60 GeV,90 GeV)
and [90 GeV, c0) for all bosons and the absolute value of the rapidity in [0, 1), [1,2),
[2,3) and [3,00). cosf} was binned in 20 equidistant bins from minus one to one. In
this way, all bins contained a sufficient number of events for the fit with reasonable
uncertainties. The resulting helicity fractions for each bin are stored for later usage.

In the second step another RIVET analysis reads in the same sample again. This
time the weight of each event is multiplied with the reweighting factor

1 _deo
o dcos 0, —1,0,+1 (5 4)
3(1Fcosbiy) for+ 2 (1 +cosi)® fr + Ssin 03, f .
8 w -173 w/) J+1 T g w0
where ; .
1 do s(I1Fcosthy)” fo1 for h=-—1
- =< 3sin? 05, fo forh=0 (5.5)
adeosty | 4oy 3 . N2
o S(1xcosby)” fr1 for h=+1.

2Since one has to sum over the separate helicity states in the propagator.

32



5.4 Methodology for simulation of events with known boson polarization

In both equations the upper sign corresponds to W and the lower to W~. The corre-
sponding equation for the Z boson can be deduced from Equation (2.40). Depending on
the choice of h in Equation (5.5) the helicity of the corresponding boson can be changed.
The helicity fractions are used from the previous fit results in the bin corresponding to
the kinematics of the reconstructed boson. All helicity combinations are obtained from
one sample using different choices for h to calculate the reweighting factor. The choice
for the reweighting factor also ensures that the sum of the combinations follows again
the original distribution.

As this procedure can be applied to both reconstructed bosons simultaneously arbi-
trary helicity combinations can be obtained in each run. In principle this is applicable
on events simulated using also non-resonant diagrams. For these diagrams the recon-
structed bosons from the lepton pair have not been present in the original sample. The
used input samples were simulated including only resonant diagrams in order to avoid
difficulties in the interpretation of the results. The intermediate bosons are also required
to be on-shell. This restrictions correspond to the narrow-width approximation. The
different helicity states are separable of each other in the narrow-width approximation
if interferences are neglected. The input sample includes this interference effects. In
this approach the effects caused by interferences are distributed to the output samples
according to the corresponding weights. If the effects of these interferences are large,
the fits to the cos 6y, distributions are not expected to reproduce the distributions.
However, if the fit is in good agreement with the observed distribution, these effects are
small.

5.4.2 MADGRAPH5 AMCAQNLO and MADSPIN

The shortcoming of the reweighting procedure is its inability to describe dependencies of
the helicity fraction on other variables. This is of special interest if selection criteria are
applied. Consequently, other variables cannot be guaranteed to be modeled correctly.

To overcome this deficit another approach for the generation of samples of pure
helicity can be used. As mentioned above MC generators write out the helicity only for
final state particles. Thus, samples can be generated such that the bosons are in the
final state to have defined helicities. In order to obtain samples with the final state of
interest the bosons have to be decayed afterwards. This approach effectively employs
the narrow-width approximation.

As explained in Subsection 5.3.2 MADGRAPH5 AMCQ@NLO can be modified to
generate samples containing only user-defined helicity combinations. Combined with
programs able to parse these helicity information and simulate the boson decay ac-
cording to it, it would be possible to simulate events without the shortcomings of the
reweighting method.

The decay of particles can for instance be simulated using PyTHIA [61]. Only
isotropic decays of bosons are implemented in PYTHIA though. In [62] a private version
of PYTHIA 6 was used containing the known angular distributions for the W* boson.
This will bot be studied any further in this thesis due to technical issues.

However, as the used approach is more sophisticated compared to the reweighting
method other programs for the simulation of the decay are studied. In Subsection 5.3.2
the tool MADSPIN was introduced for this aim. MADSPIN simulates for instance boson
decays while taking the spin effects and its correlations into account. Samples were
generated using this method for this thesis for all different helicity combinations of the
bosons. The differential distributions for these are shown in Figure 5.1. As it can
be seen the distributions are not consistent with the expectations from theory. This
can be understood considering the behavior of the used tools. The modification of
the intermediate output of MADGRAPHS AMCQNLO allows only to delete certain
diagrams from the matrix elements.

This modification is not directly reflected in the output sample. When MADSPIN
parses the sample it reconstructs the process definition using the header file. MADSPIN
is not influenced by the modifications described above and all samples with different
helicity combinations are reweighted to the same full matrix element. The distinc-
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Figure 5.1: Comparison of helicity templates generated using MADSPIN. Normal-
ized distribution of the cosine of the decay angle of W cos 6y, (left) and Z cos 07
(right) in the total phase space. In addition to the templates with given helicity
(blue and green), the distribution of a mixed sample (orange) and the theoretical
predictions (black) are shown. The theoretical prediction for transverse polarization
is a mixture of left- and right-handed helicity. The fractions of this mixture are
obtained by fitting to the Wt Zr template.

tions between the samples are expected to arise mainly from the different phase space
regions favored by each helicity. For instance the jet kinematics are not changed by
MADSPIN, while they are correlated with the helicity fractions. The authors of MAD-
GRAPHS _AMCQNLO also advised against usage of these combinations as this has not
been tested yet [63].

5.4.3 WZDECAY

Since neither the official version of PYTHIA nor MADSPIN are suited for a full analysis
of the helicity fractions the tool WZDECAY [64,65] was developed in the course of this
thesis. This tool was required to read samples with bosons of known helicity in the final
state and simulate the decay according to the angular distributions. A visualization of
the workflow of WZDECAY is shown in Figure 5.2. As MADGRAPH5 AMCQ@NLO and
WHIZARD are able to generate samples of known helicity in different file formats the
tool is able to read both file formats to gain independence from a specific MC generator.
The input samples are parsed and the decay of every final state boson is simulated. For
these decays random angles are generated according to their predicted distributions
using a hit-and-miss procedure. Momenta of the leptons originating in the decay are
constructed using the generated mass of the boson and the aforementioned angles in
the rest frame of the boson. The z-axis is chosen to correspond to the direction of the
boson momentum in the laboratory frame as this is the frame in which the helicities
of the bosons are defined. Having boosted these momenta into the laboratory frame,
the leptons are added to the event and the bosons are marked as decayed. The decay
channels of the bosons can be chosen and the cross section is adjusted according to the
branching ratios. The values for the branching ratios are set to the values calculated
by WHIZARD, given by

BR(W?* — * + 1) = 0.0344, BR(Z — ¢ +(7)=0.111. (5.6)

Subsequently, the final events are divided in different samples according to the boson’s
helicity. Thereby, separate samples for each combination of boson helicities are available.
The final cross section of the output samples is determined using the sample’s fraction
of the total event weights. Samples can be written in the hepmc or the lhef format.
This allows for subsequent showering using PYTHIA or direct analyses on parton level
using RIVET.

Using this procedure it is not necessary to apply any cuts on the leptons. It also
allows to produce samples with different generators for validation. However, some
approximations are necessary for this procedure. As the input file has to contain the
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Figure 5.2: Visualization of the workflow of WZDEcCAY. It is able to read in and
parse lhef or hepmc files, simulates the decay of every W and Z bosons in the final
state and writes samples according to the found helicity combination.

bosons as final state particles only the resonant channels are considered as explained
above. Furthermore, the bosons have to be on-shell. This corresponds to the narrow-
width approximation. This approximation is a precondition for a valid interpretation
of helicity fractions of intermediate particles. Consequently, its validity has to be tested
for a study of the helicity fractions in a given phase space.

To take the full spin correlations into account the full spin density matrix can be
used (see Subsection 5.3.1). However, no file format available supports storing the
full density matrix but only the helicity eigenvalue for each particle. The rates for
each helicity correspond to the different diagonal elements of the spin density matrix.
Consequently, an additional approximation of a diagonal spin density matrix is dictated
by these format limitations. Correlations between the helicity states are therefore not
modeled.

5.5 Settings and simulated samples

For comparison and validation purposes several samples were generated using different
combinations of generators and methods to obtain purely polarized samples. In order
to avoid ambiguities reconstructing the W and Z bosons from the final state leptons
the parton level final state was restricted to etv.utu™jj. In this way a unambiguous
assignment of the leptons to the bosons is possible.

Note that the final state is also restricted to the W Zjj process to save computation
time. For a full study and a measurement also samples of the W~ Zjj process have to
be generated as the polarization fractions are expected to differ for the different charges
of the W boson. Differences arise from the substructure of the proton. However, the
main focus of this study is the validation of different methods to obtain purely polarized
samples. This can safely be assumed to be independent of the W boson’s charge.

To reduce the contribution of tZj diagrams to the signal process bottom quarks
are not allowed in the final state as it was done in previous studies of vector boson
scattering in the WZ channel [32]. A list of all used samples can be found in Table 5.1.
The necessary parameters for the generation of the samples can be found in Table 5.2.

The resulting samples were analyzed using RIVET. An analysis was implemented
able to obtain distributions of several observables in different phase spaces. The full list
of selection criteria are listed for all used phase spaces can be found in Tables 5.3 and
5.4.
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5.5 Settings and simulated samples

Table 5.2:

List of parameters necessary for the event simulation and its val-

ues which are used in the simulation of events using the WHIZARD and MAD-
GrarPH5 AMCQ@NLO Monte Carlo generators accordingly, including masses and

widths of particles.

Parameter

Value

Whizard samples

MG5 _ AMC samples

center-of-mass energy /s 13 TeV 13 TeV
renormalization scale p, 200 GeV 200 GeV
factorization scale u ¢ 200 GeV 200 GeV
parton distribution function CT10 CT10
Fermi constant G p 1.1663787- 1075 GeV ™2 1.16639 - 107° GeV 2
electroweak coupling agw 132.3479~1 132.5070~1
strong coupling ag 0 0
My 80.399 GeV 80.419 GeV
T'w 2.085 GeV 2.0476 GeV
My 91.1876 GeV 91.188 GeV
Iy 2.4952 GeV 2.441404 GeV
mg 126 GeV 125 GeV
Ty 0.00418 GeV 0.006382339 GeV
Miop 172.5 GeV 173 GeV
mp 0 GeV 4.7 GeV
Mg 0 GeV 0 GeV
Me 0 GeV 0 GeV
my 1.77705 GeV 1.77700 GeV
my, 0 GeV 0 GeV
Me 0 GeV 0 GeV

Table 5.3: Selection criteria for all studied phase space regions implemented in
RIVET and the phase space used for the integration in the Monte Carlo simulator
for an object to be accepted as Z-lepton ¢Z, W-lepton ¢%, or jet j. Only objects
fulfilling this criteria are accepted. The criteria which are marked with * are only
applied on two of the leptons, i.e. only two of the three charged leptons are required
to have a transverse momentum larger than 5 GeV for the integration in WHIZARD.

Object  Variable Generator cuts RIVET selection
WHIZARD MG5 _AMC total detector WZ VBS
I PT iy i1 GeV 5* 10 0 7.0 15.0 15.0
N o 5 5 00 2.5 25 25
o PTmin I GeV 5* 10 0 7.0 20.0 20.0
7] 5 5 00 2.5 25 25
jets PTin in GV 15 15 0 5.0 5.0 30.0
1] max 5 5 00 25 25 25
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Table 5.4: Selection criteria for all studied phase space regions implemented in
RIVET and the phase space used for the integration in the Monte Carlo simulator.
If the objects, that pass the criteria listed in Table 5.3 of an event or phase space

point fulfill these additional criteria, it is accepted.

