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Merenje trostruke samointerakcije Higsovog
bozona u kanalu raspada na četiri leptona
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Abstract

This doctoral dissertation presents the research performed in the are of development of detector tech-
nologies and of the measurement of the Higgs boson self-coupling.

A study of Ultra Fast Silicon Detectors was carried out to support future detector upgrades. In
particular, the inter-pad region was studied in order to optimize the design in view of inter-pad width
and fill factor. It was found that Inter-pad width of ∼ 25 µm is achievable for certain type design.
Further,a novel measurement, dubbed elastomer measurement was carried out to measure the leakage
current and the guard ring current. Complementary measurements at different temperatures were car-
ried out. All together, trend of the expected curves is reproduced well, although with a less precision
for sensors with a deeper implant.

The Higgs boson fiducial cross section of the H → ZZ → 4l decay channel at 13.6 TeV was
measure using data collected by the CMS detector during 2022 (early Run 3 data taking period). The
measured fiducial cross section value is consistent with the value predicted by the standard model
within uncertainties, thereby validating the analysis strategy applied throughout the thesis.

The central analysis of this doctoral dissertation determines the expected sensitivity to the Higgs-
boson self-coupling modifier κλ in the H → ZZ → 4l decay channel. The study employs the EFT
framework, categorizing events into untagged, VBF, and VH topologies to enhance discrimination.
The resulting likelihood scans yield the following expected intervals:

untagged category: − 19.258 < κλ < 21.488,
VBF category: − 25.410 < κλ < 23.273,
VH category: − 32.367 < κλ < 34.256,
combined categories: − 18.537 < κλ < 19.644.

(1)
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Introduction

The Standard Model (SM) of particle physics represents a quantum field theory that successfully
describes all known elementary particles and three of the four known fundamental interactions. Built
upon the principles of quantum field theory and local gauge invariance, the SM has been scrutinized
for roughly five decades, constantly testing its predictions against experimental data. Even though it
provides precise predictions, it remains an incomplete theory, namely it does not provide a quantum
description of gravity, nor does it explain the origin of dark matter or dark energy, nor account for the
observed matter–antimatter asymmetry of the Universe. These are some of the open questions to be
answered by modern physics, or perhaps by new models.

One of the pillars of the SM is the so called Higgs mechanism, a mechanism responsible for the
spontaneous breaking of electroweak symmetry and the generation of particle masses. The discovery
of the Higgs boson in 2012 by the ALTAS and CMS collaborations marked a turning point in un-
derstanding of the properties of the SM. As of then, scientific community has devoted its attention
to measuring properties of the Higgs boson, like mass, spin, parity, coupling to other particles, var-
ious decay rates and production cross section. One of the equally important properties of the Higgs
boson is its self-coupling, a parameter of the SM which governs the tri- and -quartic Higgs boson
interaction, but also the shape of the Higgs potential and the value of the vacuum expectation value.
Therefore, measuring this parameter is an essential test of the SM and it provides a powerful probe
of new physics effects. Measuring any deviation of the Higgs boson self-coupling from the predicted
value by the SM potential may reveal further structure of the scalar sector or new physics at higher
energy scales.

Precision cross-section and Higgs boson couplings measurements represent one of the key steps
in testing the predictive power and validity of the SM. The Higgs-boson-to-four-lepton decay chan-
nel (H → ZZ → 4l), the so called golden channel, characterized by low background and a fully
reconstructible final state, provides a window for such measurement. These measurements not only
provide a verification of theoretical predictions at high orders in perturbation theory, but also offer
possibilities to interpret the measurements within an Effective Field Theory (EFT) framework. In
the H → ZZ → 4l channel, the Higgs boson self-coupling appears in loop corrections, which en-
ables probing for this coupling and setting constraints on it, which is the main topic of this thesis.
As the Higgs boson can be produced on- and off-shell, it offers two complementary approaches for
studying properties of this particle, especially the Higgs boson self-coupling. In the off-shell region,
at high masses of the propagating Higgs boson, the Higgs boson self-coupling effects become more
pronounced compared to the Higgs boson on-shell production.

The ability to measure the Higgs boson self-coupling relies on advancements of accelerator and
detector technologies. The Large Hadron Collider, which is the world’s most powerful particle ac-
celerator, is situated at CERN. At the begin of its operation, the so called Run 1, in 2011 (2012), the
LHC operated at center-of-mass energy of 7 TeV (8 TeV). During the three year period of 2016-2108,
known as Run 2, the LHC operated at center-of-mass energy of 13 TeV. As of 2022, marking the
beginning of Run 3, the LHC operates at center-of-mass energy of 13.6 TeV. Following the end of
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Run 3 data taking period, the LHC will undergo a shutdown and upgrade period, resulting in the High-
Luminosity Large Hadron Collider. This new and improved accelerating system, with the experiments
also upgraded, is expected to start colliding protons in 2029-2030, and is expected to collect data cor-
responding to integrate luminosity of 3000 − 4000 fb−1. With the new dataset it will be possible to
perform more precise measurements and probe for rare processes, especially in relation to the Higgs
boson. However, with increased proton-proton collision rate not only does the increase in integrate
luminosity come, but also a new experimental challenge. In particular, the number of simultaneous
interactions per bunch (of proton) crossing will increase from current’s 40 − 60 on average to about
140− 200 on average.

One of the key technologies which will be used to face this newly coming challenge is the Ultra-
Fast Silicon Detector (UFSD) technology that is based on Low-Gain Avalanche Diode technology.
UFSDs are characterized by a high spatial granularity with extraordinary time resolution∼ 30−40 ps
allowing for four dimensional reconstruction of tracks and vertices (compared to present day three
dimensional which relies on spatial information alone). These novel sensors will be integrated into
CMS Minimum Ionizing Particle Timing Detector (CMS MIP TD, CMS MTD) which will serve a
crucial purpose of maintaining tracking performances under harsh working conditions of HL-LHC.
The research presented in this thesis includes inter-pad region optimization of UFSD and a novel
elastomer-based measurement of UFSD sensors.

This thesis combines complementary lines of research, detector development, extension and vali-
dation of theory predictions and Higgs boson data analysis, within the context of the CMS experiment
at the LHC. The thesis is presented in several chapters. Chapter 1 gives a description of the Large
Hadron Collider and the CMS experiment. Next, Chapter 2 discusses upgrades for the HL-LHC,
focusing on the design optimization of the UFSD interpad region and on the UFSD sensor charac-
terization via a novel elastomer measurement method. In Chapter 3 a overview of the SM is given.
Chapter 4 discusses the Higgs boson self-coupling measurements, introduces the SMEFT framework
and discusses inclusion of the O6 operator in the SM and its effect on the Higgs boson self-coupling.
Chapter 5 presents the experimental analysis: (i) cross section calculation up to NNLO in perturbation
theory the pp→ ZZ process, (ii) the Higgs boson fiducial cross section measurement with early Run
3 data, and (iii) the Higgs boson self-coupling study in the off-shell regime of production. Lastly,
Chapter 6 provides a discussion of results.
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Chapter 1

The Compact Muon Solenoid experiment at
the Large Hadron Collider

1.1 The Large Hadron Collider

The European Organization for Nuclear Research (CERN) is one of the world’s largest centers for
scientific research. It is located on the border between France and Switzerland and operates as an
international collaboration. At the moment, CERN has 25 member states but also a large number
of non-member states with international cooperation agreements. At CERN, research is specifically
focused on fundamental particle physics, i.e. its primary mission is to explore the fundamental con-
stituents of matter and the forces governing their interactions. As such, CERN has always stood at
the frontier of scientific and technological advancements, with the most advanced system built being
the Large Hadron Collider (LHC) [1], the world’s most powerful particle accelerator to date. Built
within a tunnel originally constructed for the Large Electron-Positron Collider (LEP) [2], the LHC
is a build-up of decades of research for which several Nobel prizes were awarded for theoretical and
experimental advancements in the area of particle physics.

The LHC is housed in a circular tunnel with a circumference of ∼ 27 km, situated at an average
depth of∼ 100 m. The accelerator ring is comprised of eight arcs connected by eight straight sections
known as insertion regions (IR). Four of these regions host major experimental facilities (ATLAS at
IR1, ALICE at IR2, CMS at IR5, and LHCb at IR8), while the remaining regions manage critical beam
operations such as acceleration (IR4), beam collimation (IR3 and IR7), and beam dumping (IR6).
Proton acceleration to the final collision energies is conducted in several, carefully orchestrated stages.
Protons are initially produced by ionizing hydrogen gas in a Duoplasmatron device. Then, they are
subsequently accelerated through multiple stages. First, protons are injected into the linear accelerator
LINAC2 where they reach 50 MeV (LINAC4 replaced LINAC2 after Run 2). Next, protons enter the
Proton Synchrotron Booster (PSB) (or simply BOOSTER), composed of four stacked synchrotron
rings. Until 2018 (until the end of Run 2 data taking period), the Booster accelerated protons to
1.4 GeV, whilst after 2018 protons are accelerated to 2 GeV. From the PSB, protons proceed to
the Proton Synchrotron (PS), which accelerates them up to 26 GeV. Here, protons are structured
into bunches, each bunch typically containing around 1.15 × 1011 protons with spacing of 25 ns.
Following the PS, bunches are transferred to the Super Proton Synchrotron (SPS), where protons are
further accelerated to the energy of 450 GeV. Finally, proton bunches are injected into the main LHC
ring, where they undergo acceleration via radiofrequency (RF) cavities installed at IR4. Sixteen RF
cavities, each capable of achieving peak voltages of about 2 MV, incrementally accelerate the beams
from 450 GeV to their final energy (currently 6.8 TeV per beam in Run 3). An overview of CERN’s
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accelerator complex is shown in Figure 1.1.

Figure 1.1. Schematic view of the CERN accelerator complex. The blue arrow represents the protons, which
follow the path LINAC2 → BOOSTER → PS → SPS → LHC, with BOOSTER, PS, SPS and LHC being
highlighted in red. Figure taken from Ref. [3].

Precise beam control within the LHC is vital to ensure the safety, integrity, and efficiency of the
experimental programs. Beam manipulation involves guiding beams along a circular path, focusing,
collimation, and controlled beam dumping. Guiding beams along a circular path is achieved by using
strong dipole magnets which produce a magnetic field of ∼ 8.33 T. Quadrupoles are used to focus
the beam in horizontal and vertical directions, maintaining precise beam trajectories and ensuring
tight control over beam sizes. Beam collimation, a critical procedure performed primarily at IR3 and
IR7, employs multiple stages of collimators and absorber which remove stray protons that deviate
significantly from the ideal beam path. Lastly, beam dumping conducted at IR6 is essential to safely
dispose of high-energy proton beams.

Since the beginning of LHC’s operations, the center-of-mass (COM) energy of the colliding pro-
tons (ions) was gradually increased striving for the originally desired value of 14 TeV. Work period of
LHC is divided into three distinct phases, which in most differ by COM energy, commonly referred
to as Run 1 (2009-2013), Run 2 (2015-2018) and Run 3 (2022-ongoing till 2026). During Run 1,
the maximal achieved COM energy of proton-proton (p-p) collisions was 8 TeV, with an integrated
luminosity of ∼ 25 fb−1. During Run 2, COM energy was increased to 13 TeV, with an integrated
luminosity of ∼ 150 fb−1. The ongoing Run 3 is operating at a collision energy of 13.6 TeV, with an
integrated luminosity aiming to surpass previous achievements while standing at ∼ 220 fb−1 (June
2025). The LHC’s sophisticated beam acceleration and manipulation systems represent remarkable
feats of engineering, essential for the precise control of ultra-high-energy collisions. These systems
have aided and led to remarkable discoveries, continuously expanding fundamental understanding of
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the universe. Probably the CERN’s most notable scientific achievement is the discovery of the Higgs
boson in 2012 by the ATLAS [4] and the CMS [5] collaborations. The ongoing Run 3 research,
among other topics, aims to further probe and measure properties of the Higgs boson, the Sponta-
neous Symmetry Breaking mechanism and search for new physics beyond the Standard Model which
will bring our view of the universe to a new height of understanding.

After the end of the Run3 data taking period, the LHC will be temporarily shut down and up-
graded, thus entering the new era of High-Luminosity LHC (HL-LHC) [6]. Scheduled upgrade is
foreseen to end by 2029 and will result in tenfold increase of integrated luminosity with COM energy
of 14 TeV. Increased luminosity will vastly improve the statistics, resulting in deeper studies of par-
ticle physics, but also it can possibly open the door for new physics phenomena to be observed and
studied.

1.2 The Compact Muon Solenoid Experiment

The LHC accelerator ring hosts four major experiments (detectors), one of which is the Compact
Muon Solenoid (CMS) detector [7]. The CMS detector is a general-purpose detector, meaning it is
built to handle a wide range of measurements in high-energy physics (HEP). It serves both in the
search for new particles and phenomena beyond the Standard Model, and in delivering high-precision
measurements of already known processes.

The CMS detector possesses a cylindrical geometry with azimuthal symmetry around the beam
axis. At its heart lies a powerful solenoid magnet [8], a cylindrical coil made from superconducting
cable which generates a magnetic field of 3.8 T along the beam direction (beam line). Keeping the
cylindrical geometry in mind, the coordinate system is defined as follows. The origin is located at the
nominal interaction point, which is at the center of the detector. The y-axis points vertically upward,
the x-axis extends horizontally toward the center of the LHC ring, and the z-axis follows the direction
of the beam, oriented toward the Jura mountains. As is usually the case, the azimuthal angle ϕ is
measured in the x-y plane as a measure of angular distance from positive direction of the x-axis,
while the polar angle θ is a measure of angular distance from the positive direction of the z-axis. In
HEP, however, instead of using θ it is more common to use quantity called pseudorapidity which itself
is a function of θ , defined as η = − ln tan( θ

2). In the ultra-relativistic limit pseudorapidity becomes
what is know as rapidity and is defined as y = 1

2 ln E+pz

E−pz
. It is important to highlight that the rapidity

difference is Lorentz invariant. Besides the angular quantities mentioned here, pT and ET are also
used in HEP, i.e. transverse momentum and transverse energy respectively. Using η, pT , ϕ and mass
of the particle m one can construct a four-momentum vector.

The detector is composed of multiple subsystems arranged concentrically around the beamline,
as schematically illustrated in Figure 1.2. From the beamline outward, the sub-detectors are arranged
as follows: the tracking system [9], the Electromagnetic Calorimeter (ECAL) [10], the Hadronic
Calorimeter (HCAL) [11], the superconducting magnet [8], and finally the muon detection stations [12].
The tracker reconstructs trajectories of charged particles by exploiting the curvature of the trajec-
tory induced by the magnetic field. The ECAL and HCAL measure energy deposits of photons and
(anti)electrons (ECAL) and hadrons (HCAL). The outermost system is designated for tracing the
paths of muons, which are typically the most penetrating particles produced in collisions. As each of
these sub-detectors plays a distinct role, it is only when the combined information provided by every
subsystem is analyzed that the underlying event can be reconstructed. However, the reasoning should
be taken with a caveat, not every detector works with a 100% efficiency for a number of reasons.
Namely, it is not always the case that it is possible to catch every particle within the effective volume
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(geometrical efficiency) of a detector, secondly it is not always the case that the caught particle can be
exactly reconstructed (reconstruction efficiency). Reconstruction efficiency itself is governed by the
efficiencies of each of the subsystems and by the efficiency of the reconstruction algorithm.

Figure 1.2. Top: Schematic transverse overview of CMS’s subsystems with an exemplary signature shown for
photon, electron, pion, neutron and muon (taken from Ref. [13]). Bottom: Overview of the CMS detector in
whole with each subsystem marked (taken from Ref. [14]).

The design of the CMS detector was governed by the extreme demands imposed by the LHC’s
operating conditions. With about 2800 bunches circulating in each beam and crossing every 25 ns, the
LHC was designed for a collision rate of roughly 40 million interactions per second. When looking
at a single crossing of the bunches, about 40 − 60 (on average) interactions (the so called pile-up
interactions) happen, with each giving a myriad of particles. In case an event which is significant for
the study occurs, it will be masked by a large number of particles which can cause an overlap in tracks
and energy deposits, thus making the reconstruction of the main event harder. These high rates result
in dense bursts of particles, requiring the detector to record events with very fine temporal and spatial
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resolution, even more so when signals from different collisions overlap. Particles produced in these
collisions often carry momenta of several GeV or higher. To accurately trace and reconstruct their
paths, a strong uniform magnetic field is necessary to curve their trajectories and enable charge and
momentum measurements. To reliably detect every particle produced in collisions the detector must
be as hermetic as possible so that no significant energy escapes undetected (except for neutral weakly
interacting particles). Overall, the CMS detector represents a remarkable feat of ingenuity with the
main design requirements being excellent time resolution and a highly efficient trigger system, high
spatial granularity across all subsystems, a strong and stable magnetic field, broad geometric cover-
age, high momentum resolution for charged particles, high energy resolution, accurate measurement
of muon momentum and their identification, reliable reconstruction of missing transverse energy, low
wear-out over time and high resistance to radiation.

1.2.1 Tracker

The CMS tracker [9] is the innermost sub-detector of the CMS experiment and is positioned closest to
the beamline. Its primary purpose is to record the impacts of charged particles with minimal perturba-
tion to their paths. Recorded information is then used to reconstruct the trajectories of charged parti-
cles with high spatial resolution. As charged particles traverse the detector volume, they experience a
strong magnetic field of 3.8 T, which forces charged particles to move along curved trajectories, thus
introducing separation between close tracks and enabling measurement of their momenta and aids in
track reconstruction. In essence, particles with higher transverse momentum follow less curved paths,
while lower-momentum particles exhibit greater curvature. By sampling these trajectories at multiple
key locations, the tracker enables precise momentum measurements.

Beyond trajectory reconstruction, the tracker provides crucial information about the particle’s
origin by identifying primary and secondary (decay) vertices and displaced tracks, making it possible
to detect particles from secondary decays. A primary vertex refers to the point where a p-p collision
occurs, i.e., the origin of the hard scattering event. It is reconstructed using tracks from charged
particles that are consistent with originating from a common spatial point. A secondary vertex is the
decay point of a particle that has a mean lifetime long enough to traverse a measurable distance from
the primary vertex before it undergoes a decay. Secondary vertices are reconstructed using displaced
tracks, i.e. those that do not point back to the primary vertex. Additionally, at very low momenta the
system allows for indirect estimation of particle mass through energy loss measurements.

The CMS tracking system is composed of two main parts: an inner pixel detector and an outer
silicon strip tracker, which is depicted in Figure 1.3. As particles traverse these layers, they generate
electric signals which are subsequently amplified and digitized.

At the center of the tracker lies the silicon pixel detector, which is designed to withstand the high-
est particle flux, as it is closest to the beam line. It consists of three/four concentric barrel layers, sup-
plemented by two forward endcaps on either side. Each endcap is comprised of two disks. The pixel
detector contains approximately 66 million pixels, enabling fine-grained measurements essential for
vertex reconstruction and for resolving multiple closely spaced tracks in high-pile-up environments.

Surrounding the pixel system is the silicon strip tracker, which spans a surface area of nearly
198 m2 and includes around 9.3 million individual strips. It is divided into four main subsystems:
the Tracker Inner Barrel (TIB), Tracker Inner Disks (TID), Tracker Outer Barrel (TOB), and Tracker
Endcaps (TEC). TIB and TOB are structured as concentric barrel layers, with four and six layers
respectively. TID is composed of three parallel disks on each end. TEC are composed of 9 parallel
disks with each of them being segmented into several concentric rings.

The CMS tracker provides full coverage for pseudorapidities up to |η| < 2.5. It is capable of
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Figure 1.3. Schematic view of the CMS Tracker with its components (Pixel, TEC, TOB, TIB, TID) marked.
Pixel Tracker is at the very core, surrounded by Strip Tracker (TIB, TID, TEC, TOB). The entire system is
∼ 2.4 m tall and ∼ 5.4 m long. Figure taken from Ref. [15].

reconstructing tracks for particles with transverse momentum as low as 0.1 GeV. The tracker system
has proved to be very efficient [16], with reconstruction efficiencies of charged leptons close to 100%,
while the position resolution of the reconstructed primary vertices is 10− 12 µm along all three axis
(x, y, z).

1.2.2 ECAL

Following the tracker system in the radial layout of the CMS detector, next in line is the Electromag-
netic Calorimeter (ECAL) [10]. A precise measurement of particle energies is essential for recon-
structing the full picture of p-p collision events. In particular, the accurate detection of electrons and
photons is critical for identifying and studying key processes such as Higgs boson decays into two
photons (H → γγ) and into four leptons via intermediate Z bosons (H → ZZ → 4l). As such, the
ECAL is optimized to measure the energy of photons and (anti)electrons with high precision.

The ECAL is a homogeneous, scintillating calorimeter built from lead-tungstate (PbWO4) crys-
tals. The energy of a traversing photon or electron is measured based on a phenomenon of electro-
magnetic showering. When a charged particle enters a lead-tungstate crystal, it initiates a shower, thus
emitting a cascade of secondary particles. These particles excite the crystal lattice which then pro-
duces scintillation light. The emitted light is collected with photodetectors, which are mounted at the
back of each crystal, and are converted into electrical signals for further processing. The small radia-
tion length (X0 = 0.89 cm) and Molière radius (RM = 2.2 cm) of PbWO4 allow for the construction
of a compact and finely segmented calorimeter. This is crucial for separating nearby electromagnetic
showers, particularly in environments with high particle multiplicities.

The ECAL is divided into three major components (as shown in Figure 1.4): The ECAL Barrel
(EB) (covering the region |η| < 1.479), the ECAL Endcaps (EE) (extending coverage to |η| < 3.0),
and the Preshower Detector (ES) installed in front of the endcaps in the range 1.653 < |η| < 2.6.

The Preshower Detector plays a crucial role in the endcap region, where particles (e.g. π0) decay-
ing into two photons can mimic single high-energy photon signatures. At high pseudorapidities, the
angular separation between the two photons becomes small enough that the showers they produce in
the ECAL might overlap, which complicates their identification. To solve this issue, the ES system
consists of two layers of lead absorbers followed by silicon strip sensors. These layers induce elec-
tromagnetic showers, which allows for accurate determination of the shower’s position. In practice,
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Figure 1.4. Overview of a longitudinal quarter of the ECAL with its components (EB, ES, EE) marked. Figure
taken from Ref. [17].

when the energy is observed in the EE region, its origin is traced back to the interaction point. If cor-
responding energy deposits are also observed in the ES, the combined energy and shape information
help determine whether the signal corresponds to a single photon or a pair.

Performance-wise, the ECAL demonstrates exceptional energy resolution. Based on the data
collected during LHC’s operation in 2010 and 2011 at a COM energy of

√
s = 7 TeV [18], for

electrons from Z boson decays, the energy resolution is better than 2% in the central region of the
barrel (|η| < 0.8) and typically ranges between 2 − 5% in the outer barrel and endcap regions. For
photons from H → γγ decays at 125 GeV, the resolution varies across the barrel from 1.1% to
2.6%, and between 2.2% and 5% in the endcaps. Based on the data collected during LHC’s operation
in 2015-2018 at a COM energy of

√
s = 13 TeV [19], for electrons from Z boson decays with

low bremsstrahlung (for the inclusive sample), the energy resolution was better than 1.8 (2.0)% in the
central barrel, 3.0 (4.0)% in the outer barrel, and 4.5 (5.0)% in the endcaps region. These performance
figures are critical for reconstructing narrow invariant mass peaks, such as the Higgs boson, and for
ensuring high sensitivity in searches for new physics involving final states which include photons and
electrons.

1.2.3 HCAL

The Hadronic Calorimeter (HCAL) [11] is the next major sub-detector layer after the ECAL and is
responsible for measuring the energy of hadrons (e.g. neutrons, etc.). It plays a key role in recon-
structing jets, which are cone-shaped collimated sprays of hadrons resulting from quarks and gluons
undergoing QCD showering and hadronization. Additionally, HCAL contributes significantly to the
determination of missing transverse energy (MET). When the total measured energy in the trans-
verse plane from both the ECAL and HCAL does not balance to zero, this is interpreted as missing
transverse energy. Reason for apparent MET could be that the detector performances are suboptimal,
or it could be that an undetectable or weakly interacting particles escaped the volume of a detector.
For example, these could be Standard Model neutrinos or hypothetical beyond the Standard Model 3
particles such as dark matter candidates.

The HCAL is divided into four main components, as shown in Figure 1.5: the Barrel Hadronic
Calorimeter (HB) (covering |η| < 1.3), the Endcap Hadronic Calorimeter (HE) (spanning 1.3 < |η| <
3.0), the Forward Hadronic Calorimeter (HF) (covering the very forward region of 2.8 < |η| < 5.0,
the Outer Hadronic Calorimeter (HO) which is placed outside the solenoid and is covering the range of
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|η| < 1.3. The HCAL ensures nearly full coverage in pseudorapidity up to |η| < 5, which corresponds
the polar angle approaching θ = 180◦. This wide angular coverage maximizes the likelihood of
detecting all particles produced in a collision.

Figure 1.5. Schematic overview of the upper half of the CMS detector’s longitudinal cross section, in the range
of |η| < 5.31. Elements filled in with the color yellow are HE, HB, HF and HO (positioned above HE and HB,
outside of solenoid). Figure taken from Ref. [20].

The HB, HE, and HO calorimeters are constructed as sampling calorimeters, composed of alter-
nating layers of dense absorber material and plastic scintillator tiles. The absorbers induce hadronic
showers when struck by incoming hadrons (similar to the electromagnetic showering). The accompa-
nying scintillator emits scintillation light as the particles traverse it. Each scintillator tile is coupled
with wavelength-shifting fibers (WSFs), which absorb the initial blue-violet scintillation light and
re-emit it in the green spectral range. This light is then transferred via optical fibers to photodetectors
for processing. The Outer Hadronic Calorimeter (HO) is uniquely positioned outside the solenoid.
Its purpose is to capture any energy that may leak from the HB, thus improving the hermeticity and
overall energy resolution of the calorimeter system in the central region.

The HFs are located at each end of the detector, specifically designed to detect particles emerging
at shallow angles with respect to the beamline. These particles are typically highly energetic and
more numerous, placing significant demands on detector radiation tolerance. As a result, the HF
adopts a distinct design from the other HCAL components. Instead of scintillators, the HF uses
quartz fibers embedded in steel absorbers to exploit the Cherenkov effect. When a charged particle
travels through quartz at a speed exceeding that of light in that same medium, it emits Cherenkov
photons. These photons are detected and processed, allowing the HF to operate efficiently even under
extreme radiation levels. This makes it an essential component for forward energy measurement and
for reducing MET uncertainty.

The HCAL is a vital subsystem of CMS, enabling precise hadronic energy measurements and
playing a central role in jet reconstruction, particle flow algorithms, and missing energy calculations.
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When information from both HCAL and ECAL are combined, the energy resolution measured in a
pion test beam is σ/E ≈ 110%/

√
E[GeV] + 9% [21].

1.2.4 Muon chambers
The CMS muon system [12] is located outside the solenoid and spans a pseudorapidity range of
|η| < 2.4. It comprises multiple layers of gaseous detectors embedded within the steel flux-return
yoke of the magnet. The return yoke serves a dual purpose: it provides the mechanical support
structure and acts as a path for the magnetic field lines to close, significantly impacting the curvature
of muon trajectories outside the solenoid. This design enables multiple spatial measurements of
traversing muons, essential for accurate track reconstruction.

The system incorporates three types of gaseous ionization detectors: Drift Tube Chambers (DTs),
Cathode Strip Chambers (CSCs), and Resistive Plate Chambers (RPCs). DTs are placed in the barrel
region (|η| < 1.2), where the background radiation from neutrons and the overall muon rate are rela-
tively low. In the endcap region (1.2 < |η| < 2.4), CSCs are used due to their superior performance
in high radiation and high-rate environments. RPCs complement both DTs and CSCs by providing
excellent time resolution as they are installed in both the barrel and endcap regions.

A schematic layout of the muon system is shown in Figure 1.6, illustrating the positioning of DTs,
RPCs, and CSCs within the detector.

Figure 1.6. Schematic overview of the upper half of the muon system’s longitudinal cross section, in the range
|η| < 2.4. The rest (not shown) of the detector is symmetric due to the cylindrical symmetry of the detector.
Figure taken from Ref. [22].

The muon system is designed for robust reconstruction and high identification efficiency. Accord-
ing to Run 2 performance studies [23], the muon reconstruction and identification efficiency exceeds
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96% across the full pseudorapidity range.

1.2.5 Data acquisition
The LHC is designed to deliver proton bunch crossings every 25 ns, corresponding to a 40 MHz
collision rate. It is technically unfeasible to record all these events, as each raw CMS event is approx-
imately 1 MB in size. To reduce the data flow to a manageable ∼ kHz output rate, CMS employs
a two-level trigger system [24]: the hardware-based Level-1 Trigger (L1) and the software-based
High-Level Trigger (HLT).

The Level-1 Trigger, implemented in custom electronics, receives data from the calorimeters and
muon systems at the full 40 MHz rate. It identifies high-energy physics objects, such as electrons, pho-
tons, muons, and jets, on certain thresholds. This information is processed through separate calorime-
ter and muon trigger paths and merged in the Global Trigger, which applies selection algorithms. To
tackle large collision rate and hence information processing requirements, the data are held in pipeline
buffers. Events not selected are discarded, while those passing the L1 logic are forwarded to the DAQ
system. This stage reduces the rate from 40 MHz to approximately 100 kHz.

The HLT further processes events using a large computing farm. It reconstructs detector-level ob-
jects, applies sophisticated algorithms to refine object identification and isolate specific event topolo-
gies. The HLT itself is running in two stages, where the first one is commonly called Level-2 trigger
which utilizes information from calorimeters and muon stations. The second stage is known as Level-
3 trigger and here algorithms utilize information from the tracker as well. The end result is a reduction
of the rate down to 1− 7 kHz.

This two-tiered system allows CMS to retain the most relevant events for physics analyses, reduc-
ing the raw data volume by more than five orders of magnitude while preserving sensitivity to rare
processes.

1.2.6 Particle reconstruction algorithm
The Particle Flow (PF) [13] algorithm in CMS performs a global event reconstruction by optimally
combining information from all sub-detector systems (tracker, ECAL, HCAL, and muon detectors).
Unlike traditional methods that treat calorimeter and tracking information separately, PF correlates
every track and calorimeter deposit to identify the complete list of final-state particles (photons, elec-
trons, muons, charged and neutral hadrons). This global approach yields a superb event description.
In practice, PF provides the best possible measurement of each particle’s direction, momentum and
type, leveraging CMS’s high ECAL granularity, hermetic HCAL coverage, and strong magnetic field.
Once all PF candidates are formed, composite objects like jets and missing energy are built from
them. Foundation of the algorithm lies within track reconstruction and calorimeter clusters.

Charged tracks are reconstructed using an iterative Combinatorial Track Finder (CTF) based on
Kalman filtering [25,26]. Firstly, tracker hits are grouped into hit-clusters, then the pattern recognition
is performed iteratively. Lastly, using least-squares methods, best-fit values are extracted from track
parameters.

The calorimeter signal reconstruction begins with pulse shape fitting using template functions to
suppress out-of-time pileup. For the HCAL, distinct algorithms were used in 2016–2017 for HLT
and offline processing, while the MAHI algorithm was adopted universally in 2018. The PF al-
gorithm identifies local energy maxima as seeds, grows topological clusters from neighboring cells
above noise thresholds, and applies a Gaussian mixture model to iteratively reconstruct PF clusters
by sharing cell energies based on proximity to each seed.
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The heart of PF is the linking stage, which associates tracks and clusters to form individual particle
candidates. Once all tracks and calorimeter clusters are available, the algorithm proceeds in several
steps. The first one is extrapolation of tracks. Through a careful procedure, each charged track from
the tracker is projected outward to the calorimeters. If it intersects PF clusters in ECAL or HCAL,
these elements are linked to that track. This connects a track’s track (momentum) to corresponding
energy deposits. Once a track is matched to calorimeter energy, the calorimeter contributions from
that track are then removed from further consideration. This is crucial to avoid double counting. Any
calorimeter cluster not linked to a track is considered to originate from a neutral particle (photon or
neutral hadron).

PF then classifies each candidate by type. A charged hadron candidate is formed by a track
with matching calorimeter clusters. Its momentum is primarily given by the track, and its energy is
refined by adding ECAL/HCAL deposits. These are the bulk of particles in jets. A PF photon is
identified as an ECAL cluster with no associated track and an electromagnetic shower shape, taking
into account ECAL energy, as well as the ratio between HCAL and ECAL energy. Only photons
isolated from other tracks and calorimeter clusters are retained. Bremsstrahlung photons radiated by
electrons are recovered by linking additional ECAL clusters to nearby Gaussian Sum Filter (GSF) [27]
tracks. An electron candidate arises when a track is linked to an ECAL supercluster (with little to no
HCAL energy), resulting in one PF electron object. A muon candidate is a track that extends out
to and is matched with hits or tracks in the muon chambers. Muons deposit negligible energy in the
calorimeters, so their momentum is taken essentially from the tracker . Any HCAL (or ECAL+HCAL)
cluster without a track is treated as a neutral hadron (e.g. K0

L, neutrons).
After this linking and classification, the event is described by a list of PF candidates: charged

hadrons, neutral hadrons, photons, electrons, muons, and taus. Jets are then reconstructed by cluster-
ing the charged and neutral hadron candidates (after removing those from pileup) using the anti-kT

algorithm [28]. Missing transverse energy (MET) is computed as the negative vector sum of all PF
candidates’ transverse momenta, giving an accurate measure of invisible momentum, i.e. the momen-
tum carried away from the detector without it being detected.

