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Dirigida por:
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Abstract

The thesis herein constitutes a comprehensive investigation of anomalous couplings

between the Higgs boson (H) and the bosons W, Z, and g, including the effects of

Charge-Parity (CP) violation in the context of the direct searches of anomalous

couplings. The study employs various Higgs production mechanisms, such as

gluon-gluon fusion, vector boson fusion, and the associated production with a

W or Z boson, focusing on the Higgs boson decay to a pair of W bosons in the

different flavor dilepton (eµ) final state. The data analyzed was collected by the

CMS detector at the LHC from 2016 to 2018, with a center-of-mass energy of 13

TeV and an integrated luminosity of 138 fb−1. To increase sensitivity to anomalous

effects at the production vertex, the kinematic information from associated jets in

the Higgs production was combined using matrix element techniques. The study

also utilized Monte Carlo simulation and matrix-element reweighting to model

all kinematic features in the production and decay of the Higgs boson, along

with a full simulation of detector effects. The analysis resulted in a simultaneous

measurement of four Higgs boson couplings to electroweak vector bosons within

the framework of a standard model effective field theory. The measured values

were found to be consistent with the standard model expectations for the Higgs

boson, and constraints were set on the fractional contribution of the anomalous

couplings to the Higgs boson cross-section. These results significantly surpass

the precision and coverage of the last H to WW anomalous coupling analysis.

Additionally, a hardware analysis is included, focusing on the Drift Tubes Phase-

2 upgrades of the CMS detector to accommodate higher luminosities expected

for future operations. Through precision measurements and advanced analysis

techniques, this research contributes to our understanding of the fundamental

nature of the universe, seeking to uncover new physics phenomena beyond the

standard model.



Resumen

La tesis presentada constituye una investigación exhaustiva de los acoplamientos

anómalos entre el bosón de Higgs (H) y los bosones W, Z y g, incluyendo los

efectos de violación de la conservacion de Carga y Paridad (CP) en el contexto

de las búsquedas directas de acoplamientos anómalos. El estudio emplea varios

mecanismos de producción del bosón de Higgs, como la fusión de gluones, la fusión

de bosones vectoriales y la producción asociada con un bosón W o Z, y se centra

en la desintegración del bosón de Higgs en un par de bosones W y estado final

eµ y neutrinos. Los datos analizados fueron recolectados por el detector CMS en

el LHC desde 2016 hasta 2018, con una enerǵıa de centro de masa de 13 TeV y

una luminosidad integrada de 138 fb−1. Para aumentar la sensibilidad a los efec-

tos anómalos en el vértice de producción, se combinó la información cinemática

de los jets asociados en la producción del Higgs utilizando técnicas de elemen-

tos de matriz. El estudio también utilizó simulación de Monte Carlo y repesado

con elementos de matriz para modelar todas las caracteŕısticas cinemáticas en la

producción y desintegración del bosón de Higgs, junto con una simulación com-

pleta de los efectos del detector. El análisis resultó en una medición simultánea

de cuatro acoplamientos del bosón de Higgs a bosones vectoriales electrodébiles

dentro del marco de una teoŕıa efectiva del campo modelo estándar. Se encontró

que los valores medidos son consistentes con las expectativas del modelo estándar

para el bosón de Higgs, y se establecieron limitaciones sobre la contribución frac-

cional de los acoplamientos anómalos a la sección eficaz del bosón de Higgs. Estos

resultados superan significativamente la precisión y cobertura del último análisis

de acoplamiento anómalo H a WW. Además, se incluye un análisis de hardware,

centrándose en las actualizaciones de la eléctronica de las cámaras de deriva del de-

tector CMS para acomodar luminosidades más altas esperadas para la fase de alta

luminosidad del LHC. A través de mediciones de precisión y técnicas avanzadas

de análisis, esta investigación contribuye a nuestra comprensión de la naturaleza

fundamental del universo, buscando descubrir nuevos fenómenos de f́ısica más allá

del modelo estándar.
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From the atom to the standard model: A Journey Spanning Millennia.

The field of modern particle physics originated in the early 20th century with

investigations into the structure of the atom. Democritus first coined the term

“atom” around 460-370 BC and proposed that everything is made up of invisible,

indestructible, and indivisible atoms. In 1804, Dalton expanded on this concept,

suggesting that matter consists of unbreakable atoms with different masses, giv-

ing rise to chemical elements. Mendeleev further advanced this understanding

by developing the periodic table of elements in 1869. The late 19th century saw

significant discoveries in physics, such as X-rays by Wilhelm Röntgen in 1896, ra-

dioactivity by Marie and Pierre Curie in 1898, and β-rays by Joseph Thomson in

1897. Thomson identified these rays as negatively charged particles, later named

electrons, and discovered that atoms were divisible, marking the discovery of the

first elementary particle. The early 20th century witnessed groundbreaking ad-

vancements. In 1909, Geiger and Marsden described the scattering of α-particles

by gold foil, proposing the existence of a minor, dense, positively charged nucleus

within the atom, supervised by Rutherford. In 1911, Hess demonstrated that at-

mospheric ionization increased with altitude, suggesting that radiation originated

from outer space. In 1913, Bohr formulated his atomic structure theory based

on quantum physics, proposing three postulates that explained the behavior of

electrons in atoms. In 1919, Rutherford discovered evidence of protons, and in

1931, Chadwick discovered the neutron. In parallel, Einstein identified X-rays as

photons based on Planck’s postulates and proposed them as carriers of the electro-

magnetic force. By 1932, an atomic model with electrons surrounding a nucleus

composed of protons and neutrons was proposed, but the force binding these sub-

particles together remained unknown. In 1934, Pauli postulated the existence of

the neutrino, an uncharged and massless particle that participated in energy ex-

changes during β-decay. Yukawa also proposed the concept of the strong nuclear

force, which binds the components of the nucleus together and is related to a par-

ticle 200 times heavier than the electron. This particle was later discovered as the

muon, not carrying the strong nuclear force. The particle proposed by Yukawa,

known as the pion, was found a decade later. Further studies on cosmic rays led

to the discovery of new particles. Efforts to classify all of them and understand

their interactions gave rise to the development of the standard model of particle

physics, which evolved throughout the latter half of the 20th century. Despite its

remarkable achievements, the theory still leaves room for discovering new physics

in present times.





Introduction

Understanding the mechanisms of the universe and especially its creation has al-

ways been one of the most genuine goals of humanity. In the wake of the Second

World War, CERN emerged as a beacon of international scientific collaboration,

uniting nations and advancing our knowledge of the world we inhabit. Estab-

lished in 1954, CERN has provided invaluable tools, such as the World Wide Web

(WWW) in 1989, contributing to the evolution of our rational species. Through-

out its existence, CERN has borne witness to remarkable discoveries, with the

observation of the Higgs boson in 2012 by the ATLAS and CMS experiments

standing as a pinnacle achievement in particle physics, completing the standard

model (SM) theory.

The presented doctoral thesis focuses on the Higgs boson, a centerpiece in our

comprehension of Nature and a fundamental component coupling to the other

particles of the SM to provide masses. In particular, we seek to investigate the

potential existence of anomalous couplings of the Higgs boson. The SM values

of these couplings are not yet accessible experimentally, but new Beyond the SM

(BSM) contributions can make them larger. Anomalous couplings raise intriguing

questions: Is it possible for the Higgs boson to exhibit interactions with other

particles that differ from our current understanding? Could the behavior of the

Higgs field deviate from our existing knowledge? Is there a possibility for the

Higgs boson to form couplings with unobserved particles? These questions create

an avenue for investigating new BSM physics, particularly through precise studies

of the Higgs boson coupling to other SM particles. By harnessing the energy and

statistical power of the Large Hadron Collider (LHC) project, this thesis seeks

to explore anomalous couplings in the H to WW (HWW) channel, utilizing the

CMS detector during the LHC Run 2. The thesis builds upon the precision era of

Higgs physics that began after the discovery of the Higgs boson using Run 1 data,

confirming its compatibility with the SM expectation. To investigate anomalous
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couplings in the HWW channel, we explore events where the WW decay leads to

a final state composed of one muon, one electron, and two neutrinos. The analysis

considers different Higgs production mechanisms, including gluon fusion, vector

boson fusion, and Higgs strahlung. Kinematic information from the production

and decay processes enables the exploration of anomalous couplings at the Higgs

boson production and decay vertices. Notably, the thesis examines the boosted

regime in Higgs production in association with vector bosons, leveraging AK8 V-

jets with specific substructure reconstruction to access high-energy phase spaces

where BSM effects are expected to be amplified.

To study the effects of anomalous couplings, a set of Monte Carlo (MC) simu-

lated samples are utilized and reweighted using the MELA package to account

for various signal hypotheses, both CP even and CP odd. The analysis builds

upon a generic parametrization of the amplitude scattering formula of the Higgs

coupling to vector bosons (HVV) where the potential BSM contributions are reg-

ulated by independent coefficients. Constraining such coefficients (referred to as

couplings from now on) is the central goal of the presented analysis. The presence

of anomalous effects can have an impact on the kinematic features of Higgs boson

production and decay processes. Consequently, in order to accurately measure the

couplings involved, we will employ kinematic discriminants. These discriminants

provide us with valuable information and allow us to distinguish between different

scenarios or hypotheses. The anomalous contributions included in the scattering

amplitude are equivalent to higher-dimensional operators in the effective field the-

ory (EFT) formulation. For the EFT approach, the SM Lagrangian is extended

by a set of interactions representing the effects of new heavy particles. Techni-

cally, these new interactions correspond to dimension 6 operators in the extended

lagrangian. These new interactions/operators may modify kinematic distributions

of the Higgs boson decay products and of the particles produced in association.

The thesis pursues examining the compatibility of anomalous coupling effects in

the MC simulations with the LHC Run 2 dataset, collected by the CMS experiment

at a center-of-mass energy of
√
s = 13 TeV between 2016 and 2018, accumulating

a total integrated luminosity of 138 fb−1. The analysis presented in this thesis

will offer two different interpretations: anomalous couplings (AC) and the Stan-

dard Model Effective Field Theory (SMEFT). The AC interpretation considers

the Higgs boson coupling to W and Z bosons to be equal, leading to four inde-

pendent anomalous couplings associated with different Higgs models. In contrast,
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the SMEFT interpretation assumes the SU(2)×U(1) symmetry and aims to mea-

sure three independent anomalous couplings. The AC interpretation studies one

anomalous coupling at a time, while the SMEFT interpretation studies all cou-

plings simultaneously. Similar AC analyses have been conducted in the HZZ and

Hττ channels. Furthermore, ongoing efforts are underway to develop AC analy-

ses in additional Higgs decay channels, such as Hbb and Hγγ. From a broader

perspective, EFT analyses can be categorized into two types: direct searches and

interpretations. Direct searches are often referred to as detector-level analyses

as they propagate EFT effects to the detector and, thus, represent the method

selected to perform the AC HWW analysis presented here. In contrast, interpre-

tation analyses in the Higgs field typically use STXS (Simplified Templates Cross

Section) differential measurements.

Additionally, this thesis incorporates a self-contained hardware study. The CMS

experiment requires upgrades to accommodate the higher luminosities anticipated

for the High-Luminosity LHC (HL-LHC) phase, expected to commence data col-

lection around 2029. The Phase-2 upgrades of the LHC define the parameters for

such operations. Specifically, a “Slice Test” was conducted during the LHC Shut

Down 2, wherein a sector of the CMS Drift Tube (DT) detector was equipped

with the newly developed DT electronics to test it for LHC Run 4 (Phase 2).

The accurate calibration of the produced signals is essential to ensure optimal

time resolution for future Local triggers. The calibration process involves inter-

channel equalization within each DT chamber using dedicated Test-Pulse runs,

where pulses are simultaneously injected into all wires, and the resulting Phase 2

signals are recorded. The analysis presented here demonstrates the stability of the

new system over time, with average differences between different runs amounting

to a maximum of 0.5 ns. This procedure will also serve as an effective monitor-

ing tool.

The manuscript begins by providing an overview of the theoretical framework,

specifically the SM and the state of the art of Higgs boson physics at the time

of writing this thesis. Subsequently, the experimental setup is described, which

includes the LHC and the CMS detector. The first part of the thesis focuses on

the mentioned hardware study, introducing the methodologies employed in such

studies. The second part of the thesis will explore anomalous couplings of the Higgs

boson within the HWW channel. Ultimately, this research aims to contribute to

the ongoing advancement of our understanding of the fundamental mechanisms of

the universe.





Chapter 1

Standard model Higgs physics at

the LHC

The opening chapter of this thesis centers on the study of Higgs physics at the

LHC. It commences with an overview of the SM structure, highlighting the con-

cept of spontaneous breaking of the electroweak symmetry. The discussion then

shifts to the phenomenology of proton-proton (pp) collisions, encompassing the

fundamental theory of Quantum Chromodynamics (QCD) and the significance of

parton distribution functions (PDFs).

Subsequently, the chapter delves into the exploration of the Higgs boson at the

LHC, presenting the current state-of-the-art in Higgs physics as well as discussing

future prospects. To extend the reach of the SM, the concept of EFT is introduced

along with an explanation of its building blocks, the dimension-6 operators. The

Higgs and Warsaw bases of these operators are also comprehensively examined.

Lastly, the chapter addresses the phenomenology of AC involving the Higgs boson,

specifically with explicit emphasis on the Run 2 detector-level analyses. In essence,

this chapter provides a thorough introduction to the subjects addressed in this

thesis, establishing the foundation for further exploration of Higgs physics at the

LHC.
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1.1 The standard model of particles

The standard model of particles and interactions is presently the best-describing

theory of the structure of matter and three of the fundamental forces: electro-

magnetic, strong nuclear, and weak nuclear. Particle accelerators have become

our best brute-force approach to testing the SM theory and identifying phenom-

ena that lie beyond its scope. One of the most remarkable and recent discoveries

was the observation of a new particle consistent with a SM Higgs boson. This

was announced in July 2012 by the ATLAS and CMS Collaborations at CERN

LHC [1, 2]. In this context, the following section introduces the theoretical as-

pects of the SM, with a particular emphasis on the Higgs boson significance as a

fundamental component in the generation of particle masses and its potential to

unveil new frontiers beyond the SM. In particular, the search for new physics in

the Higgs sector presented in this work is based on EFTs that extend the model

validity to a wider energy regime.

1.1.1 Particles and symmetries

The SM is built upon particles and symmetries, which form its foundational prin-

ciples. In the model, the elementary particles correspond to excited states of quan-

tum fields, which are mathematically described by Quantum Field Theory (QFT),

which applies the principles of quantum mechanics to continuum field systems [3].

The SM itself is a renormalizable QFT, meaning that divergent terms arising in

calculations are absorbed into a finite number of parameters. The primary formu-

lation of the SM is in the Lagrangian description, which entirely determines the

propagation of fields and their interactions. Specifically, the Lagrangian density

is defined as a scalar function denoted by L(ψi, ∂µψi, xµ) depending on the fields,

their derivatives, and the spacetime coordinates xµ = (t, x, y, z). According to

the SM theory, it predicts a dynamic field that causes the action (S) to be sta-

tionary at its minimum. The action is defined as the integral over spacetime of a

Lagrangian density, which, in natural units where c= ℏ = 1, is expressed as the

following quantity:

S =

∫
d4xL(ψi, ∂µψi, xµ). (1.1)

Regarding the symmetries, the SM Lagrangian must be invariant under a change

of reference frames, such as spacetime translations, rotations, and Lorentz boost
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transformations, all embedded in the Poincaré group. The Lagrangian also follows

gauge symmetry, making it invariant under local transformations in the internal

degrees of freedom of the fields. Gauge symmetry is the essential property of

the SM as it naturally gives rise to the dynamics and interactions between the

different fields. Additionally, due to Noether’s theorem, local gauge symmetries

enforce the conservation of charges associated with the interactions. The SM is

also a relativistic theory; thus, the Lorentz group represents the fields. Spinors

represent fermionic fields, vector fields represent interaction particles, and the

Higgs boson is a scalar field. A general classification of SM particles appears in

Fig. 1.1.

Figure 1.1: Particles of the SM depicted in squares with information on their
mass, charge, spin, and name provided.

Within the SM, fermions have a spin value of 1/2 and are categorized into three

generations. Each generation comprises two types of quarks (up/down, top/bot-

tom, charm/strange) and two types of leptons (electron/νe, muon/νµ, tau/ντ ).

In the realm of quantum mechanics, spin represents the inherent form of angular

momentum carried by elementary particles. As aforementioned, the SM describes

three fundamental interactions: the strong interaction, mediated by gluons, the
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electromagnetic interaction, mediated by photons, and the weak interaction, me-

diated by the Z and W± bosons. All of these intermediary particles have a spin

value of 1. Notably, the Higgs boson stands apart with its unique spin value of 0.

In addition to the organization of fermions and the description of interactions

within the SM, it is important to mention the mass hierarchy and the masses of

neutrinos. Within the three generations of fermions, the mass of particles increases

from the first to the third generation. This is particularly evident in the quark

sector, where the up and down quarks are significantly lighter than the top and

bottom quarks, while the charm and strange quarks lie in between. When it comes

to neutrinos, the SM originally assumed them to be massless. However, the Super-

Kamiokande Collaboration has reported evidence of neutrino oscillations [4], and

they were found to have mass. Neutrino masses are currently not accounted for in

the SM and represent an active area of research in particle physics such as T2K and

NOνA [5, 6] experiments. However, BSM physics could provide an explanation of

how neutrinos acquire their masses and why they are significantly lighter compared

to the other particles in the SM.

Mathematically, the SM is described as a gauge theory, wherein quantum fields

exhibit invariance under SU(3)C× SU(2)L× U(1)Y transformations. These sym-

metry groups govern the interactions between particles within the SM framework.

On one hand, the strong force described by QCD is associated with the SU(3)C

gauge group and describes the interactions among quarks and gluons, which are

the fundamental constituents of hadrons such as protons and neutrons. On the

other hand, the electromagnetic and weak interactions are unified under the Elec-

troweak (EWK) force, which is described by the SU(2)L× U(1)Y gauge group.

By incorporating these symmetry groups and their associated gauge theories, the

SM successfully captures the fundamental forces and their interactions within the

realm of particle physics.

1.1.2 The electroweak interaction

The theory that unifies electromagnetic and weak interactions is a gauge the-

ory characterized by the invariance under transformations of the SU(2)LxU(1)Y

symmetry group. The SU(2)L describes the weak interaction, while U(1)Y de-

scribes electromagnetism. This theory, independently developed by Glashow,

Weinberg, and Salam, was recognized with the 1979 Nobel Prize in Physics [7]. The
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SU(2)L×U(1)Y symmetry group representation entails that fermions are expressed

as left-handed (L) doublets and right-handed (R) singlets. This arrangement re-

sults in distinct coupling strengths within the EWK interaction. The projection

of matter fields to their respective chiral components is written as follows:

ψL =
1

2

(
1− γ5

)
ψ, ψR =

1

2

(
1 + γ5

)
ψ. (1.2)

Both left-handed and right-handed components of fermions are affected by the

U(1)Y symmetry group. However, they are set apart via their representation

within the SU(2)L group. As an example, Eq. 1.3 shows such representations for

the up and down quarks:

QL =

(
uL

dL

)
, uR, dR (1.3)

A similar structure applies to other quarks and leptons, except for neutrinos which

lack right-handed components within the model. As extensions of the model in-

clude right-handed components for neutrinos which have a negligible effect on

the interactions at reachable energies (∼LHC energies). Conversely, antineutrinos

possess opposite quantum numbers to neutrinos and solely possess right-handed

components in the SM description.

Within the SU(2)L group, the conserved charge is known as weak isospin (I), con-

ventionally set to +1
2
for up-type fermions and−1

2
for down-type fermions. In turn,

the right-handed singlets do not take part in the weak interaction and thus possess

a weak isospin value of 0. The generators of the SU(2)L group are mathemati-

cally represented by Pauli’s matrices (σi), which correspond to the three bosons

Wi introduced through gauge invariance. In the context of Lie algebra [8], gen-

erators are represented by either differential operators or matrices which serve to

represent and perform transformations within the group, generating its elements.

These generators satisfy algebraic properties that capture the structure and sym-

metries of the group, inferring its associated conservation laws and determining

its dimension. Together, these components form the essential elements necessary

to formulate the SU(2)L invariant Lagrangian term within the SM:

LSU(2)L = −1

4
W i
µνW

µν
i + iūRγ

µ∂µuR + id̄Rγ
µ∂µdR + iQ̄Lγ

µDµQL, (1.4)

where the strength tensorW i
µν is given byW i

µν = ∂µW
i
ν−∂µW i

ν−gW ϵijkW j
µW

k
ν , and
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the covariant derivative is defined asDµ = ∂µ+igW
σi
2
W i
µ. It is important to empha-

size that Eq. 1.4 cannot include any mass term, such asmψ̄ψ = m
(
ψ̄RψL + ψ̄LψR

)
(for fermions) or m2V µVµ (for bosons). This restriction is because such terms are

not invariant under SU(2)L. Consequently, to accommodate the masses of gauge

bosons and fermions in the mathematical description of nature, an additional

mechanism is necessary. In turn, the U(1)Y group does admit mass terms, and

SM lagrangian is indeed invariant under its symmetry. In the context of EWK

interactions, the conserved current is known as the hypercharge Y. It is related to

the isospin I through the electric charge Q by the equation Y = 2(Q − I). The

Lagrangian associated to U(1)Y is:

LU(1)Y =
∑

ψ=uR,dR,L

ψ̄(iγµ∂
µ − Y gYBµ)ψ − 1

4
BµνBµν . (1.5)

In summary, the underlying symmetry of the SM does not allow for the existence of

massive fermions, as their presence would break the invariance under the symmetry

group SU(3)C×SU(2)L×U(1)Y . However, experimental observations confirm the

existence of massive particles, necessitating a mechanism to confer mass upon the

particles within the framework of the SM. This mechanism is known as the Higgs

mechanism, which relies on the phenomenon of spontaneous breaking of the EWK

symmetry.

1.1.3 Spontanous symmetry breaking mechanism

The Brout-Englert-Higgs (BEH) mechanism [9], originally proposed in 1964, de-

scribes the spontaneous symmetry breaking of the electroweak interaction (SSB),

enabling the generation of masses for fermions and bosons in the SM. The SSB

mechanism separates the electromagnetic and weak forces, and it served as a key

inspiration for the unification of these forces in 1967 by Weinberg and Salam,

building upon earlier work by Glashow in 1961. In the SM Lagrangian, they as-

sumed the existence of electroweak symmetry in nature, which is spontaneously

broken by a SU(2)L doublet of complex scalar fields denoted as:

H =

(
ϕ+

ϕ0

)
, (1.6)
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endowing the W and Z bosons with their experimentally observed masses. The

given Lagrangian describes the interaction and propagation of the H scalar field:

LH = (DµH)†(DµH) + µ2H2 + λH4, (1.7)

where Dµ = ∂µ + igT iW i
µ + i1

2
g′Bµ. The Lagrangian includes terms for the Higgs

self-coupling denoted by λ and the Higgs potential represented by µ2. Moreover,

the model incorporates a mechanism for providing masses to fermions through

Yukawa interactions between the fermions and the Higgs field.

LY ukawa = −yu(Q̄LHuR + ūRHQL)− yd(Q̄LHdR + d̄RHQL). (1.8)

In the SM, only the first term of Eq. 1.8 is present for leptonic interactions due to

the absence of right-handed neutrinos, as explained earlier. Consequently, neutri-

nos are explicitly set to have zero mass in this model.

