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Abstract

English:

The investigation of the self-coupling of electroweak gauge bosons opens up a broad �eld of

possibilities to con�rm predictions of the Standard Model and its underlying gauge theory. At

the same time, precise analyses of such processes create the potential to discover deviations

from well known physics. One of these processes is the 𝛾𝛾 → 𝑊𝑊 process, which proceeds

via quartic and trilinear self-coupling of photons and 𝑊 bosons. In the evaluation of experi-

mental �ndings from the ATLAS detector at the LHC (CERN), the precise determination of

the 𝑞𝑞 → 𝑊𝑊 background is a particular challenge. In this work, the 𝑞𝑞 → 𝑊𝑊 background

estimation from the 𝛾𝛾 → 𝑊𝑊 analysis performed by the ATLAS Collaboration based on

a Drell-Yan correction, is validated. For this purpose, a selection of events of the 𝑞𝑞 → 𝑊𝑍

process is performed and then compared to the reweighted theory-based event samples from

the Monte Carlo simulation Powheg+Herwig7. Thus, a good match of this correction with

high purity selected 𝑊𝑍 events is shown.

Deutsch:

Die Untersuchung der Selbstkopplung von elektroschwachen Eichbosonen erö�net ein breites

Feld an Möglichkeiten zur Bestätigung von Vorhersagen des Standard Modells und dessen zu-

grundeliegender Eichtheorie. Gleichzeitig scha�en genaue Analysen solcher Prozesse das Po-

tential, Abweichungen von bekannter Physik festzustellen. Einer dieser Prozesse ist der über

vierfache und trilineare Selbstkopplung von Photonen und 𝑊 -Bosonen vollzogene 𝛾𝛾 → 𝑊𝑊

Prozess. In der Auswertung experimenteller Befunde des ATLAS Detektors am LHC (CERN)

ist die genaue Ermittlung des durch Fragmentierung des Protons entstehenden 𝑞𝑞 → 𝑊𝑊

Untergrundes eine besondere Herausforderung. In dieser Arbeit wird die 𝑞𝑞 → 𝑊𝑊 Unter-

grundabschätzung aus der von der ATLAS Collaboration durchgeführten 𝛾𝛾 → 𝑊𝑊 Anal-

yse anhand einer Drell-Yan Anpassung validiert. Dafür wird eine Selektion des 𝑞𝑞 → 𝑊𝑍

Prozesses durchgeführt und mit dieser korrigierten Theorievorhersage der Monte-Carlo Simula-

tion Powheg+Herwig7 für diesen Prozess verglichen. So konnte eine gute Übereinstimmung

der Anpassung mit hoher Reinheit selektierter 𝑊𝑍 Events gezeigt werden.
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1 Introduction

With progressive development of the theoretical and experimental framework for the research

in modern particle physics, the experimental analysis of processes potentially providing incon-

gruities with the Standard Model is one of the most important aspects for future developments.

Exploring every possible gap in a system we know is not complete builds the foundation for

new ideas and theories that might bring humanity one step closer to fully understand our

universe.

Since the the electroweak interaction force has been predicted and experimentally veri�ed in

the 1960s and 70s, many theoretically derived processes involving 𝑊 and 𝑍 interaction bosons

have been observed under global e�orts in facilities like CERN, Fermilab and DESY. Further,

many simulation models based on existing theoretical fundamentals have been introduced to

compare with measured data from these research institutions.

An occurrence predicted by developments of the Standard Model and proven at the Large

Hadron Collider at CERN is the elastic 𝛾𝛾 → 𝑊𝑊 process [1, 2]. In proton proton (𝑝𝑝) col-

lisions, the high acceleration of electrically charged particles leads to an electromagnetic �eld

in the transverse plane. Equivalently, this area is source of high energy virtual photons which

can form a pair of massive and oppositely charged 𝑊 bosons. This process proceeds through

trilinear and quartic gauge-boson interactions is especially interesting as it only involves Feyn-

man diagrams with self coupling of electroweak gauge bosons and therefore directly probes the

theoretical SU(2)×U(1) gauge structure of the Standard Model [3].

For a detailed analysis of this process, an understanding of the background processes that

disrupt the evaluation of the measurement is essential. These result mainly from the inelastic

𝑝𝑝 collisions and dissociation of the proton, which leads to a broad spectrum of decay products

dominated by 𝑞𝑞 → 𝑊𝑊 processes. The estimation of these background events is di�cult

and as simulation of 𝛾𝛾 → 𝑊𝑊 is not yet fully available and models do not agree well in

signal region and carry large uncertainties, the distinction between background and signal is

essential.

Therefore, the development of a method for the estimation of 𝑞𝑞 → 𝑊𝑊 background is

necessary. This work will provide a control region for a similar process, 𝑞𝑞 → 𝑊𝑍 → ℓ𝜈ℓℓ
+ℓ−,

to validate the estimation for the 𝑞𝑞 → 𝑊+𝑊− → ℓ+𝜈ℓℓ
−𝜈ℓ background done in the Ref.

[4] analysis. As the selection of three charged leptons is quite unique, it is expected to be
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more pure. For this purpose, a three lepton selection will be applied and di�erent variables

will be evaluated. Chapter 2 outlines the theoretical foundation for this analysis and gives a

brief introduction to the Standard Model, especially to the relevant processes and how they

are detected, reconstructed an analyzed. Chapter 3 is going to be dedicated to the selection

and analysis, whereby the proceeding and results will be presented. The �nal Chapter 4 will

provide a summary of the results and an outlook for the future.



2 Theoretical foundation

As the human species evolved from seemingly simple cell bunches to more and more complex

creatures as we consider ourselves today, individuals started to ask more and more complex

questions. What might have started as "Does rock consist of many rocks or is rock just rock?"

ended up in a fundamental debate about the basic components the universe is made of.