Finally, each PF object is calibrated and corrected to match detector performance. For example,
electron energies are calibrated using Z → ee events, i.e. scale factors and Gaussian smearing are ap-
plied so that the reconstructed Z mass peaks align between data and MC. Similarly, muon momenta
are calibrated with data-driven corrections derived from fits to the Z → µµ mass peak. All lep-
tons also carry identification and trigger scale factors from tag-and-probe studies to correct efficiency
differences between data and simulation. Neutral hadrons and photons receive calorimeter energy
corrections, from test beams and physics samples. Jets formed from PF particles receive the stan-
dard jet-energy corrections. In practice, PF yields superior performance: because charged hadrons
are measured by the precise tracker and photons by ECAL, CMS achieves much finer jet and MET
resolution than with calorimeters alone. Overall, the PF algorithm’s detailed clustering, linking and
particle-by-particle reconstruction enables CMS to fully exploit its detector capabilities for precision
physics analyses.
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Chapter 2

Upgrade of the CMS detector for the
High-Luminosity LHC

2.1 The High-Luminosity LHC

The LHC will enter its third long shutdown period as of 2026 and will last till 2029 when Run
4 (and later runs) is planned to begin. During the shutdown period, the LHC systems and detec-
tors/experiments (among which CMS) situated along the LHC will be upgraded as a preparation for
the future runs. This upgrade of the LHC is known as the High-Luminosity LHC (HL-LHC) [29].
The timeline of the LHC and HL-LHC eras is shown in Figure 2.1. The main goal of the HL-LHC is
the increase in instantaneous luminosity, which will result in an increase of the p − p collisions rate.
The total integrated luminosity of the HL-LHC phase is planned to reach about 3000−4000 fb−1 [29],
over a period of about ten years.

The main motivation behind the HL-LHC is to perform more accurate measurements, which
would path the way for precision tests of the SM, as well as search for rare processes, new phe-
nomena and new particles (e.g. dark matter particles). As there is a number of parameters to be
measured more precisely and a plethora of hypothesis extending the SM to be tested, a large data
sample of about 3000 fb−1 added to the so far collected data will be of great importance. Here the
considerations of HL-LHC’s impact on CMS’s physics analysis program is limited to measurements
centered around the Higgs boson, more specifically to the Higgs boson self-coupling to which more
sensitivity will be gained with the increase in data sample. The Higgs boson self-coupling can be
measured (see Chapter 4 for more details) in single-, di- and tri-Higgs boson production processes by
measuring the production cross section which is sensitive to the mentioned coupling. An example of
di-Higgs final state is pp→ HH → bb̄bb̄, which is a rare process characterized by a small production
cross section. However, despite the rarity of the process, it is an important channel as it is sensitive
not only to the Higgs boson self-coupling, but also to the couplings of the Higgs boson to the gauge
bosons through the VBF production mode (see Section 3.3.1). Another approach to the Higgs boson
self-coupling measurement is through exploitation of quantum loops where Higgs boson appears, for
example in the pp → H → ZZ → 4ℓ process. Precisely determining the value of the mentioned
couplings will put the SM to a closure test and possibly pave the way for new physics.

With increase in luminosity a consequent increase in pile-up is expected. Comparing the beam
conditions of LHC to those of the HL-LHC, pile-up will increase from 40-60 (on average) per bunch
crossing to about 140 − 200 which will pollute the signal originating from the hard scattering event,
i.e. the process of interest). This increase degrades trigger performance and event reconstruction.

Considering first the ill effects on trigger performance, a higher event multiplicity will increase
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Figure 2.1. Projected timeline for LHC and HL-LHC era. Figure taken from Ref. [30].

the detector occupancy: jets and energy deposits originating from pile-would make disentangling
between background and underlying hard scattering difficult, which leads to higher trigger rates.
One possible way of mitigating such effects is to simply tighten the trigger thresholds. However,
this means that events where hard scattering occurred might be lost due to tight constraints from
the trigger side. When it comes to the event reconstruction, large number of vertices per bunch
crossing and hits in the tracker, originating from pile-up, result in an overlap of tracks and calorimeter
energy deposits. These overlaps from unrelated collisions are superimposed to the hard scattering
event making event reconstruction challenging. Without a proper solution to the problems posed by
high pile-up not only is the event reconstruction difficult, but also data from consecutive collisions
may be merged during reconstruction due to trigger performance, buffers, processing speed, etc.
Another important consideration which governs the upgrade is the resistance under extreme radiation
conditions. Specifically, the highest fluences are expected in the Endcap region which is closest to the
beam line.

High pile-up and extreme radiation conditions together govern and condition upgrades to the
detectors along the LHC. In particular, in order to maintain its current performance in object recon-
struction efficiency and resolution, the CMS detector is undergoing a "Phase-2 upgrade" which is
planned to result also in tolerance to higher radiation levels. Undergoing upgrade involves work on
several sub-detector systems as well as addition of completely new subsystems.

Tracking sub-detector system will be replaced in its entirety with a new tracker of higher granu-
larity and higher radiation hardness. Enhanced granularity will be achieved by shortening the silicon
strips and by using smaller and thinner pixels, which will result in a granularity increase by a factor of
∼ 4. Also, the coverage in pseudorapidity will be increased, extending to |η| ∼ 4. Comprehensive
reports on CMS Phase 2 upgrade plans for all subsystems can be found in the following Refs. for:
Tracker [31], Endcap Calorimeter (HGCAL) [32], Barrel Calorimeter [33], Muon Stations [34], L1
Trigger [35] and CMS Data Acquisition and High Level Trigger [36].

In the following section the Endcap Timing Layer MIP (Minimum Ionizing Particle) Timing De-
tector (ETL MTD) [37] will be discussed.
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2.2 The MIP Timing Detector
As mentioned above, increased number of pile-up interactions (to 140 − 200 per bunch crossing)
poses a significant challenge for optimal performance of the detector as is. Due to increased pile-
up performances of all CMS subsystems are affected. Constraining the discussion here to tracker
system, the most notable challenge is to disentangle the myriad of overlapping vertices and tracks
which makes particle, hence event, reconstruction extremely difficult. In the Phase 1 (Run 1, Run
2 and Run 3) of the CMS, vertices and tracks are reconstructed in three dimensions which in high
pile-up conditions would make track association suboptimal, as can be seen in Figure 2.2. Simulation
studies [37] show that including time information reduces the number of vertices merged in spatial
dimension. In particular, using a MTD of resolution ∼ 30 ps will allow to effectively split the bunch
crossing (characterized by an RMS of ∼ 180 − 200 ps) in time into smaller exposures of about
30− 40 ps. By doing so, the number of pile-up interactions would drop from a total of ∼ 140− 200
to a ∼ 40 − 60 per exposure, which corresponds to current CMS performance conditions. Based on
simulations, with inclusion of timing information in the tracker, for ∼ 140− 200 pile-up interactions
the fraction of merged vertices is reduced from about 15% down to 1% whilst the number of pile-up
tracks incorrectly assigned to the primary vertex is reduced by half.

Figure 2.2. Simulated and reconstructed vertices in a bunch crossing with 200 pileup interactions assuming
a MIP timing detector with ∼ 30 ps ps time resolution covering the barrel and endcaps. The horizontal axis
is the z position along the beam line, where the “0” is the center of the IR. The vertical axis is the time with
“0” being the point in time when the beams completely overlap in z. The simulated vertices are the red dots.
The vertical yellow lines indicate 3D-reconstructed (i.e. no use of timing information) vertices, with instances
of vertex merging visible throughout the display. The black crosses and the blue open circles represent tracks
and vertices reconstructed using a method that includes the time information and is therefore referred to as
“4D”. Many of the vertices that appear to be merged in the spatial dimension are clearly separated when time
information is available. Figure taken from Ref. [37].

The MTD is designed as a thin detector layer which will be placed between tracker and calorime-
ters with the purpose of providing timing information of charged particle with resolution of ∼ 30 −
40 ps at the start of HL-LHC era and due to radiation damage degrading to ∼ 50 − 60ps by the end
of HL-LHC era. The coverage of MTD extends to |η| < 1.45 in the Barrel Timing Layer (BTL) and
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to 1.6 < |η| < 3.0 in ETL. BTL and ETL cover different regions of the CMS detector which places
constraints on their design. Several factors were considered when designing MTD. Namely, BTL will
be inaccessible during the Phase 2 and less time was allocated to the development and construction
of BTL which limits the technologies used to low time consuming R&D with well established pro-
duction. Due to placement of the ETL it will be accessible for any potential repairs and upgrades. As
the ETL will be installed in the high |η| region it will be exposed to harsher conditions due to higher
radiation levels which can be seen in Table 2.1 where expected radiation levels of different parts of
BTL and ETL are summarized. Since the ETL will be exposed to higher radiation levels when com-
pared to BTL, it had to be designed to be more radiation tolerant. BTL part of MTD will have about
2.5 times higher surface area than ETL. One more important aspect in consideration when designing
the detector was economical availability. Based on these considerations it was decided that these two
distinct parts of MTD, ETL and BTL, will be instrumented with different technologies.

Table 2.1. Expected radiation fluences and doses in different MTD regions after an exposure to integrated
luminosity of 3000 fb−1. Table taken from Ref. [37].

Region |η| range r [cm] z [cm] Φ [neq/ cm2] Dose [kGy]
Barrel 0.0 116 0 1.65× 1014 18
Barrel 1.15 116 170 1.8× 1014 25
Barrel 1.45 116 240 1.9× 1014 32
Endcap 1.6 127 303 1.5× 1014 19
Endcap 2.0 84 303 3.0× 1014 50
Endcap 2.5 50 303 7.5× 1014 170
Endcap 3.0 31.5 303 1.6× 1015 450

The BTL was designed as a cylindrical detector which will be installed inside the Tracker Support
Tube (TST). Its active length will be about 5 m along the beamline, and its radial design will assume
inner radius of 114.8 cm and outer radius of 118.8 m with a maximum thickness of 4 cm . The
detector will be instrumented with LYSO:Ce scintillating crystal [38], coupled to and ready out by
Silicon Photo Multipliers (SiPMs) [39]. Both of these components have been proven to be radiation
tolerant to fluences up to 2×1014 neq/cm and to radiation doses of several tens of kGy [39]. The BTL
will be read out by Time of Flight High Rate (TOFHIR) chip [40].

The ETL will be placed on both sides of the interaction region, between CE and Tracker, as
shown in Figure 2.3. Each ETL will be comprised of two large disks which are designed to have
radial coverage from 315 mm to 1200 mm which corresponds to previously mentioned pseudorapidity
coverage of 1.6 < |η| < 3.0. Along the beamline the ETL takes up 45 mm and its active surface per
Endcap is ∼ 7.2 m (both disks) while the fill factor (fraction of area sensitive to MIPs) is above 85%.
Each disk will be covered on both sides with Ultra Fast Silicon Detectors (UFSDs) which are based
on the highly radiation tolerant Low Gain Avalanche Diode (LGAD) technology [41]. LGAD are
characterized by a moderate internal gain (about 10− 30), low noise, low jitter and fast rising pulses.
For optimal performances LGAD are require to also have small capacitance which limits their size.
A 16× 16 module (in MTD TDR [37] a different design was reported, which was improved upon) of
256 pads, each with surface are of 1.3× 1.3 mm2 giving the total module surface are of 21× 21 mm2

(Figure 2.4), will be used to optimally instrument total surface are of ETL. Each module will be
read out by dedicated Endcap Timing Read Out Circuit (ETROC) ASIC [42, 43]. With two disks per
Endcap region, the ETL aims to maintain resolution of 30 − 40 ps. up to the end of HL-LHC era.
This means that bump-bonded ETROC+UFSD system must have resolution of ∼ 50 ps per single hit,
where with two hits (on average 1.7) per track the resolution is given by σtrack = σhit/

√
n, where n
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is the number of hits. As ETL will be exposed to large radiation it is designed to be accessible for
potential repairs and upgrades. To make it accessible the two disks on Endcap side occupy thermally
isolated volume, and each disks is split down vertically into two segments. In depth description of the
MTD and its components, their integration and design can be found in Ref. [37].

Figure 2.3. Schematic overview of the upgraded "nose" of the CMS’s calorimeter. The ECAL is positioned in
front of CE. Figure taken from Ref. [44].

Figure 2.4. A prototype design of 16× 16 pad matrix. Figure taken from Ref. [45].

2.3 UFSD sensors
UFSD is technology based on LGAD which is a semiconductor based diode. A regular PIN diode op-
erated under reverse bias is comprised of a p++ (p doped silicon) and n++ (n doped silicon) electrodes,
and a intrinsic bulk. Diodes characterized by a lightly p doped bulk are often also considered PIN
diodes in literature, as will be the case here. When a reverse bias is applied to such a device, i.e. when
a negative external voltage is applied to the p++ electrode while leaving n++ electrode at ground, the
pn junction is inversely polarized which creates a large depleted volume. When a charged particle
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traverses the sensor it creates electron-hole (e− h) pairs which move towards electrodes under influ-
ence of the electric field. The moving charges induce charges on the electrodes, i.e. current signal,
where the current induced on the k electrode is given by the Shockley-Ramo’s theorem [46, 47]:

ik(t) = −qv⃗ · E⃗w, (2.1)

where q is the charge of particle which induced current, v⃗ is its drift velocity and E⃗w is weighting
field which has the same dependence on geometry as an electric field between parallel electrode
plates where the read-out electrode is numerically set to 1 whilst the other is set to 0. Numerically
it is equal to 1/d, where d is thickness of the sensor. If the weighting field is constant, the induced
current depends on drift velocity, which depends on the temperature and the electric field (formed
in the depletion region). It can be seen that the drift velocity determines how quickly the signal is
formed. Saturating the drift velocity at room temperature requires electric field of ∼ 30 kV/cm in
case of electrons (holes), whilst for holes it is considered as constant above ∼ 50− 100 kV/cm.

If the electric field is higher than∼ 300 kV/cm, electrons on their mean free path acquire sufficient
energy to produce secondary charged pairs upon impact [48] with silicon atoms. As mean free path
of holes is larger than that of electrons, the electric field can be tuned so that only electron induce
charge multiplication. Assuming only electrons induce charge multiplication, the electron mean free
path αn(E, T,Φ) is constant across the high-field region (dHigh) and generation of next generation
charged particles is negligible, the number of generated secondary charges can be written as:

Ne−h(d,E, T,Φ) = N0,e−h · Eαn(E,T,Φ)dHigh , (2.2)

where N0,e−h is number of charged pairs generated by the impinging particle, E is the electric field,
T is temperature and Φ is fluence. Ratio of Ne−h(d,E, T,Φ)/N0,e−h is defined as gain G. Applying
high enough voltage to induce charge multiplication within PIN diode would achieve high gain values,
which would result in a larger current and make the signal detection easier. However, the sensors
would enter breakdown due to high fields, hence a different approach has to be taken.

The Low-Gain Avalanche Diodes (Figure 2.5) are silicon based diodes that utilize a narrow (0.5−
1 µm) p+ doped layer, gain layer, directly beneath the n++ electrode (0.5 − 2 µm). Applying a
reverse bias voltage to LGAD sensor depletes the gain layer which results in formation of high enough
electric field for the electrons to induce charge multiplication close to the pn junction. Once a charged
particle passes through LGAD sensors it creates e − h pairs which drift towards the n++ (e) and
p++ (h) electrodes. On their way to the n++ electrode, electrons enter the gain layer, where charge
multiplication happens. As the charge multiplication occurs in the vicinity of the n++ electrode,
secondary electrons are collected quickly, whilst secondary holes have to traverse the entire bulk of
the LGAD sensor before being collected on the p++ electrode which is the why the induced current
is dominate by current generated by holes.

In order to achieve excellent timing performances several aspects have to be considered. The
weighting field has to be uniform which is achieved if the electrodes are much larger than the thick-
ness. Electric field in the depletion region must be high enough to saturate the drift velocity of
electrons as the signal rise time is governed by the electron drift time. Sensors need to be thin and
achieve a high fill factor and fine segmentation. Lastly, UFSD sensors must be as radiation hard as
possible. Effects of radiation are leakage current (current that flows through the sensor when a reverse
bias is applied to pn junction) increase which is controlled by thickening the sensor and keeping the
operational temperature low, variation of the doping concentration via donor and acceptor removal
(solution discussed in Refs. [49–52], and charge trapping which is related to high drift times and
radiation fluence. Interestingly, considering even the highest fluences, shape of the signal does not
change dramatically [53].
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Figure 2.5. Cross-sectional diagrams comparing a standard silicon detector and a UFSD with an additional p
implant providing the larger electric field needed for charge multiplication. Figure taken from Ref. [37].

The time resolution of UFSD sensors is governed by several factors [37, 53], listed here without
in-depth discussion. Due to presence of the noise on top of the signal, firing time of the comparator
(fires when preamplifier reaches given voltage threshold) is shifted, which can result in either delayed
or earlier firing, an effect know as jitter which is tackled by keeping the sensor’s noise lower than
the electronic noise and by increasing the signal slew rate. Comparing large and smaller signals,
large signals cross the given voltage threshold earlier than the small signals, which is an effect know
as time walk and is tackled by using adequate Constant-Fraction-Discriminator (CFD). Third term
which contributes to the total time resolution is the Landau noise term, a term that accounts for (non)-
uniformity of the energy deposition which follows a Landau distribution. Non-uniformity of drift
velocity and/or weighting field introduce distortions in the signal which can be controlled by large
electric field and by using electrodes which are much larger than the thickness of the sensor. Flow
of electrons over the pn junctions introduces a fluctuation of the current, which is called the shot
noise. The shot noise is increased due to random nature of multiplication process, which means the
number of secondary charges differs from G (on average it is G). The last term that contributes to
time resolution of UFSD sensors is related to digitization of comparator’s output, specifically usage
of Time-to-Digital-Converter (TDC) which has its own time resolution which is in HEP ∼ 10 ps.
With this in mind, in case of geometry that is like that of parallel plate capacitor, where electrodes
are much larger than the thickness and if electronic’s noise is the dominant source of noise, the time
resolution can be expressed as:

σt =
√
σ2

jitter + σ2
Landau. (2.3)

where the Landau noise term is the dominant source of the noise in a well-designed system.
Properties of UFSD sensors were studied extensively, and can be found for example in Refs.

[54–57]. Here a inter-pad region design and optimization [58] and novel elastomer measurement is
presented.

2.4 Inter-pad region design and optimization
Achieving fine segmentation and high fill factor is done by grouping as much UFSD sensors as pos-
sible in as small area as possible. However, there are certain limitations here. Design of inter-pad
region, which is a no-gain region, determines the fill factor. This region separates two adjacent pads
(also referred to as a pixels) and is not equipped with a gain layer. Reducing its width would increase
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the fill factor. A sketch of a UFSD multi-pad design with a key components marked is shown in Fig-
ure 2.6. The guard-rings are designed to gradually decrease the voltage (its absolute value) from the
edge of the sensor which is biased to the first read-out pad which is grounded. Junction Termination
Extension (JTE) is designed to prevent e − h pairs produced by a traversing charged particle from
reaching the gain layer as this would delay the signal. JTE designed as a n++ implant equipped with
a metal field plate. In the region between JTEs of two neighboring pads a p-stop implant (p++ doped)
is placed. its purpose is to prevent shortening of all n++ implants which would happen due to creation
of inversion layer at the Si−SiO2 interface(trapped positive charges). Design and optimization of the
inter-pad region are presented in Ref. [58], from which a part will be presented here, specifically the
study of sensors from the UFSD3.1 production manufactured by Fondazione Bruno Kessler (Italy).

Figure 2.6. Cross section schematic view of a UFSD multi-pad design with components marked. Figure taken
from Ref. [53].

UFSD3.1 production explores a range of inter-pad region designs and p-stop doping. Wafers of
UFSD3.1 production are produced with different doping of p-stop, expressed in arbitrary units where
the reference point is that of UFSD2 and UFSD3 production: W12 has p-stop doping of 0.02, W13
has p-stop doping of 0.05, W14 has p-stop doping of 0.1, W16 has p-stop doping of 0.15, W17 has p-
stop doping of 0.2 and W18 has p-stop doping of 1. Different design of inter-pad region are presented
in Figure 2.7, with specifics given in Table 2.2.

Table 2.2. Inter-pad region design of the UFSD3.1 arrays. Table taken from Ref. [58].

Type Interpad region width [µm] Region A/B design Region A area [a.u.] Region B area [a.u.]

1 16 Grid A 2B
2 20.5 Full 100A 10B
3 20.5 Full 10A B
4 23.5 Grid 2A 2B
5 25 Full 20A 2B
6 27.5 Full 10A B
7 27.5 Full 20A 2B
8 27.5 Grid 2 2A 2B
9 38 2 p-stops / /

10 49 Grid guard-ring / /
11 25 Empty 100A 10B

Biasing the sensor and measuring its leakage current it can be seen how p-stop doping affects
at which bias voltage the breakdown occurs. Figure 2.7 showcases how leakage current for type 2
design for different wafers, with different p-stop doping between them, increases as the bias increases
up to a certain point where a breakdown occurs (abrupt change in trend). It is observed that sensors
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with higher p-stop doping undergo premature breakdown, whilst sensors with lower p-stop doping
reach the expected breakdown voltage which is around 360− 380 V. In the case when p-stop doping
was kept fixed while different design type was used it was observed that sensors characterized by
larger region A/B surface undergo breakdown earlier than sensors characterized by lower region A/B
surface. Sudden change in trend of I(V) curves is explained by existence of the high electric field in
the inter-pad region. This electric filed arises at the pn junction between the inversion layer and the p-
stop [59]. Doping concentration of the p-stop governs how high the electric field is, i.e. higher doping
leads to a higher values of electric field. Also, the inter-pad width and sensor thickness contribute
to the arising electric field. As the p-stop is floating its potential is determined by the applied bias
voltage and the ground of adjacent pixels. In thin sensors, the p-stop potential will float closer to the
values of applied bias voltage resulting in a higher electric filed which can cause early breakdown of
sensors characterized with narrow inter-pad region.

Figure 2.7. Sketch (left) of of the structures present in the inter-pad region of the UFSD3.1 design, where the
p-stops are shown in maroon, and the guard-ring is in blue. I(v) characteristic of devices with different p-stop
doping having the same inter-pad design (Type 2). Figures taken from [58].

Based on measurements performed on UFSD3.1 campaign it can be concluded that low p-stop
doping and small region A/B surface are the optimal characteristics to avoid early breakdown of a
sensor. Inter-pad width of ∼ 25 µm is achievable, e.g. type 4 (Table 2.2). Measuring procedure
of inter-pad width, study of effects of micro discharges, effect of floating pads and grid guard-ring
design done for UFSD3 and UFSD3.1 production are discussed in detail in Ref. [58].

2.5 Elastomer measurement
A pioneering measurement, the elastomer setup measurement, was developed in the Laboratory of
Innovative Silicon Sensors (Dept. of Physics, Univ. of Torino and INFN Torino). The measurement
is focused on contacting all single pads of a multi-array pad system with an elastomer-based material,
doped with silver to ensure conductivity. The goal of this study is to assess the potential usefulness
of this kind of setup, where all pads are contacted at the same time with a non-metallic material
which allows for a measurement of a collective leakage current, and paving a way for a future precise
measurement in which, by contacting all 256 pads, a faulty sensors can be detected right away. Also,
the usefulness lies in the fact that a collective leakage current (or in general, a current) can be measured
easily at low cost. An additional aspect is the uniformity of measurement, which can be achieved by
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contacting all of the single pads at the same time in the same way with the same material/read-out
component.

Several different measurements of UFSD4 16×16 sensors characteristics were performed, namely
the leaking current, the guard ring current and the behavior under change of temperature for a fixed
value of the reverse bias. Besides the development of a new experimental technique, for which the
work presented here serves as a basis, the measurements presented provide a baseline comparison
to some of the characteristics measured by FBK. This provides a baseline check through which the
validity of the elastomer measurement can be validated and used for further development of the tech-
nique.

2.5.1 UFSD4 production
The UFSD4 is the latest production series of ultra-fast silicon detectors made by FBK. It consists
of 18 6-inch wafers. Several different pad arrays were included in the UFSD4 production series,
1 × 2, 2 × 2, 5 × 5 and 16 × 16. The inter-pad region adopts the type 9 and type 10 designs, with 5
different guard rings design, GR3_0, GR3_1, GR3_2, GR5_1, GR5_STD. The wafer layout is shown
in Figure 2.8. Gain layer doses (Boron, expressed as doses relative to UFSD2 production) vary across
wafers, as well as carbon implants doping, diffusion type. Also, the design features shallow and deep
gain layers. The details of the production are given in Table 2.3. Sensors of the UFSD4 production
are 50 µm thick. Considering 16 × 16 sensors, a standard guard ring design is adopted, where the
guard ring loops around a 16× 16.

Table 2.3. UFSD4 wafer characteristics. CH-BL stands for carbon diffusion at high thermal load, followed by
boron diffusion at low thermal load (and analogous for CL-BL). Table taken from Ref. [60].

Wafer DI Gain-layer dose Carbon dose Diffusion

1 Shallow 0.96 0.8 CH–BL
2 Shallow 1.00 1.0 CH–BL
3 Shallow 0.98 1.0 CH–BL
4 Shallow 0.98 0.8 CH–BL
5 Shallow 0.98 0.8 CH–BL
6 Shallow 0.98 0.8 CH–BL
7 Shallow 0.98 0.8 CH–BL
8 Shallow 0.98 0.8 CH–BL
9 Shallow 0.98 0.8 CH–BL

10 Shallow 0.98 0.8 + CS0.6 CH–BL
11 Shallow 0.98 0.8 + CS0.6 CH–BL
12 Deep 0.75 0.6 CL–BL
13 Deep 0.77 0.6 CL–BL
14 Deep 0.77 0.6 CL–BL
15 Deep 0.77 0.6 CL–BL
16 Deep 0.77 0.6 CL–BL
17 Deep 0.79 0.6 CL–BL
18 Deep 0.79 0.6 CL–BL

2.5.2 Experimental setup
The characterization of UFSD4 16×16 pad arrays (hereafter sensors) was performed by measuring the
I(V) characteristic curve, i.e. the leakage current as a function of bias voltage. The leakage current is
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Figure 2.8. UFSD4 wafer (left) and reticle (middle and right) layout. In cyan a matrix of 16 × 16 sensors is
marked, whilst in red smaller pad arrays are marked. The right figure show positioning and characteristics of
smaller pad arrays. Figure taken from Ref. [45].

measured in the absence of traversing ionizing particles and for these purposes the measuring devices
are placed in a black box. The current-voltage characteristic was measured with a probe station,
equipped with a Keysight B1505 power device analyzer [61]. The probe station features a metal
plate, referred to as the chuck, on which the sensor is placed and held in place by a vacuum pump-
based system. The chuck is negatively biased, while the tungsten-rhenium needles which contact
specific points of the sensor’s front face are grounded. The needles used as contact to the sensor are
equipped with micrometer screws which ensures fine manipulation of the needles. The probe station
is also equipped with an optical microscope with different magnification levels.

Using a PRUSA® printer and a PLA prusament printing (non conductive) material, a dedicated
mask was printed to hold the sensor in place. The mask consists of three pieces, two of them contact-
ing and covering opposite sides (back and front) of the sensor, with the front mask designed to cover
the sensor edge-to-edge while leaving some space to contact the guard rings. The third part, which
is a mask cover, is equipped with a copper tape and contacts the elastomer through the opening on
the front mask. A clamp was also 3D-printed to press and hold the mask around the sensor tightly.
The bottom side of sensor is contacted with a copper tape by elastomer interlaid between the tape
and back of the sensor, while the entire surface of the top side (through the opening) was contacted
with an elastomer material doped with silver (conductive elastomer) to enable sensor biasing. The
mask pieces are shown in Figure 2.9. As sensors are fragile, a mat resistant to static electricity is
used to cover the work area, which ensures a proper handling of the sensors avoiding any potential
damages due to static discharge. This configuration enables controlled ramping of the reverse bias
while monitoring the leakage current, breakdown behavior, and the onset of gain-layer depletion.

In cases where the guard ring current (or the current of a single pad) is measured, the probe
station was used with its needles and chuck to contact the sensors and enable the biasing, whilst for
the elastomer measurement needles and chuck are not needed, as biasing is achieved with a system of
cables contacting the copper tape.

For an I(V) measurement at varying temperatures, voltage was gradually increased to a value
which corresponds to 8 fc of collected charge. The voltage value differs between wafers with dif-
ferent sensors design (see Table 2.3). Before enclosing a sensor in the mask, and after performing a
measurement, all of the sensors were subjected to optical inspection using the probe station’s micro-
scope.
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Figure 2.9. Left picture shows pieces (three) of the sensor’s mask with a small elastomer cutout that tightly fits
the opening on the top mask. Middle picture shows the top and bottom mask pieces fit together with elastomer
cutout fit within the opening (it covers the sensor). Right picture shows the clamp tightened and holding the
mask with copper tapes sticking out to ensure enough space for wires to be attached to.

2.5.3 Leakage current and guard ring current scan

A baseline measurement of the leakage current of UFSD4 16 × 16 sensors at room temperature was
performed using the elastomer setup and was compared to measurements made by FBK. Leakage
current is read out from the back of the sensor, dubbed IBACK. In total 45 sensors were tested, where a
selection across different wafers was made. The labeling, present in each of the plots below, is adopted
as Wafer_Column-Row, where column and row are read out from the wafer layout grid shown in the
middle of Figure 2.8. For each of the I(V) scans an upper limit on current, i.e. compliance, was set
thus avoiding sudden offset of charge multiplication.

Every sensor was investigated using a microscope before and after measurement. The setup itself
does not damage the sensors as the used elastomer material does not have sharp edges and it soft,
although it may happen that due to the nature of the setup, i.e. frequent opening of the mask, the
sensor gets dirty. Dust particles can creep into between the mask and sensor under test. Adding to
matter "contaminating" the space between elastomer and the sensor, the elastomer material itself has
fiber-like structure on the surface that can shed sometimes and make the sensors dirty, however this
does not damage the sensors. It could also be the case that these fibers are from an outside source,
present on the work station or in the air.

There is an important remark on the handling of the sensors. Scratches were observed in some
cases, which cause the sensor breakdown. These scratches can come from two sources, handling with
tweezers or contacting the sensors with the needles of the probe station. In case of tweezers, plastic
ones are preferred, and so the ones with smooth edges and flat tips instead of the point tweezers.
Another contributing factor to the precision of performed measurement is the level of tightness of the
clamp used to press down elastomer material and hold the mask (and sensors) in place. Elastomer
material is soft and elastic enough not to tear and break under the stress of the tightening clamp.
However, the lack of proper scale to indicate the level of tightness contributes to the precision, or the
lack thereof. On the other hand, the silicon sensors are resilient to stress in the geometry of the setup,
and the clamp can be tightened to its maximum making sure the sensors was contacted by elastomer
uniformly and over all pads. In all of the results presented here the IBACK current is displayed as
positive.

Here two scans are shown, with representatives of a good and a suboptimal scan. On Fig-
ure 2.10(a) a scan of selected sensors from wafer 10 is shown, whilst on Figure 2.10(b) a scan of
selected sensors from wafers 8 and 9 is shown. From Figure 2.10 it can be seen that the trend of
the I(V) curve is replicated well, however the FBK and elastomer curves do not match exactly, rather
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elastomer measurement tends to be positioned higher, i.e. tends to exhibit higher current values. An-
alyzing measurements of selected sensors from wafers 8 and 9, again the same behavior is observed,
i.e. the elastomer measurement shows a slightly higher leakage current. Sensors W8_2-3 and W9_2-
5 when measured with elastomer setup go into charge increase 50 − 100 V sooner than what FBK
measured. This behavior might indicate the sensor breakdown, or in fact the setup might be faulty,
as there is a number of variables that may affect the measurement. Optical inspection shows that
sensors W9_2-5 W8_2-3 had the same surface damages in the form of scratches prior and after the
measurement. In this case the elastomer setup didn’t cause extra damages, meaning they may have
happened during some prior handling.

Looking at sensors W9_3-3 and W9_4-5, it can be safely concluded that the sensors are broken
and inoperable as the same trend was measured with elastomer setup and by FBK. For these sensors
they are characterized by rapid onset of current increase. Measurement performed on all the other
sensors are shown in Appendix A, where similar trends and results are observed, hinting about the
usefulness of the elastomer setup. Optical inspection indicates surface damages of these sensors.

(a) (b)

Figure 2.10. Leakage current scan, measured on sensors selected from wafer 10 (a) and wafers 8 and 9 (b), as
a function of reverse bias. Elastomer measurements are labeled with triangles and the FBK measured values
are labeled with squares.

For each of the 45 tested sensors, the guard ring current was also measured and compared to
the one reported by FBK. The guard ring current is measured using the probe station, by contacting
the guard ring with a needle and by keeping the back of a sensor reverse biased. Measurements
performed on the same batches of sensors as reported above, is also reported here. Guard ring current
measurement of sensors selected from wafer 10 is shown in Figure 2.11(a) and of sensors from wafers
8 and 9 is shown in Figure 2.11. Just as in the case of leakage current scan, the guard ring current
scan of wafer 10 selected sensors shows (Figure 2.11) good agreement with the FBK measurement,
while for W8 and W9 there is agreement to some extent. What is observed is a higher current than
measured by FBK, and earlier current increase, except in the broken sensors. Results of measurement
performed on remaining sensors are shown in Appendix A.

Further tests were done on a different batch of sensors to inspect their behavior under temperature
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(a) (b)

Figure 2.11. Guard ring current scan, measured on sensors selected from wafer 10 (a) and wafers 8 and 9 (b),
as a function of reverse bias. Elastomer measurements are labeled with triangles and the FBK measured values
are labeled with squares.

change, namely how does the leakage current change when sensors are exposed to different tempera-
tures set to a reverse bias which corresponds to 8 fC of collected charge. The temperature was varied
from 20◦ C (first measurement) to, 0◦ C, −25◦ C and again to 20◦ C (last measurement), while also
adjusting the voltage level to correspond to 8 fC of collected charge. After every temperature change,
we waited for 40 mins for temperature, voltage and overall the system to settle, then the measurement
was made. A difference between the first and last measurements (at the same temperature, and reverse
bias) is visible, indicating a mild hysteresis effects. For four sensors, the observed effect is shown in
Table 2.4.