Variable Generator cuts RIVET selection
name unit WHIZARD MG5 AMC total detector WZ VBS
Nleptonsmin 3 3 3 3 3 3
ietsmin 2 2 0 0 0 2
M1 (W) min GeV 0 0 0 7.0 30.0 30.0
|Myzpz — Mgl .. GeV o) 00 00 00 10 10
20min GeV 0 0 0 0 0.1 0.1
M o GeV 0 150 0 0 0 500
T win 0 0 0 0.4 04 1.5
ARjj . 0.4 0.3 0 04 04 04
38 min 0.0 0.0 0 0.1 0.1 0.1
ARpymin 0.3 0.2 0 0.3 0.3 0.3
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Chapter 6

Study of Templates

Three different approaches to obtain samples with intermediate bosons in a well-defined
polarization state are introduced in Section 5.4. All of these methods were implemented
for this thesis and events were simulated. The methods are compared to each other using
the samples of simulated events in the following chapter.

6.1 Closure tests

6.1.1 Fits in reweighting method

For the reweighting method, the cos 6}, distribution is fitted in bins of the transverse
momentum and the rapidity of each boson using a y2?-fit. In Figure 6.1 the observed
number of events for each of these bins can be seen. The fit was executed using the
RooFit package of the ROOT software framework [66]. The fit function was stated in
Equation (2.39) and (2.40). The integral over cos6y;, of these equations is one if the
helicity fractions sum up to one. The fit parameters are used for the calculation of the
new event weight. There are several constraints on these fit parameters which result
from the interpretation of the fit parameters as helicity fractions f;. Each of them has
to be in the interval [0,1]. Additionally, the sum of all helicity fractions has to be one:

fi€10,1], > fi=1. (6.1)

i=—1,0,4+1

It is not possible to apply all four of these constraints on the fit parameters for technical
reasons. Thus, two different fits were performed resulting in two sets of samples with
pure polarization.
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Figure 6.1: Distribution of total number of events in the different pr (V) and y(V)
bins used for the fits for the reweighting method is shown in (a) for the W boson
and in (b) for the Z boson. The total number of events is 500000.
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Figure 6.2: Sum of the helicity fractions in each bin after the unconstrained fit to
the predicted distribution of the cos 63, distribution of mixed sample generated with
MapGraPH5 AMC@NLO is shown in (a) for the W™ boson and in (b) for the Z
boson.

In the first approach, only the allowed intervals are set for each parameter, i.e.
fi € [0,1] for i € {—1,0,1}. This approach will be called unconstrained fit' in the
following. The three helicity fractions are treated equally in this approach. The sum of
the helicity fractions can deviate from one, though. However, if the number of entries in
a bin in the transverse momentum and rapidity plane is large enough, these deviations
from one are expected to be small provided the observed distribution is compatible with
the prediction. Before applying the fit, the functions of the fits are scaled to the integral
of the mixed sample such that the integrals of the fit function and the distribution are
equal in each bin of the transverse momentum and rapidity of the boson.

The sum of the fitted helicity fractions is plotted in Figure 6.2 in the bins of the
transverse momentum and rapidity of both bosons. It can be seen that the deviations
of the sum from one are small in all bins. The largest deviations of about 2 % occur for
large boson rapidities. These deviations are assumed to be caused by low statistics in
these bins. The deviations may be minimized by optimizing the binning in the plane
of the transverse momentum and rapidity of the bosons. Nevertheless, these deviations
effect only a small number of events. The influence on the reweighted distributions is
expected to be negligible. The general level of agreement is sufficient for the production
of samples using this reweighting approach.

In order to quantify this influence, another fitting approach was applied in addition
to the aforementioned one. In this additional approach the fraction of left-handed
helicity f_; is replaced by

f,1 =1- f(] — f+1 . (62)

Thereby the sum of the helicity fractions is fixed to one. As a trade-off the parameter
f—1 cannot be constrained to the interval [0, 1] anymore for technical reasons. This is
called constrained fit from here on. The distributions of the left-handed helicity fraction
for this fitting approach can be seen in Figure 6.3. The left-handed helicity fraction
is in a physical range for all of the bins for the W™ boson. For the Z boson, there
are two bins with negative helicity fractions. This effect could again be suppressed by
optimizing the binning in the plane of the transverse momentum and rapidity of the
bosons.

An advantage of the constrained approach is a reduction of the number of free
parameters. Consequently, the uncertainties on the fit parameters are smaller compared
to the unconstrained approach. This uncertainties can be seen in Figure 6.4, in which
the distribution of the right-handed helicity fraction fi; for both fit approaches are
compared. The differences in the uncertainties are rather small since the fit parameters
are highly correlated.

1This name refers to the unconstrained sum of the helicity fractions.
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Figure 6.3: The Left-handed helicity fraction f_; after the constrained fit to the
predicted distribution of the cos 63, distribution of a mixed sample generated with
MADGRAPH5 _AMC@NLO is shown in (a) for the W boson and in (b) for the Z
boson. In this fitting approach the parameter f_; is not constrained to the interval
[0,1].
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Figure 6.4: Right-handed helicity fraction fi; after the fit to the predicted dis-
tribution of the cos#j,, distribution of a mixed sample generated with MAaD-
GraPHS AMCQNLO is shown in (a) using a constrained and in (b) an uncon-
strained fit.
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Figure 6.5: Ratio x?/n.d.f. to quantify the goodness of the fits in bins of pr (V)
and y(V) for the unconstrained fit applied on the mixed sample generated with
MADGRAPHS AMC@NLO. For each shown bin n.d.f. is 37. The distribution is
shown in (a) for the fits of distributions of the W™ boson and in (b) for the Z boson.
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Figure 6.6: Distribution of the p-value for the unconstrained fit to a mixed sample
generated using MADGRAPHS AMC@NLO. The p-value corresponds to the proba-
bility of obtaining a larger x? value for a given number of degrees of freedom assuming
a x2-distribution.

Comparing these methods the unconstrained fit is favored to avoid negative helicity
fractions since these would result in negative event weights. Nevertheless, the resulting
reweighted samples are hardly distinguishable between the two fitting approaches since
problems in both approaches influence only a small number of events.

As a validation of the fits the ratio of x2 over the number of degrees of freedom
(n.d.f.) for all fit results are shown in Figure 6.5. The number of degrees of freedom
equals the number of bins in the fitted distribution reduced by the number of fit param-
eters. A ratio close to one indicates a good agreement of the fit. The observed values
fluctuate around this value.

The relatively large number of fits of 32 in total allows for an additional test. The
x? and the number of degrees of freedom can be used to calculate the p-value. This
p-value represents the probability to obtain a larger x? value for the given number of
degrees of freedom assuming a y2-distribution. This value can also be interpreted as
the probability of obtaining a fit result with inferior agreement. The resulting p-values
should be uniformly distributed over the interval [0,1]. A histogram of these p-values
for the unconstrained fits is shown in Figure 6.6. The resulting p-values are compatible
with a uniform distribution.

The full set of distributions and the fitted functions in the plane of the transverse
momentum and rapidity of the bosons are shown in Section D.2 in the Appendix.

The full set of helicity fractions using the unconstrained fit can be seen in Figure 6.7.
The longitudinal fractions show very similar behavior for both bosons. However, the
distribution of the left-handed fraction of the Z boson, f_1(Z), is more similar to the
right-handed fraction of the W™ boson fi1(W™).
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Figure 6.7: Helicity fractions f; after the unconstrained fit to the predicted
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(b), (d), and (f) for the Z boson. (a) and (b) show the left-handed helicity fraction
f=1, (¢), (d) show fo and (e) and (f) fi1.
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Figure 6.8: Comparison of the helicity templates generated reweighting a sample
from MADGRAPHS5 _AMC@NLO. The normalized distribution of the cosine of decay
angle of W cos 6y (left) and Z cos @7 (right) in the total phase space are shown. In
addition to the templates with given helicity (blue and green), the distribution of a
mixed sample (orange) and the theoretical predictions for pure helicity states (black)
are shown. The theoretical prediction for transverse polarization is a mixture of left-
and right-handed helicity. The fractions of this mixture are obtained by fitting to
the WrZr template.

In order to understand this feature the introduction of the predicted distributions
of the bosons’ decay angles has to be considered and transfered from the leptonic decay
to the radiation of a boson by a quark. The decay angle peaks at the same values for
W and Z bosons of equal helicity. However, the definition of the decay angle differs.
For the W™ boson the decay angle is defined as the angle to the (positively) charged
lepton. For the Z boson the angle to the negatively charged lepton is used. Applying
this definition on hadronic decays, the angles to quarks resulting from W= or Z decays
are expected have a maximum at different values for quarks of equal charge. The
distributions of a given helicity for Z decays correspond to the opposite W™ helicity.
Applying the same argument on the radiation process rather than the hadronic decay,
leads to the observed correspondence of the f_1(W™) and fy1(Z) distributions.

Consequently, the distribution of the W~ boson’s helicity fractions are expected to
be similar to the distributions of the helicity of the Z boson.

The distributions are in good agreement with the expectations from Subsection 3.2.2.
The longitudinal states were expected to dominate for high rapidities and low transverse
momenta. However, for high energies the longitudinal states are suppressed as dictated
by the equivalence theorem. The region dominated by longitudinal polarization con-
tains only a small fraction of the total events though. Additionally, the region of low
transverse boson momenta is expected to be influenced by the necessary phase space
cuts. This is studied in Section 6.3.

As this study aims at an distinction between longitudinal and transverse polarization
states, the helicities -1 and +1 are not distinguished from here on. The combination
of both states with transverse polarization is studied and compared instead to the
longitudinal polarization.

6.1.2 Angular distributions

The generated samples contain bosons of a given polarization. Consequently, they are
expected to reproduce the predicted distribution of cos@j,. The samples which are
produced using MADSPIN to simulate the decay of polarized bosons, do not show the
expected behavior. This can be seen in Figure 5.1. As it is discussed in Section 5.4.2
the discrepancies originate from the reweighting procedure used in MADSPIN. The
matrix element of each sample is reweighted to the same full matrix element. Thus,
these samples are closer to the mixed sample and differences between each other are
suppressed.

The corresponding distributions for the samples from the reweighting method can be
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Figure 6.9: Comparison of the helicity templates generated using WZDECAY with
a MADGRrAPHS _AMC@NLO sample as input. The normalized distribution of the
cosine of decay angle of W cos 0y (left) and Z cos 67 (right) in the total phase space
are shown. In addition to the templates with given helicity (blue and green), the dis-
tribution of a mixed sample (orange) and the theoretical predictions for pure helicity
states (black) are shown. The theoretical prediction for transverse polarization is a
mixture of left- and right-handed helicity. The fractions of this mixture are obtained
by fitting to the W Z1 template.

seen in Figure 6.8. The distributions of cos #jj, are in good agreement with the predicted
distributions. For the Z boson’s decay angle cos 87, small discrepancies can be observed.
There discrepancies are assumed to be caused by the choice for the reweighting factor
(see Eq. (5.4)). The denominator is chosen such that only the fit of the predicted dis-
tribution to the mixed sample is taken into account. In order to evaluate the correct
statistical uncertainty non-trivial correlations between the samples, have to be consid-
ered. These correlations are introduced by the correlations of the fit parameters used
for the reweighting.

