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Abstract

The Template Fit Method, implemented in ATLAS multi-boson analyses, applies tem-
plates to the different isolation energy (Fig,) distributions of promptly produced (real) and
not promptly produced (fake) photons to estimate their relative contributions. Since Fi,
is dependent on the transverse momentum (pr) of the photons, and processes vary in pr
distributions, new templates are needed for each final state. A previous study generalised
the templates for real and fake photons by investigating the correlation between Eiy, and
pr of Zv and Z~vv final states under Run-2 conditions. However, whether such gener-
alisation of templates can be extended to Run-3 and other final states remains an open
question. This thesis aims to derive new general templates from Z~ and W+~ final states
under Run-3 conditions and applies these across different processes, such as Z~vy and W~
final states to examine their potential universal applicability. The extracted templates
exhibit good agreement with the Ejy, distributions in various final states and with each
other. Overall, the results strongly indicate that a generalised Template Fit Method can be
successfully implemented in Run-3 environments and extended to electroweak final states
with W bosons.

Kurzfassung

Die Template Fit Methode, die in ATLAS-Multibosonenanalysen implementiert wird, ver-
wendet Templates fiir die unterschiedlichen Isolationsenergieverteilungen ( Ei,) von prompt
erzeugten (real) und nicht prompt erzeugten (fake) Photonen, um deren relativen Beitrége
abzuschétzen. Da FEis, vom Transversalimpuls (pr) der Photonen abhéngt und verschiedene
Prozesse unterschiedliche pr-Verteilungen aufweisen, werden fiir jeden Prozess neue Tem-
plates benotigt. In einer vorherigen Studie wurde eine Verallgemeinerung der Templates
fiir reale und fake Photonen entwickelt, indem die Korrelation zwischen Ei, und pt der
Z~und Z~vy Prozesse unter Run-2-Bedingungen untersucht wurde, wobei jedoch ungeklart
bleibt, ob diese Verallgemeinerung auf Run-3 und andere Prozesse erweitert werden kann.
Diese Studie extrahiert allgemeine Templates aus Z+ und W+~ Prozessen unter Run-3-
Bedingungen und wendet sie auf verschiedene Prozesse an, wie die Z~v~ und W~ Prozesse,
um ihre universelle Anwendbarkeit zu priifen. Die Templates zeigen eine gute Ubereinstim-
mung mit den FEi-verteilungen in verschiedenen Prozessen und untereinander. Insgesamt
deuten die Ergebnisse stark darauf hin, dass eine verallgemeinerte Template Fit Meth-
ode erfolgreich in Run-3 implementiert und auf elektroschwache Prozesse mit W Bosonen

erweitert werden kann.
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1 Introduction

The Standard Model (SM) of particle physics represents the attempt to explain the ele-

mentary constituents of matter. It is one of the best-tested theories in physics.

In the SM, the elementary constituents of matter are grouped into two different kinds of
particles: fermions and bosons. Fermions are elementary matter particles called leptons
and quarks. They occur in three generations with increasing mass. Interactions between
fermions are mediated through bosons, which characterise the fundamental forces. In
total, there are four fundamental forces. The electromagnetic force is carried by photons
and describes the interactions of particles with electric charges. Furthermore, the strong
force is responsible for the binding of quarks and is mediated by bosons called gluons.
Interactions through the weak force are possible for short ranges and are mediated by the
massive Z and W bosons. At large scales, gravity is the dominating force, which is not
included in the current SM [1].

The SM is tested in modern particle physics experiments that typically utilize the inter-
action of particles with matter for detection and identification purposes. One possibility
is producing particles in high energy collisions, like at the Large Hadron Collider (LHC),
located at CERN near Geneva. The accelerated protons or lead ions are focused in beams
and arranged to collide at certain locations. At each collision point different detectors, such
as the ATLAS detector, measure and analyse the resulting collision products. By studying
the detector signatures the produced particles can be identified and their properties can

be further examined [2].

One key aim of the ATLAS experiment is to investigate the electro-weak sector of the
SM. This is done by analysing various weak interactions that produce Z, W= bosons, and
photons in final states such as the Zv, W~, Zvyvy, and W~y final states. A challenge
in analysing data of such final states is estimating the background contribution of fake
photons. Fake photons are photons that are not produced in the hard scattering inter-
action, mainly arising within the fragmentation of jets (7° — ), or are other particles

misidentified as photons.

In order to distinguish between promptly produced (real) photons and fake photons the

difference in the isolation energies of the two photons can be exploited. The isolation energy



1 Introduction

of a photon describes the additional energy deposits around the photon. Fake photons have
distributions of isolation energies, that shift to higher energies and are broader, compared
to those of real photons. This is due to additional energy in the surroundings of fake
photons arising from jet remnants. This distinction has been used in previous ATLAS
analyses in the Template Fit Method to estimate the background contribution of fake
photons. This method includes extracting templates for the isolation energy distributions
of real and fake photons. The templates for real and fake photons are summed and fitted
to data to obtain a proper normalisation. With this method, it is possible to estimate the

individual contributions of real and fake photons for the final state under study.

Until recent studies, new templates had to be extracted for each studied final state to
apply the Template Fit Method. This was due to the dependence of the isolation energy
on the distribution of the transverse momentum (pr) of the photon. The pr distribution
can vary across different final states, such as Z+ and W+, or in final states with multiple
photons, like Z~~, where leading and subleading photons exhibit different p distributions.
A recent study [3] on the final states Zv and Zvv under Run-2 conditions attempted to
solve this challenge by developing a generalisation of the isolation energy templates. In
the study, the pr dependence of the templates was examined. The template was factorised
into a generic part and the final state-dependent pr distribution of the photon. With this
Enhanced Template Fit Method, it was possible to extract one template from the Z~ final
state that described the isolation energy distribution for both the Z~v and Z~~ final state

under Run-2 conditions.

In this thesis, the applicability of the Enhanced Template Fit Method to the Zv and
Z~~ final states under Run-3 conditions is studied, and its potential extension to other
final states including the W boson, such as the W~ and W~y processes. In Chapter
2, key elements of the ATLAS detector are discussed. Chapter [3] explains the photon
reconstruction and identification procedures at ATLAS. After discussing the Template Fit
Method and its enhancement in Chapter [4 new templates are generated for real and fake
photons using the Z~ and W final states selected from Run-3 MC simulations in Chapter
and [6] Finally, the templates for real and fake photons are compared across different

final states.



Author’s Contribution

The analysis in this thesis involved a process with many different steps. It required many
preparatory activities including data conversions and assessments of MC simulations. In

this paragraph the author’s contribution during this process is outlined.

The general procedure of the Enhanced Template Fit Method was already provided from
a previous study on Run-2 data. For the preparation of the analysis in this thesis, I first
affirmed key statements from the study on Run-2 data by reproducing many of its results
using the same Monte Carlo (MC) simulations generated by Sherpa 2.2.10 as in the original
study. For the analysis of the final states with real photons under Run-3 conditions, MC
simulation samples were already provided. However, for the MC simulations needed for the
analysis of the templates for fake photons, some samples proved to be incomplete. With
the help of colleagues in my research group, new suitable samples were found and the
data was collected. All the MC simulations used in this thesis were generated by Sherpa
2.2.14. The samples were provided in a PHYSLITE data format, which I converted using
a provided code into accessible data formats (NTuples) for the software that I used. I
checked the completeness and integrity of the samples, including, and in particular detail,
after the data format conversions. This thesis utilised many different MC simulations, for
which I performed the event selections. I conducted in total 10 different event selections
of various signal and background MC simulations, many of which had not been studied by
any means within the group yet. Therefore, I needed to investigate the samples and adjust
certain criteria for the selections with the MC simulation samples used. After collecting
the necessary MC simulations and assessing them, I implemented a new fit for final states

under Run-3 conditions.






2 The Large Hadron Collider and the ATLAS De-
tector at CERN

The LHC [2] is built as a large ring, with a circumference of 27km, around 100 m below
the ground. Within the acceleration process, proton beams are preaccelerated, increasing
the beam energy at each stage, until they are ultimately injected into the LHC. The
LHC contains two separate proton beams that are bent onto a circular path by cooled
superconducting magnets. They circulate in opposite directions and are stored for several
hours in the ring. The two beams are crossed at four points, where particle detectors are
located to detect the resulting collision products. To increase the luminosity, the protons
are grouped in bunches that are focused on a width of a few um. Each beam contains

around 2800 bunches, with each bunch holding up to 10* protons [4].

In 2022, a new period of data taking (Run-3) at CERN was initiated after several years of
upgrading and maintenance work. Run-3 will last for four years at a newly achieved centre-
of-mass energy of 1/s = 13.6 TeV. Run-3 is expected to deliver an integrated luminosity of
Line = 250 b~ [5], nearly double the amount of that achieved during Run-2 [6]. During the
preparations for Run-3, the four detectors at LHC received major upgrades to their detector
systems, computing infrastructure and to their data readout. The studies presented in this

thesis utilise MC simulations under Run-3 conditions.

The ATLAS Experiment

The ATLAS detector [5, 7] is the largest detector at CERN. The full detector system
in its current state is shown in Figure . The geometry of the detector [1] is outlined
with spherical coordinates describing the plane transverse to the beam (z direction). The

pseudorapidity n is typically used in place of the polar angle ¢, defined by the equation:

2 -t un (2)] 0

Angular distances can be expressed as:

AR = /(An)? + (A¢)%. (2)
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With these coordinates, relevant variables like the transverse energy of a particle Er can
be defined as:

E
Er = (3)
coshn
with E describing the particle’s energy.
barrel New Small Wheel (NSW) barrel toroid magnet
muon chambers muon chambers

endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet

barrel hadronic calorimeter

Figure 1: Cut-away schematic overview of the whole ATLAS detector after Run-3 installations. Taken

from [§].