Table 2.4. Comparison of the first and last measured leakage current values for selected UFSD4 sensors,
measured with the elastomer setup. Measurements were performed at 20◦C, at the indicated reverse bias
voltage.

Sensor Bias [V] Ifirst [µA] Ilast [µA]
W2_4-4 250 −59.3 −310
W7_3-4 250 −4.9 −4.49
W9_3-4 250 −21.2 −36.8
W17_4-3 175 −123.9 −170

One possible explanation of this effect is a possible change in contact pressure. If the clamp is
not sufficiently tight a small fluctuations in contact and the resistance can arise due to the elastomer
contraction and relaxation due to temperature change. The clamp itself may exhibit the same behavior,
loosening the grip on the sensors as the temperature changes.
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Chapter 3

The Standard Model of particle physics

The Standard Model (SM) [62–64] of particle physics is a quantum field theory (QFT) [65–67] that
successfully describes all known elementary particles (point-like objects, no substructure) and three
of the four fundamental forces of nature (electromagnetic, weak, and strong) in a single unified frame-
work. The cornerstones of the SM are QFT formalism, gauge group formalism, symmetry formalism,
Lagrangian formalism, renormalization [68], spontaneous symmetry breaking [69–72] and relativistic
quantum mechanics. The SM symmetry group is expressed as a product of gauge symmetry group
and space-time symmetry group: G = G × P , where P is the Poincaré symmetry group and the SM
local gauge symmetry group G is defined as SU(3)C × SU(2)L×U(1)Y (expressed via Lie groups),
which incorporates the principles of local gauge invariance. Each gauge symmetry group is associated
with one fundamental interaction, as will be discussed.

As described by the SM, everyday matter (excluding dark matter) is constituted of fundamental
particles (fermions) which interact by exchanging gauge bosons, i.e. the force carriers. Fermions of
the SM are further grouped into two categories, quarks and leptons. Each gauge boson of the SM is
associated with a certain interaction, i.e. a gauge symmetry group. In addition to gauge bosons, the
SM includes one more boson, the Higgs boson which is a scalar particle associated with the Higgs
field. The Higgs field itself is associated with the electroweak symmetry breaking (EWSB), also
referred to as spontaneous symmetry breaking (SSB), a mechanism by which particles gain mass.

The quarks and leptons are further organized into three families (generations), where all families
are characterized by the increasing mass. Each generation contains two quarks (with electric charges
+2

3 and −1
3 in units of the elementary charge |e|) and two leptons (one charged −1 and one neutral).

The first generation is comprised of the up (u) and down (d) quarks, the electron (e−) and the electron
neutrino (νe). The second generation contains the charm (c) and strange (s) quarks, the muon (µ−)
and muon neutrino (νµ), and the third generation contains the top (t) and bottom (b) quarks, the tau
lepton (τ−) and tau neutrino (ντ ). In total there are 12 fermions, where for each fermion there exists an
associated antiparticle characterized by the same mass and opposite charge. In terms of interactions,
the main difference between leptons and quarks is that quarks interact via strong force, while leptons
do not. The gauge bosons of the SM are the force carriers, as will be discussed: the electromagnetic
interaction is mediated by the photon γ, the weak interaction by the charged W+, W− bosons and the
neutral Z boson, and the strong interaction is mediated by eight gluons g. Elementary particles in the
SM are listed in Table 3.1.
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Table 3.1. Fermions (leptons and quarks) and bosons (gauge and Higgs) of the SM

Leptons Quarks Gauge bosons Higgs boson(
νe

e

) (
u
d

)
g (gluon) H

(
νµ

µ

) (
c
s

)
γ (photon)

(
ντ

τ

) (
t
b

)
W ±, Z

3.1 Quantum Chromodynamics
The strong interaction is described by the theory of Quantum Chromodynamics (QCD) [73]. It is a
non-Abelian gauge theory based on the SU(3)C color symmetry group which provides a description
of how quarks and gluons interact. Quarks carry a color charge, which is a charge of the strong in-
teraction, with three color states conventionally denoted as red (R), green (G) and blue (B). Gauge
bosons of QCD, i.e. particles which mediate the force between color-charged particles, are the gluons.
As there are 8 generators of the SU(3)C group, there is a total of 8 gluons, each one carrying a com-
bination of color–anticolor charge. Conventionally, generators of the SU(3)C group are represented
via the Gell-Mann matrices in the triplet representation, Ta = 1

2λa (a = 1, . . . , 8).
The QCD Lagrangian for a single quark flavor q, invariant under SU(3)C transformations, is

written as (mass term is introduced later on):

LQCD = q̄
(
iγµDµ

)
q − 1

4G
a
µνG

a,µν (3.1)

where Dµ is the SU(3)C covariant derivative, Ga
µν is the gluon field strength tensor, and sum over

three colors for the quark field and over a = 1, . . . , 8 for gluon fields is implicit. The interaction
between quarks and gluons is introduced via the QCD covariant derivative:

Dµq = (∂µ − igsT
aGa

µ)q, (3.2)

where gs is the strong coupling constant, T a are the SU(3) generators in the fundamental representa-
tion and the field strength tensor is defined as

Ga
µν = ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν , (3.3)

where fabc are the structure constants of SU(3)C . The first term of Eq. (3.1) is the kinetic term for the
quark field q(x), while the second term is the gluon field kinetic term which contains self-interactions
and propagation terms. Because of the non-Abelian SU(3) symmetry, gluons can interact with one
another resulting in triple and quartic self-interaction terms.

The observed particles in nature (hadrons) are color-neutral bound states of quarks and/or anti-
quarks. Color neutrality is realized as a certain combination of (anti)color charges which results in
an object that is referred to as "white". Namely, if a bound state is comprised of quark-antiquark pair
(mesons), the anti-particle would have to carry the opposite color of the one carried by the particle
in that bound state, e.g. RR. Examples include the pions π±,0 and kaons K, as well as the heavier
quarkonia (e.g. J/ψ = cc̄, Υ = bb̄). Another way of achieving neutrality, in the sense of color, is
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through a bound state of three quarks (baryons), where the combination of all three colors ensures
neutrality, i.e. RGB state is color neutral. Examples include proton (uud) and neutron (ddu). Worth
mentioning here are states of a more exotic nature, tetraquarks and pentaquarks, represented as certain
combinations of four and five quarks and antiquarks respectively.

Interestingly, only these bound states of (anti)quarks are observed in nature, i.e. no free quark
or gluon has ever been observed in nature by itself, a phenomenon called quark confinement. This
phenomenon, a feature of QCD, is a result of the running coupling, where the coupling strength
and consequently the interaction strength increase as the distance between the color-charged objects
increases. This would mean that when the energy is put into separating quarks, if it is high enough,
quarks would not separate, rather a quark-antiquark pair would be created where the particles would
bind together between themselves in a process known as hadronization. Hadronization process is
non-perturbative as the coupling strength is not small anymore, rather it grows which in turn makes
analytic calculations difficult. On the other hand, at very short distances quarks behave as if they were
free and weakly interacting, a property known as asymptotic freedom.

In the SM, quark masses are not intrinsic parameters of QCD, i.e. the mass term can’t be forced
into the Eq. (3.1) as it would violate the SU(2)L × U(1)Y symmetry. Masses are introduced, or
generated, through Yukawa interactions with the Higgs field in the electroweak sector (see below)
which preserves said symmetry.

3.2 Electroweak sector
Both quarks and charged leptons interact via electromagnetic and weak interactions, although with
one key difference between the nature of the two interactions: the weak interaction violates parity,
whilst the electromagnetic does not. Because of this fact, a description via states of left-handed and
right-handed chirality is adopted, providing also a different treatment of left and right chiral states.
The electroweak (EW) theory [74–76], based on the direct product of Lie groups SU(2)L × U(1)Y ,
unifies the electromagnetic and weak interactions in a single gauge framework first proposed by S. L.
Glashow [74]. Said group product has four generators which gives four gauge bosons in total. Before
the SU(2)L × U(1)Y EW symmetry is broken down to U(1)Q electromagnetic gauge symmetry, the
gauge fields are the weak isospin triplet W a

µ (a = 1, 2, 3) corresponding to SU(2)L and the weak
hypercharge field Bµ corresponding to U(1)Y . The fundamental fermions form left-handed doublets
and right-handed singlets, where each lepton and quark component is classified by three quantum
numbers: weak isospin I , the third component of the weak isospin I3 and the weak hypercharge Y ,
with the connection between them expressed by Gell-Mann–Nishijima formula:

Q = I3 + Y

2 . (3.4)

Here Q is the electromagnetic charge (or just charge) of the particle. All left-handed fermions trans-
form as SU(2)L doublets, while right-handed fermions transform as singlets. This structure reflects
the maximal parity violation observed in weak interactions, i.e. only left-handed fermions (and right-
handed antifermions) participate in the charged-current weak force. Specifically, fields are grouped
as: (

νe

e

)
L

,

(
νµ

µ

)
L

,

(
ντ

τ

)
L

, eR, µR, τR,(
u
d

)
L

,

(
c
s

)
L

,

(
t
b

)
L

, uR, dR, cR, sR, tR, bR,

(3.5)
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where the third component of the weak isospin is 0, 1/2 or −1/2 for right-handed, upper or lower
members of left-handed doublet fields, respectively, while the hypercharge Y is assigned such that
the formula Q = I3 + Y/2 reproduces the correct electric charge.

The electroweak part of the Lagrangian before EWSB, i.e. invariant under SU(2)L × U(1)Y

transformations, is written as

LEW = Lgauge + Lfermion + LHiggs + LYukawa. (3.6)

The gauge field part Lgauge contains the kinetic terms for the W a and B fields:

Lgauge = −1
4W

a
µνW

a,µν − 1
4BµνB

µν , (3.7)

where W a
µν and Bµν are the field strength tensors associated to SU(2)L and U(1)Y groups respec-

tively:

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g2ϵabcW

b
µW

c
ν ,

Bµν = ∂µBν − ∂νBµ,
(3.8)

It can be observed that there are no explicit mass terms for the gauge bosons in Lgauge because such
terms (∼ M2WµW

µ) would violate the gauge symmetry, hence all electroweak gauge bosons are
massless prior to EWSB.

The fermionic part Lfermion includes the kinetic terms and gauge interactions of quarks and leptons

Lfermion =
∑

j

ψ
j

Liγ
µDL

µψ
j
L +

∑
j,σ

ψ
j

Rσiγ
µDR

µψ
j
Rσ. (3.9)

The fermionic part of the Lagrangian is expressed in terms of a left-handed doublet and a right-handed
singlet

ψj
L =

(
ψj

L+

ψj
L−

)
, ψj

Rσ
, (3.10)

where index j runs over three generations j = 1, 2, 3, σ = ±, where the ”+” sign stands for neutrinos
and (u, c, t) quarks, while the ” − ” sign stands for electrically charged leptons and (d, s, b) quarks.
The coupling to the gauge fields is achieved through the covariant derivative

DL,R
µ ψL,R =

(
∂µ − ig2T

L,R
a W a

µ − ig1
Y

2 Bµ

)
ψL,R (3.11)

where g2 and g1 are the SU(2)L and U(1)Y coupling constants, respectively, TL
a = 1

2σa and TR
a =

0. As with the gauge bosons, explicit fermion mass terms of the form mψLψR are forbidden by
electroweak gauge symmetry. This is a crucial point, where bare masses for quarks and leptons are
not allowed in the unbroken theory, and all masses must arise from the Higgs mechanism (EWSB).

3.2.1 Spontaneous symmetry breaking and the Higgs mechanism
At first, a spontaneous symmetry breaking mechanism for a global U(1) Abelian group was proposed
by J. Goldstone in 1961 [69, 70]. Following the work done here, later in 1964, P. Higgs [71], and F.
Englert and R. Brout [72] extended the description to the case of local Abelian gauge theory. Some
time after, in 1967, A. Salam and S. Weinberg further extended the model of the Higgs mechanism
to the non-Abelian local gauge symmetry of the EW model [75,76] proposed by Glashow [74]. They
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showed that it is possible to break the electroweak symmetry SU(2)L × U(1)Y down to the electro-
magnetic U(1)Q symmetry, where a complex scalar field is introduced. The scalar part (also referred
to as the Higgs part) of the EW Lagrangian is then written as:

LHiggs = (DµΦ)†(DµΦ)− V (Φ), (3.12)

where the covariant derivative (of the EW sector) is:

DµΦ =
(
∂µ − ig2

σa

2 W
a
µ − i

g1

2 Bµ

)
Φ. (3.13)

i.e. the complex scalar field Φ(x) is an SU(2)L doublet of weak hypercharge Y = +1 and weak
isospin I = 1

2 :

Φ(x) =
(
ϕ+(x)
ϕ0(x)

)
, (3.14)

The most general renormalizable scalar potential (V (Φ)) consistent with gauge invariance is

V (Φ) = −µ2(Φ†Φ) + λ(Φ†Φ)2, (3.15)

with µ2 and λ being real parameters. If µ2 > 0, the potential is of the famous “Mexican hat” shape and
has a continuous set of degenerate minima at Φ†Φ = µ2

2λ
≡ v2

2 , lying along a flat bottom. The choice
⟨Φ⟩ ̸= 0 in one of these minima will spontaneously break the symmetry. Choice of the vacuum
expectation value is arbitrary, hence a choice can be made such that only the neutral component
acquires a nonzero Vacuum Expectation Value (VEV):

⟨Φ⟩ = 1√
2

(
0
v

)
, (3.16)

with v =
√

µ2

2λ
≈ 246 GeV, which is determined from the Fermi constant in µ-decay. This particular

vacuum is invariant under electromagnetic U(1)Q transformations, but it is not invariant under the full
electroweak transformation group. Thus SU(2)L × U(1)Y → U(1)Q breaking is achieved.

By choosing to work in unitary gauge [77], the scalar field can be parametrized around the vacuum
as

Φ(x) = 1√
2

(
0

v +H(x)

)
, (3.17)

where three of the four initial scalar degrees of freedom are transformed away, i.e. they become the
longitudinal polarization components of the massive W± and Z bosons. Here H(x) is a real scalar
field, the Higgs field, representing physical fluctuations about the vacuum. Gauge boson fields can be
transformed to introduce the physical gauge boson fields

W±
µ = 1√

2
(
W 1

µ ∓ iW 2
µ

)
,

Zµ = W 3
µ cos θW +Bµ sin θW ,

Aµ = −W 3
µ sin θW +Bµ cos θW ,

(3.18)

where θW is the Weinberg angle (also called the weak mixing angle) and is defined by

sin θW = g1√
g2

1 + g2
2

, cos θW = g2√
g2

1 + g2
2

. (3.19)
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Plugging Eq. (3.17) and Eq. (3.18) into Eq. (3.12), it transforms into:

LHiggs = 1
2(∂µH)(∂µH)− µ2H2 − λvH3 − λ

4H
4 + µ4

4λ+

(v +H)2(g
2
2
4 W

−
µ W

+µ + g2
1 + g2

2
8 ZµZ

µ).
(3.20)

Analyzing terms which are quadratic in fields (∼ H2,W−
µ W

+µ, ZµZ
µ) it is clear that the sponta-

neous breaking of the electroweak symmetry generates masses of the weak gauge bosons, whilst the
photon (Aµ, identified as the gauge field of U(1)Q) and gluon (Gµ) remain massless. The weak boson
masses are mW = g2v

2 , mZ = v
√
g2

1 + g2
2/2 and the Higgs boson mass is mH = µ

√
2 = v

√
2λ. The

Higgs field’s self-interactions are also obtained, they are H3 and H4 interaction terms with strengths
proportional to λ. The generation of W and Z masses through the Higgs mechanism was a major
triumph of the electroweak theory by Weinberg, Salam and Glashow [74–76]. It explained why the
weak force is short-ranged (due to massive W,Z bosons) whereas the electromagnetic force is long-
ranged (with massless photon), all within a unified gauge theory. Also, after symmetry breaking, the
massive W and Z gauge bosons can interact with the Higgs field. Expanding the Higgs part of the
Lagrangian yields interaction terms of the form

LHV V = gHV VHVµV
µ + gHHV VH

2VµV
µ, (3.21)

with V = W,Z, it is easy to find the coupling constant (coupling strength) for the single Higgs
interaction with a pair of W and Z bosons, and they are given as gHW W = M2

W

v
and gHZZ = 2M2

Z

v
.

As it can be seen here, these couplings are proportional to the gauge boson masses squared, a direct
consequence of the Higgs mechanism. In fact, it is a general case that the coupling of the Higgs boson
to any elementary particle is a function of the particle’s mass. It implies, for instance, that interactions
of the Higgs are stronger with the heavier Z than with the lighter W bosons, and a massless photon
has no Hγγ tree-level coupling at all.

3.2.2 Fermion masses
Prior to electroweak symmetry breaking, all SM fermions are massless as noted above. Mass terms
are generated through Yukawa interactions in LYukawa, as implemented by Weinberg [76]. For a single
generation, the Yukawa terms can be written as:

LYukawa = −yℓLLΦℓR − ydQLΦdR − yuQLΦ̃uR + h.c., (3.22)

with the fields defined as

LL = (νL, lL)T , QL = (uL, dL)T , Φ̃ = iσ2Φ∗ = (ϕ0∗ ,−ϕ−)T . (3.23)

Here yℓ, yd, yu are generation-dependent Yukawa coupling constants for the charged lepton (e, µ, τ ),
down-type quark (d, s, b), and up-type quark (u, c, t), respectively. Field Φ̃ is the isospin-conjugate
Higgs field (with hypercharge −1) used to give an SU(2)L invariant coupling to up-type quarks.
After symmetry breaking, by substituting Eq. (3.17) in Eq. (3.22), the linear terms in H then generate
fermion masses

mf = yfv√
2
, (3.24)

for each charged fermion f = ℓ, u, d. At the same time, the Yukawa interactions also predict a direct
coupling of the physical Higgs boson, to fermion–antifermion pairs, of strength yf
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−mf

v
Hf̄f. (3.25)

When extending Eq. (3.22) to all three generations, one must consider the fact that the Yukawa cou-
plings yu, yd, yℓ become 3 × 3 matrices in generation space. The mechanism described above works
in a similar way for quarks and leptons, the main difference between them being flavor mixing in the
quark sector. This comes from the fact that the weak quark-interaction eigenstates do not coincide
with mass eigenstates. After symmetry breaking and after changing to quark mass eigenstates by uti-
lizing unitary transformations, masses of quarks are obtained. Also, as a consequence of changing to
quark mass eigenstates, the charged-current weak interaction Lagrangian takes a special from which
is discussed in the following chapter. Finally the Yukawa Lagrangian LYukawa now reads

LYukawa = −
∑

f

mfψfψf −
∑

f

mf

v
ψfψfH, (3.26)

where f goes over all fermions (modulo neutrinos) in the SM, i.e. quarks and leptons. It can be
seen that the Higgs boson couples to fermions proportionally to their masses, so heavy fermions (e.g.
t quark) have large Yukawa couplings and interact with the Higgs field much more strongly than
light fermions (e.g. electrons). Neutrinos in the SM do not acquire mass because there are no right-
handed neutrino fields νR to write Yukawa terms with. However, neutrinos are known to oscillate
between flavors [78, 79], which implies they have nonzero masses and mix in a lepton-flavor mixing
matrix analogous to the CKM matrix (see bellow). Solving the problem of explaining the origin of
neutrino masses involves Beyond the SM (BSM) models [80,81], where for an example the proposed
solutions are a see-saw mechanism or adding an effective dimension-5 operator to the Lagrangian of
the SM which would generate Majorana masses after symmetry breaking. Here neutrinos as treated
as massless particles.

3.2.3 Electroweak currents and interactions
After electroweak symmetry breaking, Lagrangian of the SM also describes the interactions between
the SM fermions and physical gauge bosons, as well as interaction between the gauge bosons them-
selves. These interactions are achieved through the covariant derivatives present in Eq. (3.9) and
Eq. (3.7). Expressing the Lagrangian in terms of the physical fields (W±, Z, γ, and the mass-
eigenstate fermions) and grouping fermionic interaction terms together, interactions between fermions
and gauge bosons are written as

LFG = Jµ
emAµ + Jµ

NCZµ + Jµ
CCW

+
µ + Jµ†

CCW
−
µ , (3.27)

where the currents read:

Jµ
em = −e

∑
f=l,q

Qfψfγ
µψf ,

Jµ
NC = g2

2 cos θW

∑
f=l,q

ψf (gV γ
µ − gAγ

µγ5)ψf ,

Jµ
CC = g2√

2

 ∑
i=1,2,3

νiγµ 1− γ5

2 ei +
∑

i,j=1,2,3
uiγµ 1− γ5

2 Vijd
j

 ,
(3.28)

where index f runs over SM fermions and the indices i, j run over the three families of fermions.
Coupling of the currents to gauge bosons is reflected through coupling constants: Qf (charge) for
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the electromagnetic current (Jµ
em), g2 for the charged current (Jµ

CC) and gV and gA together with g2
comprise the coupling for the neutral current (Jµ

NC). Values of gV and gA are dictated by the charge
Qf and isospin If

3 of fL:

gV = If
3 − 2Qf sin2 θW ,

gA = If
3 .

(3.29)

The first term in LFG exhibits vector-like structure, and describes how the photon (Aµ) couples to
any charged particle with strength eQf . The neutral-current (NC) interactions are mediated by the Z
boson and couple to any fermion f , both left- and right-handed components, though with different
strengths. The structure of NC interaction term is described via terms which transform as vector
and axial vectors (commonly denoted as V-A), pointed out by the vector (gV ) and axial-vector (gA)
couplings of the Z to fermion f . The charged-current (CC) interactions are mediated by W± and
couple exclusively to left-handed fermions. The charged-current weak interaction contains a quark
mixing matrix known as the Cabibbo–Kobayashi–Maskawa (CKM) matrix Vij [82, 83], where i, j
are generation indices. The off-diagonal elements of Vij (i ̸= j) allow a W boson to convert one
quark flavor into another. For example, a W+ can induce u → d, u → s, or u → b transitions
with different amplitudes given by Vud, Vus, Vub. Empirically, the CKM matrix is nearly diagonal,
meaning the transitions within the same generation are most probable. The CKM matrix can be
parametrized using three mixing angles and one complex phase. The complex phase in the CKM
matrix accounts for CP violation in weak interactions (observed in certain meson decays), a triumph
of the SM explanation of CP-violating phenomena in the quark sector [82].

As mentioned above, the gauge sector also contains self-interactions. The self-interactions be-
tween the gauge bosons and their form are a direct consequence of the SU(2) non-Abelian symmetry
(as was the case with SU(2)C in case of the gluons) and would not be present in a purely Abelian the-
ory like QED. Grouping the gauge boson self-interaction terms together, the interactions are written
as

LG,self = e[(∂µW
+
ν − ∂νW

+
µ )W−µAν +W+

µ W
−
ν F

µν + h.c.]
+ e cot θW [(∂µW

+
ν − ∂νW

+
µ )W−µZν +W+

µ W
−
ν Z

µν + h.c.]
− e2/(4 sin2 θW )[(W−

µ W
+
ν −W−

ν W
+
µ )W+

µ W
−
ν + h.c.]

− e2/4(W+
µ Aν −W+

ν Aµ)(W−µAν −W−νAµ)
− e2/4 cot2 θW (W+

µ Zν −W+
ν Zµ)(W−µZν −W−νZν)

e2/2 cot θW (W+
µ A

ν −W+
ν Aµ)(W−µZν −W−νZµ) + h.c.,

(3.30)

where Fµν = ∂µAν − ∂νAµ, Zµν = ∂µZν − ∂νZµ.
With the above ingredients, the SM Lagrangian is complete. The theory contains a total of 19

free parameters: 3 gauge couplings (g1, g2, gs), 2 parameters in the Higgs potential (µ2 and λ, often
traded for v and mH), 9 Yukawa couplings for the charged fermions (3 charged leptons + 6 quarks), 4
parameters for the CKM matrix (3 mixing angles + 1 CP-violating phase), and 1 QCD vacuum angle
(the θ-parameter which is empirically tiny, related to the strong CP problem). The values of these
parameters are not calculated within the SM, rather they must be determined from experiment.

3.3 The Higgs boson
The Higgs boson is a central part of the electroweak theory, being the particle associated with the
Higgs field which permeates the universe. Its nonzero vacuum expectation value v ≈ 246 GeV is what
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gives masses to theW andZ bosons and to fermions (via Yukawa couplings). It carries neither electric
and nor color charges, hence is not directly subject to electromagnetic or strong forces. However, it
couples to all massive SM particles: its couplings to gauge bosons and fermions are proportional to
M2

V and mf respectively (as described above). Therefore, the Higgs boson provides a unique window
into the generation of mass and has distinctive production and decay modes that have been the focus
of extensive experimental studies since its discovery.

3.3.1 Production of the Higgs boson at the LHC
Higgs boson production depends on several factors with the most important being which particles
interact to produce the Higgs boson and at what energies. At the LHC, as protons are being collided,
the Higgs boson is produced via quark-(anti)quark and gluon-gluon initiated processes. The four main
production processes in proton–proton collisions at

√
s = 13 TeV, as shown in Figure 3.1, are gluon-

gluon fusion (ggF), vector boson fusion (VBF), associated production with W or Z boson (radiation
of a Higgs boson, or Higgsstrahlung, VH) and top quark associated production (tt̄H), which can be
seen from the cross section values [84] shown in Table 3.2.

Figure 3.1. The main modes of production of the Higgs boson at the LHC, shown in figures a (ggF), b (VBF),
c (V H) and e (tt̄H). Diagram presented in (d) shows Higgs and Z boson production via gluon gluon fusion
through a square loop. Diagrams presented in (f) and (g) show Higgs boson production, where the Higgs boson
is radiated from a t̄ quark or a through a W boson fusion, where one of the initial state quarks is the b quark.
Figure taken from [84].

In ggF, Figure 3.1(a), two gluons from the incoming protons fuse into a Higgs boson through a
loop of heavy quarks. Given the sizable Yukawa couplings of heavy quarks and the large gluon flux in
high energy p-p collisions, the cross section for this channel has the largest contribution to the Higgs
boson production.

In the case of a quark-initiated process, both quarks can emit a weak boson (W or Z), Fig-
ure 3.1(b), which then fuse into a Higgs boson. A typical signature of VBF are two jets from the
scattered initial-state quarks in the forward regions. This mode of production has the second largest
cross section and offers a possibility to study HV V couplings directly.
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Table 3.2. The cross section values at different COM energies (
√

s) for the most contributing modes of pro-
duction of the Higgs boson at the LHC. The four main channels are ggF, VBF, VH and tt̄H . Table taken from
Ref. [85].

Production cross section (in pb) for mH = 125 GeV√
s (TeV) ggF VBF WH ZH ttH total
1.96 0.95+17%

−17% 0.065+8%
−7% 0.13+8%

−8% 0.079+8%
−8% 0.004+10%

−10% 1.23
7 16.9+5.5%

−7.6% 1.24+2.2%
−2.2% 0.58+2.2%

−2.3% 0.34+3.1%
−3.0% 0.09+5.6%

−10.2% 19.1
8 21.4+5.4%

−7.6% 1.60+2.1%
−2.1% 0.70+2.1%

−2.2% 0.42+3.4%
−2.9% 0.13+5.9%

−10.1% 24.2
13 48.6+5.6%

−7.4% 3.78+2.1%
−2.1% 1.37+2.0%

−2.0% 0.88+4.1%
−3.5% 0.50+6.8%

−9.6% 55.1
14 54.7+5.6%

−7.4% 4.28+2.1%
−2.1% 1.51+1.8%

−1.9% 0.99+4.1%
−3.7% 0.61+6.9%

−9.8% 62.1

If, however, the initial state consists of a same-flavor (different-flavor) quark-antiquark pair, this
can fuse into a virtual Z (W ) boson, as shown in Figure 3.1(c). In either case the fusion into a weak
boson is followed by an emission of a Higgs boson.

The least contributing process (out of the four process with the most significant contributions),
tt̄H , is shown in Figure 3.1(e). In gluon-gluon collisions it is possible for a pair of top-antitop quarks
to be produced, where a Higgs boson is radiated. The tt̄H process is a fertile ground for top-Yukawa
coupling yt measurements.

3.3.2 Higgs boson decays
The Higgs boson has a wide range of decay modes as it couples with all particles which have mass.
It can directly decay (tree level diagrams) to H → WW ∗, ZZ∗ (bosonic modes) and H → ff̄
(fermionic modes) where f can be e, µ, τ, u, d, c, s, b, while the decay H → tt̄ is excluded due to
the top quark’s large mass. Also, Higgs boson can also undergo decay via higher-order loops into
gauge bosons gg, γγ, Zγ. Calculating the partial decay width Γi for a given process and dividing
by the total Higgs boson decay width ΓH , one finds the branching ratio (Br). Branching ratios are
dependent on SM parameters such as coupling constants and masses of relevant particles. The Higgs
boson branching ratios as a function of the Higgs boson’s mass mH are shown in Figure 3.2. These
ratios are calculated [84,86] for a fairly wide range of Higgs boson’s mass including mH = 125 GeV
which is presented in Table 3.3.

Table 3.3. Values [84,86] of branching ratios for the most dominant decay modes of the Higgs boson of a mass
mH = 125 GeV. Table taken from Ref. [84].

Decay channel Branching ratio Rel. uncertainty
H → γγ 2.27× 10−3 2.1%
H → ZZ 2.62× 10−2 ±1.5%
H →W +W − 2.14× 10−1 ±1.5%
H → τ+τ− 6.27× 10−2 ±1.6%
H → bb̄ 5.82× 10−1 +1.2%

−1.3%
H → cc̄ 2.89× 10−2 +5.5%

−2.0%
H → Zγ 1.53× 10−3 ±5.8%
H → µ+µ− 2.18× 10−4 ±1.7%

It can be seen that the most dominant decay mode is to the heaviest kinematically allowed fermion
pair H → bb̄ with Br ≈ 58%. Second largest Br is for H → W+W−, standing roughly at Br ≈
21%. The H → ZZ∗ channel has a Br of about 2.6% which is small in itself, but the importance of
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Figure 3.2. Branching ratios for different decay modes of the Higgs boson shown as a function of Higgs
boson’s mass. Figure taken from Ref. [84].

this channel is far greater, as it allows for precise measurements due to the small contamination from
other processes with the same final state (background); i.e. H → ZZ∗ → 4l channel is characterized
by the highest signal-to-background ratio. The total width ΓH of the Higgs boson is predicted by SM
to be ΓH ≈ 4.1 MeV [84, 86]. Unfortunately, this is below the CMS experimental mass resolution,
therefore the total width of the Higgs boson cannot be directly measured. However, its value can be
inferred by means of indirect measurements.

3.3.3 Higgs boson discovery and properties measurement
Measurements of the Higgs boson are designed to exploit a set of observables which are sensitive
to Higgs boson properties. Some examples of these measurements are invariant mass of the system
of final state particles measurement [5, 87], cross sections measurements [5, 88], differential cross
sections [88] and Simplified Template Cross Sections (STXS) measurements [89]. Each measurement
of the final state’s kinematic variables, such as invariant mass or transverse momentum, is a counting
experiment.

In differential cross section measurements, instead of counting the total number of Higgs events
(which yields the total cross section), experiments measure yields in binned variables such as the
Higgs transverse momentum (pH

T ), the number of associated jets, etc. These differential cross sections
provide a more detailed test of the theory as certain new physics effects could alter the kinematic
distributions of the Higgs boson.

When presenting results of a measurement, experiments often quote fiducial cross sections. A
fiducial cross section is defined as a cross section within specific kinematic cuts. These cuts closely
match the detector acceptance and analysis selections which aims to minimize the noise (background
processes, background) and allow for a better signal extraction.

Owing to the abundant QCD-induced processes (i.e. large QCD background), even though certain
decay modes of the Higgs boson are dominant, from an experimental point of view they are not
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straightforward to detect. For instance, the H → bb̄ decay is dominant but there’s a very large QCD
background associated with b-jets which makes this channel challenging for Higgs boson searches
and measurement of its properties (although it is directly sensitive to the yb coupling). There’s a
delicate trade-off to be considered between how much a channel is dominant in terms of its signal
yields and how large of a background comes with it. Most dominant decay channels in fact come
with a large background. On the other hand subdominant decays, even though they are less probable
to happen, may be polluted by a smaller background which results in a large enough purity for the
physics studies.

One of the most important decay channels, commonly referred to as the "golden channel," is the
Higgs-to-four-lepton decay channel H → ZZ∗ → ℓ+ℓ−ℓ′+ℓ′− (ℓ = e, µ) [5, 87]. Even though it
is characterized by a very small branching ratio, this channel’s final state (four charged leptons) is
fully reconstructible with small background contamination. Another, as important, decay channel is
H → γγ, which results in a narrow peak in the diphoton invariant mass distribution, visible above
the diphoton background [4, 5]. Both of these channels are characterized by a very precise mass
resolution, as opposed toH → W+W−,H → τ+τ− andH → bb̄ channels which are also included in
the analysis that resulted in the Higgs boson discovery by the CMS [5] and ATLAS [4] collaborations.

At first, using Run 1
√
s = 7 TeV dataset which corresponds to an integrated luminosity of

∼ 4.7 fb−1, the CMS collaboration reported excesses of events at around 119, 126, 320 GeV in H →
ZZ decay channel [90]. Resulsts from CMS H → γγ decay channel analysis of Run 1

√
s = 7 TeV

dataset, which corresponds to an integrated luminosity of ∼ 4.8 fb−1, show an excesses of events at
around∼ 124 GeV with a 3.1 σ local significance [91]. Doing a measurement on combined CMS Run
1
√
s = 7 TeV and Run 1

√
s = 8 TeV datasets [5], with integrated luminosities of up to 5.1 and 5.3

inverse femtobarns respectively, the local significance inH → γγ decay channel was increased above
4 σ, whilst in H → ZZ decay channel it was increased to above 3 σ at around 125 GeV. Further,
when a combined analysis of all five channels (H → ZZ, H → γγ, H → W+W−, H → τ+τ−,
H → bb̄) was done, the local significance went up to 5 σ (Figure 3.4 with a claim of the Higgs boson
discovery.