The samples generated using WZDECAY also reproduce the predicted angular dis-
tribution. This can be seen in Figure 6.9. No systematic deviations from the predicted
distribution can be seen.

Compared to the reweighting method the statistical uncertainty of the distributions
especially for the longitudinal polarizations is larger. The numbers of input events are
the same for both methods though. For the reweighting method every event is used
for all helicity combinations with a reduced weight. In WZDECAY the mixed sample is
divided according to the given helicity. Thus, each event is considered with full weight.
The shown statistical uncertainties are calculated only from the number of entries in
each bin.

The samples which are generated using the reweighting method and using WZDECAY
reproduce the predicted distributions and are studied in more detail in the following.
The approach using MADGRAPHS _AMCQNLO and MADSPIN will not be considered
from here on due to the large deviations from the predicted distributions.

6.2 Influence of approximations

To obtain the samples of pure boson polarization several effects have to be neglected.
The study of the influences of these effects is an important part of polarization studies
as they lead to systematic uncertainties. The stronger the influences of these effects, the
more problematic the interpretation of the results gets. For the reweighting approach a
full sample is in principle allowed as input. However, again the interpretation in terms
of helicity fractions is then questionable. Thus, applying restrictions on the diagrams
is preferred although not necessary from a technical point of view.

The most basic approximation is the negligence of non-resonant channels. This
summarizes the effects of Feynman diagrams contained in the signal where the final
state leptons do not originate directly from an s channel resonance of a boson. This
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approximation is dictated by technical reasons when using the WZDECAY approach.
It is also reasonable to neglect these effects, though. In these diagrams the summed
momentum of a lepton pair does not correspond to the boson. A measurement of
the boson polarization is not reasonable, if the influence of these diagrams is large.
These non-resonant diagrams are not gauge invariantly separable from the resonant
diagrams. Nevertheless, the influence of the non-resonant diagrams can be suppressed
using selection criteria. The s channel diagrams contain a Breit-Wigner resonance at the
mass of the propagating particle. For invariant masses close to this mass the resonant
diagrams dominate.

In order to estimate the influence, samples were generated including all diagramms
or only resonant ones respectively using MADGRAPHS _AMCQNLO. Several kinematic
distributions for these samples are compared for different phase spaces in Figure 6.10.
In the more inclusive phase space there are some differences to be seen. The influence
of the non-resonant diagrams cannot be neglected in this phase space. In Figure 6.10a
it can be seen, that the influence is uniform in cos@j;,,. The total cross section is
increased by about 10%. In Figure 6.10c it can be observed, that the impact is not
uniform in m(WZ). For m(W Z) smaller than the sum of the masses of the bosons, the
non-resonant diagrams dominate. Similar behavior occurs for other variables, which
allows to suppress the non-resonant diagrams by choosing a tighter phase space.

This can also be seen in Figure 6.10. The plots shown in 6.10b, 6.10d, and 6.10f show
the corresponding distributions in the vector boson scattering analysis phase space. The
non-resonant diagrams are strongly suppressed in this phase space. Consequently, it is
reasonable to neglect the effects of the non-resonant diagrams.

For the boson decay using WZDECAY an additional approximation is necessary. As
the input sample is generated with the bosons in the final state the bosons have to be
on-shell.

To estimate the influence of these approximations again kinematic distributions are
shown in Figure 6.11 in different phase spaces. There WHIZARD samples simulated
using only resonant diagrams are compared. In one of these samples the bosons are
restricted to be on-shell.

The distributions of kinematic variables of jets differ. The rapidity difference of
the tagging jets is smaller as it can be seen in Figure 6.11d. Furthermore, the leading
jet tends to be more central and the transverse momenta of both tagging jets tend to
larger values if off-shell effects are neglected. These deviations have to be studied and
understood before jet-based observables can be used for a measurement of the boson
polarization. The interpretation of results from these variables can only be valid once
the effects on distributions of these deviations can be corrected for. Nevertheless, these
effects have to be studied in more detail since additional difficulties arise by applying
selection criteria in these variables.

The kinematics of the leptons show smaller deviations in the VBS phase space. If
a global scaling factor is applied deviations only effect suppressed kinematic regions.
Lepton-based variables are more appropriate for later polarization measurements.

An additional approximation is necessary that was not considered before. The
negligence of correlations between the polarization states is an intrinsic approximation
if the helicity fractions are measured. Although this is common to both methods for
the production of templates the effects are treaded differently.

The reweighting method uses a mixed sample as input. In this sample the interfer-
ences are included. It is divided such that the sum of the different templates is equal to
the input sample in each bin. Consequently, the interference effects are also divided and
scattered in the templates. This comparison can be seen in Figure 6.12. The sample
used as input is exactly divided into the different helicity fractions. There are no differ-
ences between the stacked templates and the input sample. However, it is not possible
to estimate the fraction originating from interference effects using this implementation
of the reweighting approach. One can also see the dominance of the template with pure
transverse boson polarization W;‘ Z7. The ratios between the different templates are
obtained from the fit necessary for the reweighting method. The fractions as well as
the cross sections in the total phase space can be found in Table 6.1.
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Figure 6.10: Comparison of distributions for samples containing the full WZjj —
EW process (blue) and samples only containing resonant diagrams (green) in dif-
ferent phase spaces of samples generated using MADGRAPHS _AMC@QNLO. On the
left-hand side distributions in the total phase space and on the right-hand side for
the VBS phase space are shown. In the upper row the W+ decay angle 63, the mid-
dle row the di-boson invariant mass m(WWZ) and in the bottom row the transverse
momentum of the leading Z-lepton pr(¢7) are shown.
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Figure 6.11: Comparison of distributions for samples only containing resonant
diagrams of the W Zjj— EW process and simulated using WHi1zARD. With additional
constraint on the intermediate boson to be on-shell (green) or without constraint
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hand side for the VBS phase space are shown. In the upper row the W™ decay angle
03, the middle row the difference between the rapidities of the jets Ay(jj), and in
the bottom row the transverse momentum of the leading Z-lepton pr(¢Z) are shown.
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Figure 6.12: Comparison of stacked templates generated using the reweighting
approach to the mixed sample (orange) used as input for the reweighting procedure
in different variables in the total phase space. The stacked templates are scaled to
the cross section of the mixed sample. Different colors represent the different helicity
combinations. (a) shows the distribution in cos 67,4 and (b) for cosf7%. Since each
event is divided to the different templates the sum of the templates reproduces the
input distribution.

Table 6.1: List of fractions for all helicity combinations obtained by different meth-
ods in the total phase space. Additionally, the cross sections for each sample of pure
polarization in the total phase space in fb are listed. The cross section in the bottom
row corresponds to the cross section of a sample with mixed helicities is shown. This
sample was also used as input for the reweighting procedure. For the reweighting
approach in (a) this cross section also corresponds to the sum of the cross sections of
the splitted samples. This is not required in (b) since the samples are independently
of each other in this case. For small interferences they should, however, be consis-
tent. The fractions listed in the bottom row are the sums of the fractions of the
splitted samples. This fraction also corresponds to the ratio of the sum of the cross
sections of the splitted samples over the cross section of the mixed sample given in
the bottom row.

(a) Reweighting method (b) WZDECAY
cross section fraction cross section fraction
in fb in % in fb in %

Wi Zr 0.4650 £ 0.0004 55.50 & 0.07 Wi Zr 0.4872 £0.0006 58.17 & 0.13
Wi Zy, 0.1706 £ 0.0001 20.37 & 0.02 Wi Z;, 0.1610 £ 0.0005 19.22 £ 0.08
WJZT 0.1447 £ 0.0001 17.28 £0.02 Wi Zr 0.1394 +0.0004 16.64 £ 0.07
Wi Zy, 0.0573 £0.0000 6.85 =+ 0.01 Wi Zy, 0.0483 £0.0003 5.77 £ 0.04

W;{ZX 0.8376 £+ 0.0004 100.00 W;{ZX 0.8376 £+ 0.0003 99.80 £ 0.15
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Figure 6.13: Comparison of stacked templates generated using WZDECAY to the
mixed sample (orange) in different variables in the total phase space. Different colors
represent the different helicity combinations. The stacked templates are scaled to
the cross section of the mixed sample. (a) shows the distribution in cos 6}, and (b)
for cos 07. The mixed sample is the sample used as input for the reweighting method
in which the decay of the bosons was simulated by MADGrRAPHS  AMCQ@NLO.

The method using WZDECAY on the other hand uses a sample with stable bosons
in the final state. In this way the helicity states of the bosons are defined and no
interferences are included. The mixed sample with which the templates are compared
is simulated using MADGRAPHS AMC@NLO for the production and MADSPIN for
the decay of the bosons. Thus, the interference effects are reconstructed as explained
in Subsection 5.3.2. The sum of the templates is therefore allowed to deviate from the
mixed sample. These deviations can be used as a rough estimate of the influence of the
interference effects.

In Figure 6.13 the sum of the templates is compared to the mixed sample. Although
small deviations can be seen, over all the agreement is very good. The dominance
of the purely transversally polarized sample can again be seen. The fractions are ob-
tained from the frequency of the helicity combination in the mixed sample with bosons
in the final state. The fraction obtained after analyzing the samples obtained from
MADGRAPH5 AMC@NLO are listed in Table 6.1b. Since no phase space cuts were
applied after the generation the rates of the templates conform the frequencies from
the MC generator listed in Table 5.1. The discrepancy of the sum of the fractions to
one is small. In addition to the influence of the correlation between the helicity states,
statistical uncertainties can contribute to this.

The fractions itself are in good agreement between the two methods. The sample
with pure transverse polarization dominates and contributes with about 57 % to the to-
tal cross section. The pure longitudinal sample contributes only with 6 %. The samples
with a longitudinally and a transversally polarized boson contribute approximately to
the same amount. However, the W{f Z1, samples have slightly larger fractions compared
to the I/VL+ Z7 samples. In general the fraction for a transversally polarized boson is
larger than the corresponding sample with longitudinal boson polarization by a fac-
tor of about three. This cannot be explained solely by combinatorics. The transverse
polarization contains two helicity states. As a consequence a factor of two would be
expected if helicity states where distributed uniformly. As explained in Subsection 3.2.2
the CP violation and other effects lead to deviations in the production mechanisms and
kinematics for the different polarization states.

From these comparisons it can be concluded, that the approximations are reason-
able. Consequently, it is valid to deduce the boson’s polarization properties from the
observed particles in a mixed sample in this phase space. The selection criteria sup-
press the influence of other diagrams strong enough to assume the leptons originate
from bosons in the available samples. The effects, which are neglected, influence the
kinematic of the leptons mostly uniformly. However, the jet kinematic seems more diffi-
cult. These distributions are not only scaled but also distorted by the approximations.
Consequently, these jet-based variables seem not appropriate for polarization studies.

a0
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In order to use these variables anyway is only valid if all effects are well understood.
This would allow for a correction of these effects.