When Democritus postulated the existence of the smallest indivisible units, the atoms, in

400 BC, he created the foundation for a scienti�c consensus that lasted 2300 years. It was

only around 1900 that the more intensive search for the parts that make up atoms themselves

began, which led to an avalanche of discoveries that continued until the middle of the 20th

century. A large part of this �ood of insights, such as the special theory of relativity, quantum

theory and the electroweak gauge theory, was successfully summarised in one grand theory in

the early 1970s [5].

2.1 The Standard Model

Today, all observable phenomena can be traced back to four fundamental interaction forces:

gravitation, electromagnetism, strong and weak interaction. Latter three can be described by

the Standard Model of particle physics (SM), whereby the fundamental issue of this theory was

identi�ed at the outset: the absence of inclusion of gravitational force. Furthermore, it does

not explain the accelerating expansion of the universe, the ratio of matter and anti-matter in it

and phenomena like neutrino oscillation. These are current problems with a need for solution.

Nevertheless the SM is the most comprehensive description of physical phenomena to ever exist

and and completely su�cient to form the theoretical basis for the problem discussed later in

this work.

Within the framework of quantum �eld theory combining quantum mechanics and special

relativity as the theoretical foundation, gauge bosons function as interaction mediators in

between all known elementary particles. These are what we call matter and can be classi�ed

in two types of quarks and leptons with three generations of the same family, distinguishable

by their increasing mass with generation. To each of these exists a corresponding antiparticle,

which are what we call antimatter.

Interaction processes are representable in Feynman diagrams, which are pictorial represen-

tations of quantum �eld theory interactions. Based on simple rules, complex mathematical
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expressions can be derived and theoretical cross sections, being the measure of interaction

probability, can be calculated.

Figure 2.1: Elementary particles in the Standard Model1.

Acting interaction forces correspond to the respective charge the particles carry. The strong

interaction force describes the strong attraction of quarks in hadrons, e.g. protons, neutrons

or mesons consisting of a quark antiquark pair. It is described by quantum chromodynamics,

a non-abelian gauge theory based on the local SU(3) symmetry group. Its mediating gauge

bosons, the gluons, do not carry an electric charge but a color charge, which comes in three

types: red, blue and green with an anti color each. As quarks and gluon are the only particles

carrying non-vanishing color charge, they only participate in strong interactions with each

other.

A concept better known in everyday applications is the electromagnetic force, theoretically

described by quantum electrodynamics (QED) with the symmetry group U(1). It is mediated

by electrically uncharged photons, massless and spin-less just like the gluon [5, 6].

The uni�cation of electromagnetic and weak interaction has led to some of the most important

discoveries of the SM up until the 21st century and will be also be the relevant interaction in

the processes important for this work. Therefore, we will examine it in more detail.

1Cush (https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg),
„Standard Model of Elementary Particles“, https://creativecommons.org/licenses/by/3.0/legalcode

https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
https://creativecommons.org/licenses/by/3.0/legalcode
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2.2 Electroweak interaction

The observation of 𝛽 decay revealed the need to introduce a further interaction due to apparent

energy and angular momentum conservation violation. A new particle without an electric

charge and spin 1/2 called neutrino was proposed. As the performing interaction force had a

very short range compared to the QED, it was named the weak force, and should therefore be

mediated by a heavy particle.

The solution was the introduction of a massive and charged mediation boson called𝑊± (weak)

boson. The theoretical uni�cation with the QED, described with the SU(2)×U(1) gauge group
demanded the existence of another, neutral, gauge boson. However, a lack of experimental

indications, the so called "absence of neutral currents" prevented greater attention drawn to

this theory in the physicist community. This was until 1973, when the experimental proof

of inelastic neutrino-nucleon scattering succeeded. In the Standard Model, this process is

described with the exchange of the 𝑍 (zero-charge) boson [5, 6].

These gauge bosons mediate interactions between both leptons and quarks, while a process

involving a 𝑊 boson changes the electric charge, the weak isospin and the �avour of partici-

pants. A process with a 𝑍 boson does not involve a charge, nor a �avour change. A 𝑍 decays

with probabilities of around 70% in hadrons and 10% in pairs of oppositely charged leptons.

The remaining 20% are not detected neutrinos. The 𝑊 boson decays to roughly 68% into

hadrons and to 32% into one charged lepton and a neutrino with corresponding generation [7],

which is the phenomenon observable in 𝛽 decay. As the neutrinos cross section is quite small,

it is not easy to detect. While there are facilities dedicated to the measurement of neutrino

properties, the detection in a particle accelerator is limited to missing momentum and angular

momentum (spin) based on conservation laws. In 1983 both bosons were experimentally veri-

�ed and their masses have been determined with increasing accuracy over time. The current

values, resulting from the mean of di�erent measurements are 𝑚W = 80.3692 ± 0.0133GeV

and 𝑚Z = 91.1880± 0.0020GeV [7].

The introduction of the weak interaction led to the groundbreaking discovery of parity (mirror

symmetry) violation, one of the least understood mechanisms in particle physics. A direct

consequence of the spontaneously broken, non-abelian gauge theories is the existence of self

interactions of electroweak gauge bosons. The self coupling of 𝑊,𝑍 or 𝛾 can proceed trilinear

via a triple Feynman diagram vertex (interaction point) or quartic, with four interacting

particles linked to the same vertex. While the 𝛾𝛾 → 𝑊𝑊/𝑊𝑍 interactions are predicted, the

quartic 𝛾𝛾 → 𝑍𝑍 coupling is not present in the SM [3, 8]. A precise measurement of such

processes can therefore con�rm theoretical SM predictions or may be used to search for new

physics.

A further important development was the question of the origin of the masses of the massive

gauge bosons. As mass-bound gauge bosons can only be described with the aid of a scalar �eld
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in quantum �eld theory and the introduction of such led to the next surprise. It was presented

as the Higgs �eld, being part of the theoretical structure called Higgs mechanism, named after

its inventor. A new gauge boson with spin zero was predicted as the scalar Higgs-�eld related

quant, the Higgs boson. The experimental veri�cation of such a particle in 2012 completed

the theoretical structure of the SM [6] and left the particle physics community with the task of

digging in detail until the entirety of con�icts with this theory lay the foundation for a greater

one.