The ATLAS collaboration published their findings in the same year, independently of the CMS
collaboration. Individual analysis of H → ZZ, H → γγ and H → W+W− at

√
s = 8 TeV

(L ∼ 5.8 fb−1) are combined with results of previous studies of H → ZZ, H → γγ, H → W+W−,
H → τ+τ−, H → bb̄ at

√
s = 7 TeV (L ∼ 4.8 fb−1) which resulted in excess of events at around

125 GeV with a significance of 5.9 σ (Figure 3.4), thus claiming a discovery of the Higgs boson [4].
In July 2012, both the ATLAS and CMS collaborations had independently observed clear excess

of events at around 125 GeV, particularly in the four-lepton and diphoton mass distributions. Fig-
ure 3.3 displays reconstructed invariant four-lepton mass (m4l) distributions by ATLAS and CMS,
within carefully selected fiducial phase spaces by ATLAS [4] and CMS [5]. A peak at around
∼ 125 GeV is clearly visible above the m4l background distribution. The local p-value of combined
measurements of all five above mentioned channels by ATLAS and CMS with which the discovery
of the Higgs boson came is shown in Figure 3.4.

Following the Higgs boson discovery, measurement of the Higgs boson properties became the
focus of the ATLAS and CMS collaborations. These include measurements of production and decay
rates, couplings to other particles, self-coupling (see Chapter 4), mass and width, spin and parity.

When measuring production and decay rates in specific modes, the usual practice is to define
the signal strength for production µi and the signal strength for decay µf as the ratio of measured
production (decay) rate to its SM prediction:
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Figure 3.3. Invariant mass of the four-leptons as reconstructed by ATLAS (left) and CMS (right). Figures
taken from Refs. [4, 5].

µi = σi

(σi)SM

, µf = Brf

(Brf )SM

. (3.31)

The signal strength for a given process i→ H → f is then defined as:

µf
i = σi ×Brf

(σi)SM × (Brf )SM

. (3.32)

Combined analyses of ATLAS and CMS data from Run 1 [92], combined CMS analyses of Run
2 [93–95], and combined ATLAS analyses of Run 2 [96, 97] consistently show excellent agreement
with the SM prediction of 1 for the various signal strengths. The mass of the Higgs boson is measured
to be mH = 125.04 ± 0.12 GeV [98] which is the most precise measurement of the Higgs boson
mass up to date. Measurement of the Higgs boson’s spin and parity [95, 97, 99–103] determined
that the Higgs boson is a scalar particle with positive parity JP = 0+, as described by the SM.
As it is challenging to directly measure the width ΓH of the Higgs boson due to detector resolution
limitations, indirect constraints [98, 104–106] point to a width predicted by the SM (∼ 4 MeV).
Couplings to gauge bosons and a subset of elementary fermions (t, b, τ, µ), often expressed as a ratio
to the SM predicted value (quantifying deviations), were measured and all found to be in line with the
SM predictions [95, 97].

However, as precise and yielding as these measurements seem to be, the Higgs boson self-coupling
is less precisely determined. An overview of the measurements, and more, are discussed in the fol-
lowing chapter, chapter [ref].

3.4 Successes and shortcomings of the SM
The SM has been shown to be extremely successful in explaining a wide range of experimental results
over the past few decades. It successfully predicted the existence of W and Z boson, discovered
in 1983. It also predicted the existence of the top quark, where the top quark was discovered in
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Figure 3.4. The local p value measured at around ∼125 GeV based on the combined analysis of channels
H → ZZ, H → γγ, H → W +W −, H → τ+τ−, H → bb̄ by ATLAS (left) and CMS (right) collaborations.
Figures taken from Refs. [4, 5].

1995. Perhaps the most astonishing achievement is the Higgs boson discovery by CMS [5] and
ATLAS [4] in 2012. This discovery confirms how the particles acquire their mass by means of EWSB
and confirms the minimal shape of the scalar potential. Detailed measurements have been made
in the electroweak and the QCD sector, which all consistently match the SM predictions. These
measurements, which span several decades, include couplings of various particles, signal strengths,
ratios of certain parameters, masses, and many more.

However, despite being such a successful theory, the SM is known to lack a description of several
observed phenomena. Firstly, it doesn’t provide a suitable description of gravity (not quantized yet)
and it does not account for dark energy which is measured to amount to ∼ 69% of energy density of
the Universe. Also, the SM lacks a viable dark matter candidate (which amounts to ∼ 25% of energy
density of the Universe). Although there are models which contain a candidate for a dark matter
particle, they were not proven to be correct. Looking at LYukawa it can be seen that the neutrinos are
massless according to the SM, a fact which has been proven not to be true. In fact, neutrinos were
observed to exhibit flavor oscillations [78, 79] which implies that neutrinos have small but nonzero
masses. Looking at the predicted matter to antimatter asymmetry, the SM’s prediction does not hold
well and is unable to explain the dominance of matter over antimatter. The list of open problems goes
on, entailing also the hierarchy problem, CP symmetry violation in QCD, the reasons why do SM
fermions exhibit growing mass across generations and why are there exactly three fermion genera-
tions, or why the coupling constants and all of the SM particle’s masses have their observed value.

Also, a big task still left to do is to precisely measure the Higgs boson self-coupling constant,
which governs the shape of the scalar potential and plays an important role in the EWSB mechanism.
The lack of theoretical description of these phenomena strongly suggest that the SM is an incomplete
theory which can be viewed as a low-energy effective theory of a more complete framework. These
considerations are a topic of the following chapter.
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Chapter 4

The Higgs boson self-coupling in an Effective
Field Theory approach

The shape of the scalar field potential is governed by two parameters, µ and λ. After EWSB, the
Higgs boson self-coupling constant λ parametrizes the Higgs field potential V as can be seen from
Eq. (3.20):

V = m2
H

2 H2 + λvH3 + λ

4H
4, (4.1)

where the constant term in Eq. (3.20) was omitted as it just introduces an overall shift. The second and
third term of Eq. (4.1) describe the Higgs boson triple and quartic self-interaction respectively. The
scalar field potential shown above is the minimal one allowing for the symmetry to be broken in a way
that gives rise to the masses of W,Z and H bosons, whilst leaving the photon and gluons massless. In
this context, the Higgs boson self-coupling parameter λ is of great importance as it governs the shape
of the Higgs field potential, determines the Higgs field VEV and is associated with the mechanism
of EWSB. Precise measurements and their interpretation within an Effective Field Theory (EFT)
approach would allow for better understanding of the role which the self-coupling plays in the SM,
as is discussed in the following sections.

4.1 Higgs boson self-coupling measurements
The Higgs boson self-coupling parameter can be measured via two complementary approaches, di-
rectly and indirectly. Viewed from the κ-framework point of view [107], the Higgs boson self-
coupling modifier is defined as the ratio of the Higgs boson self-coupling to the value predicted by
SM, κλ = λ/λSM . A precise measurement of κλ is the key to understanding the mechanism of
EWSB, where a significant deviation from 1 would point to a direction of BSM physics.

4.1.1 Indirect measurements: Single Higgs boson production
Indirect measurements rely on single Higgs boson production processes and self-coupling constraints
are inferred from high-precision measurements of these processes. Looking at tree-level diagrams,
none of the single-Higgs production processes depend on λ. However, at higher orders (Next-to-
Leading Order, NLO) in EW perturbation theory, quantum-loop corrections involving the Higgs boson
self-coupling give a contribution. Although these contributions are numerically small, they can impact
distributions of kinematic variables, thus making their impact meaningful. Such loops may appear in
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production, propagation and the decay of the Higgs boson. Feynman diagrams involving one loop
with the Higgs boson in it are shown in Figure 4.1.

Figure 4.1. NLO EW Feynman diagrams corresponding to κλ corrections to the main Higgs boson production
modes (top two rows), to the H → V V decay (bottom left) and to the Higgs boson propagator (bottom right).
Figure taken from Refs. [108].

Considering for example corrections to ggF, one can see that the two Higgs bosons produced
by a square loop of t (b) quarks are fused together in a single Higgs boson through a vertex which
contains the self-coupling. Overall, these diagrams modify the behavior of ggF kinematics which
can be observed by measuring distributions of variables such as transverse momentum of the Higgs
boson pT (H). Also, as there are multiple Higgs bosons participating in the diagram, the Higgs off-
shell region is of interest; in particular, in the far off-shell region where the mass of the virtual Higgs
boson is twice or more the pole mass, some deviation in κλ can be probed more easily. However, the
off-shell region remains unexplored in this context.

CMS and ATLAS performed extensive measurements of κλ in the combination of single-boson
production processes. Focusing on the H → ZZ → 4l channel in its on-shell region, κλ was probed
by examining the Higgs pT distribution where constraints at the 95% CL [87] are extracted from the
maximum likelihood scan, as is shown in Figure 4.2:

−5.4 < κλ < 14.9 (4.2)

4.1.2 Direct measurements: di-Higgs boson production
Direct measurements of the Higgs boson self-coupling are particularly challenging as processes where
multiple Higgs bosons are produced have to be observed and studied. The challenge here is that such
processes, like di-(pp → HH) and tri- (pp → HHH) Higgs boson production, are extremely rare
due to the smallness of the production cross section, which is a variable directly sensitive to the self-
coupling parameter. Specifically, the SM di-Higgs production cross section for mH = 125 GeV is
calculated to be σHH = 32.4+2.0

−6.8 fb [86], which is three orders of magnitude smaller than the single
Higgs boson production cross section. The tri-Higgs boson production cross section is even smaller
and even more challenging to observe and study.

As both the di-Higgs boson production cross section and the final state kinematics are directly
sensitive to the self-coupling, an optimal analysis relies on the most sensitive channels, i.e. those
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Figure 4.2. Likelihood scan as a function of κλ. The scan is shown with (solid line) and without (dashed line)
systematic uncertainties profiled in the fit. Figure taken from Ref. [87].

with a high Br and/or clean signature. As the branching fraction of H → bb̄ is the largest, it is
a common practice to require one of the Higgs bosons produced to decay to a pair of bb̄. A second
Higgs boson is required to decay to a bb̄, τ+τ−, γγ, or leptons fromW and Z decays. Processes which
contribute to the di-Higgs boson production at the LHC are shown in Figure 4.3. The self-coupling
(κλ) appears in ggF process Figure 4.3(b) and VBF process Figure 4.3(c). Other diagrams shown in
Figure 4.3 also show production of a Higgs boson pair: even though they are unaffected by κλ they
are important for the analysis as they interfere with the diagrams where the self-coupling appears,
since these processes have the same initial and final state. Depending on the κλ value, these diagrams
can interfere destructively (as in the SM) but also constructively. As presented in [95,109], were κλ to
be different from 1, the cross section is a non-monotonic function of κλ: it exhibits a dip (Figure 4.4)
around the SM value of κλ, which is a consequence of destructive interference between the diagrams
contributing to pp → HH [95]. For |κλ| ≫ 1, the resulting interference between the contributing
processes becomes constructive, resulting in higher production cross section values which would have
been measured already. This makes certain κλ values easier to exclude.

4.1.3 Combinations and summary
A combination of single- and di-Higgs boson production processes, i.e. indirect and direct mea-
surements, brings the most information to the analysis and improves the overall fit. Both the CMS
and ATLAS collaborations have placed constraints on the Higgs boson self-coupling (κλ) through a
combined analysis of single- and di-Higgs boson production channels using the Run2 dataset. The
CMS collaboration reports the observed likelihood scan in Figure 4.5, where the combination of
single-Higgs boson production channels results in −1.8 < κλ < 12.0 at 95% CL, the combination
of di-Higgs boson production channels yields −1.7 < κλ < 7.0 and the combination of both single-
and di-Higgs boson production channels yields −1.2 < κλ < 7.5, under the assumption that the
other Higgs boson couplings are fixed to their SM predictions. Loosening this assumption, κλ is con-
strained to −1.4 < κλ < 7.8 at 95% CL. A similar combination from the ATLAS collaboration is
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Figure 4.3. Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production
(diagrams a and b), VBF production (diagrams c, d and e). Figure taken from Ref. [109].

Figure 4.4. Expected and observed 95% CL upper limits on the HH production cross section for different values
of κλ presented by CMS (left) and ATLAS (right). Figures taken from Ref. [95](left) and Ref. [109](right).

shown in Figure 4.5, where the Higgs boson self-coupling modifier is constrained to−0.4 < κλ < 6.3
at 95% CL, again under the assumption that the other Higgs boson couplings are fixed to their SM
predictions. If the Higgs boson couplings are left as floating parameters of the fit, the Higgs boson
self-coupling modifier is constrained to −1.4 < κλ < 6.1 at 95% CL. A summary of the individual
decay channels contributing to each combination is presented in Table 4.1 and Table 4.2.

In summary, indirect measurements of the Higgs boson self-coupling exploit single Higgs boson
production processes where quantum loops involving the Higgs self-coupling appear. Eventually, the
self-coupling measured indirectly was shown to be less constrained when compared to the results of
direct measurements. However, the measurements from single- and di-Higgs boson searches should
be viewed as complementary, as each of them exploits a different approach in order to measure the
same coupling.

So far the Higgs boson self-coupling was measured in processes where the Higgs boson is pro-
duced on-shell. In the context of Higgs boson self-coupling, the off-shell region remains unexplored
either by ATLAS or CMS. Recent phenomenological studies [137] propose a way of modeling poten-
tial deviations of the Higgs boson self-coupling (from the SM predicted value) in the off-shell region,
using the Effective Field Theory approach which is the topic of following sections.
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Figure 4.5. Observed profile likelihood scans of κλ parameter by CMS (left) [108] and ATLAS (right) [109].
On the left plot the results from the combinations of only single-H (blue), only HH (yellow) and the combination
of single-H and HH (red) channels, with all other coupling modifiers fixed to unity, are presented. Similarly, on
the right plot the results from the combinations of only single-H (blue), only HH (red) and the combination of
single-H and HH (black) channels, with all other coupling modifiers fixed to unity, are presented. The combined
result for the generic model, i.e. where the Higgs boson couplings to other particles are treated as free floating
parameters, is superimposed (green curve). Figures taken from Ref. [108](left), Ref. [109](right).

Table 4.1. Summary of CMS single- and di-Higgs analyses used in the combination [108]. Table taken from
Ref. [108].

Analysis Integrated Targeted H/HH References
luminosity (fb−1) production modes

H→ 4ℓ 138 ggF, VBF, VH, ttH [110]
H→ γγ 138 ggF, VBF, VH, ttH, tH [111, 112]

H→WW 138 ggF, VBF, VH [113]
H→ leptons (ttH) 138 ttH [114]

H→ bb (ggF) 138 ggF [115]
H→ bb (VH) 77 VH [116]
H→ bb (ttH) 36 ttH [117]

H→ ττ 138 ggF, VBF, VH [118]]
H→ µµ 138 ggF, VBF [119]

HH→ γγbb̄ 138 ggF and VBF [120]
HH→ ττbb̄ 138 ggF and VBF [121]
HH→ bb̄bb̄ 138 ggF, VBF, and VHH [122–124]

HH→ leptons 138 ggF [125]
HH→WWbb̄ 138 ggF and VBF [126]

4.2 Effective Field Theories
Effective Field Theories (EFTs) [138–141] are a powerful tool used in theoretical physics, which
provides a way to describe and study low-energy phenomena without requiring complete knowledge
of high-energy dynamics. The key idea is that the scales of lower- and higher-energy dynamics
can be separated. Specifically, if phenomena exhibited by a physical system involve a rather large
mass (energy) scale M and a significantly smaller scale E ≪ M , it is possible to formulate an EFT
valid for scales E by integrating-out explicit degrees of freedom related to the scale M . A direct
consequence of this construction is that low-energy states are effectively independent of states at high
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Table 4.2. Summary of ATLAS single- and di-Higgs analyses used in the combination [109]. Table taken from
Ref. [109].

Analysis channel Integrated luminosity (fb−1) References
H → γγ 139 [127]

H → ZZ∗ → 4ℓ 139 [128]
H → τ+τ− 139 [129]

H →WW ∗ → eνµν (ggF, VBF) 139 [130]
H → bb̄ (VH) 139 [131]
H → bb̄ (VBF) 126 [132]
H → bb̄ (ttH) 139 [133]
HH → bb̄γγ 139 [134]

HH → bb̄τ+τ− 139 [135]
HH → bb̄bb̄ 126 [136]

energies, i.e. the lower- and higher-energy dynamics are decoupled. As it holds that E/M ≪ 1 , this
ratio can be used as an expansion parameter enabling for a construction of a effective Lagrangian in
form of a series of operators. These operators are constructed based on several rules: firstly the EFT
symmetries must be consistent with the well established symmetries of a system; all relevant degrees
of freedom must be taken into account; and at low energies the constructed EFT must provide the
same description as the theory based on which it was established (underlying theory). Constructed
operators obeying these rules are ordered by their canonical dimension which shows how much they
are suppressed in terms of 1/M . With this construction the decoupled physics phenomena which
appear at higher energies are manifested in the description through inclusion of higher-dimensional
operators, where to each operator a coefficient is associated, the so called Wilson coefficient (C(d)

i )
which is suppressed by appropriate powers of the cutoff scale Λ ∼ M . If LLE is the Lagrangian of
the lower energy dynamics, the Lagrangian of an EFT can be written as:

LEFT = LLE +
∑
i,d

C
(d)
i

Λd−D
O(d)

i , (4.3)

where the sum runs over all operators of the canonical dimension d in line with the symmetries
and the field content of the underlying theory. and D is set as a general space-time dimension. Let
the operators O(d)

i have units of Ed, then the order of the i-th term in Eq. is

C
(d)
i (E/Λ)d−D. (4.4)

Expanding the sum in Eq. (4.3) one finds:

LEFT = Ld≤D + Ld=D+1 + Ld=D+2 + · · · , (4.5)

where each summand is finite. The first term contains term of d ≤ D, and is renormalizable [68,
142, 143]. All of the others terms contain a finite number of terms and make the Lagrangian non-
renormalizable. By performing calculations order-by-order (1/Λ expansion) an EFT can in principle
be predictive. At a fixed d, a finite number of higher-dimensional operators appear and, when taking
equations of motion and field redefinitions into careful consideration, a basis set of operators can be
constructed.

A possible method to obtain an EFT is the top-down procedure, where the theory inherits sym-
metries (not all of them necessarily) from the high-energy (UV) theory and contains only relevant,
light, degrees of freedom. An example of top-down construction would be Fermi’s theory of weak
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interaction [144] (beta decay) which is obtained from the SM by removing (integrating out) the W
boson at energy scales belowMW . The absence of theW boson is manifested in the existence of local
four-fermion operator (q̄γµq)(ℓ̄γµν), suppressed by 1/M2

W , which result in a four-fermion vertex. On
the other hand, in the bottom-up approach the underlying UV theory is a priori not known, rather an
effective Lagrangian truncated at a certain canonical dimension d is constructed by supplementing the
Lagrangian of the IR theory with operators consistent with the symmetries and the field content. The
bottom-up approach relies on symmetry (gauge invariance, Lorentz invariance, global symmetries,
etc.) and naturalness considerations in order to constrain any possible Lagrangian candidates.

In practice the EFT Lagrangian is usually truncated at the few lowest orders which are relevant
for the studied phenomena. This results in a simplified theory characterized by a finite number of
free parameters. With this, any general observables can be represented as a power series in E/Λ. For
example, a scattering amplitude can be written as

M =M(0) +
∑

d≥D+1

M(d)

Λd−D
, (4.6)

whereM(0) comes from the renormalizable part of the Lagrangian (d ≤ D) andM(d) and the sum
stands for all of the higher dimension terms. In case E is significantly smaller than Λ, theM(0) term
dominates, andM(d) is a set of small correction. Truncation at a certain d has to be done carefully so
as to introduce only a small uncertainty from corrections above a certain d, which are omitted from
calculation. Generally, the smaller the ratio E/Λ, the fewer terms are needed for a given precision.
As long as the series is dominated by a few terms and the experimental inputs are enough to fix the
Wilson coefficients, the predictivity of the constructed EFT is preserved.

Effective field theories should be used with caution as there are limitations to them. They are
effective only below a certain cutoff Λ above which new physics phenomena occur where the high
energy dynamics is decoupled from the lower energy dynamics. Approaching, and exceeding the cut-
off scale makes the EFT non predictable, i.e. the description will no longer match the actual dynamics
of the system, as new phenomena not included in the EFT are now accessible. However, if the cutoff
Λ is very high then the high energy phenomena, reflected through higher dimensional operators, will
be unobservable (even if their effect is small at low energies) as the effects of higher operators are
suppressed. Even though caveats exist, EFT can provide model independent framework allowing for
a parameterization of any possible BSM effects also showing which experimental measurements offer
most sensitivity to BSM effects of interest. The effective field theory approach is a powerful tool in
high energy physics where the Standard Model Effective Field Theory is widely adopted as a base for
description of the potential BSM effects in a model agnostic way.

4.3 Introduction to SMEFT and the SILH basis
When the EFT framework is applied to the SM, one obtains the Standard Model Effective Field The-
ory (SMEFT) [145]. The SMEFT is based on the assumption that the SM is a valid theory up to some
new physics scale Λ, assuming UV effects are decoupled (or nearly decoupled). Above this threshold
new physics phenomena appear, i.e. new fields (particles) and/or interactions. Using the ratioE/Λ (E
being the energy scale of the interactions) as an expansion parameter, the BSM effects are described
by supplementing the SM Lagrangian with every higher-dimensional term built from SM field content
- assuming no additional light degrees of freedom are present - whilst respecting the well established
symmetries of the SM (e.g. local gauge, Poincaré, baryon and lepton number conservation). In this
way, structured as a tower of operators, SMEFT establishes a model-independent parameterization of
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BSM effects.
The SMEFT Lagrangian [145] is:

LSMEF T =LSM + L(5) + L(6) + L(7) + L(8) + . . . ,

L(d) =
nd∑
i=1

C
(d)
i

Λd−4Q
(d)
i for d > 4,

(4.7)

where C(d)
i are the Wilson coefficients and the operators Q(d)

i are suppressed by the d−4 power of the
cutoff scale Λ. The first term (LSM ) is the renormalizable SM Lagrangian. Each higher dimensional
d ≥ 5 term is a sum of Q(d) independent operators of canonical mass dimension d ≥ 5 where to
each operator a corresponding Wilson coefficient C(d) is assigned. Viewing all of the terms d ≥ 5
as corrections to the SM Lagrangian, the expansion is dominated by those terms which have the
weakest suppression by powers of Λ. Symmetry considerations constrain the term of d = 5 to a
single operator [146] (up to hermitian conjugation and flavor change):

Qνν = (Φ̃†lp)†C(Φ̃†lr), (4.8)

where lr,p are leptonic doublets of r, p-th generation, C is the charge conjugation operator and Φ̃ was
defined in Eq. (3.23). This term, first written by Weinberg in 1979, proposes an explanation as to why
the neutrino masses are so small mν ∼ C(5)v2/Λ. Asides from giving rise to the neutrino masses, it
violates the lepton number conservation and as such is omitted in the following considerations.

The next-to-leading order corrections of BSM effects to the SM Lagrangian appear at d = 6.
Operators appearing here are of particular importance for SMEFT as they are numerous and they
introduce corrections to all observables, for example the Higgs boson couplings. Dimension d ≥
7 terms are suppressed by 1/Λ≥3 and can be excluded from analysis on the base of being highly
suppressed corrections. Adopting the truncated expansion at d = 6, a manageable set of operators is
obtained which is characterized by a finite set of Wilson coefficients C(6)

i :

LSMEFT = LSM + L6 = LSM +
n6∑
i=1

C
(6)
i

Λ2 Q
(6)
i . (4.9)

The first complete set of operators was found by Grzadkowski [147] in 2010, where 2499 opera-
tors in total are organized in 59 families of operators which account for flavor and CP structure,
implicitly summing over three generations of fermions (and flavors). These 59 operators which are
non-redundant and gauge-invariant constitute the Warsaw basis [147] and are classified based on the
fields they are built from. There are in total 15 purely bosonic operators, 19 operators built with 2
fermion fields and 25 of four-fermionic operators which give contact interactions. The Warsaw basis
is shown in Table 4.3. An important remark here is that the Warsaw basis is renormalized at one-loop
level [148–152]. Following the notation previously introduced, ljp,r,s,t (qj

p,r,s,t) stands for a left-handed
doublet of leptonic (quark) fields where the index j = 1, 2 runs over isospin components and indices
p, r, s, t run over three generations. Color indices of quarks are suppressed in the notation. Fields
ep,r,s,t, up,r,s,t, dp,r,s,t denote right-handed chiral charged lepton (e, µ, τ ), up type quark (u, c, t) and
down type quark (d, s, b) fields respectively. Indices i, j, k appearing in relation to bosonic field op-
erators run over 1, 2, 3, indices a, b, c run over colors and the Gell-Mann matrices are introduced via
T a = λa/2. Index i which appears in relation to σi matrices runs over the Pauli matrices (σ1,2,3).
Left- and right-handed fermions are in general denoted with L and R. The covariant derivative DµΦ
was introduced in Eq. (3.13). Denoting with Xµν the field strength tensor of either Gµν , W µν or Bµν ,
its dual field strength tensor is defined as:
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X̃µν = 1
2ϵ

µνρσXρσ. (4.10)

Covariant derivatives
←→
Dµ acting on the scalar field are given as

Φ†i
←→
D µΦ = Φ†(iDµΦ)− (iDµΦ†)Φ, (4.11)

Φ†i
←→
Di

µΦ = Φ†σi(iDµΦ)− (iDµΦ†)σiΦ. (4.12)

Lastly, the σµν term is the commutator of Pauli matrices:

σµν = i

2[γµ, γν ]. (4.13)

In addition to these 59 B conserving operators, there are 4 B violating operators,

Qduq = εαβγεjk

[(
dα

p

)T
Cuβ

r

] [(
qγj

s

)T
Cℓk

t

]
, (4.14)

Qqqu = εαβγεjk

[(
qαj

p

)T
Cqβk

r

] [
(uγ

s )T Cet

]
, (4.15)

Qqqq = εαβγεjnεkm

[(
qαj

p

)T
Cqβk

r

] [
(qγm

s )T Cℓn
t

]
, (4.16)

Qduu = εαβγ
[(
dα

p

)T
Cuβ

r

] [
(uγ

s )T Cet

]
. (4.17)

One important thing to note is that the choice of operator basis is not unique. Different operator
bases are related by equations of motion, integration by parts or by Fierz identities [153]. Besides
the popular Warsaw basis, another widely used basis is the Strongly-Interacting Light Higgs (SILH)
basis [154, 155].

The SILH basis was constructed as tool to use for parameterization of the new strong-sector effects
on the Higgs boson and EW physics. Namely, in composite Higgs boson models, the Higgs boson is a
pseudo-Goldstone boson (i.e. light bound state) of a strong interaction which is characterized by mass
of the heavy resonance mρ and by the coupling strength gρ of this resonance. The Warsaw basis and
the SILH basis are related by fields redefinitions and equations of motion and substitution of certain
operators in one basis with a combination of operators from the other basis [156]. Concerning the
Higgs boson, the effective SILH Lagrangian LSILH is written as:

LSILH = cH

2f 2∂
µ(Φ†Φ) ∂µ(Φ†Φ) + cT

2f 2

(
Φ†←→DµΦ

) (
Φ†←→D µH

)
− c6λ

f 2 (Φ†Φ)3 +
(
cyyf

f 2 Φ†Φ f̄LΦfR + h.c.
)

+ icWg2

2m2
ρ

(
Φ†σi←→DµΦ

)
(DνWµν)i + icBg1

2m2
ρ

(
Φ†←→DµΦ

)
(∂νBµν)

+ icHWg2

16π2f 2 (DµΦ)†σi(DνΦ)W i
µν + icHBg1

16π2f 2 (DµΦ)†(DνΦ)Bµν

+ cγg
2
1

16π2f 2
g2

2
g2

ρ

Φ†HBµνB
µν + cgg

2
s

16π2f 2
y2

t

g2
ρ

Φ†ΦGa
µνG

aµν ,

(4.18)

where f = mρ/gρ, yf,t are fermionic and top Yukawa couplings, and cX are Wilson coefficients
(X = H,T, 6, y,W,B,HW,HB, γ, g).
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Table 4.3. Baryon number conserving operators in the Warsaw basis [147], categorized into eight classes L6

L(1)
6 −X3 L(6)

6 − ψ2XH L(8b)
6 − (R̄R)(R̄R)

QG = fabcGa
µνG

bνρGc
ρ

µ QeW = (l̄pσµνer)σiHW i
µν Qee = (ēpγµer)(ēsγ

µet)

Q
G̃

= fabcG̃a
µνG

bνρGc
ρ

µ QeB = (l̄pσµνer)ΦBµν Quu = (ūpγµur)(ūsγ
µut)

QW = ϵijkW iν
µ W

jρ
ν W kµ

ρ QuG = (q̄pσ
µνT aur)Φ̃Ga

µν Qdd = (d̄pγµdr)(d̄sγ
µdt)

Q
W̃

= ϵijkW̃ iν
µ W

jρ
ν W kµ

ρ QuW = (q̄pσ
µνur)σiΦ̃W i

µν Qeu = (ēpγµer)(ūsγ
µut)

L(2)
6 − Φ6 QuB = (q̄pσ

µνur)Φ̃Bµν Qed = (ēpγµer)(d̄sγ
µdt)

QΦ = (Φ†Φ)3 QdG = (q̄pσ
µνT adr)ΦGa

µν Q
(1)
ud = (ūpγµur)(d̄sγ

µdt)

L(3)
6 − Φ4D2 QdW = (q̄pσ

µνdr)σiΦW i
µν Q

(8)
ud = (ūpT

aγµur)(d̄sγ
µT adt)

QΦ□ = (Φ†Φ)□(Φ†Φ) QdB = (q̄pσ
µνdr)ΦBµν

QΦD = (Φ†DµΦ)∗(Φ†DµΦ)

L(4)
6 −X2Φ2 L(7)

6 − ψ2Φ2D L(8c)
6 − (L̄L)(R̄R)

QΦG = Φ†ΦGa
µνG

aµν Q
(1)
Φl = (Φ†i

←→
D µΦ)(l̄pγµlr) Qle = (l̄pγµlr)(ēsγ

µet)

QΦG̃
= Φ†ΦG̃A

µνG
Aµν Q

(3)
Φl = (Φ†i

←→
Di

µΦ)(l̄pσiγµlr) Qlu = (l̄pγµlr)(ūsγ
µut)

QΦW = Φ†ΦW i
µνW

iµν QΦe = (Φ†i
←→
D µΦ)(ēpγ

µer) Qld = (l̄pγµlr)(d̄sγ
µdt)

QΦW̃
= Φ†ΦW̃ i

µνW
iµν Q

(1)
Φq = (Φ†i

←→
D µΦ)(q̄pγ

µqr) Qqe = (q̄pγµqr)(ēsγ
µet)

QΦB = Φ†ΦBµνB
µν Q

(3)
Φq = (Φ†i

←→
Di

µΦ)(q̄pσ
iγµqr) Q(1)

qu = (q̄pγµqr)(ūsγ
µut)

QΦB̃
= Φ†ΦB̃µνB

µν QΦu = (Φ†i
←→
D µΦ)(ūpγ

µur) Q(8)
qu = (q̄pγµT

aqr)(ūsγ
µT aut)

QΦW B = Φ†σiΦW i
µνB

µν QΦd = (Φ†i
←→
D µΦ)(d̄pγ

µdr) Q
(1)
qd = (q̄pγµqr)(d̄sγ

µdt)

QΦW̃ B
= Φ†σiΦW̃ i

µνB
µν QΦud + h.c. Q

(8)
qd = (q̄pγµT

aqr)(d̄sγ
µT adt)

L(5)
6 − ψ2Φ3 L(8a)

6 − (L̄L)(L̄L) L(8d)
6 − (L̄R)(L̄R)

QeΦ = (Φ†Φ)(l̄perΦ) Qll = (l̄pγµlr)(l̄sγµlt) Qledq = (l̄jper)(d̄sq
j
t )

QuΦ = (Φ†Φ)(q̄purΦ̃) Q(1)
qq = (q̄pγµqr)(q̄sγ

µqt) Q
(1)
quqd = (q̄j

pur)ϵjk(q̄k
sdt)

QdΦ = (Φ†Φ)(q̄pdrΦ̃) Q(3)
qq = (q̄pγµσ

iqr)(q̄sγ
µσiqt) Q

(8)
quqd = (q̄j

pT
aur)ϵjk(q̄k

sT
adt)

Q
(1)
lq = (l̄pγµlr)(q̄sγ

µqt) Q
(1)
lequ = (l̄jper)ϵjk(q̄k

sut)

Q
(3)
lq = (l̄pγµσ

ilr)(q̄sγ
µσiqt) Q

(3)
lequ = (l̄jpσµνer)ϵjk(q̄k

sσ
µνut)

Even though the choices of basis may differ, all choices are equivalent if all operators are con-
sidered. In this sense SMEFT allows for a parameterization of BSM effects through inclusion of
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higher-dimensional operators to the SM Lagrangian. In principle, by comparing precision measure-
ments to the SMEFT predictions it is possible to constrain Wilson coefficients. As SMEFT is built in
a model-independent manner, a specific model can be mapped onto SMEFT by calculating it’s contri-
butions to the Wilson coefficients. Based on the set of experimental constraints it is possible to judge
whether such a model is allowed or is excluded by the data having in mind the validity of the ex-
pansion. This is the basis for interpretation of the Higgs boson (or any other particle) measurements,
especially when probing for subtleties such as the Higgs boson self-coupling.