A new version of the WHIZARD generator also allows for studies of the effects of
these correlations in more detail. From version 2.2.4on it is possible to use a set of
approximations of the spin density matrix used to take spin correlations into account.
Using these approximations, mixed samples can be generated with the exact same ap-
proximations necessary for the generation of polarized samples, namely a diagonal spin
density matrix. This sample should then be identical to the sum of the templates within
statistical uncertainties. This allows to generate samples after each used approximation
for a separate comparison of each step of these chain of approximations. This new
version of WHIZARD was not available in time to generate these samples for this thesis
though.

6.3 Influence of selection criteria

An important disadvantage of the reweighting method is its inability to ensure correct
influence of selection criteria. If the reweighting is only applied in one variable other
variables are not necessarily modeled correctly. Especially variables correlated to the
variable in which the reweighting was applied are expected to behave incorrectly.

Since it is known from theory that the decay angle 07, is correlated to the rapidity
y(V) and pr(V) of the boson V the reweighting is applied independently in bins of
these variables. Thereby, the dependence of 6§, on these variables can in principle be
modeled.

The number of events necessary grows rapidly with the number of multidimensional
bins for these variables though. The size of the bins has to be adjusted such that the
number of events in each bin is sufficient for the fit to obtain the helicity fractions.
However, large bins result in unphysical steps in the distributions of these variables.
Consequently, adding another correlated variable would not be feasible as the necessary
number of events would multiply. In Figure 6.14 the sample’s distributions in pp (W)
and y(W™) can be seen. In the pp(W™) distribution these steps occur at 30 GeV,
60 GeV, and 90 GeV. Those values are the borders of the bins used for the reweighting.
Also in the y(W™) distribution steps can be seen at the values corresponding to the
bin’s borders. These steps indicate that the distribution would not be modeled correctly
without the correction using the fit in different p(W)-y(W™) bins. The fits introduce
a correction in each pt(W™)-y(W™) bin. The shape of these distributions corresponds
to the previously determined values for the helicity fraction of each bin. The jumps in
the helicity fractions at the borders introduce incompatibilities in these shapes visible
as steps in the distributions.

These corrections could also be necessary in other variables. However, fitting in
a higher-dimensional space is infeasible due to the necessary large number of events.
These effects are of special importance if selection criteria are introduced on one of the
additional variables, since these possibly distort the angular distributions or distribu-
tions of other variables.

To quantify the influence on the distributions of the helicity samples the effects of
cuts have to be studied and compared to samples generated using WZDECAY. For these
samples the dependence is modeled correctly. In Figure 6.15 the distributions are shown
for the different phase space definitions introduced in Section 5.5. In the total phase
space only a cut on the number of leptons? is applied in the analysis. Since the samples
are generated with three charged leptons in the final state and no parton shower was
applied the found leptons are the three charged leptons originating of the hard process.
In this phase space all events are reconstructed resulting in an acceptance of 100 %.
However, some cuts have to be introduced for the simulation of the events to avoid
divergences and to reduce computing time. In the definition of the detector phase space
some additional cuts are included to model the reconstruction efficiency of the ATLAS
detector on a very basic level. The WZ phase space is defined by additional criteria to

2All electrons and muons on truth level are considered.
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Figure 6.15: Distributions of the sample with purely transverse helicity WrZr
in different phase spaces. On the left-hand side in (a) and (b) the distributions for
cos 0,1 and on the right-hand side in (c) and (d) for cos 87 are shown. The templates
in the upper row are generated using WZDECAY and in the bottom row using the
reweighting approach. The phase spaces are defined according to the Tables 5.3 and
5.4.



6.3 Influence of selection criteria

select WZ di-boson events such as tighter pr(¢) cuts and a cut on the invariant mass
on the pair of leptons assigned to the Z boson. This assignment is unambiguous for the
process definitions used throughout this thesis since only the channel with an electron,
a muon, and an anti-muon is considered. In the VBS phase space additional cuts are
applied on the jets to select the characteristic signature of two tagging jets of the vector
boson scattering process.

The distributions of the different phase spaces are consistent between the two meth-
ods. Only for |67 close to one distortions of the shape can be seen. In addition to these
distortions, the influence of the cuts is distributed mainly uniformly in cos 65, resulting
in a global scaling according to the total acceptance.

The cos 07, distribution is symmetric around zero. This is expected since the angle
—cos 03, corresponds to the decay angle of the second decay product. As the decay
products of the Z boson only differ in their charge the cuts influence the kinematics of
both decay products equally.

In the W boson case the decay products differ though. The neutrino is only
accessible via the missing momentum. Therefore the neutrino’s pseudorapidity cannot
be reconstructed. Since no criteria on the missing momentum was applied in any phase
space the kinematic of the neutrino is not restricted at all. This results in an asymmetry
in cos 0, as it is observed in Figures 6.15a and 6.15b. The observed distortion is in the
region of cosf};,, ~ —1. In this case the charged lepton’s momentum is approximately
anti-parallel to the boson’s momentum. Consequently, the charged lepton is expected
to have a small transverse momentum.

This distortion is expected to be caused for both bosons by the pr(¢)min cut. This is
consistent with the behavior in the different phase spaces. In the detector phase space
the effect is rather small. The pr(¢)min cut is rather small. The effect is much stronger
in the WZ phase space where a harder cut of 30 GeV is applied. As the minimum
transverse momentum is not changed in the VBS phase space compared to the WZ
phase space both show similar shapes.

Another effect can be seen in the cosfj;,, distributions. The ratio between the
distributions in the detector phase space and total phase space has a maximum at
cosf;,+ ~ —0.9. This indicates non-uniform influence of another selection criterion
which suppresses cos 07, > —0.9. Out of the variables in which selection criteria were
applied, the pseudorapidity of the W-lepton or the transverse mass of the W™ boson,
which can is calculated as

mp(WH) = \/ 2 pr(e%) - s (1 cos (A0 (0%, 5 ) ) (6.3)

are assumed to cause this. The dependence of the decay angles 67, on these variables
are studied in order to distinguish between the effects of these variables and to validate
the expected influence of the cut on large transverse momenta of the W *-lepton.

Figure 6.16 shows the dependence of the decay angle 87, on the transverse momentum
of the leading lepton pr(¢#) originating from the Z boson. A strong dependence of 0}
on pr(¢%) can be seen, especially for pr(¢#) < 50 GeV. Although not that strong also
for larger pr(¢%) a dependence can be seen. For pr(¢7) < 50 GeV large |0}| dominate.
This translates into a dominance of transverse fractions. Selecting only events with a
minimal pr(¢7) suppresses |0%| ~ 1 as expected.

The corresponding distributions for the W™ boson are shown in Figure 6.17. Again
a clear dependence on the transverse momentum of the charged lepton can be seen.
In contrast to cos @7, cosfy,, is not symmetrically distributed with respect to zero.
For small transverse momenta of the W ™-lepton the cos 05+ distribution peaks at —1.
For higher transverse momenta of the charged lepton the maximum goes to higher
cos0y,.. If events with a small transverse momentum of the W-lepton are vetoed
cos O, ~ —1 are stronger suppressed. This confirms the assumptions deduced from
the cos 0}, distributions in different phase spaces.

As it can be seen in Figure 6.18 the cos 0}, distribution does not depend at all on
the transverse mass of the W+ boson mr(W™). As a consequence a cut on mr (W)
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angle cos 6+ on the transverse mass of the W™ boson mr(W™). (a) shows a 2-
dimensional histogram of the distribution in the cos 65, -mT (W) plane in arbitrary
units (a.u.). (b) shows a profile plot of the cos@y,.-mt(W™) dependency. This
profile is calculated as the mean value of cos6j;,; in each bin of mr(W).



6.4 Phenomenology in VBS phase space
1

N 1 s o2 [ B T [ ™]
%,; : T ‘ UL LI T T T T T T 10 J;ﬁ 2 : :
° s S =
Il 0t = 2 £ 1

il ~ g
. = g Ly il
0 = = E 0 w;
E 0% 8 C ]
05 = F 05 —
i Sz E u ]
’1II|LH“2“‘(|)H“2“‘J1 - ,17\‘\\\‘\\\‘\\\‘\\\‘\7
07 4 2 0 2 4
' n(e)

w *
(a) n(£7™)-cos B, 1 -plane (b) n(£"), profile
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is calculated as the mean value of cos#}, in each bin of n(¢").

cannot explain the observed maximum in the ratio between the distributions in different
phase spaces in Figure 6.15.

The dependence of cos ;. on the pseudorapidity of the W*-lepton is shown in
Figure 6.19. It is again not symmetric with respect to cos 0y, = 0 but the dependence
is not as pronounced as for the transverse momentum of the W ™-lepton. Nevertheless,
for [n(¢)| > 2 angles of cos 0}, < —0.9 are suppressed. This combination would require
a very high boost and a high absolute value of the rapidity of the W boson. Only
for these kinematics a decay angle of cosf)j;,. ~ —1, for which the charged lepton’s
momentum partly cancels the boson’s momentum, results in a high rapidity lepton.
Selecting only events in which the absolute value of the pseudorapidity of the W™-
lepton is smaller than 2.5 results in the maximum in the ratio of the distributions in
the detector phase space and total phase space.

Thus, the causes of the observed distortions can be explained and are well under-
stood.

6.4 Phenomenology in VBS phase space

Having studied the influence of selection criteria for different phase spaces focus is set
on the VBS phase space from here on. This is the phase space with the most sensitivity
on the scattering process due to its strong background rejection.

The distributions of the decay angles cos 6y, in this phase space are shown in Fig-
ure 6.20 for samples obtained using the reweighting approach and WZDECAY. The
distributions of the samples with longitudinal polarization in the VBS phase space are
still very similar to those in the total phase space. For the samples with transversally
polarized bosons, the cut on the transverse momentum of the charged leptons caused a
large deviation from the inclusive distribution for |cos 67| ~ 1.

A comparison of the sum of the helicity samples obtained from WZDECAY and a
mixed sample is shown in Figure 6.21. The distributions are again in good agreement
for both decay angles cosfi,. As it was observed in the total phase space the sum
of the reweighted templates accurately reproduces the input distribution. As this is
dictated by the implementation of the reweighting method this is expected and the
corresponding distributions are not shown here.

The resulting fractions of each helicity combination in the VBS phase space are
listed in Table 6.2. The results are again compatible between the two methods. Taking
into account only the distortions of the distributions caused by the cut on the transverse
momentum of the charged leptons one would assume an enhancement of the fractions.
This can, however, not be observed comparing to the fractions in Table 6.1. There
is a small enhancement to be seen, the assumed effect should be around 5% though.
The cut on the pseudorapidity of the charged leptons mainly suppresses the leptons
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6.4 Phenomenology in VBS phase space

Table 6.2: List of fractions for all helicity combinations obtained by different meth-
ods in the VBS phase space. Additionally, the cross sections for each sample of pure
polarization in the VBS phase space in fb are listed. The cross section in the bottom
row corresponds to the cross section of a sample with mixed helicities is shown. This
sample was also used as input for the reweighting procedure. For the reweighting
approach in (a) this cross section also corresponds to the sum of the cross sections of
the splitted samples. This is not required in (b) since the samples are independently
of each other in this case. For small interferences they should, however, be consis-
tent. The fractions listed in the bottom row are the sums of the fractions of the
splitted samples. This fraction also corresponds to the ratio of the sum of the cross
sections of the splitted samples over the cross section of the mixed sample given in
the bottom row.