By incorporating the terms from Eq. 1.7 and Eq. 1.8 into the SM Lagrangian, the

theory maintains its invariance under SU(2)L×U(1)Y when µ2 > 0. However, it is

essential to enforce the condition µ2 < 0. In this case, the Higgs potential exhibits

an infinite number of degenerate minimum energy states that do not preserve

SU(2)L symmetry. This phenomenon is commonly referred to as the Mexican hat

potential, depicted in Fig. 1.2.

Figure 1.2: Illustration of the Higgs potential when µ2 < 0, resulting in the
minimum being located at |ϕ|2 = −µ2/(2λ). In this scenario, choosing any
point at the bottom of the potential leads to the spontaneous breaking of the

symmetry.
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This requirement causes the Higgs field, denoted as H, to acquire a vacuum ex-

pectation value (VEV) that breaks the symmetry.

H =

 0√
−µ2√
2λ

+ h

 =

(
0

v + h

)
. (1.9)

The scalar field is the Higgs boson and is denoted as h, which retains the remaining

degree of freedom after symmetry breaking, with a VEV denoted as v. The VEV,

measured to be 246.22 GeV [10], is related to the reduced Fermi constant G0
F

through the equation v2 = 1/
√
2G0

F . The final four degrees of freedom introduced

by the local gauge symmetry SU(2)L×U(1)Y give rise to the mass eigenstates

associated with the physical bosons W+, W−, Z, and γ.

W± =
1√
2
(W 1 ∓ iW 2),

(
Z

γ

)
=

(
cos θW − sin θW

sin θW cos θW

)(
W 0

B

)
. (1.10)

The weak-mixing angle, denoted as θW , is determined solely by the coupling con-

stants gW and gY from Eq. 1.4 and Eq. 1.5, respectively. Following the process of

spontaneous symmetry breaking, the W and Z bosons obtain mass values given

by:

mW =
gWv

2
and mZ =

v
√
g2W + g2Y
2

. (1.11)

Upon implementing the BEH mechanism, the interaction terms of the W and Z

bosons with the Higgs field become proportional to the square of the masses of

the vector bosons, given by:

LH
BEH→⊃ 2

v
m2
W (hW+,µW−

µ ) +
1

v
m2
Z(hZ

µZµ). (1.12)

In this scenario, the Higgs boson acquires a mass given by:

mH =
√
2|µ|. (1.13)

The VEV is calculated using the known value of mW , but the mass of the Higgs

boson, denoted as mH , is a free parameter of the model that is only proportional

to µ, and therefore, its mass cannot be predicted and must be experimentally

measured. As of the time of writing this thesis, the CMS experiment reported the

most precise measurement of mH with a value of 125.38± 0.14 GeV [11].

In addition to the BEH mechanism, another essential ingredient is required to
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incorporate mass terms for fermions. These mass terms are introduced in a gauge-

invariant manner through Yukawa couplings [12], leading to the following expres-

sion:

mψ =
yψv√
2
. (1.14)

Introducing a coupling constant for the interaction between the Higgs boson and

a fermion, which is proportional to the mass of the fermion and serves as a free

parameter in the model. It is worth mentioning two additional comments in this

regard: (1) neutrinos are considered massless in this thesis because their masses

have a negligible effect on the performed measurements; and (2) Yukawa inter-

actions are not incorporated as gauge interactions mediated by vector bosons.

Furthermore, it should be noted that the discussion so far has only considered

one generation of fermions, whereas nature has three generations. The Yukawa

interaction for quarks may be expanded as:

LY ukawa = −Y d
ijQ̄LiHdRj − Y u

ij Q̄LiϵH
∗uRj. (1.15)

The Yukawa couplings, denoted as Y u,d, are described by 3x3 non-diagonal com-

plex matrices. These matrices are related to the 2x2 antisymmetric tensor ϵ.

As a consequence, the mass eigenstates do not necessarily align with the gauge

eigenstates, resulting in off-diagonal elements in the Yukawa matrices [13]. Di-

agonalizing these matrices leads to the W bosons mediating interactions exclu-

sively between fermions of different flavors. The strength of these interactions

between different generations is determined by the unitary nature of the Cabibbo-

Kobayashi-Maskawa (CKM) matrix [14].

The measurement of the CKM elements and the theoretical prediction of the BEH

mechanism has allowed experimental particle physicists to test the consistency of

the SM. Moreover, since the discovery of the W and Z bosons by the UA1 and

UA2 experiments [15, 16] at CERN in 1983, the search for the Higgs boson has

become a central motivation in particle physics, motivating research at facilities

ranging from LEP [17] and Tevatron [18] to contemporary studies at the LHC

collider, where experiments such as ATLAS and CMS continue to investigate this

particle.
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1.2 Phenomenology of proton-proton collisions

1.2.1 Quantum Chromodynamics

QCD, or Quantum Chromodynamics, is a prominent example of a gauge theory

that plays a crucial role in pp collisions. It is invariant under the 3-dimensional

special unitary group SU(3)C , with generators represented by the Gell-Mann ma-

trices T a, which are associated with the eight gluons, explaining the phenomenon

of strong interactions. The conserved quantity associated with this symmetry is

the “color charge”, denoted as “C”, which is carried only by quarks and gluons,

specifically in color triplets and octets, respectively.

The Lagrangian for QCD is:

LQCD = ψ̄
(
iγµ∂µ − gsγ

µTaG
a
µ −m

)
ψ − 1

4
Ga
µνG

µν
a , (1.16)

where γµ represents Dirac’s matrices, and Ga
µν is the field strength tensor running

for the eight possible charges of a gluon. The last term in the Lagrangian incorpo-

rates self-interactions of gluons, accounting for the non-abelian nature of the group

generators. The coupling constant gs is often redefined as the strong coupling con-

stant αs =
g2s
4π

[19]. At the one-loop Feynman diagram level, the renormalization

of the group predicts a scaling behavior of αs as:

dαs
dQ2

= − α2
s

12πQ2
(33− 2nf ), (1.17)

where nf is the number of accessible flavors, and Q is the scale of the interaction.

When nf < 17, the value of the strong coupling constant, αs, decreases as Q2

increases. This behavior signifies that the strong interaction becomes stronger at

lower energy scales. This phenomenon is fundamental to the concept of color con-

finement [20], where quarks and gluons are bound together, forming color-neutral

states called hadrons. Hadrons take the form of mesons (consisting of quark-

antiquark pairs) or baryons (consisting of three quarks). The diverse range of

hadrons observed in Nature arises from the various combinations of quark flavors

and their different arrangements. In the early stages of the Universe, quarks and

gluons existed in a state known as quark-gluon plasma (QGP), which is a highly

energetic and dense medium. In the QGP, the quarks are not confined, and as

it cools down, strong force grows, and eventually, the quarks become confined in
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hadrons. This process of hadronization also occurs during high-energy particle

interactions, such as those taking place in particle accelerators or cosmic ray colli-

sions. According to QCD, the strength of the force between quarks increases as the

distance between them grows. Consequently, isolated quarks cannot be directly

studied, except for the top quark, which decays prior to hadronization due to its

exceptionally high mass of approximately 173 GeV. On the other hand, at higher

energies (or short distances), the quarks behave almost like free particles due to

the low value of αs, leading to the phenomenon of asymptotic freedom [21]. This

scenario governing pp collisions was discovered in 1973 by David Gross, Frank

Wilczek, and David Politzer, who received the Nobel Prize in Physics in 2004.

1.2.2 Parton distribution functions

As discussed in the previous section, the Higgs boson exhibits a stronger interaction

with more massive particles, leading to a hierarchy of interactions. This hierarchy

is evident in both the production and decay of the Higgs boson in the environment

of the LHC. In addition to the physics governing the scalar sector of the SM, the

production of the Higgs boson in pp collisions is also influenced by the proton

internal structure, which becomes resolved at the energy scale achieved by the

LHC. In this context, the collision is understood as a scattering process between

the constituents of the protons, i.e., quarks and/or gluons (generally referred to

as partons). Each colliding parton carries a fraction (x1, x2) of the 4-momentum

of the proton, parametrized by Bjorken’s variable x [22].

pparton = xpproton =⇒ √
sparton =

√
x1x2s. (1.18)

The variable x is defined to be bounded between 0 and 1, which implies that the

center-of-mass energy
√
s of the collision is lower than the original energy of the

protons. The stochastic variables x1 and x2, which represent the fractions of the

4-momentum of the proton carried by the colliding partons, are described by PDFs

denoted as fi(x), where i represents each type of parton. These PDFs naturally

satisfy the condition: ∑
i

∫ 1

0

xfi(x)dx = 1. (1.19)

In the framework of collinear factorization, the PDFs determine the probability

density of finding a parton with a specific longitudinal momentum fraction x at a
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resolution scale of Q2. The variation of parton density with Q2 has been observed

to be in good agreement with experimental results [23].

Figure 1.3: PDFs evaluated at the factorization scale of µ2
F = 10 GeV2.

Mathematically, the formalism of factorization in QCD enables the cross-section

of a proton-proton collision to be expressed as:

σ(pp→ F ) =
∑
a,b

∫
dx1dx2fa(x1, µ

2
F )fb(x2, µ

2
F )σ̂a,b→F , (1.20)

representing the cross-section of a pp collision, a and b being parton flavors, µF

denotes the factorization scale, and σ̂a,b→F the parton-level cross-section for the

process of interest.

Due to low Q2 effects (when αs is large), the proton structure cannot be calculated

using perturbative QCD. Instead, the internal proton structure is modeled using

PDFs, which are obtained from fits to experimental data. The PDFs describe

the longitudinal momentum distribution of the partons inside the proton at a

certain scale. It is possible to predict the Q2 dependence of the proton structure

perturbatively using the DGLAP equations. Conversely, at high energy scales, the

strong coupling constant αs becomes small, allowing us to employ perturbative

calculations of the cross-section in QCD. Such calculations involve expanding the
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cross-section in terms of a series of higher-order terms, where each term represents

the contributions from additional quark-gluon interactions.

Figure 1.3 illustrates an example of the PDFs used in this work, which are deter-

mined by combining data from the LHC, HERA [24], and Tevatron [18] colliders.

The PDFs exhibit the dominance of u and d quarks at high x values, while gluons

dominate at low x values. Since its discovery, this has had significant implica-

tions for the phenomenology of Higgs boson production at the LHC and allows for

detailed studies of this particle.

1.3 The Higgs boson at the LHC

The search for the Higgs boson was challenging for previous colliders like LEP [17]

at CERN and Tevatron [18] at Fermilab. For LEP, the achieved center of mass

energy 209 GeV was not enough to produce the Higgs boson. Furthermore, e+e−

colliders do not have the highest cross-section for Higgs production. Merely pro-

ducing the Higgs boson is insufficient; it is necessary to first generate heavy par-

ticles that subsequently couple to the Higgs in order to observe it. On the other

hand, the CDF [25] and D0 [26] Collaborations presented evidence of the Higgs

boson using the Tevatron in a combined measurement [27].

The LHC design provided enough integrated luminosity to observe the Higgs boson

for the first time in 2012. Over the last decade, the HEP community has obtained

the most comprehensive understanding of the Higgs boson to date, as summarized

in this section. Luminosity, which represents the amount of data collected and

analyzed by the LHC, will be introduced later. This chapter presents a summary

of our current knowledge about the Higgs boson based on LHC data until the end

of Run 2 in 2018.

1.3.1 State of the art in Higgs physics

Over the past decade, studies by the CMS and ATLAS experiments have led to a

significant advancement in our understanding of the scalar sector of the SM. Dur-

ing the LHC Run 2 period (2015-2018), approximately 8 million Higgs bosons were

produced in pp collisions at
√
s = 13 TeV at both CMS and ATLAS. The LHC
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experiments have meticulously studied various production modes and decay chan-

nels, determining their cross-sections and branching fractions with high precision.

This section is inspired by the paper from the CMS Collaboration published in

Nature in July 2022 [28]. Figures and values presented in this section are sourced

from this reference unless stated otherwise.

Production modes

The three primary mechanisms for producing a Higgs boson in a pp collision

are (a) gluon fusion (ggH), (b) vector boson fusion (VBF), and (c) associated

production with a vector boson (VH), commonly known as Higgstrahlung, where

“V” corresponds to either Z or W bosons. The leading order (LO) Feynman

diagrams illustrating these mechanisms are shown in Fig. 1.4. While these are

the main production modes considered in the presented analysis, other ways to

produce a Higgs boson include those (d) in association with a top or bottom

quark pair (tt̄H or bb̄H), or (e, f) in association with a single top quark (tH).

The sector graph in Fig. 1.6 (bottom-left) illustrates the relative contributions of

Figure 1.4: Feynman diagrams for various Higgs boson production mech-
anisms including (a) gluon fusion (ggH), (b) vector boson fusion (VBF), (c)
associated production with a vector boson (VH), (d) production in association
with a top or bottom quark pair (ttH or bbH), and (e,f) production in associa-

tion with a single top quark (tH).

each production mechanism, or production channel, to the total cross-section. For

instance, the ggH production dominates with an occurrence rate of 87%, followed

by VBF with 7%, VH with 4%, ttH with 1%, and so on. The table in the upper-

left part of Fig. 1.6 presents the production cross-section (σ) values in pb for a
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Higgs boson with the most precise measured mass of 125.38 GeV at CMS [28].

Higgs events are commonly classified based on how they were produced, as those

channels may be associated with different topologies.

Decay modes

After its production, the Higgs boson rapidly decays into lighter particles following

the SM lifetime of τH ≈ 1.6× 10−22 s, which is associated with a natural width of

Γ = ℏ/τH = 4.14± 0.02 MeV. The dominant decay modes of the Higgs boson are

(g) heavy vector boson pairs, (h) fermion-antifermion pairs, and (i,j) photon pairs

or Zγ, as depicted by the Feynman diagrams in Fig. 1.5. Each sector depicted

Figure 1.5: Feynman diagrams illustrating several Higgs boson decay modes,
including (g) decay into heavy vector boson pairs, (h) decay into fermion-

antifermion pairs, and (i,j) decay into photon pairs or Zγ.

in Fig. 1.6 (bottom-right) represents the relative branching ratio (BR) associated

with the decay channels of the Higgs boson. The bb channel is the most prob-

able final state, accounting for approximately 60% of Higgs boson decays. The

experimental values for these branching fractions are compiled in the upper-right

table of the same figure. The CMS Collaboration mainly categorizes Higgs physics

analyses based on the decay channels, considering the potential overlap of events

among different channels.

While Fig. 1.6 shows the theoretical values for the indicated Higgs mass, the

experimental ones are derived for each analysis where a dedicated event selection is

applied to target certain production modes and decay channels. A comprehensive
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Figure 1.6: Top-left: Theoretical cross-section values in pb per Higgs produc-
tion mode and their corresponding relative uncertainties are presented [29, 30].
Top-right: Theoretical branching ratio values associated with each Higgs bo-
son decay channel and their relative uncertainties are displayed. Bottom-left:
The sector graph illustrates the relative occurrence of different Higgs produc-
tion modes. Bottom-right: The sector graph depicts the relative occurrence of
different decay channels of the Higgs boson. Note that the theoretical references

are found in Ref [28].

overview of the event selection features for various channels can be found in [28].

This thesis focuses on the Higgs boson decay channel to WW (HWW), where

the final state consists of two different flavor leptons and two neutrinos. Despite

benefiting from one of the largest branching fractions, the presence of neutrinos

in the final state degrades the resolution of the obtained measurements. The

approach to tackle this channel is described in section 4.1.

The µ- and κ-frameworks

The SM prediction for the Higgs boson couplings to bosons and fermions, given by

the BEH mechanism, is expected to be proportional to m2
V and mψ, respectively.

Notable deviations from the expected production rates and decay branching frac-

tions of the Higgs boson may suggest the presence of novel physics phenomena. To
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assess the validity of the SM in this context, LHC experiments commonly employ

two approaches.

To begin with, the µ framework serves to quantify the level of agreement between

observed data and the expectations derived from the SM. This is accomplished by

fitting the data using a model that is parameterized by the signal strength, de-

noted as µ. In this context, the signal strength represents the observed number of

Higgs boson events in comparison to the rate predicted by the SM. This parameter

establishes the relationship between the observed and SM-expected yields without

altering the distribution of events. By combining the results from Run 2 data, a

value of µ = 1.002 ± 0.057 [28] is obtained, representing an enhancement in the

precision of the measurement by a factor of 4.5 when compared to the value of

µ = 0.83±0.23 [31] at the time of the discovery of the Higgs boson [1, 2]. Figure 1.7

shows the signal strength parameters for each specific production and decay chan-

nel mentioned earlier. Furthermore, the p-value derived from the comprehensive

analysis of the Run 2 dataset signifies a 5.8% agreement with the predictions of

the SM.

The κ-framework quantifies the potential impact of BSM physics on the physics

of the Higgs production and decay rates. We may break down the cross-section

by BR as follows [32]:

(σ·BR)(i→ H → f) =
σi·Γf
ΓH

. (1.21)

The production cross-section through the initial state i is represented by σi, while

the partial decay width into the final state f is denoted by Γf , and the total

width of the Higgs boson is expressed as ΓH . To account for the coupling strength

modifier at leading order, the κ parameters are introduced by expressing each

component of Eq. 1.21 as the SM expectation multiplied by the square of the

corresponding process as a coupling strength modifier.

(σ·BR)(i→ H → j) =
σSMi κ2i ·ΓSMf κ2f

ΓSMH κ2H
→ µfi ≡

σ·BR
σSM ·BRSM

=
κ2i ·κ2f
κ2H

, (1.22)

where the relative rate to the SM expectation is represented by µfi , while the
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Figure 1.7: Signal strength parameters for each individual production mode
and decay channel are denoted as µfi , while the combined signal strength per
production mode and decay channel is represented by µi and µf , respectively.
The dashed vertical lines at 1 indicate the expectation value of the SM, with
light grey shading indicating that µ is constrained to be positive and dark grey
shading indicating an absence of measurements. The p-value, indicating the

agreement with the SM prediction, is 5.8%

expression κ2H adjusts the SM Higgs boson mass width to account for the modifi-

cations of the SM Higgs boson coupling strengths, denoted by κi.

κ2H ≡
∑
j

κ2jΓ
SM
j

ΓSMH
. (1.23)

To account for the coupling of the Higgs boson to massive gauge bosons and

fermions, we perform fits to data using signals models, which include the coupling

modifiers κV and κf . Both scaling parameters, κV , and κF , have been found to be

consistent with those expected for the SM Higgs boson, as illustrated in the left

panel of Fig. 1.8. This plot also shows the evolution of the measurements of κV

and κF with the accumulation of more data during Run 1 and Run 2, resulting

in the most accurate determination to date, with an uncertainty of about 10%,

and in agreement with the SM expectation (as those are not part of the SM). The

right panel of the figure illustrates the hierarchy of Higgs boson coupling to the

SM particles as a function of their masses.
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Figure 1.8: (Left) Constraints on the coupling modifiers, kf for fermions and
kV for heavy gauge bosons, of the Higgs boson. The constraints are derived
from different datasets: discovery, Run 1, and Run 2 [28]. The SM prediction
(yellow diamond marker) corresponds to kV = kf = 1. (Right) Hierarchy of

Higgs boson coupling to SM particles as a function of their masses.

Instead of only fitting two parameters, a more comprehensive analysis can be

performed, taking into account not only heavy gauge bosons and fermions but

also loop-induced processes such as Higgs boson couplings to gluons, photons,

and Zγ. The outcome of this analysis is summarized in Fig. 1.9, surpassing the

precision of the discovery data set by a factor of approximately 5.

Figure 1.9: Coupling modifiers obtained from the fit show a p-value of 28%
with respect to the SM prediction.
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It is important to identify the limitations of the κ-framework, which relies on inclu-

sive production and decay rates, which means it is unable to assess discrepancies

in differential distributions and overlooks potential shape effects. Additionally,

the κ-framework assumes contributions solely from SM particles without consider-

ing the possibility of BSM physics. When deviations from the expected behavior

are observed, the κ-framework lacks guidance in terms of BSM physics. Taking all

these factors into consideration, these limitations serve as motivation for exploring

EFT approaches.

As an additional note in this regard, the studies of di-Higgs events, which involve

the production and decay of two Higgs bosons, provide insights into the self-

interaction parameter λ and reveal details about the Higgs potential. Although

this topic is beyond the scope of this thesis, several CMS analyses investigate this

topology, such as the HH → bbττ channel [28, 33]. Di-Higgs analyses at the

LHC are statistically limited, but the future data sample from the HL-LHC holds

promising prospects for these studies. The HL-LHC prospects for constraining the

Higgs boson potential shape, combining efforts from ATLAS and CMS in various

di-Higgs channels under investigation, are illustrated in Fig. 1.10. Finally, we may

Figure 1.10: Combined ATLAS and CMS expected likelihood of the κλ param-
eter (Higgs self-interaction) for di-Higgs production searches at the HL-LHC,

with the channels used in the combination indicated. Adopted from [34].

also consider invisible decays, where the Higgs boson may decay into long-lived

neutral particles or dark matter particles that do not leave detectable traces in

the CMS detector. This thesis does not cover but these studies, and references to
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dedicated searches can be found in [35, 36]. The current experimental constraints

on the branching fraction for invisible Higgs decays are BInv < 0.16 at 95% CL.

1.3.2 Future prospects

Since its discovery in 2012, the ATLAS and CMS experiments have extensively

studied the properties of the Higgs boson. So far, all measurements have been

consistent with the SM expectations. However, the associated uncertainties in

these measurements leave room for discovering new physics beyond the SM. In

the upcoming phases of the LHC, such as Run 3 and HL-LHC, we aim to reduce

uncertainties further and enhance our comprehension of the Higgs boson and the

SM. This will allow us to rigorously test the validity of the SM as a low-energy ap-

proximation of a more comprehensive theory and actively search for indications of

new physics. As depicted in Fig. 1.7, the analysis of the full Run 2 dataset, which

corresponds to an integrated luminosity of 138 fb−1, reveals a favorable agreement

between the observed data and the SM predictions, with a deviation within the

range of 1σ when considering the combined signal strength parameter, µ. As ad-

ditional collision data is accumulated, it is expected that the corresponding error

bars will significantly diminish, leading to a notable improvement in the precision

of the measurements. Regarding this, Fig. 1.11 provides an illustration of the

Figure 1.11: Observed and projected values obtained from fits in the κ-
framework and the µ-framework using various data sets and the HL-LHC pro-
jection. Note that measurements for H→ µµ were not available in earlier data

sets due to limited sensitivity.

reduction in uncertainty across the three datasets under consideration (discovery,
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Run 1, Run 2). Additionally, the pots present a projection for the measurements

of the signal strength parameter, µ (left panel), and the κ parameter (right panel),

extending to the HL-LHC scenario. The graph shows how the uncertainty progres-

sively decreases as more data is collected, highlighting the potential for enhanced

precision in these measurements at the HL-LHC.

With increasing accuracy in our measurements, the constraints on new physics

(NP) become more stringent. Unresolved issues with the SM include the natu-

ralness problem, the matter-antimatter asymmetry of the universe, the possible

metastability of the vacuum state, the nature of dark matter, cosmic inflation, the

origin of neutrino masses, CP violation, unification problems, and various related

topics. Emphasizing its sensitivity to NP, the Higgs boson is widely regarded as a

key component of current particle physics research [37]. Consequently, conducting

in-depth studies of the Higgs boson and gaining a comprehensive understanding

of its properties is of great importance. Such efforts are necessary to advance our

understanding of fundamental physics and shed light on the nature of the universe

at the smallest scales.