4.4 EFT effects on Higgs boson self-coupling
The analysis presented in this thesis is based on the work done in [137], where a phenomenological
study of the effects of O6 was performed in the ZZ off-shell region, giving predictions on the con-
straints at LHC and HL-LHC. Here the Higgs boson self-coupling deviations w.r.t. SM are modeled
with introduction of one CP even operator from the SILH basis (found in the Warsaw basis as well):

L = LSM + c6

v2O6, (4.19)

where

O6 = −λ(Φ†Φ)3 = −λ|Φ|6, (4.20)

where c6 is a dimensionless Wilson coefficient evaluated at the EW scale, µ = O(v). It should be
noted that in [137] the c6 Wilson coefficient is denoted with c̄6, whilst here the bar is omitted.

After EWSB and canonical normalization, the Higgs field potential describing the self-interaction
takes the form [137, 154]:

V ⊃ −λ(1 + c6)vH3. (4.21)

Modified Higgs boson self-coupling introduces three types of corrections [137] to the SM LO
process gg → H∗ → ZZ (Figure 4.6) which appear at NLO EW via quantum loops:

• corrections to ggF Higgs boson production: two-loop topologies and the wave-function renor-
malization of the Higgs boson field result in a renormalized ggF vertex (Figure 4.7, top)

• corrections to the Higgs boson propagator: wave-function renormalization of the Higgs field
and corrections to the bare Higgs boson self-energy and the mass counterterm result in a renor-
malized contribution to the self-energy of the Higgs field (Figure 4.7, middle)

• corrections to the Higgs boson decay: loop contributions and a Higgs boson wave-function
renormalization together give renormalized HZZ vertex (Figure 4.7, bottom)

It can be seen that sensitivity to the c6 parameter in the process gg → H∗ → ZZ → 4l arises
through NLO EW corrections. Besides affecting Higgs production, propagation and decay,O6 affects
the overall size of the cross section and the shape of kinematic distributions with m4l playing a sig-
nificant role [137]. The Higgs boson width is also affected by introduction of the operator O6 but the
effect is minuscule in ggF production mode, henceforth it is omitted for the studies of ggF.

A summary of O(λ) corrections (Figure 4.7) to the SM LO process gg → H∗ → ZZ in the
equation form and the related discussion, based on [137] (keeping the notation), is presented here.

The renormalized gluon-gluon fusion vertex that describes the Higgs boson production is given
as:

53



Figure 4.6. gg → H∗ → ZZ SM LO Feynman diagram. Figure taken from Ref. [137].

Figure 4.7. O(λ) correction to the gg → H∗ → ZZ production. Black squares represent modified triple Higgs
boson vertex. Figure taken from Ref. [137].

Γ̂µν
ggF (p1, p2) = −αsδ

a1a2

πv
(ηµνp1 · p2 − pν

1p
µ
2)
[
δZh

2 F1 + λc̄6

(4π)2F2

]
, (4.22)

where αs denotes the strong coupling constant, a1 and a2 are color indices and ηµν is the Minkowski
metric. The one-loop correction to the Higgs boson wave function associated to insertions of the
operator O6 [157, 158] is given as

δZh = Nhc6 (c6 + 2) , Nh = λ

(4π)2

(
9− 2

√
3π
)
≃ −1.54 · 10−3, (4.23)

and the one-loop triangle diagram with internal top quarks and mass of the top quark mt is given as

F1 = m2
t

m2
H

[
2−

(
m2

H − 4m2
t

)
C0(ŝ, 0, 0,m2

t ,m
2
t ,m

2
t )
]
. (4.24)

Here, ŝ = 2p1 · p2 and the C0 is a three-point Passarino-Veltman scalar integral [159]. The non-
factorisable two-loop form factor F2 has been calculated analytically in [157, 160], To cover the
off-shell range up to ŝ = 1 TeV, the numerical results for the non-factorisable two-loop form factor
F2 [161, 162] are employed.
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The Higgs boson propagator, as mentioned, also receives corrections from insertions of the oper-
ator O6. The resulting renormalized contribution to the self-energy of the Higgs is given as:

Σ̂(ŝ) = Σ(ŝ) + (ŝ−m2
H)δZh − δm2

H , (4.25)

where the bare Higgs boson self-energy and the mass counterterm in the on-shell scheme are given
as:

Σ(ŝ) = λc6

(4π)2 (c6 + 2) 9m2
H B0(ŝ, m2

H ,m
2
H), (4.26)

δm2
H = λc6

(4π)2 (c6 + 2) 9m2
H B0(m2

H ,m
2
H ,m

2
H), (4.27)

where B0 is a two-point Passarino-Veltman scalar integral [159].
The Higgs boson decay H → ZZ receives a loop contribution of order O(λ) and a counterterm

contribution involving Higgs boson wave-function renormalization. Following the notation of [163],
the Higgs boson decay vertex describing the H(p1 + p2)→ Z(p1)Z(p2) is given as:

Γ̂µν
hZZ(p1, p2) = 2m2

Z

v
[ηµνG1 + pν

1p
µ
2G2] , (4.28)

where mZ denotes the Z-boson mass. The O(λ) corrections to the form factors G1 and G2 are given
by:

G1 = δZh

2 − λc6

(4π)2

[
12
(
m2

Z C0
(
(p1 + p2)2, p2

1, p
2
2, m

2
H , m

2
H , m

2
Z

)
− C00

(
(p1 + p2)2, p2

1, p
2
2, m

2
H , m

2
H , m

2
Z

))
+ 3B0

(
(p1 + p2)2, m2

H , m
2
H

)]
,

(4.29)

G2 = λc6

(4π)2 · 12
[
C1
(
(p1 + p2)2, p2

1, p
2
2, m

2
H , m

2
H , m

2
Z

)
+ C11

(
(p1 + p2)2, p2

1, p
2
2, m

2
H , m

2
H , m

2
Z

)
+ C12

(
(p1 + p2)2, p2

1, p
2
2, m

2
H , m

2
H , m

2
Z

)]
(4.30)

where C1, C00 and C11 are the tensor coefficients of the three-point Passarino-Veltman integrals [159,
163].

It should be noted that the wave-function renormalization term δZh exactly cancels between prop-
agator corrections and the vertices corrections combined [137]. This leaves vertices with linear de-
pendence of c6. From Eqs. (4.22), (4.22) and (4.28) it can be seen that at the matrix element level,
the highest contribution in terms of c6 is quadratic. However, at amplitude level the dependence be-
comes that of a fourth order polynomial. This is a key feature which shapes how modeling and fitting
strategies are developed.

4.4.1 Corrections to the Higgs boson EW production modes
Based on the c6-dependent corrections to the ggF mode of Higgs boson production in literature [137],
corrections to the EW Higgs boson production modes (VBF and VH) were introduced to the working
framework. As the same decay channel is considered (H → ZZ → 4l), the corrections to propagator
and decay adopt the same structure as those in case of ggF Higgs boson production.
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(a) (b)

Figure 4.8. Corrections to the VBF (a) and VH (b) Higgs boson production vertices. Corrections to propagator
and decay vertex of the Higgs boson are the same as in the case of ggF mode of Higgs boson production

However, the EW production vertex corrections are somewhat different than in the case of ggF. In
fact, they have almost identical structure as the decay corrections of ggF, meaning they are introduce
triangle loop formed by two Higgs boson and one electroweak boson, which is shown in Figure 4.8.
The main difference between the two cases (EW and ggF) is that the in case of ggF production the
loop is closed by a Z boson, whilst in case of EW production the loop can be closed by either Z or
W boson. Thus, the EW production vertex corrections are written as:

Γ̂µν(p1, p2) =
2m2

W/Z

v
[ηµνG1 + pν

1p
µ
2G2] , (4.31)

where the coefficients G1 and G2 assume the form:

G1 = δZh

2 − λc6

(4π)2

12
[
m2

Z/W C0
(
(p1+p2)2, p2

1, p
2
2,m

2
H ,m

2
H ,m

2
Z/W

)

− C00
(
(p1+p2)2, p2

1, p
2
2,m

2
H ,m

2
H ,m

2
Z/W

)]
+ 3B0

(
(p1+p2)2,m2

H ,m
2
H

),
(4.32)

G2 = λc6

(4π)2 12
[
C1
(
(p1+p2)2, p2

1, p
2
2,m

2
H ,m

2
H ,m

2
Z/W

)
+ C11

(
(p1+p2)2, p2

1, p
2
2,m

2
H ,m

2
H ,m

2
Z/W

)
+ C12

(
(p1+p2)2, p2

1, p
2
2,m

2
H ,m

2
H ,m

2
Z/W

)]
.

(4.33)
An important note here is that, even though the corrections to the EW production modes are

structurally similar to ggF corrections, the δZH term does not cancel as it does in case of ggF. This
is a consequence of different Z and W permutations present in VBF and VH processes. To simplify
the model, the δZH contributions from production and decay are absorbed into the propagation term,
since all three components scale with the same factor c6(c6 +2). As a result, the remaining production
and decay terms scale linearly with c6.

4.5 Implementation and validation of Monte Carlo simulations
The implementation of the aforementioned ggF effects in a Monte Carlo simulation is described in
Ref. [137]: it relies on the MCFM code [164], where the c6 corrections to the Higgs production via
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gluon fusion, propagation and decay were incorporated for the process gg → H∗ → ZZ. Here
these corrections were tested and used for validation. At the matrix element level, the implementation
includes all contributions up to O(λ2), which encompasses both the BSM and LO SM gg → H∗ →
ZZ Feynman diagrams.

Based on the modified version 8.0 of MCFM (hereafter referred to as MCFM8.0), the encoded am-
plitudes were first propagated to MCFM version 7.0.1 [165–168], which is integrated into the JHUGen
MC generator framework [169–173], hereafter referred to as JHUGen-MCFM. Subsequently, the am-
plitudes were transferred to the MELA software package [169–173], enabling both event reweighting
and the construction of matrix element-based discriminants.

For processes that share the same initial and final states, the MELA package allows reweighting
of events from one hypothesis (native) to a different one (target). The underlying idea is to calculate
matrix elements (of corresponding Feynman diagrams) for native and target hypothesis based on
a native-hypothesis data sample (in this case MC- generated). Based on the ratio of these matrix
elements a weight is found and the applied on an event-by-event basis to the native hypothesis, thus
reweighting it to the target hypothesis. Therefore, distributions of observables, e.g. m4l, can be
rescaled from native hypothesis to represent the target hypothesis. This method efficiently saves
computing resources, significantly reducing the number of MC samples needed for the analysis.

The matrix-element discriminant method uses the full LO matrix elements to calculate a discrim-
inant, often in the form of a likelihood ratio, which is a single variable that quantifies how much an
event is likely to belong to an event class (signal) with respect to another class (background). The
calculation takes into account the full kinematics of the four-lepton final state, including angles and
invariant masses.

Several validation steps of the code porting to JHUGen-MCFM and to MELA were performed,
and are presented in the following sections. Firstly the generation of a MC sample that corresponds
to a LHC energy of 14 TeV was performed with MCFM8.0, which allows for direct comparison
to the results reported in Ref. [137]. Secondly, after integration of BSM matrix elements into the
JHUGen-MCFM a test of cross section calculation was carried out, together with a test construction
of discriminant DS (as reported in [137]). Lastly, MELA reweighting was also tested, comparing the
MC-generated target hypothesis m4l distributions to target distributions obtained by reweighting one
of the native hypothesis distributions.

4.5.1 Comparison to reported MC predictions

As a first test, a comparison ofm4l distributions for different c6 hypothesis to the reported distributions
in Ref. [137] was performed. It should be noted that c6 = 0 hypothesis corresponds to the LO
SM process. Distributions are from MC samples generated with MCFM8.0. The process under
investigation is the full gg → ZZ → 4l (labeled as #131 in MCFM), including the Higgs signal and
background components and their interference.

SM parameters of the MCFM8.0 setup are taken from [137] as: mt = 173.0 GeV, mb =
4.66 GeV, mc = 1.2750 GeV, mH = 125.0 GeV. The anti-kT jet algorithm and the CT14.NN [174]
PDF set were used. Events are selected based on the phase space cuts taken from Ref. [137] and re-
ported in Table 4.4. The employed cuts are applied to generator-level observables, i.e. to observables
where detector effects are not considered.

Distributions are shown in Figure 4.9, showcasing the correct setup and usage of the MCFM8.0
code. Comparing the two plots, a good agreement is found. Because of the number of events
which could be effectively generated in the test, in Figure 4.9(a) wider bins were used as opposed
to Figure 4.9(b), which removes some features like the onset of the distribution in the very first
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bins. The shift in the overall normalization, which can be observed for example in the region
220 < m4l < 260 GeV, is due to the fact that only the 2e2µ final state was considered in Figure 4.9(a),
whereas in Figure 4.9(b) all four-lepton final states were considered (2e2µ, 4e, 4µ). However the ratio
plot confirms that the predicted behavior is well reproduced at least up to 700 GeV, where statistical
fluctuations (smaller number of events in the high-tail region) are present.

Table 4.4. Generator level cuts used for event selection.

Lepton transverse momenta: pT,ℓ1 > 20 GeV
pT,ℓ2 > 15 GeV
pT,ℓ3 > 10 GeV
pT,ℓ4 > 6 GeV

Pseudorapidity: |η| < 2.5
Four-lepton invariant mass: 220 GeV < m4ℓ < 1000 GeV
First Z candidate mass: 50 GeV < mZ1 < 106 GeV
Second Z candidate mass: 50 GeV < mZ2 < 115 GeV

(a) (b)

Figure 4.9. Generator-level m4l distributions for the process gg → ZZ → 2e2µ (Higgs-boson contribution
included): generated privately with MCFM8.0 (a) and reported in Ref. [137](b). Distributions correspond to
the LO SM predictions (black), the BSM hypotheses c6 = 20 (red) and c6 = 30 (blue). Lower panels of present
ratios of BSM m4l distributions to the LO SM distribution.

4.5.2 BSM effects on reconstructed observables
Based on data samples generated for different c6 values at COM energy of 13 TeV, using MCFM8.0,
several reconstruction-level (events after showering, hadronization and simulated detector effects )
observables were tested under change of the value of c6 parameter in two different processes. Firstly
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in the signal process gg → H∗ → ZZ → 4l (Higgs signal only, numbered as #128 in MCFM8), sec-
ondly in the gg → ZZ → 4l process which includes Higgs boson production as well as gluon-gluon
induced background (numbered as #131 in MCFM8). In all of the figures presented the dominant
qqZZ background contribution has been scaled down to approximately match the area under the his-
togram that corresponds to c6 = 30 hypothesis. Events were generated with the cuts reported in
Table 4.4 and with the detector conditions corresponding to Run 2 2018 data taking period which also
means the distributions were scaled to expected yield of Run 2018.

Based on the tested observables, it can be concluded that the most sensitivity to BSM effects
is carried by the m4l (four-lepton invariant mass), pT (l1) (transverse momentum of leading lepton,
i.e. lepton with the highest pT ), pT (l2) (transverse momentum of a sub-leading lepton, i.e. lep-
ton with the second highest pT ), pT (Z1) (transverse momentum of a lepton pair with an invari-
ant mass closest to the Z boson nominal mass) and pT (Z2) distributions, which are shown in Fig-
ures 4.10, 4.11, 4.12, 4.13, 4.14, respectively.

(a) (b)

Figure 4.10. Reconstruction level m4l distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

While an appreciable change in the total cross-section is visible only for c6 ≳ 15, the shape mod-
ification is clear in the ggF Higgs production process, while it is dampened as ggZZ background and
their interference are included in the analysis. More variables and results are shown in Appendix B.

4.5.3 Cross section comparison between MCFM8.0 and JHUGen-MCFM7.0
The second step in MC implementation and validation was encoding, of the matrix elements into
the JHUGen-MCFM, enabling usage of the amplitudes within the larger-scope MELA framework.
Each contribution to the BSM matrix element can be accessed and tested separately: Higgs boson
production, propagation and decay.
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(a) (b)

Figure 4.11. Reconstruction level pT (l1) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure 4.12. Reconstruction level pT (l2) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure 4.13. Reconstruction level pT (Z1) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure 4.14. Reconstruction level pT (Z2) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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For validation purposes, each BSM contribution to the overall matrix element was turned on
separately and the cross section was calculated for the process gg → ZZ → 2e2µ (including Higgs
boson production H∗

SM+BSM and the background). Selection cuts are different than in the previous
subsection and entail 4 GeV < m2e/2µ < 13000 GeV, 130 GeV < m4ℓ < 1000 GeV, with the usage
of the CTEQ6L1 [175] PDF set (internally available in MCFM). Focusing again on the off-shell,
region, results of these calculations are presented in Table 4.5, where comparison between MCFM8.0
and JHUGen-MCFM can be seen. In these calculations the Higgs width was set to that of the SM and
c6 was set to 15.

Table 4.5. Contributions to cross section value for each BSM part of the matrix element calculated with
MCFM8.0 and JHUGen-MCFM.

MCFM8.0
BSM Production Propagation Decay All contributions
σ 70.3822± 0.0087 ab 177.317± 0.024 ab 71.3107± 0.0092 ab 86.922± 0.011 ab

JHUGen-MCFM
σ 71.4484± 0.0082 ab 179.940± 0.021 ab 72.3839± 0.0083 ab 88.218± 0.012 ab

Comparing same BSM contribution between the two generators, as well as the SM cross section
value, a slight discrepancy is found at the level of 1.5%. Nonetheless, the matrix element values
were correctly retrieved and matched. The discrepancy is most likely attributed to compilers used,
definition of SM parameters and their exact values between the two versions of the code, etc. and is
anyway much smaller than theory uncertainties stemming e.g. from the choice of PDF sets or QCD
renormalization and factorization scales. Taking this into account, it can be concluded that the BSM
matrix elements were correctly propagated to JHUGen-MCFM, which allows for their further usage.

4.5.4 Testing of MELA reweighting features
With the BSM matrix elements available in MELA framework, a further testing of the reweighting
feature itself was performed. As a base for reweighting, the gg → H∗

SM+BSM → ZZ → 2e2µ (c6 = 25)
MC sample was chosen (generated with cuts reported in Table 4.4), reweighting it to the different
BSM hypothesis (Figure 4.15(b)). Further, reweighted histograms were compared against MC data
samples produced with MCFM8.0 (Figure 4.15(a)), comparingm4l distributions to their counterparts,
but also finding the ratio between two distributions for all given c6 values. Such ratios are presented
in Figure 4.15(c).

From Figure 4.15(c) it can be concluded that the reweighting of native hypothesis to itself gives
the expected result of 1 across all bins. Apparent discrepancies are observed in the first bin, which
can be attributed to the fact that the native hypothesis has a small number of events (Figure 4.15(a)).
Past the 800 GeV value, statistical fluctuations due to low number of events again become relevant.

Another test was performed with MELA, whose goal was to reproduce the Ds distribution pre-
sented in Ref. [137]:

Ds = log10

( Ph

Pgg + c · Pqq̄

)
(4.34)

where Ph represents the squared ME for the gg → H∗ → ZZ → 4l process, Pgg represents the
squared ME for all gg-initiated channels (which includes the ggF Higgs boson production channel,
ggZZ background and their interference), Pqq̄ is the squared ME for the qq̄ → ZZ → 4l process
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(a) (b)

(c)

Figure 4.15. m4l distributions and their ratio to the SM predicted distribution generated with MCFM8.0 (a),
with reweighting (b) and the ration between the two approaches (c). Distributions show different c6 hypotheses.

which is the dominant background to ggF, and constant c was set to 0.1, as reported in Ref. [137]. A
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set of MC samples generated with MCFM8.0 for different values of c6 was utilized. Using available
matrix elements within MELA, the above mentioned matrix elements were calculated where c6 was
set to the value which was used in generation of a given sample. Results were compared to those of
Ref. [137] and can be seen in Figure 4.16. It can be seen that the reproduced curves (Figure 4.16(a))
exhibit a similar behavior as the ones reported in Ref. [137] (Figure 4.16(a)). What is interesting
to note is that, as the c6 goes up in value, DS starts shifting towards left of with respect to the SM
case, after some value two peaks become evident and finally Ds start shifting towards right, where
eventually the two peaks merge back into one.

(a) (b)

Figure 4.16. Generator-level Ds distributions for calculated for different c6 hypothesis (a) and presented in
Ref. [137]. The distributions were found for the process gg → ZZ → 2e2µ (Higgs-boson contribution
included).

With an established theoretical, i.e. MC generator in a framework which includes effects of the
dimension six operator O6 = −λ|H|6, the Monte Carlo simulation infrastructure necessary for the
measurement of c6 (κλ) is set up.
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Chapter 5

Measurements in the
Higgs-boson-to-four-leptons benchmark
decay channel

This chapter presents recent measurement of Higgs boson production and decay in theH → ZZ → 4l
channel, with emphasis on both on-shell and off-shell regimes of production. The H → ZZ → 4l
decay channel, often referred to as the golden channel, is of particular importance due to its excep-
tionally clean experimental signature, precise lepton reconstruction, and excellent mass resolution,
which enables detailed studies of the Higgs boson properties and couplings.

Firstly an overview of the MATRIX computational framework which provides next-to-next-to-
leading order (NNLO) predictions for the pp → ZZ process is presented. As this is the main irre-
ducible background for the H → ZZ → 4l and is therefore estimated from simulation, its precise
estimation is a key ingredient for both on-shell and off-shell regimes of production. This work was
entirely performed by the candidate.

The following sub-chapter describes the Run-3 measurements of inclusive and differential Higgs
boson production cross sections in the on-shell H → ZZ → 4l decay channel, based on the 2022
dataset collected by the CMS experiment. In this effort, the candidate was mainly involved in the
definition and validation of simulated samples as well as in the pT (H) differential measurement.

Finally, the last sub-chapter reports results on how the Higgs boson self-coupling modifier κλ

can be constrained through the off-shell Higgs boson production, where loop-induced effects offer
indirect sensitivity to the Higgs boson self-coupling. These measurements need a larger amount of
data, so the CMS Run-2 data are employed. They are the main topic of the candidate’s PhD project.

5.1 NNLO diboson cross-section calculations using MATRIX

5.1.1 Introduction
The main background to theH → ZZ → 4ℓ channel is ZZ non-resonant production in p-p collisions.
This is an irreducible background, featuring exactly the same final state as the signal, so it cannot
be predicted from control regions in data and its estimate relies on simulation only. In general, as
was the case with previous LHC’s Runs (1 and 2), precise theoretical predictions for di-boson cross
sections are of essential value for all Higgs-boson measurements. To this end, cross section for these
production processes were calculated using state-of-the-art MC tools.

Starting with the Run 3, the p-p collision COM energy at LHC was increased to 13.6 TeV, so such

65



calculations need to be performed again. At the same time, more and more NNLO QCD calculations
for colorless final states became available. The core tool of the calculation presented here is MATRIX
("Munich Automating qT subtraction and Resummation to Integrate X-sections") [176], a parton-level
MC framework designed for high level precision fixed-order calculations of cross sections at the LHC.
In particular, MATRIX allows for cross section calculation of 2→ 1, 2→ 2, and most recently 2→ 3
processes up to NNLO in QCD (+ ggNLO loop-induced) and NLO in EW perturbation theory. These
processes include single Higgs boson or vector boson production (pp/pp̄→ H/W±/Z), vector boson
pair production (pp/pp̄→ γγ/Zγ/W±γ/W±/ZZ/W+W−), on-shell top-pair production (pp/pp̄→
tt̄) and three-photon production (pp/pp̄→ γγγ). Regarding the Z and W± bosons, all leptonic decay
channels are included by accounting for all non-resonant and resonant diagrams, spin correlations and
off-shell effects.

In the work presented here, using MATRIX versions v2.0.1 and v2.1.0., the pp→ ZZ production
cross section was computed in order to use it as a reference value for the 13.6 TeV H → ZZ → 4ℓ
measurements. As this is useful for other studies in the CMS Collaboration, the cross-sections for
the following processes were also calculated: pp → W±, pp → Z, pp → W±γ, pp → Zγ, pp →
W+W−, pp→ W±Z, all with leptonic decays of W± and Z bosons.

5.1.2 Fixed order cross section calculation

MATRIX is built upon Munich ("MUlti-chaNnel Integrator at Swiss (CH) precision"), a parton-level
MC integrator program which allows for computation of EW [177] and QCD [178] corrections at
NLO accuracy for any SM process. Both tree-level and one-loop color- and spin-correlated am-
plitudes, which are a necessity for beyond LO calculation (QCD or EW), are provided via Open-
Loops [179, 180]. OpenLoops relies on the Collier library [181, 182] for fast and stable tensor re-
duction, supported by CutTools [183] with OneLOop [184]. Employing the Catani–Seymour dipole
subtraction method (for massless and massive partons) [185], to handle infrared (IR) divergences at
NLO, the “Munich+OpenLoops” combination provides automated implementation of multi-channel
MC integration which efficiently samples the phase space.

The computation of NNLO QCD cross sections requires evaluation of tree-level cross section with
purely virtual contributions (two-loop amplitude), of one-loop contributions where one unresolved
parton is present in the final state, and of tree-level amplitudes with up to two unresolved parton
present in the final state. By incorporating the qT -subtraction formalism [186] MATRIX framework
is extended and reaches NNLO accuracy for cross section calculation of process with colorless final
states. Two-loop amplitudes for off-shell massive vector-boson pair production [187] are sourced
from the VVamp package [188].

Finally, MATRIX offers fiducial cuts for all final-state objects (jets, particles). In summary, MA-
TRIX is a powerful tool enabling state-of-the-art fixed-order calculation of differential cross sections
up to NNLO in QCD and up to NLO in EW for processes occurring at the LHC.

5.1.3 Combination of QCD and EW corrections

In a scenario where both EW and QCD corrections are large, mixed QCD-EW effects can become
important. In general there are two ways to combine EW and QCD corrections. Based on the discus-
sion in Ref. [189], additive and multiplicative schemes are considered here in order to estimate these
higher-order effects. Firstly, higher-order effects are expressed by introducing a correction factor to
the LO differential cross section dσLO:
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dσLO = dσqq̄
LO + dσγγ

LO, (5.1)

where the first term denotes quark-induced processes and the second term denotes photon-photon
induced processes. Higher-order QCD corrections are then written as:

dσNNLO_ QCD = dσLO (1 + δQCD) + dσgg
LO, (5.2)

where δQCD includes qq̄, qg, q̄g channels at NLO QCD and gg and q(q̄)q′ channels at NNLO QCD,
while dσgg

LO is the cross section of the loop-induced gg channel (which by itself is NLO in QCD) with
LO correction applied to it (making it NNLO in QCD). Similarly, the NLO EW cross section can be
written as

dσNLO_EW = dσLO (1 + δEW) , (5.3)

where δEW accounts for all corrections in the qq̄, γγ and qγ (including q̄γ implicitly) channels.
The first prescription for combination of EW and QCD correction is a purely additive combination

dσNNLO_QCD+NLO_EW = dσLO (1 + δQCD + δEW) + dσgg
LO, (5.4)

where all terms of are simply summed.
In the other prescription, in order to approximate the effects of mixed QCD and EW higher-order

corrections the EW correction factor is applied to the NNLO QCD cross section, with an exception
of the loop-induced gg channel as the EW corrections are not applicable:

dσNNLO QCD×NLO_EW = dσLO (1 + δQCD) (1 + δEW) + dσgg
LO. (5.5)

Due to the how the EW corrections are applied to the NNLO QCD cross section, this scheme is known
as the multiplicative scheme (in Ref. [189] denoted as factorized combination). The above expression
can be rewritten in the form

dσNNLO QCD×NLO_EW = dσNNLO QCD+NLO_EW + dσLO δQCD δEW, (5.6)

where it is easy to notice mixed QCD-EW corrections. If the dominant sources of EW and QCD are
factorizable, the second term in Eq. (5.6) can be viewed as a fairly reasonable approximation of mixed
QCD-EW effects.

With the additive and multiplicative schemes now defined, what remains is to set the notation for
all cross section which were calculated and are presented in the subsection 5.1.5 and Appendix C:

• σLO: Cross section at leading order

• σNLO_EW: Cross section at NLO where first-order EW corrections are applied to σLO

• σNLO_QCD: Cross section at NLO where first-order QCD corrections are applied to σLO

• σNLO_QCD+NLO_EW: Cross section at NLO where first-order QCD and EW corrections are applied
additively to σLO (analogous to Eq. (5.4))

• σNLO_QCD×NLO_EW: Cross section at NLO where first-order QCD and EW corrections are applied
multiplicatively to σLO (analogous to Eqs. (5.5) and (5.6))

• σLO_gg: Cross section of gg loop induced processes (NLO) where first-order QCD corrections
are applied, making it a cross section at NNLO
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• σNLO_gg: Cross section of gg loop induced processes (NLO) where first- and second-order QCD
corrections are applied, making it a cross section at NNNLO

• σNNLO_QCD: Cross section at NNLO where first and second order QCD corrections are applied
to σLO and then added with σLO_gg (if applicable)

• σNNLO_QCD+NLO_EW: Cross section at NNLO where first and second order QCD and first order
EW corrections are applied additively to σLO (as in Eq. (5.4))

• σNNLO_QCD×NLO_EW: Cross section at NNLO where first and second order QCD and first order
EW corrections are applied multiplicatively to σLO (as in Eqs. (5.5) and (5.6))

• σnNNLO_QCD: Cross section where first and second order QCD corrections are applied to σLO

(NNLO) and then added with σNLO_gg if applicable

• σnNNLO_QCD+NLO_EW: Cross section where first and second order QCD and first order EW cor-
rections are applied additively to σLO and then added with σNLO_gg (as in Eq. (5.4)) if applicable

• σnNNLO_QCD×NLO_EW: Cross section where first and second order QCD and first order EW correc-
tions are applied multiplicatively to σLO and then added with σNLO_gg (as in Eqs. (5.5) and (5.6))
if applicable

5.1.4 Running setup and process specific settings
Running cross section calculations up to NNLO in perturbation theory with MATRIX requires several
external libraries and codes. These tools are: OpenLoops, which enables one-loop matrix element
generation for a wide range of Standard Model processes; Collier which is a library for evaluation
of one-loop integrals based on Denner–Dittmaier reduction techniques; CLN [190] and GiNaC [190]
which are C++ libraries needed for the numerical evaluation of multivariate polynomials, algebras
and special functions that appear in loop amplitudes; VVAMP which used for the computation of
two-loop amplitudes (e.g. in diboson production).

One last crucial tool is the Les Houches Accord PDFs (LHAPDF) [191] which provides ac-
cess to a number of results of different PDF-fitting groups, and as such it is viewed as a collec-
tion of PDF sets. In all of the cross section calculations presented below the version 6 of LHAPDF
was used. The PDF set NNPDF31_nnlo_as_0118_luxqed [192] was used in the pp → ZZ val-
idation described below. For cross section calculation at COM energy of

√
s = 13.6 TeV, de-

pending on the process, two different PDF sets are used. In case of W+W− production (pp →
e−µ+νµν̄e and pp → e+e−νeν̄e), owing to the top quark contamination, the 4 flavor scheme (4FS)
(mb = 4.92 GeV is non-vanishing) has the advantage as the bottom quark appears only in the
final state. All partonic sub-processes with b quark in the final state are separately rendered fi-
nite due to b quark mass [193]. Thus, for W+W− production cross section calculation PDF set
NNPDF31_nnlo_as_0118_nf_4_mc_hessian [194–196] was used, whilst for all other processes pre-
sented below PDF set NNPDF31_nnlo_as_0118_mc_hessian_pdfas [194–196] which employs 5FS
(mb = 0) was used. Throughout calculations photon induced contributions to the cross section are
turned off.

MATRIX offers two modes of running the cross section calculation, cluster mode and multi-core
mode. If running in cluster mode, the user has the option of choosing a batch service (cluster), then
MATRIX will send sub-processes for integration to that specified cluster. Firstly, using the CMS
collaboration’s open-source environment of CMS SoftWare (CMSSW) [197] the MATRIX code was
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compiled on the Linux Public Login User Service (LXPLUS) cluster, which is a file shared system.
Then, a set of scripts which guide the proper execution of the MATRIX code were sent to CERN’s
batch service [198] based on HTCondor [199]. Here the user can request a machine with any number
of cores, within reason, on which the code will be executed.

In case of all of the calculations, presented in the following subsection, the Gµ scheme [189] is
employed alongside the complex-mass scheme where complex W - and Z-boson masses are used.
Input widths and masses of particles are shown in Table 5.1.

Table 5.1. Values of widths and masses used in the Gµ scheme. The mass of the b quark is chosen based on
whether a 4 flavor scheme (0) or 5 flavor scheme (4.92 GeV) is used. All fermions not explicitly mentioned in
the table are treated as massless.

Gµ = 1.16639× 10−5 GeV−2

mb = 0 (4.92) GeV Γb = 0
mt = 173.2 GeV Γt = 1.44262 GeV

mW = 80.385 GeV ΓW = 2.0854 GeV
mZ = 91.1876 GeV ΓZ = 2.4952 GeV

mH = 125 GeV ΓH = 4.07 MeV

For all processes except for a single W± boson production, the CKM matrix is set to unity (see
Ref. [189]). In that case of a single W± boson production the PDG SM values [200] are used. In case
of the EW corrections to the pp → e−ν̄e and pp → e+νe, the one-loop diagrams with CKM matrix
are not available within OpenLoops, hence only these one-loop EW corrections are approximated by
employing a trivial CKM matrix, i.e. unity matrix.