(a) Reweighting method (b) WZDECAY
cross section fraction cross section fraction
in fb in % in fb in %

Wi Zr 0.1639 £ 0.0001 53.83 & 0.06 Wi Zr 0.1572 +£0.0002 51.64 £ 0.14
Wit Z1, 0.0604 +0.0000 19.83 £ 0.02 Wit Z1, 0.0516 £0.0002 16.94 £ 0.08
W Z 0.0578 £ 0.0000 18.97 + 0.02 W Z 0.0541 +0.0002 17.78 +0.09
Wi Zp, 0.0224 £0.0000 7.37 +0.01 Wi Zp, 0.0187 £0.0001 6.13 +£0.05

W;{ZX 0.3044 £ 0.0001 100.00 W;{ZX 0.3044 £ 0.0009 92.50 £ 0.40

originating from longitudinally polarized bosons. The combination of both cuts results
in a slight increase of the longitudinal fraction over the transverse fraction.

As a final test of the reweighting method kinematic distributions in other variables
are compared. For the reweighting approach the validity of these distributions cannot
be assured. Discrepancies can arise from a mis-modeling of correlations between the
transverse momentum, rapidity, or the decay angle of the bosons and other variables.
If such correlations with other variables occur deviations from the real distributions are
possible.

The samples simulated using WZDECAY are expected to reproduce the actual dis-
tributions in the limits of the used approximations. For these samples the narrow-
width approximation is used and correlations between the helicity states are neglected.
Since the narrow-width approximation was also used for the samples of the reweight-
ing method only the neglected correlations are allowed causes of deviations between
both methods. The effect of these correlations can also be estimated for instance from
Figure 6.13. However, only effects smaller than 5% have been observed there.

Any discrepancy that is not covered by this 5 % and statistical uncertainties therefore
indicates additional effects. These are assumed to be caused by the wrong modeling of
the reweighting method.

In Figure 6.22 a selection of kinematic variables is shown for the sample where both
bosons are longitudinally polarized. A larger set of distributions for this and other helic-
ity combinations are shown in Chapter B in the Appendix. Especially in the distribution
of the transverse momentum of the W+ boson in Figure 6.22a some large deviations
occur. Again the borders of the bins used for the reweighting at 30 GeV, 60 GeV, and
90 GeV can be seen. The distribution of the sample generated using WZDECAY de-
creases more rapidly for higher pr. The steps introduced in the reweighting also occur
in the distribution of the W+ boson rapidity shown in Figure 6.22b. These effects can
be suppressed by optimizing the choice of the borders of the bins. In order to better
describe the transverse momentum distribution a larger number of bins is necessary.
This is not feasible with the available number of events.

In addition to the well known dependency on the bosons transverse momentum
and rapidity, other variables show large deviations. This is shown for the transverse
momenta of both leptons assigned to the Z boson (Fig. 6.22¢ and 6.22d), the trans-
verse momentum of the leading jet (Fig. 6.22e), and the rapidity of the sub-leading jet

o7



6 Study of Templates

98

; T T T T T T T T T T T T ‘ T T T T 7] vT@ 1075 % T
8l F —— WZdecay 1 2 s b
=1 . [=" E
S —— Reweighted = E
2107 g 1077
IS = E
= T 107%
= S E
£ ~ 100 B
~ E —— WZdecay
5 10710 ;
© 108 - E —— Reweighted
E E -t E —
Ey v el [ A E. | R I P
1 4 T T ‘ L ‘ 'u ij 1 4 T ‘ T ‘ T T ‘ T T ‘ L ‘ L=
Mo AL e v R g
1 St 4 1 g 1E h s 3
0.8 gf W - 08 v =
06 }\ L1 ‘ I ‘ I I ‘ L1 \{ 06 }\ ‘ | ‘ L1 ‘ L1 ‘ L1 ‘ \{
0 50 100 150 200 4 -2 0 2 4
pr(W) y(W)
+ +
(a) pr(W™) (b) y(W™)
>'_‘ E T T T T T 7T ‘ T T T T T T 3 ; 1076 ?\ T T T ‘ T T T ‘ T T T ‘ T T T \75
Sl = F 1 e E —— WZdecay El
2\ 10 E E S\ 107 r —— Reweighted =
=y F E= e =
=) 10-8 ; " = E 3
Sl e E
Tl 1 F9°F E
=) E El = E 3
N E — WZdecay ER C n
<10°10 e — Reweighted = = 107 =
107 Al e .k .
14 = = 14 = e
12 = “ “ = 125 E
1E £ 1LE g
0.8 - e 0.8 e
06 }\ Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il \{ 06 ;\ Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ 1 I I \{
0 50 100 150 200 0 50 100 150 200
pr(tf) pr(tf)
Z Z
() pr(47) (d) pr(£2)
T L ‘ L ‘ L ‘ L L ? T T ‘ T T ‘ L ‘ L ‘ L ‘ L
3 -7 = "
8w 1077 = = <2 107° — — WZdecay _
?'\ F = /% E —— Reweighted 3
2 [ 1 < E ]
E 1078 = = i - 1
2 E ERES r 7
g F = =
< F 1076 —=
N - —— WZdecay . E 3
© 100 —— Reweighted — C l
E\ |1 ‘ I - ‘ I -t ‘ I - ‘ E i I ‘ 1 ‘ - ‘ - ‘ - ‘ I |
1 4 }\ Tl' T ‘ T ‘ T T Tt T IH : 1 4 ;\ T ‘ T ‘ LA 1" T ‘ T ‘ T \{
12 E E 11 E
1E i LE o ol =
0.8 = " = 08 =
06 }\ L1 ‘ I | ‘ I | ‘ I | ‘ L1 \{ Ob }\ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 \{
0 100 200 300 400 500 6 -4 -2 0 2 4 6
pr(j1) y(j2)

(e) pr(j1) (f) y(j2)

Figure 6.22: Comparison of kinematic distributions of samples of pure longitudi-
nal polarization obtained with the different methods. Samples generated using the
WZDECAY approach are shown in blue and those generated by reweighting a mixed
sample in green. The transverse momentum of the W boson pr(W™) is shown in
(a). (b) shows the rapidity of the W boson y(W™). In (c) and (d) the transverse
momenta of the leading Z-lepton pr(¢7) and sub-leading Z-lepton pr(¢%) respec-
tively are shown. (e) shows the transverse momentum of the leading jet pr(j1) and
(f) the rapidity of the sub-leading jet.
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(Fig. 6.22f).

In all of the shown distributions deviations of more than 30 % can be seen. All of the
transverse momentum distributions show deviations for high values of the transverse
momentum. For these values the reweighting method overestimates the distribution for
the sample with two longitudinally polarized bosons. In addition to this, the distribu-
tions of the transverse momenta of the leading jet and the leading lepton assigned to
the Z boson are not well described for small values of the transverse momentum by the
reweighting method. Also the rapidity of the sub-leading jet is not well described. This
jet is simulated more central in the reweighting method.

The similar behavior in bins close to each other indicates systematic effects rather
than statistical fluctuations. The effect of the correlations between different helicity
states is estimated to be smaller than 5%. Therefore at least a part of the deviations
is assumed to arise from a mis-modeling in the reweighting method. As a consequence
the reweighting method cannot be recommended for a study of the helicity fractions.
Some of the discrepancies could be minimized by an optimization of the choice of bins.
This would also require large amounts of statistics.

The approach of a separate boson decay using a narrow-width approximation using
WZDECAY or a similar tool offers a more sophisticated method. If the narrow-width
approximation is justified the only additional assumption is a small effect of correlations.
This can be tested and quantified by comparing distributions to a mixed sample. The
reweighting approach on the other hand relies on small dependencies of the variable
which was used for the reweighting, on other variables. This can only be quantified by
implementing an additional method for the simulation of the samples as it was done in
this study.

To conclude the comparison of the different methods of obtaining samples with pure
polarization the distribution of the helicity fractions in the pr(V)-y(V') plane are shown
in Figure 6.23. A similar plot is shown for the total phase space in Figure 6.7. The
latter values are obtained from the template fit necessary for the reweighting. The
values shown here were calculated from the distributions of the events in samples with
pure polarization in the pr(V)-y(V) plane. These distributions of events are shown in
Figure D.2 in the Appendix. The fractions were calculated as the ratio of the sum of
the event weights for a given helicity over the sum of weights for all helicity samples.
Consequently, the fractions have to add up to one and correlations are neglected.
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Chapter 7

Study of Observables

Most of the studies shown in Chapter 6 are performed on truth level. In particular
the angle 07, was calculated on truth level using the momentum information of both
decay products. Since this reconstruction is not possible in an analysis this chapter is
dedicated to study reconstructable observables sensitive to the boson’s polarization.

7.1 Reconstruction of event kinematics

For the calculation of the decay angle 65, the four-momenta of both decay products
pu (1) and p,(¢Y) have to be known. The sum of both momenta is identical to the
four-momentum of the boson p, (V). The decay angle 67 is then defined in the rest
frame of the boson. Consequently, the boson’s four-momentum p, (V') is needed for the
calculation of the transformation to this frame.

In this study only the leptonic decays' of the bosons are considered offering more
precise momentum measurement and better background suppression. Due to its short
lifetime only the tau lepton’s decay products can be measured. These consist of a
tau-neutrino v, and the decay products of a W boson. Thus, identification and recon-
struction of tau leptons are more complicated and less accurate. Decays resulting in
final states with tau leptons are not considered here.

7.1.1 The longitudinal momentum of the neutrino

The decay angle of the Z boson 67 can be calculated in analyses for examined decays
into e* or pu* pairs. It can therefore be used for a potential measurement of the Z
boson’s polarization fractions.

The leptonic decays of the W bosons contain neutrinos in each channel. For this
reason the decay angle 6}, cannot be fully reconstructed for any decay channel. Beside
the neutrino originating from the W+ boson every particle in the final state is assumed
to be measurable. Following this assumption the missing transverse momentum piss
can be identified as the transverse momentum of the neutrino pr(#"'). For instance
for additional neutrinos, other particles escaping the detector untracked or large mis-
measurements of momenta this identification is not valid though. Neglecting these
effects yields additional possibilities to reconstruct the boson’s momentum. Neglecting
the neutrino’s mass (see Table 2.1) its four-momentum p,(v"V) can be reconstructed
with only one degree of freedom.

Assuming the neutrino originates from a W= boson further restrictions are possible.
In this case the W= boson’s four-momentum p, (W) can be calculated as

pu(W:t) :pu(éi) —|—pu(y), (71)

IThe decay of a Z boson to pairs of neutrinos are leptonic decays as well. However, these decays
channels are not considered as both decay products are not measurable at the ATLAS detector.
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The boson’s invariant mass My, is then given by
My = p"(W5)pu(W*) = p*(£5)p,(£5) + " (v)p,(v) + 20" (€5)pu(v) (7.2)
= M7 + M2 + 2p“(£i)pu(y) .