The analysis presented in this thesis focuses on finding NP by searching for anoma-

lous couplings of the Higgs boson in the HWW channel, focusing on the fully

leptonic different flavor final state. This search is conducted within the EFT

framework. Although the SM has been regarded as a complete theory thus far, it

is widely acknowledged that it is not the ultimate theory and is merely an effective

description of a fraction of fundamental physics. The fact that we found no new

particles, together with some concepts proposing the existence of new particles

(which could couple to the Higgs boson) that have not been observed at the TeV

scale, indicate a large energy scale difference between the SM and NP. This energy

scale hierarchy provides a rationale for the application of EFTs.

1.4 SM extension using Effective Field Theory

EFT is a widely employed method in physics that simplifies complex physical phe-

nomena by describing them within specific energy or length scales. In the field of

high-energy physics, EFTs are employed to account for the effects of a phenomenon

at a specific energy scale, denoted as Λ, without delving into its underlying causes,

being the remarkable benefit of EFT its capacity to make model-independent state-

ments. EFT is conceptualized as a tool to expand the SM by acknowledging that
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the behavior of physics differs across varying energy scales, such that phenomena

at one scale may have negligible impact on those at another scale. The energy

hierarchy may be visualized as a ladder of energy scales, as illustrated in Fig. 1.12,

with the lowest energy at the bottom rung and the highest energy at the top.

Researchers can build EFTs from the bottom or top. The presented analysis dis-

cusses the essential components for constructing an EFT within the framework of

the SM, also known as SMEFT. In this chapter which draws upon Ref. [38], we

adopt the perspective of the SM as a low-energy EFT arising from an unknown

underlying theory at the energy scale Λ. We employ the general principles of EFT

to investigate the physics of the Higgs at CMS.

Figure 1.12: The diagram illustrates the energy relationship between the SM
EFT and the underlying BSM theory. The energy cut-off Λ denotes the upper
limit of validity for the EFT theory, while E represents the energy scale under
consideration. The blue arrow depicts the process of matching the SM EFT to

the underlying BSM theory, which are connected through coefficients.

1.4.1 Building blocks

All physical theories may be expressed as a sequence of EFTs. Even without

knowing about the underlying model, it is possible to construct an EFT based on

a few general assumptions. Taking Fermi’s theory as an illustration of a low-energy

EFT of the SM that serves as a representation of the complete underlying theory.

In Fig. 1.13, the Feynman diagram on the left side depicts the process in the full

theory, whereas the second diagram (right side) represents the effective interaction
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within the low-energy EFT, in which the W boson propagator i
p2−M2 simplifies to

a contact interaction ig2

M2 , accurately capturing the physics when the momentum

squared, p2, is much smaller than the squared mass of the W boson,M2. EFTs are

Figure 1.13: Effective theory of W boson interaction when the energies are
much lower than the mass of the scalar propagator [39].

constructed by incorporating higher-dimensional operators to describe the effective

interactions, as demonstrated in the aforementioned example. Constructing EFT

operators (Oi) in a model-independent manner requires three essential ingredients:

particles, symmetries, and a set of rules for counting dimensions. The construction

of an effective Lagrangian that describes the underlying theory relies on three

crucial components:

• Particles: A set of fields and derivatives that build the Operators Oi in the

effective field theory, encompassing all particles with masses much smaller

than Λ.

• Symmetries: Operators Oi must satisfy the symmetries of the SM, including

Gauge and Lorentz symmetries.

• Counting scheme (dimension counting): This is achieved by splitting the

coupling in front of each operator Oi into a constant ci and powers of the

energy scale Λ, while organizing the operators based on their mass dimension.

1.4.2 Dimension-6 Operators

In this study, we will expand the SM Lagrangian into an effective Lagrangian with

the following form:

Leff = LSM + LD=6, LD=6 =
1

Λ2

∑
i

c
(6)
i O(6)

i . (1.24)
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In the above expression, operators with dimensions 5 and 7 are omitted due to

their violation of either the lepton or baryon number conservations. Operators

with dimension 8 are typically neglected as a factor of 1/Λ4 suppresses them.

Equation 1.24 offers further insights. Firstly, the effects of new physics are encap-

sulated in the O(6)
i operators, with Wilson coefficients ci indicating the strength

of the new interactions. Secondly, the contributions from O(6)
i operators scale as

(E/Λ)2, resulting in an increase with the energy. Lastly, it is important to note

that the validity range of the EFT must always satisfy the condition E << Λ,

where E represents the energy scale under consideration.

In summary, to clarify the terminology used in this thesis, we have established that

EFT operators are able to capture the effects of new heavy particles that may not

be observable at the energies reachable by the LHC as illustrated in Fig. 1.14. The

SM framework should describe what we observe, but there may be ”new” particles

whose effect is not described by the SM, if the particle is very heavy with respect

to LHC energies, its effect can be approximated with an EFT approach. As such,

EFTs can be a powerful tool for detecting anomalies. Given that this work aims

to expand the SM lagrangian using EFTs to describe the Higgs boson couplings

to bosons and fermions, the main objective is to search for anomalous couplings.

In the end, because everything looks in agreement with the SM prediction, we

place constraints on the anomalous couplings, specifically by using the WW decay

channel.

Figure 1.14: EFT captures the effects of new heavy particles that may not
be observable at the energies reachable by the LHC. The dashed vertical line

indicates the energy cut-off Λ.
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1.4.3 Basis of Dimension 6 Operators

Once the effective Lagrangian is obtained, the next step is defining the operators

that represent the effective interactions. As per Eq. 1.24, Oi forms a complete

basis of D=6 operators constructed from SM fields and derivatives. However, there

are multiple ways to select a complete and non-redundant basis of operators, as

discussed in Ref. [40].

One widespread basis is the Warsaw basis shown in Table 1.1, which originally

consisted of the first complete set of (59) operators and is commonly used in the

theoretical community because it corresponds to the gauge eigenstates before the

SSB. Another basis is the Higgs basis (Eq.1.31-1.34), which is experimentally con-

venient as it allows for expressing the EFT in terms of mass eigenstates after the

SSB. The Higgs basis establishes a more straightforward connection to measurable

quantities in experiments, making it particularly suitable for studies of the Higgs

boson couplings at the LHC. Another example worth mentioning is the SILH ba-

Table 1.1: The Warsaw basis includes 59 different kinds of bosonic D=6 op-
erators [41]. When accounting for flavor structure and CP conjugates, the total

number of distinct operators increases to 2499 [42].

sis [43], not used in the current analysis, which is particularly useful for describing

strongly interacting Light Higgs EFTs as it establishes a more direct connection to

certain BSM scenarios such as the Composite Higgs [44]. Both the Higgs basis and

the SILH basis are related to the Warsaw basis through linear transformations.
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1.5 Detector-level Higgs AC analysis

This section illustrates the phenomenology of AC of the Higgs boson. The analysis

presented in this study follows the same formalism as previous investigations on

anomalous couplings by using CMS datasets from Run 1 and Run 2 [45, 46].

Further in-depth discussions of the theoretical concepts of the analysis can be

found in Ref. [47, 48]. The current analysis focuses on examining anomalous

effects in the EWK and gluon fusion productions and the decay of the Higgs in

two W bosons (HWW). The interaction between a spin-0 Higgs boson and two

spin-1 gauge bosons denoted as V1V1 (which could be WW, ZZ, Zγ, γγ, or gg),

is conveniently described by the following scattering amplitude, which provides a

very generic parametrization:

A(HV1V1) ∼
[
aV V1 +

κV V1 q21 + κV V2 q22

(ΛV V1 )
2 +

κV V3 (q1 + q2)
2(

ΛV VQ
)2

]
m2
V 1ϵ

∗
V 1ϵ

∗
V 2

+aV V2 f ∗(1)
µν f ∗(2),µν + aV V3 f ∗(1)

µν f̃ ∗(2),µν , (1.25)

where f (i)µν is defined as ϵµV iq
ν
V i − ϵνV iq

µ
V i, and f̃

(i)µν is expressed as 1
2
ϵµνρσf

(i),ρσ.

Here, ϵV i and mV 1 represent the polarization vector and pole mass of a gauge

boson, respectively, and Λ1 and ΛQ are the scales of BSM physics. It is worth

noticing that this equation accounts for couplings to both electroweak bosons

and gluons, allowing HV1V1 to represent either HVV or Hgg. The sign of the

photon field is determined by the sign in front of the gauge fields in the covariant

derivative, establishing the sign convention of the Zγ couplings. This analysis

adopts the positive sign convention used by the JHUGen generator [49]. At the

tree-level, the dominant contributions arise from aZZ1 and aWW
1 . The remaining

couplings for ZZ and WW are considered anomalous. Small anomalous terms

arise in the SM due to loop effects. Although the SM values of these couplings are

not yet accessible experimentally, new BSM contributions can make them larger.

Symmetry and gauge invariance considerations require κZZ1 = κZZ2 = − exp(iϕZZΛ1 ),

κγγ1 = κγγ2 = 0, κgg1 = κgg2 = 0, κZγ1 = 0, κZγ2 = − exp(iϕZγΛ1 ), and κ
V V
3 = 0.

When considering the couplings for γγ and gg, the first tensor structure in Eq. (1.25)

is not relevant. Instead, only the aγγ,gg2 and aγγ,gg3 terms are present, with the

former arising from loop effects in the SM. If there are CP-odd aV1V13 couplings

present in conjunction with other couplings (which are CP-even), this may result

in CP violation in the respective process. To reduce the number of independent
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parameters, we assume that aγγ,Zγ2 and aγγ,Zγ3 are constrained by the direct decays

H → γγ and Zγ, and set them to zero. The relationship between HZZ and HWW

couplings plays a crucial role in VBF production with ZZ and WW fusion in this

analysis. However, it is not possible to distinguish between the two couplings

based on the available data, as there are no kinematic differences.

Analysis interpretations

The HVV results are interpreted in two ways: in terms of the AC scattering

amplitude above or in the context of the SMEFT formulation. The distinction

between both approaches is now discussed.

AC interpretation (Approach 1) It assumes custodial symmetry where HZZ

and HWW couplings are equal, and thus we drop the ZZ superscript for EWK

vector boson couplings, resulting in four HVV anomalous couplings to measure:

a2, a3, κ1Λ1, and κZγ2 ΛZγ1 . The presence of CP-odd a3 couplings together with

any of the other couplings (all of them CP-even) will result in CP violation. This

approach allows for a general test of the Higgs boson tensor structure and a search

for CP violation in HVV interactions, similar to the Run 1 AC analysis [50].

SMEFT interpretation (Approach 2) By adopting the SU(2)×U(1) symme-

try into the AC amplitude, it becomes equivalent to the approach followed in the

SM EFT. As a result, the number of independent anomalous couplings for HVV

interactions is now reduced to three: a2, a3, and κ1Λ1. These couplings exhibit

the following relationships:

aWW
1 = aZZ1 , (1.26)

aWW
2 = c2wa

ZZ
2 , (1.27)

aWW
3 = c2wa

ZZ
3 , (1.28)

κWW
1

(ΛWW
1 )2

=
1

c2w − s2w
(
κZZ1

(ΛZZ1 )2
− 2s2w

aZZ2
M2

Z

), (1.29)

κZγ2

(ΛZγ1 )2
=

2swcw
c2w − s2w

(
κZZ1

(ΛZZ1 )2
− aZZ2
M2

Z

). (1.30)

where cw = cos θW , sw = sin θW , and θW represents the weak mixing angle. In the

SMEFT interpretation, there exists a linear relationship between the amplitude
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couplings and the EFT couplings in the Higgs basis (described in the previous

section), as explained in [30]:

δcz =
1

2
aZZ1 − 1, (1.31)

czz = −2s2wc
2
w

e2
aZZ2 , (1.32)

c̃zz = −2s2wc
2
w

e2
aZZ3 , (1.33)

cz□ =
m2
Zs

2
w

e2
κZZ1

(ΛZZ1 )2
. (1.34)

(1.35)

Note: These Higgs basis couplings are 0 in the SM.

Analysis measurements

The main emphasis of the study is put on measuring the couplings of the Higgs

boson to vector bosons (HVV) and gluons (Hgg).

HVV vertex We perform the measurement of the effective cross-section ratios

denoted as fai (or Fai) instead of the anomalous couplings themselves for conve-

nience. Measuring ratios allows to cancel out many systematic uncertainties and

constrains the physical range between -1 and 1. As such, our primary measure-

ments are carried out in terms of cross-section ratios. For electroweak vector boson

couplings, the effective fractional cross sections fai are defined as follows:

fai =
ai

2σi∑
j aj

2σj
sign

(
ai
a1

)
(1.36)

where
∑

j encompasses all couplings considered, and σi represents the cross section

for the process corresponding to ai = 1. Table 1.2 provides the numerical values for

the effective cross sections (σi). For consistency with previous CMS measurements,

the σi coefficients used to define the fractional cross sections correspond specifically

to the gg → H → ZZ → 2e2µ process. These values were calculated using

the JHUGen 7.0.2 event generator [49], and sets of values are presented based

on different assumptions for the coupling relationships: the AC approach with

aZZi = aWW
i , and the SU(2)L×U(1)Y approach from Eqs. 1.26–1.30.
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Hgg vertex Finally, when considering Hgg interactions, the effective fractional

cross sections f ggHa3 is defined as follows:

f ggHa3 =
|agg3 |2σ3

|agg2 |2σ2 + |agg3 |2σ3
sign

(
agg3
agg2

)
(1.37)

The cross sections σ3 and σ2 correspond to agg3 = 1 and agg2 = 1, respectively, and

they are equal. For this case, it is impossible to distinguish the contribution to

the ggH loop of heavy particles, such as the top quark or bottom quark, from the

kinematic features of the event. Thus, the Hgg coupling is considered effective

with the heavy degrees of freedom (quarks) integrated out. However, analyzing

the Hgg coupling with tt̄H and tH processes together may help identify the top

quark contributions in the loop based on the relative rates of the processes.

Table 1.2: Cross sections for the anomalous contributions (σi) relative to the
SM value (σ1) are used to define the fractional cross sections fai. In the case
of the κ1 and κZγ2 couplings, the numerical values Λ1 = ΛZγ1 = 100 GeV are
considered to keep all coefficients of a similar order of magnitude. Two sets of
values corresponding to the AC (aZZi = aWW

i ) and the SU(2) x U(1) (Eqs. 1.26–
1.30) coupling relationships are shown.

Coupling AC σi/σ1 SMEFT σi/σ1
fa3 0.153 0.153
fa2 0.361 6.376
fΛ1 0.682 5.241

fZγΛ1 1.746

1.5.1 Overview of Run 2 results

The study of anomalous Higgs couplings to bosons and fermions is currently a

highly active area of research in particle physics. As proven by numerous measure-

ments which have been conducted in various Higgs production and decay channels.

Table 1.3 contains a summary of the CMS Run 2 results from AC analyses released

since 2021, which establish the context for the study presented here. Of particular

interest are the on-shell Higgs decays to ZZ (1) and Higgs decays to ττ (3), as

they share similarities with the AC HWW study conducted in this thesis. In the

following sections, we provide a brief description of the HZZ and Hττ analyses,

highlighting the main results relevant to this thesis.
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# Channel Measured vertex Combined with REF
1 on-Shell H→ ZZ HVV, Hgg, Htt [Htt] H → γγ [51] [46]
2 off-Shell H→ ZZ HVV on-Shell H→ ZZ [52]
3 H→ ττ HVV, Hgg, Htt on-Shell H→ ZZ +H → γγ [53]
4 ttH and tH Htt on-Shell H→ ZZ +H → γγ [54]
5 H→ ττ Hττ - [55]

Table 1.3: Run 2 AC analyses with the CMS experiment released since 2021.

on-Shell H→ ZZ (1): Constraints on anomalous Higgs boson couplings

to vector bosons and fermions in its production and decay using the

four-lepton final state [46]

Studies of the on-shell Higgs boson decaying to ZZ are an essential reference for

the analysis presented in this thesis, as they focus on the four-lepton channels,

including 4e, 4µ, and 2e2µ final states, and consider events from ggH, VBF, VH,

and ttH production mechanisms. Just like the AC Higgs boson to WW analysis,

this analysis depends on dedicated measurements at the detector level. It makes

use of the kinematic information of the particles involved in the production and

present in the final state to construct multidimensional kinematic discriminants,

which are then employed to extract the results. In particular, this analysis set

constraints on anomalous couplings using the AC and SMEFT approaches. Picking

the CP-odd coupling as an illustrative example, the plot on the left of Fig. 1.15

displays the likelihood scan for the a3 coupling, while that on the right shows

the same results in terms of the corresponding SMEFT coupling c̃ZZ . The high

resolution of the four-lepton channels allows for setting stringent constraints on

the Higgs boson couplings to vector bosons, gluons, and fermions.

H→ ττ(3): Constraints on anomalous Higgs boson couplings to vector

bosons and fermions from the production of Higgs bosons using the ττ

final state [53]

The study focuses on the decay channels τhτh, µτh, eτh and eµ, and uses several

production modes depending on the vertex being measured. The VBF production

analysis is used to constrain the HVV vertex, while the ggH production allows

it to constrain the Hgg vertex. Discriminants sensitive to the kinematics of the

associated particles in production are combined to construct 2D and 3D distribu-

tions. The results of the likelihood scan of the fa3 parameter for this analysis, both
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Figure 1.15: Observed (solid) and expected (dashed) likelihood scans from
a simultaneous fit performed to data with signal and background modeling.
This is shown for the parameters fa3 (left) and c̃ZZ (right) when following the

SMEFT approach.

independently and when combined with the on-shell HZZ, are shown in Fig. 1.16

on the left and right, respectively. Figure 1.17 displays the constraint on the f ggHa3

parameter combined with the on-shell HZZ analysis mentioned above. The lat-

est measurement excludes a pure CP-odd scenario of the Higgs boson coupling to

gluons at 2.4σ and supersedes the result presented in [46], described before.

Figure 1.16: Observed (solid) and expected (dashed) likelihood scan of the
fa3 parameter in the H→ ττ analysis. The results are presented independently
for this analysis on the left and when combined with the on-shell HZZ on the

right, following the AC interpretation.

Analyses combination Combining multiple analyses improves our understand-

ing of the Higgs boson couplings. This thesis represents the first use of the full
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Figure 1.17: Observed (solid) and expected (dashed) likelihood scans of the
fggHa3 parameter when combined with the on-shell HZZ analysis.

Run 2 dataset for the analysis of anomalous couplings of the Higgs boson in the

WW decay channel. The last analysis of this type was conducted using Run 1 [50].

Additionally, the H → bb and H → γγ AC analyses using the full Run 2 dataset

are still forthcoming.
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ATLAS analyses

The ATLAS experiment also seeks to discover NP by conducting searches for

anomalous couplings of the Higgs boson. To this purpose, the ATLAS Collab-

oration has performed analyses similar to those shown previously for the CMS

experiment, and the references of these analyses are summarized in Table 1.4.

As with the measurement of the Higgs boson mass, the LHC experiment aims to

combine the results of these anomalous coupling analyses to achieve a more com-

prehensive understanding of the properties of the Higgs boson and any potential

deviations from SM expectation. The latest result from the ATLAS experiment

ATLAS Analysis (L =139 fb−1 of pp collisions at
√
s =13 TeV) Ref

H(125) CP → 4ℓ [56]
VH(125) H→ bb boosted [57]

H(125) → γγ differential cross sections [58]
Study of top-Higgs CP properties with ttH and tH events with H decays→ bb [59]

H(125)→ γγ STXS and couplings [60]

Table 1.4: AC analyses from ATLAS using the LHC Run 2 data set.

on analyzing anomalous couplings relates to the study of the process H → ZZ,

which is analogous to the CMS analysis discussed earlier. Both experiments have

employed this process to set constraints on the EFT couplings; however, there

is no ATLAS AC analysis using the HWW channel as the one presented in this

thesis. To illustrate one example, Fig. 1.18 presents the c̃ZZ scan from Ref [56]

that is consistent with the CMS result previously shown in Fig. 1.15.

Figure 1.18: Likelihood scan of the EFT coupling c̃ZZ [56].



Chapter 2

The CMS experiment and the

LHC precision frontier

The European Laboratory for Particle Physics, which was established in 1954 near

Geneva on the France-Switzerland border, is widely known as CERN standing

for “Conseil Européen pour la Recherche Nucléaire”. CERN facility serves as the

host to the most extensive and powerful particle accelerator in the world, where

over 12,000 scientists from more than 110 countries work in pursuit of scientific

knowledge.

Chapter 2 of the thesis focuses on the Compact Muon Solenoid (CMS) experiment

and its significant role in advancing the precision of particle physics research. As

one of the general-purpose experiments at the LHC, this chapter begins by pro-

viding an overview of the accelerator complex, design parameters, and operational

runs. It then delves into the CMS apparatus itself, which plays a crucial role in

capturing the immense volume of data generated by the proton collisions. The

chapter proceeds to describe the CMS detector coordinate system, subdetectors,

and trigger and data acquisition systems. Furthermore, it explores the reconstruc-

tion of various objects, including muons, electrons, photons, jets, and neutrinos,

using data from the CMS detector. Lastly, it briefly touches upon the Phase 2 up-

grades planned for CMS, particularly in anticipation of the High-Luminosity LHC

(HL-LHC), which will significantly enhance the experimental capabilities of CMS

and facilitate even more precise measurements. This chapter aims to uncover the

intricate details of CMS and highlight its contributions to the forefront of particle

physics research.
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2.1 The Large Hadron Collider

The LHC is a circular particle accelerator with a perimeter of 26.7 km, buried

at an average depth of approximately 100 m underground, and located in the

tunnel of its predecessor, LEP [17]. The majority of the LHC tunnel is filled

with superconducting magnets capable of propelling protons or heavy ion beams.

While lead ion collisions (PbPb) or proton-Pb collisions are employed to analyze

the dynamics of quarks and gluons in the QGP state, this thesis will not cover

them. Instead, this work will focus on probing fundamental physics through pp

collisions.

The peak centre-of-mass energy by design is
√
s =14 TeV and an instantaneous

luminosity (L, discussed in this chapter) of 1× 1034 cm−2s−1. Although the maxi-

mum energy ever achieved in operation is 13.6 TeV, the accelerator ran at 13 TeV

during the 2016-2018 period when the data used in this thesis was collected.

2.1.1 Accelerator complex

In the LHC tunnel, two vacuum pipes accommodate the circulating proton beams,

traveling in opposing directions. The beams subsequently collide at four interac-

tion points, where the four principal experiments of the LHC are conducted. Before

achieving the highest energy level, the proton beams undergo various stages delin-

eated in the accelerator complex illustrated in Fig. 2.1. The LHC represents the

final ring in a sequence of pre-existing particle accelerators.

Hydrogen gas serves as the source of protons for acceleration within the LHC.

The protons are obtained by removing electrons from the hydrogen atoms via

ionizing energy of 13.6 eV. Initially, the protons are driven to a Radio Frequency

Quadrupole (RFQ), grouped into bunches, and accelerated to reach an energy

of 750 keV. The subsequent stage involves transporting the proton bunches to

the Linear Accelerator (LINAC 2), where their energy is increased to 50 MeV,

enabling their transfer to the Proton Synchrotron Booster (PSB), which is the first

circular accelerator in the chain that enhances the intensity of the proton bunches

during its 150 m length, with the beam energy level reaching up to 1.4 GeV.