5.1.5 Results
In order to validate the results obtained with MATRIX, a test run of calculating the production cross
section for the process pp → ZZ was performed using MATRIX v.2.0.1. The setup follows from
measurements of pp→ ZZ production cross sections and constraints on anomalous triple gauge cou-
plings at

√
s = 13 TeV [201]. Here well defined kinematic cuts were employed: di-lepton invariant

mass was constrained to 60 GeV < Mℓℓ < 120 GeV, mass of pair of any oppositely charged leptons
was constrained tomℓ+ℓ− > 4 GeV and a requirement on lepton’s transverse momentum was imposed
pℓ

T > 5 GeV. The last requirement is imposed due to the fact that leptons are treated as massless
which leads to divergencies at low di-lepton mass. The PDF set NNPDF31_nnlo_as_0118_luxqed
was used, as in Ref. [192], with the renormalization and factorization scales were set to µR = µF =
MZ = 91.1876 GeV. The rate of Br(Z → ℓ+ℓ−) = 0.03366 [85] was used when extrapolating from
pp→ ZZ → ℓ+ℓ−ℓ′ +ℓ′ − to pp→ ZZ. The pp→ ZZ → ℓ+ℓ−ℓ′ +ℓ′ − cross section was calculated
according to the factorized cross section formula:

dσqq̄
NNLO_ QCD×EW = dσqq̄

LO

(
1 + δqq̄

QCD

) (
1 + δqq̄

EW

)
+ dσγγ

LO

(
1 + δ

γγ/qγ
EW

)
+ dσgg

NLO + dσaa
NLO. (5.7)

where δqq̄
EW are corrections to the qq̄ channel and δqq̄

QCD is the same as δQCD in Eq. (5.2) but normalized
to the qq̄ channel LO cross section, and gg and γγ initiated contributions are applied additively.
Results presented in Ref. [201] are shown in Figure 5.1. Validation results, which are compared to
results of Ref. [201], are:
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σ = 15.73+2.6%
−2.5% ± 0.08 pb (at 13 TeV)

σ = 17.05+3.0%
−2.7% ± 0.11 pb (at 13.6 TeV)

(5.8)

Figure 5.1. The total pp → ZZ cross section as a function of the proton-proton center-of-mass energy. The
ATLAS measurements were performed with a slightly different MZ mass window when compared to the mea-
surement performed by the CMS, hence a correction factor of 1.6% is applied to account for the resulting
difference in acceptance. The solid black line reflects MATRIX predictions, while the blue band around the
MATRIX predictions reflects scale uncertainties. Measurements at the same COM energy were shifted slightly
along the horizontal axis for clarity. Figure taken from [201].

A perfect match is not expected as, even though the same PDF set is employed between the two
calculations, in Ref. [201] the envelope of all PDF replicas was taken, whilst here only the central
replica of the PDF set was used. However, the numbers are in very good agreement, based on which
can be concluded that the MATRIX setup works as expected and is reliable.

Cross sections for single vector boson V production (V = W±, Z), vector boson plus photon
production (V γ) and a vector bosons pair (V V ) production have been calculated using two ver-
sions of MATRIX, MATRIX v.2.1.0 and v.2.0.1. Minimal kinematical cuts are selected and applied
based on the MC production by the CMS collaboration. Each cross section value is obtained by
taking the average value of a cross sections obtained with each of the PDF set replicas (103 for
NPDF31_nnlo_as_0118_mc_hessian_pdfas, and 101 for NPDF31_nnlo_as_0118_nf_4_mc_hessian)
and the PDF uncertainty is calculated as the standard deviation of the sample (the second one re-
ported). The other, dominant, uncertainty estimates the impact of renormalization and factorization
scales (the first one reported). It is found, for a fixed replica of the PDF set, as a envelope of seven-
point scale variations, where both scales are independently varied of a factor 2 or 0.5 around a central
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Table 5.2. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→ ZZ/W +W − production process at COM energy of 13.6 TeV

Cross section values at 13.6 TeV [fb]
σORDER/process pp → e−µ−e+µ+ e−e+e−e+ e−e+νµν̄µ e−µ+νµν̄e e−e+νeν̄e

σLO 266.4+14.4%
−14.6% ± 0.2% 120.2+12.0%

−12.7% ± 0.2% 94.7+5.0%
−5.9% ± 0.1% 1002+3.5%

−4.3% ± 0.1% 1096+3.7%
−4.4% ± 0.1%

σNLO_QCD 322.9+4.3%
−7.1% ± 0.3% 144.8+3.6%

−5.7% ± 0.3% 115.4+1.8%
−2.2% ± 0.2% 1313+2.4%

−2.0% ± 0.1% 1428+2.4%
−2.0% ± 0.1%

σNLO_EW 262.9+14.6%
−14.7% ± 0.2% 118.3+12.2%

−12.8% ± 0.2% 93.3+5.2%
−6.0% ± 0.1% 990.7+3.7%

−4.4% ± 0.1% 1083+3.8%
−4.5% ± 0.1%

σNLO_QCD+NLO_EW 319.4+4.3%
−7.1% ± 0.3% 142.9+3.6%

−5.7% ± 0.3% 114.0+1.8%
−2.3% ± 0.2% 1303+2.4%

−2.0% ± 0.1% 1415+2.4%
−2.0% ± 0.1%

σNLO_QCD×NLO_EW 318.7+4.4%
−7.2% ± 0.3% 142.5+3.7%

−5.8% ± 0.3% 113.7+1.9%
−2.4% ± 0.2% 1299+2.4%

−2.0% ± 0.1% 1411+2.4%
−2.0% ± 0.1%

σNNLO_QCD 375+4.0%
−5.0% ± 0.9% 160+2.6%

−3.1% ± 1.2% 127.9+2.2%
−1.9% ± 0.6% 1498+2.9%

−2.5% ± 0.9% 1610+2.3%
−2.0% ± 0.7%

σnNNLO_QCD 392+3.1%
−4.5% ± 0.9% 166+2.7%

−3.1% ± 1.2% 134.8+2.6%
−2.3% ± 0.6% 1576+3.4%

−2.9% ± 0.8% 1694+2.9%
−2.5% ± 0.7%

σnNNLO_QCD+NLO_EW 388.6+3.1%
−4.5% ± 0.9% 164+2.7%

−3.0% ± 1.2% 133.3+2.7%
−2.3% ± 0.6% 1565+3.5%

−3.0% ± 0.8% 1681+3.0%
−2.6% ± 0.7%

σnNNLO_QCD×NLO_EW 387.0+3.1%
−4.6% ± 0.9% 163+2.7%

−3.2% ± 1.2% 132.7+2.6%
−2.3% ± 0.6% 1559+3.4%

−2.9% ± 0.8% 1674+2.9%
−2.5% ± 0.7%

σLO_gg 27.3+32.7%
−28.8% ± 2.2% 7.6+29.8%

−21.8% ± 0.6% 6.9+21.7%
−16.3% ± 0.4% 71.0+23.4%

−17.2% ± 0.7% 75.9+23.3%
−17.2% ± 0.4%

σNLO_gg 44.3+13.4%
−16.1% ± 4.1% 13.3+18.3%

−14.9% ± 6.0% 13.7+16.1%
−13.1% ± 1.4% 150.7+18.4%

−14.5% ± 1.1% 160.2+18.5%
−14.5% ± 0.8%

dynamic scale µ0, where µ0 was chosen as the transverse mass of the system. Throughout the calcu-
lation the photon induced processes were omitted from considerations.

Here the 4-lepton production cross section via ZZ/W+W− obtained using MATRIX v.2.1.0 is
presented (Table 5.2), where only the cut on mass of opposite-sign-same-flavor lepton pair was im-
posed (mOSSF > 4 GeV). From Table 5.2 it can be seen that the cross section for pp → e−µ−e+µ+

production is about 2 times larger than the production cross section for pp → e−e+e−e+, which
is expected given identical particles and their permutations in the latter case. The third, fourth and
fifth column are the cross section values for pp → ZZ (lepton flavor different than neutrino flavor),
pp → W+W− (different leptonic decay between W bosons) and pp → ZZ/W+W− (same lepton
flavor decay) respectively. It is important to stress out the importance of using 4FS in calculation
of processes which include W+W− production as when 4FS is used the cross section is found to be
around ∼ 1500 fb compared to ∼ 7500 fb in the 5FS case, as mentioned earlier.

One more important aspect of the calculation done here at different orders of perturbation theory
is the possibility of calculating various K factors. These K factors are found as ratio of cross sections
found in two consecutive orders of expansion in perturbation theory, e.g. KNLO = σNLO/σLO. Usage
of the K factors is helpful as they are applied as multiplicative factor (per bin, sometime dependent
of a certain variable like mass) to generated distributions at a given order (e.g. m4l) to bring them to
a higher order.

The entire set of results obtained with the version MATRIX v.2.0.1 are presented in the Ap-
pendix C alongside the cross sections obtained with MATRIX v.2.1.0 for remainder of the processes.
Comparing the results between the two releases of MATRIX it can be seen that MATRIX v2.1.0
exhibits better stability of calculation involving loops, and overall MATRIX offers cross section cal-
culation at different orders of QCD and EW perturbative expansion where the uncertainty is governed
majorly by variation of renormalization and factorization schemes in order to asses uncertainty asso-
ciated to omission of higher-order effects.

There are a few notes to consider here if one wants to compare the cross section value obtained
with MATRIX (for example for production of W+W− → lνlν) to the one obtained with a different
NLO MC generator, e.g. POWHEG. One would have to multiply the cross section value obtained with
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MATRIX by an appropriate factor (in case of W+W− → lνlν this factor is 9, which accounts for all
lνlν combinations), as MATRIX does the calculation for just one flavor combination (as presented
in Table C.10). Another important remark here is that the resonant production of a Higgs boson is
included in the MATRIX calculation (where applicable), which gives slightly higher cross section
value than if produced without inclusion of diagrams where a Higgs boson appears.

Overall MATRIX is a powerful state-of-the art MC tool for cross section calculation. Results
obtained with MATRIX at COM energy of 13.6 TeV are used as a reference value for measurements
and other theoretical predictions within the CMS collaboration, and as such they were subject to
discussion and comparison to values obtained using different MC tools where an agreement was
observed.

5.2 Measurements of Higgs boson fiducial cross sections at 13.6
TeV

Before studying the small off-shell effects affecting the tail of the H∗ → ZZ → 4l distribution, over-
all compatibility tests of the on-shell Higgs boson cross-section with the SM have been performed.

Here the Run-3 fiducial measurements are presented. Fiducial cross-section measurements are
largely model-independent because they probe the production kinematics within a phase space that
closely matches the experimental acceptance. Both ATLAS and CMS collaborations have measured
the inclusive and fiducial cross section of pp → H → ZZ → 4l (l = e, µ) at COM energy of 7, 8
and 13 TeV [87, 88, 110, 202–204]. With the increase of COM energy to 13.6 TeV, the fiducial cross
sections have to be measured again to further scrutinize the SM predictions.

5.2.1 Introduction

The first measurement of the Higgs boson production cross section in the four-lepton channel at a
COM energy of 13.6 TeV using early Run 3 data collected by the CMS detector in 2022 is shown.
Collected data correspond to an integrated luminosity of 34.7 fb−1 [205]. The analysis summarized
here follows Ref. [206], where the details of the analysis can be found. The analysis is based on
optimized methods that were developed for previous studies of the Higgs boson properties in the final
state with four leptons [87,88,110]. The cross section values are obtained by performing an unbinned
maximum likelihood fit to the observed four-lepton invariant mass distribution.

5.2.2 Data and MC samples

The dataset used in the analysis corresponds to proton–proton collisions delivered by the LHC and
recorded by the CMS detector in 2022 [205].

Processes which contribute the most to the Higgs boson production at the LHC (see Section 3.3.1),
i.e. ggF, VBF, VH, t̄tH were simulated at NLO in QCD using POWHEG 2.0 [207–209]. Gluon-
gluon fusion processes [210] were simulated including quark-mass effects [211], while simulation
of remaining processes is based on work presented in the following Refs. for VBF [211], VH [212]
and t̄tH [213]. These processes are considered the signal processes in the analysis. In case of ggF
simulated events, a dedicated weight was applied to each event in order to match the differential cross
section at NNLO in QCD including parton shower matching (NNLOPS) [214] as a function of pH

T and
the jet multiplicity. The decay part, i.e. H → ZZ → 4l is modeled with JHUGEN 7.0.2 [169–173].
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All signal samples are generated with NNPDF_3.1_NNLO PDFs [194–196] and are normalized to
the cross section values at

√
s = 13.6 TeV provided by the LHC Higgs Working Group [215].

For backgrounds two components have to be considered, irreducible and reducible ones. Irre-
ducible background is a type of background which has the same final state as the process studied.
Two processes contribute to irreducible background, ZZ production via quark-antiquark annihilation
(qq̄ → ZZ) and non-resonant gluon-gluon production (gg → ZZ). The qq̄ → ZZ processes are
modeled at NLO in QCD with POWHEG 2.0 [216] and, relying on computations of the NNLO cross
sections (see previous section), are scaled to NNLO in QCD by a mass dependent K(mZZ) factor. A
further factor which accounts for NLO EW corrections, based on calculation presented in Ref. [217],
is applied as a function of mZZ . The gg → ZZ background samples were generated at LO using
MCFM 7.0.1 [165–168]. Relying on soft-collinear approximation [218], the background and inter-
ference cross sections can be described equally well as signal. Therefore, based on work presented
in Refs. [219–221], the same K factors for gg → H → ZZ signal process and gg → ZZ back-
ground process are used. These K factors are approximately inherited from a previous analysis at√
s = 13 TeV [222].

To simulate the parton showering and hadronization effects, the MC generators used are interfaced
with PYTHIA 8.230 [223] using the CP5 underlying event tune [224]. Further, the CMS detector
effects are subsequently simulated with GEANT4 [225, 226] and events are then reconstructed using
the standard CMS reconstruction algorithm.

An additional component of the background is considered. This components stems from produc-
tion of Z boson with associated jets, i.e. Z + jets. Jets or hadron decay products may be misre-
constructed as leptons. Contribution of the reducible background is estimated from data based on a
control-region method [110].

5.2.3 Event reconstruction and selection

The strategy for selection of events of interest closely follow that of Run 1 dataset analysis [99, 101]
and Run 2 dataset analysis [110, 222, 227, 228], on which the presentation here is based on. Full
explanation of the event reconstruction is given in Ref. [206].

Online selection is performed based on di-electron, di-muon and electron-muon HLT, but also
based on triggers which require three leptons or a single lepton, where the trigger efficiency is de-
termined as in Ref. [110]. All candidates events are constrained to have charged leptons which pass
loose identification and isolation requirements [23, 229].

Muons within |η| < 2.4 and with transverse momentum pT > 5 GeV are reconstructed by match-
ing silicon-tracker tracks to muon chamber tracks [23]. Loose requirements are imposed on both
tracker and muon-system tracks, and compatibility with small calorimeter deposits is taken into ac-
count. To discriminate between Z boson decay muons and hadron decay muons a relative isolation is
constrained to Iµ < 0.35 [206].

Electrons within |η| < 2.5 and with transverse momentum pT > 7 GeV are reconstructed by
matching calorimeter cluster deposits to tracks, with identification performed using boosted-decision-
tree [206].

Final State Radiation (FSR) photons, when selected, are used in invariant mass of the final state
computations. PF photons within |η| < 2.4 are considered FSR photons if their transverse momentum
satisfies pT > 2 GeV and if their relative isolation is Iγ < 1.8 [206]. Each photon is associated to the
nearest lepton and is discarded if ∆R(γ, l)/(P γ

T )2 > 0.012 GeV−2 and ∆R(γ, l) > 0.5 where for a
given lepton FSR photon with the minimal value of ∆R(γ, l)/(pγ

T )2 is selected.
To suppress non-prompt leptons from hadron decays and photon conversions, the three-dimensional
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impact-parameter significance with respect to the PV is required to be < 4.
The selection targetsH → ZZ → 4l decays with at least four well-identified and isolated leptons.

The Z boson candidates are constructed from Opposite-Sign-Same-Flavor (OSSF) lepton pairs with
a requirement on the invariant mass 12 < mll < 120 GeV. The Z boson candidate with the mass
closest to the nominal Z boson mass [230] is referred to as Z1 whilst the other is referred to as Z2 and
they are combined to built the ZZ candidate.

Further requirements are imposed on the ZZ candidate in order to improve the sensitivity to the
Higgs boson decays. All leptons pairs must satisfy ∆R(li, lj) > 0.02, the invariant mass of the Z1
candidate is constrained to be mZ1 > 40 GeV, all selected events must contain two leptons with
pT > 10 GeV and at least one lepton with pT > 20 GeV. Related to 4e and 4µ channels specifically,
the same leptons can be used for alternative pairing and hence to build alternative Z boson candidates,
named ZaZb candidates. In the case of these categories, events are discarded if mZb

< 12 GeV and
|mZa−mZ | < |mZb

−mZ |. This removes events that originate from on-shell Z boson and a low-mass
resonance decay. Further, the invariant mass of any oppositely charged lepton pair irrespective of the
flavor is constrained to be ml+l′− > 4 GeV.

Lastly, the event is retained if the invariant mass of the four lepton final state system satisfies
m4l > 70 GeV. In case if more ZZ candidates satisfy the selection criteria the one with the higher
pT (Z2) is retained.

The fiducial phase space is defined so as to closely match the detector acceptance defined by the
reconstruction-level selection. Definition of the fiducial phase space is adopted from previous anal-
ysis [110, 222], and is summarized in Table 5.3. Generator-level leptons are obtained by combining
leptons with FSR photons, i.e. their four-momentum is combined, found within the cone of radius
∆R(γ, l) = 0.3. Neutrinos, FSR and leptons are not considered when calculating the isolation sum in
order to enhance the model independence of the measurement [88]. Electrons and muons originating
from decays of tau leptons or hadrons are not included in the definition of the fiducial phase space
region.

Table 5.3. Requirements used in the definition of the fiducial phase space for the pp → H → ZZ → 4l cross
section measurement. Table taken from Ref. [87].

Lepton kinematics and isolation
Leading lepton pT > 20 GeV
Next-to-leading lepton pT > 10 GeV
Additional electrons (muons) pT > 7 (5) GeV
Pseudorapidity of electrons (muons) |η| < 2.5 (2.4)
pT sum within ∆R < 0.3 of each lepton < 0.35 pℓ

T

Event topology
At least two same-flavor, opposite-charge lepton pairs
Inv. mass of the Z1 candidate 40 < m(Z1) < 120 GeV
Inv. mass of the Z2 candidate 12 < m(Z2) < 120 GeV
Distance between selected four leptons ∆R(ℓi, ℓj) > 0.02 for any i ̸= j
Inv. mass of any opposite-sign lepton pair m(ℓ+ℓ′−) > 4 GeV
Inv. mass of the selected four leptons 105 < m4ℓ < 160 GeV
The selected four leptons must originate from the H → 4ℓ decay

5.2.4 Measurement strategy
The fiducial cross section is extracted from an unbinned maximum likelihood fit to the observed
invariant four lepton mass distribution. For a given observable and for a given final state f , the
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expected number of events in bin i can be written as:

N i,f
obs(m4ℓ) =

genBin∑
j

ϵf
i,j

(
1 + f f,i

nonfid

)
σf,j

fid LPres(m4l) +N f,i
nonresPnonres(m4l) +N f,i

bkgPbkg(m4l), (5.9)

where Pres(m4l), Pnonres(m4l), Pbkg(m4l) are probability density functions (pdf) corresponding to res-
onant, nonresonant and background contribution respectively. It is assumed that resonant fiducial
signal and resonant nonfiducial signal obey the same probability density function.

Signal pdfs are are modeled in the following way. The resonant signal pdf, Pres(m4l), is modeled
with a Double-sided Crystall Ball (DCB) function [231–233]. Parameters of the DCB are obtained
from a fit of the m4l distributions that correspond to a different of mH in the range of 105− 160 GeV.
This way the parameters of the fit retain dependence on the Higgs boson mass. This pdf is scaled
by fiducial cross section and integrated luminosity L. Pdfs of nonresonant signal is modeled with a
Landau distribution. The reducible and irreducible background contributions are included as binned
templates.

The resonant nonfiducial events originate from outside of fiducial phase space, but satisfy the
selection criteria due to detector effects. This contribution is accounted for by introducing f f,i

nonfid pa-
rameter for each bin i and final state f . This parameter is estimated from simulated events. To take
into account detector effects, i.e. the smearing (due to finite resolution) of generator-level observables
(i.e. what is produced), the response matrix ϵf

i,j is introduced. The purpose of the response matrix is
to unfold the number of expected events in bin i at the reconstruction-level to the number of expected
events in bin j at the fiducial level. The terms N f,i

nonres(m4l) and N f,i
bkg(m4l) represent contributions

to the overall number of observed events. The former encompasses events with more than four lep-
tons coming from WH,ZH and tt̄H processes where one of the leptons originating from the Higgs
boson decay is not selected or is lost, whilst the latter takes into account reducible and irreducible
background contribution. The parameter of interest is the fiducial cross σf,j

fid section in bin j, which is
extracted from the fit.

The measurement is restricted to events inside the analysis fiducial phase space. Fiducial cross
section is determined with the asymptotic approach [234] using a test statistic based on the profile
likelihood ratio [235], whilst the systematic uncertainties enter the likelihood as nuisance parameters.
All three categories , i.e. final states (4e, 4µ, 2e2µ), and all bins of observables are fitted concurrently,
where two additional parameters are included to regulate the mixture of different final states. These
two parameters are left floating in the fit in order to increase the model independence of the measure-
ment, as was previously implemented in Ref. [87,110]. To tackle the detector effects which introduce
smearing of the generator-level observables, a likelihood-based unfolding is performed, which allows
for simultaneous unfolding and extraction of the fiducial cross section [236].

Systematic uncertainties are closely related to those discussed in Ref. [87], and have been re-
assessed to reflect the working performances of CMS detector during the year 2022, except for the
K factors. Experimental uncertainties include uncertainty on integrated luminosity of the 2022 data
taking period, uncertainty related to trigger performance, lepton reconstruction and selection, uncer-
tainties related to lepton momentum scale and smearing are estimated, and also uncertainty due to
background modeling. Theoretical uncertainties are related to the choice of PDFs, renormalization
and factorization scales and K factors. The most pronounced uncertainty is relate to electron momen-
tum scale, resolution, reconstruction and selection. All of the mentioned uncertainties are discussed
in Ref. [206].
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5.2.5 Results
The invariant mass distribution of the four lepton final state system is shown in Figure 5.2. The
fiducial cross section is obtained by fitting Eq. (5.9) to the data, and for a Higgs boson mass of
mH = 125.38 GeV is:

σfid = 2.89+0.53
−0.49 (stat)+0.29

−0.21 (syst) fb. (5.10)

Results of fitting Eq. (5.9) to the data show good agreement with the SM prediction which is
obtained by multiplying the cross section for the ggF production of the Higgs boson [86] and the
branching ratio for the studied process [86] with the acceptance (ratio of event within fiducial phase
space to the total number of signal events):

σexpected = σ(pp→ H)×Br(H → ZZ → 4l)×A = 3.09+0.27
−0.24 fb. (5.11)

Figure 5.2. Distribution of the m4l invariant mass in the ranges 70−350 GeV (left), and 105−160 GeV (right).
The black points with error bars represent the data. The colored histograms show the signal (red histogram) and
the background contributions. The post-fit normalization for all the processes is obtained from the measurement
performed in the range 105 < m4l < 160 GeV. The bottom panels depict the ratio of the data to the post-fit
MC distribution. Figure taken from Ref. [206].

Results of differential fiducial cross section measurements are presented and discussed in Ref. [206].

5.3 Higgs boson self-coupling analysis

5.3.1 Introduction
As discussed in Section 4, the Higgs boson self-coupling was probed directly and indirectly, but so
far without exploring the off-shell regime of production. The main topic of the study present here is
the Higgs boson self-coupling measurement in the H → ZZ → 4l channel in the off-shell region.
Measurements as such inherit a lot of infrastructure from the previous measurement of Higgs boson
properties in the four lepton decay channel (including the off-shell regime of production) [98, 104,
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105,110,222,227,228]. This includes MC samples and modeling, event selection, categorization and
consideration regarding the systematic uncertainties. Here a general description of the infrastructure
is given, while for more details it is advised to visit the most recent measurement of Higgs boson
mass and width measurement [98].

5.3.2 Datasets and MC modeling

The dataset used in the analysis corresponds to the proton-proton collision delivered by LHC and
recorded by the CMS detector during Run-2 data taking period that lasted in the period 2016-2018.
Integrated luminosities collected per year are 36.3 fb−1 collected in 2016, 41.5 fb−1 collected in 2017
and 59.7 fb−1 collected in 2018. This brings to a total integrated luminosity, during the Run 2 data
taking period at a proton-proton COM energy of 13 TeV, of 138 fb−1.

Monte Carlo simulation is used to model signal processes, which involve the Higgs boson, and
background processes in pp interactions at the LHC and their reconstruction in the CMS detector.
Except for the different COM, most samples share the same configuration as in Section 5.2.2. Off-
shell EW and ggF samples have a specific configuration following the studies performed in Chapter 4.

The JHUGEN 7.3.0 generator LO framework is used for modeling the vector boson scattering and
triple-gauge-boson (VVV) background processes, the EW signal processes (VBF, VH) with either
SM or anomalous couplings, and their interference, while relying on the MCFM matrix element for
background processes. The SM simulation of the EW processes is also validated with the PHANTOM
1.3 [237] simulation. As NLO corrections are expected to be small, this simulation is used in its native
form.

The inclusion of gluon-gluon fusion signal processes, with either SM or anomalous couplings,
and its interference with the background is also included within the JHUGEN framework. The fac-
torization and renormalization scales are chosen to be running as m4l/2. In order to include higher
order QCD corrections, LO, NLO, NNLO signal cross section calculations are performed using the
MCFM and HNNLO 2 programs [186, 238, 239] for a wide range of Higgs masses, using a narrow
width approximation. The NNLO K factors are used to reweight [86] the m4l distributions from the
MCFM and JHUGEN simulation at LO in QCD, and a uniform factor of 1.10 across all of the m4l

range is applied to normalize the cross section of the Higgs boson production via gluon fusion to the
predictions for m4l ≈ 125 GeV at next-to-NNLO (N3LO) in QCD [86]. In addition, gluon fusion
production is simulated with the POWHEG 2 event generator at NLO in QCD. The simulated m4l

shapes or yields obtained from the POWHEG simulation of the gluon fusion process are corrected
based on the above reweighted distributions.

While the NNLO K factor calculation is directly applicable to the signal contribution, it is ap-
proximate for the background and its interference with the signal. The NLO calculation with some
approximations [219, 240–242] is available for the background and interference. Comparison with
this calculation shows that while there is some increase of the NLO K factor for the interference
close to the ZZ threshold, the NLO K factors for the background and interference are consistent with
the signal within approximately 10% in the mass range m4l > 220 GeV relevant for this analysis.
Therefore, the background and interference contributions are multiplied by the same NNLO K factor
and uniform N3LO correction, both calculated for signal and including associated uncertainties, and
introduce an additional unit factor with a 10% uncertainty for the background and the square root of
this factor for the interference.

Cross-feed from on-shell to off-shell region is studied, i.e. whether there is a contribution to
the overall off-shell yield stemming from on-shell production. The dominant process is the on-shell
Z(ll)H(2l+X) production which can end up reconstructed in the off-shell region. Estimation of the
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cross-feed shows that (ZH,H → WW/ZZ) contributes to the overall yield with ∼ 6.5 events.
The above mentioned samples, including the anomalous κλ couplings, were generated for a

dedicated study and were repurposed by utilizing MELA package, i.e. the generated events were
reweighted to fit the requirements of this analysis, thus saving time and resources in generation of a
entirely new set of events (see Chapter 4 for details).

5.3.3 Event reconstruction and selection

The event selection, although similar to that of Section 5.2.3, is given here due to difference coming
from the fact that the kinematic of on- and off-shell events is different.

As the events of interest are characterized by the presence of four leptons in the final state, a
dedicated triggers are used for selection. Namely, the main triggers for the Run 2 dataset analysis are
focused on selecting either a pair of electrons or muons, or an electron and a muon, which pass loose
identification and isolation criteria. The transverse momentum (pT ) of the leading electron (muon)
is required to be larger than 23 GeV (17 GeV), while that of the sub-leading lepton is required to be
larger than 12 GeV (8 GeV). In order to maximize the signal acceptance additional trigger are used.
One of these triggers requires presence of three leptons with lower pT thresholds and no isolation
requirements. Also, triggers based on isolated single-electron and single-muon with thresholds of
27 GeV and 22 GeV in 2016, and 35 GeV and 27 GeV in 2017 and 2018 is used. The overall trigger
efficiency for simulated signal events that pass the full selection is larger than 99%.

Event reconstruction is based on the PF algorithm [13] which exploits information from all the
CMS sub-detectors to identify and reconstruct individual particles in the event.

Electrons (muons) are reconstructed within the geometrical acceptance defined by a requirement
on the pseudorapidity |η| < 2.5 (|η| < 2.4) and pT > 7 GeV (5 GeV). The reconstruction algorithm
combines information from both the tracker and the ECAL (muon system). Muons are selected by
applying minimal requirements on the tracks reconstructed in muon system and the inner tracker sys-
tem, and by considering the compatibility of tracks with small energy deposits in the calorimeters. In
order to discriminate between Z boson decays and hadron decays, an isolation variable is calculated
for electron and muons [110]. For muons an isolation requirement is constrained to Iµ < 0.35, while
for electrons it is used to build a multivariate discriminant [110]. This discriminant includes observ-
ables sensitive to the presence of bremsstrahlung along the electron trajectory, the geometrical and
momentum-energy matching between the electron trajectory and the associated cluster in the ECAL,
the shape of the electromagnetic shower in the ECAL, and variables that discriminate against elec-
trons originating from photon conversions. This discriminant also includes the isolation to suppress
electrons originating from EW decays of hadrons within jets.

A dedicated algorithm is used to collect the final-state radiation of leptons [222]. Final State
Radiation (FSR) photons, when selected, are used in invariant mass of the final state computations.
PF photons within |η| < 2.4 are considered FSR photons if their transverse momentum satisfies
pT > 2 GeV and if their relative isolation is Iγ < 1.8 [206]. Each photon is associated to the nearest
lepton and is discarded if ∆R(γ, l)/(P γ

T )2 > 0.012 GeV−2 and ∆R(γ, l) > 0.5 where for a given
lepton FSR photon with the minimal value of ∆R(γ, l)/(pγ

T )2 is selected.
The jets are clustered using the anti-kT jet clustering algorithm [28] with a distance parameter of

0.4. The jet momentum is determined as the vector sum of all particle momenta in the jet. Jets must
satisfy pT > 30 GeV and |η| < 4.7 and must be separated from all selected lepton candidates and any
selected final-state radiation photons with a requirement on the distance parameter ∆R(ℓ/γ, jet) >
0.4, where (∆R)2 = (∆η)2 + (∆ϕ)2. Jets are b-tagged using the DeepCSV algorithm [243], which
combines information about impact parameter significance, the secondary vertex, and jet kinematics.
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The primary proton-proton interaction vertex is the reconstructed vertex with the largest value
of p2

T summed over all jets clustered using anti-kT jet clustering algorithm with the single tracks
and associated missing transverse momentum (taken as the negative vector pT sum of assigned jets)
assigned to candidate vertices as inputs.

To suppress non-prompt leptons from hadron decays and photon conversions, the three-dimensional
impact-parameter significance with respect to the PV is required to be < 4.

The selection targetsH → ZZ → 4l decays with at least four well-identified and isolated leptons,
where three mutually exclusive final states are defined based on the lepton falvor: 2e2µ, 4e, 4µ. The
Z boson candidates are constructed from Opposite-Sign-Same-Flavor (OSSF) lepton pairs with a
requirement on the invariant mass 12 < mll < 120 GeV. The Z boson candidate with the mass
closest to the nominal Z boson mass [230] is referred to as Z1 whilst the other is referred to as Z2 and
they are combined to built the ZZ candidate. Further requirements are imposed on the ZZ candidate
in order to improve the sensitivity to the Higgs boson decays. The invariant mass of the Z1 candidate
is constrained to be mZ1 > 40 GeV, all selected events must contain two leptons with pT > 10 GeV
and at least one lepton with pT > 20 GeV. Further, the invariant mass of any oppositely charged
lepton pair irrespective of the flavor is constrained to be ml+l′− > 4 GeV.

The off-shell region is in the following defined as m4l > 220 GeV.

5.3.4 Event categorization and discriminants

Following the test of c6 effects across a set of variables (including Ds) as discussed in Chapter 4, an
optimal discriminant building is discussed here.

When considering the Higgs boson decay H → ZZ → 4l there are 8 observables in total that
fully characterize the event kinematics, as described in [169–171]. These 8 observables are Ω⃗H→4l =
{θ∗, θ1, θ2,Φ,Φ1,mZ1 ,mZ2 ,m4l}, with the angles being depicted in Figure 5.3 (right). The θ∗ angle
is defined in the rest frame of the Higgs boson as the angle between the beam axis and the direction
of the Z1 candidate. Angles Φ and Φ1 are the azimuthal angles between the three planes constructed
from the Higgs boson decay products and the decay products of the two Z bosons in the Higgs boson
rest frame. The angles θ1 and θ2 are defined in the Z1 and Z2 rest frames, respectively, as the angles
between the Z boson direction in the Higgs boson rest frame and the direction of the negative decay
lepton. Considering the associated Higgs boson production (VBF and VH), there are 5 additional
kinematical variables which define the process, namely the production side of the process Ω⃗H+jj =
{θVBF

1 , θVBF
2 ,ΦVBF, q2,VBF

1 , q2,VBF
2 } (analogously for VH). These additional variables are shown in in

blue (angels) and brown (q) in Figure 5.3 for VBF (left) and VH (middle) production modes.
It was seen in Section 4.5.2 and in Appendix B that there are some variables that exhibit shape

changes as the c6 coefficient changes value. Further, the Ds discriminant was tested, replicating well
behavior reported in Ref. [137]. Although the study showed that Ds discriminant can be replicated, it
was decided not to use it, as a discriminant agnostic to c6 value is needed to properly probe modifica-
tions of the Higgs boson self-coupling.

Therefore, to fully exploit the event kinematics and discriminate between SM and BSM Higgs
boson production, first several categorization discriminants are constructed. Categorization closely
follows that of Ref. [98].

