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Abstract

Zusammenfassung

Es besteht die Notwendigkeit, die Fragen zu beantworten, die das Standardmodell SM nicht
erklaren kann. Es werden verschiedene Strategien angewandt, um nach neuer Physik jenseits
des SM zu suchen und die fehlenden Antworten zu erhalten. Die Resonanzsuche ist eine direkte
Untersuchung von unbekannten Erhebungen tiber einem ansonsten gut bekannten Untergrund
in den Spektren der invarianten Masse, die neue Teilchen darstellen kénnten. Dieses Dokument
konzentriert sich auf die Untersuchung des nicht-reduzierbaren Untergrunds fiir die X— WZ
— { v ¢l Resonanzsuche, die in ATLAS bei 13 TeV durchgefithrt wurde. Die Daten wurden
von ATLAS wéahrend des gesamten Laufs 2 (2015-2018) gesammelt.

In dieser Arbeit wird die Modellierung des Hauptuntergrundes fiir die WZ-Resonanzsuche be-
trachtet, insbesondere in einer Topologie, die Vektor-Bosonen-Fusion (VBF) genannt wird.
Der Hauptbeitrag zur WZ-Produktion ist der WZ-QCD-Prozess. Dies bietet die Moglichkeit,
die WZ-QCD-Produktion in der VBF-Kontrollregion eingehend zu untersuchen und zu op-
timieren. Ein Teil dieser Arbeit konzentriert sich auch auf einen Vergleich zwischen zwei
verschiedenen Monte-Carlo-Generatoren, welche die WZ-Produktion simulieren kénnen.
Abstract

There is a need to answer the questions that the Standard Model theory SM fails to explain.
Various strategies are used to look for new physics beyond the SM and obtain the missing
answers. The resonance search is a direct investigation of unexpected bumps over an other-
wise well known background in the invariant mass spectra, those bumps might represent new
particles. This document focuses on the study of the irreducible background for the X— WZ
— ¢ v 0¢ resonance search performed in ATLAS at 13 TeV. The data was collected by ATLAS
during the full Run 2 (2015-2018).

In this thesis the modelling of the main background for the WZ resonance search is considered,
in particular in a topology called the Vector Boson Fusion (VBF). The main contribution to
the WZ production is the WZ QCD. This creates an opportunity to perform a deep study and
optimization of WZ QCD production in the VBF control region. A part of this thesis also
focuses on a comparison between two different Monte Carlo generators which can carry out
the WZ production.
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1 Introduction

Particle physics is a revolutionary branch of physics that aims to fully understand the building
blocks of the universe, from their creation and development to their interactions and annihi-
lation. Over the last century, tangible advancements in this area of physics have been made
by numerous theoretical and experimental physicists, such as discovery and identification of
new fundamental particles and the development of a successful comprehensive theory called
the Standard Model of particle physics (abbreviated as SM).

The SM theory is a successful theory of particle physics that describes all fundamental forces
(electromagnetic, weak and strong) except gravity. Moreover, it has precisely predicted various
new particles such as both W and Z bosons and the Higgs boson. With the addition of the
Higgs boson, which was observed in 2012 by the ATLAS and CMS collaborations at CERN,
the whole picture of the SM blocks appears to be complete. Nonetheless, the SM cannot
provide answers for a wealth of questions, such as the question of the neutrino mass. Dark
matter and dark energy largely remain a mystery, and a way to unify all the forces of nature
has yet to be discovered [34].

Nowadays, physicists earnestly attempt to take a look beyond the SM, hoping to obtain the
answers that could satisfy their goals. Various approaches are being taken to understand the
SM deeper and possibly observe new physics. According to recent research, one of the most
effective approaches is studying the predicted interactions of the SM particles in different
topologies. Most of the work in this thesis is done in a topology called the vector boson fusion
(VBF). It is going to be described in detail in chapter 2.6.1.

This thesis focuses on the study of the irreducible background for the X— WZ — ¢ v 04
resonance search performed in ATLAS at 13 TeV. Only the leptonic final states of the WZ
diboson production will be considered, with ¢ refers to an electron or a muon. The search for
WY resonances is a crucial investigation that leads to a deeper understanding of the electroweak
symmetry breaking (EWSB), and could also point to the evidence of new physics. It is worth
mentioning that there are a multitude of theories that address vector diboson resonances at
high energy scales, such as the Technicolour [23, 11] and Little Higgs models [7]. Two models
will be considered in this thesis: the Heavy Vector Triplet HVT and the Georgi-Machacek
(MG), which are described in chapter 2.3.1 and 2.3.2, respectively.






2 Theoretical Framework

2.1 The Standard Model of Particle Physics

The goal of particle physics is to understand the universe from the Big Bang, the creation
of the first protons and the development of galaxies, planets, etc., to the present era. It has
been discovered that everything in our universe is made from basic fundamental particles.
These particles interact with each other, controlled by four fundamental forces. Many theories
were created in attempts to describe the results of the experiments and understand how the
particles behave and why they do it in such ways.

The Standard Model of Particle Physics is a theory that best describes the three fundamental
forces (the electromagnetic force, the weak and strong interactions) at the elementary particle
level. It is the best theory to date. The fourth one, gravity, is not included in the SM because
it is too weak to be considered at the current scale of particle physics. Gravity, along with dark
matter and dark energy, cannot be described by the Standard Model. These four known forces
together with their properties are listed in tabel 2.1. This model has been in development
between 1961-1973.

H Force Strengh ~ Boson  Mass/GeV H
Strong 1 Gluon 0
Electromagntesim 1073 Photon 0
Weak 10°° W*/Z  80.4/91.2
Gravity 10737 Graviton? 0

Table 2.1: The List of fundamental forces of nature with their properties (strength- asso-
ciated Boson-mass). [34]

The Standard Model is a gauge Quantum Field theory, based on the local gauge symmetry
group SU(3)c @ SU(2), ® U(1)y. The SM is invariant under rotation in flavour space SU(2),
invariant under local gauge transformation U(1) and invariant under rotation in colour space
SU(3). According to Noether’s theorem [29], each invariance under local symmetry has a
corresponding conservation law. In this case, colour charge, weak isospin 73, electric charge Q
and weak hypercharge Y are conserved quantities.

The Standard Model (SM) of particle physics provides a great description of all observed
fundamental particles and their interaction in nature. These particles are illustrated in figure

2.1. The last two particles discovered were the neutrino in 2000 and the Higgs boson in 2012.
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il [11
mass | =22 MeVic? =128 GeVic* =173.1 GeVic* 0 =124.97 GeVic?

charge ¥ ¥s ¥s 0 0
slen % u % C % t 1 g 0 H
u charm to gluon higgs
p >4 = 4 p =4

=4.7 MeVic? =06 MeVic? =4.18 GeVic? 0
-¥s -¥s -¥s 0
3% d 3% S 3% b 1 y

down strange bottom photon

=0.511 MeVic* ~105.66 MeVic* =«1.7768 GeVic* =~91.19 GeVic*

-1 -1 -1 0

% e % p % T 1 ;
electron muon tau Z boson

1.0 eVic* <0.17 MeVic* 18.2 MeVic? =80.39 GeVic*

0 0 0 *1

% Ve % vu' % VT 1 W

electron muon tau

W boson

neutrino neutrino neutrino

Figure 2.1: The Standard Model table of elementary particles with their properties (mass-
charge-spin). [15]

These fundamental particles are separated into categories. The first one is called fermions.
L2y
They occur in two types called quarks and leptons. Each type has six flavours. Flavours

They obey Fermi-Dirac statistics and have half integral spin quantum numbers (

of quarks are up, down, charm, strange, top and bottom. Quarks come in three different
generations, the first generation contains up and down quarks, they make up all stable matter
in the universe. The second and third generations contain charm and strange, and top and
bottom, respectively. The quarks interact via electromagnetic, weak and strong forces. The
second type of fermions is Leptons, they are e™, u=, 77, v, v, and v;. Also the six leptons are
also arranged in three generations [e™,v.|, [t ,vu], [ 77,v7]. The leptons do not interact via
strong force, only via weak and electromagnetic force. The e~ u~ 7~ have charge and mass,

but neutrinos have natural charge and a very small mass.

The second major group of the SM is bosons. They obey Bose-Einstein statistics and have
integer spins (expressed as spin quantum numbers such as 0, 1, 2, ...). Each force in nature is
carried by the corresponding boson: the electromagnetic force is carried by the photon ~ , the
strong force carried by the gluon g and the weak force carried by the W*/Z bosons. The last
particle is the Higgs boson. The Higgs mechanism explains why some particles have mass and

others do not. For further explanation of the Standard Model of particles, see [1].

The SM is not a single theory, but several theories combined. The Quantum electrodynamics
(QED) theory, developed in 1930, describes the interaction of light with matter. The exchange
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particle responsible for the electromagnetic force is called the gauge photon. QED is a gauge
theory with a special local U(1) symmetry. The Lagrangian of the QED is described by the

equation 2.1.

