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Abstract
�e tensor structure of the e�ective coupling between the Higgs boson and gluons was studied
in the pp → H → ZZ

∗ → 4ℓ process with dedicated Monte Carlo simulations. In the
gluon–gluon fusion production mode of the Higgs boson, angular correlations of �nal state
jets in the process g g → H + 2 j have been used to probe small CP-odd admixtures to the
Higgs–gluon coupling. �e sensitivity to the sign of the anomalous coupling parameter was
studied using simulated proton–proton collisions data in the ATLAS detector at the LHC
for integrated luminosities of 36.1 fb−1 and 120 fb−1 at a centre-of-mass energy of 13 TeV and
for integrated luminosities of 300 fb−1 and 3000 fb−1 at a centre-of-mass energy of 14 TeV. As
opposed to the production rate information, the shape of the di�erential distribution of the
angular distance between the two �nal state jets allows for the exclusion of the wrong-sign
hypothesis in the currently allowed parameter range with almost 1σ signi�cance, with more
than 1σ and with more than 4σ for integrated luminosities of 120 fb−1, 300 fb−1 and 3000 fb−1,
respectively.
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1
Introduction
One of the most important achievements of high-energy particle physics is the theory
describing the fundamental interaction of the elementary particles in a highly elegant and
successful manner. �e Standard Model of particle physics [1–4], which was introduced in
the latter half of the 20th century and �nalised in the 1970s, was not only able to predict
the existence of many, eventually experimentally detected elementary particles, but also
remains unrivalled in the level of precision to which it has been successfully tested. With the
announcement of the independent discovery of the Higgs boson in July 2012 by ATLAS1 and
CMS2 Collaborations [5, 6] at the Large Hadron Collider (LHC) [7] at CERN3 a milestone
was reached, as this particle completes the list of observed particles, which are predicted by
the Standard Model.
A�er subsequent years of property measurements of the newly discovered Higgs boson—
an excitation of the so-called Higgs �eld, which provides elementary particles with their
respective masses via the Higgs mechanism [8–13]—all predicted Higgs boson production
and decay modes have been observed, underlining the power and success of the LHC and
the research programme at CERN. At the same time, many unsolved physics questions, e. g.
the baryon asymmetry in the universe or the existence of Dark Matter, hint at the Standard
Model not being the complete theory, but only a low-energy approximation of a greater, more
general theory. Hence, searches for physics beyond the Standard Model looking for signs of
irregularities between Standard Model predictions and experimental observations are under
way, exploring the properties of the Higgs boson. Many theories assume an extended Higgs
sector, leading to single or multiple Higgs bosons with properties deviating from Standard
Model predictions, e. g. the behaviour under charge conjugation and parity transformation
CP . While the Standard Model Higgs boson is predicted to be a CP-even scalar particle
and current measurements strongly disfavour di�erent spin and CP-con�gurations [14, 15],
the possibility of a Higgs boson state that is a superposition of CP-even and CP-odd states
remains a promising option [16]. An admixture of a CP-odd part to the CP-even state of
1A Toroidal LHC ApparatuS
2Compact Muon Solenoid
3Conseil Européen pour la Recherche Nucléaire
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Chapter 1 Introduction

the Higgs boson would be a source for CP-violation. Such admixtures can be measured by
looking for anomalous contributions in the Higgs boson couplings.
�e study presented in this thesis examines the coupling between the Higgs boson and a
pair of gluons in events from the gluon–gluon fusion process, the most dominant Higgs
boson production mode at the LHC. �e sensitivity to anomalous CP-odd contributions
in the tensor structure of the Higgs boson coupling to gluons is studied in the g g → H

process using data from dedicated Monte Carlo simulations with Higgs boson decays into
a pair of Z bosons that subsequently each decay into a pair of electrons or muons. Due
to a high signal-to-background ratio and a clear signature, this decay channel provides an
excellent sensitivity to the Higgs boson signal. �e g g → H interaction vertex is assumed to
be point-like in an e�ective �eld theory approach using the Higgs characterisation model [17]
and the in�nite top quark mass limit.
Previous analyses of the tensor coupling structure of the Higgs boson to gluons [18] show
a sensitivity to an absolute deviation from the Standard Model prediction, but are not
able to distinguish the sign of the anomalous coupling parameter. In order to study the
CP-sensitivity, new sign-sensitive observables are considered in this work. An observable
providing such discrimination capabilities is the azimuthal angle di�erence of �nal state jets
in the g g → H + 2 j production process. Shape information of the distribution of this ob-
servable is used to investigate the sensitivities reachable in di�erent high-luminosity scenarios.

In Chapter 2 the LHC and particularly the ATLAS detector together with its sub-detectors
are presented. In Chapter 3 a brief theory introduction to the Standard Model and Higgs
boson physics at the LHC is given including current Higgs boson measurements. �e
H → ZZ

∗ → 4ℓ analysis channel is introduced in Chapter 4. Finally, in Chapter 5 the
results of the sensitivity study are presented, considering centre-of-mass energies of 13 TeV
and 14 TeV and integrated luminosities of 120 fb−1, 300 fb−1 and 3000 fb−1 in accordance to
the expected values for the LHC Run 2, Run 3 and HL-LHC project. Chapter 6 summarises
and concludes the work of this thesis.
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2
The ATLAS experiment at the
LHC
Mankind’s endeavour in deepening the understanding of nature and the way it works has
involved breaking down matter to its fundamental building blocks for thousands of years.
�e progress to unimaginably small scales demands high-energy particle collisions. �e LHC
is a particle accelerator with the highest collision energy at the moment, enabling thousands
of scientist all around the globe to do precision measurements and to search for new physics
phenomena at the TeV energy scale.

2.1 The Large Hadron Collider
�e LHC [7] is operated by the European Organisation for Nuclear Research (CERN) near
Geneva and is a synchrotron particle accelerator situated about 100m under the Franco-Swiss
border. �e two-ring-superconducting-hadron accelerator and collider is placed in a circular
tunnel with a circumference of 26.7 km, which was the former host of the Large Electron
Positron Collider (LEP). At highest performance proton beams collide with a centre-of-mass
energy of

√
s = 13TeV and an instantaneous luminosity of up to L = 2.06 ⋅ 1034 cm−2 s−1 [19,

20].
Before being injected into the LHC, the proton beams undergo several pre-acceleration stages:
�e source of the protons are hydrogen atoms that are stripped o� their electrons via an electric
�eld. �e protons are then accelerated up to an energy of 50MeV in the Linear accelerator 2
(Linac 2). �e second accelerator in the chain is the Proton Synchrotron Booster (PSB)
from where the protons enter the Proton Synchrotron (PS) with an energy of 1.4 GeV. A�er
reaching an energy of 25GeV the protons are transferred to the Super Proton Synchrotron
(SPS), which accelerates them up to 450GeV, from where they eventually are injected into
the two beam pipes of the LHC [21]. A schematic drawing of the LHC and the pre-accelerator
system is shown in Figure 2.1.
�e proton beams are held on track by 1232 superconducting dipole magnets, which operate

3



Chapter 2 �e ATLAS experiment at the LHC

Figure 2.1: CERN’s accelerator complex showing the LHC ring with the four main experiments
ALICE, ATLAS, CMS and LHCb, the pre-accelerator system as well as smaller experiments
and facilities [22].

at a temperature of 1.9 K and generate a magnetic �eld with a �eld strength of 8.33 T.
A proton beam is made up of a maximum of 2556 evenly spread bunches, each consisting of
1.15 ⋅ 1011 protons [19]. �e proton bunches collide in one of four interaction points, which are
the locations of the four main experiments at the LHC.
Situated at opposite sides of the accelerator ring are the two ‘general-purpose’ experiments
ATLAS and CMS.�ey cover a broad spectrum of particle physics research, including searches
for Dark Matter, Supersymmetry, extra dimensions and precision tests of the Standard Model.
However, the search for the Higgs boson was one of the main goals of both experiments.
�e announcement of the discovery by both collaborations on 4th July 2012 of a particle
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2.2 �e ATLAS detector

consistent with the Higgs boson is one of the greatest successes of the LHC. To this day further
investigations of the Higgs boson are being keenly performed.

Luminosity O�en used to characterise the performance of a particle accelerator is the
integrated luminosity L = ∫ dtL, which is the integral of the instantaneous luminosity with
respect to time. �e instantaneous luminosity L is the proportionality factor between the
number of events of a given process occurring per second dN/dt and the cross-section of
the process σ :

dN
dt

= L ⋅ σ .

Assuming two beams with equally Gaussian shaped bunch distributions, the instantaneous
luminosity can be written as

L = nb
N
2
frefγr

4πβ
∗√

εxεy
S ,

where nb is the number of bunch collisions per revolution, N the bunch intensity, i. e. the
number of protons per bunch, frev the revolution frequency, γr the relativistic factor, β

∗ the
value of the beta function at the interaction point, εx (εy) the normalised emittance in the
horizontal (vertical) plane and S the geometric reduction factor due to the beam crossing
angle at the interaction point [23].
Figure 2.2 shows the growth of the integrated luminosity of the year 2018 in comparison to past
years. �is year’s average peak luminosity during the last steps of the intensity ramp-up was
close to 2.1 ⋅ 1034 cm−2 s−1, surpassing the record peak luminosity of 2017. �e �rst operating
phase of the LHC—referred to as Run 1—in the years 2011–2012 ended with a total integrated
luminosity of almost 30 fb−1 [24], while for the end of Run 2 a total integrated luminosity of
120 fb−1 is expected. �e planned integrated luminosity for the year 2018 is 60 fb−1 [25].

2.2 The ATLAS detector
�e ATLAS experiment [27] is a general-purpose detector with full azimuthal coverage and
nearly a 4π coverage in solid angle. It has a cylindrical shape around the proton beam axis. Its
main goals are precision measurements of the Standard Model and the search for new physics
phenomena beyond the Standard Model (BSM) in hadron collisions provided by the LHC.
�e detector has a length of 44m, a diameter of 25m and weighs around 7000 tons. It consists
of an inner part called the Inner Detector (ID), a calorimeter system around it and the Muon
Spectrometer (MS). �e magnet system consists of a superconducting solenoid generating
a 2 T magnetic �eld in the ID and three large superconducting toroid magnets in the MS.
Figure 2.3 shows a cutaway view of the detector and its main components.

5



Chapter 2 �e ATLAS experiment at the LHC
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Figure 2.2: Integrated luminosity for the years 2011–2012 (
√
s = 7TeV and

√
s = 8TeV,

respectively) and 2015–2018 (
√
s = 13TeV) versus day delivered to ATLAS during stable

beams and for high-energy proton–proton collisions [26].

ATLAS uses a right-handed coordinate system with its origin in the interaction point. As
depicted in Figure 2.4(a), the z-axis is aligned tangentially to the LHC ring while the y-axis
points vertically upwards and the x-axis points to the centre of the ring. Figure 2.4(b) shows
the azimuthal angle ϕ de�ned in the transverse x-y-plane with respect to the positive x-axis
and the polar angle θ is measured from the positive z-axis.

A commonly used variable that describes the kinematic condition of a particle is the rapidity y,
which is de�ned as

y = 1
2
ln(E + pz
E − pz

) ,

where E is the energy of the particle and pz the z-component of its momentum. �e rapidity
di�erence of two particles is invariant with respect to Lorentz boosts along the z-axis. A more
convenient but equally useful quantity is the pseudo-rapidity η, which only uses the angle θ

of a detected particle relative to the beam axis:

η = − ln(tan(θ

2
)) .
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2.2 �e ATLAS detector

Figure 2.3: A cutaway view of the ATLAS detector showing its size and the main components
such as the Inner Detector, the calorimeter system, the Muon Spectrometer and the solenoid
and toroidal magnets [28].

For large particle momenta, i. e. particles moving with the speed of light or being nearly
massless, ∣p⃗∣ ≈ E and the rapidity coincides with the pseudo-rapidity y ≈ η [29].
�e following sections give a brief overview of the main parts of the ATLAS detector and their
participation in the detection of particles. More details can be found in reference [27].

2.2.1 The Inner Detector
Charged particles created in a proton–proton collision are detected by the ID, whose main
tasks are precise momentum measurements, pattern recognition and the reconstructions
of the interaction point and decay vertices of secondary particles for pseudo-rapidities up
to ∣η∣ = 2.5. It also performs an electron identi�cation within the pseudo-rapidity range
∣η∣ < 2.0 and energies between 0.5GeV and 150GeV. �e ID is enclosed by thin solenoid
magnets, which generate a magnetic �eld with a �eld strength of 2 T, bending the trajectories,
so-called tracks, of charged particles. A cutaway view of the ID is shown in Figure 2.5.

From the beam pipe outwards, the decay products of particles created at proton–proton
collisions traverse three independent sub-detectors, beginning with the Pixel Tracker detec-

7



Chapter 2 �e ATLAS experiment at the LHC

ATLAS LHC ring

y

x

z

(a)

y

x

z

θ

p

p
T

(b)

Figure 2.4: In (a) the right-handed coordinate system used by the ATLAS experiment with
the z-axis being tangential to the circular beam track, the y-axis pointing vertically upwards
and the x-axis pointing to the centre of the beam ring and in (b) the common usage of polar
coordinates with respect to a particles momentum p⃗ is shown.

tor. �en they pass the Semiconductor Tracker (SCT) and eventually reach the Transition
Radiation Tracker (TRT).
Figure 2.6 shows a generic track of a charged particle traversing the ID, beginning with travers-
ing three layers of concentric pixel sensors in the barrel region 50.5, 88.5 and 122.5mm around
the beam axis. Not depicted are the end-cap regions, where also three disks of pixel sensors
are placed perpendicular to the beam axis on each side of the ID.�e Pixel Tracker consists of
1744 pixel sensors, each 250 µm thick and equipped with 46 080 read-out channels, making
precise primary and secondary vertex measurements possible. �e intrinsic accuracies are
10 µm in the transverse plane and 115 µm in the longitudinal direction.
Challenges arising from increasing luminosities provided by the LHC motivated the installa-
tion of a fourth pixel detector layer during the 2013–2014 shut-down of the LHC.�e Insertable
B-Layer (IBL) is now the layer closest to the beam axis and improves the track and vertex
reconstruction performance of the ID [31].
�e next sub-detector is the SCT. Its layout is designed to guarantee at least four space-point
measurements for a charged particle traversing the SCT: Four layers of silicon strip detector
modules are arranged in the barrel region and nine disks are placed at each end-cap. 15 912
sensors make up the SCT, each sensor consisting of 768 active strips with a length of 12 cm
and a thickness of 285 ± 15 µm. �e resolutions are 17 µm in the transverse plane and 580 µm
in the z-direction.
�e TRT has straw dri� tubes aligned parallel to the beam axis as detector elements. �e tubes
have a diameter of 4mm, a length of 144 cm in the barrel region and 37 cm in the end-cap
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2.2 �e ATLAS detector

Figure 2.5: A cutaway view of the ATLAS Inner Detector showing its size and components,
being the Pixel Tracker, the Semiconductor Tracker and Transition Radiation Tracker in both,
barrel and end-cap regions [30].

regions and are �lled with a Xe (70%), CO2 (27%), O2 (3%) gas mixture. �e straws are
interleaved with �bres, serving as a transition radiation material. A particle track results on
average in 36 hits, what allows for a continuous tracking and enhances pattern recognition,
moment resolution and electron identi�cation. �e intrinsic measurement accuracy of the
TRT is 130 µm per single straw.

2.2.2 The calorimeter system
�e calorimeters of the ATLAS detector consist of an electromagnetic calorimeter system
(ECal) and a hadronic calorimeter system (HCal). All calorimeters are so-called sampling
calorimeters, which means that they are made of active detector layers and layers of absorber
material. Figure 2.7 shows a cutaway view of the calorimeter system.

�e ECal is a liquid-argon (LAr) sampling calorimeter with lead as the absorber material and
liquid argon as the active material. It consists of three regions covering vast pseudo-rapidity
ranges: barrel (∣η∣ < 1.475) and end-caps (1.375 < ∣η∣ < 3.2).
�e HCal consists of three parts. �e central region has scintillating tiles as active material
and steal as absorber material. In the barrel region it covers the pseudo-rapidity range

9



Chapter 2 �e ATLAS experiment at the LHC

Figure 2.6: �e drawing shows the structure of the Inner Detector with the sensors being
traversed by a charged particle track in the barrel region. �e track traverses successively
the beryllium beam-pipe, the Insertable B-Layer, the three cylindrical silicon-pixel layers,
the four cylindrical double layers of barrel silicon-microstrip sensors of the Semiconductor
Tracker and several straws contained in the Transition Radiation Tracker modules [32].

∣η∣ < 1.0, and in the extended barrel region the range 0.8 < ∣η∣ < 1.7. �e hadronic end-cap
system utilises LAr as active and copper as absorber material and covers 1.5 < ∣η∣ < 3.2.
�e forward calorimeter (FCal) measures particle tracks close to the beam line by covering
pseudo-rapidities between 3.1 and 4.9. As the end-cap system it uses LAr as active, but
di�erent absorber materials.
�e task of the HCal is the measurement of the energies of the hadron produced in a proton–
proton collision. Its data are used for the reconstruction of jets and the measurement of
missing transverse momentum, the so-called EmissT . �e latter being precisely possible due to
the large pseudo-rapidity coverage and the thickness of the calorimeter system.

10



2.2 �e ATLAS detector

Figure 2.7: Cutaway view of the ATLAS calorimeter system showing the electromagnetic
calorimeter in the barrel and end-cap regions, the hadronic calorimeters in the barrel and
extended barrel as well as in the end-cap regions. Also the forward calorimeter can be seen
close to the beam pipe [27].

