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Abstract

In high energy physics, it is very interesting to study the scattering of vector bosons, as
these processes are very rare and could be used to get more insight into the electroweak
symmetry breaking and confirm the Standard Model or even discover physics beyond the
Standard Model. One possibility to quantify physics beyond the Standard Model are effective
field theories (EFTs), which introduce new interactions or modify existing ones. These EFTs
use so-called Wilson coefficients as a parameter that characterizes the coupling strength of the
added interaction. For these coefficients only lower and upper limits have been found. This
thesis focuses on testing the agreement of the current limits of dim-8 EFT operators with
the Standard Model using Monte Carlo simulations. This is done for the process of WW~~
vector boson scattering, by visually comparing the data for kinematic observables of the EFT
operators and the Standard Model. All this is done considering the technical limitations of the

ATLAS detector and LHC for the time of run 2 and a simple analysis of uncertainties.

Zusammenfassung

In der Hochenergiephysik ist es sehr interessant, die Streuung von Vektorbosonen zu unter-
suchen, da diese Prozesse sehr selten sind und genutzt werden konnten, um mehr Einblick
in die elektroschwache Symmetriebrechung zu erhalten und das Standardmodell zu bestati-
gen oder sogar Physik jenseits des Standardmodells zu entdecken. Eine Moglichkeit, Physik
jenseits des Standardmodells zu quantifizieren, sind effektive Feldtheorien (EFTs), die neue
Wechselwirkungen einfiihren oder bestehende modifizieren. Diese EF'Ts verwenden so genannte
Wilson-Koeffizienten als Parameter, der die Kopplungsstérke der zusétzlichen Wechselwirkung
charakterisiert. Fiir diese Koeffizienten wurden bisher nur untere und obere Grenzwerte gefun-
den. Diese Arbeit konzentriert sich darauf, die Ubereinstimmung der aktuellen Grenzen der
dim-8 EFT-Operatoren mit dem Standardmodell mit Hilfe von Monte-Carlo-Simulationen zu
testen. Dies geschieht fiir den Prozess der WW~~-Vektorbosonenstreuung, indem die Daten
fiir kinematische Observablen der EFT-Operatoren und des Standardmodells visuell vergli-
chen werden. All dies geschieht unter Beriicksichtigung der technischen Beschrinkungen des
ATLAS-Detektors und des LHC fiir die Zeit von Lauf 2 und einer einfachen Analyse der

Unsicherheiten.
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Acronyms and Conventions

SM Standard Model

BSM Beyond Standard Model

QFT Quantum Field Theory

EFT Effective Field Theory

VB Vector Boson

VBS Vector Boson Scattering

VBF Vector Boson Fusion

QED Quantum Electrodynamics

QFD Quantum Flavourdynamics
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QCD Quantum Chromodynamics

SSB Spontaneous Symmetry Breaking
SUSY Super-Symmetry

LO Leading order

NLO Next to leading order

CERN European Organisation for Nuclear Research
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ME Matrix Element
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1 Introduction

The Standard Model (SM) of particle physics is currently the best theory to describe the
observed particles and interactions that form reality. However the SM is not able to explain
every phenomenon observed in nature, for example it does not incorporate gravity, Baryon
asymmetry, dark matter or the mass of neutrinos. To find a complete theory, modern particle
physicists test the limits of the SM in particle accelerators like the Large Hadron Collider
(LHC). It accelerates protons to close to the speed of light and collides them resulting in all
kinds of processes, the products of which are then measured in particle detectors like ATLAS.
These high energy collisions make it possible to observe rare processes, because the allow for
the production of particles, the coupling of which is comparatively weak, but rises with the
particles energy. An example of these rare processes are the self interactions of electroweak
gauge bosons, which are very unlikely to happen even in these energy regimes due to the high
masses of the participants and the comparatively weak coupling of the electroweak interaction.
Nevertheless these processes are interesting to study due to their connection to the electroweak
symmetry breaking. Because of this, they might provide more insight into the limitations of
the SM in the form of deviations, which could indicate physics beyond the Standard Model
(BSM). This this thesis focuses on the quartic interaction of two W bosons and two photons

(fig.1.1), which is predicted by the electroweak interaction within the SM. This process will be
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Figure 1.1: W Wy~ vertex

studied by simulating it using the Monte Carlo (MC) event generator Sherpa [1]|, within the
boundaries of the SM comparing it to simulations where these boundaries are expanded with
a so-called effective field theory (EFT). These are a way to quantify BSM physics without
knowledge of the underlying theory. To compare these simulations to actual data from the
ATLAS detector in a future study, the simulations are performed at a center of mass energy

of \/s = 13 TeV and an integrated luminosity of L = 139fb~'. Those parameters correspond
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to the data taking period of ATLAS in LHC run 2. This thesis presents a visual comparison
of the EFT effects, within currently known limits, and the SM predictions for the differential
cross section of this process. This is done to determine if the EFT limits [2] of the studied
operators, could be improved with this process, or whether the current technical limitations

do not allow for such improvements.



2 Theoretical and Experimental

Foundation

2.1 The Large Hadron Collider and ATLAS-Detector

To compare the later simulated data to real, measured data, the settings of the simulation will
be set to the parameters of the Large Hadron Collider (LHC) run 2. Since the event selection
should be according to the limitations of the ATLAS detector, these are implemented in the
analysis of the data, to allow for comparisons. The first Run of the LHC from 2010 to 2013
had a beam energy of about 4 TeV was resulting in a center-of-mass energy of /s = 8 TeV,
multiple times the previous world record. In the second run [3] from 2015 to 2018, this was
already improved to a beam energy of /s = 6.5TeV per beam, so a center of mass energy
of 13TeV. At the time of this thesis, the LHC is in run 3, where the center of mass energy
was again increased, reaching /s = 14 TeV and an integrated luminosity of 300 fb™" is aimed
for [4]. Since the data taking of run 3 is not planned to be finished until 2025 and the data
analysis taking some additional years, here the technical specifications of LHC and ATLAS
for run 2 are used, so a comparison between the simulated data and real experimental data

would be possible.

2.1.1 The Large Hadron Collider

The LHC [5] is a particle collider located at CERN, near Genf, in Switzerland, built with
the goal of finding new particles and phenomena. It is currently the world’s largest and most
powerful collider, with a circumference of 27 kilometres. It’s operation began in 2008. In
2012 the ATLAS collaboration published their most significant study, the discovery of the
Higgs boson [6]. In the LHC mainly proton beams, but also lead ions, are accelerated to
close of the speed of light and brought to collision. To achieve the collision an extremely
high precision beam has to be created. to increase the probability of the collision, the photons
travel in bunches of about 1.15-10* particles, yet per bunch crossing only about 2800 collisions
happen. But since the bunch collision rate is about 40 MHz, the amount of data produced is
to high to keep for all events. Because of this, triggers are implemented that filter the events
in real time, scrapping more than 99% of the produced event data, since it does not provide

clear insight into the underlying processes. For run 2 a center of mass energy of /s = 13 TeV
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was achieved. These high energies are achieved by guiding the beams through the circular
tube, in opposite direction, within a ultrahigh vacuum. The guiding of the beams is done by
superconductor electromagnets along the tube. The quantity physicists are interested in, is the
differential cross section of a process, since this is directly proportional to the probability of a
process happening within a certain phase space region. To obtain a high number events N, and
therefor a statistical significant differential cross section, a high luminosity is needed, which
is proportional to the number of collisions in the detectors. With the luminosity, the number
of events and with that, the processes cross section can be calculated. It is differentiated
between instantaneous L£(t) and integrated luminosity L. The process cross section luminosity
and number of events are connected according to:

For the LHC run 2 an integrated luminosity of L = 139fb™" [7] was calculated. This can be
used to calculate the expected number of signal events for a given process from a simulated

cross section.