ATLAS is a general-purpose detector, recording data for many different research sectors
in particle physics. With energies reaching to TeV scale and high integrated luminosity, it
is possible to explore rare electro-weak final states. The detector is built concentrically in
different layers around the collision point that makes it possible to identify the particles

and record their trajectory, momentum and energy.



The Inner Detector

The Inner Detector [9] is build around the proton beam at the collision point. It is placed
in a 2 Tesla solenoidal magnetic field, which is parallel to the beam. The Inner Detector
measures the momentum of charged particles and allows vertex and track reconstruction.
In the innermost part, compact layers of silicon pixels measure the trajectory by detecting
signals of energy deposits created by the charged particles. In the middle of the detector
lies the Semiconductor Tracker consisting of over 4000 modules of 6 million micro-strips of
silicon sensors. They allow the reconstruction of tracks of charged particles with a very high
resolution. The outermost part of the Inner Detector features around 300000 thin-walled
drift tubes filled with a gas mixture. With ionisation and transition radiation effects, it is

possible to both reconstruct tracks of particles and identify them.

The Calorimeters

A Calorimeter performs measurements of the energy of particles. Incoming particles are
absorbed by a passive medium, producing showers that ionise an active medium. The
ionisation can be converted into an electric current, generating a signal, from which the

energy of the particles can be derived.

e The electromagnetic (EM) calorimeter [7] at ATLAS uses lead as the passive
medium and liquid Argon (LAr) as the active medium. The LAr is sandwiched
between layers of lead. In 7 direction, the EM calorimeter is composed of a barrel
section (|n| < 1.475), two end caps (1.375 < |n| < 3.2) and LAr forward calorimeter
(3.1 < |n| < 4.9). The EM calorimeter features layers with varying thicknesses across
different |n| regions, providing very fine granularity. This fine granularity enables

highly precise energy measurements and spatial resolution.

e The hadronic calorimeter [10] at ATLAS measures the energy of hadrons that do
not deposit all their energy in the EM calorimeter. Incoming hadrons interact with
steel tiles, creating showers of new particles. The shower is detected with plastic
scintillator tiles, that produces photons. These photons induce an electric signal,
with the intensity being proportional to the energy of the shower. Just like for the
EM calorimeter, the hadronic calorimeter is extended by a LAr hadronic endcap at

1.5 < |n|] < 3 and LAr forward calorimeters up to |n| < 4.9.
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The Inner Detector and calorimeters together build a detector system which collects enough
data to accurately identify incoming particles such as electron and photons. An electron

passing through the different layers of the detector is illustrated in Figure

hadronic calorimeter

third layer
Anx Ap=0.05x0.0245

second layer
Anx Ag=0.025x0.0245

first layer (strips)
A A= 0.0031=0.098

presampler

TRT (73 layers)

beam axis pixels

heam spot

do

insertable B-layer

Figure 2: Schematic path of an electron in the detector. The dashed red line illustrates the path of a
photon produced by interaction of the electron with detector materials. The electron first passes through
the Inner Detector. It consists of silicon pixels, the Semiconducter Tracker (SCT) and the Transition
Radiation Tracker (TRT) that perform measurements to identify and reconstruct the track of the electron.
After the Inner Detector, the electron passes through the EM and hadronic calorimeter. Here, the electron
is absorbed and produces showers from which its energy can be derived. Taken from .

The Muon Spectrometer

Muons are one of the few particles that cross the thick layers of the calorimeters. This is why
the outer layer of ATLAS is built for the detection of muons. In the muon spectrometer
, five different detector technologies serve the identification and measurement of the
transverse momentum of the muon. Three large toroid magnets create the magnetic field
needed inside the muon spectrometer. Precision detectors determine the position of the

muons and Fast-Response Detectors the momenta.



3 Photon Reconstruction and Identification at ATLAS

Different particles leave distinct patterns when passing through the detector. From these
signature trajectories, the particles can be reconstructed and identified. Since this thesis
studies final states with photons, the focus of this chapter lies on the reconstruction of
photons. Photons can be reconstructed and classified based on their energy deposits in the

calorimeters and the track information from the Inner Detector.

3.1 Photon Reconstruction

The reconstruction of photons and electrons starts with the construction of topo-clusters
using a set of threshold conditions, commonly named the ”4-2-0" algorithm [11]. It firstly
involves the summation of calorimeter cells above a certain significance threshold |(een| > 4,

where the significance is defined as:

Ceell = Lo (4)

Onoise,cell
Here, E.on stands for the energy and opeisecen for the noise of a cell in the calorimeter.
Next, neighbouring cells are successively added to the cluster if they exceed a threshold
of |Ceen| > 2. If the condition is fulfilled, the cell serves as a seed cell, and the iteration
continues for this cell. Once the condition is not fulfilled, the remaining neighbouring cells

with |Ceen| > 0 are added. All together, these cells form topological clusters or topo-clusters.

For the reconstruction, only topo-clusters above the threshold of EEM > 400 MeV and

topo
EM
with fey = gzg{’; > 0.5 are considered. Here, Efﬁ;fo is the energy of the topo-cluster only
topo
in the EM calorimeter and E{o%! is the total energy of the topo-cluster.

These reconstructed topo-clusters are then matched to possible tracks in the Inner Detector.
Different particles produce distinct tracks in the Inner Detector, such as electrons that
generate hits within the Inner Detector material. Photons can leave different signatures in
the detector, depending on their interaction with the detector materials, called unconverted
and converted photons. The expected tracks and cluster formations of converted and

unconverted photons are displayed in Figure [3} Unconverted photons leave no track in the

9



3 Photon Reconstruction and Identification at ATLAS

Inner Detector. Thus the topo-clusters produced by the energy deposits in the calorimeter
can not be matched to a track or vertex. Converted photons have interacted with the
detector material before reaching the calorimeters, resulting in the production of an e*e™-
pair. Therefore the clusters can be matched to two tracks in the Inner Detector and a
conversion vertex. In addition to the signatures shown in Figure 3| photons may also
interact with the detector materials through Compton-scattering that would only leave a

single track in the Inner Detector.

Cluster Cluster

Cluster Cluster

Track Track
Vertex

No track Track

Inner

Detector e

Detector

Inner
Detector

EM Calorimeter

EM Calorimeter EM Detector

Photon Electron Photon Conversion

Figure 3: The signatures of photons, electrons and photon conversions in the Inner Detector and EM
calorimeter of the ATLAS detector. Unconverted photons leave no track in the Inner Detector but produce
a cluster in the calorimeters. Photons can interact with the detector materials and convert into a e™e™-pair
that leave two tracks in the Inner Detector. In the case of Compton-scattering, the calorimeter cluster can
be matched to only one track in the Inner Detector. Taken from .

After track matching, the topo-clusters are then sorted with respect to their transverse
energy. The topo-cluster with the highest energy is selected as the starting point of the
construction of so-called super-clusters. A topo-cluster can be used as a seed for a super-
cluster, if it has an energy above EXM > 1.5 GeV. Topo-clusters in the region n X ¢ =
0.075 x 0.125 around the super-cluster seed’s barycentre are added to the super-cluster
and are referred to as satellite clusters. A cluster can not be used as a seed cluster if it
has already been added as a satellite cluster to another super-cluster. Finally, the energies
are calibrated and corrections for the position are carried out. By matching the final

super-clusters to tracks and conversion vertices in the Inner Detector, the particles can be
identified.

10



3.2 Photon Identification

3.2 Photon Identification

Photon identification (ID) [13] aims to distinguish between promptly produced photons
(real photons) and fake photons and can be used to reject background objects. Promptly
produced photons originate from the hard scattering process. Fake photons are all recon-
structed photons that are not promptly produced or other objects reconstructed as photons
such as electrons or narrow jets. The most dominate process that contributes to the fake
background of reconstructed photons are photons arising within jet fragmentations. Most

of these fake photons are produced in the decay of neutral pions 7° — ~~.

A way to distinguish real from fake photons, is by exploiting the different shower shapes in
the calorimeters. The variables describing the development of the showers are referred to
as shower shape variables. The definitions of the shower shape variables are illustrated in
Figure 35| in Appendix A. They outline the lateral and longitudinal EM calorimeter show-
ers and their leakage fractions into the hadronic calorimeter. Compared to fake photons,
real photons have narrower energy deposits in the EM calorimeter and less leakage into
the hadronic calorimeter. This is due to the fact that fake photons most likely emerge
from jet fragmentations and therefore have more particles in their nearby surroundings. If
fake photons are produced in a neutral pion decay 7 — ~+, typically two nearby energy
maxima can be found in the first layer of the EM calorimeter. ATLAS defines different 1D
criteria including Loose-, Medium- and Tight ID, based on certain selection cuts on the
shower shape variables that are listed in Table [4 in Appendix [A] The different ID criteria

correspond to increasingly strict requirements, that can be used for different analyses [14].

3.3 Photon Isolation

Despite the complex procedure of photon reconstruction and additional identification, the
information is still not sufficient to confidently discriminate fake photons from real pho-
tons. In this final step of the identification procedure, the concept of isolation energy
proves useful. Fake photons have higher energy deposits in their surroundings compared to
promptly produced photons. This is due to additional energies arising from jet remnants.
To quantify this distinction, the isolation energy is constructed. In the EM calorimeter

and Inner Detector, two different types of isolation quantities can be obtained [15].

11



3 Photon Reconstruction and Identification at ATLAS

e Track Isolation: A cone centred around the candidate photon is constructed with a

given radius AR. All the additional tracks within the cone are summed up to create
the variable track isolation p"°** (XX stands for the cone radius AR multiplied by
a factor 100). Since in this analysis only the calorimeter isolation is considered, track

isolation will not be discussed in depth, but further details are provided in [15].