2.2.3 The Muon Spectrometer
�e main reason for the size of the ATLAS detector is the MS. It is immersed in a strong
magnetic �eld generated by gigantic toroidal magnets, which bends the trajectories of muons
to allow for a precise muon momentum measurement. Almost all particles of the SM that
emerge from decays of resonances stemming from proton–proton collisions are measured by
the ID or the calorimeter system and stopped by the latter. �e only exceptions that reach
the MS are muons and neutrinos. While the latter leave the detector without interaction, the
energy and the trajectories of muons are measured with high accuracy in the MS. A schematic
view of the MS is shown in Figure 2.8.
�e MS is divided into three regions: the barrel (covering ∣η∣ < 1.4), the end-caps
(1.6 < ∣η∣ < 2.7) and the transition (1.5 < ∣η∣ < 1.6) region. �e barrel is made up
of muon chambers in three layers of concentric cylindrical shells at distances 5, 7.5 and 10m
from the beam axis. Muon chambers in the end-caps are arranged as wheels perpendicular to
the beam axis—three on each side.
Two of the four muon chambers that are being used follow a precision tracking purpose. �e
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Chapter 2 �e ATLAS experiment at the LHC

Figure 2.8: A cutaway view of the Muon Spectrometer visualising the arrangement of the
components, which are the two tracking chambers (Monitored Dri� Tube Chambers and
Cathode Strip Chambers) and the two trigger chambers (Resistive Plate Chambers and�in
Gap Chambers). �e toroids are shown as well [33].

Muon Dri� Tube chambers (MDT) consist of aluminium tubes with a diameter of 30mm.
�e anode wires of the tubes are operated at a voltage of 3080V with respect to the tube walls,
which are the cathodes. Argon atoms inside the tubes are ionised by traversing muons. �e
resulting electrons dri� towards the anode wire, producing measurable avalanches. �e dri�
radius can be measured with a precision of 80 µm.
Another type of precision tracking detectors is utilised in regions close to the beam line
(2 < ∣η∣ < 2.7) called Cathode Strip Chambers (CSC), which are multi-wire propor-
tional chambers with a cathode strip read-out. �ey use a gas mixture of Ar : CO2 : CF4
(30% ∶ 50% ∶ 20%). �e CSC is exposed to higher background rates of neutrons and gamma
rays [34].
�e other two muon chambers are used for triggering (see Section 2.2.4). �e Resistive Plate
Chambers (RPC) are placed in the barrel region and trigger on muon tracks with ∣η∣ < 1.05

12



2.3 Particle reconstruction and identi�cation

while �in Gap Chambers (TGC) cover the range 1.05 < ∣η∣ < 2.4 in the end-cap regions.
Both trigger chambers measure the muon trajectory coordinate in the bending (η) and the
coordinate in the non-bending (ϕ) plane. Albeit having a poorer spatial resolution than the
tracking chambers, signals for muon triggering and proton bunch collision time are provided
in tenth of nanoseconds, making it possible to assign the detected muon to a proton–proton
collision in which it has been produced. �e RPC and TGC are part of the Level-1 (L1) trigger.

2.2.4 The trigger system
�e proton bunches inside the LHC ring have a time-wise separation of about 25 ns, which
means that 40 ⋅ 106 collisions take place inside the ATLAS Detector every second. As storing
this amount of collision data is impossible, the usage of a dedicated trigger system, which
�lters for relevant events, is essential. �e Trigger and Data Acquisition (TDAQ) system of
the ATLAS Detector is a highly selective trigger system with a recording rate of 1 kHz from
up to 40MHz of collisions [35].
�e drawing in Figure 2.9 shows the TDAQ system and its main trigger stages. �e �rst stage
is the hardware-based �rst-level trigger (L1), which uses mainly custom-made electronics.
By taking inputs from the L1 calorimeter and L1 muon triggers, as well as other subsystems,
the L1 trigger performs an initial selection of collision events. Selected events together with
regions-of-interest (RoI) are bu�ered in the Read-Out System (ROS) and at the second stage
processed by the high-level trigger (HLT). �e HLT uses information from the calorimeter
system, the ID and precise measurements from the MS. It utilises a two-stage approach. A
fast �rst-pass reconstruction is performed, which rejects a great part of incoming events. �e
remaining events undergo a slower precision reconstruction procedure. Complementary to
reconstructions in respective RoIs, they can also be performed for the full detector. A�er
HLT acceptance, event information is transferred to local storage at the experimental site and
exported to the Tier-0 facility at CERN’s computing centre for o�ine reconstruction, using
dedicated ATLAS reconstruction so�ware [35].

2.3 Particle reconstruction and identi�cation
�e particles emerging from high-energy proton–proton collisions behave di�erently in
the sub-detectors of the ATLAS detector, dependent on their charge, mass or the type of
interaction they participate in. Accordingly, the traces they leave in each sub-detector are
di�erent. Figure 2.10 provides an illustrative presentation of particle tracks in the ATLAS
detector: muon tracks curve in the magnetic �eld of the ID, traverse the calorimeter system
with a small energy loss compatible to a minimum-ionising particle and are eventually traced
in the MS. Photons �rst come into contact with the ATLAS detector in the ECal, where they
produce an electromagnetic shower. Charged hadrons are de�ected in the ID, interact with
the ECal and lose their whole energy in the HCal by producing a shower. Neutral hadrons
interact only with the HCal. Electrons have their tracks bent in the ID and are stopped by
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Figure 2.9: �e Trigger and Data Acquisition system of the ATLAS detector from Run 2.
�e role of the Level-1 and the High-Level Trigger in selecting relevant collision events is
identi�able [35].

the ECal, where they result in an electromagnetic shower. Neutrinos are the only particles of
the SM that leave the ATLAS detector undetected and can only be traced down by means of
missing transverse energy and momentum. �e following sections discuss reconstruction and
identi�cation procedures of physics objects relevant in the H → ZZ

∗ → 4ℓ decay channel
of the Higgs boson.

2.3.1 Track and vertex reconstruction
�e reconstruction of trajectories of particles (primary or secondary) stemming from hard
scattering processes in proton–proton bunch crossings as well as pinpointing the locations
of the corresponding proton–proton collisions and secondary particle decays is crucial in
analysing high-energy inelastic interactions between protons. �e ID is mainly responsible
for the reconstruction and identi�cation of these so-called tracks and vertices. However, one
bunch crossing does not yield exactly one high-energy proton–proton collision event, but on
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2.3 Particle reconstruction and identi�cation

Figure 2.10: An illustration of particle reconstruction and identi�cation at the ATLAS detector.
Each type of particle leaves di�erent kinds of traces in the sub-detectors and can be identi�ed
by combining the data of the di�erent sub-detectors [36].

average 39 additional collisions, which is the current as of 2018 number of so-called in-time
pile-up interactions [26]. Dedicated algorithms use information from all three sub-detectors
of the ID to identify the main interaction vertex and the corresponding tracks and strive to
minimise e�ects from high-density environments leading to misidenti�cations.
A sequence of algorithms is used to reconstruct tracks. Charged particle transitions result
in clusters in the Pixel and SCT detectors, from which three-dimensional measurements,
so-called space-points, are created. A minimal collection of three space-points constitutes
track candidates, which then undergo various track �nding criteria incorporating additional
space-points. �is procedure results in a very high e�ciency for reconstructing primary
particles and removing tracks created from random space-point collections. Furthermore,
robust requirements, such as a minimum of nine hits in the silicon detectors and no holes in
the Pixel Tracker, increase track reconstruction quality. Here, a hole means a non-existing but
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expected measurement point given a track trajectory [37, 38].
Extrapolations of reconstructed tracks yield vertices as intersection points. A primary vertex
�nding algorithm associates reconstructed tracks to vertex candidates, followed by a vertex
�tting algorithm, which reconstructs the position of the vertex together with a corresponding
error. Due to pile-up more than one vertex is reconstructed. �e largest sum of squared
transverse momenta of corresponding tracks ∑tracks p

2
T is used to determine the primary

vertex [37, 39].

2.3.2 Reconstruction and identi�cation of electrons
Electrons and positrons, collectively referred to as electrons, are identi�ed as clusters of energy
depositions completely contained inside the ECal that can be matched to corresponding ID
tracks. �ey allow for precise energy and momentum measurements at the ATLAS detector
and therefore constitute important experimental signatures. �ey are identi�ed with a high
e�ciency in the central region (∣η∣ < 2.47) of the ATLAS detector.
�e reconstruction procedure involves several steps. A clustering algorithm searches electron
cluster ‘seeds’ as longitudinal towers in the ECal and reconstructs the kinematics of the clusters
formed around the seeds. �e e�ciency of this search lies between 95% (at ET = 7GeV)
and 99% (at ET = 15GeV). A track reconstruction then is performed, which uses pattern
recognition and di�erent approaches to handle energy loss due to interactions with detector
material, before a track �tting algorithm performs track �tting. Electron speci�c track �tting
loosely matches tracks to the electromagnetic clusters. By matching the track candidate to the
cluster seed, the electron reconstruction is completed. With the �nal calibrated energy cluster
and the best track the four-momentum of the electron is computed [40].
For a reconstructed electron candidate there are two possibilities: It is an electron, i. e. the
reconstructed object is a signal, or it is hadronic jet or a converted photon, i. e. it is background.
A sophisticated identi�cation algorithm uses a multivariate analysis technique to make a
decision. �e likelihood-based method evaluates the properties of the electron candidate by
using several discriminating variables from electron cluster and track measurements related
quantities. �e identi�cation algorithm de�nes three reference sets of cuts called ‘loose’,
‘medium’ and ‘tight’ with increasing background rejection with e�ciencies of 95%, 92% and
87%, respectively. �eH → ZZ

∗ → 4ℓ analysis (Chapter 4) uses calibrated ‘loose’ likelihood
quality electrons which are identi�ed with an e�ciency of up to 95%. Figure 2.11(a) shows
the electron identi�cation e�ciency, which increases with higher transverse energy ET and
Figure 2.11(b) the background rejection e�ciency decreasing with higher transverse energy.
As the number of reconstructed primary vertices increases with the number of pile-up colli-
sions and some shower shape distributions are dependent on the number of primary vertices,
the optimisation of the identi�cation method includes simulations with numerous pile-up
collisions [40].
�e so-called tag-and-probe method [41] is also utilised in order to measure the electron
identi�cation e�ciency from calibration data inZ → e

+
e
− and J/ψ → e

+
e
− events. �en cor-
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(a) (b)

Figure 2.11:�e plots show (a) the identi�cation e�ciency of electrons from simulated Z boson
decays and (b) the e�ciency to identify hadrons as electrons by using simulated dijet events
for the three working points ‘loose’ (triangle), ‘medium’ (square) and ‘tight’ (dot) against
the transverse energy ET. Monte Carlo simulations have been used in order to obtain the
e�ciencies, which are measured with respect to reconstructed electrons [40].

responding scale factors can be applied to MC based detector simulation electron e�ciencies
in order to reproduce the measured data e�ciencies [40].

2.3.3 Reconstruction and identi�cation of muons
�ereconstruction ofmuons takes place independently in the ID aswell as in theMS.While the
ID performs a regular track reconstruction of the charged particle [42], a precise momentum
reconstruction takes place in the MS [34]. A muon is identi�ed as a charged particle track
ranging from the ID to the MS. Four types of muons are distinguished in ATLAS:

Combined (CB) A�er independent track reconstruction in the ID and the MS, the track
from the latter is extrapolated and via pattern recognition matched to the one from the
ID. �e reversed procedure is used as a complementary approach.

Segment-tagged (ST) Muons having a low transversemomentum pT or traversing theMS
in regions with reduced acceptance occasionally cross only one layer of MS chambers.
Tracks from the ID that can be associated with at least one local MS track segment a�er
extrapolation are classi�ed as ST muons.

Calorimeter-tagged (CT) In some regions the MS is not instrumented with muon cham-
bers. In this case an ID track that can be matched to an energy deposition in the
calorimeter system which is compatible with a minimum-ionising particle—such as
the muon—is reconstructed as a muon candidate.
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Extrapolated (ME) �e range 2.5 < ∣η∣ < 2.7 is not covered by the ID. Trajectories
reconstructed solely in theMS that are compatible with ‘loose’ requirements concerning
the interaction point are classi�ed asMEmuons. �e track parameters are de�ned at the
interaction point and e. g. take into account estimated energy losses in the calorimeters.

Overlaps between two types are resolved before providing the muon collection for further
analyses. For ID track overlaps, CB muons are preferred to ST and then to CT muons. Over-
laps involving ME muons are resolved by taking into account track �t quality and the number
of detector hits [34].
�e identi�cation process includes the application of quality requirements in order to reject
muon candidates coming from background events—mainly decays of pions or kaons. Fur-
thermore, a robust momentum measurement is guaranteed by invoking certain requirements
on the number of hits in the ID and MS:

≥ 1 Pixel hits in the ID.

≥ 5 hits in the SCT.

≤ 3 Pixel or SCT holes.

≥ 10% of original TRT hits are included in the �nal �t (0.1 < ∣η∣ < 1.9).

Four muon identi�cation selections (‘medium’, ‘loose’, ‘tight’ and ‘High-pT’) according to
di�erent analyses needs are provided. �e H → ZZ

∗ → 4ℓ analysis uses ‘loose’ muons,
which are optimised for Higgs boson analyses in the four-lepton channel: �e reconstruction
e�ciency is maximised, while muon tracks of good quality are provided. Albeit all muon
types are used in the ‘loose’ selection, CT and ST muons are restricted to the ∣η∣ < 0.1 region
and in the range ∣η∣ < 2.5 about 97.5% of the muons are of CB type [34].
�e so-called tag-and-probemethod [41] is used to measure the muon reconstruction and
identi�cation e�ciency in Z → µ

+
µ
− and J/ψ → µ

+
µ
− decays. Discrepancies between data

and simulation are corrected by the application of a scale factor.
With the exception of the central region ∣η∣ < 0.1, e�ciencies around 99% are observed over
the full η range. Figure 2.12 shows the e�ciency for ‘medium’ muons from Z boson decay
simulations and early 2015

√
s = 13TeV data taking, as well as for the ‘loose’ selection in

the region ∣η∣ < 0.1. Here lies the MS acceptance gap, which is �lled by calorimeter- and
segment-tagged muons in the ‘loose’ selection, which explains the signi�cant di�erence in
reconstruction e�ciency. �roughout the rest of the the detector the e�ciencies for ‘medium’
and ‘loose’ selections are very similar [34]. �e drop in the central region below 70% is in
agreement with predictions from detector simulation [43].

2.3.4 Reconstruction and identi�cation of jets
In high-energy proton–proton collisions many quarks or gluons are produced. Due to con-
�nement they hadronise and produce collimated streams of particles—referred to as jets.
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Figure 2.12: �e ‘medium’ muon reconstruction e�ciency as a function of the pseudo-rapidity
of the muon in the range ∣η∣ < 2.5 from Z → µ

+
µ
− decays (red circles) and 2015 collision

data (black dots). In addition, the e�ciency for ‘loose’ muons is shown as blue squares,
albeit only for the region ∣η∣ < 0.1, where it signi�cantly di�ers from the ‘medium’ selection.
An additional panel at the bottom displays the ratio between the expected and observed
e�ciencies [34].

�ey can be observed in the ATLAS detector as topologically connected energy depositions
in the calorimeters [44]. ATLAS uses the anti-kt jet reconstruction algorithm [45], which
builds a cluster formation from calorimeter cells with a signal-to-noise ratio of at least four
within a certain radius, expressed with the distance parameter R = 0.4. Alongside the three-
dimensional calorimeter topological cluster information, a four-momentum recombination
scheme is provided as algorithm input [46].
�e jet reconstruction procedure includes the correction of the jet energy by applying several
correction factors to account for particles undetected in the calorimeters or not clustered in
the jet [44].
Beam induced background or calorimeter noise is handled by applying a set of quality criteria.
As in the reconstruction procedure of electrons or muons, the degree of rejection de�nes
‘tight’, ‘medium’ and ‘loose’ working points, where the latter is used by the H → ZZ

∗ → 4ℓ
analysis. �e tag-and-probe method is used in order to measure the e�ciencies of the jet
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quality selections in dijet events and to adjust MC based e�ciencies to the values from data
measurements [47]. Figure 2.13 shows the e�ciency for anti-kt jets of ‘loose’ and ‘tight’ quality
selection criteria. It can be seen, that the selection e�ciency is close to unity and approximately
equal for the ‘loose’ and ‘tight’ working points in the jet pseudo-rapidity region ∣η∣ ≥ 2.5
(except for one bin). For ∣η∣ ≤ 2.5 the ‘tight’ selection criteria result in a slightly lower
e�ciency than the ‘loose’ selection criteria due to a fake jet rejection requirement in the
central η region.

Figure 2.13: Jet quality selection e�ciency for jets reconstructed using the anti-kt algorithm
with distance parameter R = 0.4 as a function of the pseudo-rapidity η. A cut on the
transverse momentum of the jets of pT > 100GeV has been applied. �e ‘loose’ selection
criteria is depicted by squares, whereas triangles are used for the ‘tight’ working point. �e
e�ciencies were measured with the tag-and-probe technique [47].
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3
Theoretical foundations
In this and the following chapters a system of units is used in which ħ = c = 1. So mass,
momentum and energy all come in units of GeV and length and time are measured in units of
GeV−1. If necessary, all factors of ħ and c can be reconstructed by dimensional analysis [48].