2.1.2 The ATLAS Detector

At the collision points of the LHC, multiple detectors are built for different kinds of measure-
ments. One of those is the ATLAS [8] detector, which is also currently the largest detector

in the world [9]. The momentum of particles with electromagnetic charge is measured in the
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Figure 2.1: Structure of the ATLAS detector. Graphic taken from: [10]

inner detector, which is embedded in strong electromagnetic fields, which divert them. The
particle’s charge and momentum are then computed via the measurement of the trace ra-

dius. Most information is obtained from the induced electromagnetic and hadronic showers,
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produced by photons or electrons and hadrons respectively. Photons are detected within the
electromagnetic calorimeter. The photon’s interaction with high density lead plates leads to
the production of electron-positron pairs which can then induce new photons in the liquid ar-
gon scintillator layers. This calorimeter is accordion shaped, to achieve uniform segmentation
over the azimuthal plane and has a pseudorapidity coverage of |n| < 4.9, which is equal to
an angle of about 89°, meaning only < 1° in the forward region is not covered. The hadronic
calorimeter works in a similar way, here the absorber-medium is steel and a plastic scintil-
lator is used. It is extended by the Hadronic End-Cap Calorimeter (HEC) and the Forward
Calorimeter (FCal), which are Cu+lAr / Cu-W-+1Ar detectors, extending this calorimeters
coverage of pseudorapidity to also || < 4.9. Here particle production mostly happens via
the strong interaction. The measured, quantities, including the deposited energy can then be
used to reconstruct the original particle. The particles need a certain minimum momentum to
induce the showers. Additionally to the mentioned parts, there are more, such as the muon
chamber, where muons can be measured. But since these particles do not appear in the final
state of the processes this thesis focuses on, these will not be further explained. The coordinate
system of the detector is build using the azimuthal angle in the transverse plane ¢, the pseu-
dorapidity n = —In (tan(g)) = %ln(i?l%gi), which directly relates to the polar angle relative
to the beam axis 6 and p, the momentum component parallel to the beam axis. Additionally,
commonly used observables are the transverse momentum pr, so the momentum component
perpendicular to the beam axis, the particle energy deposited in the calorimeter system F, the
rapidity Y = %ln(%ﬁj) and the angular distance AR;; = \/(An;;)? 4+ (Agi;)?. With these
equations it also becomes clear, that for |p| — F, the rapidity and pseudorapidity of a particle

approach one another, as the particles masses can be neglected, and for massless particles,

they are equal.

2.2 The Standard Model of Particle Physics

In this section, a brief introduction to the Standard Model of particle physics is provided,
based on the explanations in [11, 12|. The SM is currently the best tested fundamental theory
of microscopic interactions, and describes most observed phenomena in particle physics. It is
a renormalizable UV-complete quantum field theory (QFT), which means it is a QFT that
preserves unitarity at all energy scales. The theory consists of three different interactions,
namely the electromagnetic, the weak , and the strong interaction, described by Quantum
Electrodynamics (QED), Quantum Flavourdynamics (QFD) and Quantum Chromodynamics
(QCD), respectively. Later it was found, that the QED and QFD can be unified into one
interaction, called electroweak (EW) interaction. It is formulated as a Yang-Mills-theory [13],
meaning a gauge theory, which can be based on any compact Lee-group. In the case of the

SM, the SU(n) group is used. A gauge theory assumes gauge symmetry of the local phase of
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a particle, so invariance under a transformation of the kind:
P — €@, (2.2)

The full symmetry group of the theory, which leads to the different particles and interactions
is the non-abelian SU(3)c®SU(2),®U(1)y, where the SU(3)¢ leads to the strong interaction

and SU(2), ®U(1)y to the EW interaction. The Standard Model predicts a number fermions,

1
2

which are the carriers of the interaction and have an integer spin s = 0,1. The gauge bosons

which are the particles that we perceive as matter and which bear a spin of s = =, and bosons,

Standard Model of Elementary Particles
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Figure 2.2: Particles described by the SM. Graphic taken from: [14]

of each interaction in the Standard Model only couple to particles that carry the respective
interaction charge of the boson. The photon for example only couples to electrically charged
particles, and since they themselves are not electrically charged, there is no self interaction
between the photons. In the QCD the gauge bosons, called gluons, carry a color charge
themselves, which leads to self interaction between them.

Though the SM is currently our best description of reality, it is known to be incomplete, since
it fails to unify the known quantum interactions with gravity as described by the general theory
of relativity. Since the creation of the SM, many attempts have been made to find theories to
extend it and create a Grand Unified Theory (GUT), e.g. Super-Symmetry (SUSY) [15] but
none of these theories have been confirmed by experiments yet. A more general possibility to

extend the SM are effective field theories, which will be discussed in section 2.4.
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2.2.1 Quantum Chromodynamics

Based on the QCD being a gauge theory, build on the SU(3) symmetry group, the lagrange
density is found to be:

8 ny
1 apv ma —~ (s
L= —Z Z e FMV + Zq](zlﬁ - mj)qj. (23)
a=1 j=1

Here the g; are the different quark fields of n; different flavours and masses m;. The term
between the quark fields is the Dirac equation, where I = D,~", with the Dirac matrices

and the covariant derivative:
D, =0, — ie, Z t'gp. (2.4)

One can find e, as the gauge coupling and «ay = % as the coupling constant!. The gy, refer
to the eight gluon fields and the t* are the generators of the SU(3) group, written as 3 x 3
matrices that act on the quarks in triplet notation. In the first sum, one can see the gluon

field strength tensor:
FSV = ugs - aygz - esfabcgzg§7 (25)

which is constructed with the four-derivatives of the gluon fields and an additional last term
with the asymmetric structure constant f,;., which leads to self interactions between the
gluons.

The features that differentiate the QCD from classical forces are the The QCD has unique
features, which distinguish it from other forces, such as asymptotic freedom and confinement
[16]. In field theories the relevant coupling constants are not truly constant but depend on the
interaction, more specifically the transferred four-momentum squared Q2. In the case of QCD
the relevant coupling is a,(Q?). Asymptotic freedom means, that o, decreases as Q% increases,
and vanishes asymptotically. Because of this, the interaction via QCD becomes relatively weak
for large Q?, so called hard processes, or deep inelastic scattering, as is the case in particle
colliders like the LHC. Confinement on the other hand refers to the property of QCD, that
the interaction at short distances behaves similar to the coulomb-potential ~ O‘ST(T), while at
large distances the interaction strength rises exponentially. This results in the phenomenon,
that particles with color charge always appear as overall color neutral systems. If the particles
are separated far enough spatially, the interaction strength rises to a point where it costs less
energy to create a new quark-antiquark pair, which again form a color neutral state of the
system. For example consider a e"e~ — (g process. In a particle collider this would result
in these two particles having large, oppositely directed momenta. Due to the confinement the
large spatial separation would lead to the creation of new particle pairs between them, which

makes it impossible to identify the original final state quarks. This process is measured as

Lin natural units (h=c=1)
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two colorless jets, which is a narrow cone of hadrons, going in opposite directions. Sometimes
also a well identifiable third jet can be measured, which comes from a high energy gluon being

emitted from the original quarks.