Calorimeter Isolation: The construction of the isolation energy in the EM calorime-
ter follows a similar strategy to the construction of the track isolation and is illus-
trated in Figure[dl A cone with radius AR = 0.2 is assembled around the barycentre
of the photon cluster. Subsequently, the transverse energies (EEM) of the topo-
clusters with barycentres located inside the cone are summed up:

EconeZO _ Z E%M (5>

T raw
Since only the additional energy in the cone should be considered, the energy coming
from the photon itself (Et o), needs to be subtracted from the sum of energies
(Efne0). The energy of the photon candidate corresponds to a rectangular cluster
with calorimeter cells 5 X 7 positioned at the barycentre of the photons cluster. In
terms of 1 and ¢, the rectangular cluster corresponds to a 0.125 X 0,175 window,
represented by the yellow rectangle in Figure [} Finally, the sum of energies has to

be corrected for any excess energies arising from leakage and pile-up [15]:

cone20 cone20
ET = ET,raw - ET,core - ET,leakage - ET,pile—up- (6)

To define requirements for the isolation of a photon, ATLAS recommends specific working

points (WP) for both track and calorimeter isolation. For a variable cone size of AR =
0.2/0.4, ATLAS establishes three WPs, shown in Table . For a photon to pass the Loose

WP, the isolation energies have to satisfy following requirements:

12

Piso 1= P — 0.065 - pp < 0, (7)
By := E5™2° —0.065 - pr < 0. (8)



3.3 Photon Isolation

¢ EEEEEEEEEEEEEEE

leakage —— topo-cluster
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Figure 4: Schematic overview of the construction of E$™°20 (slice in the EM calorimeter in the 7 X ¢
plane). The magenta coloured cells represent the topo-clusters in the EM calorimeter. The purple circle
shows the range of the assembled cone (AR = 0.2) with the candidate photon cluster in the centre. To
determine the cone energy E$°"°20) the energy of all the topo-clusters with barycentres within the cone
are summed up. To only get the additional energy around the photon, the sum of topo-cluster energies is
subtracted by the energy of the photon, which is represented by the yellow rectangle in the figure. The
cone energy E$"20 is corrected for leakage (magenta cells around yellow rectangle) and excess energy
from pile-up. Taken from .

Table 1: Definition of the ATLAS recommended photon isolation WPs (Loose, Tight, TightCaloOnly).

Taken from .

Working point Calorimeter isolation Track isolation
Loose ESm0 < 0,065 x By B < 0.05
Tight E$net0 < 0.022 x Er + 2.45 GeV 1%;20 < 0.05

TightCaloOnly — EL40 < 0.022 x Er + 2.45 GeV —

13
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4  Enhanced Template Fit Method

4.1 Template Fit Method

The Template Fit Method, as established in previous multi-boson analyses at ATLAS, is
an approach to estimate the fake photon background in a given final state. The idea of the
method is to exploit the different shapes of the Ej, distributions of real and fake photons.
The differences can be seen in Figure [f illustrating the general idea of the Template
Fit Method. The FEj, distribution for fake photons is shifted to larger energies and is
broader with respect to that of real photons. The shapes of the distributions are fixed
for real and fake photons with templates derived separately from the corresponding MC
simulations. The sum of the templates is fitted to data, to determine the normalisation of
the distributions. By integrating the templates from —oo to 0 according to the Loose WP
as defined in Table[l] it is possible to estimate the individual contributions of real and fake

photons in the studied final state.

> L B L L L B BN B B
g 350 ¢ ToyData =
(=] F —— Fit Result 3
d 300:_ Real Photon Template B
é 2503_ Fake Photon Template _f
s C ]
200 —
150 =
1005 =
50— 3

0: | I 1 I’I I‘l 111 I 1111 | 111 1 I | I‘WI“L:

25 20 -15 -10 5 0 5 10
_ 20
Photon E,, = E¥"" - 0.085 p_[GeV]

Figure 5: Illustration of the Template Fit Method with toy data. The shapes of the Eiy, distributions
of real and fake photons are derived from MC simulations and subsequently fixed with corresponding
templates. The sum of the templates (red line) is fitted to data to determine the normalisation factors.
The individual contributions of real and fake photons can be estimated via integration from —oo to 0 of
Eis according to the Loose WP. Taken from [3].
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4 Enhanced Template Fit Method

4.2 Generalisation of the Template Fit Method

In previous analyses, such as [16], an individual template extraction was required for each
final state to implement the Template Fit Method. This was due to a strong pr dependence
of the Ej, distribution for both real and fake photons. The pt dependence of the FEig,
distribution for real photons for the Z+v final state is demonstrated exemplary in Figure [6]
The figure shows the Fjy, distribution for different pr intervals of the photon. The peak of
the distribution drifts to lower energies with increasing pr, largely due to the subtraction
of 0.065 - pr in the definition of Ei, as can be seen in Equation [8| In addition, the width

of the distribution broadens with higher pr values.

3
%; 1()529 T T T T T T T T T T T T
O] Sherpa 2.2.14 Zy Run-3
) 8 [ Alp,
e [ ]20Gev <p_<30Gev
_§ [ 130GeV <p_ <40 GeV
E 6 40 GeV <p_ <50 GeV

| |50Gev <p_<70Gev
70 GeV <p_<100 GeV
| 1100 GeV <p_ <130 GeV

L n n N I 1 3 | I —
-10 -5 0 5 10
Leading photon E__ = E' . -0.065 p, [GeV]

cone20

Figure 6: The Fjiy, distribution of the leading photon in the Z+ final state under Run-3 conditions for
different pr intervals. The Eig, distributions shift to lower energies with increasing pr, mainly due to the
subtraction of 0.065 - pr in the definition of Ej, as shown in Equation [8] and broaden.

Further, the pt dependence of the Ej, distribution for fake photons is displayed exemplary
for the W final state in Figure [7] Comparable to the Ei, distributions observed for real
photons, the Ei, distribution for fake photons also broadens with increasing pr and shows
a slight shift towards lower energies. However, this shift is less pronounced than that

observed for real photons in Figure [6]

Since different processes exhibit different pr distributions, the Ejy, distributions also have
different shapes, as demonstrated in Figure |8 for final states under Run-3 conditions. Con-
sequently, the different final states require individual isolation templates. This is also the
case for leading and subleading photons in final states with multiple photons as displayed

in Figure [0
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Figure 7: Eiy, distribution for the W+ final state

under Run-3 conditions, with a fake final state photon for

different pr intervals. The FEjy, distribution of fake photons exhibits a dependence on pt . The distribution

broadens for larger pr values and shows a slight

> 10T T I g
S EN Swy
4T o lzy 1
» 102 ﬂﬂ'iﬂk; =
it 3 NG Cwyy S
= £ o, B ]
@ L “ WL\“LW zZyy ]
10° ' 4y =
= i
10*
A P Y T T T P I

50 100 150 200

Leading photon P, [GeV]

shift to lower energies.

0.3

0.25

0.2

Entries / 0.4 GeV

0.15

0.1

0.05

[

'c_‘)‘i\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

S)
o

5
cone20
ES"*- 0.065 p_

Figure 8: The pr and Ej, distribution of the leading photon is shown for different final states under Run-3

conditions.
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Figure 9: The pt and Ei, distributions of leading and subleading photon is depicted for the W~~ final

state under Run-3 conditions.
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4 Enhanced Template Fit Method

The pr dependence of the Ej, distribution of real and fake photons was investigated in
a previous study on Run-2 data. In the study, a generalised template extraction method
was introduced, as described in the following paragraphs [3]. The generalisation of the
Template Fit Method involves the factorisation of the Fiy, template into a generic and a

final state-dependent part to separate the pr dependence of the Ei, distribution:

—

T, i(Eiso, pr | 0) x fx(pr)- 9)

Here, v stands for real photons and j for fake photons. T, ; is the generic part of the
template and represents a two-dimensional model describing the correlation between FEig,
and pr with the parameters 0. Ideally, T’ ; should be consistent across different final states
for real and fake photons. To account for the different pr distributions of the final state
photons, the generic template is multiplied by the final state-dependent pr distribution
fx(pr) of the studied final state X.

The Ei, templates can be derived by performing a two-dimensional maximum likelihood
fit of the (Eis, pr) distribution to the two-dimensional model T’, ;. The likelihood function
L takes the following form:

n

L(O| Bso,pr) = [ [ 125 (Eisoi- ra 1 ) - fx(pr.), (10)

i=1
with (Eiso, pr) representing the values for FEi, and pr for the i-th event of the MC
simulations for the final state X. The product in the likelihood function is taken over all
events i € (1,...,n). The optimal parameters @,pt can be determined by maximising the

likelihood function:
O = argmax L(0 | Fio, pr)- (11)
(%

The Ei, template T, ;(Eis) can then be obtained by projecting the two-dimensional fit

onto the B, axis:
ﬂ,j(Eiso)X = / T’Y,j(EisoapT ’ e_'opt) . fX(PT) de (12>
0

It is expected, that the same optimal parameters §Opt derived with the final state X,

provides a good description for the template of another final state Y. The only necessary
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4.2  Generalisation of the Template Fit Method

modification is to replace the pr distribution of X to that of the final state Y:
ToslBualy o= [ (B | ) f o) . (13)
0

In [3] the optimal parameters é:)pt for the generic model T, ; were extracted from the
Z~~ final state from Run-2 MC simulations. By multiplying the generic template by
the corresponding pr distribution of the studied final state, the isolation template could
be obtained through projection onto the Fjy, axis. The obtained template described the
Ei. distribution for the Zv and Z~~ final states under Run-2 conditions. The extracted
template sufficed to estimate the fake contributions to the background for the Z~ and Z~~
final states. The following analysis studies the application of this Enhanced Template Fit

Method to various final states under Run-3 conditions.
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5  Templates for Real Photon Candidates

Even though the photon ID and isolation requirements for reconstructed photons remain
unchanged in Run-3 with respect to Run-2 , it is nevertheless necessary to extract new
optimal parameters J(th for the generic part of the template when studying final states
under Run-3 conditions. This is due to the pile-up dependence of the Ei, distributions, as
demonstrated in Figure [10]for the Z+ final state. In the figure the E, distribution is shown
for different intervals of the number of simultaneous interactions per bunch crossing pu. It is
observed that the Fjg, distribution gets broader with higher ;. values. Since the distribution
of 1 differs between Run-2 and Run-3 as can be seen in Figure it is necessary to derive

new templates.
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Figure 10: The Ei, distribution of the leading
photon in the Z~ final state under Run-2 con-
ditions for different intervals of u. The Ejg
distribution shows a dependence on p. The
distribution broadens with higher u values.