3.1 Elementary particles and interactions
Our present understanding of the constituents of matter and their interactions is described
by the Standard Model of particle physics in a remarkably successful manner, supported
by experimental results from measurements of highest precision. �e SM is a so-called
gauge invariant quantum �eld theory based on the symmetry group SU(3) × SU(2) ×U(1),
where SU(3) is the colour group of the strong interaction and SU(2) ×U(1) the group of the
combination of the electromagnetic and the weak interaction, the electroweak interaction [49].
�e only fundamental force not described by the SM is gravity, explained in theGeneral�eory
of Relativity.
�e fundamental particles of the SM are grouped according to their quantum numbers. �e
SM contains spin– 12 fermions, spin–1 gauge bosons and the spin–0 Higgs boson. Figure 3.1
gives an overview of the SM particles.
�e fermions are grouped in le�-handed isospin doublets which are the fundamental repre-
sentations of the SU(2) group. Fermions that take part in the strong interaction are called
quarks while fermions that take part only in the electroweak interaction are called leptons.
�ere are three families of quarks and leptons.
�e strong interaction is mediated by spin–1 gluons. �e weak interaction is mediated by the
W

+,W− and the Z bosons. �e mediator of the electromagnetic interaction is the photon.
Contrary to the gluons and the photon, theW and Z bosons aremassive. In order to introduce
masses to theW and Z bosons as well as to the fermions in a gauge invariance preserving way,
the SU(2) × U(1) symmetry is spontaneously broken in the SM. �e Englert–Brout–Higgs
mechanism of electroweak symmetry breaking also leads to an observable massive scalar
particle, the so-called Higgs boson.
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Figure 3.1: �e elementary particles of the Standard Model are shown and grouped by their
quantum numbers. For each particle the mass, charge (in units of the elementary charge e)
and spin are shown. �ree columns emphasise the fermion generations and an underlaid grey
shade indicates the couplings to the gauge bosons [50].

Quantum Electrodynamics
Developed in the 1940s by Feynman, Schwinger and Tomonaga, Quantum Electrodynamics
(QED) is one of the most precisely tested theory in science. It is a quantum �eld theory with
an underlying U(1) symmetry. Starting from the Lagrangian density—commonly just called
the Lagrangian—of a free charged fermion �eld ψ

L0 =ψ (iγµ∂µ −m)ψ ,

where ψ is the Dirac 4-spinor andψ its adjoint, γµ the γ-matrices, m the mass of the fermion
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and ∂µ = ∂/∂xµ the 4-derivative, one obtains with the help of the Euler–Lagrange-Equations
the Dirac-Equation as the equation of motion

(iγµ∂µ −m)ψ = 0 .

Let α(x) be a real di�erentiable function of a space-time point x. �e transformation

ψ(x) z→ e−iα(x)ψ(x) ,

is called a local U(1) gauge transformation [48]. �e LagrangianL0 is not invariant under
local U(1) gauge transformations. By introducing an additional coupling between fermions
and the vector �eld Aµ(x) andminimally substituting the derivative by the so-called covariant
derivative Dµ = ∂µ − ieAµ , localU(1) gauge invariance can be achieved, if Aµ transforms as

Aµ(x) z→ Aµ(x) +
1
e
∂µα(x) .

In order to identify the gauge �eld Aµ with the photon, which couples to the fermions with a
coupling strength e, where the charge of an electron is −e, one has to make it a dynamical
�eld by adding a term corresponding to its kinetic energy. With the de�nition of the �eld
strength tensor Fµν = ∂µAν − ∂νAµ the Lagrangian of QED reads:

LQED =ψ (iγµ∂µ −m)ψ + eψ γ
µ
Aµψ − 1

4
F
µν
Fµν .

An additional term of the form m2AµAµ would violate local gauge invariance and therefore
the photon described by the vector �eld Aµ is a massless particle [51].

Quantum Chromodynamics
�e quantum �eld theory describing the strong interaction is a gauge theory of a local SU(3)
symmetry. �e basic fermions are six quarks, which come in the colour states red, blue
and green. Each quark �avour (Figure 3.1) can be represented by a triplet of fermion �elds
Ψ ≡ (ψr,ψb,ψg)

T with the free Lagrangian

L0 =Ψ (iγµ∂µ −m)Ψ .

�e global SU(3) symmetry of the Lagrangian needs to hold locally, i. e.L0 has to be invariant
under gauge transformations of the form
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Ψ(x) z→ e
i
2 αa(x)λaΨ(x) ,

with αa(x) being generalised phases and λa the so-calledGell-Mannmatrices for a = 1, . . . , 8
and an implied summation over a. Similarly to the approach conducted in QED, the intro-
duction of (eight) gauge �elds Gaµ leads to the desired local SU(3) invariance. However, for a
gauge invariant Lagrangian the transformation prescription

G
a
µ z→ G

a
µ −
1
g
∂µα

a − f abcαbGcµ (3.1)

for the gauge �elds is necessary, where a, b, c run from 1 to 8, fabc are the real-valued structure
constants of the SU(3) group and g the coupling constant of the strong interaction. �e
Lagrangian for QCD then reads:

LQCD =Ψ (iγµ∂µ −m)Ψ − g
2
(Ψ γ

µ
λ
a
Ψ)Gaµ −

1
4
G
a
µνG

a,µν . (3.2)

As in the case of photons in QED, local invariance requires the gauge bosons to be massless.
�e last term in (3.2) is a gauge invariant kinetic term, which due to the additional term in
(3.1) is not purely kinetic, but includes interactions between the gauge bosons described by
the gauge �elds Gaµ. Identifying these vector bosons with gluons, it follows that gluons must
carry colour charge and henceforth interact with each other. �is feature arises from the
so-called non-Abelian character of the gauge group [48].
�e coupling constant of the strong interaction is actually not constant, but depends on the
spatial separation between particles, decreasing with smaller distances. �is feature results in
the so-called asymptotic freedom, which means that quarks on scales smaller than the ones
characteristic for nuclear physics, e.g. smaller than the diameter of a proton, interact very
little with each other.
On the other hand, a phenomenon known as con�nement is the mere appearance of colourless
quark states, i. e. quarks can only be found in nature in bound states where the colours cancel
(e.g. a colour and anti-colour quark pair forming ameson) or add up to ’white’ (e.g. the three
quarks of a baryon with colours of red, blue and green) [51].

Weak interactions and electroweak uni�cation
�eweak force is present on sub-atomic scales and plays itsmost prominent roles in radioactive
decays or fusion processes inside the sun. Weak interactions between particles with weak
isospin I3, which is the third component of the weak isospin vector I⃗, are mediated by the
massive gauge bosonsW± and Z, whose non-zero masses are in accordance to the short range
of the interaction. �e fermions participating in the weak interaction all have an isospin
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of ± 1/2. �e weak force permits �avour changing interactions between quarks, e.g. in the
neutron beta decay n → p + e + νe. Vertex factors of weak interactions contain vector and
axial vector parts. �is mixed V–A character of the coupling of theW± bosons is responsible
for the maximal parity violation of the weak force: only ’le�-handed’ helicity state fermions
and ’right-handed’ helicity state anti-fermions interact with the gauge bosons of the weak
force [51].
While the weak force couples the le�-handed helicity state lepton doublets

(e
νe
)
L
, (µ

νµ
)
L
, (τ

ντ
)
L
,

i. e. conserves lepton �avour, it couples quark weak eigenstates

(u
d
′)
L
, ( c

s
′)
L
, ( t

b
′)
L
.

�e linear combinations

⎛
⎜
⎝

d
′

s
′

b
′
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⎝
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⎝
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⎟
⎠

de�ned by the Cabbibo–Kobayashi–Maskawa matrix allow for transitions between di�erent
quark generations with couplings between the quarks i jmeasured with the quantity Vi j [51].
�e uni�ed description of electromagnetism and the weak interaction, formulated by Glashow,
Salam and Weinberg in the 1960s, describes the electromagnetic and weak interactions as
manifestations of one gauge theory with underlying1 SU(2)L × U(1)Y symmetry. A relation
between the electric charge Q, the weak isospin and the hypercharge Y is established by
Gell-Mann and Nishijima

Q = I3 +
Y

2
.

�e dynamics of the gauge bosons are encoded in the Lagrangian

Lgauge = −
1
4
W
a
µνW

a,µν − 1
4
BµνB

µν

in terms of �eld strength tensors

1�e subscript ’L’ emphasises the exclusive participation of le�-handed helicity state fermions in the interaction.
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W
a
µν = ∂µW

a
ν − ∂νW

a
µ + gε

abc
W
b
µW

c
ν

Bµν = ∂µBν − ∂νBµ ,

with a, b, c from 1 to 3, the totally antisymmetric tensor de�ned so that ε
123 = 1 and g

being the weak interaction coupling strength. Gauge interactions of fermions or scalars are
described by the covariant derivative

Dµ = ∂µ − ig
′
BµY − igW

a
µ T

a , (3.3)

with g′ the coupling strength of the weak hypercharge interaction, Y the hypercharge operator
and Ta the SU(2)L generators.
A gauge boson mass termL ⊃ 1

2m
2
BµB

µ however breaks local gauge invariance, which
results in massless gauge bosons—contrary to experimental results [52, 53].
Since SU(2)L × U(1)Y gauge transformations depend heavily on the helicity state, chi-
ral fermion �elds have to be considered, obtained by a projection ψL/R ≡ PL/Rψ with
PL/R = (1 ∓ γ

5)/2. Rewriting the Dirac Lagrangian in terms of these chiral �elds leads to
neatly separated kinetic terms for ψL and ψR, so that by invoking minimal substitution the
covariant derivative incorporates gauge transformation properties, guaranteeing local gauge
invariance. However, the appearing mass terms all contain both helicity state �elds, which
carry di�erent SU(2)L ×U(1)Y charges, thus violating local gauge invariance [53].
Non-zero fermion and weak interaction gauge boson masses can be incorporated into the
SM Lagrangian by invoking the Englert–Brout–Higgs mechanism [54–57] of spontaneous
symmetry breaking.

The Higgs mechanism
�e addition of a new SU(2)L doublet �eld Φ to the SM,

Φ = (ϕ
+

ϕ
0) = 1√

2
(ϕ1 + iϕ2
ϕ3 + iϕ4

) ,

with real scalar �elds ϕi , leads to new terms in the Lagrangian

LΦ = (DµΦ)†(DµΦ) − V(Φ) +LYukawa . (3.4)

�e Higgs �eld Φ is a complex scalar �eld with two isospin components, i. e. having four
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degrees of freedom. �us SU(2)L ×U(1)Y gauge transformations correspond to rotations in
this four-dimensional space. �e general gauge invariant potential energy function of Φ,

V(Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 , (3.5)

is visualised in Figure 3.2. It has for λ > 0 and −µ2 < 0 a minimum at ∣Φ∣ ≡
√
Φ
†
Φ ≠ 0.

�e minimum of the scalar potential V(Φ) at Φ†Φ = µ2/ (2λ) de�nes a spherical surface
in four dimensions upon which the states of minimal energy lie. Choosing one particular
state as the vacuum state and reformulating the Lagrangian in terms of deviations around this
new ground state make the breaking of the symmetry apparent. �e former Lagrangian being
even in Φ now lost its symmetry concerning the new �eld variable. However, still the same
physical system is described, merely the symmetry is being concealed by this spontaneous
symmetry breaking.

Figure 3.2: �ree-dimensional plot of the potential energy function of the Higgs �eld, also
known as the Mexican hat potential. It illustrates the maximum as an unstable ground state
at ∣Φ∣ = 0 and in�nitely many new stable ground states at ∣Φ∣2 = µ2/ (2λ). Choosing one
particular new ground state leads to the spontaneous symmetry breaking [58].

For the particular choice of the vacuum state as ⟨ϕ1⟩ = ⟨ϕ2⟩ = ⟨ϕ4⟩ = 0 and
⟨ϕ3⟩ ≡ v =

√
µ
2/λ, the mass terms in the potential function (Eq. 3.5) for the �elds

ϕ1, ϕ2 and ϕ4 are zero, whereas the new real scalar �eld h with zero vacuum expectation
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value ϕ3 = h + v yields a mass term mh =
√
2λv2. For in�nitesimal �uctuations about the

vacuum, the Higgs �eld can be equivalently written as

Φ = 1√
2
exp( iξ

a
σ
a

v
)( 0
v + h) ,

with �elds ξ
a and Paulimatrices σ

a summed over 1, 2, 3. Considering the gauge transformation
of the SU(2)L symmetry group

Φ z→ exp(iλaL(x)
σ
a

2
)Φ

and the so-called unitary gauge λ
a
L(x) = −2ξa/v, the Higgs �eld can be written solely in

terms of the massive, real scalar �eld h

Φ = 1√
2
( 0
v + h) .

�e �rst term in Eq. 3.4 contains covariant derivatives of the form in Eq. 3.3 applied to the
Higgs �eld Φ. �e detailed study of the expression [53] reveals a properly normalised kinetic
term for the real scalar �eld h and a term corresponding to theW± bosons

W
±
µ =

W
1
µ ∓ iW

2
µ√

2

with an accompanying mass term m2W = g
2
v
2/4, where v ≈ 246GeV is the vacuum

expectation value of the Higgs �eld, which is obtained by measurement of theW± boson
mass or with the aid of the Fermi constant GF = 2−1/2v2 [59]. Further terms lead similarly to
an expression for the Z boson

Zµ =
1√
g
2 + g′2

(gW3
µ − g

′
Bµ)

and a corresponding mass term m2Z = (g2 + g′2)v2/4. �ey all couple to the excitation of
the Higgs �eld, the Higgs boson h. �e state orthogonal to Zµ does not appear, thus is not
interacting with the Higgs boson and is therefore massless and can be identi�ed with the
photon �eld Aµ [53].
Using the weak mixing angle θW de�ned as

cos θW = g√
g
2 + g′2

= g

g
′ sin θW ,
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the expressions and current values [60] for the gauge boson masses can be summarised as

mW = gv
2

= 80.379 ± 0.012GeV ,

mZ =
mW
cos θW

= 91.1876 ± 0.0021GeV ,

mh = v
√
2λ = 125.18 ± 0.16GeV .

(3.6)

�e last term in Eq. 3.4 describes the coupling to fermions. Following the requirements
of Lorentz invariance, mass dimension value for terms in the Lagrangian and that Φ is an
SU(2)L doublet, the Lagrangian LYukawa can be constructed. Using unitary gauge for Φ
and reformulating reveals mass terms for fermions proportional to v, the Higgs vacuum
expectation value [53]. �e couplings of the SM Higgs boson to gauge bosons, fermions
and the Higgs boson self coupling can be summarised with the following Lagrangian [52,
Chapter 11]

L = −gh f f f f h +
1
3!
ghhhh

3 + 1
4!
ghhhhh

4 + δVVµV
µ(ghVVh +

1
2
ghhVVh

2) ,

where V = W or V = Z, δW = 1, δZ = 1/2 and the self coupling strengths are

ghhh =
3m2h
v
, ghhhh =

3m2h
v
2 .

�e linear and quadratic mass dependence of the coupling to fermions and heavy vector
bosons, respectively, can be found in the expressions

gh f f =
m f

v
, ghVV = 2m

2
V

v
, ghhVV = 2m

2
V

v
2 .

Neutrinos have been originally considered to be massless in the Standard Model. Although
the discovery of neutrino oscillations [61–63] implies them to have a non-vanishing mass
and thus interacting with the Higgs boson, neutrino masses and neutrino oscillations can be
neglected in collider experiments due to the smallness of their masses.
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Chapter 3 �eoretical foundations

3.2 Higgs phenomenology
3.2.1 Higgs boson production in high-energy proton–proton

collisions at the LHC
high-energy proton–proton collisions are complex on many levels. �e main scattering
process is accompanied by bremsstrahlung, hadronisation and secondary so� interaction
processes [64, 65]. �e collisions can be classi�ed as hard or so� scattering processes [66].
While the �rst are characterised by a high transverse energy interaction and o�en lead to the
creation of resonances of high mass such as the Higgs boson, so� processes usually describe
everything else [67]. �ey o�en result in �nal state radiation and are from a calculatory point
of view di�cult to handle. So� scattering e�ects are accounted for through experimental
measurements and the tuning of Monte Carlo samples. However, perturbation theory can be
applied to hard scattering quite e�ectively guaranteeing high precision results.
Hard scattering processes between the quarks and gluons of the colliding protons are treated
in the parton model. Accordingly, parton distribution functions f (xi ,Q

2) are utilised to
account for the probability to �nd a particular parton i with momentum fraction 0 < xi < 1
of the total momentum of the proton. Also, the dependence on the momentum transfer Q2 is
considered. With the factorisation theorem [68] the production cross-section for the process
where two partons (a from proton pA and b from proton pB) collide and one Higgs boson
together with additional particles X is created can be written as

σ(pA + pB → H + X) = ∫ dxa dxb fa/A(xa , µ2F) fb/B(xb , µ2F)σ̂ab→H(µ
2
F, µ

2
R) ,

where µF and µR are the factorisation scale and the renormalisation scale of the running
strong coupling constant, respectively. �e PDFs cannot be calculated, but are for instance
retrieved from deep inelastic electron–proton scattering measurements. �ey are extrapolated
to the high energies of the LHC using the DGLAP evolution equations [69–71].
With the LHC providing high centre-of-mass energies, heavy particles like the Higgs boson
can be produced in proton–proton collisions. Figure 3.3 depicts the tree-level Feynman
diagrams of the main production modes described below. �e cross-section values for a Higgs
boson mass mH = 125.09GeV and a centre-of-mass energy

√
s = 13TeV are summarised in

Table 3.1. Even though di�erent from the most current value (see Eq. 3.6), within the work of
this thesis always a Higgs boson mass value of mH = 125.09GeV is used, because this value
was the most current one at the time the data sets and so�ware utilities used in this work,
were created.

ggF �e dominant Higgs boson production process at the LHC is the gluon–gluon fusion
(ggF), where two gluons annihilate into a Higgs boson by means of an intermediate heavy
quark loop. Since the coupling between the Higgs boson and SM particles is proportional
to the respective mass of the particle, at tree-level the Higgs boson hardly couples to light
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Figure 3.3: Feynman diagrams of the main production modes of the Higgs boson at the LHC
with decreasing dominance: (a) gluon–gluon fusion with an intermediate heavy quark loop,
(b) vector-boson fusion, (c) associate production with weak vector bosons and (d) associate
production with heavy quarks [72].

quarks and not at all to gluons. However, with the gluon PDF at energies of the LHC being
small at momentum fractions x ≲ 1 and growing rapidly towards small x, the proton consists
mostly of gluons. �e top quark has a strong coupling to gluons and due to its high mass the
strongest coupling to the Higgs boson out of all SM particles. �is leads to the highest Higgs
boson production cross-section for the ggF production via an intermediate top quark loop
(Figure 3.3(a)) [75]. A minor contribution from bottom quarks is also present. Due to its
relevance for this thesis, the ggF production process is covered in Section 3.4.1 in more detail.