2.2.2 Electroweak Interaction

The electroweak (EW) interaction stems from the unification of QED and QFD. The lagrange

density of the EW interaction can be split into two parts:
Lew = L + Lsss, (2.6)

where Lj,; refers to the interactions between the particles, and Lggp which is introduced by
the spontaneous symmetry breaking in the Higgs-mechanism, and explains the masses of the
EW gauge bosons. In this section the first term is discussed, while in (2.2.3) the second term

is discussed.
Lo =—~ Z F Fo — —BWBW + iy Dyutbr, + Vriv Dytbr (2.7)

Equation 2.7 shows the the Yang-Mills Lagrangian of the SU(2);, ® U(1)y symmetry group.
F;, and By, are the gauge antisymmetric field strength tensors constructed from the associated
gauge fields B, of the U(1)y and W (a=1,2,3) of the SU(2)z. The field strength tensors are

constructed as follows:

Buu = a,uBu - al/Bu (28)
Fo, = 0,W) — 0,W — geacWIWS (2.9)

€ape 18 the structure constant of the group, which is given by the commutator relations of the
generators. Since SU(2)y is also the group of spin-symmetry transformations, the generators
of the group are the Pauli-matrices and the structure constant is just the Levi-Civita-tensor.
This is also the reason why the charge corresponding to the weak force (SU(2).) is called
weak-isospin. The v# and D, in eq. 2.7 refer to the Dirac matrices and covariant derivative.
Interactions with fermions are described by the last two terms, where the ¢ stand for a sum

over all flavours of quarks and leptons, which are split into a left and a right handed component:

(1:F’y5) (1i’Y5)‘

——¢ and Yr =1 5

VLR = (2.10)

This is done, because the EW theory is a chiral theory, which means that the left and right
handed components interact differently wit the gauge bosons. This is already visible in the

fact, that the left handed fermions exist as doublets of the different flavors of each generation
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(up-/down-like quark or electron/neutrino lepton), which allows for transformations between
them (flavour-change). Right handed fermions exist only as singlets, meaning they cannot
participate in flavor-changing interactions. The covariant derivative is constructed to obey the

gauge symmetry:
3

Dy =0, +igw Y T'Wi+igyYB,. (2.11)
a=1

Here the T“ refer to the generators of the SU(2) and Y to the weak hypercharge as the
generator for the U(1). To obtain the electrical charge, the weak hypercharge and the third
isospin component have to be combined as Q = I3 + Y (sometimes also with an additional
factor 2). This is in units of e, the electric charge of a positron. The g, and gy are the
couplings of the respective groups. Experimental observations show, that the physical bosons
of the EW interaction, meaning the mass eigenstates, are combinations of the interaction

eigenstates, where:

1
W =—
V2

are the charged W bosons, which couple via the weak coupling gy,. There are also two neutral

(W, FTiW7) (2.12)

bosons, the photon and the Z boson:

A, B cosb,, sinb, B, (2.13)
Z, —sinby, cosby, | \W; ' '

The coupling of left and right handed fermions to photons is observed to be equal and pro-
portional to the electric charge e. The neutrino is observed to not couple to the photon at all.

With this the couplings have the following relation:
gwsinb,, = gycosb,, = e (2.14)

Also the coupling of the Z boson can be found as gz = —~%——. The 0,, is the the so-called

sin0y, cosby,

Weinberg-angle, or weak mixing angle, which is one of the free parameters of the SM.

2.2.3 Spontaneous Symmetry Breaking

At this point no masses for either the fermions or bosons are explained by the SM. This was
fixed by the Brout-Englert-Higgs-mechanims (often refered to only as Higgs-mechanism) [17,
18, 19]. The mass terms of the particles should be of the form:
Lo apan | L2 -
§mWWuW b+ §mBBMB“ for spin one gauge bosons (2.15)
m*1p  for spin 1/2 fermions (2.16)
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but these terms would not be invariant under the EW gauge group. This was solved by

introducing a new complex scalar field:

B 0*(z) + i0*(x)
B (%(U + H(zx) + 7l93(;1:))> (2.17)

with a vacuum ground state v = (0|®|0) # 0. The field ® is constructed as a SU(2),, doublet
with a U(1)y hypercharge and is built with four degrees of freedom, the Higgs-field H(z) € R
and the three complex Goldstone-modes 6%(x). From this a scalar field Lagrangian can be

constructed:

Lo = (D"®)1(D,®) — V (D), (2.18)

with the covariant derivative in eq. 2.11. The potential can be explicitly written as:
V(®) = p?|®* + A @|* (2.19)

where for g2 < 0 and X > 0 the potential has degenerate minima with non-zero value. Now
the symmetry of the field is broken spontaneously, while leaving the Lagrangian symmetric

under SU(2), x U(1)y. For this one value of the minima is arbitrarily chosen. Canonically it

0 0
by = o) =1. | (2.20)
V2v V2V X

Here the first entry, the electrically charged ®J was chosen to be zero to leave the U(1)grp

is chosen as:

unbroken, though as mentioned above the values can be chosen arbitrarily and only result in
different amounts of work to obtain the same results. This leads to massive weak gauge bosons

and a massless photon.

My = U%W (2.21)
mw

= 2.22

mz cos8,, ( )

Additionally this mechanism introduces terms for the interaction of scalar (s=0) Higgs bosons,
with the massive gauge bosons, a mass term for the Higgs boson my = v2Av? = /2u?2, aswell
as a term for Higgs boson self interaction. The values u? and \ are free parameters of the SM,

and can be related to v, which can also be related to the Fermi coupling constant G g:

V=~ 246 GeV (2.23)
V2Gp
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To now also include fermion masses, another term in in the lagrangian is build, introducing

the Yukawa couplings yzf .
Lerm = Y{ULPYf + Y0 0% + hoc. (2.24)

The first term produces the masses for the charged leptons and down-type quarks, while the
second term generates the masses of the up-type quarks, with the charge conjugate ®¢ = io,®*.
Neutrinos masses are generally not described by the SM and they were originally thought to

be massless. Their masses remain an active field of research until today.

2.3 Processes for vvjj5 Production

The production of yvjj from proton-proton collisions is in total a 2 — 4 process. This Process
contains either diagrmans with four EW vertices or two EW and two QCD vertices. Only
the purely EW diagrams contain any vector boson (VB) self interaction, and therefore can
contain the quartic W W~ this thesis focuses on. In the QCD diagrams only the photons are
produced via EW vertices. To produce MC simulations, that are comparable to actual ATLAS
data, it is necessary to consider the QCD ~~jj, as no-reducible background, as well. Below
the possible leading order (LO) processes for EW 457 production from two partons and some
exemplary diagrams for the mixed processes can be found. The only diagrams containing
any VB self-interaction are seen in fig.2.3, where only the right diagram contains the vertex

this thesis focuses on. The exact processes which, in fig.2.3b, are only referred to as (7), are

q q q q
4
7w
7w 14
q q
(a) Vector Boson (b) Vector Boson
Fusion Scattering

Figure 2.3: Diagrams that include VB self-interaction

displayed in fig.2.6. Other processes containing only EW vertices are shown in fig.2.4. The
processes shown in (fiq.2.5) are examples of the possible processes which contain both QCD
and EW vertices
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Figure 2.4: Diagrams with only EW vertices but not Vector Boson self-interaction
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Figure 2.5: Diagrams with both QCD and EW vertices

While a trilinear vertex, in the EW interaction is proportional to ~ e, a quartic vertex is

proportinal to ~ e?