LQED = Le + LMaa:well + Linteract

3 1 _ (2.1)
= WW’"@M - m)w - ZFMVFHV + 6w7HQAu¢

where 1) is the Dirac wave-function of e~ or e*. A, is the electromagnetic vector potential, F),,
is the electromagnetic field tensor and ez/_ry“QAuw is the semiclassical coupling of electrons to
the electromagnetic field.

Furthermore, there is a part of SM that deals with the strong interaction described by a gauge
theory called Quantum chromodynamics (QCD), developed in 1973, with symmetry group
SU(3). In the strong force, gluons are responsible for binding quarks together. The QCD

Lagrangian is:

1o 6. ii
Locp = _ZF’“’FC? + Z wf,i(W”D;f - mféij)l/’f,j
f=1

Fﬁy = a“AZ - a]/AZ + gofabcAzAzC/
Dy = 0 —igo A, Ta

(2.2)

where [a=1,....,.8 ; i=1,2,3].

In QED, photons cannot interact since they do not have a charge, but in QCD, gluons can
interact since gluons have a colour charge. QED is a abelian theory, whereas QCD is a
nonabelian theory [35]. Despite the fact that the Standard Model is the current best description
of the fundamental world, it still has deficiencies and cannot explain all physical aspects of
the universe. Moreover, many questions do not have any answers, such as: What is dark
matter? What happened to the antimatter after the Big Bang? Are quarks and leptons truly

fundamental? and more.

2.2 Electroweak Symmetry Breaking

According to the Grand Unified theory (GUT), which was proposed by a number of physicists,
all the forces in nature are merged into one force at high energies. In the present low energy
universe the weak and electromagnetic forces are different, compared to the high energy state
of the universe in the first few seconds after the Big Bang. The electromagnetic interactions
are described by the QFT, which is a specialization of QED Quantum Electrodynamics (see
section 2.1)

In the weak theory, which can also be called Quantum Flavour Dynamics (QFD), the force

carriers in weak interactions are spin-1 bosons (W*, W~ Z), which couple to quarks and



6 2 Theoretical Framework

leptons based on local gauge symmetry SU(2);, where I is the weak isospin. The weak force
violates parity P, charge conjunction C, and CP-symmetry, while the CPT symmetry is still

conserved [10]. Moreover, it is responsible for changing the flavour of particles.

The electroweak theory describes the electroweak force, which is the unification of the electro-
magnetic and weak forces. In 1979, a Nobel Prize in physics was awarded to physicists Sheldon
Glashow, Abdus Salam and Steven Weinberg for their contributions to the unification of the
weak and electromagnetic interactions. The total unbroken gauge symmetry group of the SM
is

SUB)e®@SU2),@U(1)y (2.3)
at high energy. The underlying symmetry of the electroweak interaction is SU(2);, ® U(1)y,
where Y is the hypercharge

Y = 2(@ — IS), Q is the electric charge and I is the weak isospin (24)

The Higgs field is also included in the Weinberg-Salam model (a theory that describes the
electroweak interaction). The Higgs mechanism provides a logical explanation of how leptons
(e, u, T) acquire mass, even though neutrinos are massless. Furthermore, the gauge bosons
(W=, Z° ) acquire mass, despite the fact that the photons are massless. Recent experiments
have led to discoveries that suggest that neutrino mass is non-zero. This is evidence of physics
beyond the Standard Model. More information about the issues surrounding neutrinos can be

found in [36].
Starting with the standard Dirac Lagrangian, with setting m=0
LDirac = ZT;’Y“auw (25)

The v is a Dirac spinor. It is a two-component object:

_ (V=
() ”

The violation of parity in weak interactions provides a way to distinguish between left and
right by means of a detailed operational definition. Each component,iyr 1, represents the
right-handed spinor and the left-handed spinor, respectively. Both spinors are two-component

objects. The projection operator Py is used to define the chirality states:

Py=(1£+) where Pup=tr Py=u (27)

~7? is the fifth Dirac matrix (see Appendix A.1 for additional information)
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For ¢g:

and similarly for v :

Y = ;(1 - 75W = ( ’ ) (2.9)

Now the Dirac field can be written as:

_(¥r) (O YR\
¢—<wL)—<¢L)+(O)—¢R+¢L (2.10)

Then the equation 2.5 can be written as:
LDirac - MER/V# ,uqu)R + il/;L’yﬂauer (211)

The equation 2.11 describes 4-component objects with left-right chirality. Seeing as the weak
force affects only left-chiral particles but not the right-chiral ones, as well as right-chiral an-
tiparticles but not the left-chiral antiparticles, the fermions are treated differently in weak
sector by using a singlet notation for the right component ¥ g, and a doublet notation for the

left component ¢, fields:

e v 1R I T A

YR = €Rr, lR; TR; CR> SR, LR, bR (2.13)

Ve

Focusing on first generation of leptons «,, = , vr = er and considering that the muon and

L
tau are simply heavier duplicates of the electron, the equation can be written as:
Lpirae = tWry" Outbr + 1 ry" Outor (2.14)

describing the Dirac fields of the electroweak interaction, considering only electrons. Muon
and tau are also considered in the full theory of leptons. In addition to this, there are three
types of charge that are present during electroweak interaction: the electric charge Q, the
weak isospin I, and the weak hypercharge Y. These charges are related according to the Gell-

Mann-Nishijima formula 2.4.

As mentioned earlier, the electroweak sector includes a combination of two gauge symmetry
groups SU(2),®@U(1)y. The SU(2) generates three gauge bosons: W; W2 W3, The U(1) gen-

erates one gauge boson: B,,. However, after the gauge fields are included, the total Lagrangian
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consists of two parts:

Ltotal = Lleptons + L auge
gaug

Mathematically, the local gauge invariance requires the Lagrangian density to be invariant
under a gauge transformation. The U(1) transformation on the left-right handed spinor is

shown in the matrix below:

U, v, ez 0 0 U,
e, | = ley| =10 e? 0 er (2.15)
eRr €R 0 0 €? er

U, v, e 2 0 0 U,
er| = le|l=1 0 e 0|fes (2.16)
er er 0 1) \er

where 7; are the Pauli matrices.(for more information see Appendix A.1). The Lagrangian is
invariant in these transformations. When a kinematic term is added, the gauge field becomes

dynamical, by using the formula F,, = —£[D,, D,]:

~y
for SU(2)p : F}, = 0,W} = 0,WS — gwe™ W W}

for U(1)y : F,, = 0,8, — 0,8, (2.17)
198

oy —>8#+TBM

where [=1,2,3 and gp,gw are the coupling constants associated with the gauge field B, and
W/i, respectively. The equation 2.18 shows the total Lagrangian, including the gauge and
lepton parts:

L= Llepton + Lgauge

—

= iry" (O + ingan + iiﬁw“(auwf& + igw%Wqu (2.18)
—lef,wf’“’ - ;TT(FWF’“’)
The coupling constants gy and gg are related according to:
tan Oy = 2V (2.19)

9B

The angle 6y is called the weak mixing angle, also known as the Weinberg angle. However,
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the B, mixes with the neutral Wj to obtain two orthogonal states:

A, = B,cosby + W3sind
po PRI e SEW (2.20)
Z, = —B,cosOy + stmew

The gauge field A, is the photon field that describes the massless photon particle, related
to U(1)gw. The Z, is the Z gauge field that describes the massive Z boson of the weak
interaction. All the steps mentioned above are taken in order to describe a theory of leptons
and 4 gauge bosons without mass term, in contrast to the measurements obtained during
experiments which suggest that W+ and Z bosons are massive. Adding the mass term to the
equation 2.18 directly will damage the local gauge invariant. Instead of that, the symmetry

breaking methods are used to introduce mass term.

Spontaneous Symmetry Breaking
The following is an approach that includes redefining of the vacuum ground state and then

adding a Higgs field as scalar field ¢, coupled to the gauge bosons:

_ (¢!
¢ = (ch) (2.21)

It is a 2-component object, where each component is a complex scalar field:

A O1tige B O3 +igy
=, == 2.29
’ V2 ¢ V2 (222)
Now the Lagrangian of the scalar Higgs field is given by
Ltiggs = (Do) (D*¢) — V(). (2.23)

where (D,¢)!(D"¢) are the kinetic energy terms and V(¢) is the new potential of the Higgs

field. The potential can be written as:

V(9) = 1?61 + M¢'¢)* (2.24)

SU(2), ® U(1)y is invariant under the Higss potential V(¢). When p? < 0, the potential
energy V(o) resembles a Mexican hat in the illustration (see figure 2.2). the minimum of the

potential is:

2 V2

o= _% =5 (2.25)

The vacuum expectation value for the field ¢ can be written as:

1 (0
(¢) = 7 (V) (2.26)
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Re(¢)

Figure 2.2: The Higgs potential energy V(¢4), when p? < 0 [16].

with v = 246 GeV. This parameter is defined as the Electroweak scale. The scalar field develops
a nonzero vacuum expectation value for y? < 0. This leads to a spontaneous breaking of the
symmetry, specifically, it breaks the Electroweak Symmetry. That means SU(2);, ® U(1)y
separate, which creates the U(1) subgroup.