VBF �e Higgs boson production process where initial state quarks emit weak vector
bosons (W , Z bosons) followed by a fusion of these bosons into a Higgs boson is called
vector-boson fusion (or sometimes weak-boson fusion) (VBF). Besides being the second most
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Chapter 3 �eoretical foundations

Table 3.1: Production cross-sections for the Higgs boson production mechanism of the four
main production modes at the LHC. �e cross-section values and ±(PDF + αS) % uncer-
tainties given are of currently highest accuracy and with respect to a Higgs boson mass
of mH = 125.09GeV and a centre-of-mass energy of

√
s = 13TeV. In case of the bb̄H

production mode, the ±(QCD scale + PDF + αS) % uncertainty is given [73, 74].

Production mode Production mechanism Cross-section [pb]

ggF pp → H 48.52+3.2%−3.2%

VBF pp → qqH 3.78+2.1%−2.1%

VH
pp →W∗ →WH 1.37+1.9%−1.9%

pp → Z∗ → ZH 0.88+1.6%−1.6%

t t̄H pp → t t̄H 0.51+3.6%−3.6%

bb̄H pp → bb̄H 0.49+20.1%−23.9%

dominant, this production mode also provides a clear signature in the �nal state: the direction
of movement of the incoming quarks is only slightly a�ected by radiation ofW or Z bosons,
resulting in their detection as forward and backward �nal state jets with a large di�erence in
rapidity [65]. �e cross-section for the VBF process is about one order of magnitude smaller
than the cross-section from ggF.

VH A quark–antiquark annihilation into a virtual weak vector boson V (V = W , Z)
and the subsequent radiation of a Higgs boson qq̄ → V

∗ → VH is referred to as the VH
production channel. �e associate production of a Higgs boson with aW boson has an about
50% higher cross-section than the associate production with a Z boson.

t t̄H/bb̄H �e production modes with cross-sections of about two orders of magnitude
smaller than the cross-section for the ggF process is the associate production with top or
bottom quarks abbreviated with t t̄H or bb̄H, respectively. Two gluons decay each into a
heavy quark–antiquark pair, where two subsequently annihilate into a Higgs boson while the
other two hadronise. Due to the high third generation quark masses a high invariant mass
at the collision is necessary for this production mode, which explains the low values of the
cross-sections.
Figure 3.4 shows the cross-sections of the main Higgs boson production mechanisms at the
LHC for di�erent Higgs boson masses and centre-of-mass energies.
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Figure 3.4:�e production cross-section of the SMHiggs boson is shown on a logarithmic axis
(a) at a centre-of-mass energy of

√
s = 13TeV for Higgs boson massesMH between 120GeV

and 130GeV and (b) for a Higgs boson mass of mH = 125GeV and centre-of-mass energies
between 6TeV and 15 TeV for the main production modes (top to bottom): gluon–gluon
fusion (blue), vector-boson fusion (red), associated production withW and Z bosons (green)
and associated production with heavy third generation quarks (magenta) [52, 76].

3.2.2 Decay of the Higgs boson
�eHiggs boson is a short-lived particle with a total decay width of ΓH = (4.1+0.60%−0.61%)MeV
with an uncertainty related to the variation of the strong coupling constant [77]. �erefore, the
Higgs boson immediately decays inside the detector and is reconstructed via its decay products.
Because of the Higgs boson coupling being proportional to the mass of the corresponding
particle, it decays preferably to the heaviest state allowed by phase space [75], e. g. into a
pair of bottom quarks with a probability of 58% followed by the decay intoW± bosons with
22%. �e main decays channels with respective branching ratios are displayed in Table 3.2,
where the branching ratio is de�ned as the ratio of the decay width of a particular decay mode
and the total decay width. Figure 3.5 shows the branching ratios as a function of the Higgs
boson mass between 120GeV and 130GeV. Decays into massless gluons and photons with a
probability of 8% and 0.2%, respectively, take place by means of an intermediate heavy quark
loop. Since the photon interacts electromagnetically,W± boson loops additionally participate
in the γγ decay mode.
Despite having the highest branching ratio, Higgs boson decays into a pair of bottom quarks
are di�cult to reconstruct in the large background of bb̄-events. Leptons as �nal state particles,
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Table 3.2: Branching ratios for the main decay channels given with respect to the total decay
width of ΓH = 4.1MeV for a mH = 125.09GeV Higgs boson [77].

Decay channel bb̄ WW
∗

g g τ
+

τ
−

cc̄ ZZ
∗

γγ Zγ
∗

Branching ratio [%] 58.09 21.52 8.180 6.256 2.884 2.641 0.2270 0.1541

on the other hand, provide a clear signature. �erefore, Higgs boson decays into gauge bosons
with subsequent leptonic decays play a signi�cant role in LHC Higgs boson studies. Together
with H → γγ, the leptonic decays H → WW → ℓνℓν and H → ZZ

∗ → 4ℓ (ℓ = e, µ)
contributed to the Higgs boson discovery [5, 6]. Even though only about 3% of all Higgs
bosons decay into a pair of Z bosons and only less than 1% into the fully leptonic �nal state,
due to its clear experimental signature, the H → ZZ

∗ → 4ℓ channel is an important Higgs
boson measurement channel at the LHC. In this thesis the Higgs boson is reconstructed via
the four-lepton �nal state, which will be introduced in Section 4.

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

B
ra

nc
hi

ng
 R

at
io

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

Figure 3.5: Branching ratios for the main decay channels of the Higgs boson as a function of
its mass mH in the range between 120GeV and 130GeV [77].
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3.3 Physics beyond the Standard Model
�ediscovery of the Higgs boson in 2012 by the ATLAS and CMSCollaborations [5, 6]marked
the SM a complete and self-consistent theory. Despite its ability to successfully predict and
describe particle physics phenomena with extremely high precision, there are observations in
nature that cannot be explained by the SM, hinting at BSM physics.

3.3.1 Motivation for physics beyond the Standard Model research
�e hierarchy problem [78] addresses the vast di�erence in the numerical values of the weak
force and gravity. In the context of naturalness the question leads to the smallness of the
Higgs boson mass and why it appears to be una�ected by large radiative corrections [79, 80].
A strong evidence for Dark Matter (DM) comes from astrophysical observations of its
gravitational e�ects at large distance scales [81, 82]. Albeit DM is assumed to be ubiquitous in
the universe, no experimentally con�rmed theory of its origin is present, thus calling for BSM
physics. �e most prominent research assumes DM to be some kind of weakly interacting
massive particle (WIMP).
Prominent solutions to these two problems make o�en use of a highly elegant and phe-
nomenologically appealing extension of the SM called Supersymmetry (SUSY). It provides
a supersymmetric fermion as a (SUSY) transformation partner for each boson and vice
versa [83–88]. In terms of the addition of new particles, the simplest supersymmetric
extension of the SM is realised within the Minimal Supersymmetric Standard Model (MSSM).
Additionally, it extends the Higgs boson sector by requiring two complex Higgs boson
doublets [89, 90].
�e term cosmic baryon asymmetry refers to the imbalance of matter and antimatter in our
universe. �e Big Bang should have produced particles and antiparticles in equal amounts.
�e observed asymmetry cannot be explained by the SM and leads to hypotheses beyond the
SM [91], trying to �nd explanations for baryogenesis. Among the three necessary conditions
to produce matter and antimatter at di�erent rates, proposed by Sakharov [92] originally in
1967, the violation of the CP-symmetry can be found. Since the CP-violation in the SM is not
su�cient to explain the observed asymmetry, theories addressing baryogenesis o�en seek
additional sources of CP-violation.

3.3.2 CP-violation in the Higgs sector
�e SM predicts the Higgs boson to have spin J = 0 and to conserve CP-symmetry with even
eigenvalue. Separate charge conjugation (C) and parity transformation (P) eigenvalues are
predicted to be even as well. Assuming charge conservation, the C = +1 nature of the Higgs
boson is con�rmed by the observation of the decay into two photons, since for each photon
C = −1 and the charge conjugation is a multiplicative quantum number [52, Chapter 11]. �e
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SM prediction JCP = 0+ has been tested by ATLAS and CMS by comparing with di�erent JCP
hypotheses, varying the spin (J = 0, 1, 2) or the parity eigenvalue CP = ±1 of the resonance.
�e SM prediction is so far con�rmed, alternative JCP hypotheses are excluded at more than
99.9% con�dence level [15, 93, 94]. While the pure CP-odd state JCP = 0− is excluded, a
mixed state, where the Higgs boson is a superposition of CP-even and CP-odd eigenstates is
still allowed. Such mixtures would result in CP-violation, providing direct evidence for BSM
physics [95].
�e CP-properties of a particle can be probed by analysing its coupling behaviour to other
SM particles. �e coupling of the Higgs boson to other elementary particles is determined
by the tensor structure of the coupling in the interaction vertex. Non-vanishing CP-odd
contributions to the CP-even SM prediction tensor structure of the Higgs boson coupling is
called an anomalous coupling contribution and leads to the violation of CP-invariance [16].
CP-eigenvalue measurements and propositions of constraining Higgs boson CP-properties
o�en rely on the coupling to weak vector bosons. However, while unsuppressed (tree-level)
couplings between the Higgs boson and the massive vector bosons exist for the CP-even
component, CP-odd contributions enter with a higher-order operator making it di�cult to
probe these contributions. A better study of CP-odd admixtures is possible in couplings
between the Higgs boson and charged fermions or massless gauge bosons. In these cases the
CP-even and CP-odd couplings are induced at the same order, namely at tree-level and at
loop-level, respectively [16, 95].
In this thesis CP-violation is searched for by means of studying the tensor structure of the
coupling between the Higgs boson and gluons. BSM physics cannot only be explored via the
hunt for new resonances, but also by searching for indirect e�ects on the couplings of theHiggs
boson to SM particles. Additionally to the aforementioned induction of anomalous coupling
contributions at the same order, loop processes are an eminent source of new particles. Both
aspects take e�ect in the ggF production mode of the Higgs boson.

3.4 E�ective gluon–gluon–Higgs boson coupling
3.4.1 Sensitivity of gluon–gluon fusion to BSM physics
Despite being a loop-induced process, a high gluon density inside the proton makes ggF
the most dominant Higgs boson production mode by an order of magnitude higher cross-
section (see Figure 3.4 and Table 3.1). Having two gluons in the initial state results in an
enhanced tendency of producing further QCD radiation and next-to-leading order (NLO)
QCD corrections to the inclusive ggF cross-section are known to be large [96, 97]. De�ning
the K-factor as σNLO/σLO, where all quantities are consistently evaluated with the respective
accuracy, it has a K-factor of about 1.6 [98]. Since the Feynman diagram of the ggF mode
already contains a loop at leading order (LO), calculations in higher orders in perturbation
theory are a particularly challenging task [65]. �e most recent results provide corrections up
to next-to-next-to-next-to-leading order (N3LO) [99, 100]. �e computation of corrections
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beyond LO can be greatly simpli�ed by treating the Hgg interaction as point-like in the
in�nite top mass limit mt → ∞.
Real emission corrections to the ggF production mode can lead to additional jets in the �nal
state, whose distributions carry information about gluon properties in the ggF production
mode. Two-jet �nal state events, i. e. pp → H + 2 j events (Figure 3.6), provide fairly well
opportunities to probe for BSM physics. �is can be done using kinematic distributions of
observables known to preserve CP-properties, such as the angular di�erence between the two
tagging jets [95]. Beside shape information, the total production rate is also a�ected by the
presence of BSM coupling parameters and must be considered especially in categories without
shape information. Since the most ggF events come without additional jets, rate information
currently is indispensable.
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Figure 3.6: Feynman diagrams of the real emission correction processes contributing at orders
ofO(α

4
s ) to a �nal state with two jets. �ese are scatterings of (a) two (not necessarily same

�avoured) quarks, (b) one gluon and one quark and (c) two gluons [72].

�e crucial demand for the in�nite top mass limit to serve as a good approximation is the
transverse momentum of �nal state objects, since the mt → ∞ limit seems to break down
for Higgs boson or jet pT > 200GeV [97, 101–103]. �e work in this thesis accounts for this
fact by applying corresponding event cuts.

3.4.2 The Higgs Characterisation model
�e possibility for the Higgs boson not to be a pure CP-even state as predicted by the SM, but
rather to have BSM CP-even and CP-odd admixtures in the tensor structure of the coupling
to gluons can be studied by using the Higgs Characterisation (HC) model. It utilises an
e�ective �eld theory (EFT) approach, assuming new resonances entering only at energy scales
larger than a certain cut-o� value Λ, which is set to 1 TeV in this thesis. �is assumption
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is in accordance with the experimental results obtained at the LHC as well as in previous
collider experiments, not showing any evidence for new physics at lower energy scales. It can
be shown, that such theories are renormalisable and prove to be a viable approach for the
problem of new-particle characterisation [17]. Since the top quark loop and the interactions in
the production vertex cannot be resolved at energies below Λ, the Hgg interaction is treated
as point-like and described in terms of e�ective couplings.
�e expression for the Lagrangian of the HC model for the relevant spin–0 Higgs boson state
can be written as

LHC,0 = LSM−H +L0 ,

with the �rst term on the right hand sideLSM−H describing the SM Lagrangian without the
Higgs boson whereas the second termL0 containing the kinetic and interaction terms of the
relevant Higgs boson state [17]. Using the abbreviations

cα ≡ cos (α) and sα ≡ sin (α)

to account for possible CP-mixing of 0+ and 0− states via the mixing angle α, the interaction
between gluons with a Higgs �eld X0 can be described by the Lagrangian

L V
0 = − 1

4
[cακHgg gHggG

a
µνG

a,µν + sακAgg gAggG
a
µνG̃

a,µν]X0 , (3.7)

with de�ning the reduced �eld strength tensor as

G
a
µν = ∂µG

a
ν − ∂νG

a
µ + gs f

abc
G
b
µG
c
ν ,

and the dual tensor as

G̃
a
µν =

1
2

εµνρσG
a,ρσ .

�e terms of the Lagrangian (Eq. 3.7) are grouped according to CP-even and CP-odd nature
of the couplings, denoted by an H or A subscript, respectively. �e �rst term transforms
under CP-symmetry with an even eigenvalue, whereas the second one does so with an odd
eigenvalue. �e couplings gHgg and gAgg are de�ned in a way, such that in the CP-even
case the SM Higgs boson is reproduced and in a purely CP-odd case, a pseudo-scalar Higgs
boson is obtained [17]. �e CP-even coupling parameter κHgg describes the coupling between
the Higgs boson and the pair of gluons in accordance to the SM, while a value κAgg ≠ 0
accounts for anomalous CP-odd contribution to the gluon–gluon–Higgs boson coupling
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Table 3.3: Exemplary con�gurations of the CP-even and CP-odd HCmodel coupling parame-
ters cακHgg and sακAgg , respectively, and the mixing angle α leading to di�erent Higgs boson
states within the ggF production mode. �e CP-violating mixed state 0mix is obtained for
κAgg ≠ 0 and α ≠ 0, α ≠ π/2.

J
CP Model Parameter values

cακHgg sακAgg α

0+ SM Higgs boson 1 0 0
0mix BSM spin–0 CP-mixed 1 0.6 π/4
0− BSM spin–0 CP-odd 0 1 π/2

with a coupling strength proportional to sακAgg . Table 3.3 shows exemplary scenarios for
di�erent parameter con�gurations resulting in certain Higgs boson states. �e SM Higgs
boson is obtained for a CP-odd coupling strength parameter value sακAgg = 0 and a CP-even
coupling strength parameter value cακHgg = 1. A purely CP-odd BSM Higgs boson state
corresponds to sακAgg = 1 and cακHgg = 0. CP-odd admixtures to the Hgg interaction
vertex are realised by BSM spin–0 CP-mixed states where cακHgg = 1 and sακAgg ≠ 0.
�e Lagrangian (Eq. 3.7) is part of a more general expression taking into account the couplings
of the Higgs boson to weak vector bosons and photons. However, since this work focusses
on anomalous coupling contributions solely in the Hgg vertex, the coupling to Z bosons in
the H → ZZ

∗ → 4ℓ decay channel (see Chapter 4) utilised for this work, is assumed to be
in accordance to the SM.�us, equation (Eq. 3.7) contains only the relevant term with the
parameter of interest in combination with the mixing angle sακAgg .