, as shown in the EW Lagrangian [20]. Because of this a quartic EW vertex
can occure in multiple ways. Depending on the interacting VB, the interaction can happen
directly, or via an additional, virtual VB or Higgs boson, as seen below in fig.2.6 In the case of
the SM WW~~ vertex, the interaction can only happen, if all vertices include an electrically
charged particle, since the photons can only interact with those. By extending the SM with

an EFT, as explained in section 2.4, additional vertices without charged particles can appear.
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Figure 2.6: Possibilities for the W W~ Interaction

2.4 Extending the Standard Model

The current Standard Model (SM) has been proven not to be the fundamental theory of every-
thing. It is not able to explain gravity, dark matter and even deviations from its predictions
of some properties seem to exist, see g-2 experiment [21]. To be able to predict effects of these
Beyond Standard Model (BSM) physics, without having the knowledge of the precise under-
lying theory, Effective Field Theories (EFTs) [22, 23| are used. These theories are formulated
mostly model independent meaning with as few and generic assumptions as possible. EFTs
fulfill the requirements of a relativistic quantum field theory (QFT), but describe nature only
in a certain range of validity, defined by the used energy scale A. Therefore EFTs are just a

parameterization of the effects of the true underlying theory, which is unknown.

2.4.1 Mathematical formulation of an EFT

To extend a known theory, so-called bottom-up EFT approaches are used. These work by
parameterizing the extension by manually adding new operators of higher mass dimensions to
the known Lagrangian. These operators represent vertices in Feynman-diagrams that often do
not exist within the SM and could in reality be comprised of multiple vertices of an unknown
interaction. The known theory still holds in the low energy regime, and the extension only
really contributes in the high energy regime. The Lagrangian of the EFT expansion of the SM

looks as follows:

o Nn (n)
Lprr = Lsu + ZZ /{;_4()@(”) (2.25)
n=>5 =0

The equation contains the SM Lagrangian, higher dimensional operators (0)5"), the Wilson
coefficients fi(n), the energy scale A and N,,, the number of terms at a given dimension n.
Therefore, the expansion introduces an infinite number of new parameters. For the expansion
to actually be applicable, two conditions have to be fulfilled. First, the number of parameters to
describe interactions at any dimension n, to obtain a experimentally testable result, has to be
finite. Secondly the contribution of any term of order (n+1) cannot exceed the contribution

of a term of order n. For low energies this will easily be the case, but as contributions of
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higher dimension operators rise as the experimentally accessible energy /s approaches A, this
series breaks down. It is also to be noted, that EFTs are manually designed to approximate
nature. Because of this, the theory is not necessarily UV-complete, which results in violations
of unitarity, which has to be manually accounted for. This is done by adding a formalism that
prevents the scattering amplitudes from approaching infinity at high energies. One of these
formalisms is called "Clipping Unitarisation" and introduces a new parameter, the clipping
energy, below which unitarity is always preserved and above which the EFT contributions are
set to zero. The details of this approach are not further discussed in this thesis. Bottom-up
EFTs have already proven to be useful in the past, e.g. Fermi’s theory for the S-decay [24] can
be classified as one. Fermi modeled a quartic vertex of the fermions (fig.2.7a) that participate
in this process, thus neglecting the W boson which is exchanged in this interaction (fig.2.7b).
This is how he was able to quantify this process more than 30 years before the prediction of

the W and Z bosons in the theory of electroweak interaction.

n

(a) p-decay via (b) B-decay via W-

Fermi interaction Boson

Figure 2.7: S-decay as described by (a) Fermi interaction, (b) weak interaction

2.4.2 Operators

The newly introduced EFT operators have to preserve the symmetries within the SM [22].
This means the operators, which consist of the gauge fields and their covariant derivatives,
have to satisfy the SU(3)c ® SU(2), @ U(1)y gauge symmetry and Lorentz invariance and all
conservation laws connected to these. The lowest dimension operator to fulfill the requirement
is one dim-5 operator, which can be interpreted as the Majorana Mass term for neutrinos
[25]. The next higher dimensional operators to preserve the symmetries are dim-6 operators.
Those operators’ contributions have been studied extensively in LEP and early LHC runs,
and have been found to mainly influence triple self couplings and only affect quartic self
couplings to a lesser extend. Operators of dimension 7 have been found to all violate baryon
number conservation, which is why only dim-8 operators can be used again [26]. These should

contribute mostly to quartic vertices and will therefore be the operators considered in this
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thesis. The Lagrangian from (eq.2.25) with only dim-8 operators added looks like this:
£ o
L = Loy + Z 1O (2.26)

The dim-8 operators [27, 28| can be categorised in 3 classes: S,;M and T. The S Operators
contain only the covariant derivatives of the Higgs field (D,®) and affect vertices with only
longitudinally polarized bosons, and therefore no photons, so they are not relevant for this

study. The M operators consist of the field strength tensors WW = > W/fy% and contribute

to vertices of mixed polarizations, which is the case for the WW~~ avertex. The last group
contains only field strength tensors, and affect only transversely polarized vertices, so the
operators which contain both the W fields and the B* field contribute. The operators that
contribute to the W W~y vertex are [29]:

Ouo = Tr[W, W] - [(Ds®) D0 Ouy = Tr[W,, W] - [(Ds®) D 0]
Ownsz = [BwB"™] - [(Ds®) D" 0] Owms = [BwB"] - (Ds®)! D" @]
Ot = [(D,®) Wy, D'®] - B Onis = [(Du®) Wy, D' D] - B + h.c.

Oz = (D, @) Wy, W5 D" @)

Oro = Tr[W,, W] - Tr[W,s W7 Ory = Tr[Wa, W) - Tr[W, ;W
OT,Q = TT[WCWWM;] . TT[WBVWVQ] OT’5 = TT’[VAVW,W'IW] . BalgBaﬁ
Org = Tr[Wo, W] - B,z B Oz = Tr[W,o, W] - By, B

In some papers an additional operator Oy is listed, which was found to be redundant [28].

2.4.3 Wilson Coefficients

The Wilson coefficients f;, as seen in eq.2.26, can be interpreted as something similar to a
coupling strength of the dim-8 operator. The Wilson coefficients can only be constrained in
combination with the energy scale as ¢; = AfT
limits for the relevant Wilson coefficients as determined at ATLAS for /s = 13 TeV. Since

this thesis is not focused on improving these limits, but rather to see if improvements would

. Below is a table of current limits of the current

be possible with the studied process, only the average of the limits is used in this thesis.