2.3 Experimental verification - The ATLAS detector

We have come a long way since the �rst cyclotron was build in 1930 and as our theoretical

understanding evolved, so has the ability to measure and reconstruct particle collisions with

an ever increasing accuracy. The data used for this work is taken from the ATLAS detector.

It is part of the CERN (European Organisation of Nuclear Research) infrastructure and de-

tects e�ects of proton proton (𝑝𝑝) but also heavy ion collisions from the LHC (Large Hadron

Collider). The charged particle beam is controlled and accelerated by 1232 supraconducting

dipole magnets surrounding the beam pipe [9]. Due to relativistic principles, the maximum

producible mass of decay products is limited by the invariant mass of the system, which cor-

responds to the total energy of the system in its center-of-mass frame. As the proton bunches

are accelerated to almost light speed, high mass particles as the higgs, 𝑊/𝑍 bosons and top

quarks can be part of the recorded debris. The LHC is a ring collider with an circumference

of 27 km and produces center-of-mass energies up to
√
𝑠 = 13TeV with seven other detectors

situated around, the largest being ALICE, CMS and LHCb [10].

Figure 2.2: Schematic architecture of the ATLAS detector, image taken from Ref. [11].

The ATLAS detector is a almost hermetical cylindric structure along the longitudinal beam

axis, subdivided into onion-like layers. The parameter that describes the number of particles

collided over time and per area is the integrated luminosity 𝐿. It is given in the unit "per
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barn" with 1 b−1 = 10−28m2. Usually, all calculations in particle physics are done in natural

units, meaning: the reduced Planck constant ℏ and the speed of light 𝑐 are set to the value 1

and SI units can be described in GeV.

In analysis, the interaction spot is set as the coordinate origin, with the longitudinal beam as

z-axis while the x/y-plane is usually referred to as the transverse plane. Angular information

is de�ned accordingly with the azimuthal angle 𝜙 and the polar angle 𝜃. The latter is usually

characterized by the pseudorapidity 𝜂 = − ln(tan
(︀
𝜃
2

)︀
)

The inner detector is embedded in a magnetic �eld with the strength of 2T produced by

solenoid magnets and can therefore measure the momentum of electrically charged particles

based on the curve of the trajectories induced by the Lorentz force. It covers a pseudorapidity

range of |𝜂| < 2.5 and is divided into three subdetectors: The high granularity silicon pixel,

silicon microstrip and transition radiation tracking detectors.

The electromagnetic calorimeter runs with liquid argon as active detector material, while the

hadronic calorimeter is scintillator-tile based. For both kinds of measurements, the pseudora-

pidity range is extended with liquid argon calorimeters at the endcap and forward regions to

reach a |𝜂| = 4.9. The muon spectrometer covers these calorimeters and is structured into three

large superconducting air-core torodial magnets with eight coils each. Further, it includes pre-

cision tracking chambers and also fast detectors for triggering, leading to a maximum |𝜂| = 2.7

[12, 13].

2.4 The 𝛾𝛾 → 𝑊𝑊 process

Particles experience the relativistic e�ect of Lorentz contraction when they are accelerated

to high speeds. If the particle carries a charge and therefore an electric �eld, the latter gets

compressed in the same way, leading to a high electromagnetic �eld strength in the plane

perpendicular to the direction of movement.

Figure 2.3: Simplified illustration of motionless and boosted charged particle and its
electric field, sketch based on Ref. [14]
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This electric �eld of two passing protons is an intense source of "quasi-real photons" which

can transform into other intermediate particles or detectable leptons [15]. As intermediate

photons do not have to satisfy the relativistic energy momentum relation 𝐸 = 𝑝 · 𝑐 (they are

"o� shell"), "quasi-real" photons are intermediate photons with very low virtuality, meaning

their energy and momentum are nearly those of real photons (they are almost "on shell").

Due to charge conservation, the resulting system must carry the electric charge zero. A

process more recently predicted by the SM is the 𝛾𝛾 → 𝑊+𝑊−, which is depicted in the

Feynman diagrams in Figure 2.4. Proceeding through trilinear (left) and quartic (right) 𝑊

W

γ

γ

W−

W+

γ

γ

W−

W+

Figure 2.4: Leading order Feynman diagrams for 𝛾𝛾 → 𝑊𝑊 , image taken from Figure 1
in Ref. [4].

boson interactions, it only involves Feynman diagrams with self-couplings of the electroweak

gauge bosons. Therefore, a study of properties, especially the veri�cation of the theoretically

determined cross section, directly tests the SU(2)×U(1) gauge structure, as deviations could
indicate new physics beyond the SM.

An experimental veri�cation of the existence of such process was successfully realized in 2016

on both, the ATLAS and CMS detector, independently [1, 2].

As the interacting photons transport high energies, the accelerated protons can potentially

fragment. The nature of photon-photon interactions can therefore be di�erentiated into elas-

tic, semi-dissociative and double-dissociative, referring to the protons remaining intact, one

fragmenting and both fragmenting. When only the 𝑊 boson �nal state particles (stable decay

products) are reconstructed, the semi-dissociative interaction is still expected with the highest

probability of 81%, while the least likely process is the double dissociative with only 3% [16].