3.5 Latest status of Higgs boson properties
measurements

In the following a brief overview is given of the current results from measurements that
have been performed by ATLAS and CMS based on data sets obtained during LHC Run 1
and Run 2 in the time periods 2011–2012 and 2015–2017, respectively. Measurements of the
Higgs boson mass, its coupling to SM particles and its spin and CP-properties have been
performed at centre-of-mass energies

√
s of 7 TeV, 8 TeV and 13 TeV and results of high

accuracy are available. �e Higgs boson width as well as its self-coupling are currently not yet
experimentally accessible. In this regard merely upper limits and constraints can be set [52,
104].
All results are within the SM predictions and no deviations have been observed so far.
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3.5.1 Mass and couplings measurements
�e mass of the Higgs boson is given by the expectation value v of the Higgs �eld and the
Higgs self-coupling parameter λ as mH =

√
2λv. While the expectation value is �xed by

means of the Fermi coupling GF as v = (
√
2GF)

−1/2, which can be experimentally extracted
from muon decays [105], the self-coupling λ occurring in the Higgs potential (see Eq. 3.5)
has no prediction within the SM [52, Chapter 11]. �erefore the Higgs boson mass is a free
parameter in the SM and has to be measured. �e mass is measured in the H → γγ and
H → ZZ

∗ → 4ℓ decay channels, which allow a full reconstruction of the invariant mass of
the Higgs boson and have the best mass resolution. Figure 3.7 summarises the current results
featuring individual and combined ATLAS and CMS Run 1 measurements [106], preliminary
Run 2 measurements performed by ATLAS in the above mentioned channels [107] and by
CMS in the 4ℓ channel [108]. �e combined Run 1 result2 with statistical and systematic
uncertainties is given as mH = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) GeV. Once the Higgs
boson mass is determined, its couplings to other particles are fully predicted by the SM.
�e coupling of the Higgs boson to SM particles is set by the masses of the particles, thus any
deviations from the expected couplings are a hint at BSM physics. Higgs boson couplings
are studied by measuring the product of production cross-section and branching ratio of the
decay. Results for several production and decay mode combinations are shown in Figure 3.8.
�e results of the combined measurements from ATLAS and CMS using LHC Run 1 data are
all within experimental and theoretical uncertainties and the observed data are consistent
with a SM Higgs boson expectation [52, Chapter 11][109].
�e couplings of the Higgs boson to vector bosons have been discovered in Run 1. �e im-
proved integrated luminosity of Run 2 promises progress in the study of couplings to fermions.
�e decay into a pair of tau leptons H → τ

+
τ
− has been discovered by CMS [110] and an asso-

ciate production with a top quark pair t t̄H by both, ATLAS [111] and CMS [112] and the decay
into a pair of bottom quarks H → bb̄ is was recently observed by both collaborations [113].

3.5.2 Spin and parity measurements
Probing the spin and the behaviour under CP-transformation is essential in unveiling the
coupling properties of the Higgs boson and their agreement with SM predictions [52, Chap-
ter 11].

Fixed JCP hypothesis tests

�e observation of the Higgs boson in theH → γγ decay channel has important implications
according to the Landau–Yang theorem [114, 115]: the spin–1 hypothesis is excluded and
the observed particle is restricted to have either spin–0 or spin–2. Because the theorem is

2�evalue for the combinedmeasurement (blue) given in Figure 3.7 states the systematic uncertainty erroneously
as ±0.15GeV instead of ±0.11 GeV, as given in the original source [106].
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 GeV
H

m
118 120 122 124 126 128 130 132

 Run 1γγ→ HATLAS 
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 4l Run 1→ HATLAS 

 4l Run 1→ HCMS 

 Run 1γγATLAS­CMS 

ATLAS­CMS 4l Run 1

ATLAS­CMS Comb. Run 1

 Run 2γγ→ HATLAS 

 4l Run 2→ HATLAS 

 4l Run 2→ HCMS   

 0.27) GeV± 0.43 ± 0.51 (±126.02 

 0.15) GeV± 0.31 ± 0.34 (±124.70 

 0.04) GeV± 0.52 ± 0.52 (±124.51 

 0.17) GeV± 0.42 ± 0.45 (±125.59 

 0.14) GeV± 0.25 ± 0.29 (±125.07 

 0.15) GeV± 0.37 ± 0.40 (±125.15 

 0.15) GeV± 0.21 ± 0.24 (±125.09 

 0.36) GeV± 0.21 ± 0.42 (±125.11 

 0.05) GeV± 0.37 ± 0.37 (±124.88 

 0.08) GeV± 0.20 ± 0.21 (±125.26 

Total Stat. Syst.

Tot. Stat. Syst.

ATLAS and CMS
7 TeV, 8 TeV and 13 TeV

Figure 3.7: Summary of the ATLAS and CMS mass measurement results in the H → γγ and
the H → ZZ

∗ → 4ℓ decay channels. Results for Run 1 individual and combined analyses as
well as individual preliminary Run 2 analyses are shown [52].

only applicable for a direct decay into a pair of photons, spin–1 hypotheses are still tested to
account for possible decays into scalar bosons which then subsequently decay into two very
collimated pairs of photons [52, Chapter 11].
Scenarios with �xed spin and parity have been probed in decays to γγ or in
H → WW

∗ → ℓνℓν and H → ZZ
∗ → 4ℓ decays. �e data are compatible with

the SM 0+ hypothesis and alternative JCP hypotheses are excluded in favour of the SM
hypothesis. ATLAS [14] and CMS [15] exclude a Higgs boson with a pseudo-scalar nature
(0−) at CLS levels of 98% and 99.8%, respectively. Figure 3.9 shows a summary of several
J
CP hypotheses studies performed by ATLAS. �e studies performed by CMS involve a larger
number of models, but the main conclusions are similar and fully consistent [52, Chapter 11].
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Figure 3.8: Combined measurements of the signal strength, which is the event yield for a
speci�c Higgs boson production and decay, normalised to the SM expectation for a Higgs
boson mass mH = 125.09GeV for di�erent combinations of one of the main �ve Higgs boson
production modes and one of the main �ve decay channels from ATLAS and CMS using LHC
Run 1 data. For the hatched combinations no con�dence interval could be determined due to
a low amount of data [52].

Measurement of the Higgs boson coupling tensor structure to vector
bosons

At ATLAS, the tensor structure of the Higgs bosons couplings to vector bosons and gluons is
studied [18] within the e�ective �eld theory approach of the HC model (Section 3.4.2). Aside
from the conclusive results from �xed JCP tests, anomalous CP-even and CP-odd admixtures
to the primarily CP-even state of the Higgs boson are tested under the assumption of a spin–0
Higgs boson.
�e tensor structure of the Higgs boson coupling to weak vector bosons has been studied
by ATLAS [18] and CMS [15] with LHC Run 2 and fully reconstructed LHC Run 1 datasets,
respectively. �e obtained results are compatible with the SM predictions within 2σ .
�e CP-odd BSM Higgs coupling to gluons has been probed by ATLAS [18] by measuring
the coupling strength parameter3 κAgg while assuming all other BSM parameters to be 0
and �xing the SM coupling κHgg = 1. Furthermore, changes in the Higgs sector from BSM
e�ects are assumed not to a�ect the SM background. Figure 3.10 shows the measurement
results statistically interpreted using likelihood tests [94]. �e observed distribution has a
best �t value κ̂Agg = ±0.43 and an observed 95% con�dence level interval [−0.68, 0.68].

3�e notation used in the original reference di�ers slightly by the one introduced in Section 3.4.2. Contrary to
this work, there κAg g is proportional to the CP-odd coupling strength.
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Figure 3.9: Distributions of the test statistic for the SM hypothesis JCP = 0+ for spin and parity
of the Higgs boson as observed in Run 1 data (blue) together with several alternative spin and
parity hypotheses (red) studied in the decay channelsH → ZZ

∗ → 4ℓ,H → WW
∗ → eνµν

and H → γγ with ATLAS [52].

No sensitivity to the sign of the BSM coupling parameter can be provided by the event yields
measured in the reconstruction categories.
A detailed analysis description including best-�t values and exclusion limits can be found
in [18].
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Figure 3.10: Observed (solid black line) and according to SM predictions expected (dashed
blue line) negative log-likelihood scans for the BSM CP-odd contribution to the tensor
coupling structure for the Higgs boson–gluon interaction obtained from 36.1 fb−1 of data
at

√
s = 13TeV, recorded with the ATLAS detector. Horizontal dashed lines indicate the

values of the pro�le likelihood ratio corresponding to the 68% and 95% con�dence level
intervals [18, 94].
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4
The H → ZZ∗ → 4ℓ analysis
channel
Even though the Higgs boson with a mass ofmH = 125.09GeV decays into a pair of Z bosons
with a branching ratio of only about 2.6% (see Table 3.2), the decay channelH → ZZ

∗ → 4ℓ
provides a very good sensitivity for the study of the Higgs boson properties due to a very
low background contribution. �is decay channel is employed in this thesis for the measure-
ment of the tensor structure of the Higgs boson coupling to gluons. �e selection of the
H → ZZ

∗ → 4ℓ event candidates will therefore brie�y be described in this chapter. Since
the mass of the Higgs boson is below the threshold of 2 ⋅mZ ≈ 180GeV for the resonant ZZ
production, one of the two Z bosons is produced o�-shell, i. e. as a virtual particle, denoted by
Z
∗. �e tree-level Feynman diagram for the H → ZZ

∗ → 4ℓ process is shown in Figure 4.1.

H

Z∗

Z

`+

`−

`+

`−

.

.

Figure 4.1: Tree-level Feynman diagram for the Higgs boson decay into one on-shell and
one o�-shell (Z∗) Z boson, which subsequently both decay into a pair of oppositely charged
leptons ℓ+ℓ−, where ℓ ≡ e, µ [72].

�e Z boson decays predominantly hadronically with a branching ratio of about 70%, but such
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decays are experimentally di�cult to reconstruct due to the large QCD multijet background.
�e decay into an oppositely charged lepton pair ℓ+ℓ− (ℓ ≡ e, µ) has a branching ratio of
only about 3.4% [60], but provides a clear decay signature in the detector. �e dominant
background processes with the same �nal state are the ZZ (∗)production, the t t̄ production
and the Z + jets production. �e latter two processes can be strongly suppressed by requiring
that leptons are isolated, i. e. that there is a low energy deposition around each lepton.
�e high signal-to-background ratio and additionally the ability to fully reconstruct the
four-momenta of all decay products provide a very good sensitivity toH → ZZ

∗ → 4ℓ events.

In this chapter the used channel is presented. �e simulated Monte Carlo (MC) sam-
ples used for the study of the event selection in this channel are brie�y introduced in
Section 4.1. �e H → ZZ

∗ → 4ℓ event selection leading to Higgs boson candidates for the
study of the coupling tensor structure is described in Section 4.2, followed by a discussion of
relevant background contributions in Section 4.3. In Section 4.4, the event yields expected
a�er the event selection is summarised.

4.1 Monte Carlo simulation
In order to study the H → ZZ

∗ → 4ℓ selection, several MC samples with a detailed
simulation of the ATLAS detector are employed. �e samples are provided by the o�cial
central ATLAS production system. No LHC proton–proton collision data is used in this
thesis. All simulated events are generated at a centre-of-mass energy of

√
s = 13TeV.

�e Higgs boson events are generated separately for the dominant ggF, VBF and VH
production modes using the event generator Powheg-Box v2 [116, 117]. �e o�cial samples
are all assuming the SM structure of the Higgs boson couplings. �e VBF and VH production
modes are calculated up to NLO precision in the matrix element calculations. �e ggF
Higgs boson production sample is generated at next-to-next-to-leading order (NNLO) QCD
precision using the Powheg NNLOPS method [118]. For the simulation of the decay and
the parton showering Pythia8 [119] has been used. EvtGen [120] was used to account for
properties from bottom and charm hadron decays.
�e ZZ (∗)continuum background contribution from quark–antiquark annihilation (see
Section 4.3) was simulated using Sherpa 2.2.2 [121] at NLO accuracy for �nal states with
up to one jet and at LO accuracy for two and three �nal state jets. �e gluon-induced
ZZ
(∗)continuum background is modelled at LO with gg2VV [122].

An overview of the MC sets used in this work is given in Appendix A.
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4.2 Event selection

4.2 Event selection
�e H → ZZ

∗ → 4ℓ analysis begins with a pre-selection guaranteeing good data quality.
Here it is ensured that all detector components have been functioning properly during the
data taking. Furthermore, the events are required to have at least one vertex containing at
least two associated ptrackT > 400MeV tracks.
�e four-lepton events are selected with single-lepton, dilepton and trilepton triggers, which
accept electrons (muons), if certain identi�cation criteria and ET (pT) thresholds are ful-
�lled [123].
�ese leptons are either electrons ormuons and satisfy the ‘loose’ identi�cation criteria (see Sec-
tion 2.3.2 and Section 2.3.3). At least two pairs of oppositely charged leptons must be present
in the selected events. �e lepton quadruplets are classi�ed according to their �avour content
into 4µ, 2e2µ, 2µ2e and 4e �nal state Higgs boson candidates. Further selection criteria are
applied by requiring the transverse energy (transverse momentum) and the pseudo-rapidity
of the electron (muon) to be ET > 7GeV (pT > 5GeV) and ∣∆η∣ < 2.47 (∣∆η∣ < 2.7).
Calorimeter tagged muons are required to have pT > 15GeV in the pseudo-rapidity range
∣∆η∣ < 0.1 in order to account for the MS acceptance gap [34]. �e requirement for the
longitudinal impact parameter z0 ⋅sin (θ) ≤ 0.5mm constrains the leptons to the primary ver-
tex and also reduces the contribution from hadronised b-quark background processes [123].
By narrowing the absolute value of the muon transverse impact parameter ∣d0∣ < 1mm,
background contribution from cosmic-ray muons can be essentially eliminated.
Each �nal state must have at least one lepton quadruplet consisting of two pairs of same-
�avour opposite-charge leptons. In each event, the three leptons with the highest transverse
momentum pT must have pT greater than 20GeV, 15GeV and 10GeV, respectively. �e
lepton pair with an invariant mass m12 (m34) closest (second closest) to the mass of the Z
boson mZ = 91 187.6MeV is referred to as the leading (sub-leading) dilepton. �e four
possible �nal state decay channels 4µ, 2e2µ, 2µ2e and 4e are studied separately.
�e dilepton masses have to lie in appropriate mass ranges to increase the sensitivity:
50GeV ≤ m12 ≤ 106GeV and mZ2,min ≤ m34 ≤ 115GeV. �e threshold value mZ2,min is
de�ned to be 12GeV for an invariant mass of the lepton quadruplet m4ℓ ≤ 140GeV, rising
linearly to a value ofmZ2,min = 50GeV for invariant lepton quadruplet masses up to 190GeV
and remaining at 50GeV for values of m4ℓ above 190GeV. To ensure an angular separation
between the leptons, every two same-�avour (opposite-�avour) leptons are required to satisfy
∆R ≥ 0.1 (0.2), where

∆R =
√

(∆η)2 + (∆ϕ)2 .

An e+e− or µ+µ− pair from the decay of a J/ψmeson with a mass of approximately 3GeV [60]
may be incorrectly attributed to originate from two Z boson decays. In order to exclude
background from J/ψ meson decays, a J/ψ veto is imposed on lepton pairs in the decay
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channels 4e and 4µ, requiring that the invariant dilepton mass be mℓℓ ≥ 5GeV.
�e �nal state jets are required to have transverse momenta pjetT ≥ 30GeV and jet pseudo-
rapidities ∣η∣ < 4.5. An angular separation between jets and leptons is realised by invoking a
jet–lepton-overlap removal, which discards the jets with an angular distance of ∆R < 0.2 to
electrons and ∆R < 0.1 to muons.
�e invariant lepton quadruplet mass m4ℓ is constrained to a mass window of
118GeV ≤ m4ℓ < 129GeV around the measured Higgs boson mass [106]. �e size
of the window is determined by the detector resolution of the mass measurement. �e
treatment of the Hgg vertex as an e�ective point-like interaction is a valid approximation
only for Higgs boson and jet transverse momenta pHT and p

jet
T , respectively, smaller than or

of the order of the top quark mass [97, 103] (see Section 3.4.1). �erefore, the requirements
p
H
T ≤ 200GeV and pjetT ≤ 200GeV are applied to each event.
Eventually the requirement for isolated leptons reduces the contributions from reducible
background processes Z+jets and t t̄. It is realised by constraining the track based isolation
I
track
ℓ < 0.15 with

I
track
e = ∑i

p
track
T,i

E
e

T
and I

track
µ = ∑i

p
track
T,i

p
µ

T

for tracks within a cone of ∆R ≤ 0.2 (0.3) around the reconstructed electron (muon).
Additionally calorimeter based isolation requirements with ∆R ≤ 0.2 are imposed

I
calo
e = ∑i

E
cluster
T,i

E
e

T
< 0.2 and I

calo
µ = ∑i

E
cluster
T,i

p
µ

T
< 0.3 .