Subsequently, the Proton Synchrotron (PS), with a length of 620 m, and the Super

Proton Synchrotron (SPS), spanning 6,912 m, are utilized to further accelerate the

proton beams up to 25 GeV and 450 GeV, respectively. Prior to injection into the
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Figure 2.1: Schematic of the accelerator complex at CERN. Protons are ac-
celerated and their energy levels are increased at multiple accelerators, namely
LINAC 2 (in purple), BOOSTER (in pink), PS (in magenta), SPS (in blue), and
ultimately at the LHC (in grey). The proton beams once circulated through
the LHC, collide at the center of four particle detectors, namely CMS, ATLAS,

ALICE, and LHCb.

LHC, the beam splits into two opposing parallel beamlines, employing fast kicker

magnets, and subsequently accelerates to the desired energy level via high radio

frequency (RF) cavities.

The design of the LHC presents a significant challenge in its endeavor to accelerate

two opposing beams of positively charged protons. A total of 1232 superconduct-

ing NbTi dipoles magnets disposed into eight 2.45 km long arcs are in charge of

controlling the beam optics while maintaining a circular trajectory by generating

a field of 8.3 T [61]. The dipoles accelerate the protons because they are capa-

ble of inverting such a magnetic field over the span of a few cm. The radius of

their curved structure is related to the momentum of the accelerated particles in

a magnetic field by the expression:

ρ[m] =
p[GeV]

0.3 · B[T ] . (2.1)

The quadrupoles are used to keep the particles focused transversely and lengthwise

in the narrow size of bunches fulfilling one of the most stringent requirements of

the accelerator. All the magnets are kept to a temperature of 1.9 K (-271.25ºC)
with superfluid helium-4 ensuring their superconducting properties.
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Once the proton beams reach the nominal energy and are stable, the protons

collide at four different interaction points (IP) along the LHC instrumented with

particle detectors. ATLAS [62] (A Toroidal Lhc Apparatus) and CMS are the main

general-purpose detectors initially designed to hunt the Higgs boson and possibly

BSM scenarios at the TeV scale. They mutually cross-check physics observations at

opposite points on the LHC tunnel. ALICE [63] (A Large Ion Collider Experiment)

studies ion-ion collisions, and LHCb [64] (LHC beauty) consists of an asymmetric

single-arm detector meant for heavy flavor physics, CP violation, rare decays by

measuring decays of B-type hadrons and charm quark. Besides the four biggest-

sized detectors, more than a dozen of experiments with diverse physics targets

belong to the CERN-LHC complex, such as LHCf, TOTEM, FASER, SND@LHC,

AMS, MoEDAL-MAPP, among others [65].

2.1.2 Design parameters

The aforementioned chain of accelerators yields significant energy losses due to

radial acceleration, which imposes a limitation on the achievable energy in a cir-

cular collider. Therefore, protons are used because they are stable, charged, and

suffer much smaller synchrotron radiation losses than electrons due to their larger

mass. The nominal center-of-mass energy of the pp collisions of 14 TeV means

that each proton beam has an energy of 7 TeV, while the sea of quarks and gluons

that compose the protons carries a fraction of the momentum as described in sec-

tion 1.2.1. Besides the beam energy, the main LHC performance indicator is the

instantaneous luminosity L, which characterizes the collision rate relating to the

number of events per unit of time produced for a given process with a particular

cross-section σ:
∂N

∂t
= L × σ. (2.2)

Hence, a sizeable instantaneous luminosity is essential to produce low-probability

processes, but it is also a challenge for data acquisition systems, so it cannot be

increased indefinitely. In turn, the integrated luminosity is obtained by integrat-

ing L over time. The unit for instantaneous luminosity is commonly expressed as

cm−2s−1, while the integrated luminosity is typically expressed in units of inverse
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picobarns or femtobarns (pb−1 or fb−1)1. The relationship between the instanta-

neous luminosity and the properties of the beam is given by the expression:

L =
N2
pnbfγr

4πϵnβ∗ F (2.3)

Table 2.1 lists the values of various parameters for the LHC nominal design, in-

cluding Np, which represents the number of protons per bunch, and nb, which is

the number of bunches. The parameter f denotes the revolution frequency of the

bunches, and γr is the relativistic factor. The transverse emittance ϵn describes

the confinement of the beam in space and momentum, while the beta function β∗

characterizes its focus at the interaction point. Lastly, F is a geometric factor that

accounts for the reduction in luminosity due to the crossing angle of the beams at

the interaction point, with F being less than or equal to 1.

Table 2.1: LHC nominal parameters in pp collisions.

Symbol Parameter Nominal value√
s Centre-of-mass energy 14 TeV

∆t Bunch spacing 25 ns
L Instantaneous luminosity 1.5 ×1034 cm−2s−1
nb Number of bunches per beam 2808
Np Number of protons ber bunch 1.15 ×1011

f Revolution frequency 11245 Hz
ϵn Transverse emittance 3.75 mm µm
β∗ Beta function 0.55 m
F Geometric luminosity reduction factor 0.95 (2011)

In the nominal design of the LHC, each beam contains 2808 proton bunches, with

each bunch containing approximately 1011 protons. The bunches are arranged in

trains of 48 bunches (referred to as the “48b” scheme) spaced at intervals of 25 ns

and complete about 11,000 revolutions per second, which is only 3.1 m/s slower

than the speed of light. Of these, 2544 bunches collide at the CMS interaction point

at a collision rate of 40 MHz, resulting in a luminosity of about 1×1034 cm−2s−1 at

the beginning of the fill, when proton injection is complete, and no more bunches

can be accommodated.

One of the most significant drawbacks of the high instantaneous luminosity of

the LHC is the large pile-up (PU) probability which causes multiple interactions

to occur simultaneously within the same bunch-crossing. The level of pile-up is

11 pb = 10−36 cm2
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directly proportional to the instantaneous luminosity and is an average function

of the beam properties. This relation is expressed by the following equation:

⟨PU⟩ = Lσ
inel
pp

nbf
, (2.4)

At
√
s = 13 TeV, the inelastic pp cross-section (σinelpp ) is 69 mb, resulting in a

nominal average PU of about 22 interactions per bunch crossing at the LHC [66].

However, the LHC has gradually increased its operational values and currently

experiences a PU rate of about 60 interactions per bunch crossing. This number

is expected to become even larger at the HL-LHC, planned to begin in approx-

imately 2029, with an average PU rate of ⟨PU⟩ = 140/200 events. Large PU

values may significantly degrade the detector efficiency and resolution of particle

reconstruction. To address this issue, all LHC experiments underwent an upgrade

program during the Long Shutdown 2 and plan to implement further upgrades in

preparation for the HL-LHC conditions.

2.1.3 LHC operational runs

After more than a decade of installation and commissioning, proton beams were

first circulated into the LHC in September 2008. The first high-energy p-p collision

at 7 TeV took place in March 2010, marking the start of Run 1. A run refers to

a collection of collision data gathered using the same detector configuration and

fixed center-of-mass energy. Several runs are then combined into global LHC Runs,

which typically span several years.

Although LHC Run 1 ended by 2013, the delivered luminosity of 6 fb−1 at 7 TeV by

the end of 2011 was enough for the ATLAS and CMS Collaborations to constrain

the mass range of the Higgs boson and afterward proclaim its discovery in July

2012 [1, 2] with 23 fb−1 collected at 8 TeV by the first half of 2012. Henceforth,

the luminosity and energy of the LHC have been consistently amplified to attain

its intended design value. Beginning in 2015 with Run 2, the LHC has operated at

13 TeV, ultimately generating a total luminosity of 139 fb−1 by the conclusion of

2018. The progress of the integrated luminosity recorded at the CMS detector and

peak luminosities since the beginning of the LHC program is depicted in Fig. 2.2.

In turn, Fig. 2.3 presents an overview of the prior operational history of the LHC

and the timetable for upcoming Runs. Subsequent to Run 1, the LHC was put on
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Figure 2.3: Baseline schedule of the LHC and HL-LHC operations.

hold for 2 years (known as Long Shutdown 1 or LS1) to upgrade the accelerator

in preparation for the demands of Run 2, which included upgrades to the magnets

and some of the subdetectors used in the experiments. Broadly speaking, Phase 1
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refers to the time period from 2011 to 2024, while Phase 2 encompasses the period

from 2029 to 2037, which is associated with the High-Luminosity era of the LHC.
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Figure 2.4: Distributions of the average number of interactions per bunch
crossing (pileup) for pp collisions in 2015 (pink), 2016 (yellow), 2017 (blue),
2018 (purple), 2017 (light blue), and full Run 2 (gray). The overall mean values

and the minimum bias cross-sections are also shown.

Figure 2.4 depicts the progressively increasing average pileup rates from 2011 to

2018 caused by higher luminosities. With the LHC Run 2 dataset spanning from

2015 to 2018, colliding at
√
s =13 TeV and delivering the designed instantaneous

luminosity (as listed in Table 2.1), the possibilities for exploring new physics sce-

narios expanded. The CMS detector registered integrated luminosities of 36.3 fb−1,

41.5 fb−1, and 59.7 fb−1 in 2016, 2017, and 2018, respectively, which constitute

the datasets utilized for the central analysis presented in this thesis.

2.2 The CMS detector

In the preceding section, the CMS detector was introduced as a multi-purpose

experiment situated at the CERN LHC, designed to explore various physics sce-

narios at the TeV energy scale and search for the Higgs boson and BSM physics.
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The current section describes the structural characteristics of CMS, including the

technical details of its subdetectors.

The CMS apparatus is housed in a massive experimental cavern 100 m below

ground level at the LHC Interaction Point (IP) number 5, also known as P5,

dedicated to CMS. The cylindrical structure of the device has a total diameter

of 15 m and a length of 21.5 m. As indicated in its name, CMS is a compact

apparatus in terms of its physical size, being roughly half the size of the ATLAS

experiment but twice as heavy, weighing approximately 14,000 tons.

Figure 2.5: View of the CMS detector inside the experimental cavern at P5.

The CMS detector has a concentric subdetector design visible in Fig. 2.5. Its

most important component is a 4T superconducting solenoid magnet that bends

the trajectory of charged particles transversely crossing CMS, enabling the precise

measurement of their momenta, paths, and the determination of the interaction

vertex they emerged from. The whole inner tracker will be housed in a cylindrical

support structure with a diameter of 2.4 m and a total length of 5.4 m. The tracker

system includes two high-granular tracking detectors: the pixel and strip trackers.

The electromagnetic and hadronic calorimeters surround the tracking system and

absorb and measure the energy of electrons, photons, and hadrons. The CMS

muon system is located in the outermost part of the detector, surrounding the

magnet and adding an additional radius of 7 m, and taking up about 80% of the

total volume of the detector.

During data-taking, pp collisions occur in the IP every 25 ns, allowing for subse-

quent proton bunches to collide before the decay products of the previous collision

reach the active volume of the detector, which would cause an overlap known
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as out-of-time pileup. Hard interactions, resulting from high momentum transfer

between partons, usually split the protons, and the remnants give rise to underly-

ing events. The high-granularity design of the CMS helps distinguish such softer

processes from the signal of interest.

2.2.1 Coordinate system

The CMS experiment employs a right-handed coordinate system [67], illustrated

in Fig. 2.6, with the origin at the IP. The x-axis points towards the center of the

LHC ring, while the y-axis points upwards and is tilted 1.41% with respect to the

LHC plane, fully defining the transverse plane. The longitudinal z-axis aligns with

the direction of the proton beam and points anticlockwise, being the starting of

the cylindrical coordinate system. The azimuthal angle ϕ is defined in the XY-

plane with respect to the x-axis, while the radial coordinate r is measured from

the origin. The polar angle θ is determined in the yz-plane relative to the z-axis.

CMS

y

z x

~p

N

Jura LHC

ATLAS
ALICE

LHCb

φθ

Figure 2.6: The coordinate system used by CMS is shown in this illustration,
which also includes the LHC ring and a compass [67].

The left plot of Figure 2.7 shows the cartesian and cylindrical coordinate systems

of the CMS detector. However, these coordinate systems are only applicable to

describe macroscopic observables and cannot pinpoint pp collisions at the parton

level. In hadronic colliders, the momentum fraction carried by each parton along

the z-axis and the longitudinal boost of the collision products is unknown. There-

fore, using longitudinally Lorentz boost-invariant quantities to describe the events

is more convenient. The most frequently used observables to describe events in

hadronic colliders are the azimuthal angle ϕ, the transverse momentum, and the

transverse mass. The latter two are defined as:

p2T = p2x + p2y,

m2
T = m2 + p2x + p2y = E2 − p2Z

(2.5)
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Figure 2.7: CMS coordinate system with the a cylindrical detector [67].

The transverse momentum is a valuable quantity in events that involve neutrinos,

which are inferred through the missing transverse energy (treated later on), re-

flecting an imbalance in the total pT . Additionally, the angle relative to the beam

axis is expressed using the pseudo-rapidity η, defined as:

η = − ln tan(θ/2). (2.6)

The right side of Fig. 2.7 illustrates that the η value is 0 when the momentum

vector of the particle is perpendicular to the beamline and approaches infinity

when it becomes parallel. Detector regions with large η values are associated with

the so-called forward direction. Notably, the pseudorapidity is an ultra-relativistic

approximation (β ∼ 1) of the rapidity of a particle, which is defined as:

y =
1

2
ln

(
E + pz
E − pz

)
. (2.7)

The definition of the angular separation between two particles is useful in assessing

the isolation of the particle in relation to the surrounding objects and reconstruct-

ing interaction information.

∆R2 = ∆ϕ2 +∆η2. (2.8)

where ∆ϕ = |ϕ1 − ϕ2| and ∆η = |η1 − η2|.

2.2.2 Subdetectors

CMS subdetectors are equipped with various materials and technologies to de-

tect electrons, photons, hadronic particles, and muons. The information collected
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from these subdetectors is crucial for offline particle reconstruction, as discussed

in section 2.3.1. The following lines describe the current subdetectors in their

configuration during the period of 2016-2018.

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1 m2 ~66M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels

Figure 2.8: Schematic view of the CMS detector and its subcomponents [68].

On a broad scale, the CMS detector is divided into two main regions: the central

barrel and two forward endcaps. Figure 2.8 depicts the CMS subdetectors, listed

in order of proximity to the interaction point [69]:

• Silicon trackers consist of the inner pixel tracker and the outer strip tracker,

which have decreasing granularity and reconstruct charged particle trajec-

tories alongside the origin coordinate. Changes were made in 2017 and are

detailed later on.

• Electromagnetic calorimeter (ECAL) measures the energy deposited by pho-

tons and electrons in the material, while the hadronic calorimeter (HCAL)

measures the energy of hadrons from the resulting showers in the detector

structure.

• Superconducting solenoid is an intense magnetic field that bends the tra-

jectory of charged particles, inferring information about their charge and

momentum.
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• Muon chambers consist of a robust, redundant, and efficient muon spectrom-

eter that mixes different technologies depending on the η-region for maxi-

mum reconstruction efficiency. This subsystem is located in the outermost

part of CMS and includes drift tubes, cathode strip chambers, and resistive

plate chambers.

The remainder of this section provides a more detailed view of the subsystems,

starting with the solenoidal magnet due to its leading role within the subdetectors

and the unique design of CMS. Any information related to the muon chambers

is of special relevance to the work performed for commissioning the CMS Drift

Tubes for the HL-LHC upgrades discussed in the dedicated chapter 3.

Superconducting magnet

The superconducting solenoid magnet, which weighs 220 tons, is 12.5 m long and

has a radius of 6 m, is made of NbTi alloy, and is cooled down to 4.7 K using

liquid helium. Injecting currents of 18,000 A create a solenoidal magnetic field

of 3.8 T that is nearly uniform and constant within its volume. This results in

2.7 GJ of energy. The magnet heavily influences the design of the whole detector

and encloses the trackers and calorimeters to minimize non-active material in front

of those subdetectors. The muon chambers surround the magnet and are situated

in a steel return yoke that supports the structure mechanically, returns magnetic

flux, and reduces the roaming field permeating the muon system in a 2 T magnetic

field.

The bending of charged particles in a magnetic field with strength B⃗ and velocity

v⃗ is associated with a Lorentz force given by F⃗ = q(v⃗× B⃗). Thus, the charge and

momentum are obtained by analyzing the bending in conjunction with the tracker

data (following Eq. 2.1). Numerical simulations are used to estimate the magnetic

field strength and lines to ensure the highest accuracy and characterization of

its properties and impact of the measurements. Figure 2.9 illustrates the CMS

solenoid magnetic field, which is measured with a precision of 0.1% within the

tracker volume.
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Figure 2.9: Value of |B| (left) and field lines (right) predicted on a longitudinal
section of the CMS detector for the underground model at a central magnetic
flux density of 3.8 T. Each field line represents a magnetic flux increment of

6 Wb [70].

Tracking system

Located closest to the IP, the innermost detector of CMS is the tracker system. It

covers an active area of 200 m2 and has a geometrical acceptance up to |η| = 2.5.

The acceptance of a detector refers to the range of kinematic parameters within

which particles are potentially detectable, which is mainly the pseudorapidity or

the transverse momentum range in case the detector is placed in the magnetic

field.

Due to the decreasing detector occupancy with radial distance, the tracker is

subdivided into the inner pixel tracker and the outer strip tracker. The closer to the

beam pipe, the higher spatial precision is required to identify in-flight decays and

discriminate primary vertexes from secondary vertexes. Hence, the tracker must

satisfy stringent design requirements, detection efficiency, and radiation hardness

to achieve excellent vertex reconstruction.

In addition to excellent vertex reconstruction, the tracker also aims to achieve good

performance in the reconstruction of particle trajectories, energies, and charge over

a wide range of particle momentum. High pT leptons of 1 TeV are expected to

be produced by high mass resonances, while the reconstruction efficiency of low

pT tracks with 100 MeV is required to measure the energy of hadronic jets.

Silicon sensors are used in the tracker due to their fine granularity and fast readout.

Charged particles ionize silicon semiconductors, creating electron-hole pairs that
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induce a current in the electrodes. The hits in the silicon layers determine parti-

cle trajectories, and therefore a high segmentation provides more precise spatial

measurement.

Figure 2.10 shows the pixel and strip detector that compose the tracker substruc-

ture. The short black lines represent different modules that overlap each other

noticeably to avoid gaps in acceptance. Starting from 3 cm from the IP, the pixel

detector handles the densest particle flux. Nonetheless, the implementation of sili-

con pixel technology allows for outstanding spatiotemporal resolution in this harsh

environment. The pixel layers are arranged in four cylindrical layers surrounding

the beamline and three perpendicular disks, facilitating a 3-D particle reconstruc-

tion. Each pixel has a size of 100×150 µm2 and provides a spatial resolution

ranging from 10 µm to 40 µm on a single hit.

Figure 2.10: Shown in the rz view is one-quarter of the CMS silicon tracker,
with the positions of individual modules represented by purple lines, while pairs
of rϕ and stereo modules are represented by dark blue lines. Also visible are
the laser rays, beam splitters (BS), and alignment tubes (AT) of the Laser

Alignment System, as depicted in [71].

The pixel detector is crucial for vertex reconstruction and seed-tracking algorithms

in CMS. Therefore, it is continually upgraded to accommodate higher luminosity

physics programs as it suffers from radiation.

The strip tracker encases the pixel detector and comprises four parts: the tracker

inner barrel (TIB), the tracker inner disks (TID), the tracker outer barrel (TOB),

and the tracker endcaps (TEC). The system comprises ∼ 9.3 million silicon strips

with 15 different geometries depending on the distance to the interaction point,

ranging from 80 µm and 8.5 cm in the inner regions to 205 µm and 20 cm in the

outer areas. The TIB covers the region 20 < r < 55 cm, and the TOB extends
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up to r = 116 cm, with their counterparts in the endcaps being the TID and

TEC, respectively. The spatial resolution in the transverse plane is 23-34 µm for

the TIB and 35-52 µm for the TOB, while it is about ten times larger in the

longitudinal direction. The strip tracker has an overall hit efficiency of 99.8% for

isolated muons. The double black lines in Fig. 2.10 indicate that one module is

rotated relative to the other for 3D reconstructions.

The design of the tracker aims to achieve the most accurate detector perfor-

mance while minimizing dead material that could lead to undesirable scatterings,

bremsstrahlung, photon conversions, and nuclear interactions that could distort the

measurements of the tracker and the calorimeters. To minimize radiation damage,

the system is cooled to approximately -15 ºC using a CO2 cooling system. An up-

grade in 2017 reduced the hadronic interaction length due to the passive material

by about 40% in the endcaps and 10% in the barrel, improving the interaction

point resolution by a factor of 1.5 in the z-direction [72, 73].

Calorimeters

Electromagnetic calorimeter The tracking system is surrounded by the Elec-

tromagnetic CALorimeter (ECAL), which primarily serves to identify electrons

and photons by accurately measuring their energy when an electromagnetic shower

occurs, generating scintillating light. The ECAL array comprises 70,000 crystals

made of lead tungstate (PbWO4) due to its high density, short radiation length,

and small Molière radius, making it a compact and highly granular calorimeter of

approximately 25X0 long that guarantees the containment of full showers. This

feature, coupled with its relatively quick response time of 5-15 ns, allows the ECAL

to handle around 80% of the scintillating light emitted by particles produced in

each LHC bunch crossing. Its cylindrical geometry is divided into three parts

covering up to |η| = 3, namely the central region barrel (EB) covering |η| < 1.48,

two endcaps (EE) between 1.57 < |η| < 3, and a pre-shower detector in front of

the endcaps with a coverage of 1.65 < |η| < 2.6. The crystals in the barrel, of

which there are 61,200, are 23 cm long and have a surface area of approximately

22×22 mm2, while the 7,324 crystals in both endcaps have a surface area of about

28.6×28.6 mm2 and a length of 22 cm. To ensure there are no gaps in coverage and

that they are airtight, the crystals are tilted at 3◦ relative to the interaction point

in both the endcaps and the barrel. The crystals emit light, which is detected

by avalanche photodiodes (APDs) in the barrel and vacuum phototriodes (VPTs)
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in the endcaps. Although the ECAL withstands moderate levels of radiation, it

requires photodetectors with inner amplification due to its modest light yield of

approximately 30 photons per MeV. A schematic of the ECAL layout is shown

in Fig. 2.11. In front of the two endcaps, the pre-shower detector (ES) is lo-

Figure 2.11: Schematic longitudinal layout of a quarter-section of the ECAL
in the CMS detector, consisting of the barrel ECAL (EB), the endcap ECAL

(EE), and the pre-shower detector (ES) [74].

.

cated, which is composed of a 2-layer sampling calorimeter with a lead absorber

and 22 mm-long silicon strips. This detector plays a crucial role in distinguishing

single high-energy photons from pairs of collimated low-energy photons produced

by the in-flight decay of π0. The intrinsic energy resolution of a homogeneous

electromagnetic calorimeter is given by the following parameterization:

(σE
E

)2
=

(
2.8%GeV1/2

√
E

)2

+

(
12%GeV

E

)2

+ (0.3%)2, (2.9)

The precision of calorimeters at high energies (1/
√
E) is highly accurate due to

the first term, which represents stochastic fluctuations of the collected photoelec-

trons. The second term contributes to noise from the readout system (electronics),

digitization chain, and pileup. The last term is responsible for non-uniformities

in the detector response, miscalibrations, and energy leakage from the crystals. It

is worth noting that the resolution gradually decreases over time due to the loss

of crystal transparency caused by the large doses of radiation. Consequently, the

ECAL requires periodic recalibration using time-dependent corrections.
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Hadronic calorimeter The Hadronic CALorimeter (HCAL) measures approx-

imately 70% of energy that remains in hadrons after passing through the ECAL. It

is a crucial subdetector within CMS, as it measure the energy of neutral hadrons

and undetectable particles.