Subsequently, the masses of the leptons M,+ and M, are neglected which leads to

MR = (BUH)EW) — palt5)pe(v) — 0y ()0, () — p=()p-(0) . (74)

Applying the identification of the neutrino’s transverse momentum pr (") with paiss
and demanding the W boson to be on-shell p.(v) is the only unknown variable in

Equation (7.4). Solving this equation for p,(v) leads to the quadratic equation

0 = p3()p2(v) — 2Cp. ((H)ps(v) — CF + E2(¢%) (p™)? (7.5)
with
C = 503+ pu(E)pu () + 2y (E )y ). (76)

Using the assumptions shown here there are up to two real solutions possible for p,(v)
1 Cp(£%) C2pi(t=) 2

P +\V) = + z +C? - E? JES pruiss ) 77

v pr(6*) ( pr(6*) pA (%) (=) (p1™) (7.7)

A set of different algorithms is used to determine values for the longitudinal mo-
mentum of the neutrino:

p™in(y): This value represents the solution given in Equation (7.7) with the smaller
absolute value. If no real solution exists the common real part of the complex

solutions is chosen.

p2@*(y): For this value the solution with the larger absolute value is chosen. If no real
solution exists the common real part of the complex solutions is chosen. In some
cases this value is unphysically large. A cut-off is introduced to avoid these cases.
Instead of values larger than the total cross section 13 TeV no value is taken. As
a result this value is not available for all events.

pe@™(y): In this reconstruction method the average of both solutions is chosen. This

+
can be calculated directly as p®**(v) = %)ZT(EZ))' Similar to p
T

max

MaX(p) this value

z

can become unphysical. This is prevented using the cut-off introduced above.

pZer®(v): This method uses only the missing transverse momentum for the momentum
of the neutrino. The longitudinal component is always zero.

Based on these assumptions for p, () the corresponding decay angles 63, and other vari-
ables can be calculated. Different versions of the decay angle H%min7 O, O e,
and 0;;,”"°, where the upper index denotes the used reconstruction method of p,(v),
can be used as reconstructed observable.
In order to estimate the correlation to the decay angle reconstructed using the
true neutrino momentum 2-dimensional histograms of the cosine of the decay angles
*, min

are shown in Figure 7.1. It can be seen, that the reconstructed angles cosy; and
cos O3, ™™ are strongly correlated to the true cos@j,. Although the distribution is

much broader the angle cos 6, ™" is also correlated to cos ;. The cos 67y, ”" is still
correlated, however, it overestimates cos 6y, very often. cos@y,™" and cos 6y, ™™ are

also biased to larger or smaller values respectively.

To quantify the validity of the reconstruction methods the fraction of correct re-
constructions in bins of the true cos 6, is plotted in Figure 7.3. For this calculation a
reconstruction is counted as correct if the bin containing the reconstructed value directly
adjoins, or corresponds to the bin containing the true value. The integrated ratios are
listed for all reconstructions in Table 7.1. It should be noted that these values are very
sensitive to the acceptance for a correct reconstruction.
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ferent reconstruction methods of Max 0.461 £ 0.022
the longitudinal momentum of the Mean 0.274 £ 0.015
neutrino over the true cosfj,4+. A Z.ero 0.308 + 0.015

reconstruction is evaluated as cor-
rect is its value corresponds to the
correct or an adjacent bin of the
histogram shown in Figure 7.1.
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A}

Figure 7.4: Schematic representation of the definition of the axes in the Collins-
Soper frame. The y-axis is defined to be perpendicular to the event plane which is
spanned by the directions of the proton momenta in the rest frame of the boson. The
z-axis bisects the direction of the momentum of one of the protons, denoted with p1,
and the direction of the negative momentum of the other proton, shown as dashed
line. The z-axis is also in the event plane and is perpendicular to the z-axis.

7.1.2 Decay angle in Collins-Soper frame

An alternative approach is offered by a special choice of the reference frame introduced
by Collins and Soper [67]. This frame is defined such that the resulting decay angles
in this frame denoted by 67, ©S and gb; S are largely independent of the choice of a
solution of Equation (7.7) for the neutrino’s longitudinal momentum in the laboratory
frame.

This is achieved in a special rest frame of the boson. The x-z plane is spanned by
the beam directions in this frame. The z axis is chosen to bisect the angle between the
positive momentum of the first and the negative momentum of the second beam. The
y axis is perpendicular to the bosons momentum in the laboratory frame. Its positive
direction is given by the cross product of the z axis of the laboratory frame and the
direction of the boson’s transverse momentum pr(W). The definitions of the axes are
shown in Figure 7.4.

Constraining the invariant mass of the lepton-neutrino system to the mass of the W
boson My the lepton’s momentum in this frame p “5(¢) is given by [30]

1 M

P50 = 3 gy 2 10 ~pr(W)), (7.8)

pSS(f) =p1, L), (7.9)
cs(p))2 cs(p))?

peo(t) = iMQW \/ e (6))]\4;2;/(2?’ ©) (7.10)

Here pT(W) denotes the absolute value of the W boson’s transverse momentum in the
laboratory frame. pr, ||(£) is the projection of the lepton’s transverse momentum prr(¢)
on pr(W) and pr, 1 (¢) denotes the part of pr(¢) perpendicular to pr(W).

In this frame the leptons transverse momentum is independent of the neutrino’s
longitudinal momentum. The ambiguity of p,(v) in the laboratory frame is mapped in
an ambiguity of the sign of p¢S(£). Using the usual definition of 0;{,08 of this momentum

70

VS ©0) + (p55(0)°
p&S(0)

this ambiguity translates directly in an ambiguity of the sign of cos 9;{,08. Consequently,

*, CS __
0y, ~ = arctan

(7.11)

the variable ‘COS 9};{,08‘ is independent of the chosen solution in Equation (7.7). If

the assumptions made for the derivation of Equation (7.7) are fulfilled, the variable
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Figure 7.5: Distribution of a sample of the full process in arbitrary units (a.u.)
in plane spanned by the decay angle in the Collins-Soper frame calculated using the
true momentum of the neutrino and the observable cos 0;"/58. For this reconstruction
the assumption of on-shell W bosons is applied.

cos 0;{,(35‘ takes the same value as if it would be calculated? using the true neutrino

momentum. Figure 7.5 shows the distribution of a sample of the full process in a plane
spanned by the cosine of the decay angle in the Collins-Soper frame calculated using
the true neutrino momentum and using the reconstruction.

The distributions of samples with pure helicity which is defined in the laboratory

frame in this thesis, in ‘cos 01*,[’,08‘ differ from the predictions in Equation (2.39) due to

the differently defined z axis. Nevertheless, this observable is assumed to be sensitive
on the W boson’s polarization.

7.1.3 Observables in transverse plane

In previous measurements of the helicity fractions variables in the transverse plane
were used often. For this the longitudinal momenta of all particles are omitted. For
small pr (V') these variables are less sensitive. Often a high selection criterium for the
transverse momentum of the W boson is applied to improve the correlation to the true
decay angle 67,. An increased cut is not expected to be applicable due to the low
statistics in the VBS phase space. Nevertheless, some of these variables are introduced
here for a study of their sensitivity.

Lepton projection Lp: This variable was introduced by the CMS Collaboration for
polarization measurements of a W boson [59]. It is defined as the projection of
the scaled transverse momentum of the lepton onto the normalized transverse
momentum of the W boson

Lp= : . (7.12)

“Transverse helicity” angle 67} ZD. The “transverse helicity” angle 0;{,2]3 was intro-

duced by the ATLAS Collaboration according to the full decay angle 6}, in the
transverse plane [31]. It is defined as

. o (€) - pr (W)
cos ’QD:—pT( — ,
W P3O lpr (W)

where p5.(¢) is the transverse momentum of the lepton in the rest frame of a
hypothetical W boson reconstructed using only the transverse momenta of decay
products.

(7.13)

Ratio of transverse momenta R, : This variable was introduced by Doroba et al.
in a study of beyond standard model physics models in the scattering of longi-
tudinally polarized W bosons in the vfvjj final state [62]. It is defined as the

2The decay angle in this frame can also be calculated without using Equations (7.8) to (7.10), but
reconstructed by applying the boost and the corresponding rotations.
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Figure 7.6: Two-dimensional distributions in arbitrary units (a.u.) for different
combinations of observables of the purely longitudinally polarized sample compared
to the purely transversely polarized samples. The plots on the left-hand side show
the distributions of the sample with two longitudinal bosons and on the right-hand
side of the sample with two transverse bosons. The upper row shows the distribution
in the plane of the transverse momenta of the charged lepton assigned to the W+
boson and the neutrino. The plots in the middle row show the plane of the transverse
momenta of the leptons assigned to the Z boson with the leading Z-lepton on the
zr-axis and the plots in the bottom row show the distribution in the plan of the
transverse momenta of the jets.

ratio of the product of the charged leptons’ transverse momenta over the product
of the jets’ transverse momenta

_ pr(l) -pr(ls)

~ pr() - pr(da) (7.14)

pT
This variable needs to be adjusted to the WZ scattering as the choice of the used
leptons is not unambiguous. In this study the lepton of negative charge assigned
to the Z boson was used in combination to the lepton assigned to the W boson
since these leptons are also used for the definition of the decay angles 65, and 67,.

Other combination of transverse momenta: In order to study whether other com-

66

binations of transverse momenta are sensitive to the bosons’ helicities the distri-
bution in a two-dimensional histogram of transverse momenta are shown and
compared for different helicities in Figure 7.6.

In the distribution for the transverse momenta of the jets no significant differences
are to be seen. However, the distributions of the transverse momenta of leptons,



7.2 Quantification of sensitivity to boson polarization

which are assigned to a common boson, differ with the helicity of the boson.
For the longitudinal helicities the distribution is quite narrow around a diagonal
described by pr;+pr4 =~ 100 GeV. The samples with transverse polarization have
a broader distribution around this diagonal though. In order to quantify these
combinations of the leptons’ transverse momenta are introduced. The scalar sum
Sy is given by

Sw =pr (") + pp™, Sz =pr(t]) +pr(£3), (7.15)

where ¢} and £Y denotes the leptons assigned to the boson V. Additionally, the
transverse momentum of the bosons can be reconstructed using

pr(W) = [ (") + ], pr(Z) = [pr(67) + pr(6)] - (7.16)

7.2 Quantification of sensitivity to boson polarization

To compare the sensitivity of the introduced variables template fits are performed.
Using RIVET the distributions in these observables in the VBS phase space are de-
termined for different samples. Subsequently, these distributions of the samples with
known boson helicity are used as templates. The sum of these templates is fitted to the
distribution originating from a mixed sample using an extended maximum likelihood
fit (see [68]). Therefor the statistical uncertainties of the MC sample are used, i.e. the
uncertainty is calculated as the square root of the number of MC events per bin. The
applied fitting method does not constraint the integral of the sum to the corresponding
value of the mixed sample. Nevertheless, the fractions are listed with respect to the full
mixed sample. Consequently, the sum of the fractions is allowed to differ from one.