By requiring for each quadruplet electron (muon) the transverse impact parameter signi�cance
∣d0/σd0 ∣ < 5 (3), with σd0 being the error of the d0 measurement, background contributions
from b- and c-hadron decays can be further reduced. �e vertex selection is improved by
demanding χ

2/Ndof < 6 for 4µ and χ
2/Ndof < 9 for all other �nal states, where χ

2 represents
the quality of the �t of the four leptons to the vertex and Ndof the number of degrees of
freedom. �e lepton resolution is improved by taking energy losses due to �nal state radiation
(FSR) into account. An additional Z boson mass constraint is applied to the dilepton from
the on-shell Z boson candidate. �e transverse momentum of the lepton is corrected by
performing a kinematic �t to the Z boson line shape, improving the four-lepton invariant
mass resolution [107, 124, 125]. An overview of the event selection requirements is given in
Table 4.1.
�e selected Higgs boson event candidates are categorised according to their jet multiplicities
into four categories: 0-jet, 1-jet, 2-jet-sameHemi and 2-jet-oppHemi, where the latter two
contain events with at least two �nal state jets. �e 2-jet events are split according to the
relative directions of the two jets in the detector. �e 2-jet-sameHemi (2-jet-oppHemi) category
contains the two leading jets, which lie in the same (opposite) hemisphere, i. e. have a positive
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Table 4.1: Event selection requirements applied within the H → ZZ
∗ → 4ℓ detector-level

analysis [124].

Lepton and jet requirements

Electrons Loose identi�cation, ET > 7GeV and ∣η∣ < 2.47
Longitudinal impact parameter z0 ⋅ sin (θ) < 0.5mm

Muons

Loose identi�cation, pT > 5GeV
Combined muons (CB): ∣η∣ < 2.5
Segment-tagged muons (ST): ∣η∣ < 0.1
Calorimeter-tagged muons (CT): 15GeV < pT < 100GeV and ∣η∣ < 0.1
Longitudinal and transverse impact parameter (CB, ST and CT only):
z0 ⋅ sin (θ) < 0.5mm and ∣d0∣ < 1mm
Extrapolated muons (EM): 2.5 < ∣η∣ < 2.7

Jets
Anti-kt jets with distance parameter R = 0.4
pT > 30GeV and ∣η∣ < 4.5
Jet–electron(muon)–overlap removal ∆R > 0.2 (0.1)

Event selection

Quadruplet
selection

Consists of two pairs of same-�avour opposite-charge leptons
For three highest transverse momentum leptons: pT > 20, 15, 10GeV
Leading dilepton invariant mass: 50GeV ≤ m12 ≤ 106GeV
Sub-leading dilepton invariant mass: mZ2,min ≤ m34 ≤ 115GeV
∆R > 0.1 (0.2) for same-�avour (opposite-�avour) leptons
Same-�avour opposite-charge pairing mℓℓ ≥ 5GeV (J/ψ veto)

Lepton
isolation

Electron track isolation (∆R ≤ 0.2) Itracke < 0.15
Muon track isolation (∆R ≤ 0.3) Itrackµ < 0.15
Electron calorimeter isolation (∆R ≤ 0.2) Icaloe < 0.2
Muon calorimeter isolation (∆R ≤ 0.2) Icaloµ < 0.3
Impact parameter signi�cance ∣d0/σd0 ∣ < 5 (3) for electrons (muons)

Vertex
selection

χ
2/Ndof < 6 for 4µ �nal state

χ
2/Ndof < 9 for 2e2µ, 2µ2e and 4e �nal states
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(negative) product of rapidities y1 ⋅ y2. �e motivation for this categorisation is the additional
sensitivity to BSM CP-odd coupling contributions, as described in the next chapter (see
Section 5.3).

4.3 Background estimation
Events with four leptons in the �nal state not originating from the decayH → ZZ

∗ → 4ℓ are
referred to as background processes and have to be taken into account for the �nal evaluation
of the sensitivity to the BSM coupling contributions. Background is classi�ed as reducible
and irreducible. �e former background processes have less than four leptons produced on
particle-level, i. e. some of the leptons originate either from subsequent hadron decays or from
misidenti�cations of jets as leptons due to limited detector performance. �e main reducible
background processes are Z + jets, t t̄ and WZ production. �e lowest-order Feynman
diagrams of these processes are depicted in Figure 4.2.
�e contribution of reducible background processes is estimated using a data-driven approach,
employing dedicated signal-depleted control regions in data. Since the contribution of these
backgrounds is minor, the reducible background is neglected in this thesis.
Processes with four particle-level leptons in the �nal state are referred to as irreducible
background coming mainly from the non-resonant ZZ (∗)production. �e lowest-order
Feynman diagrams for this process are shown in Figure 4.3.
For annihilations in kinematic regions of the on-shell Higgs boson production, the main
contributions are expected from the quark–antiquark annihilation in Figure 4.3(a). Annihila-
tions to a Z boson resonance only produce events with a four-lepton invariant mass around
the Z boson mass (Figure 4.3(b)). Non-resonant ZZ (∗)production via gluon–gluon fusion
(Figure 4.3(c)) gives the smallest contribution, since it is a loop-induced process. �e con-
tribution of the irreducible ZZ (∗)background is estimated with dedicated MC simulations,
described in Section 4.1.

4.4 Results of the H → ZZ∗ → 4ℓ event selection
�e luminosity expected to be reached at the end of Run 2 is 120 fb−1. �e expected number
of events at this amount of data obtainable by applying the event selection as described before
is summarised in Table 4.2.
�enumber of expected events is given in each category for each of theHiggs boson production
modes ggF, VBF, ZH andWH. Contributions from t t̄H are assumed to be negligibly small [18]
and are therefore neglected. �e irreducible background from non-resonant ZZ production
is estimated with the aid of dedicated MC samples (see previous Sections 4.1 and 4.3).
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Figure 4.2: Leading-order Feynman diagrams for the main reducible background processes
contributing to the Higgs boson decay channel H → ZZ

∗ → 4ℓ: (a) Z + jets, (b)WZ and
(c) t t̄ production [72].
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Figure 4.3: Leading-order Feynman diagrams for the main irreducible background processes
contributing to the Higgs boson decay channel H → ZZ

∗ → 4ℓ: Two quarks annihilate
and either produce (a) a pair of Z bosons or photons or (b) create a Z boson with additional
leptons through associated radiative lepton decay. �e gluon–gluon fusion process (c) leads
to the ZZ (∗)production through a quark loop [72].
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Table 4.2: �e number of expected events a�er the H → ZZ
∗ → 4ℓ event selection for a

luminosity of 120 fb−1 given in terms of the individual Higgs boson production modes ggF,
VBF, ZH andWH as well as the irreducible background fromnon-resonant ZZ (∗)production.
�e number of expected events is listed per category according to the categorisation scheme
of this thesis.

ggF VBF ZH WH ZZ Total

0-jet 86.28 0.95 0.53 0.74 45.77 134.27
1-jet 44.52 4.49 0.77 1.19 13.62 64.59
2-jet-sameHemi 11.72 1.36 0.75 1.10 3.36 18.29
2-jet-oppHemi 9.04 5.54 0.35 0.48 2.40 17.81

All 151.56 12.34 2.40 3.51 65.15 234.96
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5
Anomalous coupling of the
Higgs boson to gluons
In order search for anomalous CP-odd contributions to the e�ective Higgs boson coupling to
gluons, i. e. to study the sensitivity to physics scenarios with di�erent BSM coupling parameter
values, several CP-sensitive observables are examined using simulated BSM signal and SM
background samples. �e variable ∆ϕsignj j corresponding to the azimuthal angle between the
two leading jets produced together with the Higgs boson is shown to provide the largest
sensitivity to possible admixtures of BSM couplings. Additionally, it is sensitive to the sign of
the CP-odd coupling strength parameter sακAgg , allowing to probe for CP-violation.

5.1 Monte Carlo simulations
�e MC samples have been produced for di�erent BSM parameter values. �e existing
MC samples from the o�cial detailed simulation of the ATLAS detector are not suitable
for sensitivity studies based on di�erential distributions of kinematic observables due to
high statistical uncertainties, especially in �nal states with additional jets. Several example
distributions obtained a�er the full event selection from the o�cially produced samples are
shown in Figures 5.1 to 5.3. �e BSM di�erential distribution shapes of the invariant mass
of the two leading jets m j j at particle-level (Figure 5.1(b)) do no show distinctive deviations
from the SM shape, except of one or two individual bins. No clear trend is visible. �e
shapes of the distributions have large �uctuations at detector-level (Figure 5.1(a)), providing
no clear usable tendency. �e distributions of the leading jet transverse momentum p j1T at
detector-level (Figure 5.2(a)) hint at a stronger shi�ing to lower values in the κAgg = 0.5
case than in the κAgg = −0.5 case, but no such information is clearly obtainable from the
distributions at detector-level (Figure 5.2(b)). �us, this behaviour might arise as a side e�ect
from the reconstruction procedure, which in general tends to ‘wash out’ distinctive features.
�e distributions of the azimuthal angle di�erence ∆ϕ j j hint at distinctive features, but due to
large statistical uncertainties are not suitable for a sensitivity study. �erefore, additional MC
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samples with a larger amount of data have been generated at particle-level. �e values of BSM
parameters have been chosen following the o�cially produced samples for the validation, and
additional samples for more accurate sensitivity estimates.
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Figure 5.1: Distributions of the invariant mass of the two leading jets in events with at least
two �nal state jets (a) a�er full simulation of the detector response (detector-level) and (b)
at particle-level for the SM scenario (grey shaded) and two CP-odd coupling contributions
scenarios.

5.1.1 Event generation
�e signal events were generated using the o�cial ATLAS simulation framework [126]. �e
parton-level generator MadGraph5_aMC@NLO v2_3_3_p1 [127] was used to model the ggF
production of Higgs boson candidates at NLO with proton–proton collisions at

√
s = 13TeV,

using the NNPDF23LO [128] PDF set. �e Higgs bosons are forced to decay into four leptons,
i. e. H → ZZ

∗ → 4ℓ. �e BSM contributions in the interaction between the Higgs
boson and gluons is implemented by means of the e�ective Lagrangian of the HC model (see
Section 3.4.2).
Since the MadGraph5_aMC@NLO generator cannot simulate both, the production and
decay processes with NLO accuracy at the same time, the MadSpin tool [129] is interfaced
to MadGraph5_aMC@NLO to allow for the NLO accuracy of the H → ZZ

∗ → 4ℓ decay
process. �e resulting Les Houches [130] event �les are then interfaced with Pythia 8.212 [119]
for showering and hadronisation, using the A14 tune [131]. EvtGen [120] is used to simulate
decays of B hadrons. In order to account for higher-order corrections essential for the loop-
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Figure 5.2: Distribution of the leading jet transverse momentum in events with at least two
�nal state jets (a) a�er full simulation of the detector response (detector-level) and (b) at
particle-level for the SM scenario (grey shaded) and two CP-odd coupling contributions
scenarios.

induced ggF production mode, the FxFx merging technique [132] is used to match the �nal
state jets a�er the parton shower and jet clustering to the original partons. In this way �nal
states with multiple jets can be produced in ggF events generated at NLO.

5.1.2 Simulated points in the BSM parameter space
In order to study the impact of di�erent values of the BSM CP-odd coupling parameter
sακAgg , MC samples are produced for six values of base parameters, chosen such to allow for
an interpolation in the interesting parameter range (see Table 5.1).
�e sample for the SM scenario (SM), as well as two samples modelling the CP-mixed states
with sακAgg = ±0.5/

√
2 (BSMmix_kAgg_0p5, BSMmix_kAgg_n0p5) and the pure CP-odd

sample (BSMpure) all have the same parameters as the corresponding fully simulated o�cial
MC samples and can therefore be used for the validation of the simulation framework. �e
validation results are presented in the next section.
In order to perform the sensitivity study, it is essential to model the signal for all possible
values of BSM coupling parameters, not only the simulated ones. A continuous description of
physical signal observables in the BSM coupling parameter space is provided by the morphing
method described in Ref. [133]. �e method allows for a signal interpolation in the BSM
parameter space based on a complete and non-redundant set of input samples. �e SM
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Figure 5.3: Distribution of the azimuthal angle di�erence between the leading and the sub-
leading jet in events with at least two �nal state jets (a) a�er full simulation of the detector
response (detector-level) and (b) at particle-level for the SM scenario (grey shaded) and two
CP-odd coupling contributions scenarios.

sample together with two BSM mixture samples with sακAgg = ±2/
√
2 (BSMmix_kAgg_2

and BSMmix_kAgg_n2), are used for this purpose. �e values of sακAgg = ±2/
√
2 have

been chosen just to span the parameter space allowed by the current measurements (see
Section 3.5.2). For the study of the sακAgg coupling in the ggF production vertex in this thesis
three input samples are required. �e H → ZZ

∗ → 4ℓ decay is assumed not to be a�ected
by any BSM coupling contributions. �e error associated with the prediction of the morphing
method is negligible in the studied parameter range.

5.1.3 Validation of MC samples
In order to validate the generated MC samples, the di�erential distributions of selected ob-
servables in generated samples are compared to the same particle-level distributions form
the corresponding o�cial samples. A particle-level selection of four-lepton events (see Sec-
tion 5.1.4) is applied.
Figures 5.4(a) and 5.4(b) representatively show the comparison of the distribution of the
leading jet transversemomentum p j1T (SM sample) and of the signed di�erence in the azimuthal
angle of the two leading jets ∆ϕsignj j (de�ned in Section 5.3) (BSMmix_kAgg_0p5 sample). In
general the shapes show a good agreement, despite individual bins sometimes do not show
coincidence within statistical uncertainties. Most likely this is the result of di�erent Pythia
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Table 5.1: List of ggF samples generated with MadGraph5_aMC@NLO for di�erent values
of the BSM CP-odd parameter (sακAgg). �e respective cross-section at NLO is also shown,
together with the total number of generated events.

Sample
description

BSM parameter values Cross-
section [fb]

Number of
generated events

κHgg κAgg cα sα

SM 1 0 1 0 4.1 ± 0.0093 470 000
BSMmix_kAgg_n2 1 −2 1√

2
1√
2

10 ± 0.022 470 000

BSMmix_kAgg_2 1 2 1√
2

1√
2

10 ± 0.025 450 000

BSMmix_kAgg_0p5 1 0.5 1√
2

1√
2
1.6 ± 0.0034 420 000

BSMmix_kAgg_n0p5 1 −0.5 1√
2

1√
2
1.6 ± 0.0030 370 000

BSMpure 0 1 1√
2

1√
2
2.3 ± 0.0043 450 000

versions used in the o�cial MC samples generation (Pythia 8.210) and the MC samples
generation within this study (Pythia 8.212).
Further validation plots for the SM, BSMmix_kAgg_0p5, BSMmix_kAgg_n0p5 and BSMpure
samples and additional observables can be found in Appendix B.

5.1.4 Particle-level H → ZZ∗ → 4ℓ event selection
Since the study of the Higgs boson coupling tensor structure in this thesis is based upon
particle-level information, theH → ZZ

∗ → 4ℓ particle-level event selection is employed on
the generated MC data. �e selection is a subset of the criteria applied a�er the full simulation
of the detector response, i. e. on detector-level (see Section 4.2) and is brie�y presented in the
following, as well as provided as a tabulated summary in Table 5.2.
�e selection of Higgs boson events at particle-level uses particle information from the �ducial
phase space, which is the geometrical region lying within the detection capabilities of the
ATLAS detector. All electrons (muons) with a transverse momentum pT > 7GeV (5GeV)
and pseudo-rapidity ∣η∣ < 2.47 (2.7) are paired into same-�avour opposite-charge dileptons
which then are used to build potential �nal state quadruplets of the form 4µ, 2e2µ, 2µ2e and
4e. Fiducial jets undergo a jet–lepton–overlap removal only keeping jets with ∆R ≥ 0.2 (0.1)
for electrons (muons). Furthermore, the jets are required to have transverse momenta greater
than 30GeV and must have an absolute rapidity lower than 4.4. Kinematic cuts are applied to
the three leptons with the highest transverse momenta in each quadruplet requiring pT > 20,
15 and 10GeV, respectively. �e quadruplet with the dilepton invariant masses m12 and m34
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Figure 5.4: Di�erential distributions of (a) the transverse momentum of the leading jet p j1T for
the SMMC sample and (b) the di�erence ∆ϕ j j in the azimuthal angle of the two leading jets
for the BSMmix_kAgg_0p5MC sample generated within this work and the corresponding
o�cial MC sample at particle-level.

closest to the Z boson mass mZ = 91 187.6MeV is then chosen as the �nal state quadruplet.
In the next step certain Higgs boson selection criteria are employed on the quadruplet. �e
invariant masses of the four-lepton system and the two dileptons are constraint to mass
ranges 118GeV ≤ m4ℓ ≤ 129GeV, 50GeV ≤ m12 ≤ 106GeV and 12GeV ≤ m34 115GeV,
respectively. An angular separation ∆R ≥ 0.1 (0.2) is employed to same-�avour (opposite-
�avour) leptons. Events with same-�avour leptons from J/ψ decays are rejected by requiring
mℓℓ ≥ 5GeV for the invariant mass of the lepton pair.
By setting thresholds for Higgs boson and jet transverse momenta of pHT ≤ 200GeV and
p
jet
T ≤ 200GeV the large top mass approximation is accounted for [97, 101–103] (see Sec-
tion 3.4.1).
�e selected events are categorised according to the event categorisation described in Sec-
tion 4.2.

5.2 Signal model correction
�e signal model is constructed by means of the morphing method using the input samples
SM, BSMmix_kAgg_n2 and BSMmix_kAgg_2. �e corrections described in the following are
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Table 5.2: Event selection requirements applied within the H → ZZ
∗ → 4ℓ particle-level

analysis in order to select suitable Higgs boson candidates for the sensitivity study within the
work of this thesis.