For each category, discriminants are constructed, which enables for optimal discrimination be-
tween signal and alternative hypothesis (for example background) within a given category. These
discriminants utilize Higgs boson decay products kinematics generally denoted as Ω⃗ and/or kinemat-
ics of Higgs boson production in association with two jets (Ω⃗H+jj). Utilizing the MELA framework,
the mentioned discriminants are constructed, in a general sense, as follows:
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Figure 5.3. Three main processes of Higgs boson production. On the left a VBF qq → V V (qq) → H(qq) →
V V (qq) is shown. In the middle associated production qq → V ∗ → V H → (f̄f)H → (f̄f)V V is shown.
On the right ggF gg → H → V V → 4l is shown. Initial state particles are shown in brown, the intermediate
vector bosons (V) and their decay products are shown in green, whilst the Higgs boson and the vector bosons
to which it decays to are shown in red. The angles that define the kinematics are shown in blue. Figure taken
from Ref. [87].
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where Palt is the probability that an event originates from an alternative scenario (alternative Higgs
boson production mechanism, for example background or BSM processes), Psig is the probability that
an event originates from the process of interest (signal process) and Pint calculates the interference
between the two models.

Based on Eq. (5.12) three discriminants are constructed: DVBF
2jet , DWH

2jet and DZH
2jet which are defined

as follows. In the the VBF (VH, V = W,Z) discriminant, Psig is the signal probability for VBF
(VH) production hypothesis, whilst the Palt corresponds to probability of Higgs boson production in
association with two jets via gluon-gluon fusion. In cases when more than two jets pass the selection
criteria, two jets with the highest pT are used in matrix element calculation. Thus, these three dis-
criminants separate the VBF and VH production from ggF production using only the kinematics of
Higgs boson and associated jets. Based on these discriminants, selected events are grouped into three
categories:

• VBF-2jet category: Exactly four leptons must be present in the event. Additionally two or
three jets must be present out of which one jet at most is a b-tagged jet, or four jets must
be present where none is b-tagged jet [110]. Such event is categorized as VBF-2jet event if
DVBF

2jet > 0.5 [110],

• VH hadronic category: Exactly four leptons must be present in the event. Additionally two or
three jets must be present out of which no jets are b-tagged, or four jets must be present where
none is a b-tagged jet. Such event is retained based on the selection criteria max(DVH

2jet,DVH
2jet) >

0.5 [110].

• Untagged category is comprised of the remaining events.
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Within each category, three discriminating variables are used to discriminate against the unwanted
background contributions, {m4l,Dbkg,Dint}. The two discriminants Dbkg and Dint are constructed dif-
ferently based on the category under which the events fall. In case of VBF- and VH-tagged category,
Pbkg represents the probability for EW and QCD background 4l+ 2j processes, whilst Psig represents
the probability of the signal EW production for a given process (VBF or VH). These two proba-
bilities are calculated using four-lepton and associated -jets kinematics. On the other hand in the
untagged category, Pbkg is calculated for the dominant background process qq̄ → 4l, where the signal
and background probabilities are calculated for a given invariant mass of the four lepton final state
system. Lastly, the discriminant Dint is calculated for a signal and background processes and it rep-
resents their interference. In the untagged category kinematics of the decay side of the process are
used, whilst in the VBF- and VH-tagged category kinematics of production in association with two
jets is used. Using Dbkg and Dint, another matrix element based discriminant is constructed, nLD
(non-Local Discriminant). It s constructed by convoluting Dbkg and Dint. Resulting distributions, of
m4l (zoomed x-axis range) and nLD, are shown in Figures 5.4, 5.5, 5.6 for untagged, VBF tagged and
VH tagged category, respectively. Background processes are shown in black, and they include ggZZ,
qqZZ, VBS and Z + X background processes. The SM LO signal process is shown in red, and it is
entails ggF, EW and tt̄H production. The interference contribution, depicted in green, corresponds to
the sum of the interference between LO ggF and ggZZ, and between LO electroweak production and
VBS. Dashed lines indicate the effect of different values of κλ. It can be seen that the the discrimi-
nants provide discriminative power as shape changes are observed in the distributions. Fits performed
on the data are 2-dimensional fits based on m4l and nLD.

(a) (b)

Figure 5.4. Distributions of m4l (a) and nLD (b) show for SM LO signal, background, interference and for
κλ = 10, 20, 30, for the untagged category. Courtesy of Andro Petković and his work.

5.3.5 Systematic uncertainties

Systematic uncertainties are classified into two categories, theoretical and experimental uncertainties.
Template shapes are varied in each event category, while for sources that do not depend on m4l, event
kinematics or other quantities that are event-specific, normalization uncertainties are assigned.
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(a) (b)

Figure 5.5. Distributions of m4l (a) and nLD (b) show for SM LO signal, background, interference and for
κλ = 10, 20, 30, for the VBF category. Courtesy of Andro Petković and his work.

(a) (b)

Figure 5.6. Distributions of m4l (a) and nLD (b) show for SM LO signal, background, interference and for
κλ = 10, 20, 30, for the VH category. Courtesy of Andro Petković and his work.

Theoretical uncertainties

A number of sources of theoretical uncertainty affect the yield, categorization of events and shapes of
distributions of observables.

Uncertainties related to the applied K factors are extracted and applied to the signal processes.
This includes both the QCD renormalization and factorization scales, αs and PDF uncertainties. Be-
yond the impact on the total yield via K factors, also the shapes and yields per category are affected
and the shape systematics is included in the analysis to account for the mentioned effects. Applied K
factor to the ggZZ background process introduces a 10% normalization uncertainty. The dominant
background process qq̄ → 4l features an uncertainty due to applied NLO EW corrections to the simu-
lation [244] and this is the dominant systematic uncertainty. Uncertainties related to renormalization
and factorization scales are accounted for by varying the central scale by a factor of 2 or 1/2, then
the shape systematics are applied by considering alternative templates which include these variations.
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Usage of PDFs also introduces uncertainty in the measurements, and it is evaluated by taking the
envelope of 100 different PDF replicas (i.e. variations).

Considering PYTHIA, signal and interfering background processes can vary in terms of the mul-
tiplicity and kinematics of associated jets due to the hadronization scale and the underlying event
variations (PYTHIA tune). PYTHIA scale uncertainties are estimated relying on the POWHEG high
mass ggF sample. In case of EW Higgs boson production processes, scale uncertainty is extracted
based on the JHUGen off-shell samples. Due to the observed weak dependence on variations a nor-
malization systematics is assigned. Effects of PYTHIA UE tune are assessed by using samples with
varied PYTHIA tunes for each category. For ggF production mode, the uncertainty was found the be
up to 1%. For EW production mode, using on-shell samples it was found that the uncertainty is at
most 2 % for the VH-tagged category.

Experimental uncertainties

The analysis focuses on Run 2 data taking period, with the three distinct four lepton final states. These
final states are merged across all three data taking periods (2016, 2017, 2018), merging also the data
taking periods. Luminosity is found to contribute 2.6% to the total systematic uncertainty.

Lepton reconstruction and identification efficiency uncertainties are included as normalization
uncertainties. The uncertainties from each year and for each final state are combined into inclusive
electron and muon reconstruction efficiency uncertainties. It was found that in case of electrons the
reconstruction and identification efficiency uncertainty is 6.4%, whilst for muons it was found to be
around 1%. Lepton energy resolution uncertainties were not considered as their impact on m4l shape
and width measurement is negligible.

As categorization relies also on jets, the jet uncertainties have to be considered. Related to jet
reconstruction uncertainties, three sources are studied. These are jet energy and scale resolution, and
the b-tagging efficiency. Up and down variational templates are constructed by considering alternative
calculation of the categorization discriminants, for the observable discriminants and for the jet veto
that considers number of b-tagged jets.

5.3.6 Statistical model
Keeping in mind the usage of binned templates, a specific statistical model is used, the binned likeli-
hood template model (see Ref. [245] for deeper understanding of statistical methods and modeling).

Regarding the uncertainties, there are two prominent effects that may affect the measurement,
i.e. two types of uncertainties. They are normalizations uncertainty and shape uncertainty. Shape
uncertainties are included in measurement by constructing additional set of templates, i.e. the up
and down variations of the original template, then the interpolation between them is done to assess
the impact of the given shape uncertainty [246]. To parameterize the normalization uncertainties,
a log-normal distribution is employed (instead of a Gaussian distribution). The general form of a
log-normal distribution is give as:

p(x) = 1√
2π ln k

1
x

exp
(
− (ln(x/xm))2

x(ln k)2

)
, (5.14)

where x is an arbitrary variable whose logarithm is distributed with a mean ln xm and with a standard
deviation of ln k. The log-normal distribution is used to model the impact of nuisance parameters (i.e.
not those of interest) θ, and ensures a positive-definite normalization.

As the model employed is a binned template model, the per-bin yield is modeled with the Poisson
distribution:
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PPoisson = λke−λ

k! , (5.15)

where k is the observed and λ is the expected number of events.
Using these two distributions, a likelihood function is constructed:

L(κλ, θ⃗) =
∏
j

λ
kj

j (κλ, µ)e−λj(κλ,µ)

kj!
× P (θ⃗), (5.16)

where the expected number of events per bin depends on the Higgs boson self-coupling modifier
and the signal strength µ, λj(κλ, µ), with the product running over each bin j, and kj represents the
observed number of events in the j-th bin of the template:

λj(κλ, µ) =
[∑

i

µifi(κλ)Hi

]
j

. (5.17)

Here the templates Hi are scaled differently based on whether the template corresponds to the SM
signal case, BSM case, or else. In case of SM signal templates, it is scaled by signal strength µ. The
BSM templates, containing O(λ) corrections, are scaled by polynomial functions fi(κλ) based on
which corrections the template refers to (see next section). All remaining templates are scaled by 1.
All of the nuisance parameters θ⃗ are encompassed in a log-normal based distribution P (θ⃗).

The fit is based on minimizing the negative log-likelihood function:

−2∆ lnL(κλ) = −2 ln L(κλ,
ˆ⃗
θ)

L(κ̂λ,
ˆ⃗
θ)
, (5.18)

where κλ represents the parameter of interest. The denominator is built by first performing a 2D fit
in the κλ − µ plane and extracting the best fit values, then by fitting all the nuisance parameters θ⃗

simultaneously, thus obtaining L(κ̂λ,
ˆ⃗
θ). In the numerator, the best fit value of nuisance parameters

is taken, while scanning over a range of κλ values. The confidence interval limits on κλ are extracted
based on where the negative log-likelihood function (Eq. (5.18)) intercepts 1 (4), which results in 1σ
(2σ) confidence intervals.

5.3.7 Building templates for the statistical model

Templates used in the statistical model must be built from MC and data and parameterized as a
function of κλ. The templates incorporate corrections to the SM ggF and EW production modes
at the LO, which were discussed previously. Due to how c6-related corrections are implemented,
the c6 coupling modifies only the loop diagrams (MC implementation itself is slightly different than
Eq. (4.21) in that sense). Adopting the approximation c6 ≈ κλ, templates are built where production
and decay scale linearly with κλ, while propagation scales quadratically.

The total amplitude for ggF mode of production includes several components, SM LO ggF pro-
duction, ggZZ background, a combined production and decay correction term, and the propagation
correction:
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A2 = |ASMLO + ABKG + Atot
prod + Atot

prop + Atot
dec|2 =

= |ASMLO + ABKG + Aprod + AδZH
prod + Aprop + AδZH

prop + Adec + AδZH
dec |2 =

= |ASMLO + ABKG + (Aprod + Adec) + Aprop|2 =
= A2

SMLO
+ A2

BKG + (Aprod + Adec)2 + A2
prop

+ I(ASMLO , ABKG) + I(ASMLO , Aprod + Adec) + I(ASMLO , Aprop)
+ I(ABKG, Aprod + Adec) + I(ABKG, Aprop) + I(Aprod + Adec, Aprop)

(5.19)

Each term in the total amplitude squared (A2) has a distinct physical meaning. The first two
components, A2

SMLO
and A2

BKG correspond to the leading–order SM Higgs boson signal process
(H → ZZ → 4l, no loops) and the continuum gg → ZZ background process, respectively. Their in-
terference is given with the term I(ASMLO

, ABKG). The term (Aprod+Adec)2 represent the corrections
to the Higgs boson production and decay vertices induced by the modified trilinear coupling, without
the AδZH

prod + AδZH
dec contribution as it exactly cancels out against AδZH

prop. The term A2
prop accounts for

the corrections to the propagator, without the δZh contribution (as it is canceled out). The remaining
terms are the cross-interference terms I(X, Y ) between the different amplitude components. This de-
composition thus provides the theoretical foundation for constructing the template parameterization
used in the fit to extract sensitivity to the Higgs boson self-coupling.

Similarly, in case of EW Higgs boson production mode, the total amplitude can be decomposed
as:

A2 = |ASMLO + ABKG + Atot
prod + Atot

prop + Atot
dec|2

= |ASMLO + ABKG + Aprod + AδZH
prod + Aprop + AδZH

prop + Adec + AδZH
dec |2

= |ASMLO + ABKG + (Aprod + Adec) + (Aprop + δZH)|2

= A2
SMLO

+ A2
BKG + (Aprod + Adec)2 + (Aprop + δZH)2

+ I(ASMLO , ABKG) + I(ASMLO , Aprod + Adec) + I(ASMLO , Aprop + δZH)
+ I(ABKG, Aprod + Adec) + I(ABKG, Aprop + δZH) + I(Aprod + Adec, Aprop + δZH)

(5.20)

with the big difference being when compared to Eq. (5.19) the presence of δZh term which encom-
passes all the relevant contributions related to the wave-function renormalization constant. As op-
posed to the case of ggF, these contributions do not cancel out (as discussed in the previous chapter).
All the other terms have analogous meaning to the case of ggF.

The templates representing each term of Eqs. (5.19) and (5.20) are parametric 2-dimensional
histograms of m4l and nLD, built using the MELA framework. With access to all the necessary
matrix elements, all the off-shell samples are reweighted to each of the components across a set of κλ

values. With this a parametric description of templates is obtained, where such templates are built in
such a way that they assume a constant normalization across the κλ values and the dependence on κλ

is contained within a polynomial which multiplies the template normalization. Each signal templates
has its own associated polynomial. The following scaling should be kept in mind:

• A2
SMLO

, A2
BKG, I(ASMLO

, ABKG) ∼ 1 (i.e. no κλ dependence);

• I(ASMLO
, Aprod + Adec), I(ABKG, Aprod + Adec) ∼ κλ;

• (Aprod + Adec)2 ∼ κ2
λ;

• I(ASMLO
, Aprop), I(ASMLO

, Aprop) ∼ aκλ + bκ2
λ,
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• I(Aprod + Adec, Aprop) ∼ aκ2
λ + bκ3

λ;

• A2
prop ∼ aκ2

λ + bκ3
λ + cκ3

λ;

• δZh ∼ aκλ + bκ2
λ,

once again, stressing out the a priori different coefficients in the polynomial scaling for different
templates.

With the templates built, and relying on reweighting features of MELA, it is now very simple to
construct all templates, as all samples can be reweighted to κλ = 1 hypothesis and then parameterized
by a polynomial function. This approach is efficient as it removes the need for building templates for
each κλ value separately and thus modeling the shape variation with a huge number of templates.

5.3.8 Results
With the physics and statistical model built as explained above and using the CMS Combine software
package [234, 246] a fit is performed to extract the expected value of κλ. The fit is performed in 2
dimensions, m4l and convolution Dkin

bkg ∗ Dbsi. Results are presented for three categories, and also
for their combination. Scan of expected κλ in untagged category is presented in Figure 5.7, for VH
tagged category in Figure 5.9, for VBF tagged category in Figure 5.8 and for their combination in
Figure 5.10.

Expected scan of κλ across the three categories and their combined scan at 95% CL is:

untagged category: − 19.26 < κλ < 21.49,
VBF category: − 25.41 < κλ < 23.28,
VH category: − 32.37 < κλ < 34.26,
combined categories: − 18.53 < κλ < 19.64,

(5.21)

where it can be seen that the most sensitivity is carried in the untagged category, whilst the least in
the VH tagged category. Combined scan over all three categories slightly increases the sensitivity
above that of untagged category. The results of the expected scan of κλ demonstrate the feasibility
of probing the Higgs boson self-coupling modifier using the off-shell regime of production in the
H → ZZ → 4l decay channel. Scans show that the current analysis achieves sensitivity to modifi-
cations of κλ from the value predicted by SM. The expected uncertainty, however, is large. The large
uncertainty in the extracted κλ originates from several factors. By large, the dominant uncertainty
is due to the statistical limitations, i.e. due to limited dataset owing to the rarity of the Higgs boson
off-shell production (compared to the on-shell production). Contributing theoretical uncertainties are
sizable, namely theoretical modeling of the off-shell signal and its interference with the continuum
background, as well as uncertainty related to the applied K factors. Detector-related uncertainties,
such as electron reconstruction and identification contribute non-negligibly to the total uncertainty.
Non the less, the analysis establishes a methodological framework through the use of matrix ele-
ments which are employed in calculation of matrix element based discriminants and for building of
likelihood templates.
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Figure 5.7. Expected scan of κλ in untagged category, where the scan with only statistical uncertainty included
is shown in red and the scan including statistical and systematic uncertainty is shown in black. Courtesy of
Andro Petković and his work.

Figure 5.8. Expected scan of κλ in VBF tagged category, where the scan with only statistical uncertainty in-
cluded is shown in red and the scan including statistical and systematic uncertainty is shown in black. Courtesy
of Andro Petković and his work.
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Figure 5.9. Expected scan of κλ in VH tagged category, where the scan with only statistical uncertainty in-
cluded is shown in red and the scan including statistical and systematic uncertainty is shown in black. Courtesy
of Andro Petković and his work.

Figure 5.10. Expected combined scan of κλ from all three categories, where the scan with only statistical
uncertainty included is shown in red and the scan including statistical and systematic uncertainty is shown in
black. Courtesy of Andro Petković and his work.
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Chapter 6

Discussion

Here the main outcomes of this work are summarized, spanning theoretical predictions, detector de-
velopment, and Higgs boson-related measurements.

In view of the CMS detector upgrade for the High-Luminosity phase of the LHC, Ultra-Fast Sil-
icon Detectors (UFSDs) are developed for timing measurements in the endcap region. The inter-pad
region design study aimed to optimize the geometry and doping profile of UFSDs to achieve high
fill-factor, fine segmentation, and stable electrical behavior without premature breakdown. It can be
concluded (based on measurements performed on UFSD3.1 campaign) that low p-stop doping and
small region A/B surface are the optimal characteristics to avoid early breakdown of a sensor. Inter-
pad widths of ∼ 25 µm are achievable. Overall, the elastomer setup allows for a measurement of
total leakage current by contacting all of the single pads, although careful handling is needed for sev-
eral experimental reasons, both mechanical and electrical. The trend of the expected voltage-current
curves is reproduced well, although with a less precision for sensors with a deeper implant. Some of
the measurements show higher current than the reported ones (by the manufacturer) indicating that the
elastomer setup has room to improve, but is faithful in replicating the trend of current curves. Further
studies are needed to confirm the exact reason as to why this is the case. Several things are to be con-
sidered: potential impact on measurement coming from elastomer-sensor contact, elastomer-copper
contact, behavior of the mask under contact with the conducting material. The setup was tested under
temperature change, where stability was observed for measurement of some sensors.

The MATRIX framework has proven to be a highly reliable tool for precision Standard Model
predictions, particularly for di-vector boson production processes. The use of MATRIX at NNLO
QCD accuracy (and including NLO EW corrections where available) enabled cross section calcula-
tion at a proton-proton center-of-mass of 13.6 TeV (LHC Run-3). The combination of NNLO QCD
and NLO EW corrections was discussed and it was shown that percent-level theoretical precision is
achieved. The results obtained with MATRIX serve as a cross check for various analysis within the
CMS collaboration, which shows good agreement when comparing to results obtained with different
MC generators.

The fiducial cross-section measurement of the H → ZZ → 4l decay channel at 13.6 TeV pre-
sented in Section 5.2 demonstrates excellent agreement with the SM expectations. The measured
fiducial value:

σfid = 2.89+0.53
−0.49 (stat)+0.29

−0.21 (syst) fb. (6.1)

is consistent within uncertainties with the predicted value of σexpected = 3.09+0.27
−0.24 fb.

The strategy for Higgs boson self-coupling measurement from off-shell regime of production, pre-
sented in Chapters 4 and 5, shows that it is possible to probe the self-coupling in the H → ZZ → 4l
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decay channel. The matrix elements, that entail c6 corrections, were propagated from MCFM8.0 to
JHUGen-MCFM. Further, the ggF production cross sections, where only one or all three of the con-
tributions are turned on (production, propagation, decay), were calculated and compared between the
two generator frameworks. A satisfactory matching between the cross section values was found. An-
other matrix element based test was carried out, i.e. reweighting test, which again shows satisfactory
matching between the generated MC samples and those obtained by reweighting to corresponding c6
hypothesis. The matrix element were also propagated to the EW modes of Higgs boson production,
expanding the already existing parameterization for one (ggF) mode of production.

From a template-based statistical analysis, where all BSM effects are parameterized, was found
that the greatest sensitivity to κλ modifications comes from the untagged category, whilst the sensi-
tivity from the scan of combined categories is:

combined categories: − 18.53 < κλ < 19.64, (6.2)

Comparing the scan between VBF and VH categories, it can be noted that the VBF tagged category
carries better sensitivity, where the weakest sensitivity comes from the VH tagged category.

The methodology implemented in the off-shell regime serves a complementary purpose to the
measurement from the on-shell regime as the measurement from the off-shell regime is sensitive
to the higher-order loop-induced effects, whilst the on-shell regime measurement probes the effects
of modified Higgs boson self-coupling near the resonance peak. The expected scan returns a best-
fit κλ value compatible with the SM predictions, although with a large uncertainty. Even though
the sensitivity to the Higgs boson self-coupling in off-shell is weaker than that of di-Higgs boson
production, the analysis presented here demonstrates the potential of using the measurement in off-
shell regime as an independent constraint in the future. At the HL-LHC the sensitivity to κλ is
expected to improve significantly, as the leading uncertainty is the statistical one.
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Appendix A

Leakage current and guard ring current
measurement

Here a measurement of leakage current and guard ring currents are presented for 30 sensors which
together with sensors presented in Section 2.5, make up the full set of tested sensors. Measurements
of two mentioned currents are given side by side in the following figures, where the legends hold the
information about the tested sensors.

(a) (b)

Figure A.1. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.
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(a) (b)

Figure A.2. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.

(a) (b)

Figure A.3. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.
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(a) (b)

Figure A.4. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.

(a) (b)

Figure A.5. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.
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(a) (b)

Figure A.6. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.

(a) (b)

Figure A.7. Leakage current (a) and guard ring current (b) scan as a function of reverse bias. Elastomer
measurements are labeled with triangles and the FBK measured values are labeled with squares.
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Appendix B

BSM effects on various observables

In total 24 observables were tested against the change of c6 coefficient. In chapter 4 five variables
where presented, while here additional 19 are shown. Kinematical variables that define the Higgs bo-
son decay (angles, discussed in Section 5.3.4) are shown in Figures B.1, B.2, B.3, B.5, B.4. Pseudora-
pidities of Higgs boson, leading lepton, sub-leading lepton (second highest pT out of all leptons) and
the difference between pseudorapidities of Higgs boson and the jet with the highest mass ∆η(H, j1)
are shown in Figures B.6, B.7, B.8, B.9 respectively. Distribution of transverse momentum of a Higgs
boson in events where exactly one jet is produced, where exactly two jets are produced, where three
or more jets are produced, distribution of transverse momentum of the jet with highest mass (in an
event), of a Higgs boson inclusive in the number of jets produced in an event and masses of Z1 and
Z2 candidates is shown in Figures B.10, B.11, B.12, B.13, B.14, B.15, B.16, respectively. Number of
jets in event and the difference in azimuthal angle ϕ between a Higgs boson and a jet with the highest
mass are shown in Figures B.17 and B.18 respectively. In all of the Figures the dominant contribution
coming from qq̄ → ZZ → 4l background was scaled down for shape comparison.

It can be observed that in general variation of c6 induced changes in distributions in form of scal-
ing, but not in form of shape change which vital for sensitivity exploration and measurement. Some
variables like pT (l1), pT (l2), pT (Z1), pT (Z2) exhibit some changes in shape looking at the ggF pro-
duction alone. When studied together with the ggZZ background and their interference, the changes
fade away.
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(a) (b)

Figure B.1. Reconstruction level cos(θ1) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.2. Reconstruction level cos(θ2) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.3. Reconstruction level Φ distributions for the processes gg → H∗ → ZZ → 4l (a) and gg → ZZ →
2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM distributions
(c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.4. Reconstruction level cos(θ∗) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.5. Reconstruction level Φ∗ distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.6. Reconstruction level ηH distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.7. Reconstruction level ηl1 distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.8. Reconstruction level ηl2 distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.9. Reconstruction level ∆η(H, j1) distributions for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.10. Reconstruction level pT (H) distributions of events where exactly one jet is produced, for the
processes gg → H∗ → ZZ → 4l (a) and gg → ZZ → 2e2µ where the Higgs boson contribution is included
(b). Lower panels present ratios of BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.11. Reconstruction level pT (H) distributions of events where exactly two jets are produced, for the
processes gg → H∗ → ZZ → 4l (a) and gg → ZZ → 2e2µ where the Higgs boson contribution is included
(b). Lower panels present ratios of BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.12. Reconstruction level pT (H) distributions of events where three or more jets are produced, for the
processes gg → H∗ → ZZ → 4l (a) and gg → ZZ → 2e2µ where the Higgs boson contribution is included
(b). Lower panels present ratios of BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.13. Reconstruction level pT (j1) distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.14. Reconstruction level pT (H) distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.15. Reconstruction level mZ1 distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.16. Reconstruction level mZ1 distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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(a) (b)

Figure B.17. Reconstruction level nj distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of
BSM distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).

(a) (b)

Figure B.18. Reconstruction level ∆ϕ(H, j1) distribution for the processes gg → H∗ → ZZ → 4l (a) and
gg → ZZ → 2e2µ where the Higgs boson contribution is included (b). Lower panels present ratios of BSM
distributions (c6 ̸= 0) to the LO SM distribution (c6 = 0).
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Appendix C

Production cross sections obtained with
MATRIX

In this appendix the production cross section results obtained with MATRIX v2.0.1 and v2.1.0. re-
leases are presented. In this was a direct comparison between the two MATRIX releases is available,
as well as as an overview of the production cross section for a selection of single- and di-boson pro-
duction processes. With these results, a reliable reference point in cross section calculation within the
CMS collaboration is established.

C.1 Imposed kinematical cuts
The fiducial cuts imposed, within MATRIX v2.1.0, for W±, Z, W±/Z + γ production are shown
in Tables C.1 and C.2, while the only cut imposed for W+W−, ZZ, W+W−/ZZ production is
mOSSF > 4 GeV. Between the two MATRIX releases used there’s one differences in setups. Namely,
in MATRIX v2.0.1 constraints on dR separation between leptons and a photon were not used, rather
they were used in MATRIX v2.1.0 to better control the convergence and the size of the cross section.

Table C.1. Fiducial cuts used for W ±/Z boson production processes. A slash (/) stand for no explicit require-
ments.

pp→ e+e− pp→ e−ν̄e / pp→ e+νe pp→ νeν̄e

lepton cuts mll > 50 GeV / /

jet cuts / pT > 0.01 GeV, |η| < 5 /

jet definition anti-kT algorithm with R = 0.4 ,

C.2 Results with MATRIX v2.0.1
The production cross section values obtained with MATRIX v2.0.1 are summarized in Tables C.3, C.4, C.5
and C.6.
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Table C.2. Fiducial cuts used for W ±/Z + γ production processes. A slash (/) stand for no explicit require-
ments.

pp→ e+e−γ pp→ e−ν̄eγ / pp→ e+νeγ

lepton cuts mll > 30 GeV, pT > 15 GeV |η| < 2.5

jet cuts / pT > 0.01 GeV, |η| < 5

jet definition anti-kT algorithm with R = 0.4

photon definition n = 1, ϵγ = 1, δ0 = 0.05 n = 1, ϵγ = 1, δ0 = 0.4

photon cuts pT > 15 GeV, |η| < 2.6 pT > 10 GeV, |η| < 2.5

dR separation lγ > 0.7 jj > 0.001, jγ > 0.05, lγ > 0.05

Table C.3. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→W ±/Z production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [nb]
σORDER/process pp → pp → e+e− pp → e−ν̄e pp → e+νe pp → νeν̄e

σLO 1.86+11.6%
−12.6%± 0.2% 8.08+12.5%

−13.5%± 0.2% 10.7+12.2%
−13.2%± 0.2% 3.53+11.6%

−12.5%± 0.2%

σNLO_QCD 2.13+2.9%
−4.7%± 0.2% 9.22+3.2%

−5.3%± 0.2% 12.3+3.3%
−5.3%± 0.2% 4.03+2.9%

−4.8%± 0.2%

σNLO_EW 1.85+11.7%
−12.6%± 0.2% 8.05+12.7%

−13.7%± 0.2% 10.7+12.3%
−13.3%± 0.2% 3.55+11.7%

−12.6%± 0.2%

σNLO_QCD+NLO_EW 2.11+0.5%
−0.8%± 0.2% 9.19+3.3%

−5.3%± 0.2% 12.3+3.3%
−5.3%± 0.2% 4.05+3.1%

−4.8%± 0.2%

σNLO_QCD×NLO_EW 2.11+3.0%
−4.8%± 0.2% 9.19+3.3%

−5.4%± 0.2% 12.3+3.4%
−5.4%± 0.2% 4.06+3.0%

−4.8%± 0.2%

σNNLO_QCD 2.09+1.0%
−0.9%± 1.1% 8.86+1.3%

−1.0%± 0.9% 12.2+0.5%
−1.2%± 1.2% 3.93+1.0%

−1.0%± 0.9%

σNNLO_QCD+NLO_EW 2.07+1.0%
−0.9%± 1.1% 8.82+1.3%

−1.0%± 0.9% 12.1+0.6%
−1.2%± 1.2% 3.95+1.1%

−1.1%± 0.9%

σNNLO_QCD×NLO_EW 2.07+1.1%
−1.0%± 1.1% 8.82+1.4%

−1.1%± 0.9% 12.1+0.6%
−1.6%± 1.2% 3.95+1.1%

−1.0%± 0.9%

C.3 Results with MATRIX v2.1.0
The production cross section values obtained with MATRIX v2.0.1 are summarized in Tables C.7, C.8, C.9
and C.10.

C.4 Discussion and Comparison
Several conclusions can be drawn based on comparison of the results obtained with two different
MATRIX releases.

The gluon-gluon loop induced contribution shows greater stability in the release MATRIX v.2.1.0,
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Table C.4. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→W ±/Z + γ production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [pb]
σORDER/process pp→ e+e−γ e−ν̄eγ e+νeγ

σLO 50+11.7%
−12.7% ± 6.3% 59.0+13.0%

−14.0% ± 0.2% 78.7+12.7%
−13.7% ± 0.2%

σNLO_QCD 65+3.6%
−5.3% ± 6.6% 73.5+3.1%

−5.1% ± 0.4% 97+3.1%
−5.1% ± 0.7%

σNNLO_QCD 382+16.9%
−12.1% ± 18.2% 79+1.4%

−1.7% ± 1.7% 103+1.2%
−1.7% ± 2.2%

σLO_gg 34.0+23.0%
−17.0% ± 0.3% / /

Table C.5. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→ W ±Z production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [fb]
σORDER/process pp→ pp→ e−µ−e+ν̄µ pp→ e−e+e−ν̄e pp→ e−µ+e+νµ pp→ e−e+e+νe

σLO 173.0+8.7%
−9.6%±0.1% 169.8+8.6%

−9.5%±0.2% 244.3+8.1%
−9.0%±0.2% 240.4+8.0%

−8.9%±0.2%

σNLO_QCD 229.0+2.6%
−3.4%±0.2% 225.1+2.6%

−3.1%±0.2% 328.2+2.7%
−3.3%±0.2% 323.4+2.7%

−3.3%±0.2%

σNLO_EW 171.0+8.8%
−9.7%±0.2% 167.4+8.7%

−9.6%±0.2% 241.5+8.2%
−9.1%±0.2% 237.2+8.1%

−9.0%±0.2%

σNLO_QCD+NLO_EW 227.0+2.6%
−3.5%±0.2% 222.7+2.6%

−3.4%±0.3% 325.5+2.7%
−3.4%±0.2% 320.1+2.7%

−3.3%±0.2%

σNLO_QCD×NLO_EW 226.4+2.6%
−3.5%±0.2% 221.9+2.6%

−3.5%±0.3% 324.5+2.7%
−3.4%±0.2% 319.0+2.7%

−3.4%±0.2%

σNNLO_QCD 244+1.1%
−1.2% ± 1.1% 238+0.4%

−0.7% ± 1.3% 353+1.2%
−1.3% ± 1.1% 346.6+1.4%

−1.4%±0.2%

σNNLO_QCD+NLO_EW 241+1.1%
−1.2% ± 1.1% 235+0.4%

−0.7% ± 1.4% 350+1.3%
−1.4% ± 1.1% 343+1.5%

−1.5% ± 1.4%

σNNLO_QCD×NLO_EW 242+1.1%
−1.2% ± 1.1% 234+0.4%

−0.8% ± 1.4% 349+1.2%
−1.3% ± 1.1% 342+1.4%

−1.4% ± 1.3%

which can be seen when comparing the results from Tables C.6 and C.10. It is worth noting that for
example σLO_gg varies a lot with the change of PDF replica of the given set when using MATRIX
v2.0.1.

Comparing W+ and W− (w/o γ) production, processes involving W+ production are found to
have higher cross section value, which is majorly attributed to the composition of the proton where it
is assumed to be comprised of 2 up and 1 down (valence) quarks.