Seeing as the symmetry is broken, three massless gauge bosons ate three components out
of the four components of the scalar Higgs field 2.21, the Goldstone bosons, to produce a
physically massive vector field (a particle with mass). For additional information, see the
Nambu-Goldstone theorem [21, 27].

As a result, three out of the four gauge bosons are massive (W™, W=, Z ) and the photon (7)

remains massless. The charged bosons (W™, W™) are given by
Wt =W!siw?)/V2 (2.27)
The neutral gauge bosons (Z, ) are given as in equation 2.20

A, = B,cosby + W3sinb
PRI W (2.28)
Z, = —Bycosty + Wj’sin@w

where 0y is the weak mixing angle or the Weinberg angle. The masses for these bosons are
defined as
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M, = % — M, = 80.385 + 0.016 GeV

1
My = 5\/g T gv =M, =91.1876 £ 0.0021 GeV (2.29)
M, =0

where g is the SU(2) gauge coupling and ¢’ is the U(1) gauge coupling. The mass of the Higgs
boson, which was measured at CERN in 2012 [ATLAS and CMS experiments], is given by

My =21 =125.10 4 0.14 GeV (2.30)

In summary, spontaneous symmetry breaking that triggers the Higgs mechanism breaks the
SU(2), @ U(1)y symmetry, which explains how gauge bosons and fermions (such as electrons)
acquire masses. [27, 21, 12, 33, 25, 28, 18]

2.3 Beyond the SM physics model

The insufficiency of the Standard Model theory is thoroughly described in section 2.1. It
sparked the development of new theories that go beyond the Standard Model in attempts
to discover the Full Model. This section goes into detail about two resonance benchmark
theories which will be discussed in this thesis. The first one is called the Heavy Vector Triplet
HVT parametrization, which can predict a W' resonance produced by quark-antiquark Fusion
(section 2.6.2) or Vector Boson Fusion VBF (section 2.6.1). The second benchmark is called
the Georgi-Machacek Model, which can predict a charged Higgs scalar H* and is produced
only in Vector Boson Fusion VBF.

2.3.1 Heavy Vector Triplet HVT

This section provides a brief overview of the Heavy Vector Triplet HVT. For a deeper under-
standing of HVT see [31, 18]. The Heavy Vector Triplet (HVT) is a simplified phenomeno-
logical Lagrangian approach where a simplified model strategy is used. But what exactly is a
simplified model strategy and why is it indispensable? The extensions of the Standard Model
theory tend to be more complex in data compared to the initial theory because there are
hundreds of parameters that must be dealt with. To put it briefly, the idea of simplified model
strategy is to restrict the parameters area. Reducing the number of parameters allows for
easier calculation, therefore making it easier to detect and describe evidence of new physics.
By way of illustration, the resonant searches are not sensitive to all kinematic variables and
not to all free parameters of the studying model, but only to parameters which control the

mass of the resonance, also the parameters related to the production and decay of resonance.
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6, 31].

A simplified phenomenological Lagrangian is used in the HVT model. It predicts three new
vectors in high mass scale (TeV), Vi,a=1,2,3, with spin-1 bosons. Two of them are charged
and the third one is neutral. The charge eigenstate is given by the following:

_ V) FiV;

VE VY=V (2.31)

1 V2
The simple phenomenological Lagrangian for new vectors, which includes the V kinetic and
mass terms, SM interactions and HVT interactions, is given by the following equation as in
[31] :
Lo = — lp apleyvl® 4 @Vavua
v = 4 (1 9 K

V]
+igyey VIH T DM H + “—cpVe Jp (2.32)

+ %CVVVEach,fV:D[”VV]C + gvevvan Vi VP H H — gcvvwﬁabcwwavjvf

The term (i H traDrH ) describes the interaction between V and Higgs current. J&* is the SM
left-handed fermionic current and g refers to SU(2), gauge coupling. It is crucial to refer to
the parameters cy and cp. The V interaction with the SM vectors and with the Higgs field
is controlled by cg. cy is also responsible for Vector Boson Fusion VBF production and the
decay of the vector boson. The parameter cr is responsible for the Drell-Yan production [20]
and the decay into fermions in this production. cg describes the direct couplings to fermions.
There are two coupling constants (gy, g) in lines two and three, where the strength of V is

represented by gy The equation 2.32 is fully described in [31].
The HVT particles can be produced in quark-fusion and Vector Boson Fusion (VBF), which

are the production modes that are studied in this thesis. Therefore, it is important to have
HVT as a benchmark model.

Finally, there are two explicit models in HVT (as in ref [31]), Model A and Model B. Model
A is an extended gauge symmetry (here gy=1) and Model B is a minimal composite Higgs
model (here gy=3),[31, 18].

2.3.2 Georgi-Machacek GM

The second example of a theory going beyond the Standard Model, which will be referred to
as benchmark in this thesis, is an extension of the Standard Model in the Higgs sector called
the Georgi-Machacek Model. The GM Model is custodial-symmetric SU(2). It preserves the
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electroweak parameter p at tree level, as described by the following equation:

My

M?2 cos? Oy, (233)

p

The GM Model contains three different fields with different values of Y, where Y is the hyper-
charge, defined in equation 2.4. These fields are:

e an isospin doublet filed ¢, with Y = %
e a complex triplet field y, with Y =1
e a real triplet field &, with Y =0

To specify, the SM Higgs sector is extended by one complex triplet field x and one real triplet
field &.
The custodial SU(2) symmetry can be observed when the fields are expressed in the following

. X £ x++
¢:(¢0 ‘ﬁ), A=|—x & x+ (2.34)

e 0
v X =& X0

form:

where the bidoublet ® and the bitriplet A are transformed under SU(2), ® SU(2)g as:

d - U, U}, and A — U, AUL

2.35
with  Upp = exp(i0f gT) (2.35)

The neutral components ¢°, x° and £° in equation 2.34 can be written as:
¢0 = %(‘Zﬁr + Vg + 19252), XO = %(Xr + in') + Uy, 50 = gr + Ve (236)

The vy, v, and v¢ in equation 2.36 represent the vacuum expectation values of ¢, x and ¢
fields. As mentioned earlier, the GM Model is custodial symmetric SU(2). The symmetry
exists assuming that v, = v¢ = va, which means SU(2), ® SU(2)r — SU(2).

Depending on the observed mass of W and Z gauge bosons, the vacuum expectation values

are supposed to have the following value:

1
V2Gr

Consequently, the physical mass spectrum can be categorized into three states:

2

v =i+ 813 = ~ (246 GeV)? (2.37)

e 2 singlet state (h, H)

e a fiveplet (5-plet)
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e a triplet (3-plet)

As in section (COLLIDER PHENOMENOLOGY) in [14], the 5-plet H; can couple to gauge
boson pairs, similarly to the Vector Boson Fusion VBF process. This justifies having the 5-plet

as a benchmark in this thesis. For more physical and mathematical details, see [14, 19, 9].

2.4 Resonance searches

This thesis focuses on the search for resonant di-boson VV production, where (V = W%, Z
— L v 00). Tt is a direct search for “bumps” in the invariant mass spectra that represent new
particles. Resonance is one of the simplest methods of looking for physics beyond the Standard
Model (BSM) and discovering new particles. A resonant excess is a statistically significant

bump on top of the smooth Standard Model background.

Events

/

Invariant mass
Figure 2.3: Illustration of a bump on top of a smooth background.

Mass reconstruction and resolution are crucial in resonance searches, considering the fact that
the statistical power is inversely proportional to the mass resolution and the resonance could
be hidden by bad understanding of resolution.

In the fully leptonic channel, the electrons and muons are fully reconstructed, but the neutrino
momenta is missing. The W boson mass constraints will be used to recover the invariant mass
of the system.

As the Z boson decays into two leptons (electrons or muons) of the same flavor and opposite
charge, these leptons can be easily detected in the detector. The following equation will be

used to reconstruct the invariant mass of the Z boson:

MZ =m? +m3 + 2(E1Ey — pip; cosf) (2.38)

where my, ms, Fy, Ey and p;, ps are the masses, energies and momentums of outcoming

leptons, and 6 is the polar angle between the positive direction of beam axis and the particle
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¢

Figure 2.4: Feynman graph for the WZ decay mode into leptonic channel

three momentum. The W boson decays into a lepton (electron or muon) and its corresponding
neutrino. In this case, the equation 2.38 cannot be used because the neutrinos escape from the
detector without being detected. The energy and the momentum of the neutrino is missing,
although it is expected to cause the energy and momentum conservation in the transverse

plane. This leads to the following equation:
M3, = m] +m3 + (2EB71 Ery — pripra cos ) (2.39)

Myy is the transverse mass of the W boson, Er is the transverse energy, and pr is the transverse

momentum. For massless particles such as neutrinos msy = 0.