Object selection

Electrons pT ≥ 7GeV and ∣η∣ ≤ 2.47
Muons pT ≥ 5GeV and ∣η∣ ≤ 2.7

Jets pT ≥ 30GeV and ∣y∣ ≤ 4.4
Jet–electron(–muon)–overlap removal: ∆R ≥ 0.2 (0.1)

Event selection

Kinematic
cuts

Perform on same-�avour opposite-charge dilepton pair quadruplets:
�ree highest-pT leptons: pT > 20, 15, and 10GeV
Angular separation of same-(opposite-)�avour leptons: ∆R ≥ 0.1 (0.1)

Mass
ranges

Leading dileption invariant mass: 50GeV ≥ m12 ≥ 106GeV
Sub-leading dilepton invariant mass: 12GeV ≥ m34 ≥ 115GeV
Higgs boson mass range: 118GeV ≥ m4ℓ ≥ 129GeV

J/ψ veto Lepton pairs from di�erent dileptons: mℓℓ ≥ 5GeV

Additional
cuts

Higgs boson transverse momentum pHT < 200GeV
Jet transverse momenta pjetT < 200GeV

applied to this signal model to account for the higher-order calculations and the impact of
BSM coupling parameters on the total decay width of the Higgs boson.

5.2.1 Higher-order corrections
�e samples used for this thesis are generated at NLO, while the inclusive production has
been calculated at N3LO [99, 100]. In addition the SM Powheg-Box sample provides an
NNLO event-by-event accuracy for the inclusive ggF production. In order to take these
higher-order calculations into account, appropriate corrections are applied on the generated
MadGraph5_aMC@NLO samples. �e Powheg-Box sample also provides the detector-level
selection e�ciency, as it is fully simulated with detailed ATLAS detector simulation. In order
to account for both, the higher-order corrections and the di�erence between particle-level and
detector-level selection, the so-called best-prediction scale factor fc is applied to the predicted
number of signal events in each event category c,
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Chapter 5 Anomalous coupling of the Higgs boson to gluons

fc =
N
Powheg
SM,c

N
MG5
SM,c

,

where NPowheg
SM,c is the number of expected events at a given luminosity provided by

the Powheg-Box SM sample and NMG5SM,c is the number of events from SM Mad-
Graph5_aMC@NLO SM sample. �e Powheg-Box inclusive SM cross-section is scaled to
the state-of-the-art N3LO prediction. �e best-prediction scale factors in each event category
are shown in Table 5.3. �e uncertainties for the estimated scale factors lie in the range of
0.4% to 2.2%. It is assumed, that the same scale factor obtained for the SM scenario can also
be applied to BSM samples. �is means, that the same higher-order corrections are assumed
to hold for both, the SM and the BSM scenarios. Also, the four-lepton selection e�ciency is
assumed to be independent of SM or BSM coupling parameters. In order to test the latter
assumption, the product of acceptance and e�ciency

A ⋅ ε = Number of selected events
Number of generated events

,

has been calculated for each of the generated SM and BSMMC samples from Table 5.1. �e
result is shown in Figure 5.5 for the inclusive four-lepton selection. Within the statistical
uncertainty, the product A ⋅ ε is the same for MC samples with di�erent BSM coupling
parameter con�gurations.
Although the larger cross-section from higher-order calculations increases the number of
expected events in each category by a factor of 1.24 to 1.48, the decrease due to the reconstruc-
tion e�ciency prevails, leading to an eventual down scaling by a factor ranging from 0.73 to
0.81.

Table 5.3: Best-prediction scale factors calculated by taking the ratio of the number of expected
events from the reconstructed Powheg-Box and the MadGraph5_aMC@NLO generator-
level SM samples in each category.

Category 0-jet 1-jet 2-jet-sameHemi 2-jet-oppHemi Total

Scale factor 0.73 0.77 0.81 0.79 0.75

5.2.2 Scaling of the total Higgs boson decay width
�e probability for the Higgs boson to decay into a speci�c decay mode i is expressed by the
branching ratio Bi de�ned as the ratio of the partial (Γi) to the total decay width (Γ)
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Figure 5.5: �e product of acceptance and e�ciency (A ⋅ ε) as the ratio of selected to generated
events for each MC sample.

Bi =
Γi
Γ
.

�e partial decay widths Γi and consequently the total decay width Γ are a�ected by the
BSM contributions in the tensor structure of the Higgs boson coupling. In the generated
MadGraph5_aMC@NLO samples, the partial decay widths are correctly adjusted according
to the input values of BSM parameters. However, the total decay width in these generated
events is �xed to the SM value Γ = ΓSM and needs to be corrected. For this purpose a
correction function f Γ(g⃗BSM) is determined for a given set g⃗BSM of BSM coupling parameters

f
Γ(g⃗BSM) = ΓSM

ΓBSM

= ΓSM
∑i ΓBSM,i

= ΓSM
∑i ΓSM,i ⋅ fi(g⃗BSM)

= 1
∑i BSM,i ⋅ fi(g⃗BSM) .

�e individual correction function for each decay mode i is denoted by fi(g⃗BSM). For the SM
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Table 5.4: �e SM values for the branching ratios of Higgs boson decays into a pair of gluons
(Bg g) and into all remaining SM decays (Botherdecays) together with the values of constant
coe�cients cg g1 and c

g g
2 used in the correction formula for the Higgs boson decay width

(compare Eq. 5.2).

Branching ratios Coe�cients

Bother decays Bg g c
g g
1 c

g g
2

0.9143 0.0857 2.285 0

scenario, the individual correction function is equal to 1 for each decay mode. �e CP-odd
coupling parameter sακAgg a�ects the decay width for the Higgs boson decay into a pair of
gluons, thus altering the total Higgs boson decay width. Since other anomalous coupling
contributions are assumed to be zero in this analysis,the correction function can be written as

f
Γ(g⃗BSM) = 1

Bother decays + Bg g ⋅ fg g(sακAgg)
, (5.1)

with Bg g and Bother decays being the SM value of the H → g g branching ratio and the sum
of the SM values of all other branching ratios, respectively. �e correction function fg g is a
polynomial of the form

fg g(sακAgg) = (cακHgg)
2 + cg g1 ⋅ (sακAgg)

2 + cg g2 ⋅ cακHggsακAgg . (5.2)

�e values for the branching ratios Bg g and Bother decays and coe�cients c
g g
1 and c

g g
2 used in

Eqs. 5.1 and 5.2, respectively, are listed in Table 5.4. �e constants cg gi are calculated by using
the morphing method from the cross-section values of the input samples [125, 133]. �e total
decay width at a given BSM point g⃗BSM is then obtained by multiplying the SM value with the
value of the correction function f Γ(g⃗BSM).
�e resulting correction function f Γ(g⃗BSM) is drawn in Figure 5.6. Since all correction values
are smaller than or equal to 1, the number of expected events from MC simulations is an
overestimation of the correct expectation. In the currently experimentally allowed sακAgg
parameter range from −0.67 to 0.64 [18] the correction is lies between 7.4% and 8.1%.
A detailed description of the total decay width correction is provided in [125].
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sακAgg

f Γ

Figure 5.6:�emultiplicative correction factor to the Higgs boson decay width as a function of
the CP-odd BSM parameter sακAgg . �e correction function is de�ned as the ratio ΓSM/ΓBSM
between the total decay width ΓSM in the SM scenario and the total decay width ΓBSM in the
presence of the BSM parameter sακAgg .

5.3 CP-sensitive observables
�e presence of BSM contributions to the Higgs boson coupling to gauge bosons a�ects rather
strongly the rates of the Higgs boson production. However, as evident from former studies [18]
(see Section 3.5.2), this observable does not provide direct sensitivity to CP-violation, since
the rates can be also changed by the CP-even parameter cακHgg . �e CP-violating e�ects
would manifest themselves in asymmetric distributions of kinematic properties of �nal state
products, i. e. in distributions, which are sensitive to the sign of the CP-odd BSM coupling
parameter sακAgg . �e �nal state products originating from the ggF production vertex are the
jets, as illustrated with Feynman diagrams in Figure 3.6. �erefore, the properties of theses
jets are studied in this thesis.
�e distributions of the related kinematic variables, such as the invariant mass m j j and the
pseudo-rapidity di�erence ∆η j j of the two leading jets are shown in Figure 5.7.
Although the m j j distribution changes with di�erent BSM scenarios at large m j j values, a
very poor discrimination of sακAgg values can be made with these observables.
Motivated by the phenomenological studies of gluon-induced pp → H + 2 j processes in
Ref. [103], the main sensitivity is expected to come from angular correlations between the two
highest-pT jets [134–138]. �erefore, the di�erence ∆ϕ j j = ϕ( j1) − ϕ( j2) in the azimuthal
angle of the two leading jets is studied. �e distribution of this observable is shown in
Figure 5.8 for the SM and di�erent BSM scenarios.
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Figure 5.7: �e normalised distributions of (a) the invariant mass m j j and (b) the pseudo-
rapidity di�erence ∆η j j of the two leading jets in ggF Higgs boson production a�er the
four-lepton selection. �e distributions are shown for the SM scenario (grey shaded), a pure
BSM CP-odd (yellow) as well as BSM mixed sακAgg = ±2/

√
2 scenarios (red and blue,

respectively).

�e regions with 1 ≲ ∆ϕ j j ≲ 2.3 and 2.3 ≲ ∆ϕ j j ≲ 3.1 allow for a clear distinction between
the absence and the presence of an anomalous CP-odd contribution to the Hgg coupling.
�e separation from the SM is slightly more pronounced in the case of the pure BSM sample,
but samples with mixed SM and BSM contributions can also be discriminated from the SM
scenario. However, the sign of the sακAgg coupling parameter in mixed samples cannot be
distinguished.
An alternative, so-called ‘signed’, de�nition of the di�erence in the azimuthal angle between
the two leading jets ∆ϕ j j is obtained by setting constraints on the orientations of the two jets

∆ϕsignj j = ϕ( j+) − ϕ( j−) .

�e two jets are restrained to lie in opposite hemispheres, with j+ being the jet in the hemi-
sphere with positive rapidity y > 0 and j− in the hemisphere with negative rapidity y < 0. An
illustration of the ∆ϕsignj j de�nition is given in Figure 5.9.
�e ∆ϕsignj j distribution is shown in Figure 5.10. As for ∆ϕ j j, the SM and the pure BSM scenario
can be clearly distinguished.
While in the SM case the minima of the distribution are at ±π/2, the pure BSM scenario
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Figure 5.8:�e normalised distribution of the di�erence ∆ϕ j j in the azimuthal angle of the two
leading jets in ggF Higgs boson production a�er the four-lepton selection. �e distributions
are shown for the SM scenario (shaded grey), the pure BSM CP-odd scenario (yellow) as well
as BSM mixed sακAgg = ±2/

√
2 scenarios (red and blue, respectively).

predicts minima at 0 and ±π. In addition, the sensitivity to the sign of the CP-odd coupling
strength parameter sακAgg is recovered through the asymmetric distribution from the mixed
SM and BSM samples. �e position of local maxima can be observed accordingly. For CP-
mixed scenarios, the distribution in the case of the parameter value sακAgg = −2/

√
2 results

in a more pronounced maximum at around ∆ϕsignj j = −2 rad, while for sακAgg = 2/
√
2 the

maximum is at the opposite side at the value of ∆ϕsignj j = 2 rad.
Following the studies of Ref. [103], additional discrimination between SM and BSM scenarios
is expected by selecting events with large m j j and ∆η j j values. �ese selection requirements
have not been applied in this thesis due to the limited number of expected events in the
four-lepton �nal state.
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+

–

Figure 5.9: �e signed di�erence in the azimuthal angle between the jet j+ pointing in the
detector hemisphere with positive rapidity and the jet j− with negative rapidity.

5.4 Results
In order to evaluate the sensitivity to the CP-odd BSM coupling parameter sακAgg , expected
constraints on this coupling are evaluated at 68% and 95% con�dence level (CL). �e
expected sensitivity from the ∆ϕsignj j observable is evaluated assuming a dataset with an
integrated luminosity of 120 fb−1, which is expected by the end of the LHC Run 2 in 2018.
With the LHC roadmap aiming for an integrated luminosity of about 300 fb−1 at the end of
Run 3 in 2021 and with the high-luminosity LHC project (HL-LHC) designed for 3000 fb−1

until 2030, an outlook is given also for these higher-luminosity scenarios.

�e sensitivity to the coupling parameter sακAgg is determined from a likelihood func-
tion [94], de�ned as a product of Poisson probabilities P,

L(data∣κAgg) =
Ncat

∏
i

Nbins

∏
j

P(Ni , j∣Si , j(sακAgg) + Bi , j) ,

with ‘data’ being represented by MC simulation, Ni , j the number of observed events in event
category i and bin j of the studied observable (event yield or ∆ϕsignj j di�erential distribution),
Ncat = 4 the number of event categories and Nbins the number of bins of the utilised
observable. Since the shape information of the CP-sensitive observable ∆ϕsignj j is only used in
the event category with two opposite-hemisphere jets (2-jet-oppHemi), the number of bins is
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Figure 5.10: �e normalised distribution of the signed di�erence ∆ϕsignj j of the azimuthal
angle di�erence of the two leading jets pointing to opposite hemispheres. �e kinematic
properties are shown for ggF Higgs boson production a�er the four-lepton selection. �e
distributions are shown for the SM (shaded grey), the pure BSM CP-odd (yellow) as well
as two mixed BSM scenarios, which correspond to anomalous CP-odd coupling strength
parameters sακAgg = ±2/

√
2 (red and blue, respectively).

di�erent from 1 only in this category, i. e. Nbins = 11. In the remaining categories only the
corresponding event yield is used. Si , j is the predicted number of signal events and Bi , j the
expected background for event category i and bin j . �e Poisson probabilities represent the
likelihood to observe Ni , j events given the expectations from signal and background in the
corresponding category and bin. In order to compare the hypotheses with di�erent sακAgg
values, a test statistic [94] based on a ratio of pro�le likelihoods is used:

t = −2 ln λ ≡ −2 ln
L(κAgg)
L(κ̂Agg)

, (5.3)
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with κ̂Agg being the best-�t value of the BSM coupling parameter obtained by maximising the
likelihood function with free κAgg parameter. �e �t of the signal-plus-background model is
performed on pseudo-data in the form of so-called Asimov data sets [94]. An Asimov data set
corresponds to one large simulated signal sample, which is used as reference data. L(κAgg) is
evaluated for a set of �xed κAgg values, allowing for a scan of the test statistic in dependence
on κAgg . Two di�erent Asimov data sets are used: 1. An SM Asimov data set for the test of the
SM hypothesis is built from the generated SM sample, and 2. a BSM Asimov data set with the
current best-�t value of the BSM parameter sακAgg = 0.43 [18]. �is data set is used for the
test of a representative BSM hypothesis.
Measurements are a�ected by statistical and systematic uncertainties. �e latter arise from
limitations related to the ATLAS detector, such as uncertainties in luminosity determination,
�nal state particle reconstruction, pile-up modelling or data-driven background estimation.
Systematic uncertainties from theoretical predictions also contribute. �ey are related to the
QCD scale, PDF sets and parton shower simulation [125]. Since the systematic uncertainties
are expected to be small compared to the statistical uncertainties, especially in the 2-jet-
oppHemi event category, they have been neglected in this thesis.

Comparison with current results from the data set with 36.1 fb-1

Using SM Asimov pseudo-data for an integrated luminosity of 36.1 fb−1, the results are com-
pared to the ones from the most recent published analysis [18]. Figure 5.11 shows the expected
test statistic from a scan over the sακAgg parameter values. �e results from the published anal-
ysis use only the event yields in each event category as the �nal observable, while the results
from this thesis include also the information from the shape of the di�erential distribution of
∆ϕsignj j .
�e contamination from the VBF and VH Higgs boson production and from the dominant
ZZ background is taken into account based on the predictions from the published analysis
and assuming, that there are no BSM coupling contributions to these processes. In order to
have a more realistic comparison, only statistical uncertainties are considered.
�e exclusion limits under the SM hypothesis are [−0.29, 0.30] at 68% CL and [−0.42, 0.43]
at 95% CL, when ∆ϕsignj j information is taken into account. �e expected exclusion limits
are about 5% worse than the published ones, most likely due to the more involved event
categorisation in the case of the published analysis.

Sensitivity at the end of the LHC Run 2
In order to compare the sensitivity with and without the ∆ϕsignj j observable, this time using
the SM Asimov data set for 120 fb−1, the set-up using only event yields in simpli�ed event
categories from this thesis is compared to a set-up using also the ∆ϕsignj j observable (see
Figure 5.12).
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Figure 5.11: Expected test statistic under the SM hypothesis as a function of the CP-odd
coupling parameter sακAgg for an integrated luminosity of 36.1 fb

−1 for the published analysis
with statistical uncertainties only (black), one for the analysis based on event yields in the
event categories from Section 4.2 (red dashed) and the corresponding analysis utilising in
addition the CP-sensitive observable ∆ϕsignj j (blue). Dashed horizontal lines indicate the
thresholds corresponding to 68% and 95% CL intervals.

�e distributions of the test statistic (Eq. 5.3) as a function of the CP-odd coupling parameter
sακAgg are similar, i. e. the ∆ϕ

sign
j j observable gives very little additional sensitivity under the

SM hypothesis. �e 68% CL and 95% CL limits are listed in Table 5.5. �e BSM parameter is
constrained to [−0.31, 0.33] at 95% CL.