While an elastic 𝛾𝛾 → 𝑊𝑊 interaction can be identi�ed by the reconstruction of exactly

two leptons with �tting properties, a dissociation leads to loads of byproducts emerging from

hadronic decay of the proton(s). Together with a noneligible number of events overlapping

per bunch crossing (collision of proton bunches), usually referred to as "pile up" events, this

results in a di�cult reconstruction and analysis of this process.
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2.4.1 Event reconstruction and selection

The analysis this work follows, accessible in Ref. [4], is therefore optimized for the selection

of elastic 𝛾𝛾 interactions with candidate events being identi�ed by the absence of any charged

particle tracks besides the 𝑊𝑊 decay products. Those must be exactly one electron and one

muon, as the cross section of a lepton pair production with a 𝑊 intermediate is two orders of

magnitude smaller than the cross section of the direct 𝛾𝛾 → ℓ+ℓ− process [15, 2]. However, as

a pair of tauons (𝜏) can each decay into a neutrino and a 𝑊 boson, this is the only 𝛾𝛾 → ℓℓ

process not excluded by the criterion of an electron and muon containing �nal state. Due to

a small number of such events, the in�uence is small as well.

In order to be considered in the analysis, an event �rst has to pass through track reconstruction

criteria. Reconstructed with an iterative track-�nding algorithm from a minimum of three

hits (position measurements) in the inner detector (ID), tracks have to be compatible to an

extrapolated trajectory.

Electrons are identi�ed from energy clusters recorded in the electromagnetic calorimeter and

then matched to the ID tracks [17]. Their 𝑝T must exceed 20GeV. The pseudorapidity

must ful�ll |𝜂| < 2.47, excluding the calorimeter barrel-endcap transition, leading to a gap of

detectable |𝜂| with 1.37 < |𝜂| < 1.52. Muons are directly identi�ed from tracks in the muon

spectrometer which are also matched to the ID tracks [18]. They have to ful�ll 𝑝T > 20GeV

and |𝜂| < 2.4.

The tracks are then assigned to the same interaction spot, called vertex, which is reconstructed

from the weighted average 𝑧 position of their extrapolation to the beamline with equation (2.1).

The number of tracks counted to the same event is within 1mm of the vertex.

𝑧ℓℓ
vtx

=
𝑧ℓ1 sin

2 𝜃ℓ1 + 𝑧ℓ2 sin
2 𝜃ℓ2

sin2 𝜃ℓ1 + sin2 𝜃ℓ2
(2.1)

The lepton with the higher 𝑝T of an event is the leading lepton with a minimum 𝑝T = 27GeV.

For the lepton with the second highest 𝑝T, all requirements above apply. In this analysis as

well as the following, other leptons will be considered for a better background estimation.

Thereby, the track multiplicity 𝑛trk will be the characteristic value for the number of tracks

reconstructed additionally to the two leptons for one event.
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2.4.2 Background estimation
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Figure 2.5: Distribution of the combined transverse momentum of both leptons 𝑝𝑒𝜇T with
no other leptons detected, image taken from Figure 5 in Ref. [4]

A key concept for background estimation to this data set is the separation of phase space

in signal and control region. The signal region is chosen, where the expected signal process

is dominant or most likely to appear, while the control region is kinematically similar, but

dominated by background events and has little or no signal contribution. The goal is the

extrapolation of backgrounds in the signal region using simulation, scaling factors, or data-

driven techniques with the data and estimations from the control regions. An important part

of this estimation is the usage of Monte-Carlo generator based simulations, which can produce

randomly sampled events based on an underlying theoretical model [19].

In the 𝛾𝛾 → 𝑊𝑊 analysis one signal and three control regions are de�ned based on the

combined dilepton transverse momentum 𝑝𝑒𝜇T and 𝑛trk. The signal region is chosen with 𝑝𝑒𝜇T >

30GeV and 𝑛trk = 0, with an expected signal purity of 57% and 33% background contamination

from 𝑞𝑞 → 𝑊𝑊 production.

The expected backgrounds are mainly such 𝑞𝑞 → 𝑊𝑊 events, which will be examined in more

detail in the next section, and Drell-Yan events, characterized by the annihilation of a quark

and antiquark pair, forming a virtual photon or Z boson: 𝑞𝑞 → 𝑍*/𝛾* → ℓ+ℓ− (the Feynman

diagram can be seen in Figure 2.6). Here, only the Drell-Yan processes with a 𝜏+𝜏− production

will be considered, as the �nal state of equal leptons with opposite charge is excluded. Another

noneligible part of the background are non-prompt leptons, which are not produced in the 𝑝𝑝
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hard scatter interaction but by secondary hadronic decay interactions and falsely assigned to

the interaction vertex.

The �rst control region, 𝑝𝑒𝜇T < 30GeV and 1 ≤ 𝑛trk ≤ 4, is dominated by Drell�Yan (𝑍/𝛾* →
𝜏𝜏) processes, which account for 75% of events, with additional contributions from 𝑞𝑞 → 𝑊𝑊

and non-prompt leptons. The second control region, 𝑝𝑒𝜇T > 30GeV and 1 ≤ 𝑛trk ≤ 4, is

enriched in 𝑞𝑞 → 𝑊𝑊 events, contributing about 70% of events. The third control region,

𝑝𝑒𝜇T < 30GeV and 𝑛trk = 0, provides additional control for background modeling and has a

signal contamination of 10%.

A visualisation of this subdivision can be seen in Figure 2.5, where the grey line and arrow

mark the begin of the signal region. With the estimation derived from the control regions,

events in the signal regions can be scaled and the absolute background can be estimated. A

detailed description can be found in Ref. [4] in chapter 6.

2.5 The 𝑞𝑞 → 𝑊𝑊 background

As the modelling of the fragmentation of the proton relies on phenomenological concepts,

the simulation of the charged particles produced from initial-state radiation or secondary

partonic scattering, also called underlying events, is challenging. For a low number of detected

charged particles, the underlying event distribution was found to be poorly modelled. For

quark induced processes with a colourless �nal state (leptons or bosons), a comparability was

assumed to estimate the 𝑞𝑞 → 𝑊𝑊 background. This process, as well as the production of

𝑊𝑍 and 𝑍𝑍 (however, negligible in this analysis) will be referred to as diboson production.