Cross sections at NNLO and nNNLO differ (where applicable) by the difference σNLO_gg− σLO_gg

which is in line with how these contributions are defined and added (see Subsection 5.1.3).
When using MATRIX v2.0.1, a 5FS was used in calculation of production cross section of pro-

cesses which involve W+W− bosons. In setup which relies on MATRIX v.2.1.0 a switch was made
to 4FS which eliminates the top quark contribution which is evidently overwhelming
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Table C.6. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→ W +W −/ZZ production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [fb]
σORDER/process pp → pp → e−µ−e+µ+ pp → e−e+e−e+ pp → e−e+νµν̄µ pp → e−µ+νµν̄e pp → e−e+νeν̄e

σLO 266.3+14.5%
−14.6% ± 0.2% 120.2+12.0%

−12.7% ± 0.2% 94.7+5.0%
−5.9% ± 0.1% 1012+3.5%

−4.2% ± 0.1% 1105+3.6%
−4.4% ± 0.2%

σNLO_QCD 323.0+4.3%
−7.1% ± 0.3% 144.9+3.6%

−5.7% ± 0.2% 115.5+1.8%
−2.2% ± 0.2% 2019+4.9%

−4.1% ± 0.2% 2131+4.7%
−3.9% ± 0.2%

σNLO_EW 262.2+14.6%
−14.7% ± 0.2% 118.1+12.2%

−12.8% ± 0.2% 93.2+5.2%
−6.0% ± 0.1% 1000+3.6%

−4.4% ± 0.1% 1091+3.8%
−4.5% ± 0.2%

σNLO_QCD+NLO_EW 319.1+4.3%
−7.0% ± 0.3% 142.9+3.6%

−5.7% ± 0.2% 114.0+1.8%
−2.2% ± 0.2% 2007+4.9%

−4.1% ± 0.2% 2118+4.8%
−4.0% ± 0.2%

σNLO_QCD×NLO_EW 318.2+4.4%
−7.2% ± 0.3% 142.5+3.7%

−5.8% ± 0.2% 113.7+1.8%
−2.3% ± 0.2% 1996+4.9%

−4.1% ± 0.2% 2105+4.7%
−3.9% ± 0.2%

σNNLO_QCD 373+4.4%
−5.1% ± 1.1% 160+2.4%

−3.0% ± 1.3% 129+2.0%
−1.7% ± 0.8% 7754+19.3%

−14.3% ± 0.4% 7807+19.0%
−14.1% ± 0.5%

σnNNLO_QCD 438+9.7%
−8.5% ± 1.0% 172+4.0%

−3.8% ± 1.3% 136+2.5%
−2.2% ± 0.8% 7842+19.3%

−14.3% ± 0.4% 7897+18.9%
−14.0% ± 0.5%

σnNNLO_QCD+NLO_EW 435+9.8%
−8.5% ± 1.0% 170+4.1%

−3.8% ± 1.3% 135+2.5%
−2.2% ± 0.8% 7830+19.3%

−14.3% ± 0.4% 7884+18.9%
−14.0% ± 0.5%

σnNNLO_QCD×NLO_EW 432+9.7%
−8.6% ± 1.0% 169+4.0%

−3.9% ± 1.3% 134+2.5%
−2.2% ± 0.8% 7750+19.1%

−14.2% ± 0.4% 7800+18.7%
−13.9% ± 0.5%

σLO_gg 27.5+32.7%
−28.9% ± 0.3% 7.7+29.8%

−21.7% ± 0.6% 6.9+21.7%
−16.3% ± 0.3% 75.8+22.4%

−16.7% ± 0.3% 80.3+22.3%
−16.6% ± 0.3%

σNLO_gg 93+38.1%
−28.2% ± 2.2% 19.4+28.4%

−19.4% ± 5.2% 13.8+16.5%
−13.3% ± 0.5% 163+18.2%

−14.3% ± 1.3% 170.8+17.8%
−14.1% ± 0.5%

Table C.7. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→W ±/Z production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [nb]
σORDER/process pp → pp → e−ν̄e pp → e+νe pp → νeν̄e

σLO 1.86+11.6%
−12.6%± 0.2% 8.09+12.5%

−13.5%± 0.2% 10.7+12.2%
−13.2%± 0.2% 3.53+11.6%

−12.5%± 0.2%

σNLO_QCD 2.13+3.0%
−4.8%± 0.2% 9.23+3.2%

−5.3%± 0.2% 12.3+3.3%
−5.2%± 0.2% 4.03+3.0%

−4.8%± 0.2%

σNLO_EW 1.85+11.7%
−12.7%± 0.2% 8.05+12.7%

−13.7%± 0.2% 10.7+12.3%
−13.3%± 0.2% 3.55+11.7%

−12.6%± 0.2%

σNLO_QCD+NLO_EW 2.11+3.0%
−4.8%± 0.2% 9.20+3.3%

−5.3%± 0.2% 12.3+3.3%
−5.3%± 0.2% 4.05+3.1%

−4.8%± 0.2%

σNLO_QCD×NLO_EW 2.11+3.1%
−4.9%± 0.2% 9.19+3.3%

−5.4%± 0.2% 12.3+3.4%
−5.4%± 0.2% 4.06+3.0%

−4.8%± 0.2%

σNNLO_QCD 2.11+0.7%
−1.2%± 1.0% 9.05+1.2%

−1.1%± 0.8% 12.2+1.0%
−1.3%± 0.7% 3.93+1.0%

−1.0%± 0.7%

σNNLO_QCD+NLO_EW 2.09+0.7%
−1.1%± 1.0% 9.01+1.3%

−1.1%± 0.8% 12.1+1.1%
−1.4%± 0.7% 3.95+1.1%

−1.1%± 0.7%

σNNLO_QCD×NLO_EW 2.09+0.8%
−1.3%± 1.0% 9.01+1.4%

−1.2%± 0.8% 12.1+1.1%
−1.4%± 0.7% 3.96+1.1%

−1.1%± 0.7%
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Table C.8. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→W ±/Z + γ production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [pb]
σORDER/process pp→ e+e−γ e−ν̄eγ e+νeγ

σLO 5.7+10.9%
−11.8% ± 0.2% 58.9+13.0%

−14.0% ± 0.2% 78.6+12.7%
−13.7% ± 0.2%

σNLO_QCD 7.2+2.8%
−4.3% ± 0.2% 73.3+3.1%

−5.1% ± 0.2% 96.5+3.0%
−5.0% ± 0.2%

σNNLO_QCD 7.7+1.1%
−1.2% ± 0.9% 76+0.7%

−1.3% ± 0.9% 99+0.4%
−1.1% ± 0.7%

σLO_gg 0.032+23.0%
−17.0% ± 0.3% / /

Table C.9. Cross section values at different orders in perturbative expansion of QCD and EW and their combi-
nations for pp→ W ±Z production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [fb]
σORDER/process pp→ pp→ e−µ−e+ν̄µ pp→ e−e+e−ν̄e pp→ e−µ+e+νµ pp→ e−e+e+νe

σLO 173.0+8.7%
−9.6%±0.1% 170.1+8.6%

−9.6%±0.1% 244.8+8.1%
−9.0%±0.2% 240.6+8.0%

−8.9%±0.2%

σNLO_QCD 229.1+2.6%
−3.4%±0.2% 225.7+2.6%

−3.5%±0.2% 328.7+2.7%
−3.4%±0.2% 323.4+2.7%

−3.4%±0.2%

σNLO_EW 171.3+8.8%
−9.7%±0.2% 168.0+8.7%

−9.7%±0.2% 242.2+8.2%
−9.1%±0.2% 237.7+8.1%

−9.0%±0.2%

σNLO_QCD+NLO_EW 227.4+2.6%
−3.5%±0.2% 223.5+2.6%

−3.5%±0.2% 326.0+2.7%
−3.4%±0.2% 320.4+2.7%

−3.4%±0.2%

σNLO_QCD×NLO_EW 226.9+2.6%
−3.5%±0.2% 222.8+2.6%

−3.6%±0.2% 325.1+2.7%
−3.5%±0.2% 319.4+2.7%

−3.5%±0.2%

σNNLO_QCD 241+0.5%
−0.8% ± 1.0% 240+1.6%

−1.1% ± 1.0% 351+1.2%
−1.3% ± 1.0% 350+1.1%

−1.2% ± 1.3%

σNNLO_QCD+NLO_EW 239+0.6%
−0.8% ± 1.1% 2385+1.6%

−1.1% ± 1.0% 349+1.2%
−1.3% ± 1.0% 347+1.1%

−1.2% ± 1.3%

σNNLO_QCD×NLO_EW 239+0.5%
−0.8% ± 1.0% 237+1.6%

−1.1% ± 1.0% 347+1.2%
−1.3% ± 1.0% 346+1.1%

−1.2% ± 1.3%
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Table C.10. Cross section values at different orders in perturbative expansion of QCD and EW and their
combinations for pp→ W +W −/ZZ production at COM energy of 13.6 TeV.

Cross section values at 13.6 TeV [fb]
σORDER/process pp → e−µ−e+µ+ e−e+e−e+ e−e+νµν̄µ e−µ+νµν̄e e−e+νeν̄e

σLO 266.4+14.4%
−14.6% ± 0.2% 120.2+12.0%

−12.7% ± 0.2% 94.7+5.0%
−5.9% ± 0.1% 1002+3.5%

−4.3% ± 0.1% 1096+3.7%
−4.4% ± 0.1%

σNLO_QCD 322.9+4.3%
−7.1% ± 0.3% 144.8+3.6%

−5.7% ± 0.3% 115.4+1.8%
−2.2% ± 0.2% 1313+2.4%

−2.0% ± 0.1% 1428+2.4%
−2.0% ± 0.1%

σNLO_EW 262.9+14.6%
−14.7% ± 0.2% 118.3+12.2%

−12.8% ± 0.2% 93.3+5.2%
−6.0% ± 0.1% 990.7+3.7%

−4.4% ± 0.1% 1083+3.8%
−4.5% ± 0.1%

σNLO_QCD+NLO_EW 319.4+4.3%
−7.1% ± 0.3% 142.9+3.6%

−5.7% ± 0.3% 114.0+1.8%
−2.3% ± 0.2% 1303+2.4%

−2.0% ± 0.1% 1415+2.4%
−2.0% ± 0.1%

σNLO_QCD×NLO_EW 318.7+4.4%
−7.2% ± 0.3% 142.5+3.7%

−5.8% ± 0.3% 113.7+1.9%
−2.4% ± 0.2% 1299+2.4%

−2.0% ± 0.1% 1411+2.4%
−2.0% ± 0.1%

σNNLO_QCD 375+4.0%
−5.0% ± 0.9% 160+2.6%

−3.1% ± 1.2% 127.9+2.2%
−1.9% ± 0.6% 1498+2.9%

−2.5% ± 0.9% 1610+2.3%
−2.0% ± 0.7%

σnNNLO_QCD 392+3.1%
−4.5% ± 0.9% 166+2.7%

−3.1% ± 1.2% 134.8+2.6%
−2.3% ± 0.6% 1576+3.4%

−2.9% ± 0.8% 1694+2.9%
−2.5% ± 0.7%

σnNNLO_QCD+NLO_EW 388.6+3.1%
−4.5% ± 0.9% 164+2.7%

−3.0% ± 1.2% 133.3+2.7%
−2.3% ± 0.6% 1565+3.5%

−3.0% ± 0.8% 1681+3.0%
−2.6% ± 0.7%

σnNNLO_QCD×NLO_EW 387.0+3.1%
−4.6% ± 0.9% 163+2.7%

−3.2% ± 1.2% 132.7+2.6%
−2.3% ± 0.6% 1559+3.4%

−2.9% ± 0.8% 1674+2.9%
−2.5% ± 0.7%

σLO_gg 27.3+32.7%
−28.8% ± 2.2% 7.6+29.8%

−21.8% ± 0.6% 6.9+21.7%
−16.3% ± 0.4% 71.0+23.4%

−17.2% ± 0.7% 75.9+23.3%
−17.2% ± 0.4%

σNLO_gg 44.3+13.4%
−16.1% ± 4.1% 13.3+18.3%

−14.9% ± 6.0% 13.7+16.1%
−13.1% ± 1.4% 150.7+18.4%

−14.5% ± 1.1% 160.2+18.5%
−14.5% ± 0.8%
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[161] W. Bizoń, U. Haisch, and L. Rottoli, Constraints on the quartic Higgs self-coupling from
double-Higgs production at future hadron colliders, JHEP 10 (2019) 267,
[arXiv:1810.04665].

[162] S. Borowka, C. Duhr, F. Maltoni, D. Pagani, A. Shivaji, and X. Zhao, Probing the scalar
potential via double Higgs boson production at hadron colliders, JHEP 04 (2019) 016,
[arXiv:1811.12366].

[163] W. Bizon, M. Gorbahn, U. Haisch, and G. Zanderighi, Constraints on the trilinear Higgs
coupling from vector boson fusion and associated Higgs production at the LHC, JHEP 07
(2017) 083, [arXiv:1610.05771].

[164] R. Boughezal, J. M. Campbell, R. K. Ellis, C. Focke, W. Giele, X. Liu, F. Petriello, and
C. Williams, Color singlet production at NNLO in MCFM, Eur. Phys. J. C 77 (2017), no. 1 7,
[arXiv:1605.08011].

[165] J. M. Campbell, R. K. Ellis, and C. Williams, Bounding the Higgs Width at the LHC Using
Full Analytic Results for gg → e−e+µ−µ+, JHEP 04 (2014) 060, [arXiv:1311.3589].

[166] J. M. Campbell and R. K. Ellis, MCFM for the Tevatron and the LHC, Nucl. Phys. B Proc.
Suppl. 205-206 (2010) 10–15, [arXiv:1007.3492].

[167] J. M. Campbell, R. K. Ellis, and C. Williams, Vector Boson Pair Production at the LHC,
JHEP 07 (2011) 018, [arXiv:1105.0020].

123

http://arxiv.org/abs/1405.0486
http://arxiv.org/abs/hep-ph/0306087
http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/1412.6356
http://arxiv.org/abs/2309.14079
http://arxiv.org/abs/1607.04251
http://arxiv.org/abs/1607.03773
http://arxiv.org/abs/hep-ph/9807565
http://arxiv.org/abs/1902.05480
http://arxiv.org/abs/1810.04665
http://arxiv.org/abs/1811.12366
http://arxiv.org/abs/1610.05771
http://arxiv.org/abs/1605.08011
http://arxiv.org/abs/1311.3589
http://arxiv.org/abs/1007.3492
http://arxiv.org/abs/1105.0020


[168] J. M. Campbell and R. K. Ellis, Higgs Constraints from Vector Boson Fusion and Scattering,
JHEP 04 (2015) 030, [arXiv:1502.02990].

[169] Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, and N. V. Tran, Spin determination
of single-produced resonances at hadron colliders, Phys. Rev. D 81 (Apr, 2010) 075022.

[170] S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, M. Schulze, N. V. Tran, and A. Whitbeck,
Spin and parity of a single-produced resonance at the lhc, Phys. Rev. D 86 (Nov, 2012)
095031.

[171] I. Anderson et al., Constraining Anomalous HVV Interactions at Proton and Lepton Colliders,
Phys. Rev. D 89 (2014), no. 3 035007, [arXiv:1309.4819].

[172] A. V. Gritsan, R. Röntsch, M. Schulze, and M. Xiao, Constraining anomalous Higgs boson
couplings to the heavy flavor fermions using matrix element techniques, Phys. Rev. D 94
(2016), no. 5 055023, [arXiv:1606.03107].

[173] A. V. Gritsan, J. Roskes, U. Sarica, M. Schulze, M. Xiao, and Y. Zhou, New features in the
JHU generator framework: constraining Higgs boson properties from on-shell and off-shell
production, Phys. Rev. D 102 (2020), no. 5 056022, [arXiv:2002.09888].

[174] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P. Nadolsky, J. Pumplin, C. Schmidt,
D. Stump, and C. P. Yuan, New parton distribution functions from a global analysis of
quantum chromodynamics, Phys. Rev. D 93 (2016), no. 3 033006, [arXiv:1506.07443].

[175] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky, and W. K. Tung, New
generation of parton distributions with uncertainties from global QCD analysis, JHEP 07
(2002) 012, [hep-ph/0201195].

[176] M. Grazzini, S. Kallweit, and M. Wiesemann, Fully differential NNLO computations with
MATRIX, Eur. Phys. J. C 78 (2018), no. 7 537, [arXiv:1711.06631].

[177] S. Kallweit, J. M. Lindert, P. Maierhöfer, S. Pozzorini, and M. Schönherr, NLO electroweak
automation and precise predictions for W+multijet production at the LHC, JHEP 04 (2015)
012, [arXiv:1412.5157].

[178] S. Kallweit, J. M. Lindert, P. Maierhofer, S. Pozzorini, and M. Schönherr, NLO QCD+EW
predictions for V + jets including off-shell vector-boson decays and multijet merging, JHEP
04 (2016) 021, [arXiv:1511.08692].

[179] F. Cascioli, P. Maierhofer, and S. Pozzorini, Scattering Amplitudes with Open Loops, Phys.
Rev. Lett. 108 (2012) 111601, [arXiv:1111.5206].

[180] F. Buccioni, S. Pozzorini, and M. Zoller, On-the-fly reduction of open loops, Eur. Phys. J. C
78 (2018), no. 1 70, [arXiv:1710.11452].

[181] A. Denner, S. Dittmaier, and L. Hofer, COLLIER - A fortran-library for one-loop integrals,
PoS LL2014 (2014) 071, [arXiv:1407.0087].

[182] A. Denner, S. Dittmaier, and L. Hofer, Collier: a fortran-based Complex One-Loop LIbrary in
Extended Regularizations, Comput. Phys. Commun. 212 (2017) 220–238,
[arXiv:1604.06792].

124

http://arxiv.org/abs/1502.02990
http://arxiv.org/abs/1309.4819
http://arxiv.org/abs/1606.03107
http://arxiv.org/abs/2002.09888
http://arxiv.org/abs/1506.07443
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/1711.06631
http://arxiv.org/abs/1412.5157
http://arxiv.org/abs/1511.08692
http://arxiv.org/abs/1111.5206
http://arxiv.org/abs/1710.11452
http://arxiv.org/abs/1407.0087
http://arxiv.org/abs/1604.06792


[183] G. Ossola, C. G. Papadopoulos, and R. Pittau, CutTools: A Program implementing the OPP
reduction method to compute one-loop amplitudes, JHEP 03 (2008) 042,
[arXiv:0711.3596].

[184] A. van Hameren, OneLOop: For the evaluation of one-loop scalar functions, Comput. Phys.
Commun. 182 (2011) 2427–2438, [arXiv:1007.4716].

[185] S. Catani and M. H. Seymour, A General algorithm for calculating jet cross-sections in NLO
QCD, Nucl. Phys. B 485 (1997) 291–419, [hep-ph/9605323]. [Erratum: Nucl.Phys.B
510, 503–504 (1998)].

[186] S. Catani and M. Grazzini, An NNLO subtraction formalism in hadron collisions and its
application to Higgs boson production at the LHC, Phys. Rev. Lett. 98 (2007) 222002,
[hep-ph/0703012].

[187] T. Gehrmann, A. von Manteuffel, and L. Tancredi, The two-loop helicity amplitudes for
qq′ → V1V2 → 4 leptons, JHEP 09 (2015) 128, [arXiv:1503.04812].

[188] T. Gehrmann, A. von Manteuffel, and L. Tancredi, The VVamp project,
http://vvamp.hepforge.org.

[189] M. Grazzini, S. Kallweit, J. M. Lindert, S. Pozzorini, and M. Wiesemann, NNLO QCD + NLO
EW with Matrix+OpenLoops: precise predictions for vector-boson pair production, JHEP 02
(2020) 087, [arXiv:1912.00068].

[190] C. W. Bauer, A. Frink, and R. Kreckel, Introduction to the GiNaC framework for symbolic
computation within the C++ programming language, J. Symb. Comput. 33 (2002) 1–12,
[cs/0004015].

[191] A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page, M. Rüfenacht, M. Schönherr, and
G. Watt, LHAPDF6: parton density access in the LHC precision era, Eur. Phys. J. C 75
(2015) 132, [arXiv:1412.7420].

[192] NNPDF Collaboration, V. Bertone, S. Carrazza, N. P. Hartland, and J. Rojo, Illuminating the
photon content of the proton within a global PDF analysis, SciPost Phys. 5 (2018), no. 1 008,
[arXiv:1712.07053].

[193] T. Gehrmann, M. Grazzini, S. Kallweit, P. Maierhöfer, A. von Manteuffel, S. Pozzorini,
D. Rathlev, and L. Tancredi, W+W− Production at Hadron Colliders in Next to Next to
Leading Order QCD, Phys. Rev. Lett. 113 (2014), no. 21 212001, [arXiv:1408.5243].

[194] NNPDF Collaboration, R. D. Ball et al., Parton distributions from high-precision collider
data, Eur. Phys. J. C 77 (2017), no. 10 663, [arXiv:1706.00428].

[195] NNPDF Collaboration, R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04
(2015) 040, [arXiv:1410.8849].

[196] NNPDF Collaboration, R. D. Ball, V. Bertone, F. Cerutti, L. Del Debbio, S. Forte,
A. Guffanti, J. I. Latorre, J. Rojo, and M. Ubiali, Unbiased global determination of parton
distributions and their uncertainties at NNLO and at LO, Nucl. Phys. B 855 (2012) 153–221,
[arXiv:1107.2652].

125

http://arxiv.org/abs/0711.3596
http://arxiv.org/abs/1007.4716
http://arxiv.org/abs/hep-ph/9605323
http://arxiv.org/abs/hep-ph/0703012
http://arxiv.org/abs/1503.04812
http://arxiv.org/abs/http://vvamp.hepforge.org
http://arxiv.org/abs/1912.00068
http://arxiv.org/abs/cs/0004015
http://arxiv.org/abs/1412.7420
http://arxiv.org/abs/1712.07053
http://arxiv.org/abs/1408.5243
http://arxiv.org/abs/1706.00428
http://arxiv.org/abs/1410.8849
http://arxiv.org/abs/1107.2652


[197] CMS Collaboration, , Open source project CMS Software,
https://github.com/cms-sw/cmssw?tab=readme-ov-file.

[198] CERN, CERN Batch Service, https://batchdocs.web.cern.ch/index.html.

[199] HTCSS, HTCondor Software Suite (HTCSS) for automating and managing High Throughput
workloads and computing capacity, https://research.cs.wisc.edu/htcondor/.

[200] Particle Data Group Collaboration, C. Patrignani et al., Review of Particle Physics, Chin.
Phys. C 40 (2016), no. 10 100001.

[201] CMS Collaboration, A. M. Sirunyan et al., Measurements of pp→ ZZ production cross
sections and constraints on anomalous triple gauge couplings at

√
s = 13 TeV, Eur. Phys. J. C

81 (2021), no. 3 200, [arXiv:2009.01186].

[202] ATLAS Collaboration, G. Aad et al., Fiducial and differential cross sections of Higgs boson
production measured in the four-lepton decay channel in pp collisions at

√
s=8 TeV with the

ATLAS detector, Phys. Lett. B 738 (2014) 234–253, [arXiv:1408.3226].

[203] ATLAS Collaboration, M. Aaboud et al., Measurement of inclusive and differential cross
sections in the H → ZZ∗ → 4ℓ decay channel in pp collisions at

√
s = 13 TeV with the

ATLAS detector, JHEP 10 (2017) 132, [arXiv:1708.02810].

[204] ATLAS Collaboration, G. Aad et al., Measurements of the Higgs boson inclusive and
differential fiducial cross sections in the 4ℓ decay channel at

√
s = 13 TeV, Eur. Phys. J. C 80

(2020), no. 10 942, [arXiv:2004.03969].

[205] CMS Collaboration, , Luminosity measurement in proton-proton collisions at 13.6 TeV in
2022 at CMS, .

[206] CMS Collaboration, V. Chekhovsky et al., Measurements of the Higgs boson production cross
section in the four-lepton final state in proton-proton collisions at

√
s = 13.6 TeV, JHEP 05

(2025) 079, [arXiv:2501.14849].

[207] P. Nason, A New method for combining NLO QCD with shower Monte Carlo algorithms,
JHEP 11 (2004) 040, [hep-ph/0409146].

[208] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD computations with Parton Shower
simulations: the POWHEG method, JHEP 11 (2007) 070, [arXiv:0709.2092].

[209] S. Alioli, P. Nason, C. Oleari, and E. Re, A general framework for implementing NLO
calculations in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043,
[arXiv:1002.2581].

[210] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO Higgs boson production via gluon fusion
matched with shower in POWHEG, JHEP 04 (2009) 002, [arXiv:0812.0578].

[211] P. Nason and C. Oleari, NLO Higgs boson production via vector-boson fusion matched with
shower in POWHEG, JHEP 02 (2010) 037, [arXiv:0911.5299].

[212] G. Luisoni, P. Nason, C. Oleari, and F. Tramontano, HW±/HZ + 0 and 1 jet at NLO with the
POWHEG BOX interfaced to GoSam and their merging within MiNLO, JHEP 10 (2013) 083,
[arXiv:1306.2542].

126

http://arxiv.org/abs/https://github.com/cms-sw/cmssw?tab=readme-ov-file
http://arxiv.org/abs/https://batchdocs.web.cern.ch/index.html
http://arxiv.org/abs/https://research.cs.wisc.edu/htcondor/
http://arxiv.org/abs/2009.01186
http://arxiv.org/abs/1408.3226
http://arxiv.org/abs/1708.02810
http://arxiv.org/abs/2004.03969
http://arxiv.org/abs/2501.14849
http://arxiv.org/abs/hep-ph/0409146
http://arxiv.org/abs/0709.2092
http://arxiv.org/abs/1002.2581
http://arxiv.org/abs/0812.0578
http://arxiv.org/abs/0911.5299
http://arxiv.org/abs/1306.2542


[213] H. B. Hartanto, B. Jager, L. Reina, and D. Wackeroth, Higgs boson production in association
with top quarks in the POWHEG BOX, Phys. Rev. D 91 (2015), no. 9 094003,
[arXiv:1501.04498].

[214] K. Hamilton, P. Nason, E. Re, and G. Zanderighi, NNLOPS simulation of Higgs boson
production, JHEP 10 (2013) 222, [arXiv:1309.0017].

[215] A. Karlberg et al., Ad interim recommendations for the Higgs boson production cross sections
at
√
s = 13.6 TeV, arXiv:2402.09955.

[216] T. Melia, P. Nason, R. Rontsch, and G. Zanderighi, W+W−, WZ and ZZ production in the
POWHEG BOX, JHEP 11 (2011) 078, [arXiv:1107.5051].

[217] A. Bierweiler, T. Kasprzik, and J. H. Kühn, Vector-boson pair production at the LHC to
O(α3) accuracy, JHEP 12 (2013) 071, [arXiv:1305.5402].

[218] M. Bonvini, F. Caola, S. Forte, K. Melnikov, and G. Ridolfi, Signal-background interference
effects for gg → H → W+W− beyond leading order, Phys. Rev. D 88 (2013), no. 3 034032,
[arXiv:1304.3053].

[219] K. Melnikov and M. Dowling, Production of two Z-bosons in gluon fusion in the heavy top
quark approximation, Phys. Lett. B 744 (2015) 43–47, [arXiv:1503.01274].

[220] C. S. Li, H. T. Li, D. Y. Shao, and J. Wang, Soft gluon resummation in the signal-background
interference process of gg → h∗ → ZZ, JHEP 08 (2015) 065, [arXiv:1504.02388].

[221] G. Passarino, Higgs CAT, Eur. Phys. J. C 74 (2014) 2866, [arXiv:1312.2397].

[222] CMS Collaboration, A. M. Sirunyan et al., Measurements of properties of the Higgs boson
decaying into the four-lepton final state in pp collisions at

√
s = 13 TeV, JHEP 11 (2017)

047, [arXiv:1706.09936].

[223] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,
P. Torrielli, and M. Zaro, The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014)
079, [arXiv:1405.0301].

[224] CMS Collaboration, A. M. Sirunyan et al., Extraction and validation of a new set of CMS
PYTHIA8 tunes from underlying-event measurements, Eur. Phys. J. C 80 (2020), no. 1 4,
[arXiv:1903.12179].

[225] GEANT4 Collaboration, S. Agostinelli et al., GEANT4 - A Simulation Toolkit, Nucl. Instrum.
Meth. A 506 (2003) 250–303.

[226] J. Allison et al., Geant4 developments and applications, IEEE Trans. Nucl. Sci. 53 (2006) 270.

[227] CMS Collaboration, A. M. Sirunyan et al., Measurements of the Higgs boson width and
anomalous HV V couplings from on-shell and off-shell production in the four-lepton final
state, Phys. Rev. D 99 (2019), no. 11 112003, [arXiv:1901.00174].

[228] CMS Collaboration, A. M. Sirunyan et al., Constraints on anomalous Higgs boson couplings
using production and decay information in the four-lepton final state, Phys. Lett. B 775 (2017)
1–24, [arXiv:1707.00541].

127

http://arxiv.org/abs/1501.04498
http://arxiv.org/abs/1309.0017
http://arxiv.org/abs/2402.09955
http://arxiv.org/abs/1107.5051
http://arxiv.org/abs/1305.5402
http://arxiv.org/abs/1304.3053
http://arxiv.org/abs/1503.01274
http://arxiv.org/abs/1504.02388
http://arxiv.org/abs/1312.2397
http://arxiv.org/abs/1706.09936
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1903.12179
http://arxiv.org/abs/1901.00174
http://arxiv.org/abs/1707.00541


[229] CMS Collaboration, A. M. Sirunyan et al., Electron and photon reconstruction and
identification with the CMS experiment at the CERN LHC, JINST 16 (2021), no. 05 P05014,
[arXiv:2012.06888].

[230] Particle Data Group Collaboration, S. Navas et al., Review of particle physics, Phys. Rev. D
110 (2024), no. 3 030001.

[231] J. E. Gaiser, Charmonium Spectroscopy From Radiative Decays of the J/ψ and ψ′, other
thesis, , 8, 1982.

[232] M. Oreglia, A Study of the Reactions ψ′ → γγψ, other thesis, SLAC, 12, 1980.

[233] T. Skwarnicki, A study of the radiative CASCADE transitions between the Upsilon-Prime and
Upsilon resonances. PhD thesis, Cracow, INP, 1986.

[234] ATLAS, CMS, LHC Higgs Combination Group Collaboration, , Procedure for the LHC
Higgs boson search combination in Summer 2011, .

[235] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymptotic formulae for likelihood-based
tests of new physics, Eur. Phys. J. C 71 (2011) 1554, [arXiv:1007.1727]. [Erratum:
Eur.Phys.J.C 73, 2501 (2013)].

[236] CMS Collaboration, A. Hayrapetyan et al., The CMS Statistical Analysis and Combination
Tool: Combine, Comput. Softw. Big Sci. 8 (2024), no. 1 19, [arXiv:2404.06614].

[237] A. Ballestrero, A. Belhouari, G. Bevilacqua, V. Kashkan, and E. Maina, PHANTOM: A Monte
Carlo event generator for six parton final states at high energy colliders, Comput. Phys.
Commun. 180 (2009) 401–417, [arXiv:0801.3359].

[238] M. Grazzini, NNLO predictions for the Higgs boson signal in the H → WW → lνlν and
H → ZZ → 4l decay channels, JHEP 02 (2008) 043, [arXiv:0801.3232].

[239] M. Grazzini and H. Sargsyan, Heavy-quark mass effects in Higgs boson production at the
LHC, JHEP 09 (2013) 129, [arXiv:1306.4581].

[240] F. Caola, K. Melnikov, R. Röntsch, and L. Tancredi, QCD corrections to ZZ production in
gluon fusion at the LHC, Phys. Rev. D 92 (2015), no. 9 094028, [arXiv:1509.06734].

[241] J. M. Campbell, R. K. Ellis, M. Czakon, and S. Kirchner, Two loop correction to interference
in gg → ZZ, JHEP 08 (2016) 011, [arXiv:1605.01380].

[242] F. Caola, M. Dowling, K. Melnikov, R. Röntsch, and L. Tancredi, QCD corrections to vector
boson pair production in gluon fusion including interference effects with off-shell Higgs at the
LHC, JHEP 07 (2016) 087, [arXiv:1605.04610].

[243] CMS Collaboration, A. M. Sirunyan et al., Identification of heavy-flavour jets with the CMS
detector in pp collisions at 13 TeV, JINST 13 (2018), no. 05 P05011,
[arXiv:1712.07158].

[244] S. Gieseke, T. Kasprzik, and J. H. Kühn, Vector-boson pair production and electroweak
corrections in HERWIG++, Eur. Phys. J. C 74 (2014), no. 8 2988, [arXiv:1401.3964].

[245] G. Cowan, Statistical data analysis. Oxford University Press, 1998.

128

http://arxiv.org/abs/2012.06888
http://arxiv.org/abs/1007.1727
http://arxiv.org/abs/2404.06614
http://arxiv.org/abs/0801.3359
http://arxiv.org/abs/0801.3232
http://arxiv.org/abs/1306.4581
http://arxiv.org/abs/1509.06734
http://arxiv.org/abs/1605.01380
http://arxiv.org/abs/1605.04610
http://arxiv.org/abs/1712.07158
http://arxiv.org/abs/1401.3964


[246] CMS Collaboration, A. Hayrapetyan et al., The CMS Statistical Analysis and Combination
Tool: Combine, Comput. Softw. Big Sci. 8 (2024), no. 1 19, [arXiv:2404.06614].

129

http://arxiv.org/abs/2404.06614


Biografija
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kao član kolaboracije ATLAS u CERN-u, bio polaznik CERN-ove letnje škole, gde je istraživanje i
završni rad uradio iz oblasti supersimetrija na temu "Proizvodnja parova gluina na LHC-u".
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zbirke zadataka. Od oktobra 2024. godine, Lazar drži računske i laboratorijske vežbe na dva pred-
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svrhe. Ovo je najslobodnija od svih licenci.

2. Autorstvo – nekomercijalno. Dozvoljavate umnožavanje, distribuciju i javno saopštavanje dela,
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