In order to see, that the width of the exclusion limits scales as expected, one can per-
form an estimate of how the statistical uncertainty scales with the integrated luminosity,
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Figure 5.12: Expected test statistic under the SM hypothesis as a function of the CP-odd
coupling parameter sακAgg for an integrated luminosity of 120 fb

−1 at a centre-of-mass energy
of

√
s = 13TeV for the analysis based on event yields in the event categories from Section 4.2

(solid black) and the corresponding analysis utilising in addition the CP-sensitive observable
∆ϕsignj j (dotted blue). Dashed horizontal lines indicate the thresholds corresponding to 68%
and 95% CL intervals.

assuming a Poisson distribution so that a standard deviation of 1σ corresponds to
√
N , for N

being the number of expected events. Using a shorthand notation for the CP-odd coupling
parameter κ ≡ sακAgg and considering the relations N ∝ Lσ and σ ∝ κ

2 with L and σ

being the integrated luminosity and the ggF cross-section, respectively, the number of events
expected as a function of κ can be written as (omitting prefactors)

N = κ
2 + NSM , (5.4)
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with NSM being the event yield predicted by the SM for a given integrated luminosity. As-
suming an integrated luminosity L1, the half width of the 1σ exclusion interval is expected
at N1 = NSM +

√
NSM events. �erefore, the value for κ, where 1σ is located, κL1 , can be

retrieved from

NSM +
√
NSM = κ

2
L1
+ NSM Ô⇒ κL1 =

4
√
NSM . (5.5)

Transitioning from the luminosity L1 to L2, the number of expected events scales with
l ≡ L2/L1, i. e. the number of events expected for a luminosity L2 is N2 = lN1. With
Equations 5.4 and 5.5, the half width of the 1σ exclusion interval κL2 can be estimated from

lNSM +
√
lNSM = lκ2L2 + lNSM Ô⇒ κL2 =

4

√
NSM
l

= κL1
4

√
1
l
= κL1

4

√
L1
L2
,

where NSM is the event yield predicted by the SM for the integrated luminosity L1. �is
implies, that the product of the half width of the 1σ exclusion limit κ and the fourth root of
the corresponding integrated luminosity L is a constant quantity

κ ⋅ 4
√
L = const. ,

which is approximatively the case for the results obtained in this thesis.

�e two analysis approaches with and without the ∆ϕsignj j variable are also compared
to each other under the employment of the BSM Asimov data set with an integrated
luminosity of 120 fb−1 (see Figure 5.13).
In this case, a sensitivity improvement is expected, when utilising the CP-sensitive observable
∆ϕsignj j . �is observable allows for the discrimination of the sign of the coupling parameter
sακAgg , as opposed to the event yield information only. �e ∆ϕ

sign
j j distribution allows for

an exclusion of the wrong-sign hypothesis at almost 68% CL. �e SM signal in this BSM
scenario can be excluded at the level of more than 2σ (standard deviations). �e 68% CL and
95% CL limits are listed in Table 5.5.

Sensitivity at the end of LHC Run 3 and at the end of HL-LHC
operation
In order to study the signal sensitivity with an increasing amount of data, the scans of the
expected test statistic over di�erent values of the CP-odd coupling parameter sακAgg are
performed also for integrated luminosities of 300 fb−1 and 3000 fb−1. In all cases, the ∆ϕsignj j
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Figure 5.13: Expected test statistic under the BSMhypothesis represented by anAsimov data set
with a CP-odd coupling strength parameter value of sακAgg = 0.43 as a function of sακAgg for
an integrated luminosity of 120 fb−1 at a centre-of-mass energy of

√
s = 13TeV for the analysis

based on event yields in the event categories (solid black) and the corresponding analysis
utilising in addition the CP-sensitive observable ∆ϕsignj j (dotted blue). Dashed horizontal
lines indicate the thresholds corresponding to 68% and 95% CL intervals.

observable is included in the �t results. Figure 5.14 shows the corresponding scans for the
BSM Asimov data sets with integrated luminosities of 120 fb−1, 300 fb−1 and 3000 fb−1 corre-
sponding to the expectations at the end of the LHC Run 2 and Run 3, as well as at the end of
the HL-LHC project, respectively.
�e exclusion limits at sακAgg = 0.43 improve with increasing luminosity. With 300 fb−1 of
data, the wrong-sign hypothesis sακAgg = −0.43 is disfavoured at the level of more than 1σ
under the BSM sακAgg = 0.43 hypothesis. With 3000 fb−1 of data, the wrong sign hypothesis
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Figure 5.14: Expected test statistics for BSM pseudo-data with a CP-odd coupling parameter
value of sακAgg = 0.43 as a function of sακAgg for 120 fb

−1, 300 fb−1 and 3000 fb−1 corre-
sponding to the expected luminosities at the ends of LHC Run 2 (solid blue), Run 3 (dotted
green) and the HL-LHC project (dashed yellow), respectively, at a centre-of-mass energy of√
s = 13TeV.

in the studied BSM scenario can be excluded at the level of about 4σ . Additional sensitivity
is expected from the increased centre-of-mass energy going from 13 TeV in Run 2 to 14 TeV
in Run 3 and at the HL-LHC.�e improvement to be expected for Run 3 and the HL-LHC
is estimated by a scaling of the cross-sections [73] and is shown in Figures 5.15 and 5.16,
respectively. For the ggF cross-section scaling it is assumed, that the scale factor is una�ected
by BSM CP-odd coupling contributions studied in this thesis.
�e corresponding expected con�dence intervals at 68% CL and 95% CL are summarised in
Table 5.5.
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Figure 5.15: Expected test statistics for SM (light green) and BSM pseudo-data with a CP-odd
coupling parameter value of sακAgg = 0.43 (dark green) as a function of sακAgg at LHC Run 2
and Run 3 centre-of-mass energies of

√
s = 13TeV (solid line) and

√
s = 14TeV (dotted

line), respectively, for an integrated luminosity of 300 fb−1, corresponding to the expected
value at the end of LHC Run 3.

�e luminosity thresholds corresponding to the exclusion of the wrong-sign values at the
level of 2σ , 3σ , 4σ and 5σ are listed in Table 5.6.
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Figure 5.16: Expected test statistic for SM (orange) and BSM pseudo-data with a CP-odd
coupling parameter value of sακAgg = 0.43 (brown) as a function of sακAgg at LHC Run 2
and Run 3 centre-of-mass energies of

√
s = 13TeV (solid line) and

√
s = 14TeV (dotted

line), respectively, for an integrated luminosity of 3000 fb−1, corresponding to the expected
value at the end of the HL-LHC project.
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Table 5.5: Exclusion limits for the CP-odd coupling parameter sακAgg at 68% CL and 95% CL
for integrated luminosities of 36.1 fb−1 and 120 fb−1 at a centre-of-mass energy of

√
s = 13TeV

and of 300 fb−1 and 3000 fb−1 at a centre-of-mass energy of
√
s = 14TeV, assuming the SM

or the BSM (sακAgg = 0.43) hypothesis.

SM Asimov data
L [fb−1]

√
s [TeV] 68% CL 95% CL

36.1 13 [−0.30, 0.31] [−0.44, 0.45]
120 13 [−0.22, 0.23] [−0.31, 0.32]
300 14 [−0.16, 0.17] [−0.24, 0.25]
3000 14 [−0.09, 0.09] [−0.13, 0.13]

BSM Asimov data (sακAgg = 0.43)

L [fb−1]
√
s [TeV] 68% CL 95% CL

36.1 13 [−0.52,−0.29] ∪ [0.29, 0.55] [−0.63, 0.65]
120 13 [−0.46,−0.38] ∪ [0.36, 0.50] [−0.53,−0.28] ∪ [0.28, 0.56]
300 14 [0.39, 0.47] [−0.48,−0.36] ∪ [0.35, 0.51]
3000 14 [0.42, 0.44] [0.41, 0.46]

Table 5.6: �e integrated luminosity needed to reach the 2σ , 3σ , 4σ and 5σ exclusion of the
wrong-sign sακAgg value for the BSM (sακAgg = 0.43) scenario at a centre-of-mass energy√
s = 14TeV.

Standard deviation 2σ 3σ 4σ 5σ

Luminosity [fb−1] ≈ 700 ≈ 1550 ≈ 2770 ≈ 4300
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6
Summary
�ousands of scientists each day gain further insight to how nature works and what the
universe is made of. �e ATLAS detector, one of the most complex machines ever built plays a
prominent role therein, as it makes measurements at exceptional precisions possible, enabling
the discovery of new particles or the veri�cation of predicted properties of known particles.
Even though with the observation of all major Higgs boson production and decay modes, the
Standard Model (SM) today is more complete than ever, many unexplained phenomena still
puzzle physicists and motivate the search for physics beyond the Standard Model (BSM).
Of utter importance for the evolution of the early universe is the CP-violation. Searches
for the CP-violating sources are intensively studied, looking also at BSM scenarios with
extensions of the SMHiggs boson sector. �is thesis focusses on the possibility, that the Higgs
boson is not a pure CP-even state as predicted by the SM, but a mixed CP state with small
CP-odd contribution. Such anomalous contributions can be examined by measuring the
tensor structure of the Higgs boson coupling to SM particles.
�e gluon–gluon fusion is not only the most dominant Higgs boson production mode at the
LHC, but also, since it is a loop-induced process, it provides good sensitivity to BSM physics,
which is also expected to enter at the loop level. Using the Higgs characterisation model, the
Hgg interaction vertex can be treated as a point-like interaction in an e�ective �eld theory
approach.
Current measurements of the tensor coupling structure based on the measured production
rates show no signi�cant deviation from the SM prediction. Future analyses can be improved
by including the information on the kinematic properties of a pair of jets, which can be
produced in the gluon–gluon fusion process via higher-order corrections. �e shape of the
distribution of angular jet separation introduces the sensitivity to the sign of the CP-odd
contribution, other than the production rate alone.
�e study is performed in the decay channel H → ZZ

∗ → 4ℓ characterised by a high
signal-to-background ratio and a clear signature in the detector. Higgs boson candidate
events are categorised according to the jet multiplicities, where the 2-jet category is further
split according to the relative orientation of the two leading jets. For the sensitivity study of
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this thesis Monte Carlo samples have been generated for di�erent values of the CP-odd Hgg
coupling parameter. Corrections have been applied to the simulated data in order to account
for higher-order predictions of the cross-section, for selection and detector e�ciencies and
the proper modelling of the total decay width of the Higgs boson.
It was shown, that the di�erence in the azimuthal angle of the two leading jets in opposite
hemispheres, that is, the observable ∆ϕsignj j , is sensitive to the sign of the CP-odd BSMcoupling
parameter sακAgg . �e sensitivity to the CP-odd coupling contribution has been evaluated
for di�erent values of integrated luminosities in accordance to the expected values for the
ends of LHC Run 2, Run 3 and the HL-LHC project. �e results show that under a SM
hypothesis the analysis of this thesis delivers exclusion limits, which are slightly worse than
the ones from the published analysis based on the production rate information. �is can
be attributed to the more sophisticated categorisation scheme of the latter. Under a BSM
hypothesis corresponding to a CP-odd coupling parameter value equal to the best-�t value of
current publishedmeasurements, a discrimination with regard to the sign of sακAgg is possible.
�e wrong-sign hypothesis can be excluded with almost 1σ signi�cance, at slightly more than
1σ and at more than 4σ for an integrated luminosity of 120 fb−1 and a centre-of-mass energy
of

√
s = 13TeV and for 300 fb−1 and 3000 fb−1 at

√
s = 14TeV, respectively.
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A
Monte Carlo Simulation
Samples

Table A.1

MC ID Process Generation and parton showering

345060 ggF Powheg+Pythia8+EvtGen

344235 VBF Powheg+Pythia8+EvtGen

345038 ZH Powheg+Pythia8+EvtGen
345039 W

+
H Powheg+Pythia8+EvtGen

345040 W
−
H Powheg+Pythia8+EvtGen

343212
g gZZ

Powheg+gg2vv+Pythia8+EvtGen
343213 Powheg+gg2vv+Pythia8+EvtGen
345107

qqZZ

Sherpa
345108 Sherpa
363490 Sherpa
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B
Validation plots of MC samples
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Appendix B Validation plots of MC samples
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Appendix B Validation plots of MC samples
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Appendix B Validation plots of MC samples
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Appendix B Validation plots of MC samples

 [r
ad

]
jjsi

gn
φ∆

Fraction of events / 0.6 rad

0

0.
050.

1

0.
150.

2

0.
250.

3

M
ad

G
ra

p
h

5_
aM

C
@

N
L

O
, 1

3 
T

eV
l

 4
→

* 
Z

Z
 

→ 
H

 <
 1

29
 G

eV
l4

m
11

8 
<

 

 <
 0

2
 y× 1

 2
,  

 y
≥ 

je
ts

n

 <
 2

00
 G

eV
j T

p, 
H T

p E
ve

nt
s 

at
 N

LO
 p

ar
to

n-
le

ve
l

N
o 

de
te

ct
or

 s
im

ul
at

io
n

 =
 -

0.
5 

p
ri

va
te

A
gg

κ
 =

 -
0.

5 
o

ff
ic

ia
l

A
gg

κ

 [r
ad

]
jjsi

gn
φ∆

3−
2−

1−
0

1
2

3

private / official

0.
51

1.
5

(a
)

 [G
eV

]
l4

m

Fraction of events / 1.2 GeV

0

0.
2

0.
4

0.
6

0.
81

1.
2

1.
4

M
ad

G
ra

p
h

5_
aM

C
@

N
L

O
, 1

3 
T

eV
l

 4
→

* 
Z

Z
 

→ 
H

 <
 1

29
 G

eV
l4

m
11

8 
<

  <
 2

00
 G

eV
j T

p, 
H T

p E
ve

nt
s 

at
 N

LO
 p

ar
to

n-
le

ve
l

N
o 

de
te

ct
or

 s
im

ul
at

io
n

p
u

re
 C

P
-o

d
d

 p
ri

va
te

p
u

re
 C

P
-o

d
d

 o
ff

ic
ia

l  [G
eV

]
l4

m
11

8
12

0
12

2
12

4
12

6
12

8

private / official

0.
51

1.
5

(b
)

Fi
gu
re
B.
7:
D
i�
er
en
tia
ld
ist
rib
ut
io
ns
of
(a
)t
he
sig
ne
d
di
�e
re
nc
ei
n
th
ea
zi
m
ut
ha
la
ng
le
be
tw
ee
n
th
et
wo
lea
di
ng
jet
s∆

ϕ
sig
n

jj
fo
rt
he

BS
Mm

ix
_k

Ag
g_

n0
p5
M
C
sa
m
pl
ea
nd
(b
)t
he
fo
ur
-le
pt
on
in
va
ria
nt
m
as
sm

4ℓ
fo
rt
he

BS
Mp

ur
e
M
C
sa
m
pl
eg
en
er
at
ed
w
ith
in
th
is

w
or
k
an
d
th
ec
or
re
sp
on
di
ng
o�
ci
al
M
C
sa
m
pl
es
at
pa
rt
ic
le
-le
ve
l.

90



 [G
eV

]
1j T

p

Fraction of events / 12.5 GeV

0

0.
050.

1

0.
150.

2

0.
250.

3

0.
350.
4

M
ad

G
ra

p
h

5_
aM

C
@

N
L

O
, 1

3 
T

eV
l

 4
→

* 
Z

Z
 

→ 
H

 <
 1

29
 G

eV
l4

m
11

8 
<

  2≥ 
je

ts
n

 <
 2

00
 G

eV
j T

p, 
H T

p E
ve

nt
s 

at
 N

LO
 p

ar
to

n-
le

ve
l

N
o 

de
te

ct
or

 s
im

ul
at

io
n

p
u

re
 C

P
-o

d
d

 p
ri

va
te

p
u

re
 C

P
-o

d
d

 o
ff

ic
ia

l  [G
eV

]
1j T

p
0

20
40

60
80

10
0

12
0

14
0

16
0

18
0

20
0

private / official

0.
51

1.
5

(a
)

 [G
eV

]
jj

m

Fraction of events / 38.9 GeV

0

0.
050.

1

0.
150.

2

0.
250.

3

0.
350.
4

M
ad

G
ra

p
h

5_
aM

C
@

N
L

O
, 1

3 
T

eV
l

 4
→

* 
Z

Z
 

→ 
H

 <
 1

29
 G

eV
l4

m
11

8 
<

  2≥ 
je

ts
n

 <
 2

00
 G

eV
j T

p, 
H T

p E
ve

nt
s 

at
 N

LO
 p

ar
to

n-
le

ve
l

N
o 

de
te

ct
or

 s
im

ul
at

io
n

p
u

re
 C

P
-o

d
d

 p
ri

va
te

p
u

re
 C

P
-o

d
d

 o
ff

ic
ia

l  [G
eV

]
jj

m
0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

private / official

0.
51

1.
5

(b
)

Fi
gu
re
B.
8:
D
i�
er
en
tia
ld
ist
rib
ut
io
ns
of
(a
)t
he
tr
an
sv
er
se
m
om
en
tu
m
of
th
el
ea
di
ng
je
tp
j1 T
an
d
(b
)t
he
in
va
ria
nt
m
as
sm

jj
of
th
e

le
ad
in
g
je
ts
fo
rt
he

BS
Mp

ur
e
M
C
sa
m
pl
eg
en
er
at
ed
w
ith
in
th
is
w
or
k
an
d
th
ec
or
re
sp
on
di
ng
o�
ci
al
M
C
sa
m
pl
ea
tp
ar
tic
le
-le
ve
l.

91



Appendix B Validation plots of MC samples
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