The HCAL consists of a sampling detector with alternating layers of brass ab-

sorber (5 cm) and plastic scintillator tiles (3.7 mm thick). Hadronic-induced cas-

cades are more challenging to measure than electromagnetic showers due to their

larger fluctuations in the spatial development and energy loss and the fact that

the nuclear interaction length is much larger than the electromagnetic radiation

length. As a result, the HCAL is larger than the ECAL, but its size is limited by

the volume constraints of the magnet.

The HCAL structure is divided into different regions, which are shown in Fig. 2.12,

formed by several subdetectors located in different regions of the detector. The

Figure 2.12: This figure displays a longitudinal view of the CMS quadrant,
highlighting the positions and pseudorapidity ranges covered by the different
hadron calorimeters: the barrel (HB), outer (HO), endcap (HE), and very for-

ward (HF) [75].

inner region, with |η| < 1.4, is covered by the barrel calorimeter (HB), which

has a length of approximately 7 radiation lengths (λi). The endcap hadronic

calorimeter (HE), with a thickness of around 10λi, covers the region 1.3 < |η| <
3.0. The outer hadronic calorimeter (HO) complements the barrel and endcap

detectors, extending the interaction depth to approximately 11λi in the central

region. The HO, consisting of scintillating material, is located outside the magnet.

The HF covers the very forward region, which is situated 11.2 meters away from



The CMS experiment and the LHC precision frontier 65

the interaction point, and extends the HCAL acceptance to the 2.9 < |η| < 5.2

range. The HF uses layers of steel absorber and Cherenkov-emitting quartz fibers

for energy measurement.

The energy resolution is as follows:

(σE
E

)2
=

(
115%GeV1/2

√
E

)2

+ (5.5%)2. (2.10)

The HCAL performance is limited by the presence of non-Poissonian events in

hadronic cascades, neutrinos, and electromagnetic components. However, this

limitation is partially overcome by combining the information from HCAL with

ECAL, resulting in a total energy resolution (for hadronic showers) expressed as

follows: (σE
E

)2
=

(
84.7%√

E

)2

+ (7.4%)2. (2.11)

Muon chambers

Muons yield a particular and clean signature after being produced in a large variety

of physics processes. Due to their higher mass, muons lose less energy in their

path through the detector than electrons and are therefore defined as “Minimum

Ionizing particles” (MIP) in this context. This explains the location of the muon

chambers in the outside part of CMS.

The CMS iron yokes encloses the muon system to immerse the chambers in a

magnetic field of around 2 T. The charge of the muons may be inferred from

the bending direction of their trajectory within the detector, and their transverse

momentum is calculated by applying Eq. 2.1. These measurements complement

those of the silicon tracker described previously.

Since it is the furthest subdetector from the interaction point, the layout of the

muon system must cover a large surface area. Therefore, the choice of gas ion-

ization chambers as the applied technology provides adequate performance at a

reduced cost. There are a total of 1,400 chambers split into three gaseous detec-

tors: Drift Tube chambers (DTs) covering the central region |η| < 1.2, Cathode

Strip Chambers (CSCs) in the endcaps region 0.9 < |η| < 2.4, and Resistive Plate

Chambers (RPCs) up to |η| < 1.6 for improving the trigger performance. These
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pieces sum up a total of ∼ 25, 000 m2 detecting area, and their arrangement is

shown in Fig 2.13.

Figure 2.13: Shown in this R-z cross-section of a quadrant of the CMS de-
tector is the interaction point located at the lower left corner. The axis parallel
to the beam (z ) runs horizontally, and the radius (R) increases upward. The
locations of the steel flux-return disks (dark areas) and various muon stations
are illustrated. The drift tube stations (DTs) are labeled MB (“Muon Barrel”),
and the cathode strip chambers (CSCs) are labeled ME (“Muon Endcap”). The
resistive plate chambers (RPCs) are mounted in both the barrel and endcaps of

CMS, where they are labeled RB and RE, respectively. [75].

The arrangement of detectors within the muon system relies on the expected back-

ground prediction rates and the magnetic field, fulfilling maximal coverage by

spatial overlapping to maximize reconstruction efficiency. This is why the muon

system is usually described as redundant.

In the overall functioning of the muon system, DTs are segmented into drift cells

crossed by an anode wire. The position of muons is determined by measuring

the drift time of an ionized electron cloud from the gas traveling to the anode

wire. Arrays of positively-charged anode wires and negatively-charged copper

cathode strips joined within a gas volume constitute the CSCs. These chambers

determine the position of the muon when crossing the volume. RPCs use double-

gap chambers to operate in avalanche mode. These chambers give information

about the timing for the muon trigger complementing the DTs and CSCs.
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Drift tube chambers are organized into four stations and divided into five wheels

around the LHC beam pipe, providing coverage in the region |η| < 1.2. The cells

composing the DTs are rectangular of size 1.3 × 4.2, cm2 and 2.5 m-long filled

with a gas mixture of CO2 (15%) and Ar (85%). The cells are equipped with

electrode strips on top and bottom, creating a constant field with a constant drift

velocity of 55 µm/s, and cathode strips on the sides. Experimentally, the drift

time of a knocked-off electron is measured to reach the anode to determine muon

crossing time, position, and incident angle in the chambers. The layers of the

DTs are positioned to overlap each other with a half-cell offset, which effectively

solves the left-right ambiguity with respect to the wire. The single-cell efficiency is

99.8%, and the spatial resolution per cell is ∼ 180 µm, yielding an overall position

resolution of 80− 120 µm.

The endcap regions (0.9 < |η| < 2.4) that experience the highest background rates

and a stronger magnetic field are equipped with CSC detectors. The trapezoidal

design alternates layers of anode wires and cathode strips filled with a gas mix-

ture of Ar (45%), CO2 (50%), and CF4 (10%). As the DTs detectors, the CSC

detectors measure muon position by ionization of the gas with a spatial resolution

of 40− 150 µm. Fast RPC detectors are located in the barrel and endcaps regions

(|η| < 1.9). They support DTs and CSCs with a standalone triggering system

resolving tracking ambiguities in events with multiple hits within a single cell.

This subsystem operates in avalanche mode, making use of two gaps of resistive

2 mm-thick layers filled with a mixture of C2H2F4 (96.2%), i-C4H10 (3.5%) and

SF6 (0.3%). When a muon crosses the RPCs, it triggers an electron shower inside

the volume read out by the strips. The spatial resolution is relatively poor (∼1

cm); however, these detectors are much faster than DTs and CSCs with a time

precision of 3 ns, helpful to match a bunch crossing with a muon track even in a

high luminosity environment.

In 2017, Gas Electron Multiplier chambers (GEMs) were installed to extend the

coverage of the muon system to the 1.6 < |η| < 2.2 region. GEMs add redundancy

to the endcaps and have a slim profile, providing exceptional rate capability in

high particle fluxes. Following LS2, 144 GEM detectors were incorporated into

the CMS muon system.
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2.2.3 Trigger and DAQ

Within the CMS physics program, both BSM searches and precision studies of

the SM only require a small fraction of the effective pp collisions, despite the high

luminosity provided by the LHC. Ideally, it would be ideal to store all information

from every pp collision, but physical limitations restrict data storage capacity.

As a result, it becomes necessary to strictly select the most interesting events by

applying kinematic limits that exclude certain regions from consideration. These

cuts are guided by the accumulated knowledge and experience in HEP. Most of the

LHC experiments adopt this strategy, along with other special data-taking tactics

mentioned later. Exceptionally, the LHCb experiment, due to its reduced size and

because it runs at a lower luminosity than ATLAS and CMS, performs the full

storage of all effective pp collision information. In experiments like ATLAS and

CMS, the data corresponding to a single event occupies approximately 2 MB of

disk space, whereas, for LHCb, it only requires around 30 kB. Considering the

LHC p-p interaction rate of 40 MHz, permanent data storage poses one of the

most significant challenges for LHC experiments. To tackle this issue, the trigger

and data acquisition systems (TriDAS) in CMS reduce the rate of stored collisions

from MHz to Hz on the fly, making the data more manageable to store and process

for offline analysis.

SM production cross-sections of various physics processes measured by CMS are

shown in Fig. 2.14. These cross-sections are at least six orders of magnitude

smaller than the total pp cross-section of σpp = 1011 pb. The Trigger and DAQ

systems play a crucial role in enabling online data-taking and offline analysis. The

Trigger System filters events and works in two steps: the Level 1 Trigger (L1

Trigger), which is hardware-based, and the High-Level Trigger (HLT), which is

software-based.

Level 1 trigger system

The L1 trigger system reduces the readout rate from the 40 MHz bunch–crossing

frequency to a maximum of 100 kHz within a time interval (latency) of fewer than

3.4 µs, limited by the tracker readout. It consists of hardware processors that

directly access the information of the several CMS subdetectors. The L1 trigger

uses FPGAs (Field Programmable Gate Arrays) and ASICs (Application Specific

Integrated Circuits) to achieve a short decision time. New-generation FPGAs
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Figure 2.14: Comparisons have been made between the production cross sec-
tions of major SM processes at center-of-mass energies of

√
s=7, 8, and 13 TeV

as measured by the CMS detector and their theoretical predictions [76].

and optical connections were implemented for the Run 2 phase of the LHC. L1

candidates (Fig. 2.15), including muons, eγ (electrons and photons), taus, jets,

and energy sums (MET, HT, etc.), are constructed using physics objects from the

calorimeter and muon chambers. As the trigger decision should be taken in a small

time, these objects have irregular segmentation and low resolution.

Taking the muon selection as an example, the L1 trigger algorithm uses informa-

tion from the CSCs and DTs to form segments and hits from the RPCs. The

track finders apply pattern recognition algorithms to reconstruct possible paths

and measure the transverse momentum of muon candidates. The Global Muon

Trigger then selects and sorts the best four candidates, and their parameters are

passed to the L1 Global Trigger. The Global Trigger combines the calorimeters

trigger and the Global Muon Trigger to decide whether to accept (L1A) or reject

an event. Events accepted by L1A are read by the front-end electronics and the

data acquisition (DAQ) system.
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DAQ

The CMS DAQ is responsible for retrieving and assembling events that have been

accepted by the initial L1 hardware trigger. Once assembled, these events are

made accessible to the high-level trigger, which selects interesting events for offline

storage and analysis. The system is specifically designed to handle a maximum

input rate of 100 kHz and an aggregated throughput of 100 GB/s, originating

from approximately 500 sources [77]. The whole process involving the dedicated

triggers of each subdetector is depicted in Fig. 2.15.

Figure 2.15: CMS L1 Trigger. Taken from [78]

HLT Trigger

The HLT performs a more sophisticated selection of events that have passed the

L1A event selection, reducing the information rate from 100 kHz to 2-3 kHz. HLT

uses the full detector capability to perform online reconstruction of physics objects

and classifies them into a Primary Dataset (PD). It comprises over 600 trigger

physics signatures on subsequent steps of increasing complexity to accept the in-

teresting events, which afterward go through a detailed reconstruction that uses

information from the tracker to match objects and assemble the final trigger deci-

sion.
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During Run 2, two techniques were introduced to increase the phase space ac-

cessible for physics studies. The first technique, “data scouting,” stores the HLT

information of the events and is not used in precision measurements. Instead, it

saves a larger number of events that would contain low-energy processes of interest

for exotic physics searches such as Dark-Matter WIMPs. The second technique,

called “parking”, directly streams events to be recorded on tape without any re-

construction (raw data) and is limited by the DAQ and disk storage. These stored

events are kept for potential BSM physics deviations or sensitivity improvements.

Data Storage

Finally, Tier-0 at CERN gathers the events that pass the trigger criteria for offline

reconstruction and analysis. Tier-0 is responsible for data preservation, repacking,

express processing, and prompt reconstruction of the interesting events acquired

by the previous systems.

2.3 Objects reconstruction

After the trigger system selects and events are stored, those must undergo process-

ing to reconstruct their content. To accomplish this, the CMS subdetectors gather

raw information such as particles, clusters of energy deposits, and tracks. The Par-

ticle Flow (PF) algorithm utilizes this information to create a global description

of the physics objects present in the event to be analyzed.

2.3.1 Particle Flow algorithm

The PF algorithm relies on an accurate tracking system and highly-granulated

calorimeters to perform its function. Tracks are matched with a vertex, whose total

associated pT determines whether it is the main collision vertex or a pile-up vertex.

Muons traverse the entire detector and are reconstructed by matching tracks with

the information in the muon chambers. For electron identification, the algorithm

considers bremsstrahlung effects and links tracks to clusters. Clusters with an

associated track are identified as charged hadrons, while those without a track are

classified as photons if they have electromagnetic deposits or neutral hadrons if
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they have hadronic deposits. Figure 2.16 shows a schematic representation of the

trajectories of the particles crossing CMS. As shown there, the charged particles

are bent due to the magnetic field. Secondary vertices are used for tagging. After

identifying an object, the PF reconstruction algorithm processes the related tracks

and clusters in the following order.

Figure 2.16: According to [79], particle interactions are depicted in a trans-
verse slice of the CMS detector that extends from the beam interaction region
to the muon detector. The muon and charged pion exhibit positive charges,

whereas the electron displays a negative charge.

Muons

In the CMS detector, muons have a clear and distinct signature, making them

easy to identify with high efficiency. The reconstruction of muons involves com-

bining the tracks independently reconstructed by the tracker and muon system,

resulting in global muons when a tracker muon matches a standalone muon from

inside-out or outside-in matching algorithms. The inside-out method involves ex-

trapolating each tracker track with pT > 0.5 GeV and total p > 2.5 GeV to the

muon system and matching it with a standalone muon, while the outside-in tech-

nique extrapolates standalone muon tracks inward to match a compatible tracker
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track. Both methods result in unique muon candidates, and together they achieve

a reconstruction efficiency of approximately 99% for isolated muons. Normally,

muons must be reconstructed as both tracker muons and global muons. The CMS

experiment criteria for muon selection based on track fit quality χ2, the number of

hits per track, and the tracker and standalone track matching degree. These re-

quirements classify muons into different working points based on increasing purity

and decreasing efficiency: loose, medium, and tight. Isolation is another property

associated with muons, which refers to the activity surrounding the object. The

PF relative isolation is determined by measuring the amount of energy within a

cone of size ∆R < 0.4 in the (η,ϕ) plane centered at the muon track starting from

the muon production vertex. Isolation distinguishes between prompt muons and

muons resulting from hadronic decays within jets. The six increasingly stringent

muon isolation working points are defined by decreasing cutoffs in isolation. The

Tag-and-Probe method is used to study the efficiency of muons, beginning with

tracker tracks as probes. The muon identification procedure is regularly reviewed

and updated to the latest version of the analysis data sets. The reconstructed hits

have a spatial resolution ranging from 50 to 300 µm, leading to a muon selection

efficiency above 96% [80]. Figure 2.17 displays the efficiency plotted against pT

and η, while utilizing the strictest PF identification and isolation criteria.
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Figure 2.17: Tight lepton identification efficiency as a function of pT (left)
and η (right), using 2018 data and MC, where the denominator corresponds
to tracker muons with pT > 20 GeV. No significant variation with respect to
the number of primary vertices was observed, and the average scale factor was
found to be 0.98. The systematic uncertainties are smaller than < 0.5% [80].
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Electrons and photons

The electron reconstruction algorithm combines energy deposits in the ECAL with

compatible charged tracks in the silicon tracker, similar to muon reconstruction.

However, due to the phenomenon of bremsstrahlung, electrons can lose more energy

and undergo more potential energy losses than muons. The amount of energy lost

depends on the amount of material the electron passes through, which varies with

the pseudorapidity η. At η ≈ 0, the average energy loss is about 33%, while at

η ≈ 1.4, it is around 86%. Approximately half of the electrons lose 50% of their

initial energy before reaching the ECAL, and about 10% lose over 95% of their

energy. The amount of lost energy can be useful in distinguishing electrons from

charged hadrons since the latter deposit less energy in the ECAL.

The electron reconstruction procedure involves identifying local seed clusters ag-

gregated to energy deposits associated with bremsstrahlung photons. The tracker

accounts for energy loss, and the clustering algorithm must collect the scattered

photon energy, sometimes far from the entry point of the electron in the ECAL.

Due to the magnetic field, charged particles tend to be more spread out in the ϕ

direction than in the η direction, which is toward the z-axis, as shown in Fig. 2.18.

Electrons with pT between 10-50 GeV have an energy resolution of 0.1% (0.3%)

in the barrel (endcaps).

Additional identification criteria are applied using Boosted Decision Trees (BDTs)

to distinguish electron candidates from pions or misidentified jets. These criteria

include variables related to shower shape, track quality, track-cluster matching,

isolation, and energy loss due to bremsstrahlung. The output of the BDT pro-

vides the probability of a candidate being a genuine electron and determines three

levels of electron identification: loose, medium, and tight. These levels decrease

in selection efficiency but increase in purity. The identification and isolation effi-

ciencies for the jets faking electrons are also provided as part of the performance

of the discriminator, as shown in Fig. 2.19. ECAL clusters that do not have an

associated track or a matching cluster in the HCAL are considered genuine and

are referred to as photons. These objects have limited interest in the analysis pre-

sented in this thesis. Ref [82] provides further information on their reconstruction

and identification.



The CMS experiment and the LHC precision frontier 75

Figure 2.18: Display of the trajectory of an electron passing through the
CMS detector. The electron interacts with the tracker material, leading to
energy loss caused by bremsstrahlung, which emits photons in the ϕ direction
along the magnetic field lines. The energy deposits of both the electron and
the photons in the ECAL are grouped together in superclusters and used by
the GSF electron reconstruction algorithm. These superclusters are depicted

by light green squares in the figure.

Hadron reconstruction and τ leptons

After removing identified muons, electrons, and photons from the PF algorithm,

the remaining tracks and energy deposits are used to identify charged and neutral

hadrons. The τ lepton, which has a mass of 1777 MeV and a relatively short

lifetime of 2.9× 10−13 s, decays into hadrons along with a neutrino or into a muon

or an electron together with two neutrinos. Since the τ lepton with 30 GeV may

travel ∼ 1 mm before decaying, only its visible decay products are observed in

the detector. In the cases where the τ lepton decays into muons or electrons, the

previously described methods are used for reconstruction. However, for hadronic

tau decays, the hadrons-plus-strips (HPS) method is applied, where the seed is the

PF jet constituents reconstructed using the anti-kT algorithm, explained in the

next section. The τ decay products are identified via the PF hadron components.

The studies presented in this thesis are not focused on τ leptons, and thus we do
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Figure 2.19: Performance of cut-based and BDT identification algorithms for
electrons and photons in 2017 (left). The cut-based identification is presented
for three different working points: tight, medium, and loose, from left to right,
respectively. Performance of the BDT isolation algorithms for electrons and

photons in the same year is shown (right). [81].

not describe more details on their reconstruction and identification that can be

found in Ref. [82].

Jets

In pp collisions, quarks and gluons are produced through hard interactions, which

then hadronize in the detector, creating collimated groups of particles in cone-

shaped jets that are reconstructed by clustering PF objects. Once electrons,

muons, and photons have been identified, the remaining charged or neutral hadronic

particles are used to estimate the momenta of the jets. This analysis uses the anti-

kT algorithm [83] to determine jets. This algorithm recursively pairs PF candidates

by defining three quantities within a set of N objects:

di,B ≡ p−2
T,i,

di,j ≡ min {p−2
T,i, p

−2
T,j}

(
∆2
ij

R2

)
,

∆2
ij ≡ (yi − yj)

2 + (ϕi − ϕj)
2 .

(2.12)

The anti-kT algorithm calculates two distances for each particle and particle pair:

the first distance measures the distance between the object i and the beam, while

the second measures the distance between objects i and j. The distance in the
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(y,ϕ) plane is represented by ∆2
ij, and the usual cone radius parameter, R, is used

by the algorithm to cluster particles. For resolved jets, the value of R is set to 0.4

and thus referred to as AK4-jets, while for boosted-objects topologies, it is set to

0.8 and thus called AK8-jets. In both cases, the algorithm clusters higher-pT pairs

first, and the cone evolves around the most energetic particle in the event, leaving

the softer radiation and collinear partons to split outside the borders of the cone.

Once the distances are calculated, the algorithm merges objects i and j into a single

object with 4-momenta defined as the sum of both. This process continues until

the distance di,B is smaller, and the object i is tagged as a jet and removed from

the input particle candidates. The algorithm stops when there are no particles left

to cluster.

However, the reconstructed energy of the jet may differ from the energy of the

parton that produced it due to theoretical uncertainties, non-linear detector re-

sponse, and pile-up effects. pT - and η-dependent jet corrections are applied to

account for these discrepancies. As shown in Fig. 2.20, the typical reconstructed

jet energy is about 90% of the parton energy, and its resolution is less than 15%

for all pT values when using PF candidates, which supersedes calorimeter-based

reconstruction.

Figure 2.20: Jet energy response as a function of the pT in the barrel [79].

.

Jets are categorized into two levels of selection: loose and tight. The criteria for

selection include the fraction of charged and neutral hadrons containment, charged

hadron diversity, and the amount of ECAL deposits. Jets originating from bottom

quarks are of special interest. They are identified to be the signature of B hadron
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decays, which are long-lived particles decaying at a secondary vertex with a rela-

tively high particle multiplicity and an electron or muon inside the jet in 40% of

cases. Machine Learning techniques are employed to analyze these features, result-

ing in two algorithms developed in CMS: DeepCSV and DeepJet [84, 85]. DeepJet

is a more complex multi-classification DNN (Deep Neural Network) algorithm than

DeepCSV, which uses several charged and low-level properties of neutral PF jet

constituents, supplemented with secondary vertices properties (using the IVF [86]

algorithm) associated with the jet. Typically, three working points are defined,

corresponding to 10%, 1%, and 0.1% misidentification probabilities of light jets.

Fig. 2.21 demonstrates the b-jet identification efficiency as a function of the pT for

both data and simulated muon jets.

Figure 2.21: Measured efficiencies for the identification of b-jets in a muon
jet sample using the CSV tagger. The filled circles correspond to data, while

the open circles represent simulation results [87].
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2.3.2 Missing transverse energy

Particles that cannot be detected, such as neutrinos, dark matter candidates, or

BSM weakly-interacting particles, are inferred from momentum conservation and

considering that the initial transverse momentum carried by the incoming partons

is expected to be practically zero. The negative sum of the transverse momentum

of all PF candidates in an event gives the missing transverse momentum:

p⃗missT = −
∑
PF

p⃗T . (2.13)

The precise measurement of this quantity requires the CMS detector to cover

almost the entire solid angle to count as many particles as possible. However,

inefficiencies in the tracking or clustering algorithms and non-linear responses in

the calorimeters may introduce biases in p⃗missT , resulting in a relative pmissT resolu-

tion of about 20% for the energies considered in this analysis (see Fig. 2.22). The

relative energy resolution of the missing transverse energy is below 20-30% for all

pmissT ranges.

Figure 2.22: Dependence of the relative pmissT resolution on the pmissT,Ref for a
simulated sample of top quark-antiquark events [79].





Chapter 3

CMS Muon Drift Tubes upgrade

for the HL-LHC

As mentioned in the introduction of the thesis, the readout and trigger electronics

of the CMS subdetectors have to be upgraded to withstand radiation levels and

rates beyond their initial design parameters for future operation at the HL-LHC. In

this regard, the Technology and Basic Research departments at CIEMAT collab-

orate to coordinate the upgrade program of the CMS Drift Tubes (DT) system.