Figure 11: The integrated luminosity as a func-
tion of p for Run-2 (blue) and Run-3 (orange)
collision data. Run-2 and Run-3 show different p
distributions. The blue dashed line represents the
distribution for Run-2, normalised to the integral
of the Run-3 distribution. Taken from .

This chapter studies the application of the Enhanced Template Fit Method, as explained
in Section [£.2] to real photons in different final states under Run-3 conditions, namely
the Zv, W, Z~~ and W~~ final states. The templates are extracted from the Zv and
W~ final states, because they offer significantly higher statistics than the Z~~ and W~y
final states and thereby allow for better fit stability. Finally, the extracted templates are

compared to the other final states.
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5 Templates for Real Photon Candidates

5.1 Event Selections

All MC simulations that are used in this thesis are listed in Table [§ in Appendix [B]

Z~ and Zv7vy Selection

The Z~ and Z~~ final states in this analysis represent the leptonic decay of a Z boson with
one and two final state photons. The photons can be radiated at leading order either from
one of the leptons (final state radiation: FSR) or from the initial quark line (initial state
radiation: ISR). The corresponding Feynman diagrams for ISR final states are depicted in
Figures [12] and [I3] The Zv and Z~~ events are selected according to the criteria listed in

s -
§ —p—— q —»——
A A
Y Y
A ¥ A
Y Y
Figure 12: Feynman diagram of the Zv final Figure 13: Feynman diagram of the Z~~v final
state. A Z boson decays into a lepton pair state. A Z boson decays into a lepton pair
(£1¢7) with one final state photon produced as (¢¢~) with two final state photons produced
ISR. as ISR.

Table 2] Electrons, muons, and photons need to satisfy certain pr, 7, and identification
(ID) or isolation (ISO) requirements. To select only ISR final states, an FSR rejection is
performed as illustrated in Figure [14. The FSR rejection requires an event to satisfy the
following criteria:

my, i, + min(mlllﬂwmhb’vz) >2-mgz. (14)

Here, I; (71) denotes the leading lepton (photon) in pp and Iy (72) the subleading lepton
(photon). my,;, stands for the invariant mass of the lepton pair and my,;,,, (m41,+,) stands
for the three-body invariant mass of the leptons together with the leading (subleading)
photon. The mass of the Z boson is represented by m . If the event has a photon produced
as FSR, the invariant mass m;,;, < myz and the invariant masses my, i, Milpy, < Mz,

Therefore the inequality in Equation |14 is not fulfilled and the event is rejected.
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5.1 Event Selections

Sherpa 2.2.14 Zy Run-3 MC .- 10?

m, [GeV]

10

IIII|III|III|III|I-

Entries / (0.5 GeV x 0.5 GeV)

Figure 14: Illustration of the FSR rejection in the selection of the Z+ and Z~+ final states. The correlation
between the three-body invariant mass of the leptons and the final state photon m;, and the two-body
invariant mass of the lepton-pair my; is displayed for Z+ MC simulations under Run-3 conditions. The
majority of FSR events are observed around my;, = mz with my; < myz. ISR events are clustered around
my = mz with my, > mz. The red line illustrates the FSR rejection, vetoing all events below the line.

Table 2: Summary of the criteria applied for the event selection of the Zv and Z~+ final states. For the
Z~ final state, only the selection is performed for ;. The selection is finalised with a truth match based
on the truth information of the sample.

Leptons Electrons
pr(l1) > 30 GeV, pr(l2) > 20 GeV
In| < 1.37, or 1.52 < |n| < 2.47
Tight ID (I1)
Muons
pr(ly) > 30 GeV, pr(ly) > 20 GeV
In| < 2.5
Tight ISO (1)
Both

at least 2 leptons (e*, u*) same flavour, opposite charge

invariant mass my,;, > 40 GeV

Photons Z~: at least 1 photon, Z~v~: at least 2 photons
pr(71), pr(h2) = 20 GeV
In] < 1.37 or 1.52 < |n| < 2.37
Tight 1D
AR(71,72) > 0.4

Combined ISR: myy g, 4 min(my, 1y, Miyianye) > 2 - Mz
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5 Templates for Real Photon Candidates

W~ and W+~ Selection

The quark-antiquark annihilation may also produce W= bosons that promptly decay into
a lepton and neutrino. In the W+~ and W~ final states, one and two photons are radiated
either as ISR or FSR. The ISR final states are illustrated in the Feynman diagrams in
Figure [15] and [I6] The criteria applied to the selection of the W+ and W~ final states

(v (v
q —»—— q —p
W W+
Y
4 v, £+ AAAAAAAN Y v, £+
\
Figure 15: Feynman diagram of the W+~ final Figure 16: Feynman diagram of the W+ final
state. A W boson decays into a lepton-neutrino state. A W boson decays into a lepton-neutrino
pair with one photon produced as ISR. pair with two photons produced as ISR.

are summarised in Table [3| Similar to the event selection of the Zv and Zvv final states,
pr, 1, ID and ISO requirements are placed on the electrons, muons, and photons. To
exclude events with Z bosons, a Z(7) veto is triggered by forcing the invariant mass of the
lepton and photon(s) 1., to be outside a certain region around the Z boson mass. Since
the W~ and W+~ final states only decay into one lepton and additionally the neutrino
energy is unavailable, it is more challenging to distinguish signal events from background
events. For this reason, an additional selection criterion is applied to the transverse impact
parameter dy, its uncertainty o4, and the longitudinal impact parameter z; to reduce the
background events. The definitions of 2y, dy, and o4, and further details can be found in
[7]. Since the energy of the neutrino is unavailable, requirements are instead applied to the
missing transverse energy EMS which corresponds to the expected energy of the neutrino.
Furthermore, the event selections of the W~ and W+~ final states do not include an FSR
rejection, like for the selections of the Zv and Z~~ final states. The reason for this is the
unavailability of the two-body invariant mass of the lepton-neutrino pair, m,,. Instead a

selection criterion is applied to the transverse mass of the W boson, m/ .
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5.2 Template Extraction

Table 3: Summary of the selection criteria in the event selections of the W~ and W~ final states. For the
W~ final state all the requirements are applied to both final state photons. Further information about
the LHMedium ID selection criterion for electrons can be found in [19]. The selection is finalised with a
truth match based on the truth information of the MC simulation.

Leptons Electrons
pr > 25 GeV, |n| < 2.47, exclude 1.37 < |n| < 1.52
LHMedium ID, Tight ISO

|20 sin 6| < 0.5 mm, \jTOO] <5

Muons

pr > 25 GeV, |n| < 2.5
Medium ID, Tight ISO

|20 sin 6| < 0.5 mm, \jTOO] <3
Both

at least 1 lepton (e*, uF)

Photons W~ at least 1 photon, W~ at least 2 photons
pr > 20 GeV, |n| < 2.37, exclude 1.37 < |n| < 1.52
Tight ID
Combined AR, >04
Emiss > 25 GeV, mV > 40 GeV
Vetoes Z(7) : 80 < myy(y) < 100 GeV
b-jet: |n| < 2.5

5.2 Template Extraction

The FEi, distribution of real photons can be modelled using the double-sided Crystal-
Ball function (DSCB) [20] with two additional power-law tails [21]. The extended DSCB
function, as illustrated in Figure is characterised by five distinct sections. Each side
of the function features two power-law tails with different exponents, m; and n;, with ¢
representing either the left side =L or the right side t=R. The central region is described
by an asymmetric Gaussian distribution with mean g and widths ¢;. By including a pr
dependence for each parameter of the extended DSCB, it is possible to construct the two-
dimensional model that is used to derive the generic template 7’ ;( Eiso, pT|@)pt), as shown

in Equation [9
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5 Templates for Real Photon Candidates

A My(Eiso|§0)

/\/ Asym. Gaussian with mean u and width oy
fori = L (left) and i = R (right)

Inner power-law tail ~ (Ejso — p) "™

Xi = ;0
Vi = w; - 0;

~ (,u - Eiso)inl‘

~
-
H Eiso

Figure 17: The empirically derived function, double-sided Crystal-Ball function (DSCB) with two power-
law tails for modelling the Fjy, distribution of real photons for a given pr value. The one-dimensional model
describing the Ejy, distribution is referred to as M, with the parameters 0?). The function is sectioned into
an asymmetric Gaussian distribution with two power-law tails with different exponents on each side. By
studying the pr dependence of each parameter of the DSCB function and including them in the model, it
is possible to construct the two-dimensional model describing the correlation between Fig, and pr [21].