The values in the above table where measured in W+yjj production. In the original paper [2]
the limits where measured for various different variables, but here only the strictest limits are

used.
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Coefficient | Observed 95% CL Limit [TeV "] | Average [TeV "]
Faro/ A [23.99,23.75] 23.87
Fan /A [36.91,37.89)] 37.4
Frio/ A 18.63.8.59] 8.61
Fars/ A [13.42,13.67] 13.545
Jara/ AT [15.45,15.46] 15.455
Fars /A [13.95,12.26] 13.105
Far /A [66.21,65.26] 65.735
fT()/A74 [175718] 1.775
Fri /A [1.09,1.16] 1.125
Fro/A 13.14,3.46] 3.3
Frs /A [1.24,1.25] 1.245
fre/A™4 [1.04,1.06] 1.05
fT7/A74 [274,282] 2.78

Table 2.1: Wilson Coefficients for W+~ coupling, measured via p. distribution for the M-Operators
and p7? distribution for the T-Operators [2]

2.4.4 Decomposition

The differential cross-section of a process is proportional to the square of the absolute value
of the matrix element (ME):

do

— ~ |M? 2.27

M (227)
In the case of a SM EFT, the ME is comprised of the SM ME and an additional EFT ME:
M = Mgy + Mgpr. With this the differential cross section can be decomposed into multiple

contributions:

do
0"~ |M|? = |Msy + Mgpr|® (2.28)

= |Msu|* + Mgy Mgpr + [Mppr|? (2.29)

The first term is the SM contribution, the second term is the linear EFT contribution, or
interference term and is proportional to A=*. Contrary to the other terms, this one can be
negative, thus leading to a smaller differential cross-section. The last term is the quadratic
EFT contribution, which is proportional to A~® and thus is the same order of magnitude as the
contribution of the linear part of dim-12 Operators. This can lead to uncertainties for the cross-
section measurements due to interferences from the dim-12 contribution not taken into account.
For this reason the analysis is done for SM + interference and full dim8-EFT contribution. For
the event generation these contributions are selected by using the "interaction order" syntax,

which is further explained in section 3.2.
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3.1 Event Generation

To study the effects of the EFT in proton-proton collisions, the MC event generator SHERPA
[30, 1] version 3.0.0betal is used. This event generator is able to simulate high energy in-
teractions in multiple types of collisions, especially hadron-hadron collisions. This is done by
simulating the processes in MC steps, where each step represents one phase of the process.
The first step is the hard process [1|, which can be directly calculated from the matrix element
generated by the ME generator Comix [31]. Here this is the production of two jets and pho-
tons from two incoming partons. To obtain more physical results, SHERPA then simulates
additional steps such as parton showering, hadronization, multi parton interactions and some
others. SHERPA can take multiple different inputs into account, such as the beam energy, or
different parton distribution functions. In this thesis, the processes are simulated with the ME
generator Comix and the phase space generator Phasic, which calculate and integrate tree level
amplitudes. To include the dim-8 EFT, an additional model has to be included in SHERPA,
to extend the implemented SM calculations by the additional dim-8 operators. This additional
Model is called SM_Ltotal Ind5v2020v2_ UFO [29]. Originally it was planned, that for the
SM processes, 10 million prior generated events would be used, which have been used in other
analyses and are most likely correct. Unfortunately towards the end of this thesis, it was found,
that the EFT model generates events which are not compatible with the events generated with
standard SHERPA. Therefore for the SM analysis only 2 million events were used, to meet
the time-frame of this thesis. The events produced with the EFT model were generated with
runcards similar to the examples found in A. For each EFT operator 2 million events were

generated for the full EFT contribution and for the SM + linear contribution respectively.

3.2 Runcards

To generate events, SHERPA needs inputs that specify the process some details about the
way this process is supposed to be simulated. These inputs are provided as so called runcards,
which are files in the .yaml format. In these runcards numerous settings can be made, for
example the beam energy, if the events will be weighted, or which renomalizations scales are

to be used. All the setting mentioned below are explained in more detail in the SHERPA
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manual |32]

To imitate LHC run 2, the beam settings are "BEAMS: 2212" and "BEAM ENERGIES:
6500", where the first setting defines the proton beams and the second setting gives a center of
mass energy of /s = 13 TeV. The integration is done with a minimum of 25000 iterations and
an error of 5 %. For the EW diagrams, the reconstruction of the jets assumes only QCD interac-
tions, which is achieved by the "EXCLUSIVE CLUSTER MODE=1" setting. Also the jets
are not supposed to exchange any color charge in this process, which is secured by the setting
"CSS_CSMODE: 1". Multiple settings are made to increase the integration and event gen-
eration performance: "CDXS_VSOPT:5", "MEPS: CORE_SCALE: VAR{Abs2(p|2]+p[3])}
and "SCALES: METS{MU_F2}{MU_R2}{MU_Q2}", where the two latter settings affect
the renormalization scales of the process and core process and stop clustering if no correspond-
ing combination for parton shower branching can be found. As mentioned previously the SM
events generated with the EFT model do not fit with the events generated with standard
SHERPA. One difference that was discussed to maybe be the cause of the deviations between
the generation of SM events with and without the EFT model is the change of "VBF" to
"METS" is the "SCALES" setting. Unfortunately this was found to not be the cause of the
deviations as can be seen in fig.3.1. Here the cross section distribution of the pseudorapidity
of the first leading photon can be seen. While the graphs for the events produced without
the model (red, blue) are very close to each other, the events produced with the EFT model
deviate heavily, changing the shape of the plot. Therefore the "SCALES" setting seems to not

be the reason for the problems.

Pseudorapidity of leading photon
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Figure 3.1: Plot of the differential cross section against the pseudorapidity of the first leading photon.
Red and blue graphs produced without the EFT model, but different Settings for the renor-
malization scale (VBF, METS). Green graph produced with the EFT model and METS
setting

To increase the number of events that pass the analysis cuts (see section 3.3), some pre-
selections are made in the generation process, which are less strict than the analysis cuts.

Those selectors are implemented for the photons and jets created in the process. The photons
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have to have a minimum transverse momentum of pz., > 20 GeV and pr, > 18 GeV. For the
jet selection, the FastJet plugin [33] with the Anti-k; algorithm [34] was used. This selected
events with at least 2 jets, with a transverse momentum of pr, > 20 GeV and a radial param-
eter of AR > 0.4.

While configuring the runcards it was found that the standard phase space integrator used by
Comix, is not able to compute the quadratic contribution of the EFT operators. This seems
to be due to some recent changes that introduced a bug, which could not be fixed in the time
frame of this thesis. Because of this, another phase space integrator, called RAMBO [35], was
used to generate the events with EFT contribution. Since this integrator is not optimized as
well as the standard integrator, problems could arise in the form of calculating a non diverging
cross section, leading to nonsensical results. Luckily the deviations of the cross sections of the
generated events where found to be in the ranges of a few percent, which is precise enough for
the means of this thesis. The quarks involved in the processes were assumed to be massless,
since the ME generator could not find a process for massive quarks. This assumption should
not change the results drastically, since the jets momenta will be much larger than the masses,
therefore the masses can be neglected.