2.5.1 Correction derived from Drell-Yan

Figure 2.6: Feynman diagrams for the Drell-Yan process mediated by 𝑍/𝛾* to dilepton
final state, image taken from Figure 1 in Ref. [20]

The estimation of this speci�c background process was derived from using data measurement

of Drell-Yan production, speci�cally via a 𝑍 boson. While Monte-Carlo samples of di�erent

simulations vary with large di�erences for the track multiplicity spectrum of charged particles,
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the behaviour of the diboson and Drell-Yan spectra can be considered similar within 10-20%

at a constant diboson 𝑝T. Events are selected using the similar criteria described in Section

2.4.1 with an additional requirement for the dilepton mass around the 𝑍 mass value with

70GeV < 𝑚ℓℓ < 105GeV. An important di�erence in selection is the �nal state consists

here of same �avour leptons. The background is dominated by 𝛾𝛾 → ℓℓ events, which are

subtracted using a �t in a 𝑝ℓℓT control region, as the kinematic properties are distinguishable

from Drell-Yan. In�uence from 𝛾𝛾 → 𝑊𝑊 is neglected, as it is expected to be less than 1% in

that region. Pile-up track in�uences are minimized by using data driven techniques based on

reweighting, corrections of the beam spot width and ancillary measurements, counting tracks

near a random 𝑧 position well separated from the interaction vertex with at least 10mm.
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Figure 2.7: Comparison of the match of data and Monte-Carlo models Sherpa and
Powheg+Pythia8 before and after appliance of per-event weight correction
for the track multiplicity 𝑛trk, image taken from Figure 3 in Ref. [4].

After the subtraction of backgrounds, D'Agostini unfolding [21, 22] is applied on the distri-

bution of 𝑛trk as a function of 𝑝ℓℓT . With the ratio of unfolded data to unfolded simulation

values as a function of the charged-particle multiplicity and dilepton transverse momentum

emerging from the 𝑍 decay, the charged particle multiplicity of modelled Drell Yan events

is adjusted with per-events weights. The results can be seen in Figure 2.7, where Sherpa

and Powheg+Pythia8 predictions before and after corrections and the data are plotted for

0 ≤ 𝑛trk ≤ 20. The best �tting model was Powheg+Herwig7, which is not shown in this

plot, exceeded the data with about 30%. All simulations now align well within uncertainties.

This correction, depending on 𝑛trk and the 𝑝T of reconstructed decay products is then applied
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to the diboson 𝑝𝑝 → 𝑊𝑊/𝑊𝑍/𝑍𝑍 processes as well, leading to an approximation of this

background distribution observable in Figure 2.8. Here, the track multiplicity is shown for up

to �ve tracks. The uncertainties of the track reconstruction result from the alignment of the

inner detector and the reconstruction e�ciency. The probability of falsely reconstructed tracks

with a consideration of detector background noise is also included. Simulation uncertainties

result mainly from pile-up tracks and the distributions before the corrections, assessed by

the comparison of Powheg+Pythia8 and Sherpa. They are and can be expected to be

relatively small.

200

400

600

800

1000

1200

E
ve

nt
s

ATLAS
-1 = 13 TeV, 139 fbs

 > 30 GeVµe

T
p

 Data
WW→γγ 
ττ→γγ 

WW→ qq
 Other qq initiated
 Non-prompt
 Drell-Yan
 Total uncertainty

0 1 2 3 4

trk
Number of reconstructed tracks, n

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

 

Figure 2.8: Distribution of track multiplicity after corrections applied, image taken from
Ref. [4]

This estimation is only justi�ed by a similarity in Monte-Carlo samples, while the di�erences

of Drell-Yan and diboson prediction are up to 20%. Therefore, a validation of the conducted

reweighting is necessary. A process with physical properties comparable to the 𝑞𝑞 → 𝑊𝑊

production is 𝑞𝑞 → 𝑊𝑍.
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2.5.2 Qualitative comparability to 𝑝𝑝 → 𝑊𝑍

As the transfer of the corrective function from Drell-Yan simulation adjustment was rather

born out of necessity, another control region to validate this estimation is needed. A process

suitable for comparison is the 𝑞𝑞 → 𝑊𝑍 production. If the reweighted simulated events

correctly depict the selected data for this process, the same can be assumed for 𝑞𝑞 → 𝑊𝑊 .

The similarity of the diboson production can be derived from the comparison of Feynman

diagrams in Figure 2.9.

Figure 2.9: Leading order Feynman diagrams for the 𝑞𝑞 annihilation to a 𝑊𝑊 and 𝑊𝑍
final state, image taken from Figure 1 in Ref. [23]

While the cross section is much smaller than 𝑊𝑊 production [24], its �nal state is not as

challenging in reconstruction. This is due to the production of three charged leptons and

one undetected neutrino, while the 𝑊𝑊 �nal state includes two neutrinos and can therefore

only be di�erentiated by the missing energy of both neutrinos. Despite the large di�erence

in detected events, a qualitative comparability regarding the 𝑛trk spectra can be expected.

Therefore, the study of the track multiplicity of the 𝑝𝑝 → 𝑊𝑍 process is suitable as a control

sample for the 𝑝𝑝 → 𝑊𝑊 background from the 𝛾𝛾 → 𝑊𝑊 analysis.



3 Selection of a 𝑝𝑝 → 𝑊𝑍 control sample

In this chapter, the development of the 𝑝𝑝 → 𝑊𝑍 selection will be presented. The goal will

be the provision of a reliable 𝑊𝑍 control region to validate the reweighting of the charged

particle multiplicity done in the 𝛾𝛾 → 𝑊𝑊 analysis for 𝑝𝑝 → 𝑊𝑊 background events. For

this purpose, the preselected data will be analyzed and optimized by the evaluation of mass

and momentum variables and the kinematic properties of 𝑊𝑍 events reconstructed. Lastly,

cuts (the setting of boundaries on these variables) on the basis of known values will be applied.