Before the templates are extracted from the final states under Run-3 conditions, the pr
dependence of the one-dimensional template M, in Run-3 environments is investigated.
This is done by performing one-dimensional fits to the FEj, distribution for different pr
intervals. The parameters show behaviours that can be approximated with either linear
or constant pp dependencies, consistent with the observations in [3]. Hence, the same
two-dimensional model for the derivation of the generic template for real photons can be
used for final states under Run-3 conditions. The approximated pr dependencies of each

parameter in the extended DSCB function are shown exemplary for the W+ final state in

Figure [40] and 1] in Appendix [C]

Template Extraction from the Z~ Final State

The FEi, template for real photon candidates is extracted from Z~ MC simulations using the
procedure described in Section [£.2] To derive the optimal parameters of the generic tem-
plate, the extended DSCB with its approximated pr dependence, is fitted to the (Eis, pr)
distribution of the leading photon in the Z+ final state using a two-dimensional maximum
likelihood fit. The exact values of the optimal parameters from the two-dimensional fit can

be found in Table [0 in Appendix [E] The projections of the two-dimensional template onto
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5.2 Template Extraction

the Fi, and pr axes are shown in Figure [I§ and The projection in Figure [1§ shows
good agreement with the Fi, distribution. However, there are some discrepancies observed
around the peak and inner-right tail in the fit residual (lower panel). These inaccuracies
are likely because the model used for the two-dimensional distribution of (Fis, pr) is de-
rived empirically. The extended DSCB model and its approximated pr dependence do not
fully account for all physical effects. The template extraction fit for the Z~ final state
under Run-2 conditions exhibits smaller deviations than under Run-3 conditions. This
is likely due to the fact that the MC simulations used in this case offer higher statistics
compared to those used for the Run-2 analysis. With higher statistics the inaccuracies of
the empirical model get more significant due to the smaller statistical uncertainties. This
observation suggests that there are systematic limitations to the empirically derived model

for the (FEis, pr) distribution when dealing with very high statistics.

x10°

> : T T T T T T T T T T :
& 10 =
™ - t Sherpa 2.2.14, Zy MC 7
o 8:_ — Template (Fit) =
7 6 X2/ ndf=3.1 3
2 - -
= 4= —
L - -

2— -

O: 1 1 1 1 1 1 1 1 1 1 :
e B Ao =
LS QF ettt ol atiton P S S bt
! E ¥ LR ) ¥ TR 4 3
O 2 BEegeeeeege o D 4o L 3
2|3 12 -10 -8 -6 -4 2 0 2 4 6

Photon E, = E?""*° - 0.065 p_[GeV]

Figure 18: The template extraction from Z~+ Run-3 MC simulations. The projection of the two-dimensional
fit onto the Fis, axis is shown. The template shows good agreement with the Fiy, distribution. Some
systematic trends are seen in the fit residual around the peak and inner-right tail regions.
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Figure 19: The two-dimensional template projected onto the pr axis, modelled with a binned histogram.

27



5 Templates for Real Photon Candidates

Template Extraction from the W~y Final State

The generic template for real photons is re-extracted from the W~ process to enable a

comparison between the two templates and to examine their individual applicability to

other final states. The two-dimensional fit projection onto the Fiy, and pr axis are presented
in Figure [20] and The values of the optimal parameters from the two-dimensional fit
can be found Table [7] in Appendix [E] The template shows improved agreement with the

E, distribution, with respect to the Z+ final state, as observed in the fit residual and lower

XZ%4 value. Still, small trends are observed in the fit residual around the inner-right tail.

Given that the W~ final state offers similarly high statistics as the Z+v final state, these

differences might suggest that the empirical model describes the (FEi, pr) distribution of

the photon in the W+ final state more accurately than that of the Z~ final state.
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Figure 20: The template for real photon candidates extracted from the W+ final state. The graph shows
the projection of the two-dimensional fit onto the Ejig, axis. As seen in the fit residual, the template shows
only small systematic deviations around the inner-right tail.
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Figure 21: The two-dimensional template projected onto the pr axis, modelled with a binned histogram.
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5.3 Transfer to Different Final States

5.3 Transfer to Different Final States

In this section, the above extracted templates from the Z~+ and W+ final states will be
compared to the W~~ and Z~~ final states and finally to each other. The comparisons of

the templates for real photons performed in this thesis are summarised in Figure [22]
extraction

comparison Zyy Wy Wyy Zyy Zy Wyy

Figure 22: Overview of all comparisons for real photons in this analysis. The optimal parameters for the
templates are extracted from the high statistics Zv and W+ final states. Without performing a fit, the
templates are applied to other final states (bottom row in illustration) by multiplying the generic template
with the corresponding pr distribution.

First, the two templates extracted from the Zv and W+ process (from now on referred to
as the Z~ and W~ template) are applied to the Ei, distribution of the leading photon in
the Z~~ final state. For the comparisons, no fit is necessary; only the generic Zv and W~
templates are multiplied by the corresponding pr distribution of the final state photon,
respectively. The same comparison is done for the W~~ final state. Additionally, the

differences in the templates extracted from the Z+v and W+ final states are investigated.
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5 Templates for Real Photon Candidates

Z~v and W~ Template Comparison to the Zvy Final State

The templates are applied to the Fi, distribution of the leading photon in the Z~~ final
state. To enable a comparison of the Z~v and W~ templates, they are displayed in the same
Figure 23| with different colours, red dashed and blue solid. As observed in the figure, both
templates give an accurate description of the Ei, distribution. No systematic deviations
can be observed in the fit residual. Moreover, the Z~ and W+~ templates also show good
agreement with the Fj, distributions of the subleading photon and a combination of the
two photons. These comparisons, together with the corresponding projections onto the pr

axes are presented in Appendix [E]

It is notable in Figure[23|that the shapes of the Z~ template (dashed red) and W+ template
(blue solid) are almost identical and the systematic trends seen in the fit residuals are very
similar. Within the uncertainties of the Fj, distribution, the templates are equivalent.
The systematic trends seen in the fits for the individual template extraction from the Z~
and W~ final state are not visible in the comparisons with the Zvv final state. This is
likely due to the fact that the Z~~ final state offers significantly lower statistics than the
Z~ and W+ final states. With such statistics, the deviations emerging from inaccuracies

of the model are not significant.
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Figure 23: The templates with optimal parameters extracted from the Z+ (dashed red line) and W+ (solid
blue line) final states applied to the Eis, distributions of the Z~v final state’s leading photon. No fit is
performed, only the two-dimensional template is projected onto the Fiy, axis. The templates show good
agreement with FEjig, distribution and no significant deviation is observed. The templates describe the
distribution equally well and are equivalent within the uncertainties of the distribution.
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5.3 Transfer to Different Final States

Z~ and W~ Template Comparison to the W~y Final State

The comparison of the Z~ and W~ templates to the Ei, distribution of the leading photon
in the W~~ final state is performed analogously as for the Z~~ final state and is depicted in
Figure [24] Also here, the templates describe the Fi, distribution of the W+ final state’s
leading photon remarkably well. There are no significant systematic trends observed in
the fit residuals. Further comparisons to subleading photon’s and a combination of both

photons’ Ei, distributions show similar results, as can be seen in Appendix [E]

Just like for the comparison with the Z~~ final state, the two templates almost perfectly
align and are equally suitable for the description for the Fji, distribution of the leading
W~ final state photon.

% 20: """"" LN AL DL LA LA AL LA B AL LA LA B | __
0 - ¢+ Sherpa 2.2.14 Wyy leading MC —
[ — Template extracted from Wy .
OO". 15 -- - Template extracted from Zy —
= - No Fit -
n - ]
Q 10— -
=] L ]
c - ]
L 5 _
. 0_—_ | Il Il Il Il Il Il Il Il | =
g S e [
T ) 0?"'“'*"*’""H"""'t‘4""Tf'e'f"t'i"‘0"""""‘“'0"*""]*:'[3"“5
Qg —BE-oorire -
=3 12 -i0 -8 -6 -4 —2 0 2 4 6

Photon E,, = Ef""*° - 0.065 p_[GeV]

Figure 24: The templates for real photons derived from the Z~ (dashed red line) and W+ (solid blue line)
final states compared to the Fis, distribution of the leading photon in the W~ final state. There is good
agreement observed with the FEi, distribution for both templates. The fit residuals reveal no systematic
trends. The templates are equivalent within the uncertainties of the FEjy, distribution.
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5 Templates for Real Photon Candidates

Comparison of the W~ and Zv Templates

Finally, the extracted templates from W~ and Z~v are compared to each other. Both the
template extracted from the Z~ and from the W+ final state is applied to the W~ MC
simulations and vice versa. Figure shows the template extraction from the Z~ final
state (dashed red line) and the W~ template (solid blue line) applied to the same final
state. The W~ template describes the Fj, distribution well, and the trends seen in the fit
residuals closely resemble those observed in the template extraction. This affirms that the
discrepancies between the W+ template and the i, distribution emerge mainly from the
systematic inaccuracies of the empirical model and not from differences between the two

template shapes.

As can be seen in the fit residual in Figure[25] the shapes of the Z~ and W~ template exhibit
only very small differences around the peak and the inner-right tail. These deviations are
possibly due to differences between the Z+ and W+ final states, such as the amount of
ISR and FSR events, which also influence the Ei, distribution [21]. Nevertheless, the
deviations are within the same trends and balance each other out, in such a way that both

templates still describe the Ejy, distributions of the two different final states equally well.

Similar observations are done for the analogue comparison of the Z~ template with the
W final state, shown inn Figure Here, the templates show even less differences to

each other with respect to the previous comparison in Figure [25]
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Figure 25: The template extracted from the Z~ and Wy final states applied to the Ejy, distribution of the
leading photon in the Z+ final state. The templates describes the distribution well. The systematic trends
observed in the fit residual of the W+ template closely resembles the trends of extraction template from
Z~ MC simulations. This indicates that the systematic trends mainly emerge from the inaccuracies of the
model. Small differences between the templates are seen in the trends around the peak and inner-right tail.
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Figure 26: The template extracted from the Z~v and W+ final states applied to the W+ final state.
The templates show good agreement with the distribution and the systematic trends observed in the fit
residual are very similar, affirming that the templates describe the distribution equally well. The applied
Z~ template is only limited by the systematic inaccuracies of the model.
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5 Templates for Real Photon Candidates

The various comparisons performed in this chapter strongly indicate that the Enhanced
Template Fit Method can be applied to the Ei, distributions of real photons in various final
states under Run-3 conditions. Furthermore, it was proven that the Enhanced Template F'it
Method for real photons can be employed to final states with W bosons. Both templates
for real photons extracted from the Z~ and W+ final states most likely correspond to
universal templates and can be used to describe the Ei, distribution of real photons in

other final states without having to execute a fit procedure.