As mentioned in section 2.4.4 the simulation is done once with the full EFT contribution and
once with only the interference term. To achieve this, the maximum process order has to be
defined. The process order specifies the proportionality of the matrix element to the coupling
constants a;. In the SM this also represents the number of contributing vertices of the in-
teraction, where a quartic EW vertex has the proportionality of two vertices, as mentioned
in section 2.3. For an EFT vertex the Wilson coefficient can be thought of as the coupling
constant. Since all the dim-8 operators represent quartic vertices and the Wilson coefficient is
not given as squared value, these vertices are proportional to fgpr ~ agpr. For the WWy~

vertex this would look as follows:

| Mg + MEFT|2 = |MSM|2 + MsyMgpr + |MEFT|2
2 1 1/2 1
~ Opw ~ OpwCppr ~ Qppr

So to generate a quartic EW vertex including the SM and the linear EFT contribution, di-
agrams of the order a2y, 0%y and aly, o}z would have to be considered. To include the
quadratic EFT contribution also a vertex of order a%, ok would need to be allowed. This is
achieved with the "Max Order" setting. To generate the full 4vjj production processes, the
remaining vertices have to be included as well. The SM EW production has the proportionality
~ a0 o, the linear process ~ o3, a2, and the quadratic contribution ~ a2, 0k pr.

To have truly compatible data it would have also been necessary to generate the QCD events
with the EFT model to avoid any deviations created by this model. Unfortunately the integra-
tion time of the QCD processes was too high, so it was not finished until the end of the time of

this thesis. This is due to the QCD process containing not just the 2->4 yv55 production, but
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also processes with additional jets. It also is questionable of the events produced within the
model would have been useful since for these processes, diagrams of NLO or containing loops
would have a significant contribution, yet the EFT model did not allow for the generation of
events with those additional diagrams. Because of this, for the calculation of the uncertainties
the QCD events generated without the EFT model were used, though it is likely that the cross

section of those is too low.

3.3 Data Analysis

The Analysis of the particle event data generated by SHERPA is done with the Rivet analysis
toolkit [36, 37|, which is specifically designed for the analysis of particle physics MC data.
Since the collisions of particles are quantum mechanical processes, it is not possible to identify
the chain of interactions which lead to the measured events, but only to make statistical
statements about the likelihood of a certain processes’ contribution. In V'V jj production,
VBS processes have a distinct signature, with high invariant masses (m;;) and large rapidity
differences (AYj;) of the jets [38]. But each VBS process has additional signatures in various
observables, that allow for a better distinction between them. So to maximise the number of
events, that are correctly counted as signal events, certain cuts in the processes phase space
are applied. These cuts are applied on the rapidities, pseudorapidities and angular distance
as defined in section 2.1.2, as well as transverse momenta (pr) and invariant mass of the jets.
Additionally on the number of jets in the gap between the leading jets N7°% cuts are applied,

jets
as well as on the centrality defined in eq.3.1.

€= ‘Yw - (Yal + }/}2)/2|
AY..

J

Y., being the rapidity of the added four momenta of both photons.
The number of gap jets is determined by identifying additional jets, besides the leading jets.
The leading jets’ rapidities are used as upper and lower bounds for the jets. The additional

jet is counted as a gap jet if:
lower + 0.1 < Y3 < upper — 0.1. (3.2)

The invariant mass of two particles is calculated as:

mizy =V (By + B2)? — (P + [2)? (3-3)

The leading jets and photons are labeled 1 and 2, based on their transverse momentum, where
the particle with the higher pr is labeled particle 1. The exact cuts applied can be found in
table 3.1. The Analysis code and cuts were taken from an ongoing ATLAS SM VBS ~vjj
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Analysis, so no citation is possible.

Observable event included if
PTy > 40 GeV
PT s > 30 GeV
71,2 <237
exluding: 1.37 < |n,, | < 1.52
pT,jm Z 30 GeV
Y. <44
AR, > 0.4
AR,; > 0.6
mj; 2 500 GeV
Y Y, <0
AY; > 2.0
Nf;i =0
& <0.5

Table 3.1: Cuts applied to the analysis

The goal of this thesis is to visually compare the differential cross sections of processes with
EFT contribution to SM processes. This is done to see if improvements on the limits of
the Wilson coefficients could be expected with processes including the WW~~ vertex, or
if technical limitations do not allow for that. For this the differential cross sections of the
EFT processes are plotted with the SM processes. If the EFT cross sections lie outside the
error margins of SM processes, improvements on the limits could be possible. To make this
comparison meaningful, it is necessary to determine the uncertainties of the SM process. For
this thesis, the uncertainties considered are the statistical uncertainties of the VBS signal (S)
and QCD background (B) and an additional systematic uncertainty for the background, which
comes from estimations of errors for renormalization scale variations. The produced events
are assumed to be Poisson distributed. Therefore the statistical uncertainty for each bin can
be calculated by using the number of events per bin. With eq.2.1, the expected Number of
events (Ny;,) per bin can be calculated where the total cross section is the differential cross
section the bin represents, and the integrated luminosity is 139 b, as given for LHC run 2.
2 do

Nyi, = Ovin - Lo = / %d:p -Lryc with x5 being the bin edges. (3.4)

xr1

With this the variance of each bin, and therefore the standard deviation can be calculated as

(ANbin)2 = Nbin = Aszn =V Nbin (35)

Since in this thesis simulated data is used, the statistical uncertainties for the entire data (D)
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and for the QCD background are considered. Therefore the statistical uncertainties are:

AND,stat = \/ Np = \/ NS + NB and ANB,stat =\ NB (36)

As systematic uncertainties only ones that stem from renormalization scale variations in the
QCD background are considered, to fit the scope of this thesis. For di-photon production from
two protons the corrections for LO hard processes, as considered in this thesis, are assumed
to be in the range of ~ 30% [39]. With this, the systematic uncertainty can be calculated as
30% of the background events:

ANB syst = 0.3 - Nocep. (3.7)

To calculate the absolute uncertainty for the differential cross section in each bin, the relative

uncertainties of the events are used:

A]\fbin
Ao in — OS.bin * 3.8
’ 50 NS,bzn ( )
Thus, the total uncertainty for the Signal can be calculated as:
A (AJVD,SMt)2 + <ANB,stat)2 + (ANB,syst>2 (3 9)
0og =0 —_— —_— —_— .
ST Ns Ng Ng
VNs+Nz\°  (VNz\°  [03-Np\?

=09 —S B + - & + b (310)

Ng Ng Ng
- %\/Ns +2Np + (0.3 Np)2. (3.11)
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Figure 3.2: pr,, plots for the VBS Signal and the QCD backround with statistical and once with and
once without systematic uncertainties

In fig.3.2 the uncertainties for pr,; can be seen. It is noticeable that the uncertainties at high
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differential cross sections are barely visible and only get significantly high at low cross sections.
It can also bee seen that the uncertainties are dominated by the statistical uncertainties,
and that the systematic uncertainty does not contribute much to the overall uncertainty,
as it is almost identical in both plots. Since it would have been expected, that the QCD
background has a cross section higher than the EW signal, it also would have been expected,
that the uncertainties would be larger due to the increase in both statistical and systematic
uncertainties. Additionally, it can be seen in eq.3.11 that Aog ~ Npg. This means that
if the QCD background was compatible to the signal data, the total uncertainty would be
dominated by the systematic uncertainty instead of the statistical uncertainty. This leads to
the conclusion, that the uncertainties are underestimated here. Unfortunately to fix this it
would at least be necessary to generate the QCD events using the EFT model. As mentioned
before, this was not possible in the time-frame of this thesis, as the integration time for this

is very high. Therefore in this thesis the uncertainties will be used as they are shown here.