2.5 WZ decay modes and selection criteria

2.5.1 W and Z bosons

As mentioned in the previous sections, the W= and Z bosons are the carriers of the weak force.
This section describes their production and decay modes, as they are the vector bosons that

are studied in this thesis.

W+ bosons

On 25 January 1983, CERN announced the discovery of the W boson to the scientific commu-
nity. The W boson is an elementary particle which is responsible for carrying the weak force.
It is an electrically charged boson that can havd either positive or negative charge. Scientists
at the US laboratory Fermilab have provided precise measurements for the W boson mass:
M, = 80.385 4 0.016 GeV/c* [3] , Spin = 1. W bosons are massive and due to this fact they
have a short lifetime (half-life of about 3 x 107 s). Therefore W bosons decay into pairs of
fermions, either into a lepton and an anti-neutrino, or into a quark and an anti-quark (except

the top quark).
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Z boson

The Z boson was also discovered in 1983 by scientists at CERN. It is the second boson, which
is responsible for carrying the weak force together with the W=+ boson. In contrast to the W+
bosons, the Z boson has no electric charge. Its mass, Mz, equals 91.1876 £ 0.0021 GeV/c?
and its Spin = 1. However, similar to the W¥ bosons, it also decays to a fermion and its

antiparticle.

2.5.2 WZ decay modes

Before describing W7 decay modes, it is important to state that spending time and efforts on
studying the properties of W* and Z bosons and their interactions is essential for gaining a
deep understanding of the electroweak symmetry breaking (EWSB) and the key to discovering
physics beyond the Standard model (BSM).

Overall, there are three different kinds of diboson (scattering) channels associated with W and
Z production: WW, WZ and ZZ. In this thesis, only WZ production will be considered. In
figure 2.5 the measurements of several Standard Model cross sections in ATLAS at /s= 7,8
and 13 TeV are plotted, compared to the corresponding theoretical expectations [5]. It can
obviously be seen that the cross-section of WZ production is higher than the production of
77 production. WW production definitely has the highest cross section channel among all
diboson channels, however, working with this channel is challenging to deal with and hard to
distinguish between its events and tt events. There are also two neutrinos in the final state,
which makes the reconstruction of the kinematics of events significantly more challenging. For
more details see [13].

As mentioned before, the WZ production can decay into two pairs of fermions. All possible
decay channels can clearly be seen in pie chart design 2.6. Without doubt, fully hadronic
decays have the largest branching fractions but they also contain more background from QCD
and multijet events. Because of that, another decay mode is going to be considered instead.
In this thesis, the measurements are performed in the fully leptonic decay modes WZ — [ v
[ | where [= e or u, despite the fact that it has just 1.6 % branching fractions of the total
number. The fully leptonic decay modes have certain advantages such as their clean signature

and small background, which encourages many researches to focus on them.

2.5.3 WZ diboson selection

The present analysis describes a search for resonant structure in WZ production using data
collected by the ATLAS detector. Only the fully leptonic final state WZ — [ v [ [ is going
to be considered, where = e or u, with luminosity L =138.7 fb~1 at center of mass /s = 13
TeV (according to data from LHC full Run-2 (2015-2018)). These are all possible final states
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Figure 2.5: Summary of different cross section measurements for different Standard Model
productions, also the theoretical expectations are shown for Run 1 and 2. From [5]
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Figure 2.6: A pie chart describes the WZ decay modes for different channels in percentage.
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Lepton selection

Seeing as all channels are leptonic, leptons are essential, therefore it is important to apply
precise cuts and conditions after lepton reconstruction to ensure that the required leptons
are featured in the total event yield (for more information about reconstruction algorithms
see[12]). One of the parts of the ATLAS detector is the Trigger level, where the dimuon and
the dielectron are recorded using different trigger levels. Any high pr leptons (pr > 15 GeV)
that originate from the primary vertex will pass the selection criteria. As a result, 3 high
efficiency leptons are obtained and the background is reduced from jet, Z+jet, QCD, tt and
single Top.

Z boson selection

The events must have at least two isolated leptons of same flavour and opposite charge. In a
case where the event has more than one pair of leptons, the selection must be performed in
the event where the invariant mass (my) is closest to the Z mass. Applying the Z selections
will reduce non-peaking backgrounds such as tt, single Top and WW-jets.

W boson selection

Since the W boson decays into a lepton and its anti-neutrino, the W mass can not be fully
reconstructed like Z mass. Therefore, the third lepton, which is associated with the W boson,
must have a high pt > 20 GeV and the missing transverse Energy, which makes calculation
of the neutrino mass possible, should be > 25 GeV. As a result, the backgrounds are reduced
from the Z+jets and top. In further sections the backgrounds of the single regions are going

to be described in more detail.

2.6 Production Modes

Many theories that lie beyond the Standard Model predict the vector and scalar resonances
production modes. These resources could be produced by several production modes. The

events in thesis are studied in the following production modes:

e Vector Boson Fusion VBF

e quark/gluon Fusion

After imposing selection criteria of the WZ bosons on the events, the candidate events are

separated into two different types of production modes: ¢q and VBF.
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2.6.1 VBF production mode

The VBF production mode contains specific events with two energetic forward jets with high
dijet invariant mass of at least 500 GeV, separation in rapidity An > 3.5 and n < 2.5, and the
3 specific leptons with p’ > 25 GeV and (|| < 2.5). The leading lepton p? > 27 GeV. Figure

2.7 shows a Feynman diagram of the VBF production modes.

2
Vi

V2 Wy
V2

Figure 2.7: A Feynman diagram of the VBF production modes

2.6.2 qq production mode

The second production mode category is qq, which includes all other events. Both the 3 specific
leptons with p” > 25 GeV and (|n| < 2.5) and (p! /mWZ > 0.35 and p., /mWZ > 0.35) cuts

are applied in this region. Figure 2.8 shows a Feynman diagram of the ¢q production mode.

W

Ql

Z

Figure 2.8: A Feynman diagram of the ¢q production mode






3 Experiment

As a theory the Standard Model is incomplete and does not answer many questions such as:
What are dark matter and dark energy? Is there any evidence for the existence of supersym-
metry? and many more. The main purpose of building a machine like the LHC is to provide
answers for these questions. The data in this thesis was collected at ATLAS in 2015-2018
during full Run 2 of the Large Hadron Collider.

3.1 LHC

In order to study the behaviour of particles they need to be produced first. Currently the
most successful and practical way of doing it is through the use of an accelerator. Particles are
accelerated to a particular speed, after which they are collided with one another or into a fixed
target. Depending on the required amount of energy and on the purposes of the experiment,

the accelerators are built in three different designs:
e linear accelerator
e synchrotron accelerator
e cyclotron accelerator

The data for this thesis was collected from the ATLAS (A Toroidal LHC ApparatuS) detector
at the LHC (the Large Hadron Collider) at CERN (the European Organization for Nuclear
Research) in Switzerland. The LHC is the highest-energy synchrotron particle accelerator,
the largest scientific device ever built. In this huge collider protons are accelerated around a
27 km long ring to a speed that is close to the speed of light, after which they are collided
inside the particle detectors: CMS, LHCb, ATLAS, and ALICE, which can be seen in figure
3.1. The 27 kilometres long tube is packed with 9593 magnets. Some magnets are used to
accelerate protons and keep them moving straight on their track as they head down the tube.
Others help impart a slight curve so that the protons go around the circular path of the LHC.
The LHC contains two beam pipes going in opposite directions. The beams are made up of
bunches of protons. One beam has 1404 bunches. Each bunch has about 100 billion protons.
Using superconducting magnets operating at a temperature of 1.9 K, it is possible to keep the
beams flying with a velocity near the speed of light (99.9999991% the speed of light). After
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Figure 3.1: Ilustrative design of the LHC with four detectors: CMS, LHCb, ATLAS, and

ALICE.[22]

achieving an energy of 6.5 TeV for each beam, they can be collided at the four main detectors

(mentioned above) at 13 TeV. For more details, see reference [17].
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3.2 ATLAS

The LHC has four interaction points. Each of these points is covered by a detector. The
ATLAS detector is the largest volume detector ever constructed for a particle collider. The
general ATLAS detector design is shown in figure 3.2. It is massive: 25 meters in height,
44 meters in length, weighing approximately 7000 tonnes. Additionally, it has around 100
million electronic channels and 3000 km of cables. This enormous machine has been built for
a number of purposes such as: the investigation of the Standard Model properties, the search
for the Higgs boson, extra dimensions, and any evidence for the existence of dark matter as
well as dark energy. For more details about the structure, development, and operation of the
ATLAS detector, see references[8][32].