To understand the following procedure, we have to take a look at the situation we are starting

with. To provide a reliable control region, it is necessary to �lter out all kinds of events other

than 𝑝𝑝 → 𝑊𝑍. In Figure 3.1, the track multiplicity of this process is shown. Which means

in this case, the number of tracks reconstructed additionally to those of the 𝑊 and 𝑍 boson

decay products.
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Figure 3.1: Track multiplicity with only pre-cuts applied.

The plots presented in this analysis depict expected top quark pair production, Drell-Yan pro-

cesses, 𝑞𝑞 → 𝑊𝑍 and 𝑞𝑞 → 𝑍𝑍 production. The yellow coloured area in the data to simulation
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ratio bar below shows the simulation uncertainties, which are represented by the hatched area

in the original plot. To ensure a good statistical signi�cance, up to seven additional tracks

will be allowed in the following analysis.Just looking at the histogram, one quickly comes to

realize that the data and simulation do not match very well and there seem to be events the

simulation is not able to predict. This is mainly due to the di�cult detector simulation and

the resulting lack of exclusion of misidenti�ed leptons, which are usually hadronic jets that im-

itate a lepton signal. Moreover, the fragmentation of the protons and the resulting scattering

of particles with a small momentum exchange and scattering angle can not be described by

perturbative quantum �eld theory. The simulation of such relies on phenomenological models,

which can not be performed with the same precision.

The events selected contain Drell-Yan events, since its �nal state is a pair of oppositely charged

leptons and can therefore be incorrectly assigned as the 𝑍 decay without a closer kinematic

selection. A small percentage of 𝑝𝑝 → 𝑊𝑊 events is also expected, however, being negligible

with a cross section about four orders of magnitude smaller then Drell-Yan events [25, 23].

Top quarks can decay into a bottom quark and a 𝑊 boson, which can be falsely assigned

to the 𝑝𝑝 → 𝑊𝑍 process. The goal of the following chapter will be the exclusion of these

background events, to provide a better consistency of simulation and data, and an enhanced

purity of selected 𝑞𝑞 → 𝑊𝑍 events accordingly. The 𝑍𝑍 production is mostly irreducible

background. With four charged leptons in �nal state, it can contribute to 𝑛trk > 0 and with a

lepton falling outside of the detectors acceptance, to 𝑛trk = 0 as well [26].

3.1 Preselection

Simulated events were generated with the Monte Carlo generator Powheg+Pythia8 and

need to pass through a detailed model of the ATLAS detector based on Geant4 [27].

The data used for this analysis are 𝑝𝑝 collisions with 139 fb−1 that have been recorded between

2015 and 2018 at the ATLAS detector with an average of 33.7 collisions per bunch crossing. To

be considered for this analysis, it must ful�ll certain basic criteria very similar to the analysis

described in Ref. 2.4.1 and [4]. The candidate events are selected by requiring three charged

leptons, which can be electrons or muons. The leading leptons need to be detected with a

minimum transverse momentum 𝑝T of 27GeV, subleading are required to have at least 15GeV.

Other leptons need to meet the requirement of 𝑝T > 10GeV. The pseudorapidity electrons

can be detected with is limited by the detector acceptance and therefore the data is precut to

|𝜂| < 1.37 or 1.52 < |𝜂| < 2.47. Due to the structure of the muon spectrometer, muons are

precut to a range of |𝜂| < 2.4.

Both muons and electrons need to pass 'loose' identi�cation selection criteria, referring to the

number of hits in the inner detector and the electromagnetic calorimeter or the muon chamber



3.1.1 Reconstruction of kinematic properties of the 𝑊 boson 17

[18]. A further 'medium' selection of the electrons is based on the discriminant value of a like-

lihood identi�cation [17] which is constructed using the shape of the electromagnetic showers,

the track properties from the inner detector and how well these �t together. Most importantly,

all events considered must include exactly four charged leptons, of which only three can be

detected as one neutrino is produced. Therefore, the 𝑊 candidate can be reconstructed best,

when the missing neutrino detection is considered, which will be discussed in the next section.

The 𝑍 boson decays into two oppositely charged leptons of the same �avour.On this basis,

further selection criteria beyond the general preselection for all leptons considered are applied.

For the 𝑍 candidate, pairs of oppositely charged leptons of same �avour are selected. For

this, the lepton pair with a combined four momentum sum (invariant mass) closest to the 𝑍

mass is selected. The single 𝑊 lepton is chosen depending on being an electron or muon.

To be assigned to the 𝑊 boson, electrons now need to pass a tight likelihood and isolation

identi�cation criterion. Muons must pass a tight isolation criterion.

3.1.1 Reconstruction of kinematic properties of the 𝑊 boson

For accurate reconstruction of the𝑊 -boson mass and kinematics, the estimation of the missing

neutrino momentum is essential. This is calculated using conservation of momentum in the

transverse plane of the event, meaning: the transverse momentum 𝑝T of all detected particles

is vectorially summed. As the total momentum in the transverse plane must be preserved,

this vector sum should vanish but since the neutrino is not detected, its transverse momentum

results from this vectorial sum over all detected charged particles. Therefore, the total missing

tranverse momentum 𝑝miss

T per event results from equation (3.1).

𝑝miss

T = |𝑝 miss

T,leptons + 𝑝 miss

T,hadrons| (3.1)

The contributions of reconstructed leptons and remaining (mostly hadronic) tracks of the

event are shown in Figure 3.2. The in�uence of hadronic tracks is limited to low missing

transverse momenta, whereby most of their momentum vectors cancel to zero. The neutrino

momentum 𝑝miss
T results mostly from the lepton selection. For the combined 𝑝miss

T , the highest

data values accumulate from 7.5GeV to 30GeV and decrease with increasing momentum,

while the expected 𝑊𝑍 event peak is from 30GeV to 37.5GeV. The data below 30GeV

exceeds the simulation predicted values. The histogram for the neutrinos momentum 𝑝miss
T is

depicted in Figure 3.3.
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Figure 3.2: Contribution of missing transverse momentum of detected leptons (left) and
hadronic tracks (right).
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Figure 3.3: Total missing transverse momentum of neutrino.
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Hence, an consideration of the 𝑊 mass is practical as its value is well determined and will

therefore be used as a guiding and cutting variable. However, due to a missing information

of the longitudinal component of the neutrino momentum, only the transverse mass can be

estimated using equation (3.2), resulting from the relativistic energy-mass relation and mo-

mentum conservation in the transverse plane. Here is ∆𝜑 the azimuthal angle between the

vectors of the charged lepton and the neutrino.