They share responsibilities in the Slice Test (ST) project developed during the

CMS Phase-2 upgrade [88] aiming to test new DT electronics prototypes designed

to handle the increased beam luminosity range of 5·1034 to 7.5·1034 cm−2s−1. Since

LS2, rigorous testing has been conducted on the newly developed Phase-2 read-

out electronics. These electronics are anticipated to be fully installed during LS3,

ensuring their complete operational readiness for the upcoming HL-LHC [89].

The main objective of the future upgrade is to maintain or improve the perfor-

mance of the CMS in terms of muon trigger and identification. This critical goal

is thoroughly investigated through the ST project, which involves precise calibra-

tion of the measured signals, primarily muons passing through the chambers. The

calibration aims to achieve optimal time resolution of the DT Local Trigger, which

directly impacts muon reconstruction. In this chapter, we present the studies of

the performance of the Phase-2 system, specifically designed for the HL-LHC. The

results are compared to the Legacy Phase-1 readout, which was operational until

the LS3. Section 3.4 summarizes the results obtained for the thesis and discuss

the calibration test conducted on the Phase-2 electronic signals. These tests are

performed using special CMS runs in which cosmic ray data are recorded.
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3.1 Segment reconstruction with the DT system

Based on the information regarding muon chambers described in section 2.2.2, the

segment reconstruction process within the DT system involves the combination of

signals from the wires within the same station that have been triggered by a muon

passing through.

The DT system comprises 250 chambers that vary in size, ranging from approx-

imately 2 m×2.5 m to 4 m×2.5 m. Each DT chamber is composed of 8 or 12

detection layers, with each layer consisting of up to 92 tubes. These tubes are

organized into two or three “superlayers” (SL), each containing four layers. Fig-

ure 3.1 provides a visual representation of the internal structure of a DT chamber

specifically designed for detecting muon tracks in the barrel region. The chamber

utilizes three stacked SL, with each stack containing 4 cm wide tubes. These tubes

incorporate a 50 µm thick stretched wire at their center and contain a gas mixture

of Ar and CO2. When charged particles pass through the chamber, ionization elec-

trons drift towards the wire, resulting in a measurable charge pulse at the point

of avalanche on the wire.

In each chamber, the middle superlayer is responsible for measuring the coordinate

parallel to the beam direction, while the two external superlayers measure the per-

pendicular coordinates. This arrangement enables a three-dimensional measure-

ment of the muon track. Each superlayer identifies track patterns and determines

the crossing time of the track by measuring the drift time of ionization electrons

in each layer. This process yields four two-dimensional points, which are used to

calculate the crossing position of the muon (referred to as “hits”). The ability of

the system to accurately measure the timing of muon passage provides valuable

inputs to the L1 Muon trigger. The recorded hits, represented by two-dimensional

coordinates, undergo a preprocessing step to eliminate noise. Subsequently, a

combinatorial algorithm is employed to cluster the hits that are likely to origi-

nate from the same muon. Following the clustering process, a pattern recognition

algorithm is applied to identify straight-line segments that align with the antici-

pated trajectory of a muon traversing the detector. Linear regression is applied to

these segments to determine their intercept and slope with respect to the cham-

ber, enabling estimation of the position and direction of the muon track. Finally,

the reconstructed segments from all four stations of the DT system are combined

with segments from CSC and RPC detectors to form a muon candidate. This

candidate is then forwarded to the global event reconstruction stage, where the
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Figure 3.1: Left: Configuration of the DT system layers, comprising three
superlayers (SL1, SL2, SL3). Right: Illustration of a muon passing through a

single drift cell.

complete trajectory of the muon is identified and reconstructed. Further details

can be found in section 2.2.

In the same fashion as the current offline reconstruction performed on conven-

tional computers, the DT Phase-2 system aims to accomplish muon trajectory

reconstruction tasks with a similar level of precision. However, the Phase-2 sys-

tem aims to achieve this precision within the constraints of the L1 trigger, with

a latency of [o] (1 µs). To achieve this, dedicated programmable devices known

as FPGAs are utilized in the backend electronics, running similar reconstruction

algorithms. In the ST, the Analytical Method (AM) algorithm [90] was employed.

The AM algorithm is specifically designed for FPGA architecture, allowing for the

generation of trigger primitives from the DT detector. It focuses on reconstruct-

ing muon segments based on individual wire DT hits, which exhibit a time spread

of 400 ns within a given BX (bunch crossing) due to drift time in the cell. By

implementing the AM algorithm, the DT chambers can achieve the highest reso-

lution possible, thereby enhancing the hardware system capabilities to approach

the performance of offline processing.

The central objective of the hardware-dedicated analysis in this thesis is to pre-

cisely calibrate the relative timing measurements of the wires. This calibration

process holds great importance in guaranteeing the reliability and accuracy of the

hit reconstruction, as any inconsistencies in the wiring could potentially intro-

duce errors in the measurements. With utmost care, we have employed dedicated

techniques and procedures to calibrate all the wires meticulously. Our aim is to

ensure that the calibration is both precise and consistent across all wires, thereby

establishing a solid foundation for our measurements.
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3.1.1 Hit efficiency definition

To determine the detection of a single hit within a cell, we calculate the ratio

between the number of detected hits and the expected hits. The estimation of

expected hits requires the use of well-reconstructed track segments that had asso-

ciated hits in at least four layers in SL3 and at least one layer in SL1, with the

exception of the layer being tested. The expected hit position was determined by

identifying the intersection of the track segment with the layer under examina-

tion, indicating the cell where a hit was anticipated. The fraction representing

the frequency of hits actually found in the cell provides crucial information about

the efficiency of the specific cell under investigation. For a visual representation,

please refer to the diagram in Fig. 3.2, which shows a DT chamber and a recon-

structed track segment with four associated hits in SL3, extrapolated to SL1 [91].

Figure 3.2: DT chamber with a reconstructed track segment showing four
associated hits in SL3, extrapolated to SL1 (SL2 not shown to scale).

3.2 The Slice Test setup and goals

As described in Section 2.2, the DT detectors play a crucial role in both triggering

and offline tracking within the CMS muon barrel system. For the ST project,

a specific portion of the DT detector was equipped with Phase-2 on-board DT

electronics (OBDT), operating in parallel with the Phase-1 (Legacy) electronics.

This setup included four distinct DT chambers, namely MB1, MB2, MB3, and
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MB4 Minicrate Boards, located in Sector 12 of Wheel +2 [75]. Figure 3.3 provides

a diagram illustrating the two readout systems under consideration, with further

details about their component elements outlined below. The Phase-1 system is vi-

sually represented by the color green, while the ST, serving as a demonstrator for

the Phase-2 readout electronics, is depicted in blue. The primary objective of the

Figure 3.3: A schematic comparison depicting the current (Phase-1) DT read-
out and trigger electronics (shown in green) alongside the architecture of the

DT Slice Test for Phase-2 (depicted in blue).

DT ST is to showcase improved trigger reconstruction performance comparable to

that utilized in Phase-1, as well as to calibrate the Phase-2 electronics for enhanced

and more accurate reconstruction of muon signals passing through the chambers.

The calibration process specifically focuses on the anode wires or channels, which

serve as fundamental components of the DT cells. It involves inter-channel equal-

ization within each DT chamber, accomplished through dedicated Test-Pulse runs

that inject artificial pulses simultaneously into all wires.

The analysis presented in this chapter demonstrates the stability of the Phase-2

system over time, with a maximum average difference between various data-taking

runs of 0.5 ns. The developed calibration procedure, outlined below, represents a

significant accomplishment of this work and serves as a valuable monitoring tool

for both current and future commissioning and calibration of the DT system.

3.2.1 Phase-2 Slice Test On-Board DT electronics

The development of the new On-Board DT (OBDT) electronics for the CMS muon

barrel system was undertaken by the CIEMAT group. The primary objective

was to improve the streaming of high-resolution time-to-digital converter (TDC)
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counts for the efficient identification of ionizing particle crossings. These counts

are transmitted to a new back-end system located in the CMS service cavern via

optical fibers. The new back-end system requires radiation-resistant electronics

capable of withstanding the anticipated radiation levels in the HL-LHC.

Each OBDT samples up to 240 channels and transmits the TDC hits to the AB7

back-end electronics, which is based on the TM7 board used for triggering and

readout. For each Minicrate (MB1 with 3 OBDTs, MB2 with 3 OBDTs, MB3

with 2 OBDTs, and MB4 with 4 OBDTs), up to five AB7 boards are connected.

The configuration of these components is shown in Fig. 3.3.

Achieving precise synchronization among all channels is essential for the optimal

performance of the trigger system. The generation of trigger primitives, which

involves identifying potential tracks based on hit patterns in the chambers, relies

on accurate drift time information derived from TDC measurements. Therefore,

precise calibration is crucial. A trigger primitive serves as a fundamental data

object that represents a potential track and contains important information such

as the track position, direction, momentum, as well as the timing and quality of the

associated hits. These trigger primitives are used as input to the HLT algorithms,

which make decisions about event retention or discarded based on the significance

of the event in terms of physics.

To achieve the optimal local trigger resolution in Phase-2, performing online cali-

bration with a precision of approximately 1 ns is crucial, emphasizing the impor-

tance of inter-channel equalization. This calibration process is carried out within

each chamber to determine individual offsets (t0i) for each channel, specifically

the anode wires. The Front End Boards (FEB) located inside the gas volume are

responsible for transmitting the signals produced by the electrons reaching the

anode wires to the DT readout and trigger electronics. The subsequent sections

provide a comprehensive overview of the results obtained from the ST, focusing

on the performance evaluation of the Phase-2 electronics.

3.3 Phase-2 vs Phase-1 readout systems

Before discussing the calibration of the Phase-2 system, it is necessary to evaluate

the hit detection performance of both the Phase-1 and Phase-2 readout systems
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and compare their results. In order to do so, the recorded signal time measure-

ments from the DT readout systems are used to reconstruct the momentum of

charged particles originating from cosmic rays that pass through the chambers.

The initial step involves assessing the relative efficiency of hit detection between

the Phase-1 and Phase-2 readout systems. Figure 3.4 demonstrates that hits de-

tected by one system were also detected by the other, indicating excellent agree-

ment between them. To conduct this comparison, only hits within a time window

of 900 ns centered around the Phase-1 trigger time were taken into consideration.

It is important to note that no calibration was applied during the calculation of

the relative efficiencies.

Figure 3.4: Comparison of hit detection efficiency between the Phase-1 and
Phase-2 readout systems, demonstrating strong consistency in detecting hits,
with the exception of a small number of masked wires. Adapted from [92].

The local offline segment reconstruction of cosmic rays for the MB4 station in

the DT ST is shown in Fig. 3.5, using both the Phase-1 DT readout and Phase-2

prototypes with calibrated time measurements. The results exhibit a remarkable

agreement between the two systems, with any slight differences attributed to the

inherent precision of the calibration process or the slight variation in TDC sam-

pling frequency. The Phase-1 TDCs have 32 counts every 25 ns, while the new

system has 30 counts every 25 ns. DT segments enable the precise measurement

of muon arrival times from LHC collisions with an accuracy of approximately 2-3

ns [75].



CMS Muon Drift Tubes upgrade for the HL-LHC 88

In contrast to muons produced in collisions, cosmic ray muons, as depicted in

Fig. 3.5, uniformly traverse CMS over time without bunching. The distribution

exhibits a square function with a width of 25 ns, smoothed by the Phase-1 local

trigger.

Figure 3.5: Segments crossing time reconstructed with Phase-1 (black) and
Phase-2 (red) systems in the MB4 station of the DT Slice Test. Calibration
is applied to both Phase-1 and Phase-2 time measurements, showing a strong

agreement between the two systems. The results are sourced from [92].

In summary, the Phase-2 system exhibits significantly enhanced online time reso-

lution compared to Phase-1. This is clearly illustrated in Fig. 3.6, where the solid

blue line representing Phase-2 shows a lower fraction of triggers at incorrect bunch

crossing (BX) compared to Phase-1 (solid red line) for a sample of unbunched cos-

mic muons. The comparison is based on primitives with a minimum of 4 hits

(indicated as Q>=3 in the legend) for Phase-2, to align with the Phase-1 system.

In the Phase-1 system, the trigger output is measured in BX units (25 ns intervals),

depicted by the red line, which represents the convolution of a flat distribution

within the BX time interval with a reconstructed time resolution for segments of

3-4 ns. In contrast, the Phase-2 system offers inherent online time resolution in

the nanosecond range. This remarkable improvement in the performance of the

AM reconstruction underscores the effectiveness of the Phase-2 architecture. It

highlights the ability of the Phase-2 system to achieve its intended goals. The



CMS Muon Drift Tubes upgrade for the HL-LHC 89

Figure 3.6: Discrepancy between the time of Trigger Primitives and the offline
reconstructed segment time. The results are presented for Phase-2 in blue and
the Legacy trigger in red, based on a cosmic muon sample obtained during the

DT Slice Test. The figure is sourced from [90].

accomplishment of this result relies on the precise and reliable synchronization of

the Phase-2 system, detailed in the subsequent section.

3.4 Phase-2 system time synchronization

The calibration methodology implemented for the Phase-2 signals allows us to

eliminate any offsets caused by electronic delays or cable lengths in the signal

used for muon track reconstruction.

3.4.1 Test Pulses run

To calibrate the electronics of the DT system, we use a Test-Pulse (TP) calibration

mode which involves injecting simultaneous signals into all channels of a chamber.

In the Phase-1 system, these signals are generated by activating different groups of

four anode wires (channels) during each event, following specific pattern sequences

that simulate vertical tracks, such as muons crossing the chamber perpendicularly

at various positions. The TP signals are injected with a fixed known latency,
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Figure 3.7: The pedestal value per channel (t0i) for the DT Slice Test Phase-2
is shown in the plot. The solid red line represents the pedestal values before
applying the hardware inter-channel calibration, while the solid blue line repre-
sents the pedestal values after calibration using Test Pulses. Most of the values
align with the expected behavior. However, a few pedestal values deviate from

the expected behavior, likely due to sporadic misread channels.

and by analyzing the time readout from the TDCs, individual offsets (t0i) are

determined for each wire.

Figure 3.7 visually and descriptively demonstrates the impact of hardware inter-

channel calibration using TP runs, which we explain in detail in the subsequent

section. The red distribution shape represents the cable lengths across the super

layers. After applying the calibration, the distribution becomes uniform, although

a few outliers may be observed due to sporadic misread channels that deviate from

the expected behavior. To ensure the stability of synchronization, the Phase-2

readout system is subjected to testing involving ”power cycles” (switching off and

on) and consecutive resets of the clock source to the MOCO boards, which are

involved in the configuration and monitoring of the OBDTs. Figure 3.8 presents

the results of one of these tests, which involved six TP runs. The x-axis represents

the reference t0i value obtained from one TP run, while the y-axis shows the
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differences in t0i values obtained from five subsequent TP runs performed after

applying an alternative operation, as described in the legend. This analysis helps

to evaluate the stability of the synchronization of the Phase-2 readout system.
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Figure 3.8: Stability analysis of Phase-2 readout pedestals was conducted by
subjecting the system to power cycles and resets of the TCDS boards, followed
by six Test-Pulse (TP) runs. The distribution of pedestal differences between
the TP runs taken after applying manual operations (power cycle or TCDS
board reset), and the first TP run as reference is shown. The spread of the
distribution covers an eight ns window, while the central width of 1 ns aligns
with the desired calibration, indicating a stable performance of the Phase-2

readout system.

3.4.2 Data taking in the Slice Test

Throughout the ST conducted at CERN between April and May 2021, multiple

TP runs were executed to assess the stability of the Phase-2 system. The determi-

nation of the cell-by-cell t0i values was repeated after each system reconfiguration

and subsequent “power cycles” performed between runs. Each run was assigned

a unique number, and its configuration details were recorded online to track the

data-taking conditions and facilitate future verifications.

3.4.3 Calibration results

The stability of the t0i calibration in the Phase-2 system is evaluated by com-

paring the average TDC times obtained from the same wire across different runs.
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A reference run is selected, and the time differences between each run and the

reference are calculated wire by wire. These differences are then aggregated for

each chamber, and 2D histograms allow to visualize the variations.

Figure 3.9 presents an example plot showcasing the t0i calibration stability for

MB4 SL1, which provides position measurements on the r-ϕ plane. The SL consists

of four layers, each containing 92 cells, represented by bins along the x-axis. Light-

blue vertical bands separate cells from different layers, with their size reduced due

to the larger number of cells per layer in the MB4 chamber. The y-axis represents

the run numbers for the analyzed runs, with one bin per run. The z-axis displays

the t0i variation in nanoseconds between the target run and the reference run.

The time digitization bin has a width of 0.833 ns. Despite sporadic TP issues

(affecting approximately ten wires out of nearly 3000) caused by temporary system

failures, the Phase-2 electronics display good stability in time measurements. An

effective monitoring tool has been developed to ensure the reproducibility of time

measurements even after resets, power cycles, and reconfigurations. These delays,

whose stability was extensively tested during LS2, continue to be used in 2023,

highlighting the remarkable time stability of the entire electronics chain.
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Chapter 4

Anomalous couplings analysis in

the HWW channel

Starting from this chapter, we transition from the more technical aspects of the

thesis to delve into the core of the physics analysis. In this section, we present our

analysis of the anomalous couplings of the Higgs boson, specifically in the HWW

channel.

For this study, we use the full Run 2 dataset obtained from the CMS experiment

during the period of 2016 to 2018. The dataset comprises a total integrated lumi-

nosity of 138 fb−1. As a first step, we introduce the HWW channel and offer an

overview of the current understanding about it, drawing insights from the STXS

(Simplified Template Cross Sections) analysis. We then proceed to delve into the

signal signatures and identify the primary sources of background. Subsequently,

we provide comprehensive information regarding the data and simulated samples

employed in our analysis. We describe the procedures for object identification

and correction, which include muons, electrons, jets, boosted V-jets, and missing

transverse energy resulting from neutrinos in the final state. Moving forward, we

outline our event selection criteria, which involve the categorization of events based

on specific characteristics. We also discuss various observables and kinematic dis-

criminants (KD), encompassing the kinematics in VBF and VH production for the

HVV vertex, the kinematics in 2-jet ggF production for the Hgg vertex, and the

kinematics of HWW decay products for the HVV vertex. Finally, we introduce

our multi-dimensional kinematic discriminants and provide a study of the signal

model used.



Anomalous couplings in the HWW channel 96

4.1 The HWW channel

The main focus of this thesis is the study of events on which the Higgs boson decays

into a pair of W bosons. Due to the extremely brief lifetime of the W boson, which

is approximately 10−25 s, the only detectable signatures are the decay products.

Similarly, the Higgs boson itself has a lifetime of ∼ 10−22 s. The W boson may

decay either hadronically into a pair of quarks or leptonically into a charged lepton

and a neutrino. While the hadronic decay W → qq̄ has a branching fraction of

67.32±0.23%, the leptonic decaysW → ℓν is 10.89±0.09% [23] per lepton (e, µ, τ).

However, due to the experimental difficulty of distinguishing hadronic decays in a

QCD-abundant environment like the LHC, leptonic decays, as shown in Fig. 4.1,

are preferred and required for this analysis.

Figure 4.1: The decay considered in this analysis is the Higgs boson decaying
into two W bosons. Each W decays into a lepton and a neutrino. This results
in two oppositely charged different-flavor (DF) leptons and two neutrinos in the

final state.

4.1.1 Measurements of HWW cross-sections

The current understanding of the HWW channel is primarily based on the SM

analysis carried out in the Legacy analysis documented in Ref. [93]. This publica-

tion includes the STXS result, but it also has cross-section, µ, and κmeasurements.

It provides not only inclusive production cross-sections but also differential cross-

section measurements using the STXS framework. The STXS approach involves

measuring the cross sections of various Higgs boson production mechanisms in

specific regions of generator-level phase space known as STXS bins, which are
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designed to enhance sensitivity to any deviations from the SM. To perform the

STXS measurement, a set of analysis categories is defined to target each STXS

bin, as illustrated in Fig. 4.2. The AC analysis in this thesis follows the baseline

ggH, VBF, and VH selections defined for the Legacy analysis.

Figure 4.2: The categories in the analysis have been defined to target the
STXS bins, with all dimensional quantities measured in units of GeV.

The figure 4.3 summarizes the main results from the Legacy analysis, including

constraints on the parameters κV and κF (A), a scan of the signal strength (B),

and the observed cross-sections (C) for the main Higgs production mechanisms.

The combined results, considering the associated systematic and statistical uncer-

tainties, align with the expectations of the SM.

4.1.2 Signal signatures

This section explores the characteristics of WW decay and the ones associated

with the Higgs production mechanisms that are considered for analysis.

HWW decay features

The main feature of the events of interest is the presence of a pair of leptons and

two neutrinos arising from the decay of the Higgs boson into two W bosons. More

precisely, events containing one electron and one muon are chosen. While this

selection might lead to a reduction in the expected number of signal events, opting

for leptons of distinct flavors in the final state enhances the analysis sensitivity by
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(a) (b)

(c)

Figure 4.3: Results of the full Run 2 HWW Legacy analysis, including the
constraints on the kappa parameters κV and κF (A), a scan of the signal strength
µ (B), and the observed cross-sections (C) for each of the main Higgs production

mechanisms when all STXS bins are combined.

minimizing background processes like Drell-Yan, as elaborated upon later. Hence,

the final state of interest as follows:

H → WW → eνeµνµ. (4.1)

The leptonic decay of the τ leptons contributes to the signal, but it is not the

main objective, as such decays present a different topology. In order to visually

represent an event with those characteristics within the CMS detector volume, an

illustration of a candidate decay of HWW into leptons and neutrinos is shown

in Fig. 4.4. The neutrinos are not directly detected by the CMS detector and

therefore manifest as missing transverse energy in the event.

An additional intriguing feature of the desired final state is the manifestation of

the scalar nature of the Higgs boson through a spin correlation effect, as depicted
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Figure 4.4: A candidate HWW event displaying the VBF Higgs boson pro-
duction process, where the two yellow cones depict the forward jets typical of
the VBF process. The green and red lines represent the electron and muon, re-
spectively, from the W decays. The magenta arrow indicates the missing energy
corresponding to the neutrinos from each W decay, which cannot be directly de-

tected. Source [94].

in Fig. 4.5. Conservation of angular momentum necessitates that the pair of spin-1

W bosons, originating from a spin-0 resonance, exhibit opposite spin projections.

When the W boson decays leptonically, it emits a neutrino (or anti-neutrino) with

a momentum directed opposite to its spin, owing to its left-handed (or right-

handed) nature. Consequently, a slight separation angle between the two charged

leptons in opposite hemispheres arises. Another notable aspect is that one of the

W bosons is emitted virtually (as mH < 2mW ), leading to one of the leptons

possessing, on average, a lower pT compared to cases when it is emitted from an

on-shell W boson.

By highlighting these features, the intention is to mitigate or eliminate the impact

of background events. In particular, two kinematic properties play a crucial role as

discriminant variables in the examination of the Higgs boson in the WW channel:

the transverse mass of the Higgs boson and the invariant mass of the eµ pair in

the final state. The invariant mass of the ℓ1ℓ2 pair can be defined as follows:

mℓ1ℓ2 =
√

2pℓ1pℓ2(1− cosα). (4.2)

Here, pℓ1 and pℓ2 represent the momenta of the leading and subleading leptons,

respectively, while α denotes the angle between the leptons. It is important to

note that the above equation assumes negligible masses for the leptons, which is
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a reasonable assumption considering the energy scale of approximately 10 GeV

or higher that is being considered in our analysis. This variable should be small

for signal events due to the angle between the emitted leptons, which is useful

to discriminate against background contributions such as the non-resonant WW

production.