Systematic trends observed in the fit residuals of the template extractions (Figures
and suggest that the empirically derived model for correlation between Eiy, and pr does
not fully account for all physical effects. Nevertheless, for the comparisons to final states
like Z~vy and W~~ Run-3 MC simulations offering lower statistics, the observed systematic
variations are negligible. The systematic limitation of the model does not hinder the
application of the Enhanced Template Fit Method on data. This is because ATLAS Run-3
data in one of the considered final states is expected to have significantly lower statistics
compared to the corresponding MC simulations. Specifically, in this analysis, the Z~ final
state in data is expected to have around 0.5 % of the statistics of its MC counterpart,
while the W+ final state has about 9 %. The expected statistics for data are similar to
or lower than those of the Z~v and W~y MC simulations, where no systematic deviations
are observed. Another reason the systematic limitation of the model do not hinder the
application on ATLAS Run-3 data, is that the fake contribution to the background is
estimated via integration of the template from —oo to 0. The value for the integral can

still be close to the real value, despite the potential imperfections of the template.
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6 Templates for Fake Photon Candidates

The following chapter investigates the templates for fake photon candidates. The templates
are extracted from Z+jets and W+jets MC simulations. Similar to the real photons, the
templates are extracted from these MC simulations since they offer significantly higher
statistics than the other studied final states with fake photons. Furthermore, the templates

are compared to each other, as well as to the Zv~ and W~ final states.

6.1 Event Selections

A fake-enhanced selection is performed on Z-+jets and W-+jets MC samples to select Z~
and W+ final states with the leading photon being a fake photon produced in jet fragmen-
tations. To differentiate them from the final states with real photons, they are referred to
as Zj and Wy, with j corresponding to a fake photon. Since the relevant Zj and Wy final
states are those contributing to the background of the Z~v and W final states, the corre-
sponding event selections are comparable. The Zj and W75 events are selected using the
same selection criteria as listed in Table|2|and |3] Unlike the real photons, the fake photons
are required to fail the tight ID but still satisfy a looser ID WP. The applied criteria for
the truth match is disregarded in the selection of fake photons. The fake enriched selection
of Z~~ and W~~ final states with one real and one fake photon are performed similarly
with Zy+jets and W~vy-+jets MC samples. These event selections are referred to as Zjv,
Z~vj, Wiy and Wrj selections.

6.2 Template Extraction

The Fj, distribution of fake photons was found to be well-modelled by the Bukin Novosi-
birskA function [22]. The function is separated into three regions, as illustrated in Figure
271 The right and left sides of the function are described by exponential tails with variables
pr (right side) and pyp, (left side) factorised in the exponent. The middle section takes an

asymmetric peak shape, with peak position y, width o and asymmetry &.
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6 Templates for Fake Photon Candidates

Mi(Eiolfo) A

\;xponential Tails
~eXp [/—71‘ (Eim)z + Eiso]

Figure 27: The Bukin NovosibirskA function is used to model the Ejg, distribution of fake photons.
M; represents the one-dimensional model describing the Ejy, distribution for a given value of pr. The
function features an asymmetric peak at position p and asymmetry €. The width of the asymmetric peak
is characterised by the variable o, with FWHW = /2log(2) - 0. Each side of the peak is described by an
exponential tail with different exponents. The exponents are characterised by the variables p; with i = L
for the left side and i = R for the right side. Taken from [3].

.
C

Eiso

Analogue to the real photons, the pr dependence of the one-dimensional Ei, template is
approximated by studying the individual pt dependence of each parameter of the Bukin
NovosibirskA model. By including the pr dependent parameters in the model, a two-

dimensional model can be constructed that describes the correlation between FEi, and pr.

Template Extraction from the Zj and W; Final States

The Ej, templates for fake photons are derived from the Zj and W final states with the
same procedure as described in Section[4.2] In the MC simulations for Zj final states, there
is a significant amount of additional objects in the electron decay channel misidentified as
photons. For this reason, the template from the Zj final state is only extracted from
the muon decay channel. This is expected to have no effect on the shape of the isolation
template, since only ISR events are selected, where the final state leptons do not interact
with the photon. The isolation templates are obtained by projecting the two-dimensional
fit results onto the Eiy, axis respectively, as shown in Figure 2§ and 29 The projections
onto the pr axis can be found in Appendix [E]in Figure [56] and [57]
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6.2 Template Extraction

The template extracted from Z(— pu)-+jets MC simulations in Figure [28| provides a good
description of the FEjy, distribution. However, small deviations around the tails can be
observed in the fit residual. Analogue to the templates for real photons, the inaccuracies
are likely due to the fact that the model is derived empirically and its pr dependence is ap-
proximated. Therefore the extracted templates do not describe all physical effects entirely.
Similar to the real photons, the template extraction from the W+jets MC simulations in
Figure [29| shows better agreement than the extraction from the Z(— pp)+jets MC sim-

ulations. This is can be seen in the fit residual that shows no systematic discrepancies.
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Figure 28: Template for fake photons extracted from Z(— pu)+jets MC simulations with a two-dimen-
sional fit. The template is obtained by projecting the two-dimensional fit onto the Fjs, axis. The template
shows small deviations around the tails, as observed in the fit residual. Nevertheless, the x2, value
indicates good agreement between the template and the Fjg, distribution.
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Figure 29: Template extraction from W+jets MC simulations. The template is obtained by projecting the

two-dimensional fit onto the Ejy, axis. No systematic trends are observed in the fit residual and the X?ed
value indicates good agreement between the template and the Fjig, distribution.
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6 Templates for Fake Photon Candidates

6.3 Transfer to Different Final States

The applicability of the two templates for fake photons to other final states is investigated.
All the comparisons performed with the templates for fake photons are summarised in
Figure

. Vo
template Z+jets Wijets
extraction

comparison Zy+jets Wijets Wy-+jets Zy+jets Z+jets Wy-+jets

Figure 30: Overview of all comparisons with the templates for fake photons in this thesis. The optimal
parameters for the templates are extracted from the high statistic Zj and Wy final states. Without
performing a fit, the templates are compared to other final states (bottom row in illustration) by multiplying
the generic template with the corresponding pr distribution of the fake photon in the final state.

Template Comparison to Zy-+jets and W~y-+jets

The templates for fake photon candidates extracted from Z+jets and W+jets MC sim-
ulations (from now referred to as the Zj and W template) are compared to the Ei,
distribution of Zvy+jets and W~+jets MC simulations. At first, the templates are applied
to the F, distribution of a combination of the fake photons in the Zjv and Z~j final
states. The comparison is showed in Figure [3I} The corresponding projection of the tem-
plates onto the pr axes are shown in Figure [58)in Appendix [E] To enable a comparison of
the Zj7 and W7 templates, they are displayed in the same Figure [31] with different colours,
red dashed and blue solid. Both templates show overall good agreement within the uncer-
tainty of the Fji, distributions. However, some systematic deviations are seen in the fit
residual around the right tail of the distribution. The residual value of the data points in
this region are not visible since the fit residual is set to a range [-5,5] for visualisation pur-
poses. The deviations are caused by the very small statistical uncertainties in this specific

region leading to large deviations. The large uncertainties of the Ej, distribution observed
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6.3 Transfer to Different Final States

around the peak position, can be explained by the low statistic of the Zjv and Zvj final

states.

Furthermore, it can be seen in Figure[31]that the two templates have almost identical shapes
and the systematic discrepancies as seen in the fit residuals show very similar trends. This
implies that it does not make a difference whether the Fi, distribution from Z~y+jets MC
simulations is described by the template extracted from Z+jets or the templates extracted
from W+jets MC simulations.
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Figure 31: The templates extracted from Z+jets and W+jets MC simulations applied to the Fig, distri-
bution of a combination of the fake photons in the Zjv and Z+~j final states from the muon decay channel.
Even though no fit is performed, both templates describe the distribution well. Some data points around
the right tail are not visible in the fit residual due to deviations larger than 50. The Zj and Wj templates
are equivalent within the uncertainties of the distribution.

Moreover, the templates are applied to the Ei, distribution of the fake photons produced
in Wj~ and W~y final states. The comparison is depicted in Figure [32] The observations
are similar to those made in the Z~v+jets comparison. The Zj and Wj templates describe
the Fji, distribution accurately and are equivalent to each other within the uncertainties
of the Ei, distribution. Unlike the previous comparison with Zy+jets MC simulations,
no deviations are observed around the right tail, whereas small deviations are seen around
the left tail in the fit residual. This suggests that the deviations are a feature of the
Z(— pp)+jets MC simulations.
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Figure 32: The templates extracted from Z+jets and W+jets MC simulations applied to the Eig, distri-
bution of a combination of the fake photons in the Wjv and W+yj final states. Despite the fact that no fit
was performed, the templates show good agreements with the Ejy, distribution. Only small deviations are
observed around the left tail. The templates are equivalent within the uncertainties of the distribution.

In general, the observations in both comparisons support the generalisation of the templates

for fake photons in the Enhanced Template Fit Method in Run-3 environments.

Comparison of Z+jets and W -+jets Templates

The templates extracted from the W+jets and Z+jets MC simulations are compared to
each other. Figure |33 shows the template extraction from the Zj final state (red dashed
line) together with the W template (blue solid line). The W template is applied to the
distribution from the Zj final state without performing a fit, just like for the previous

comparisons.