𝑚T,𝑊 =
√︁

2 · 𝑝ℓT · 𝑝𝜈T · (1− cos∆𝜑) (3.2)

The resulting histogram in Figure 3.4 shows one event peak expected to be mostly Drell-Yan

events from about 10GeV to 20GeV. The most events are recorded for 72 < 𝑚T,𝑊 < 84GeV

with a steeper decline towards higher values then to lower 𝑚T,𝑊 . Following from the de�nition

of the transverse mass, the values range with an upper limit of the full 𝑊 mass, as information

from the longitudinal direction is lost due to pure consideration of the transverse plane. The

value of the transverse mass of the 𝑊 boson therefore matches the total invariant mass, if

the 𝑊 system is produced at rest [28] with a scattering angle between neutrino and charged

lepton ∆𝜑 = 90∘. Events above 𝑚T,𝑊 = 𝑚𝑊 result from the width of reconstructed variables

and the resolution of the detector.
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Figure 3.4: Transverse mass of the 𝑊 -boson.
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3.1.2 Mass of the 𝑍 boson

Since the 𝑍 boson decays into two oppositely charged leptons with fully reconstructed four

momentum, the calculation of invariant mass is possible and can be done with a higher reso-

lution than the transverse 𝑊 mass. It is determined by summing the four momenta in form

of equation (3.3).

𝑚𝑍 =

√︁
(𝐸ℓ+ + 𝐸ℓ−)

2 − (𝑝ℓ+ + 𝑝ℓ−)
2 (3.3)

The full knowledge of decay products related to the 𝑍 leads to a resonance-like peak in its mass

distribution. Another salient feature is the appearance of an event peak resulting from the

preselected cut on 𝑝T at 25GeV in a threshold at 50GeV and is therefore low 𝑝T background

activity.
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Figure 3.5: Invariant mass of the 𝑍-boson.
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The goal of this section will be the largest possible exclusion of background events disrupting

the variables discussed without loosing too many 𝑊𝑍 events and therefore statistical signi�-

cance. For this, cuts will be applied to exclude sensible events as non-simulatable processes,

Drell-Yan and misidenti�ed leptons.

3.2.1 Neutrino momentum and transverse mass of the 𝑊 boson

Due to distribution of events in the 𝑊 transverse mass and neutrino momentum histogram

and the well determination of the 𝑊 mass value, a cut for on the 𝑊 transverse mass variable

was applied. In consideration of the peak at around 10GeV, which is mainly expected to be

Drell-Yan events, a cut of 40GeV around 80.364GeV was chosen, which can be seen in Figure

3.6.

As the amount of selected events is not very large, the cut was not chosen slimmer, since the

statistical signi�cance increases with the number of events. Further, it was not chosen with a

lower higher limit, since the events above 𝑚𝑊 are still expected to be 𝑊𝑍 events. This leads

to a complete exclusion of simulated Drell-Yan events and events derived from other processes

besides 𝑝𝑝 → 𝑊𝑍 and 𝑝𝑝 → 𝑍𝑍 in neutrino momentum 𝑝miss
T , which can be seen in Figure 3.7.

The data and simulation now align well for 𝑝miss
T < 30GeV, resulting in a signi�cant maximum

at 30GeV to 37.5GeV.
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Figure 3.6: Transverse mass of the 𝑊 -boson with cuts applied.
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Figure 3.7: Total missing transverse momentum of neutrino after 𝑊m cut applied
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Figure 3.8: Transverse momentum of the lepton assigned to the 𝑊 boson (left) and angle
between lepton and neutrino emerging from the 𝑊 boson (right).
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From this, we can conclude that the cut on the 𝑊 mass has led to a large exclusion of

events that do not produce neutrinos or a 𝑊 boson without a heavy loss of events overall.

However, with all cuts applied simultaneously, the peak now carries less events, because of the

exclusion of events in the 𝑍 mass cut, which will be discussed in the next section. Further, the

distribution of the angle between lepton and neutrino ∆𝜑 meets the expectation with an even

distribution around 𝜋, which can be taken from the left plot in Figure 3.8. The transverse

momentum of the lepton assigned to the 𝑊 boson is shown in the right plot of Figure 3.8 with

a maximum of events at 30GeV to 50GeV.

When the𝑊 system is produced at rest, the neutrino and charged lepton transverse momentum

should approximately be half the 𝑊 mass [28]. Resulting from the distributions of these

variables, this seems to be the case for most selected events, with small losses to the longitudinal

direction and resolution limitations.

3.2.2 Mass of the 𝑍 boson
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Figure 3.9: Invariant mass of the 𝑍 boson with cuts applied.

The distribution of the invariant 𝑍 mass being concentrated at the theoretical value with little

events at other energies allow the cut applied to be chosen tighter than for the 𝑊 boson. It

was chosen to be 20GeV around the latest value of 𝑍𝑚 = 91.188GeV [7], which can be seen

in Figure 3.9.

As the cut was performed simultaneously to the 𝑊 mass cut, the resulting peak in the his-

togram in 3.9 carries less events as well and the predicted Drell-Yan events in the peak are
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excluded. This is due to the exclusion of events in the 𝑊 mass cut that produced leptons

assigned to the 𝑍 decomposition.

3.3 Results

After all mass cuts applied, one can take a look at the �nal track multiplicity histogram,

however a few preliminary considerations are useful. This section will provide a statistical

testing method and a detailed analysis of the outcome.