The presence of neutrinos in the final state cannot be directly detected in exper-

iments; however, their contribution leads to the appearance of missing transverse

momentum in the event (pmissT ). This quantity is employed to compute the trans-

verse mass of the Higgs boson. The transverse mass is defined as the mass calcu-

lated in the transverse plane for the system consisting of the leptons and neutrinos,

and it is given by the following expression:

mH
T = mT (p⃗

ℓ1ℓ2
T , p⃗ miss

T ), (4.3)

where the transverse mass of a generic system of particles Pi is defined as:

mT ({Pi}) =
√(∑

|p⃗T,i|
)2

−
∣∣∣∑ p⃗T,i

∣∣∣2. (4.4)

Moreover, the variable mH
T proves to be highly effective in distinguishing between

background processes and the signal from the Higgs boson, as it possesses a higher

limit at mH , a requirement that background events are not bound to satisfy. The

choice to incorporate both the mℓℓ and m
H
T variables in the analysis is justified by

previous investigations, including studies such as the STXS.

Production features

In the presence of the final state outlined in Eq. 4.1, additional jets are generated

alongside the Higgs boson. The analysis takes into account three main Higgs

production mechanisms: ggH, VBF, and VH.

• Regarding the ggH production mechanism depicted in Fig. 4.6 (A), the ob-

jects described in Eq. 4.1 maybe be accompanied by hadronic jets due to

radiation of the gluons.

• In the VBF production mechanism illustrated in Fig. 4.6 (B), the detection of

the signature relies on the presence of two jets originating from the quarks
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Figure 4.5: An illustrative depiction showing the spin correlation effect in the
decay of the Higgs boson into a pair of W bosons.

radiation. The production of additional jets is significantly suppressed in

this topology, as the quarks do not directly interact with each other. Con-

sequently, there is a substantial separation within the detector barrel (∆ηjj)

and a high invariant mass of the dijet system (mjj). These kinematic char-

acteristics prove valuable in distinguishing VBF jets from QCD jets in the

ggH process.

• In the presented analysis, the production of the Higgs boson in association

with Z and W bosons (ZH and WH, respectively) is distinguished by the

presence of additional vector bosons (V = Z, W), as depicted in Fig. 4.6

(C). VH events are considered, where the V boson decays hadronically into

quarks. This decay may be reconstructed as two AK4 jets which will have a

resonant invariant mass around the mass of the V boson. Additionally, we

select boosted decays originating from high transverse momentum V bosons.

These decays are reconstructed using a single large radius AK8 jet, which will
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be discussed in section 4.3.3 due to their advantageous kinematic features

for detecting BSM physics and background suppression. The reconstructed

AK8 jet displays a substructure composed of two sub-jets, which has crucial

importance in the analysis.

(a) ggH (b) VBF (c) VH

Figure 4.6: The three Higgs boson production mechanisms explored in this
analysis are depicted as follows: ggH (A), VBF (B), and VH (C).

Therefore, the analysis initial stage involves selecting HWW leptonic events, which

are subsequently categorized according to their associated jets:

• ggH production: Events with 0, 1, or 2 jets radiated.

• VBF production: Events characterized by 2 jets.

• VH production with 2 jets originating from the V boson decay.

• VH production with one AK8 jet stemming from the V boson decay.

4.1.3 Sources of background

The background events arise from SM processes that show the same final state as

the targetted signal. However, distinctive kinematic characteristics associated with

each decay process aid in identifying the origins of these events. To estimate the

expected number of background events within the analysis phase space, we employ

a combination of Monte Carlo (MC) simulations and data-driven techniques.

The primary backgrounds considered in this analysis include non-resonant WW

production, the Drell-Yan process, top quark production, non-prompt leptons (of-

ten referred to as fakes), and multiboson production. Generally, among these

backgrounds, the most significant contributors are, in order, top quark produc-

tion, the Drell-Yan process, and the non-resonant WW production.
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Top quark production The dominant background in different-flavor (DF)

channels consists of hadronic jets originating from the decay of top quarks into a

b quark. To distinguish these jets from those originating from light flavor quarks

(u, d, s, or c) or gluons, b-tagging algorithms are employed (as described in sec-

tion 2.2). These algorithms exploit distinct characteristics of b-jets, such as their

long lifetime and the large mass of the bound states they form, which differen-

tiate them from other short-lived hadrons. Figure 4.7 illustrates some example

diagrams for the production of top quark pairs.

Figure 4.7: The diagrams serve as examples illustrating the production of
pairs of top quarks.

Drell-Yan The Drell-Yan (DY) process involves the production of a pair of

same-flavor (SF) leptons originating from either a Z boson or a virtual photon (γ∗)

decay. To mitigate DYµµ and DYee events, the analysis selects a final state

with DF leptons. However, events having DY→ ττ → eµ are still considered as

background, and thus, additional kinematic cuts such as Emiss
T > 20 GeV and

pℓℓT > 30 GeV are applied. Estimating the DY background may involve systematic

uncertainties due to the imperfect modeling of this effect. Therefore, dedicated

data-driven techniques are employed, as detailed in section 5.3.

Non-resonant WW production To differentiate non-resonant WW pairs from

Higgs decay, the analysis makes use of themℓℓ variable. In the case of non-resonant

WW, this variable exhibits higher invariant mass values compared to Higgs decay

due to the angle between the emitted leptons. Non-resonant WW production is

generated through both quark and gluon-initiated processes within the SM.
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Figure 4.8: The diagram illustrates the LO process of generating a pair of
dileptons through the Drell-Yan mechanism.

Figure 4.9: Non-resonant WW pair production through quark-quark (left)
and gluon-gluon-initiated (right) processes.

Non-prompt lepton background The non-prompt leptons or the fake lepton

background in this analysis arises from various sources. These sources include

misidentified hadrons or jets, decays of heavy-flavor hadrons (B or D) into lep-

tons, and photon conversions to electrons in the tracker. The main source of fakes

comes from W+jets, where there is one real lepton from the W and a fake from the

jet. Estimating this background is challenging due to the limited modeling of the

finite resolution of the detector (as discussed in section 2.2). To reduce its contri-

bution, additional identification and isolation criteria are applied, as explained in

section 2.3.1). The analysis described in Ref [95] encountered significant discrep-

ancies when estimating the non-prompt lepton background due to uncertainties in

the fake electron modeling. As a solution, various studies were conducted, leading

to the adoption of a modified electron identification approach. The AC analy-

sis builds upon previous HWW analyses, so the derivation and discussion of the

non-prompt lepton background estimation method are found in Appendix A and

Ref [96]. Here, we show in Fig. 4.10 a selection of predicted and observed distribu-

tions from same-sign dilepton control regions, which are dominated by non-prompt

background.
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Figure 4.10: Same-sign control region plots 2017. mℓℓ from eµ events (left)
and mH

T from µe events (right).

Multiboson production The production of diboson and triboson events in-

cludes WWW, ZZZ, ZZ, WZ, Vγ∗, Vγ processes. The contribution of these back-

grounds to the analysis depends on the specific final state being studied, which is

discussed in subsequent sections.

4.2 Data and simulated samples

Moving on to the more technical aspects of the AC analysis, we will now discuss

the definition of the data samples used in this study. This section provides details

on the datasets employed, which encompass both the actual data obtained from

the CMS experiment and the simulated MC samples. Given the evolution of the

CMS and LHC configurations over time, the datasets were collected and segregated

by year. Similarly, the MC samples were generated individually for each year to

ensure their consistency with the corresponding datasets.

4.2.1 Data samples

To account for changes in the CMS and LHC configurations over time, the datasets

were divided by year. The integrated luminosities for the individual years were

36.3 fb−1, 41.5 fb−1, and 59.7 fb−1 for 2016, 2017, and 2018, respectively [97–99].

The average pileup was 23 for 2016 and 32 for the other two years. In order
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to be included in the analysis, events were required to meet the reconstruction

quality criteria for physics objects, particularly leptons, and to satisfy the trigger

requirements implemented by the HLT system. Different final states were triggered

by single and double lepton triggers with varying thresholds in pT depending on

the specific year. For the electron-muon final state, events were required to have

fired at least one of the triggers listed in Table 4.1, 4.2, and 4.3 for 2016, 2017,

and 2018, respectively.

In 2017 and 2018, adjustments in the triggers were made to the thresholds for

electrons and muons. The thresholds for electrons were changed to 35 GeV and

32 GeV for 2017 and 2018, respectively. This was necessary because the L1 trigger

relies on ECAL clusters for electron reconstruction, which is affected by noise

and has difficulty distinguishing electrons from photons at low energies. On the

other hand, the L1 trigger incorporates information from muon chambers for muon

reconstruction, compensating for the lack of information from the silicon tracker

and enabling lower trigger thresholds for muons. Using the Tag-And-Probe (T&P)

method [75] described in section 2.3.1, the efficiency of the triggers for Z→ ℓℓ events

was measured to be 98%.

Table 4.1: The HLT paths utilized in the analysis of the 2016 data.

Dataset Run range HLT path
MuonEG B–F (–278272) HLT Mu8 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL

HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL
F (278273–)–H HLT Mu12 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ

HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL DZ
SingleMuon B–H HLT IsoMu24

HLT IsoTkMu24
SingleElectron B–H HLT Ele27 WPTight Gsf

HLT Ele25 eta2p1 WPTight Gsf
DoubleMuon B–G HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL

HLT Mu17 TrkIsoVVL TkMu8 TrkIsoVVL
H HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ

HLT Mu17 TrkIsoVVL TkMu8 TrkIsoVVL DZ
DoubleEG B–H HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL DZ

4.2.2 Simulated samples

In this analysis, a variety of MC event generators are employed to simulate both

signal and background processes, a common practice in particle physics experi-

ments. These tools play a crucial role in optimizing event selection and efficiency,
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Table 4.2: The HLT paths utilized in the analysis of the 2017 data.

Dataset Run range HLT path
MuonEG B HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL DZ

HLT Mu12 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ
C–F HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL

HLT Mu12 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ
SingleMuon B–F HLT IsoMu27
SingleElectron B–F HLT Ele35 WPTight Gsf
DoubleMuon B HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ

C–F HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ Mass8
DoubleEG B–F HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL

Table 4.3: The HLT paths utilized in the analysis of the 2018 data.

Dataset Run range HLT path
MuonEG A–D HLT Mu23 TrkIsoVVL Ele12 CaloIdL TrackIdL IsoVL DZ

HLT Mu12 TrkIsoVVL Ele23 CaloIdL TrackIdL IsoVL DZ
SingleMuon A–D HLT IsoMu24
SingleElectron A–D HLT Ele32 WPTight Gsf
DoubleMuon A–D HLT Mu17 TrkIsoVVL Mu8 TrkIsoVVL DZ Mass3p8
DoubleEG A–D HLT Ele23 Ele12 CaloIdL TrackIdL IsoVL

estimating expected yields for different processes, and evaluating systematic uncer-

tainties. The response of the CMS detector is modeled using the GEANT4 (GE-

ometry ANd Tracking) platform [100], which provides a detailed description of the

detector components. Event generation is performed using specific MC packages

tailored to the physics process of interest, and additional pile-up interactions are

included using PYTHIA [101].

The same reconstruction algorithms are applied to both MC samples and real

data, ensuring consistency in the analysis. MC samples from the same year share

common PDFs, parton shower (PS) configurations and underlying event (UE) sim-

ulations. PDF sets are determined through fits data, as described in section 1.2.1.

The PS hadronization and UE tune are provided by PYTHIA 8.2 [102]. The UE

and multiple interactions (MPI) are based on the CUETP8M1 [103] and CP5 [104]

tunes for the 2016 and 2017-2018 samples, respectively.
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Signal MC samples

In order to provide a comprehensive reference for the analysis, it is essential to

include technical details about the event generators employed. The following sum-

mary provides pertinent information accompanied by relevant references.

SM Higgs boson production The focus of this analysis is the Higgs boson, and

signal samples for ggH, VBF, VH, and ttH are generated using POWHEG 2.0 [105–

108]. This generator reproduces the properties of these processes at next-to-leading

order (NLO) accuracy in QCD. The inclusive (0-, 1-, 2-jets or more) ggH sample

is generated using the POWHEG + MINLO approach and then reweighted with

the NNLOPS scheme [109] to match the next-to-next-to-leading order (NNLO)

accuracy in the Higgs boson pT (transverse momentum) and the number of asso-

ciated jets. The MINLO HJJ generator [110] improves the description of phase

spaces with 2 jets or more, ensuring NLO accuracy in events with a number of

jets greater than or equal to 2 and LO accuracy for events with 3 or more jets.

The cross-sections used to normalize the samples are provided in the last column

of Table 4.4.

SM Higgs boson decay The simulation of the decay of the Higgs boson into

two W bosons and subsequent decay into leptons for ggH, VBF, and quark-

initiated ZH production samples is performed using the JHUGEN generator [49].

JHUGEN version 5.2.5 is used for the 2016 samples, while version 7.1.4 is used for

the 2017 and 2018 samples. For all other SM Higgs signal samples, the decay of

the Higgs boson is simulated with PYTHIA 8.2 [102]. In 2016, PYTHIA 8.226 was

used, and in 2017 and 2018, PYTHIA 8.230 was used. More information about

the simulated samples of the SM Higgs boson are found in Table 4.4.

HVV AC samples Simulations of VBF and VH Higgs productions with anoma-

lous couplings are performed using JHUGEN at LO QCD. The JHUGEN and

POWHEG SM Higgs simulations are compared after parton showering, and no

significant differences are found in kinematic observables as similarly reported

in [46]. Therefore, the JHUGEN simulation is adopted to describe kinematics

in all production modes with anomalous couplings, while the expected yields are

taken from the POWHEG simulations. For ggH signals with anomalous HVV

couplings, JHUGEN is used for generation. The kinematics of ggH events with
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two associated jets are sensitive to the anomalous Hgg coupling at the production

vertex, and therefore, events with anomalous H+2 jet coupling are also simulated.

The signal samples with anomalous couplings suitable for all three years are pro-

vided in Tables 4.5 and 4.6 for HVV and Hgg vertices, respectively. Multiple sam-

ples with different anomalous coupling hypotheses have been generated to extract

various coupling components and their interference. The MELA package [111–

114], which is based on JHUGEN matrix elements, simplifies the reweighting to

any HVV or Hgg coupling signal hypothesis with the same production mechanism.

This reweighting technique, known as MELA reweighting, enhances statistics by

using all samples simultaneously for any signal hypothesis, allowing coverage of

any model even if it has not been directly simulated.

Prior to its use, a study was conducted to validate the samples and compare the

LO and higher-order SM Higgs predictions by examining the shapes of discrim-

inant variables such as mℓℓ and mH
T as introduced above. For the HVV signal

kinematics, the JHUGEN LO simulation was used, while the expected yields were

taken from the higher-order NLO simulations. The final comparison between the

LO and higher-order SM Higgs predictions revealed no significant differences. As

an illustrative example, Fig. 4.11 presents the distributions of the mℓℓ and mH
T

variables in the 0-jet channel for the ggH signal.
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Figure 4.11: The mℓℓ (left) and mH
T (right) distributions of SM Higgs at

reconstruction level in the 0-jet channel are presented for both the JHUGen
(red histogram) and POWHEG + MINLO generators (black markers). All
distributions are normalized to unity, and the statistical uncertainty of the MC

is indicated for each distribution.

In order to account for the effects of parton showering (PS), the initial Hgg AC

samples underwent a substitution mandated by the CMS internal review process.
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Table 4.4: SM HWW signal MC samples normalized to cross-section.

process year dataset name xs [pb]
ggH 2016 GluGluHToWWTo2L2Nu M125 13TeV powheg pythia8 0.9913

2017, 2018 GluGluHToWWTo2L2Nu M125 13TeV powheg2 JHUGenV714 pythia8
ggH Hjj GluGluHToWWTo2L2N M125 13TeV powheg minloHJJ JHUGenV7011 pythia8 0.8962
VBF 2016 VBFHToWWTo2L2Nu M125 13TeV powheg JHUGen pythia8 0.0846

2017, 2018 VBFHToWWTo2L2Nu M125 13TeV powheg2 JHUGenV714 pythia8
W+H 2016 HWplusJ HToWW M125 13TeV powheg pythia8 0.135

2017, 2018 HWplusJ HToWW M125 13TeV powheg pythia8 TuneCP5
W−H 2016 HWminusJ HToWW M125 13TeV powheg pythia8 0.116

2017, 2018 HWminusJ HToWW M125 13TeV powheg pythia8 TuneCP5
ZH 2016 HZJ HToWW M125 13TeV powheg pythia8 0.187

2017, 2018 HZJ HToWWTo2L2Nu M125 13TeV powheg jhugen714 pythia8 TuneCP5 0.0171
ggZH 2016 GluGluZH HToWW M125 13TeV powheg pythia8

2017, 2018 GluGluZH HToWWTo2L2Nu M125 13TeV powheg pythia8 TuneCP5 0.00275
ttH all ttHToNonbb M125 TuneCP5 13TeV-powheg-pythia8 0.212

Table 4.5: AC HVV signals MC samples utilized in the analysis for all years.

VBFHiggs0PMToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0PHToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0L1ToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0MToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0PHf05ph0ToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0Mf05ph0ToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

VBFHiggs0L1f05ph0ToWWTo2L2Nu M-125 13TeV-JHUGenV6 pythia8

WHiggs0PMToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0PHToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0L1ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0MToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0PHf05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0Mf05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

WHiggs0L1f05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0PMToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0PHToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0L1ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0MToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0PHf05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0Mf05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

ZHiggs0L1f05ph0ToWW 2LFilter M-125 13TeV-JHUGenV6 pythia8

Higgs0PMToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0PHToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0MToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0L1ToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0PHf05ph0ToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0Mf05ph0ToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Higgs0L1f05ph0ToWWTo2L2Nu M-125 13TeV-powheg2-JHUgenV6

Table 4.6: AC signals MC samples in the Hgg channel for all years.

JJHiggs0PMToWWTo2L2Nu M-125 NNPDF31 TuneCP5 13TeV-powheg-minloHJJ-JHUGenV751-pythia8

JJHiggs0MToWWTo2L2Nu M-125 NNPDF31 TuneCP5 13TeV-powheg-minloHJJ-JHUGenV751-pythia8

JJHiggs0Mf05ph0ToWWTo2L2Nu M-125 NNPDF31 TuneCP5 13TeV-powheg-minloHJJ-JHUGenV751-pythia8
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The MINLO version of the samples, as indicated in Table 4.6, was employed to

accurately quantify these effects. During the analysis review, it was noticed that

the PS was not appropriate for JHUGen Hgg AC samples, which degraded the

distinction between SM and AC signals. The correlation between jets, specifically

the two leading jets, modeled by either JHUGen LO or MiNLO NLO simulation

at the LHE level, shows good agreement. However, when Pythia hadronization

is introduced, the modeling of additional jets differs. In our analysis, we need

to select two jets from the multiple jets generated by Pythia+LHE. Among the

jets generated by Pythia, when they are matched to JHUGen, there is a higher

likelihood of selecting a jet that does not originate from LHE. In general terms,

Pythia matching performs better and is more achievable with MiNLO, as up to

4 jets are already generated by the matrix element. In theory, the parton shower

matching could be enhanced for either generator, and it is possible to tune the

JHUGen+Pythia combination to be as effective as MiNLO+Pythia for specific

purposes, but this objective has not yet been attained.

Background MC simulation samples

Table 4.7 provides a summary of the background contributions discussed in sec-

tion 4.1.3 for the three data sets conforming to full Run 2. Various event genera-

tors are utilized to model these backgrounds, including POWHEG v2 with MINLO

HVJ [115], MadGraph aMC@NLO [116] (MadGraph5), and MCFM 7.0 [117].

Process Generator Accuracy
(qq)WW POWHEG 2.0 NLO
(gg)WW MCFM 7.0 LO

Top POWHEG 2.0 NLO
DY MadGraph5 2.4.1 NLO

Vγ and Vγ∗ MadGraph5 2.4.1 NLO
VV POWHEG 2.0 NLO
VVV MadGraph5 2.4.2 NLO

Table 4.7: MC samples utilized for modeling background processes. Cross-
section values listed in [118]

The backgrounds originating from non-prompt leptons, which arise from leptonic

decays of heavy quarks, hadrons misidentified as leptons, and electrons from pho-

ton conversions, are suppressed by imposing identification and isolation require-

ments on electrons and muons. In this analysis, the primary source of the non-

prompt lepton background is W+jets events, and its estimation is performed using
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data-driven methods outlined in Ref [119]. The procedure involves measuring the

rate of non-prompt leptons, passing loose selection criteria, and also passing a

tight selection (misidentification rate). Similarly, the rate for a prompt lepton to

pass the tight selection (prompt rate) is determined. The misidentification rate is

measured in a data sample enriched with multijet events, while the prompt rate

is measured using a T&P method in a data sample enriched with DY events. The

estimation of the non-prompt background is validated using data in a CR enriched

with W+jets events, where a pair of same-sign leptons is required.

The backgrounds originating from top quark processes are estimated through a

combination of MC simulations and dedicated control regions (CRs) in the data.

To ensure accurate modeling, a reweighting technique is employed for the top and

anti-top quark pT spectrum at the parton level in the tt̄ simulation. This reweight-

ing aligns the simulation with the predictions from NNLO (next-to-next-to-leading

order) and NNLL (next-to-next-to-leading logarithm) QCD calculations, incorpo-

rating the NLO (next-to-leading order) electroweak contribution [120]. The nor-

malization of the top quark background in each considered jet multiplicity region

is determined by comparing the observed data in the CRs specifically enriched

with top quark events.

The estimation of nonresonant WW backgrounds involves a combination of MC

simulations and dedicated regions in the data. The simulated events for quark-

induced WW processes are reweighted to match the diboson pT spectrum cal-

culated at NNLO+NNLL QCD accuracy [121, 122]. The normalizations of the

quark-induced and gluon-induced WW backgrounds are treated as free parame-

ters in the fit, with a separate parameter assigned to each jet multiplicity region,

similar to the approach used for the top quark background. In the 0- and 1-jet

channels, the normalization parameters are directly constrained within the sig-

nal regions, which cover the high dilepton invariant mass phase space enriched in

WW events. For the 2-jet channels, a dedicated control region is defined, which

specifically selects events with high dilepton mass to enhance the presence of WW

events.

The background process involving DY decays to ττ is estimated using a data

embedding technique [123]. In the fitting procedure to data, the normalization

of this background is left unconstrained, following the same approach as for the

top quark and WW backgrounds. To constrain the free normalization parameters,

an orthogonal control region enriched with DY→ ττ events is defined for the
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0-, 1-, and 2-jet regions. The data-embedded samples utilized in this analysis

cover the events that satisfy the eµ triggers, which constitute the majority of the

selected events. The remaining DY→ ττ events, which contribute through the

single lepton triggers (approximately 5% of the total events), are estimated using

MC simulation.

The contribution from the WZ and Wγ∗ backgrounds is simulated, and a data-

to-simulation scale factor is derived in a CR with three leptons, as described in

Ref. [119]. The Wγ process may also contribute as background due to photon

conversions in the detector material. This process is estimated using MC simu-

lation and validated against data in a control region that requires events with a

leading µ and a trailing e with the same sign and separation in ∆R smaller than

0.5. The contribution of triple vector boson production is minor in all channels

and is estimated using MC simulation.