3.2.1 ATLAS coordinate system

Every detector in LHC has specific properties and features so as to cover a wide range of
possible results. The ATLAS detector employs a right-handed Cartesian system with the x-
axis pointing towards the centre of the LHC accelerator ring and the y-axis pointing upwards.
The z-axis is parallel and anti-parallel to the LHC beam axis. As is known, the ATLAS has a
cylindrical shape, therefore it is convenient to describe it using a cylindrical coordinate system
(r,0), where ¢ is the azimuth angle measured from the x-axis, around the beam axis.

The ATLAS detector design is symmetrical in ¢. The rapidity Y is defined through the use

of 4-momentum as in equation 3.1 for massive particles.

E+p.
E_pz

1

Y = (3.1)

In

The pseudorapidity 7, defined in equation 3.2, describes the angle of a particle relative to the
beam axis ( z-axis), where @ is the polar angle, defined as the angle from the positive z-axis.
Fortunately, for massless particles 7 and Y are the same. The coordinate system with the
angles 6 and ¢ for ATLAS is illustrated in Figure 3.3

n= —lntan(z) (3.2)

In contrast to Y, n is invariant under Lorentz-boosts along the collision beam axis. The
important angle separation AR in the n-¢ space, defined in equation 3.3, is also invariant

under Lorentz-boosts along the collision beam axis.

AR = \/(An)* + (A9)? (3.3)
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Figure 3.2: A schematic layout of the ATLAS detector [8].
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Figure 3.3: The coordinate system used by the ATLAS detector [32].
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Figure 3.4: Cut-away view of the ATLAS inner detector (ID) [8].

3.2.2 The Inner Detector

=2 571 there will be about 20 collisions per bunch crossing,

At a beam luminosity of 103 cm
around 40 million bunch crossings per second, approximately 1 billion collisions per second.
The particles emerging after collisions create a very high density. To measure the momentum
and vertex resolution in high-precision for collisions like these, ATLAS is intended to record the
tracks and energy of the particles appearing as a result of these collisions. ATLAS has seven
different detecting sub-systems arranged in layers around the collision point to capture any
evidence of particles that have been produced in the collisions. Each sub-system is sensitive to
different types of particles. Closest to the interaction point is the ATLAS inner detector (ID).
The layout of the ID is illustrated in figure 3.4. The ID is 6.2 meters in length and 2.1 meters
in height. It operates in a 2 Tesla magnetic field. The ID is used to measure the momentum
of each charged particle as they traverse (cross) the detector. As charged particles, they
deposit a small amount of energy on their tracks, which allows us to reconstruct the particles’
trajectory. Charged particles with transverse momentum above 500 MeV can be reconstructed
in the ATLAS ID. The information obtained from the ID detector is used to reconstruct
particles such as electrons and muons.

The ID consists of three sub-detectors: Pixel detector, Semiconductor Tracker (SCT), and
Transition Radiation Tracker (TRT). Figure 3.5 depicts a cut-away of the ID barrel. Figure
3.6 illustrates a cut-away of one of the ID end-caps.

In addition to that, the tracking detectors (pixel and SCT) provide important information
about the vertex, which can be used later to reconstruct and identify the particles and their

lifetime. The pixel detector and SCT detector cover the region n <2.5. The pixel detector is
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Figure 3.5: Illustration of the ATLAS inner detector demonstrating pixels, SCT, and TRT

[8].
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Figure 3.6: A cut-away of one of the ID end-caps [8].
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in closest proximity to the collisions, it contains 80 million pixels (80 million channels), each
pixel has a size 50 x 400 um. The pixel detector has an accuracy of 10um in the r — 6 plane
and 115 pm in z-axis. The SCT detector surrounds the pixel detector, which is comprised
of narrow silicone strips in the size 80 um x 12 cm. A silicon microstrip tracker consists of
4088 two-sided modules and over 6 million implanted readout strips (6 million channels). The
SCT detector has an accuracy of 17um in the r — 6 plane and 580 um in z-axis. The TRT
(Transition Radiation Tracker) surrounds the pixel and SCT detectors. It is the largest part
of the ID, with the volume 12 m3 and 350 000 read-out channels. The TRT detector has an
accuracy of 130um in the » — @ plane. All this information and more about the ID, pixel, SCT,
and TRT can be found in references [8] [4].

3.2.3 The Calorimeter System

P-P collisions at high energy (~13 TeV) produce a number of various types of particles such
as hadrons (particles that contain quarks, such as neutrons and protons), muons, neutrinos,
electrons, photons, etc. It is crucial to accurately measure the energy and momentum of
these produced particles in order to be able to properly capture and identify them. ATLAS
has calorimeters that measure the energy a particle loses as it passes through the detector.
Usually the calorimeters are built to capture most of the particles emerging from the collision,
except for muons and neutrinos. Figure 3.7 is an overview of the ATLAS calorimeter system,
with the coverage n < 4.9. ATLAS has several types of calorimeters, which are arranged as
barrels placed in both the centre and the end of the detector. The layers of calorimeters are
made of steel, lead, and a special material which lights up when the particles pass through.
Calorimeters consist of layers of a thick “absorber” material (such as, for example, copper)
that fully absorbs incident particles and layers of an active material (e. g. Liquid argon)
that produces an output signal proportional to the input energy. The calorimetry system
of ATLAS includes the Liquid Argon (LAr) Calorimeter and the Tile Hadronic Calorimeter.
The LAr calorimeter works with Liquid Argon at —183°C. The LAr endcap consists of the
forward calorimeter, electromagnetic (EM) and hadronic endcaps. The ATLAS EM endcaps
are used to precisely identify electrons and photons and measure their energy as they interact
with materials. The ATLAS Hadronic calorimeters, in turn, measure the energy deposition of

hadrons. For more details see references[8| [4].

3.2.4 The Muon Spectrometer

The ATLAS detector is designed to identify and measure as many particles as possible. Due to
a remarkably high mass of muons (105.7 MeV /c?) as compared with electrons (0.511 MeV /c?)
or photons, muons cannot be stopped or measured in EM calorimeter or hadronic calorimeter.

For this reason, the ATLAS has an additional special system called the muon spectrometer
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Figure 3.7: The calorimeter system of the ATLAS detector [8].

(MS) that is used for precisely measuring the position and the energy of muons. The informa-
tion obtained from the MS, ID and calorimeter sub-detectors is used in ATLAS algorithms to
reconstruct the muons.

The design of the MS is shown in figure 3.8. The muon system consists of Thin Gap Chambers,
Resistive Plate Chambers, Monitored Drift Tubes, and Cathode Strip Chambers. The MS
operates in a toroidal magnetic field with an average field strength of 0.5 T, where muons are

deflected with an energy above 6 GeV. It covers n <2.7. For more specific details see references

8] [4]-

3.2.5 Magnet System

The particles passing through the detector are deflected by the magnetic field. The ATLAS
magnet system consists of Central Solenoid Magnet, Barrel Toroid, and End-cap Toroids,
which used to bend charged particles for momentum measurement as they pass through and
out of the detector. See figure 3.9.
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Figure 3.8: The muon spectrometer of the ATLAS detector [8].
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Figure 3.9: 3D view of the ATLAS magnet system [30].
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3.3 Detector Objects

This section provides a brief overview of the identification and the reconstruction of the physics
objects that are used in this thesis. The final state of the WZ — ¢ v £/ is three leptons and one
neutrino (¢ = e or p). Therefore, the objects that are included electrons, muons and missing
transverse energy.

Electron

The electrons are a type of particle that are produced in p-p collisions. The collision point is
surrounded by various layers of the ATLAS sub-detectors. Electrons travel through the inner
detector and lose their energy in the electromagnetic calorimeter, see figure 3.10. Electrons
leave clear signatures in these ATLAS sub-detectors. Three different algorithms are used in
the ATLAS detector for the reconstruction of electrons. Three different levels of identification
of electrons are labeled loose, medium and tight. Every type of electron has been defined
by specific variables. Electron reconstruction algorithms and required criteria for electron
identification are described in detail in [24].

Muon

Unlike the electrons which are stopped in the electromagnetic calorimeter, muons can pene-
trate all layers of the ATLAS detector. Therefore the ATLAS detector has a special system
called the muon spectrometer which is built in the outermost layer of the ATLAS detector.
The muon spectrometer can provide precise measurements of the position and the energy
of muons that travel through it. There are four types of muon reconstructions defined in
ATLAS analysis: Stand-alone reconstruction, Combined reconstruction, Segment Tagged and
Calorimeter Tagged Muons [24].

Missing transverse energy

The ATLAS detector was built with different layers of sub-detectors and high measuring
efficiency to be capable of detecting all possible outcome particles and their properties (e.g.
mass, momentum, direction, etc.) that are produced in the p-p collisions. In spite of this,
there are particles that escape the ATLAS detector without being detected. These particles
(in this thesis, neutrinos) are expected to cause the energy and momentum conservation in

the transverse plane. The following equation defines the missing transverse energy:

E]}niss — \/(E;niss)Q + (E;niss)Z (34)

The ATLAS system provides different tools fot reconstruction of the missing transverse energy
Emiss In this thesis, the METMakerTool is used to reconstruct the FEss.
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Figure 3.10: View of the ATLAS sub-detectors [26].