It is notable in Figure [33] that the systematic trends seen in the template extraction
from the Zj process are almost identical to the deviations of the Wj template to the Eig,
distribution. This shows that the W j template describes the Ej, distribution as accurately
as possible considering the systematic discrepancies caused by inaccuracies of the empirical
model. The same observation is made in Figure[34/showing the analogue comparisons to the
W7 final state. Also here, the applied Zj template shows no more discrepancies than those
emerging from the inaccuracy of the model itself. Regardless, the statistics in the Z+jets

and W+jets MC simulations are notably higher than the expected statistics of fake photons
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6.3 Transfer to Different Final States

in proton-proton collision data. For this reason, the systematic deviations caused by the
inaccuracies of the model for fake photons will most likely be insignificant when applying

the Enhanced Template Fit Method to Run-3 data. Together, the comparisons strongly
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Figure 33: The template extraction in the Zj process (red dashed line) together with the W template
(blue solid line) applied to the Eig, distribution of the fake photon in the Zj final state. The deviations
of the templates seen in almost identical trends in the fit residuals as the fitted template. The applied
template is therefore only limited by the inaccuracies of the empirical model and those not show any
additional discrepancies.
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Figure 34: The template extraction in the Wj process (blue solid line) together with the Zj template
(dashed red line) applied to the Fiy, distribution of the fake photon in the W final state.
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6 Templates for Fake Photon Candidates

indicate that both templates for fake photons represent universal isolation templates and
that the Enhanced Template Fit Method can be extended to final states with W bosons
for fake photons.
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7 Conclusion

To apply the Template Fit Method to other final states it is necessary to extract new
templates, due to their strong pr dependence. This challenge was addressed in a previous
ATLAS study [3] with Run-2 data by developing a new Enhanced Template Fit Method.
The template was generalised by separating the template into a generic part, describing
the correlation between FEi,, and pr, and the final state-dependent pr distribution. The
analysis in this thesis accesses the applicability of the Enhanced Template Fit Method to

Run-3 environments and studies its potential extension to final states with W bosons.

In the analysis, new templates for final states under Run-3 conditions are extracted due
to the pile-up dependence of the Ei, distribution. Since pile-up differs between Runs, it is
essential to extract new templates for both real and fake photons. Before applying the same
two-dimensional models to extract templates from final states under Run-3 conditions, the
pr dependence of the one-dimensional models for the Ejy, distributions of real and fake
photons is investigated. This pr dependence is studied by fitting the one-dimensional
models to Eji, distributions for different pr intervals. The obtained templates for real and
fake photons exhibit similar pr dependencies to those observed in the study of final states
under Run-2 conditions. Consequently, the same two-dimensional models describing the
correlation between Ej,, and pr can be applied to Run-3 final states to derive the optimal

parameters for the generic part of the isolation energy template for real and fake photons.

The new templates for real and fake photons are extracted from the final states offering the
highest statistics, namely the Z~, W+, Zj and W} final states. The derived templates de-
scribe the corresponding Ei, distribution accurately. However, small systematic deviations
are observed in the individual fit residuals for both real and fake photons. This observa-
tion suggests that the models for the (Ei,, pr) distributions have an underlying inaccuracy.
This is anticipated, since the model is only empirically derived and therefore likely does
not fully account for all physical effects. Nevertheless, these deviations are only significant
for very high statistics MC simulations. The deviations do not hinder the implementation
of the Enhanced Template Fit Method in Run-3 environments. This is because ATLAS
Run-3 data is expected to have much lower statistics, making these systematic deviations

negligible compared to the statistical uncertainties.
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7 Conclusion

To examine the generalisation of the templates, they are compared to other final states,
such as Z~vy, Wry~y, Zv+jets, and W~+jets. To apply the templates to another final
state, the extracted generic templates are multiplied by the corresponding pr distribution.
The two-dimensional template is projected onto the Fji, axis and compared to the FEi
distribution of the final state. The templates for both real and fake photons show good
agreements with the FEjy, distribution across the different final states, despite the fact that
no fit is performed. This supports the possible application of the Enhanced Template Fit

Method to final states under Run-3 conditions.

Furthermore, the differences of the templates for real photons extracted from the Z~ and
W~ final states are studied. The two templates are compared by applying both tem-
plates to the Fji, distribution of the same final state. In these comparisons, the templates
show almost identical systematic deviations. This strongly indicates that the discrepancies
emerge from the inaccuracies of the empirical model and not from differences between the
two templates. The two templates for real photons are equivalent within the uncertainties
of the distributions with the statistics of the used MC simulations and both can be used
to describe the Fji, distributions. This shows that the Enhanced Template Fit Method for

real photons can be extended to final states with W bosons.

The same comparisons are performed for the templates for fake photons. In the comparisons
with final states offering lower statistics, such as Zjvy and W jv the templates are equivalent
within the uncertainties of the FEi, distributions. For the cross comparisons of the final
states offering high statistics, the templates show small additional systematic deviations
to the expected deviations caused by the inaccuracy of the two-dimensional model. This
indicates small discrepancies between the template extracted from Z+jets and from W+jets
MC simulations. These discrepancies are likely caused by small differences between the Zv
and W~ final states, such as the amounts of ISR and FSR events. Yet, for the statistics

expected in proton-proton collision data, these differences are expected to be negligible.

With these results it is strongly suggested that the Enhanced Template Fit Method can be

successfully implemented under Run-3 conditions, including final states with W bosons.
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A Shower Shape Variables and ID Criteria
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Figure 35: Definition of the photon identification discriminating shower shape variables. E(S:N represents
the electromagnetic energy collected in the N-th longitudinal layer of the electromagnetic calorimeter in a
cluster of properties C, identifying the number and/or properties of selected cells. E; is the energy in the
i-th cell, and 7); is the pseudorapidity centre of the cell. Taken from .
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A Shower Shape Variables and ID Criteria

Table 4: Selection cuts on shower shape variables for different ID criteria. Taken from [14].

Category Description Name | loose tight
Acceptance In| < 2.37, with 1.37 < |n| < 1.52 excluded - v v
Hadronic leakage Ratio of Er in the first sampling layer of the Ruaar | vV v

hadronic calorimeter to Et of the EM cluster
(used over the range |n| < 0.8 or |n| > 1.52)

Ratio of Et in the hadronic calorimeter to Ep of  Rpaq v
the EM cluster (used over the range
0.8 < |n] < 1.37)

EM middle layer Ratio of the energy in 3 x 7n X ¢ cells over the R, v v
energy in 7 x 7 cells centered around the photon
cluster position

Lateral shower width, Wy, v
VEER)/(BE) — (EEmi)/(SE;))?, where E;
is the energy and 7; is the pseudorapidity of cell
7 and the sum is calculated within a window of

3 x b cells

Ratio of the energy in 3 x 37 X ¢ cells over the Ry v
energy of 3 x 7 cells centered around the photon
cluster position

EM strip layer Lateral shower width, \/ YE (1 — imax)?/2E;, W3 v
where 4 runs over all strips in a window of
3 X 2m X ¢ strips, and iyay is the index of the
highest-energy strip calculated from three strips
around the strip with maximum energy deposit

Total lateral shower width Watot v
\/EEi(i — imax)? /2 F;, where ¢ runs over all
strips in a window of 20 x 271 x ¢ strips, and
Imax 1S the index of the highest-energy strip
measured in the strip layer

Energy outside the core of the three central fside v
strips but within seven strips divided by energy
within the three central strips

Difference between the energy associated with AFE; v
the second maximum in the strip layer and the
energy reconstructed in the strip with the
minimum value found between the first and
second maxima

Ratio of the energy difference between the Eratio v
maximum energy deposit and the energy deposit
in the secondary maximum in the cluster to the
sum of these energies

Ratio of the energy in the first layer to the total fi v
energy of the EM cluster
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MC Simulations

Sample DSID Generator Run

Z(ee)y_pty_15_35 366141 Sherpa 2.2.4 Run-2
Z(ee)y-pty-35_70 366142 Sherpa 2.2.4 Run-2
Z(ee)y_pty-70_140 366143 Sherpa 2.2.4 Run-2
Z(ee)y_pty_140_E_CMS 366144 Sherpa 2.2.4 Run-2
Z(pp)y-pty-15_-35 366146 Sherpa 2.2.4 Run-2
Z(pp)y-pty-35_-70 366147 Sherpa 2.2.4 Run-2
Z(pp)y-pty-70_140 366148 Sherpa 2.2.4 Run-2
Z(pp)y-pty-140_E_CMS 366149 Sherpa 2.2.4 Run-2
Z(ee)y 700770 Sherpa 2.2.14 Run-3
Z () 700771 Sherpa 2.2.14 Run-3
W (ev)y 700773 Sherpa 2.2.14 Run-3
W (uv)y 700774 Sherpa 2.2.14 Run-3
W (ev)yy 700870 Sherpa 2.2.14 Run-3
W (uw)yy 700871 Sherpa 2.2.14 Run-3
Z(ee)yy 700873 Sherpa 2.2.14 Run-3
Z (b)Y 700874 Sherpa 2.2.14 Run-3
W (ev) + jets [BFilter] 700777 Sherpa 2.2.14 Run-3
W (ev) + jets [CFilter,BVeto] 700778 Sherpa 2.2.14 Run-3
W (ev) + jets [CVeto,BVeto] 700779 Sherpa 2.2.14 Run-3
W (uv) + jets [BFilter] 700780 Sherpa 2.2.14 Run-3
W (uv) + jets [CFilter,BVeto] 700781 Sherpa 2.2.14 Run-3
W (uv) + jets [CVeto,BVeto] 700782 Sherpa 2.2.14 Run-3
Z(ee) + jets [BFilter] 700786 Sherpa 2.2.14 Run-3
Z(ee) + jets [CFilter,BVeto] 700787 Sherpa 2.2.14 Run-3
Z(ee) + jets [CVeto,BVeto] 700788 Sherpa 2.2.14 Run-3
Z(pp) + jets [BFilter] 700789 Sherpa 2.2.14 Run-3
Z(pp) + jets [CFilter,BVeto] 700790 Sherpa 2.2.14 Run-3
Z(pp) + jets [CVeto,BVeto] 700791 Sherpa 2.2.14 Run-3