4 Results

In this section the results of the simulations are shown in the form of bin plots of the processes
with EFT contribution and the SM processes. The plots show three lines, where the red line
represents the SM, the blue line represents the processes with full EF'T contribution, and green
represents only the linear EFT contribution. Additionally the uncertainty margins of the SM
signal are plotted to see if the EFT processes lie within or outside of those. All plots show the
differential cross section fl—g where x represents the observable plotted on the x-axis, e.g. the
added transverse momentum of the jets pr,,. The bins contain the differential cross section
integrated over the bin width. The plots shown here are only a selection of all plots made for
only some of the operators. This is to keep the amount of plots reasonable and because for
most of the operators the plots look similar. The plots not chosen for this results section can
be found in (section A). As mentioned before, during the final stages of this thesis, a problem
with the events from the EFT model was found, which resulted in the cross sections of the SM
events generated without the EFT model and the EFT events not being compatible. Because
of this only data from events generated with the EFT model is considered here. The deviations
of the EFT model events and the standard SHERPA events can be seen in fig.4.1 where the
cross section of the SM EW predictions from both methods are plotted. It is visible that not
only do the cross sections differ strongly as seen in fig.4.1a, but also the shape of the plots can
be heavily affected, as shown in fig.4.1b. The comparison of the cross sections of the SM and
the EFT predictions is made under the assumption that the overall effects would be similar if
the data were correct. Unfortunately the mismatch could not be further investigated due to
the time constraint of this project. The comparison between EFT and SM predictions should

be repeated once consistent data becomes available in order to ensure the accuracy of the results

First it can be noted that the applied analysis cuts were effective and can be seen in the
plots of the respective quantities in fig.4.2. For fig.4.2a and fig.4.2b the cuts are easily visible.
For fig.4.2d the cut is not as clear, since the bin widths are not set in a way that results in
a bin edge at 500 GeV, but slightly behind that value. This leads to the bin before 500 GeV
having a non-zero differential cross section. However it is also visible that there is a steep
increase from this bin to the next, so most events were cut out and the cut was effective. In
fig.4.2¢ the cuts can be seen once in the first and last bin being empty and also the bins in

the exclusion ranges being empty. Also the cuts in the transverse momentum of the jets lead
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Figure 4.1: Comparison of cross sections from events generated with standard SHERPA and the EFT
model

to the jets being in ultra-relativistic energy ranges (E; > m; = E; =~ p;), which leads to the
rapidity and pseudorapidity being almost equal as mentioned in section 2.1.2. This can also
be seen in fig.4.3. In fig.4.3a and fig.4.3b the plots for the differential cross section against the
rapidity and pseudorapidity of the first leading jets are shown, which look very similar with
only minor deviations. The same can be seen in fig.4.3c and fig.4.3d. Here the shapes of the
plots are near identical for |[AY};| and |An;;|, and the differential cross sections in the rapidity
plot is about twice as high as in the plot for the pseudorapidity for either An;; = 0. This
leads to the conclusion that the assumption made in the event generation that the particles
are massless is a good approximation and does not cause any major deviations. In fig.4.4 the
different contributions of the M and T EFT operators are plotted for m.,. It can be seen that
the EFT contributions only change the differential cross section in the high energy region. The
deviations in the low m., region are due to the MC generation and would disappear with a
higher number of events. In the high energy region, the differential cross section is changed for
the full contributions for some of the M operators. Furthermore for the linear contributions
of some of the T operators and the full contributions of all T operators an increase of the
differential cross section can be seen here. The increase is the highest for the full contributions
of the T operators, where the shape of the plot is visibly changed in the high energy region.
The total cross section of the SM prediction as obtained from the EFT model generation with
applied analysis cuts is about 0.167 pb. This is too high, since for this process with the applied
cuts, the total cross section was determined as 25fb in simulations without the EFT model.
That means the total cross section used here is about 6.7 times higher than expected. This

shows once more, that there seems to be some error within the generation of the events or the
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used EFT model. In table 4.1 the total cross sections of the EFT operators with linear and full
contribution can be seen. This shows that the EFT operators do not increase the total cross
section very much. In cases, where the total cross section is decreased, the MC generation
of the events is likely the cause, which means that this effect would disappear with a higher

number of events.

As mentioned above, the effects introduced by the EFT operators are not very large. Since the
existing limits for the Wilson coeflicients are already very narrow, this was to be expected, as
huge deviations especially at high differential cross sections could probably not be corrected
within the EFT limits. In fig.4.5 some plots for the M1 operator can be seen. In the plots for
the invariant masses of jets and photons the deviations are mostly very small and lie within the
SM uncertainties. For high invariant jet masses there are some larger deviations which mostly
still lie within the SM uncertainties. For the one bin at about 1700 GeV < m;; < 2200 GeV
with larger deviation, this deviation also has a large uncertainty due to the MC generation
of the events. For the combined transverse momenta of the jets and photons there are some
deviations in the low energy region < 20 GeV. These are also likely due to the MC generation,
which is visible by the strong fluctuations between the bins and would disappear with higher
event numbers. In fig.4.6 plots for the M2 operator are shown. For the combined transverse
momenta and the invariant mass of the jets the behaviour is very similar as for M1. However
for the transverse momenta of the jets there seem to be some more interesting effects. Here
the full EF'T contributions seem to deviate more significantly from the SM prediction in the
high energy ranges. This also cannot be entirely explained by the uncertainties due to the MC
generation. In this region there seems to be another peak of the differential cross section after
which it decreases again. This means this effect is not created by a unitarity violation which
would happen at energies closer to the energy scale and would need to be fixed by applying a
clipping energy, but rather is an effect the EFT operators predict. This effect is visible for all
operators which contain the gauge field connected to the U(Y); symmetry group B*”, so M2,
M3, M4, M5. It is strongest for those containing multiple instances of this field. However, this
deviation is also located in a region with an already low differential cross section and therefore
large statistical uncertainties. This leads to the deviations visible being within the uncertainty
margins for the SM predictions, which means that the effect do not necessarily allow for im-
provements of the limits of the Wilson coefficients. Nevertheless, it is interesting to see these
deviations as it shows that the W W~ vertex truly is sensitive to these operators and would
possibly allow for improvements in the future with higher energies and luminosities. For the
TO operator some plots are shown in fig.4.7. In the low energy region the behaviour of the
differential cross section again does not differ much from the SM predictions. The plot for the
invariant mass of the jets generally does not deviate too much from the SM prediction. The