4 Study on the selected Events

4.1 Event selection

The present analysis describes the search for resonance structure in WZ production using data
collected by the ATLAS detector. Only the leptonic final states will be considered W7 — ¢
v 0l (¢ =eor p)in full Run 2 (2015-2018), with luminosity L = 138.7b! at /s = 13 TeV.
Since the fully leptonic decay of the W*Z boson pairs is considered, these are all final states

with electrons and muons for W*Z events:

+ ,,* +

o 1 ptopt o 1 pt et ec et p ec ete
The event selection criteria start with the definition of an inclusive W*Z phase space, which

involves a number steps of events selection. These steps are listed in table 4.1

Inclusive event selection

Event cleaning Reject LAr, Tile and SCT corrupted events and incomplete events
Primary vertex Hard scattering vertex with at least two tracks

Trigger Single lepton trigger

Jet cleaning pass DFCommonJetseventCleanLooseBad

7.7 veto Less than 4 “soft” leptons

N leptons Exactly three leptons passing the “loose ” lepton selection

built from Same-Flavor-Opposite-Sign (SFOS)lepton pair
with Mj; closest to Z PDG mass

W candidate built from the third lepton and Eys

Z leptons passing “tight(Z)" lepton selection

W leptons passing “tight(W)" lepton selection

Z candidate

W, Z selection

Mass window | My — Myz| < 20 GeV
Missing Energy Episs > 25 GeV
Leading lepton pr Leading Lepton pr > 27 Gev

Table 4.1: The table of event selection criteria for inclusive region [2].

From this region, two signal regions will be defined with specific additional criteria for each
one of them: the VBF cut-based signal region and the ¢q signal region. These two single

regions will be described in the following section.
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4.1.1 Definitions of VBF cut-based and qq signal regions

In the VBF signal region, the events must pass the inclusive W*Z selection. Aside from that,
the VBF category applies more additional cuts. It contains events with two energetic forward
jets with high dijet invariant mass at least 500 GeV, separation in rapidity An > 3.5 and n <
2.5. These are also 3 leptons with p” > 25 GeV.

If the events fail the VBF cut-based selection, they will be considered in qq selection. There
are two additional cuts applied in this region: precisely 3 leptons with p” > 25 GeV and (|n]
< 2.5) and (pf'/mWZ > 0.35 and pl /mWZ > 0.35) cuts are applied in this region.

4.2 Invariant mass in the VBF and qq signal regions

In figure 4.1a and 4.1b depicts the distribution of the W*Z invariant mass in ¢g and VBF
signal regions, which will be used for limiting the extraction. It has a smooth falling shape
after 300 GeV, in figure 4.1b (one MC event with a high weight). This thesis focuses on the
description of the main background. The main background in both signal regions is the SM
WZ production. As the numbers show in table 4.2a and 4.2b | the WZ production represents
~ 89% from the total number of events in qq signal region and ~ 91% in the VBF single
region. The total background contributions come from WZ, ZZ, tZ, W/Z+jets, W /Z+gamma,
ttV and VVV. The background itself separates into two categories:

e irreducible background (WZ, ZZ, tZ and ttV)

e reducible background (W /Z+jets, W/Z+gamma and VVV)
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Figure 4.1: Obseved distributions of the WZ invariant mass in ¢q and VBF signal regions.
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Wz QCD 1865
WZ EWK 34,9
W/Z+jets 39 6
W/Z+gamma 7 1
ttbar 40 3
singleT 3,8 0,8
tz 22 0,1
\AA) 7,3 0,1
ttbar+V 114 0,8
total BKG 2133 11

(a) qq signal region

Wz QCD
WZ EWK
W/Z+jets 6 2
W/Z+gamm 3 2
ttbar 8 1
singleT 0,5 0,3
tz 8,1 0,1
AAAY) 0,8 0,04
ttbar+V 3,03 0,04
total BKG 332 0,13

(b) VBF signal region

Figure 4.2: The composition of the signal regions, a) ¢ signal region and b) VBF signal

region.

In table B.1, the list of summary of background MC simulation samples.
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4.3 Study and Optimization of WZ QCD production in the
VBF Control region

The QCD production of WZ is the main background in the VBF Signal Region (figure 4.1b).
A recently published VBS and VBF analysis has shown a mismodelling of the QCD by the
generators. That is an encouragement to study the WZ QCD in VBF, the control region,
specifically. A control region enriched with the WZ QCD was built in order to compare the
MC modelling to the obtained data. In the previous analysis a control region already existed.
Defined as:

(100 < Mjj < 500 and separation in rapidity < 3.5)

In figures 4.3a, 4.3b and 4.3c, the distributions of M(jj), AY(jj) and M(WZ) are shown,
respectively. It looks at low Mjj and extrapolates it to the high Mjj signal region. Since
mismodelling in the high Mjj region was observed in other analyses, it is a priority to optimize
this definition in this thesis and obtain better results.

Now, the new control region will be defined as:

(100 < Mjj < 500 Or separation in rapidity < 3.5)

In figures 4.4a, 4.4b and 4.4c, the distributions of M(jj), AY(jj) and M(WZ) are shown,
respectively. Some events are now in the high Mjj >500 GeV region 4.4a, but low statistics.
Data is ~ 15% below the data in the high Mjj region. The table 4.5 presents the Data/MC
yields in the WZ QCD control regions. Some events clearly manifest in the new VBS control

region.
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Figure 4.3: The current VBF control region in: M(jj), AY(jj) and M(WZ) distributions.
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Figure 4.4: The new VBF control region in: M(jj), AY(jj) and M(WZ) distributions.



4.4 Background Fitting 39

VBFCR_current | VBFCR_new
+/-
Data 3182 56
Wz QCD
WZ EWK
W/Z+jets 31 5 W/Z+jets 66 7,9
W/Z+gamma 19 5 W/Z:gamm 39 11,1
ttbar 43 3 ttbar 68 3,3
singleT 3 0,8 singleT 8 13
tz 14 0,1 tz 22 0,14
VvV 8 0,1 VvV 13 0,16
ttbar+V 33 0,4 ttbar+V 52 0,53
VvV 82 1 VvV 135 14
total BKG 2157,6 8,7 total BKG 3452,2 15,3

Figure 4.5: Data/MC yields for the current and the new VBF control regions.

4.4 Background Fitting

As mentioned in the previous section, the major background of this analysis is the Standard
Model WZ. For this background shape the analysis relies mainly on the MC simulation, which
suffers from low statistics in the high mass tails. The possibility of describing the background
with a fitted distribution is studied in this thesis in order to avoid fake bumps in the background
distribution due to the MC statistics fluctuations.

This section is going to take a closer look at the description of the normalized distribution of
the real “irreducible” background (WZ, ZZ, tZ and ttV'). The fit is carried out in regions
where a search for new resonances should be performed (my 7z € [300,3000%] GeV).

A signal of any new physics signal is likely to occur in the region of high WZ invariant mass
mwz. In this case, this signal can minimize local fluctuations of the background (for instance
in the high mass region). It is particularly important that the backgrounds in this region are
well understood.

The empirical functional form 4.1 is used to describe the background shapes in both categories

(¢q and VBF) with different arameterizations found per signal region.
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Jagver(mwz) =(filmwz) + falmwz)) X H(mwz —mg) x Cy + fs(mwz) x H(mg —mwz)
where :

filmwz) = exp(ar + az - mwz)

1 1 mwz—bl 1
= (= + zerf(——)) x
f2<mWZ) ( 267”f( bg )) l—l—eXI)(m%?)_bl)

2

fs(mwz) = expler + ¢ - mwz + ¢s - My 5 + 4 - miyy,)
f3(mo)
fi(mo) + f2(mo)

CO ==
(4.1)

Moreover, separate fits of the reducible and irreducible backgrounds are used because of dif-
ferent kinematic behaviour of the two samples. However, the regions around the my , peak
and the higher mass region can be dealt with separatly.

The needful part of the equation 4.1 is f3 because it describes the high mass tail. However
f1 describes the flat low mass region, and f; models the WZ threshold around the WZ mass.
H(z) is the Heaviside step function. it is used here to perform the transition between low and
high mass parts around mg = 400 GeV. Finally, a;,b; and ¢; are the shape parameters. These
parameters will be fixed from MC fit for ¢ and VBF categories.

In figure 4.6, the distributions of WZ invariant mass fit projection of the background samples
from the previous analysis are shown, figure 4.6a for qq and figure 4.6b for VBF categories,

and the green band represents the fit uncertainties.
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Figure 4.6: Distributions of WZ invariant mass fit of the background samples in (a) ¢g
and (b) VBF categories [2].