In addition to the observables introduced in Section 7.1, the transverse momentum
and the (pseudo-)rapidity of the jets and leptons, and the decay angles reconstructed
on truth level are studied.

In the first step a sum of the four samples generated with WZDECAY and WHIZARD is
fitted to mixed sample generated using WHIZARD containing only the resonant channels.
Discrepancies between the sum and the mixed sample are assumed to originate only
from statistical uncertainties and from neglecting correlation effects between the helicity
states. Latter is assumed to be small as discussed in Section 6.4. The sum using the
fitted fractions is expected to be in good agreement with the mixed sample. The results
of these fits are listed in Table 7.2.

The number of events for the different helicity fractions is dictated by the MC
generator used for the simulation of the bosons’ production process. The resulting
fractions are used as an estimate for the fractions in the mixed sample. The fit in a
observable sensitive to the helicity of both bosons is thus expected to reproduce these
fractions. These values are also listed in Table 7.2.

If a variable is only sensitive to the helicity of one of the bosons, the fit is only
expected to reproduce the sum of the fractions with a given helicity of this boson.
For instance the decay angle of the Z boson 67 is not expected to be sensitive to
the helicity of the W boson. The distributions of samples with same Z helicity but
different W helicity are expected to be very similar. The fit will therefore not be able
to determine the helicity fractions of the W boson. However, f(WyZr) + f(WrZ7)
should be determined correctly. Again these values are listed in Table 7.2.

To get more accurate results for the sensitivity on the helicity of a single boson
additional fits are done. For each boson the templates only differing in the helicity of
the other boson are combined using the fractions dictated by the MC generator. This
results in smaller statistical uncertainties of the templates and a decreased number of
free parameters. Consequently, this is expected to decrease the uncertainties of the
determined fractions. The results are listed in Table 7.3. The fractions itself are in
good agreement to the sum of the corresponding fractions listed in Table 7.2.

As additional test the same set of fits was applied to a sample with known helicity
rather then a mixed sample. Therefor the sum of the templates was fitted to one of
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the templates itself. In order to exclude influence of statistical fluctuations the sample
was divided using RIVET. This results in two samples whose distributions are identical
besides statistical fluctuations. These fluctuations are independent from each other
by construction. Due to the dominance of MC statistics the sample with transversally
polarized W and Z is chosen to be divided. The results of these fits are listed in Table 7.4
for the fit of all four templates and in Table 7.5 for the fits with combined templates.
Plots for all of the aforementioned fits are shown in Chapter C in the Appendix.

For a variable to be considered sensitive to the polarization of both bosons the fits
with the full set of templates should reproduce the expected fractions. This should be
reproducible for the fit to the mixed sample and to the sample with pure transverse
polarization.

None of the studied observables fulfills these requirements. Following the argumen-
tation in Subsection 3.2.2 the kinematics of jets was assumed to be sensitive on both
bosons. This is not confirmed by the results of these fits for the studied variables. The
results shown here indicate that these variables are insensitive to the bosons’ helicity
contradicting the assumption.

Since most of the variables introduced in Section 7.1 are assumed to be sensitive to
the helicity of a single boson this sensitivity is studied in more detail below. Sensitive
variables are expected to reproduce the expected fractions in the fits using combined
templates (see Tab. 7.3 and 7.4). In order to compare the sensitivity of different variables
fulfilling these requirements the uncertainties of the fractions obtained in the fit to the
mixed sample can be used. For variables in which the distributions of the different
helicity templates are well distinguishable the uncertainties are expected to be small.

Z helicity The results listed in Table 7.3b indicate a sensitivity to the Z boson’s
helicity of the observables cos 83y, ™", cos 03y, “"°, cos 0%, Sz, pr(V), pr(¢¥), and n(¢%).
The obtained fractions for fits in these variables differ from the expected values by less
than 0.01. _

This is not expected for the variables based on the W boson’s kinematics cos 673, ™",
cos 077, and pr(¢"). The fit results of these observables are reproduced by neither
of the other fits (see Tab. 7.2, 7.4, and 7.5b). This is interpreted as fluctuation and the
observables are not considered as sensitive to the helicity of the Z boson.

The observables based on the leptons assigned to the Z boson cos 6%, Sz, pr(¢7),
and 7(¢%) fulfill the requirements in the other fits though. The uncertainties for all of
this observables are about 0.005. The obtained fractions differ between the observables.
Nevertheless, they are compatible with the expected value within the uncertainties.
Since the expected value is also an estimation based on the frequencies with which
the different helicities are simulated in the boson’s production process the variables
have to be considered equally sensitive at this level. Comparisons of the normalized
distributions of the helicity templates and the mixed sample for all of these observables
are shown in Figure 7.7.

The fractions obtained from the fit of the full set of templates to the distribution
with pure transverse polarization in the cos 87, observable have very large uncertainties.
This fit did not converge due to uncertainties during the optimization. This can be fixed
by decreasing the number of bins suppressing the influence of statistical fluctuations.
The results with a smaller number of bins are listed in Table 7.6. The resulting fractions
result in a good agreement of the sum and the template of transverse polarization for
both numbers of bins. This is shown in Figure 7.8. This is considered a technical issue
rather than a disadvantage of this observable.

W helicity Due to the large number of proposed observables and the lack of ability
to reconstruct the true decay angle 6y}, these observables are studies in more detail.

Reconstructed 6}, using different p.(v): The different methods of reconstruction
for p,(v) result in fractions in the order of the expected value. The total range of
the fractions for the different methods is 0.03. Interestingly also the fit in cos 07,
on truth level is hardly compatible with the expected value.
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Figure 7.7: Normalized distributions of the samples of different helicity combina-
tions (blue and green) and a mixed sample (orange) in different observables sensitive
to the Z boson’s polarization. (a) shows the cosine of the decay angle of the Z boson
cos 07, (b) the scalar sum of the transverse momenta of the leptons assigned to the
Z boson Sz, (c) the transverse momentum of the leading Z-lepton pr(¢7) and (d)
the pseudorapidity of the sub-leading Z-lepton n(£% ).

Table 7.6: Fit result of the fit of the full set of templates to the distribution with
pure transverse polarization of both bosons in the cos 07 observable with decreased
number of bins.
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Figure 7.8: Stacked templates according to the fitted fractions compared to the
distribution of the sample with transverse polarization (orange) in the cos67 for
different numbers of bins.
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Figure 7.10: Normalized distributions of the samples of different helicity combi-
nations (blue and green) and a mixed sample (orange) in the decay angle in the
Collins-Soper frame cos 0;’155 in different phase spaces. In (a) the distribution in the
total phase space and in (b) in the VBS phase space are shown.

A comparison of the deviations of the resulting fractions from the value obtained
from the cosj;, distribution on truth level with the fractions of correct recon-
structed events shows similar behavior. The p" (1) reconstruction is closest to
the true distribution. The p2°™°(v) reconstruction results in rather large devia-
tions from the expected value and from the value obtained from cos#y;,. This
method cannot be recommended for measurements. Distinguishing between the
other methods is complicated by the observed deviations between the fraction
obtained from the cos 0, distributions and the expected value. This should be
studied in more detail in later studies.

As an example for these reconstruction methods the normalized distributions for
different polarization templates and the mixed sample are shown for cos 6y, ™" in
comparison to cos 6y, in Figure 7.9. The distributions of all variables are shown

in Chapter C in the Appendix.

Decay angle in Collins-Soper frame 0, CS: The observable cos 9;‘,{,08 is not sensi-
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tive to the bosons polarization in the analysis phase space. The resulting fractions
are not compatible to the expected values in the fits to a mixed sample. This can
also be seen in the distributions of the polarization templates in Figure 7.10. In
addition to the distributions in the VBS phase space, the corresponding distri-
butions in the total phase space are shown. It can be seen, that the values for
cos 9;{,08 where the polarizations differ are suppressed by the applied phase space
cuts. The distributions in the VBS phase space are hardly distinguishable from
each other.
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Figure 7.11: Normalized distributions of the samples of different helicity combina-
tions (blue and green) and a mixed sample (orange) in different observables in the
transverse plane sensitive to the W™ boson’s helicity. (a) shows the distribution of
the scalar sum of the transverse momenta of the charged lepton assigned to the W+
boson and the missing momentum Sw . (b) shows the distribution of the transverse
momentum of the W boson pr(W™).

Observables in transverse plane: The lepton projection variable Lp and the cosine
of the transverse helicity angle cos 6y}, 2D are sensitive to the polarization of the W
boson. The fractions for both variables show deviations from the expected value
though. The ratio of transverse momenta R, does not meet the requirements for
sensitive observables. It is not considered suited for a later measurement.

The scalar sum of the transverse momenta Sy on the other hand provides a good
framework. The fits in these observable reproduce the expected values. Also the
uncertainties are compelling to the reconstructions of the decay angle and even
to the full decay angle in the Z boson case. This indicates a good discrimination
between the different templates in this observable. The distributions for Sy are
shown in Figure 7.11a for both bosons.

The templates corresponding to longitudinally polarized bosons show a significant
peak around the boson mass and high Sy are suppressed. The templates with
transverse bosons tend to have larger Sy and the peak is much broader.

The transverse momentum of the W boson results in similar uncertainties on
the fitted fractions. The obtained fractions are not in good agreement with the
expected values. The distributions are shown in Figure 7.11b.

Momenta of single reconstructed objects: The transverse momenta of the jets as

well as their rapidities do not show the assumed behaviour. The fitted fractions
for these observables do not agree with the expected values. The assumed effect on
the pr of the jets seems to be suppressed by other effects. For instance polarization
changes of the boson during their interactions (see Subsection 3.2.1) could cause
such a suppression. The distributions of the transverse momenta of both jets are
shown in Figure 7.12.
The kinematic observables of the charged lepton and the missing transverse mo-
mentum psS are again sensitive to the boson polarization. Similar to other ob-
servables discussed above the uncertainty is very small while the resulting fractions
deviate from the expected value for the transverse momenta. The pseudorapidity
of the charged lepton is in good agreement to the expectations. Both variables
for the charged lepton are shown in Figure 7.13.

As already mentioned in the discussion of the uncertainties in the fit to the purely trans-
verse sample in the cos 67, the quality of the fit depends on the choice of the binning.
In order to study this the fits are redone with different number of bins Ny;,s. The his-
tograms written in RIVET have Ny s = 60. Bins cannot be divided but only completely
merged by rebinning. Consequently, the available numbers of bins are divisors of the
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polarization. The black lines correspond to the expected value.

input Npin. In Figure 7.14 the dependency of a resulting fraction on the number of bins
is shown for fits in different observables. It can be seen that the values as well as the
uncertainties are fairly constant for more than 15 bins. However, many of the studied
observables show significant changes if less than about five bins are used. The choice
for the number of bins used for the above fits of 20 or 30 is well justified.

All in all for both bosons a set of observables seems to be sensitive on the helicity.
For the Z boson the decay angle cos 67, is reconstructible and offers a possibility for
a later measurement. Nevertheless, other observables also offer a good sensitivity to
the helicity. For instance the transverse momenta and pseudorapidities of the leptonic
decay products are very sensitive to the boson helicity.