3.3.1 Performance of 𝜒2 tests

To evaluate the �delity of the simulation and agreement with the �ltered data, 𝜒2 tests are

performed. For this, the absolute 𝜒2 value was calculated according to equation (3.4). The

standard deviation for each bin (histogram bar) results from the uncertainties of data and

simulation by equation (3.5).

𝜒2 =

𝑁bins∑︁
𝑖=1

(𝑂𝑖 − 𝐸𝑖)
2

𝜎2
𝑖

(3.4)

𝜎𝑖 =

√︁
(𝜎err

data
)2 + (𝜎err

simulation
)2 (3.5)

𝑂𝑖 : Observed data value

𝐸𝑖 : Expected/Simulation value

𝑁bins : Number of bins (histogram bars)

𝜎err : Uncertainty of data/simulation value.

Therefore, a bad match of data and simulation can be identi�ed by the comparison number of

degrees of freedom (number of bins) and the 𝜒2 value and its magnitude. Therefore, the 𝜒2

values will be given as the ratio of both. A bad match would be identi�ed with a 𝜒2 ≫ 𝑁bins

and 𝜒2/𝑁bins ≫ 1. However, this method does not provide precise information of the quality of

the match [19].

3.3.2 Final track multiplicity

The track multiplicity after the �nal 𝑊𝑍 selection depicted in Figure 3.10 represents a great

improvement compared to the preselection. The selection led to a complete exclusion of

expected Drell-Yan and top quark events with now only 𝑊𝑍 and few 𝑍𝑍 events in track

multiplicities greater than zero expected.

Simulation and data align much better with an enhancement of the 𝜒2 value from 𝜒2
pre/7 =

11.18/7 ≈ 1.60 to 𝜒2
sel/7 = 2.01/7 ≈ 0.3. All bins align well within uncertainties apart from

𝑛Track = 0, where the data still exceeds the simulation value.
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Figure 3.10: Number of reconstructed additional tracks after selection.

3.3.3 Charge distinction of the 𝑊 boson

To study the event excess in the 𝑛Track = 0 bin in more detail, the track multiplicity distribution

presented in the last section is separated by charge of the 𝑊 assigned lepton. This can be seen

in Figure 3.11. As the 𝑞𝑞 → 𝑊𝑍 process is initiated by the scattering of positively charged

protons (consisting of two up and one down quark, increasing the probability for positively

charged particles forming) the share of 𝑞𝑞 → 𝑊+𝑍 decomposition is larger than its negative

counterpart.

The expectation of signi�cantly more events associated with 𝑊+ boson was met and the

expected values of data and simulation of 𝑛Tracks = 0 �t very well within a tolerance range of

10% and within uncertainties with 𝜒2
𝑛trk=0 = 0.02. The related 𝜒2 value for all seven bins �ts

the visually recognizable similarity with 𝜒2/7 = 1.45/7 ≈ 0.21. For negatively charged 𝑊 , the

simulation of 𝑛trk = 0 does not align well with the data, with a 𝜒2
𝑛trk=0 = 1.92. The overall

match of expectation and data is su�cient with an overall value of 𝜒2/7 = 4.76/7 ≈ 0.68.

Unfortunately, the charge di�erentiation does not provide an answer to the high event yield in

the �rst bin. For the negative 𝑊 boson, the data exceeds the simulation by a range of 150% to

350%, considering the statistical uncertainties of the data. This requires further investigations

with a more detailed causal research concerning the 𝑛Tracks = 0 bin.
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Figure 3.11: Number of reconstructed additional tracks with leptons emerging from 𝑊−

(left) or 𝑊+ boson (right).



4 Summary and Outlook

In this work, a selection of 𝑞𝑞 → 𝑊𝑍 events was performed to provide a reliable control sample

to validate the 𝑞𝑞 → 𝑊𝑊 background estimation derived from Drell Yan events, done in the

2021 𝛾𝛾 → 𝑊𝑊 ATLAS Collaboration analysis [4].

Events from data collected at the ATLAS detector were selected with preselection criteria

based on requirements for the transverse momentum, pseudorapidity and most importantly,

the number of detected leptons. With the 𝑊𝑍 �nal state containing three charged leptons

and a neutrino, events were selected with a minimum of three reconstructed leptons to the

same vertex with an allowed track multiplicity up to 𝑛trk = 7.

Based on the preselected events, a selection on kinematic properties characteristic to 𝑊𝑍

events was performed. This was done with the calculation of the missing momentum of the

neutrino in the transverse plane and the 𝑝T of the detected lepton assigned to the 𝑊 boson to

reconstruct the transverse𝑊 mass𝑚T,𝑊 . Further, the invariant 𝑍 mass𝑚𝑍 was reconstructed

with the four momenta of the 𝑍 assigned leptons.
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Figure 4.1: Number of reconstructed additional tracks before (left) and after (right) selec-
tion.
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This led to a large exclusion of expected background and a high purity of selected 𝑊𝑍 events.

The reweighted Powheg+Herwig7 simulation expectancy was found to be in very good

agreement with the data for 𝑛trk > 0 and can therefore be taken as a veri�cation of the

𝑞𝑞 → 𝑊𝑊 event reweighting. For 𝑛trk = 0, the data still exceeds the theory prediction and

in a charge distinction of the 𝑊 boson, large deviations were found for negative 𝑊 assigned

leptons. These di�erences of unexplained origin reveal the need for further studies of the

𝑛trk = 0 region of 𝑊𝑍 events with a more detailed examination of a charge segregation of the

𝑊 boson.

Overall, this study can be used in future analyses and the Drell-Yan derived 𝑞𝑞 → 𝑊𝑊

background estimation was validated under the condition of further examinations regarding

the 𝑛trk = 0 event bin. The track multiplicities after the preselection (left) and the �nal

selection (right) can be taken from Figure 4.1.
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