It is important to mention that the quality of the background shape fit is controlled by the
terms %\ NDF. This value (x* \ NDF) is around 1.2 for both categories that demonstrate
a good compatibility of the model and the MC distribution.
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Figure 4.7: Distributions of WZ invariant mass fit of the background samples in gq cate-
gory.

In this thesis, the fit was performed from my z = 400 GeV to simplify the process and focus
on the description of the high mass tail. Figure 4.7 demonstrates the distributions of WZ
invariant mass fit of the background samples in gg category. Two different MC generators are
used to produce the WZ samples. Figure 4.7a and figure 4.7b show the samples produced by
Sherpa and by the Madgraph MC generator, respectively.

| PARAMETER VALUE ERROR UNIT || PARAMETER VALUE ERROR UNIT |

C1 4.7 0.12 - C1 4.7 0.11 -

C2 -10 0.6 GeV—! C2 -10 0.6 GeV!
C3 11 3.8 GeV 2 C3 16 3.3 GeV 2
C4 -8.4 3.3 GeV 21 C4 -12.7 3 GeV 21

(a) Sherpa samples (b) Madgraph samples

Table 4.2: Tables of the fit parameter values of the function f3. The fit is performed in
the qq category. Table (a) contains the parameter values of the WZ samples produced by
Sherpa, Table (b)- the Madgraph samples.

The fit uncertainty is indicated by the error lines (Errorl and Error2). There are different
parameter values for each myyz distribution. The fit parameter values of the f3 function are
shown in the table 4.2 in the qq category. Table 4.2a contains the WZ sample that was produced
by Sherpa and table 4.2b is for the WZ sample that produced by Madgraph. x?\ NDF equals
3.1 for WZ Sherpa samples and 2.3 for WZ Madgraph samples in ¢q category.

The same process is carried out in the VBF category. Figure 4.8 contains the distributions
of WZ invariant mass fit of the background samples in the VBF category. Two different MC
generators are used to produce the WZ samples. Figure 4.8a contains the samples produced by
Sherpa, figure 4.8b-by the Madgraph MC generator. The fit parameter values of the f3 function
are shown in the table 4.3 for the VBF category. Table 4.3a contains the WZ sample that
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Figure 4.8: Distributions of WZ invariant mass fit of the background samples in VBF.

produced by Sherpa. Table 4.3b contains the WZ sample produced by Madgraph. x? \ NDF
equals 1.1 for WZ Sherpa samples and 1.3 for WZ Madgraph samples in the VBF category.

H PARAMETER VALUE ERROR UNIT PARAMETER VALUE ERROR UNIT H
C1 3.3 0.11 - C1 2.8 0.13 -
C2 -13 0.5 GeV~1 C2 -12.6 0.3 GeV 1
C3 37 3.7 GeV 2 C3 31 0.9 GeV—2
C4 -30 2.7 GeV =21 C4 -26 0.5 GeV =21
(a) Sherpa samples (b) Madgraph samples

Table 4.3: Tables of the fit parameter values of the function f3. The fit is performed in
VBF category. Table (a) contains the parameter values of the WZ samples produced by
Sherpa and Table (b) - the Madgraph samples.

Finally, the first studies about the modelling of the WZ background were shown in this section.
To improve the background description in the tail of the distribution a fit of the WZ irreducible
background was performed. Systematics studies on the fitted function still need to be done
by the following: find a different function (more stable) to describe the tail, do spurious
signal studies using some benchmark models and calculate systematics uncertainties for this

approach.

4.5 MC generator comparison

In High Energy Physics, nothing is performed without certainty and without considering the
potential consequences of the collision. Therefore, in all collision experiments such as the ones
in the LHC, the usage of a simulation system is essential. In LHC, parts that are responsible

for production of events are called Monte Carlo event generators: Pythia, Sherpa, Madgraph,
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POWHEG, MG5 aMCQNLO and Herwig.
Two MC generators—Sherpa and Madgraph—are going to be compared in the following para-
graphs. They can be used for modelling the WZ process. Figure 4.9 shows a comparison of WZ
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Figure 4.9: Comparison of the WZ (QCD+EWK) predictions in the two signal regions.

qq VBS
WZ Sherpa 1828 +8 285+ 2
W7 Madgraph 1794+ 15 24946

Table 4.4: Comparison of the WZ (QCD+EWK) predictions in the two signal regions.

(QCD+EWK) predictions in two signal regions-qq(a) and VBF(b). The blue shape represents
the WZ production generated by Madgraph, the red shape-Sherpa generator. Differences in
the shapes of the distributions are clearly visible, especially at low M (WZ). Table 4.4 presents
the number of events in each signal region. The next sections are going to describe the differ-
ences between Madgraph and Sherpa in (QCD and EWK) WZ production to check if the MC

samples match the actual data.

4.5.1 Comparison of the predictions given by Madgraph and Sherpa in
(qq and VBF) signal regions for WZ-QCD production

Figure 4.10 demonstrates a comparison of the WZ-QCD predictions in the two signal regions-
qq(a and b) and VBF(c and d). This comparison is made in the WZ invariant mass myyz
distribution and the distribution of m;;. The blue shape represents the WZ production gen-
erated by Madgraph, the red shape—by Sherpa. Differences in the shapes of the distributions
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are obvious, and they are especially noticeable in the VBS region. The reason for this dif-
ference is that Sherpa includes 3rd jet at Leading order, but Madgraph does not. Table 4.5

depicts the number of events in each signal region.

qq VBS
WZ QCD Sherpa 179448 24242
WZ QCD Madgraph 1759 =15 18246

Table 4.5: Comparison of the WZ-QCD prediction in the qq and VBF signal regions. Same
WZ-QCD samples produced by different MC generators.

4.5.2 Comparison of the predictions given by Madgraph and Sherpa in
(aq and VBF) signal regions for WZ-EWK production

In the previous section, the comparison was made between Sherpa and Madgraph in the WZ-
QCD production in qq and VBF signal regions. In this section, Sherpa and Madgraph will
be compared in qq and VBF signal regions but for the WZ-EWK production. Figure 4.12
depicts a comparison of the WZ-EWK predictions in the two signal regions-qq(a and b) and
VBF(c and d). This comparison is made in two distributions-WZ invariant mass myz and
the distribution of myy .

The blue shape represents the WZ production given by Madgraph generator and the red shape-
Sherpa generator. Difference in the shapes of the distributions (mwz and my z) are obvious,
especially in the VBS region. This differences is due to a color bug in the Sherpa generator.

The table 4.6 shows the number of events in each signal region.

qq VBS
WZ EWK Sherpa 33.62+0.19 42.69+0.21
WZ EWK Madgraph 35.32+£0.26 66.3+0.4

Table 4.6: Comparison of the WZ-EWK prediction in the qq and VBF signal regions.
Same WZ-EWK samples produced by different MC generators.

Finally, a large discrepancy (~50%) appears at the level of the delta rapidity between the jets
cut. Cutflow comparison 4.11 obviously shows the region which keeps with the Delta eta cut

is the one with the largest mismodelling.
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Figure 4.10: Comparison of the predictions given by Madgraph and Sherpa in the qq and
VBF signal regions for the WZ-QCD prediction.
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WZ EWK Sherpa WZ EWK MG
inclusive 213.1 £0.5 241.7+0.7
N_jet 170.4 +0.4 195.7+£0.6
Tagginglets 170.4 +£0.4 195.7+0.6
Jet_cut 1704 £04 195.7+£0.6
bVeto 1424 +0.4 164.6 +0.6
Rapidity cut  45.94+0.22 70.0+0.4
VBFSR 42.69 1+ 0.21 66.31+0.4

~15% difference

~50% difference

Figure 4.11: The cutflow comparison between Sherpa and MG for WZ-EWK production.
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Figure 4.12: comparison of the predictions given by Madgraph and Sherpa in the qq and
VBEF signal regions for the WZ-EWK prediction.
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4.6 WZ reweighing studies

Currently, the VBF-cut based control region is defined by the following selection criteria: the
di-jet invariant mass to be 100 < M;; < 500 GeV and | A'Yj;| < 3.5. Figure 4.13 shows the
invariant mass distribution for this VBF control region. It can be clearly noticed that this
VBF control region contains a small contamination from ZZ and other irreducible background

processes besides the W*Z events.
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Figure 4.13: The invariant mass distribution for the VBF control region.

Moreover, this VBF control region obviously shows a mismodelling, specifically for the low
W#*Z invariant mass. Fortunately, the modelling will be later corrected in the fit. Also, the
modelling is fully covered by the theory of systematic uncertainties. It equals ~ 30% for the
WZ QCD in this VBF control region.

In the next steps, two extra definitions of the VBF control region will be given and compared
with the current definition. This comparison can provide a deep understanding of the VBF
phase space and can potentially be used to correct the mismodelling for the low W= Z invariant
mass.