Especially the scalar sum of the transverse momenta of both decay products Sy
look promising for a later measurement. Since Sy is calculated only using the absolute
values of the transverse momenta of both leptonic decay products it is also expected
to be less distorted by detector effects. However, for the reconstruction of the boson’s
transverse momentum pr (V) or decay angles 67, also a correct measurement of the
direction of the leptons’ momenta is essential.

For several observables the resulting fractions deviated from the expected value
despite a very small uncertainty. This could be studied in further analyses using an
additional set of samples of known boson helicity generated using the same set of pa-
rameters. These samples could be mixed to samples of varying, well-known helicity
fractions. By redoing the above fits to these samples one would obtain more reliable
conclusions about the sensitivity of the different observables.

7.3 Outlook for Run-2 of the LHC

To conclude a rough estimate for the uncertainties of a measurement of the polarization
fractions in the WZjj — EW process using data collected during the second run of

7
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Figure 7.15: Plots in the upper row show the normalized distributions of the sam-
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and in (b) in the absolute value of the cosine of the Z decay angle |cos 67| is shown.
The uncertainty of the mixed sample is calculated from the statistical uncertainty of
the expected number of events for 100fb~*.

The bottom row shows a comparison of the stacked templates according to the fitted
fractions and the distribution of a mixed sample scaled to the integrated luminosity
of Ly = 100fb™". (c) shows the comparison in the scalar sum of the W-leptons’
transverse momenta Sy and (d) for |cos 6%].

the LHC scheduled from 2015 to 2018 is given below using the obtained information.
The integrated luminosity is currently estimated to be about £y ~ 100fb~!. For this
study the MC sample is scaled to this integrated luminosity. The used sample does only
include the etv.u*ptjj final state. The sample is additionally scaled by a factor of
four to factor the other allowed lepton combinations in. However, no scale factor was
introduced for the influences of the W~ boson. The ratio of W+ /W~ depends on the
phase space and the exact behavior of the templates corresponding to W~ has not been
studied here.

The statistical uncertainties for the mixed sample are set to the statistical uncertain-
ties of the corresponding event numbers assuming a Poisson distribution. The statistical
uncertainties of the templates remain those of the MC sample. Systematic uncertainties
have not been considered here. In a measurement, however, backgrounds have to be sub-
tracted first leading to even larger uncertainties. For the measurement the distributions
of the templates will also be distorted for instance by detector effects. Consequently,
the results shown here have to be treated carefully. They should be interpreted as a
lower limit on the uncertainties rather than an actual estimate. If these uncertainties
are already too large a measurement would be futile.

The fits are applied in the distributions of Sy and |cos 6% for the set of combined
templates to estimate the helicity of the bosons separately. In order to account for
the large statistical uncertainties the number of bins is decreased. The symmetry of
cos 6% is exploited by using |cos 6% | instead. The resulting distributions are shown in
Figure 7.15 and the fitted fractions are listed in Table 7.7.

At this level the templates are still well distinguishable. In both observables the
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7.3 Outlook for Run-2 of the LHC

Table 7.7: List of resulting fractions for a fit on the polarization of a single boson
considering only the statistical uncertainty of the number of expected events for
100fb~". (a) lists the results for a fit to the W' polarization in the observable Sy
and (b) lists the result for a fit of the Z boson’s polarization for a fit in |cos 67].

(a) (b)

fraction fraction
WrZx 0.263 +0.128 WxZ;, 0.260 £ 0.159
WrZx 0.737+0.144 WxZr 0.739 +0.170

longitudinal template differs significantly from the mixed sample despite the large sta-
tistical uncertainties. As a result the fit still converges. The uncertainties of the frac-
tions are larger by a factor of 30 compared to the MC statistics. Nevertheless, the
uncertainties are still acceptable.
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Chapter 8

Summary

This thesis presents a precursory study of the polarization in the scattering of massive
gauge bosons. A measurement of this polarization poses an important test of the
Standard Model. The scattering process including the four-boson vertex is a prediction
of the Standard Model gauge symmetry. In addition, the longitudinally polarized states
of the massive gauge bosons W+ and Z can be identified as the Goldstone bosons
introduced by electroweak symmetry breaking. Consequently, a study of the behavior
of the scattering of longitudinally polarized gauge bosons allows conclusions regarding
the gauge structure of the Standard Model and the mechanism of electroweak symmetry
breaking. Provided the expected integrated luminosity of %, = 100fb~1! is achieved,
these studies might be possible with the data collected during the second run of the
LHC.

In this thesis, a set of tools necessary for such studies has been prepared and tested.
In the first part, different approaches to obtain samples of events with known boson
polarization have been introduced. The majority of previous studies of polarization has
reweighted the inclusive reconstructed distribution of the decay angle of the boson to its
prediction for a given polarization. An alternative approach utilizes the narrow-width
approximation, which allows for the interpretation of separate polarization states of
intermediate particles in the first place. Using this approximation, the full matrix ele-
ment can be factorized. If in addition spin correlations are neglected, the simulation of
the production and decay of the bosons can be done independently from each other. In
oder to simulate the boson decays according to their helicity state the tool WZDECAY
has been implemented in this thesis. Having studied the effect of the applied approxi-
mations in different phase spaces, both approaches have been validated and compared
for the et v u™ ™ jj — EW final state at a center-of-mass energy of /s = 13 TeV. Since
the reweighting approach cannot ensure correct behavior of the samples in kinematic
distributions, the approach using WZDECAY is favored.

In addition, the sensitivities of different observables have been studied at a center-
of-mass energy of 13 TeV. The superior reconstruction ability of the event kinemat-
ics lead to a choice of the et uTp=jj — EW final state rather than the like-sign
(Fupl! :tl/g 77 — EW final state despite the lower signal-to-background ratio. In order
to study the sensitivity, template fits have been employed for distributions of these
variables in the analysis phase space. The templates for the different helicity combina-
tions have been obtained from samples generated using WZDECAY at parton level. The
comparison of the resulting fractions and their uncertainties have been used to quantify
the sensitivities of each observable on the polarization of the boson in question. The
transverse momentum as well as the pseudorapidity of the charged lepton assigned to
the W boson and the scalar sum of the transverse momentum of the charged lepton
assigned to the W™ boson and the missing transverse momentum, Sy, show the high-
est sensitivity to the polarization of the W boson. For the Z boson, the cosine of the
decay angle cosf7, and the scalar sum of the transverse momenta of the lepton pair
assigned to the Z boson, Sz, prove to be most sensitive. The distributions scaled to
the integrated luminosity of % = 100fb~! for two of these observables are shown in
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Oow,z, Ew.z,
Ew.z, EwW.Z,

70

60

50

40

30

d Neyone / dSy [1 /50 GeV]
d Ny / dicos 681 [1/ 31

20

10

PR P P B e n
01 02 03 04 05 06 07 08 09 1

o

s, [GeV] |cos 6%

(a) Sw, fitted (b) |cos 0%, fitted

Figure 8.1: Comparison of stacked templates generated using WZDECAY according
to the fractions obtained from generation in WHIZARD (blue and green) to a mixed
sample (orange) scaled to 100fb~'. In (a) the distribution of the scalar sum of the
W-leptons’ transverse momenta Sw and in (b) of the absolute value of the cosine of
the Z decay angle |cos 07| are shown.

Figure 8.1. Even for the small number of events, the templates deviate significantly
from the mixed sample allowing for a possible measurement of the fractions for each
template.

For such a measurement, additional effects are to be considered. Subsequent studies
will have to evaluate systematic uncertainties. These arise for instance from subtraction
of backgrounds, theory uncertainties, and detector effects. In addition to this, the full
0*u,0'0'F jj— EW final state rather than just the et v u* = jj—EW final state studied
in this thesis will have to be considered.

The presented results build the groundwork for a future measurement of polariza-
tions of bosons in the VVjj — EW process. A measurement of the cross section in a
phase space enriched with longitudinally polarized bosons or even a measurement of
the helicity fractions in this process will be a powerfull test of the Standard Model.
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Appendix A

Mathematical definitions

Pauli spin matrices:

O T U N A et

~v-matrices (Dirac-Pauli representation):

10 0 0 0 0 0 1

o o1 0 o o 0o 10

T=1o 0 -1 o |’ T=1o0 -1 0 ol (A-2)
00 0 -1 1 0 0 0
0 0 0 —i 0 01 0

s [0 0 i o s o 00 -1

=10 i 0 0] T=121 0 0 0 (A-3)
i 0 0 0 0 1.0 0

() =1, (#) =-1, 01 =72, AT = gk, iy gt =292

(A.4)
001 0
7 =iy = (1) 8 8 (1) (A.5)
010 0
with
() =1, 7T =75, Yo = AA0. (A.6)
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Appendix B

Comparison of Templates

obtained using Different
Methods

The following figures show kinematic distributions of samples of pure longitudinal po-
larization obtained with different methods in the VBS phase space. Samples generated
using the WZDECAY approach are shown in blue and those generated by reweighting a
mixed sample in green. In each section shows a given combination of boson polariza-
tions.

B.1 Events with purely longitudinal boson polariza-
tion

The figures in this section show the distributions of the samples of events with purely
longitudinal boson polarization.
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B.2 Events with purely transverse boson polarization

B.2 Events with purely transverse boson polarization

The figures in this section show the distributions of the samples of events with purely
transverse boson polarization.
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B.2 Events with purely transverse boson polarization
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Appendix C

Fit results

In this chapter figures of the fit results are shown. For each of the studied observables
the corresponding figure shows four plots. Each plot contains the four templates (green
and blue) and the distribution to which the templates were fitted (orange). The plot
on the upper left-handed side shows a comparison of the normalized distributions. The
other plots show the normalized stacked templates according to the fractions obtained
by the fit, compared to the normalized distribution of the sample to which the fit was
applied. In the plot of the upper right-handed side shows the fractions obtained from
the fit of the full set of templates, while the plots on the bottom show the fraction
from the fits of the combined templates. The plot on the left-handed side shows the
combined templates with known polarization of the W boson and on the right-handed
side for known polarization of the Z boson.

C.1 Fit to mixed sample

The figures in this section show the results for the fits to the sample with mixed polar-
ization.
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C Fit results
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Normalized

Fit results for cos#7. For more information see beginning of Chapter C on page 93.
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Fit results for pr (£1Z ). For more information see beginning of Chapter C on page 93.
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Fit results for 7(¢7). For more information see beginning of Chapter C on page 93.
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C.1 Fit to mixed sample
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C.2 Fit to purely transverse sample

The figures in this section show the results for the fits to the sample with purely trans-

verse boson polarization.
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Appendix D

Additional Plots and Tables

D.1 Polarization changes during scattering

initial state

Wiy

initial state

initial state

Figure D.1: The cross section for all helicity combinations in the scattering of
the different boson combinations. On the z- (y)-axis all combinations for the final
(initial) state bosons are plotted. The cross section ¢ in pb and its uncertainty are

printed in each bin.
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D.2 Distributions in pr-y plane
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Figure D.2: Distribution of differential cross section in bins of transverse mo-
mentum and rapidity of the W (left) or Z (right) boson. In the upper row the
distributions of the events with purely longitudinal boson polarization and in the
bottom row of the events with purely transverse polarization are shown.
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