pr;; and pr. . plots already show some deviations of the full EFT contribution from the SM in
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the high energy region. Those, however mostly lie within, or barely outside of the SM uncer-
tainties. For m,, and pr,, , this is not the case. The deviations of the full EFT contribution
seen in those diagrams at high energies are clearly outside of the SM uncertainties. Especially
for the transverse momenta of the single photons the EFT operator seems to noticeably affect
the differential cross section, bringing it outside the uncertainty margins of the SM prediction.
Again the EFT operator introduces additional peaks of the differential cross section which for
TO are located at about pr,, = 1050 GeV and pr., = 900 GeV. These deviations could allow
for improvement of the EFT limits, though it would need to be confirm that the effects in the
data produced by the EFT model would be the same relatively for the correct data. Addition-
ally, a more sophisticated analysis would be needed to get the complete uncertainties for the
SM prediction. For the T5 operator the plots can be found in fig.4.8. Here similar effects as
for TO can be seen. While for the jets the cross sections are barely affected, the plots for the
photons clearly show the contribution of the EFT operator. The most significant effect again
can be seen in the plots for the transverse momenta of the single photons. The effect here is
even larger than for the TO operator. For the T operators an equal observation can be made
for the relation between the effects introduced by the EFT operator and the gauge fields the
operator contains. As for the M operators, those which contain the B*” field produce larger
effects than those that only contain the Wl“ ”73 fields. However, in contrast to the M operators
where those that do not contain the B*” field do not produce any clearly visible contribution
to the cross section, all T operators affect the cross section in a noticeable way. Overall it can
be said that an improvement for the EFT limits could be possible by studying the process of
di-photon production, more specifically those that contain the WW~~ vertex. But for this at
least a more thoughtful analysis of the uncertainties would have to be done since in this thesis
only the statistical uncertainties and the systematic uncertainty of the background signal were

considered.
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Table 4.1: Total cross sections of the EW ~~j; production for the different EFT operators and contri-

Operator | ogar+rin [PD] | 0ru [PD]
MO 0.162 0.147
M1 0.161 0.204
M2 0.168 0.164
M3 0.165 0.196
M4 0.177 0.154
M5 0.172 0.168
M7 0.160 0.175
TO 0.166 0.162
T1 0.172 0.180
T2 0.148 0.154
TH 0.189 0.188
T6 0.171 0.162
T7 0.208 0.181
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5 Summary and Outlook

The goal of this thesis was to compare the differential cross sections predicted by the SM
to those obtained by extending the SM with dim-8 EFT operators. This was done to see if
improvements to the current limits of the Wilson coefficients of the EFT operators could be
possible with the current technical limitations in center of mass energy and integrated lumi-
nosity of the LHC. For the M operators some deviations from the SM predictions could be
found in the data, for the operators containing the B*” field. However these deviations are
probably not large enough to allow for improvements of the EFT limits as they were within
the SM uncertainties. The T operators on the other hand leave more room for improvements
since they seem to be more sensitive to the di-photon production process. The deviations ob-
served in the transverse momenta of the photons are clearly outside of the SM uncertainties,
although to confirm that the deviations truly are large enough it would be necessary to analyze
the uncertainties more thoroughly, and more events would have to be generated in order to

reduce any effects introduced by the MC simulation.

For an actual improvement of the EFT limits, it would first be necessary to find the reason
for the deviations between the SM events generated with and without the EF'T model. In this
thesis a few possibilities as for example slight changes in the SHERPA runcard settings were
considered as the reason for this, but none of those were found to be the reason. A possibility
which could not be tested is that the EFT model does not correctly apply the QCD order,
which would lead to the EW signal also containing the QCD background. For this the QCD
background generated with and without the EFT model would need to be compared. If they do
not deviate, that could be a hint, that this might be the cause of the issue. Unfortunately due
to the limitations of the time-frame for this thesis, it was not possible to test this hypothesis.
Another possibility is that the implementation of the EF'T model into SHERPA does not work
as intended. This could be either because the "Sherpa-generate-model" script, which adds the
EFT model to SHERPA, does not function properly or because the EFT model, which was
originally created for the use in MadGraph, is not optimized for the use within SHERPA and
would have to be adjusted. Regardless of what the problem is exactly, it would have to be
fixed to be able to use the results from this thesis for future studies.

If the observed effects turn out to be correct, then in future works some additional steps

would have to be taken to confirm the observations and actually improve the limits. These
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steps would involve generating a higher number of events to minimize the uncertainties added
by the MC generation and also to consider more systematic uncertainties for e.g. the nor-
malization. Also considering diagrams at NLO could improve the measurements and would
reduce new systematic uncertainties and those already considered. For the QCD productions,
considering NLO diagrams could already decrease the renormalization scale correction from
~ 30% to ~ 20% [39]. It could also be necessary to study the effects of dim-12 EFT operators
on this vertex, since the linear contributions of those are of the same order as the quadratic
contributions of the dim-8 EFT operators (A™*). Finally it would be necessary to compare the
simulated data to actual data from the ATLAS detector to confirm the simulated data does
correspond to reality.

A definite way of improving the limits would be to have higher beam energies, and to look
at data with higher integrated luminosity. This would decrease the relative statistical un-
certainties, since it would increase the number of events counted in each bin. However, for
simulated data to be comparable with experimental data of that kind, run 3 of the LHC has
to be completed and the data has to be analyzed. Only then would it be possible to compare

simulations containing these improvements with real data.
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A Appendix

Sherpa runcard example

EW Runcard

# general settings

EVENTS: 100000

EVENT_GENERATION_MODE: Weighted

# ME generator setup

ME__GENERATORS: Comix

MEPS:

CORE_SCALE: VARAbs2(p[2]+p[3]);

# other settings

ALPHAQED_ DEFAULT_SCALE: 0.0 # variation for alpha QED
SCALE_VARIATIONS: 4.0* # 7-point scale variation
PSI_ItMin: 25000 # min number of iterations for ME integration
Integration _Error: 0.05

CSS_CSMODE: 1 # no exchange of color charge between jets
EXLUSIVE_CLUSTER_MODE: 1 # reconstruction of jets asumes only QCD interactions
CDXS_VSOPT: 5

TAGS:

QCUT: 10

#Integrator

INTEGRATOR: Rambo

SCALES: METS{MU_F2}{MU_R2}{MU_Q2}

# model setup

MODEL: SM_ Ltotal _Ind5v2020v2_UFO

PARTICLE_DATA:

1: {Massive: false}

2: {Massive: false}

3: {Massive: false}

4: {Massive: false}

5: {Massive: false}

11: {Massive: false}

13: {Massive: false}

15: {Massive: false}

# LHC beam setup:

BEAMS: 2212

BEAM _ENERGIES: 6500

# generate all 2 -> 4 yyjj processes that include max 1 EFT vertex
PROCESSES:

- "93 93 -> 22 22 93 93™":

Max_Amplitude_Order: QCD: 0,QED: 4,M0: 1,M1: 0,M2: 0,M3: 0,M4: 0,M5: 0,M6: 0,M7: 0,S0: 0,S1: 0,S2: 0,T0: 0,T1: 0,T2: 0,T3: 0,T4: 0,T5:
0,T6: 0, T7: 0,T8: 0,T9: O

SELECTORS:

- VariableSelector: # Photon cuts

Variable: PT # Transverse Momentum

Flavs: [22] # Photons

Ranges:

- [20, E_CMS] # ranges for p_ T of emitted photons

- [18, E_CMS]

Ordering: [PT_UP|

- FastjetFinder:

Algorithm: antikt # Jet cuts

N: 2

PTMin: 20.0

ETMin: 0.0

DR: 0.4

- [IsolationCut, 22, 0.1, 2, 0.10]

- [DR, 22, 22, 0.2, 1000.0]

UFO_PARAMS: | # wilson coefficients (f i/Lambdad) [(GeV)24]
block anoinputs

4 23.87e-12 # FMO, (only as one example)
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Figure A.6: Effects of L71 on the diff. cross section for different variables and SM diff. cross section
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