Table 5: List of all the MC simulation samples used in this thesis.
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C pr Dependencies of Ei,, Distributions and Models

Ei, Distributions for Different pr Intervals
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Figure 36: The Ejs, distribution for the W+ final state under Run-3 conditions for different pr intervals.
Just like for the Z~ final state, the distributions shift to lower energies and get broader with increasing
pr, mostly due to the subtraction of 0.065-pr in the definition of Fise.
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Figure 37: The Ei, distribution for the Z+v final state under Run-3 conditions with a fake photon for
different pr intervals. Similar to the W+jets MC simulations, the distributions shift only slightly to lower
energies and gets broader with higher pr values.
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Figure 38: The pr distribution of leading and subleading photons in the Z~v+ final state. The leading and
subleading photons in the Z~~ final state exhibit different pt distributions.
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Figure 39: The Ei, distribution of leading and subleading photons in the Z~~ final state. Due to the
strong pr dependence, the FEjy, distribution of leading and subleading photons have different shapes.
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pr Dependence of the One-dimensional Template for Real Photons

The pr dependence of the one-dimensional extended DSCB templates for real photons
is studied. The one-dimensional model is fitted to Ejs, distributions of the Z~ and W~
final states for different pr intervals. The obtained fit results for each of the parameters
of the extended DSCB for the W+ final state are shown in Figures [40] and [4I] The
pr dependencies of each of the parameters can be approximated with linear or constant
correlations. The approximated pr dependencies are comparable to those derived from the
Z~ final state under Run-2 and used for the development of the generic template. This
affirms that the generic template empirically derived from observation in final states under
Run-2 conditions can also be applied to final states under Run-3 conditions. Yet, the linear
and constant fits of the pr dependence of the parameters show larger discrepancies than
those observed in final states under Run-2 conditions. This is likely due to the fact that the
model used for the Ei, distributions of final states under Run-2 conditions was an ordinary
DSCB function. The model for Ei, distributions of real photons used in this thesis is an
extended DSCB function with two additional power law tails. The model used in this thesis
has therefore a larger set of parameter (four additional parameters) and consequently a

higher instability of performed one-dimensional fits.
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Figure 40: Study of the pr dependence of the template for real photons for the W+ final state. In the
figures, the one-dimensional fit results model for the isolation of real photons for different pr intervals

are shown for six of the parameters of the model.

The pr dependence of each of the parameters can

be approximated with either linear or constant correlations. However, large discrepancies are observed,
especially for ar, and ar. This is caused by the high instability of the one-dimensional fits which also
explains the larger differences in the statistical uncertainties.
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can be approximated with a linear negative correlation.
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D Optimal Parameters for the Generic Templates

The following tables summarise the optimal parameters for the generic templates extracted

from different final states under Run-3 conditions. The variables denoted with 0 and 1 are

defined by a linear dependence to pr, e.g. ag+aypr. The variables without this denotation

are approximated to be constant in pr, such as p;, and pr. The constant variables are listed

above the dashed line in the tables.

Table 6: Optimal parameters gopt for the generic template extracted from Z+ MC simulations.

Variable

Value of optimal parameters

mrp,
mg

nr

BLo
Br,
Bro
Br,
ULO
01,4
URO
URl
HLg
KR,

5.4608 £ —
0.016657 £ —
31.683 £ —
4.4955 &£ —

1.2511 £ 0.844
0.0048755 £ 0.778
1.0616 £ 0.0684
0.00068862 £ 0.00275
9.3535 £ 27300
—0.000012701 £ 4.03
17.543 £ 904
—0.0048395 £ 0.00209
0.43399 +1.11
0.0021259 £ 0.018
0.77896 £ 0.124
0.0047721 £ 0.00849
0.0012649 £ 0.569
—0.071325 £ 0.00138
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D Optimal Parameters for the Generic Templates

Table 7: Optimal parameters 5opt for the generic template extracted from W~ MC simulations.

Variable | Value of optimal parameters

mr, 0.76720 + —
mpg 0.16644 + —
nr 59.851 £ —
ng 6.1073 £ —

Caw | 1502440254
ar, 0.0044432 4+ 0.00371
R, 0.84055 %+ 0.256
aR, 0.0010363 £ 0.00192
BLe 1.2744 4+ 1.45
Br, 0.26761 + 0.0693
Bro 9.9969 £ 0.629
Br, 0.13720 + 0.0538
OLo 0.49811 + 0.0762
oL, 0.0016648 4+ 0.000816
O R, 0.74024 4+ 0.247
OR, 0.0054803 £ 0.00197
KL, 0.012114 £ 0.121
IR, —0.071541 £ 0.00117

Table 8: Optimal parameters é;,,t for the generic template extracted from Z+jets MC simulations.

variable § | value of optimal parameters

oL —0.31366 + —
PR 0.010638 £ —

e | 0584278 + 0.00201901
aq —0.00198678 £ 4.77205 x 107°
Lo —0.254064 +£ 0.00321588
11 —0.0387478 + 8.84392 x 1076
o 1.13337 £ 0.00222695
o3| 0.024913 4 4.82479 x 107°
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Table 9: Optimal parameters gopt for the generic template extracted from W+jets MC simulations.

variable § | value of optimal parameters

oL —0.22585 + —
PR 0.011587 £+ —

e | 0551968 £1.19365
a1 —0.00143957 + 0.0875327
1o —0.449085 + 6.3094
151 —0.0345168 £ 0.411175
o 1.04796 £ 0.104414
o1 0.0275221 £ 0.125786

E  Template Comparisons for Real and Fake Photon
Candidates

The extracted templates for real and fake photons are compared to other final states. For
this no fit is needed, only the extracted generic template is multiplied by the corresponding
pr distribution of the photon in the final state to which the template is compared. The
following figures depict the projection of the two-dimensional template onto the pr and

Eis, axes of the photons in the compared final state.

Template Comparisons of Real Photon Candidates

In this section of the Appendix the rest of the comparisons of templates for real photons

are displayed.
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Z~ and W~ Templates Comparisons to the Zvvy Final State

16
14
12
10

t Sherpa 2.2.14 Zyy MC leading y
— Template

Entries / 4 GeV

o N b~ OO

8 III|III|III|III|III|III|III|III|II

L PR S SR T T TR S N S S R SR At St i s e
50 100 150 200 250
Leading photon P, [GeV]

0

Figure 42: The template projected onto the pr axis of the leading photon in the Zv~ final state. The pr
distribution is modelled with a binned histogram.
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Figure 43: The template derived from the Z~ final state compared to the distribution of the subleading
photon in the Z~+ final state.
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Figure 44: The template projected onto the pr axis of the subleading photon in the Z~~ final state.
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Figure 45: The template derived from the Z+ final state compared to the Fig, distribution of a combination
of the leading and subleading photons in the Z~+ final state.
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Figure 46: The template projected onto the pt axis of the combination of photons in the Z~~ final state.
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Figure 47: The Template derived from the W+ final state compared to the FEjg, distribution of the sub-
leading photon in the W~ final state.
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Figure 48: The template with optimal parameters extracted from the W+ final state is applied to the Z~-~
final state photons Ejy, distributions.
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Z~ and W~ Templates Comparisons to the W~ Final State
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Figure 49: The template projected onto the pr axis of the leading photon in the W~ final state.
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Figure 50: The Template derived from the Z+ final state compared to the Ejy, distribution of the subleading
photon in the Wy~ final state.
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Figure 51: The template projected onto the pr axis of the subleading photon in the W~ final state.
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Figure 52: The template extracted from the Z+ final state applied to the Z~~ final state photons Fig,
distributions.
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Figure 53: The template projected onto the pr axis of the subleading photon in the W~ final state.
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Figure 54: The Template derived from the W+ final state compared to the Fjis, distribution of the sub-
leading photon in the W+~ final state.
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Figure 55: The template extracted from the W~ final state is applied to the W+~ final state photons Ejs,
distributions.
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Template Comparisons of Fake Photon Candidates
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Figure 56: Projection of the fit results for the extraction of the template for fake photons onto the pr axis.
Analogue to the real photons, the pr distribution of fake photons is modelled with a binned histogram.
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Figure 57: Projection of the fit results for the extraction of the template for fake photons onto the pr axis.
Analogue to the real photons, the pr distribution of the fake photons is modelled with a binned histogram.
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Figure 58: Projection of the template for fake photons onto the pr axis of a combination of the fake
photons in final state Zjy and Zyj. Analogue to the real photons, the pr distribution of fake photons is
modelled with a binned histogram.

-
o
)

S
Bw IIII|'|T|'|HIIIII|'|'|'| IIIII|T|'| T IIIﬂTl_li

i1 Sherpa Wy+jets Run-3 MC
—— Template

Entries / 4 GeV
|_\
o

[EEY

2

=
<

.|--.|_LLL|.|.|.| IIII|_|_|,|,| IIIII|_|,|,| IIIII|_|,|,| IIIIII,I,I,I_];

L b a0 h MR M BT
40 60 80 100 120 140 160
Photon P, [GeV]

Figure 59: Projection of the template for fake photons onto the pr axis of a combination of the fake
photons in final state Wjy and Wyj. Analogue to the real photons, the pr distribution of fake photons is
modelled with a binned histogram.
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List of Abbreviations

SM
LHC
MC
LAr
ID
ISO
WP
ISR
FSR
DSCB
EM

Standard Model

Large Hadron Collider
Monte Carlo

Liquid Argon
Identification

Isolation

Working Point

Initial state radiation
Final state radiation
Double-sided Crystal Ball

Electromagnetic

topo-cluster Topological cluster
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