The definition of the current VBF control region will be labelled as VBFCR1, and the other
two definitions will be labelled as VBFCR2 and VBFCR3. They are defined as follows:

e VBFCRI = (100 < M;; < 500 GeV) OR (| AYj;| < 3.5)
e VBFCR2 = (100 < M;; < 500 GeV) OR (Z_Centrality > 0.4)

e VBFCR3 =
(100 < M;; < 500 GeV) OR (] AYj;| < 3.5) OR (Z Centrality > 0.4)
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Here, M;; is the di-jet invariant mass, AYj; is the rapidity separation and Z Clentrality is
the centrality.

4.6.1 Compare between Sherpa and Madgraph in 3 the different

definitions of VBF-control regions

The WZ-QCD Monte Carlo samples can be produced by two different generators-Sherpa and
Madgraph, of course, with various properties and uncertainties. This section shows a compari-
son between the WZ QCD samples produced by Sherpa and the WZ-QCD samples produced by
Madgraph with data collected from the full Run 2 (2015-2018). This comparison is performed

in the three different VBF control regions that were defined in the previous sections.

4.6.1.1 VBFCR1, VBFCR2 and VBFCR3

The VBFCRI is defined as (VBFCR1 = (100 < M;; < 500 GeV) OR (] AYj;| < 3.5). Figure
4.14 shows the distributions of m;; in VBFCR1 for the data/MC comparison, with different
bin widths. The MC samples are produced by the two generators (Sherpa and Madgraph).
Table 4.7 shows the number of events for the data/MC comparison of Sherpa and Madgraph in
VBFCRI1. Figures 4.15 depicts the data-MC(All MC but not WZ QCD) comparison of Sherpa
and Madgraph for VBFCR1. Table 4.8 shows the number of events in this comparison. The
same procedure is carried out for VBFCR2 and VBFCR3. The comparisons between data and
MC in VBFCR2 and VBFCRS3 are shown in the following figures and tables.
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Data WZ QCD WZ _EWK MG W/Z+gamma tthar 77 singleT VVV \A% total BKG
VBFCR1 Sherpa 3660+60 3710+ 9 168.3£0.6 47+5 80+3 226+1 11£1 15.094£0.18 13.97+0.10 4272411
VBFCR1 MG 366060 3652+13 168.3+0.6 4745 80+3 2264+1 11£1 15.0940.18 13.97+0.10 4214414

Table 4.7: The data/MC comparison of Sherpa and MG for VBFCRI.
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Figure 4.14: Distributions of m;; in VBFCRI1 for the data/MC comparison, with different
bin widths. MC samples produced by two generators (Sherpa and Madgraph).
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Figure 4.15: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Mad-
graph for VBFCRI1.

DataJust(WZ_QCD) mcJust(WZ_QCD)

VBFCR1 Sherpa 3020 +£ 60 3710+ 9
VBFCR1 MG 3020 £+ 60 3652+ 13

Table 4.8: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Madgraph
for VBFCRI.
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Figure 4.16: Distributions of m;; in VBFCR2 for the data/MC comparison, with different
bin widths. MC samples produced by two generators (Sherpa and Madgraph).

Data WZ QCD WZ EWK MG W/Z+gamma ttbar 77 singleT \AAY \'A% total BKG
VBFCR2 Sherpa 3620+60 3731+ 9 165.3+0.6 47+5 80+3 227+1 114+1 14.91+0.18 14.134+0.10 4290+11
VBFCR2 MG 3620+ 60 3650+13 165.3+0.6 47+5 80+3 227r+1 114+1 14.91+0.18 14.134+0.10 4209+ 14

Table 4.9: The data/MC comparison of Sherpa and MG for VBFCR2.
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Figure 4.17: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Mad-
graph for VBFCR2.

DataJust(WZ_QCD) mcJust(WZ_QCD)

VBFCR2 Sherpa 3000+ 60 3731+ 9
VBFCR2 MG 3000 £ 60 3650 £ 13

Table 4.10: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Madgraph
for VBFCR2.
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Figure 4.18: Distributions of m;; in VBFCRS3 for the data/MC comparison, with different
bin widths. MC samples produced by two generators (Sherpa and Madgraph).

Data WZ QCD WZ EWK MG W/Z+gamma ttbar 77 singleT \AAY \'A% total BKG
VBFCR3 Sherpa 3760+60 3839+ 9 186.5+0.6 4945 81+3 232+1 114+1 1543+£0.18 14.40+0.10 4429+11
VBFCR3 MG 3760+60 3753+13 186.5+0.6 4945 81+3 232+1 114+1 15434+0.18 14.40+0.10 4343+14

Table 4.11: The data/MC comparison of Sherpa and MG for VBFCRS3.
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Figure 4.19: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Mad-
graph for VBFCRS3.

DataJust(WZ_QCD) mcJust(WZ_QCD)

VBFCR3 Sherpa 3100+ 60 3839+ 9
VBFCR3 MG 3100 £ 60 3753 £ 13

Table 4.12: The data-MC(All MC but not WZ QCD) comparison of Sherpa and Madgraph
for VBFCRS3.
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4.7 WZ reweighing results

Figures 4.20 demonstrates the WZ invariant mass distributions in the three VBF control
regions (VBFCR1, VBFCR2 and VBFCR3). The control regions studied here sparked a dis-
cussions at CERN about the validity of the control region CR being used in the analysis.
However, the CR1 was actually implemented in the nominal ATLAS collaboration analysis.
Due to a bias in the M;; distribution of CR1 between high (>500 GeV) and low (<500 GeV)

M;;, only the high M;; part of the region will be used for the publication.
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Figure 4.20: The WZ invariant mass distributions of the three VBF control regions.



5 Conclusion

In conclusion, resonance searches are the easiest way to find new physics. To put it simply,
the essence of the method is to look for an excess over a well known background. Knowing
the SM background with small uncertainties is crucial to actually be able to see an excess.
This work is focused on checking the modeling of the main background; in this analysis, the
background is WZ SM. Several possibilities for this background have been studied: first, in
order to avoid the MC statistics fluctuations in the tail, a fit has been implemented to smooth
the distribution. The idea is to apply this fit directly to the data.

Secondly, 2 MC generators were compared to ensure that the predicted MC shape is cor-
rect. Since some differences were noticed, they were added to the uncertainties. A control
region was created to extract the normalization of the background while keeping the shape
predicted by the MC (here, several possibilities were studied, and the analysis team chose one
of them). Finally, the MC is reweighted according to the data in the CR to correct the shape

mismodelling.






A Mathematical Definition

A.1 Pauli Matrices and another important Matrices
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B Samples

B.1 The list of summary of background MC simulation

samples
DSID Background MC-Generators PDF
364253 WZ QCD Sherpa222 NNPDF30NNLO
361292 WZ QCD MGaMcAtNloPyS8EG NNPDF30LO
364284 WZ EWK Sherpa222 NNPDF30NNLO
364739 WZ EWK MGaMcAtNloPyS8EG NNPDF30NLO
364740 WZ EWK MGaMcAtNIloPyS8EG NNPDF30NLO
364741 WZ EWK MGaMcAtNIoPyS8EG NNPDF30NLO
364742 W7 EWK MGaMcAtNloPyS8EG NNPDF30NLO
361600 Powheg/VV PowhegPy8EG AZNLOCTEQG6L1
361603 Powheg/VV PowhegPy8EG AZNLOCTEQG6L1
361604 Powheg /VV PowhegPy8EG AZNLOCTEQG6L1
364250 Sherpa/VV Sherpa222 NNPDF30NNLO
364254 Sherpa/VV Sherpa222 NNPDF30NNLO
364283 Sherpa/VV Sherpa222 NNPDF30NNLO
345705 Sherpa/gg Sherpa222 NNPDF30NNLO
345706 Sherpa/gg Sherpa222 NNPDF30NNLO
361100 - 361108 V+jets PowhegPythia8EvtGen — AZNLOCTEQ6L1
410470 tthar PowhegPythia8EvtGen  A14 NNPDF23LO
410658 SingleTop PowhegPythia8EvtGen  A14 NNPDF23LO
410659 SingleTop PowhegPythia8EvtGen  A14 NNPDF23LO
410644 - 410649  SingleTop PowhegPythia8EvtGen  A14 NNPDF23LO
410650 SingleTop ~ MadGraphPythia8EvtGen A14 NNPDF23LO
410155 ttV MadGraphPythiaS8EvtGen AT14N23LO
410218 ttV MadGraphPythia8EvtGen A14N23LO
410219 ttV MadGraphPythia8EvtGen AT14N23LO
410220 ttV MadGraphPythia8EvtGen AT14N23LO
364500 - 364514  Vgamma Sherpa222 NNPDF30NNLO
364521 - 364535  Vgamma Sherpa222 NNPDF30NNLO
364242 - 364249 Triboson Sherpa222 NNPDF30NNLO

Table B.1: The list of summary of background MC simulation samples, STDM5 derivations
for MC16a, MC16d and MC16e samples are used
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