MC Corrections

To enhance the accuracy of the collision data modeling, event-by-event weights

are employed for all MC samples. The efficiencies of object identification will be

elaborated upon in the subsequent section. Further sample-specific corrections

are outlined in section 5, where the associated systematic uncertainties are also

presented.

Pile-up In order to align the simulated events with the data, the MC pile-up

distribution is adjusted by applying weights to match the observed data. Those

are determined by scaling the generated number of inelastic collisions within each

event with a weight that accounts for the instantaneous luminosity. The luminosity

estimation is based on an inelastic pp collision cross-section of 69.2 mb [124].

Trigger efficiency The HLT selection is not directly applied to MC samples.

Instead, event weights are assigned based on a function that depends on the trans-

verse momentum and pseudorapidity of the two lepton candidates. These weights

are determined using the T&P method, where one lepton is designated as the tag

and the other as the probe to measure the lepton efficiency. The CMS experiment

ensures excellent muon reconstruction, allowing for the convenient derivation of

corrections and muon identification and isolation efficiency in Z → µ+µ− events,
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both in data and MC samples. The lepton efficiency is calculated as the ratio

of the number of probes satisfying the trigger conditions to the total number of

probes. Separate efficiency calculations are performed for muons and electrons

using appropriate equations.

The single-lepton trigger efficiencies are combined probabilistically to obtain the

double-lepton trigger efficiency, which is then corrected by a factor that accounts

for the separation between the leptons (∆R). The lepton trigger efficiencies are

considered independent as long as the isolation cones of the two leptons do not

overlap.

To recover efficiency for events where the subleading lepton has a transverse mo-

mentum below the threshold of the dilepton trigger, we also use single-lepton trig-

gers. This is possible because the thresholds for single-lepton triggers are higher

than the lower thresholds in dilepton triggers, and the identification and isolation

requirements are consistent between the two. The efficiency of the combined trig-

ger as a function of the transverse momentum of the subleading lepton is compared

between the simulation of the trigger and the calculation using the T&P method.

This comparison is shown in Fig. 4.12 for both ggH and WW events with either a

leading electron or a leading muon.

L1 prefiring correction During the data-taking periods of 2016 and 2017, the

forward regions of the ECAL endcap experienced a loss of transparency, causing

difficulties in accurately reading out jets, photons, and electrons. As a result, the

L1 trigger incorrectly assigned these objects to the previous bunch crossing due to

a gradual shift in the timing of the trigger primitives. This led to inefficiencies in

the triggering process.

To quantify these inefficiencies, measurements were performed by the CMS Col-

laboration as a function of the pseudorapidity of high-pT electrons, photons, and

jets. The results of these measurements, which are documented in [125], were

centrally provided by the collaboration. In order to account for this effect in the

MC samples, event weights were applied.
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Figure 4.12: This figure from [93] displays a comparison of trigger efficiency
between the simulated trigger (black points) and the efficiency calculated using
the Tag-And-Probe method (red points) as a function of the transverse mo-
mentum of the subleading lepton. The plot shows the efficiency calculation for
events with one electron-muon pair in ggH (upper row) and WW (bottom row)
MC samples, with a leading electron (right column) or a leading muon (left

column). Note: this plot does not include ∆R corrections described.

4.3 Object identification and corrections

In this section, we present further technical details regarding the identification

criteria employed to select the physics objects in the analysis. These criteria

supplement the information on object reconstruction discussed in section 2.3.1.

The following set of criteria is applied to ensure the quality and reliability of

the selected muons, electrons, missing transverse energy (MET), AK4 jets, and

boosted V-jets.

4.3.1 Muons and Electrons

Dedicated selection criteria and quality requirements are applied to both muons

and electrons, as they are essential objects among the final state products.
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Muons

For the selection of muons, the tight ID HWW working point, as summarized in

Table 4.8 is required. Additionally, to further improve the sensitivity of the anal-

ysis and minimize the presence of fake leptons, an additional criterion is applied.

Specifically, the output of the ttHMVA discriminator, which was developed for the

ttH analysis, must exceed a threshold of 0.8 [126].

Muon Tight HWW ID
pT >10 GeV
|η| < 2.4

|dxy| < 0.01 cm when pT < 20 GeV
|dxy| < 0.02 cm when pT > 20 GeV

|dz| < 0.1

Table 4.8: Requirements for muons to pass the tight HWW working point.
dxy is the impact parameter of the track with respect to the primary vertex

(PV), and dz is the longitudinal distance from the track to the PV.

The total efficiency of a muon is determined by the product of several factors:

ϵµ = ϵttHMVA>0.8 × ϵTrack × ϵTrigger × ϵID × ϵISO. (4.5)

Although the global track reconstruction efficiency is typically 99% [127] and the

trigger efficiency is 98% (as discussed in section 2.3.1), the T&P method is em-

ployed to determine the identification and isolation efficiencies. In turn, the effi-

ciency of the Tight HWW ID is evaluated in data and a simulated DY sample,

considering its dependence on pT and η. The assessment is based on the following

simple expression:

ϵ(pT, η) =
NProbes

Pass

NProbes
Pass +NProbes

Fail

. (4.6)

The results for each of the Run 2 years are presented in Fig. 4.13, where the values

are extracted from the distributions shown in Fig. 4.14.

The majority of scale factors between data and MC are close to 1, with some

deviations of up to 5%. The associated systematic uncertainty on the HWWID

efficiency typically remains below 1%, reaching a maximum of 6%. Similarly, the

isolation efficiency is determined in a comparable manner. In turn, the sum of the

energy deposits of all reconstructed particles is considered within a cone of radius

∆R around the muon. For muons with pT > 20 GeV, the selection criterion for

ISO (isolation) is set to be ISO<0.15 within a cone of ∆R = 0.4, resulting in
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Figure 4.13: Efficiencies of the Tight HWWID selection for muons as a func-
tion of η in 2016 (left), 2017 (center), and 2018 (right) data sets are shown
with different pT ranges specified in each panel. The efficiencies are presented
for both data and MC events, and the ratio of the two is used as a correction
factor. The results are obtained using the TP method. The figure is taken

from [93].

an efficiency of 95%. The isolation should be defined as relative to the muons

pT; otherwise, this criterion is not meaningful. A looser ISO<0.4 selection is

employed to investigate the non-prompt lepton background while maintaining the

ID criteria.

Figure 4.14: Performance of the Tight ISO/TightHWW ID fit in data for
muons with a transverse momentum ranging from 15 GeV to 20 GeV and an

absolute pseudorapidity between 1.2 and 1.6. Extracted from [93].
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To reduce biases in the muon momentum assignment arising from detector mis-

alignment, magnetic field precision, or issues in muon reconstruction, experimen-

tal scale and momentum corrections from the Rochester group [128] are employed.

The net effect of these corrections is visible as a shift in the mℓℓ distribution in

Fig. 4.15, which leads to a very good data/MC agreement.

Figure 4.15: The left plot shows the µ+µ− invariant mass distribution in a
DY control region without applying any corrections, while the right plot shows
the same distribution after applying the 2017 Rochester corrections. Taken

from [93] analysis.

Electrons

In order to conduct the analysis, the electrons undergo a selection process using

the stringent HWW working point, listed in Table 4.9). Same as for muons, in

order to reduce the fake lepton contamination, the selection is also based on a

multivariate approach (MVA) based on Boosted Decision Tree (BDT) which is

anticipated to achieve a 90% efficiency rate. Additionally, the electron isolation

(outlined in section 2.3.1) should be below 0.06.

Electron Tight HWW ID
pT >10 GeV
|η| < 2.5

|dxy| < 0.05 cm and |dz| < 0.1 cm if |η| < 1.479
|dxy| < 0.1 cm and |dz| < 0.2 cm if |η| > 1.479

Table 4.9: Requirements for electrons to pass the tight HWW working point.
dxy is the impact parameter of the track with respect to the primary vertex

(PV), and dz is the longitudinal distance from the track to the PV.
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Like the muon selection, the efficiency of the electron selection is assessed through

the T&P method using data. The selection criteria are labeled as mva 90p Iso2016

(for 2016) and Fall17V1Iso WP90 (for 2017 and 2018). The efficiency of the former

working point is shown in Fig. 4.16. In turn, the electron energy scale is studied

with Z → ee [81].

Figure 4.16: The figures depict the trigger efficiency results obtained from
data using the mva 90p Iso2016 criteria. The distributions are adopted

from [93].

Lepton identification efficiency correction

The scale factors for data over MC account for the different identification effi-

ciencies of muons and electrons, which are evaluated independently. The ultimate

event weight, varying with lepton pT and η, is computed by multiplying the re-

sulting scale factors obtained using the expression:

SF = SF (“ID”)× SF (“ISO”)× SF (“others”) (4.7)

4.3.2 Jets

The jets used in the analysis are AK4 PF jets identified by the anti-kT algorithm

(see section 2.3.1). Charged hadron subtraction (CHS) is applied, which asso-

ciates all charged hadrons composing the jet with a track originating from the

primary vertex. Jets satisfying the criteria of pT > 30 GeV and |η| < 4.7 and
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passing the tight jet identification prescribed by the Jet Identification group are

considered. Additionally, jets with pT < 50 GeV and passing the loose pileup jet

identification [129] are also considered.

For the 2017 and 2018 campaigns, jets with pT > 30 GeV and |η| < 4.7 that

pass the tight jet ID, as defined by the Jet Identification group, undergo JER (jet

energy resolution) smearing to enhance the agreement between data and MC. This

correction addresses the issue of overestimated jet energy resolution during those

campaigns. Furthermore, the PUJetID is applied to filter out contaminated jets.

It utilizes a BDT that separates hard-scattering jets from pileup jets based on the

jet multiplicities and geometry. When tuned in bins of ϕ or η, the BDT achieves

a 99% efficiency in identifying hard scattering jets. The PUJetID is only applied

to jets with pT < 50 GeV.

b-tagged jets

Moreover, in the selection of b-tagged jets, introduced in section 2.3.1, the loose

working point is employed due to its superior ability to reject non-b jets. However,

for the VBF channel, the DeepJet algorithm surpasses the DeepCSV algorithm

in terms of signal significance and the uncertainty in signal strength [130]. For

each tagger, the discriminator score is calculated for jets with pT > 20 GeV and

|η| < 2.4, and it quantifies the probability of a jet originating from a b quark.

To enhance the agreement between the simulated and observed data distributions,

we make use of a scale factor per event. This scale factor depends on variables

such as the jet pT, η, flavor, and the b-tagging discriminator value. In this anal-

ysis, we apply this scale factor to the MC distributions. For each data period, a

discriminator cut referred to as the “loose working point” is defined. This cut is

carefully chosen to achieve a 90% efficiency rate for identifying b-jets while keeping

the rate of misidentifying a light jet as a b-tagged jet at approximately 10%. The

effectiveness of the veto is shown in Fig. 4.17 using green markers.

4.3.3 Boosted V-jets

The production rate of heavy particles may increase with respect to that expected

in the SM in scenarios involving BSM physics. Boosted topologies emerge from

the high transverse momentum of these particles, leading to the merging of jets,
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Figure 4.17: The figure displays the efficiency of b-jets plotted as a function of
the jet transverse momentum using the DeepCSV algorithm. These efficiencies
were determined based on simulated tt̄ events, where the jets had pT >30 GeV
and fell within the tracker acceptance region. The final bin includes any overflow

events. Source: [131].

which is particularly relevant for the VH channel. In this study, an additional

boosted category is introduced alongside the resolved VH category, resulting in

more stringent constraints on the results, as discussed in chapter 6. Resolved de-

cays of a given particle X are characterized by associated transverse momentum

much smaller than its mass, while boosted decays exhibit the opposite behavior.

As depicted in Fig. 4.18, in one case, the quark decays are resolved and are re-

constructed with 2 jets (pT less than mx), while in the boosted decays (pT greater

than mx) the quark decays are collimated such that a single large radius jet is

more appropriate for reconstruction. Then substructure can be used to identify

two subjets.

To establish a connection with section 2.3.1, it is important to note that boosted

V-jets are a specific case within the anti-kT algorithm, characterized by a radius

parameter of 0.8, which corresponds to the AK8 jet designation.

In the context of hadronic V decays, particularly in the VH production mode, the

AK8 algorithm is employed to reconstruct single merged jets when the decay prod-

ucts are highly collimated. The presence of an HVV vertex may lead to anomalous

effects that increase the fraction of boosted V bosons. By incorporating jet groom-

ing and substructure techniques, the inclusion of the boosted VH category allows

for a more aggressive suppression of background events compared to the resolved
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Figure 4.18: Boosted V jet reconstruction with large radius jets.

scenario. This addition of the boosted VH category significantly enhances the

sensitivity of the analysis to potential anomalous HVV coupling effects.

For the purposes of this analysis, AK8 jets must satisfy specific kinematic require-

ments. They are required to have a transverse momentum pT > 200 GeV and fall

within the tracker acceptance range of |η| < 2.4. Moreover, they need to pass the

loose jet identification criteria. To mitigate the impact of pile-up and underlying

event radiation, the soft drop grooming algorithm [132] is employed. This algo-

rithm systematically breaks down the jet and iteratively removes low-momentum,

wide-angle radiation. As a result, the mass values for QCD-jets decrease, while

the mass of jets originating from the V-boson decay is preserved. This behavior

is shown in Fig. 4.19 from Ref. [133], which examines the jet substructure at the

LHC.

The compatibility between AK8 jets and a substructure hypothesis involving sub-

jets, which is based on the energy flow aligned along N subjet axes, is assessed

using the n-subjettiness variable [134]. In this analysis, the AK8 jets under consid-

eration are associated with two subjets corresponding to the proto-jets obtained

by reversing the last step of the soft drop jet declustering procedure. The ratio of

2-subjettiness to 1-subjettiness, denoted as τ2/τ1, allows for the identification of

signal jets while suppressing the contribution from QCD jets.

Figure 4.20 displays the distribution of τ21 for large-R jets, specifically in the con-

text of a high-mass VH resonance search conducted at CMS using the 2016 dataset.

This plot provides insights into the discriminative power of the τ21 variable in the

analysis. During the exploration of diboson resonances, it has been observed that

the soft drop mass of the fat jet and its subjets is influenced by the jet transverse
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Figure 4.19: This figure presented in [133] displays the distribution of Soft
drop jet mass for jets reconstructed using the anti-kt algorithm with a radius
parameter of R = 0.8. Both data and dominant background processes are
included in the plot, showcasing the comparison between their respective mass

distributions.

Figure 4.20: The figure illustrates the τ21 distribution of the selected jets for
data, background, and signal samples, following the application of kinematic
cuts. The distributions have been scaled to match the observed number of events
in the data. The dotted vertical lines in the plot represent the boundaries of

the different categories as defined in the accompanying text [135].

momentum. To account for this effect, specific mass corrections, tailored to the

jet pT, are implemented. These corrections are evaluated centrally by the JMAR
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(Jet MET Algorithms Reconstruction) group in CMS [136]. By applying these

pT-dependent mass corrections, the analysis aims to improve the accuracy of the

reconstructed jet masses and enhance the overall sensitivity to diboson resonance

signals.

4.3.4 MET

To compute the MET in this analysis, the Pile-Up Per Particle Identification

(PUPPI) algorithm is employed. This algorithm has demonstrated superior res-

olution and better agreement between data and MC simulations [137]. PUPPI

assigns weights to individual particles based on the likelihood of their origin from

either a primary vertex or a PU vertex, thus facilitating PU mitigation [138].

Filters are applied to reject anomalous high-pmiss
T events. Figure 4.21, sourced from

Ref. [139], presents the effect of recommended event filters on the distribution of

pmiss
T for a dijet sample. The figure highlights that events with anomalously high

pmiss
T are primarily attributed to electronic noise present in the calorimeters.

Figure 4.21: Comparison of the pmiss
T distributions for dijet events that satisfy

the selection criteria, including jet identification requirements. The distribution
includes events after the application of recommended event filtering algorithms
(represented by filled markers), as well as events before the event filtering al-
gorithms (represented by open markers). Simulated events are also depicted by

solid histograms for reference. Sourced from [139]
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4.4 Event selection

This section focuses on event selection and categorization, following the introduc-

tion of the analysis objects and their corresponding corrections. To be selected,

an event must satisfy specific criteria. The leading lepton is required to have a

pT greater than 25 GeV, while the sub-leading lepton must have a pT greater

than 13 GeV. However, for the 2016 dataset, the pT threshold for the sub-leading

muon is lowered to 10 GeV as the lower threshold of the HLT trigger allowed that.

Events with additional leptons having pT >10 GeV are not included in the selec-

tion. Further requirements are imposed on the dilepton system. The invariant

mass of the lepton pair, mℓℓ, is required to be greater than 12 GeV, and the trans-

verse momentum of the dilepton system, pℓℓT , must exceed 30 GeV. In addition to

the dilepton requirements, there is an additional criterion for the MET, denoted

as pmiss
T . A transverse mass requirement of mH

T >60 GeV is applied. Respectively,

mH
T and mℓ2

T are defined as:

mH
T =

√
2pℓ1ℓ2T pmiss

T [1− cos∆Φ(p⃗ ℓ1ℓ2
T , p⃗ miss

T )], (4.8)

mℓ2
T =

√
2pℓ2T pmiss

T [1− cos∆Φ(p⃗ ℓ2
T , p⃗ miss

T )]. (4.9)

Such a requirement serves two purposes: it helps suppress the DY background

and ensures orthogonality with the anomalous coupling analysis in the H→ ττ

channel. Moreover, the cut on mH
T <125 GeV allows for future combination with

the off-shell HWW analysis while not affecting the sensitivity of the analysis. To

maintain orthogonality with the non-resonant control region used in the off-shell

H→ ZZ → 2ℓ2ν analysis [52], mℓℓ values within the range of [76.2, 106.2] GeV are

excluded, enabling a future combination. It should be noted that this exclusion

has minimal impact on this analysis since there are typically no signal events in

this region. Finally, any event with b-tagged jets with pT >20 GeV is vetoed

to ensure the reduction of the top background. The base selection criteria are

summarized in Table 4.10.

4.4.1 Event categorization

Production based categories

We categorize the analysis into different production-based categories based on the

vertex under study, namely HVV or Hgg.
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Table 4.10: Base selection criteria

2 leptons (eµ) of opposite charge

pℓ1T > 25 GeV

pℓ2T > 13 GeV (10 GeV in 2016)

ηℓ < 2.5

No additional lepton with pT > 10 GeV

mℓℓ > 12 GeV

pℓℓT > 30 GeV

Emiss
T > 20 GeV

mℓ2
T > 30 GeV

b-jet veto

mH
T > 60 GeV and mH

T < 125 GeV (Orthogonality)

mℓℓ < 76.2 GeV or > 106.2 GeV (Orthogonality)

HVV analysis To target the ggH, VBF, and VH production processes associ-

ated with the HVV coupling, we apply exclusive selection criteria based on the

level of jet activity in the event. Specifically, for the ggH categories, we require

either zero or one AK4 jet in the event. In the VBF and resolved VH categories,

we require two AK4 jets with a dijet mass (mjj) greater than 120 GeV and within

the range of 60 GeV to 120 GeV, respectively. In the boosted VH category, the

presence of a V-tagged AK8 jet is required, which has a soft drop mass (mAK8
j )

between 65 GeV and 105 GeV, and satisfies the condition τ2/τ1 < 0.4 [136]. To

ensure orthogonality, an AK8 V jet veto is implemented in the other categories.

Table 4.11 provides a summary of these production categories for the HVV cou-

pling.

Table 4.11: Overview of ggH, VBF, and VH categories for the HVV analysis.

Variable ggH VBF Resolved VH Boosted VH

AK8 V-jets 0 0 0 > 0

AK4 jets 0&1 2 2 -

mjj - > 120 GeV 60− 120 GeV -
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Hgg analysis For the Hgg coupling, which is treated independently, we adopt

the same selection criteria as the VBF category described earlier, with a require-

ment of mjj > 120 GeV. This condition enhances events with a VBF-like topology,

which are more sensitive to anomalous Hgg coupling effects when considering a

2-jet ggH category. The decay vertex does not exhibit sensitivity to anomalous

Hgg effects, and therefore, variables based on the decay are not examined in the

final Hgg analysis. This allows for a relatively strict selection of mℓℓ <55 GeV,

which aids in background suppression. In addition, we include the 0-jet and 1-jet

ggH categories. Although these events are not particularly sensitive to anomalous

Hgg coupling effects, they provide constraints on the ggH signal strength. The

categories for the Hgg coupling are summarized in Table 4.12.

Table 4.12: Overview of the ggH categories for the Hgg coupling.

Variable ggH ggH + 2 jets

AK4 jets 0&1 2

mjj - > 120 GeV

mℓℓ - < 55 GeV

Control regions

Control regions (CRs) are established based on the base selection criteria along

with additional requirements outlined in Table 4.13. These CRs serve the purpose

of validating the background modeling and estimating the number of background

events in the signal region.

Table 4.13: Control region requirements

Variable DYττ top WW

mll > 40 GeV and < 80 GeV > 50 GeV > 106.2 GeV
mH

T < 60 GeV - > 60 GeV and < 125 GeV
ml2

T - > 30 GeV > 30 GeV
b-jet veto yes no yes

inverse b-jet veto no yes no

The “DYττ” CR is designed to target events originating from the Drell-Yan pro-

cess Z → ττ , where both τ decay leptonically, resulting in the eµ final state.

In turn, the top CR aims to enhance events with one or more top quarks de-

caying to a W boson and an associated b quark. Both of these CRs are further
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divided into separate categories based on the number of jets (0-jet, 1-jet, and 2-

jet) in the signal regions. In addition to these CRs, there is an additional CR

specifically designed to enhance the contribution from the WW background. This

CR is utilized in the 2-jet signal region. All three control regions play a crucial

role in the final data fit by constraining the normalizations of the DY, top, and

WW backgrounds. Furthermore, we define additional control regions, namely the

boosted-DYττ , boosted-top, and boosted-WW CRs, which require the presence

of an AK8 V-jet candidate. These CRs serve the purpose of validating the back-

ground modeling, specifically in the boosted V jet category. However, due to

limited statistical power, these CRs alone do not provide significant constraints

on background normalization. Therefore, we rely on the 2-jet CRs to determine

the normalizations used in the boosted VH category. We validate this approach

based on the observed agreement between data and MC simulations in the boosted

CRs when using background normalizations determined from the 2-jet CRs. Ad-

ditionally, the pjjT distribution in the 2-jet CRs shows a good agreement between

data and simulations. Figure 4.22 quantifies this agreement, where the AK8 V-jet

(a) (b) (c)

Figure 4.22: pjjT distribution in the DYττ (A), Top (B), and WW 2-jet (C)
CRs for the 2016 dataset.

veto used in the signal region is not applied. Notably, for pjjT > 200 GeV, there is

considerable overlap with the high pT phase space considered in the boosted VH

categories. The overall agreement between data and MC simulations across the

entire pT range further justifies the adoption of a common normalization strategy.
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4.5 Observables and kinematic discriminants

The kinematics of the particles that are produced in the Higgs boson decay or in

associating with the Higgs boson production are sensitive to AC. Specifically, this

analysis aims to investigate the effects of anomalous couplings on the HVV and

Hgg vertexes by studying:

1. kinematics of two quark jets from VBF and VH production (HVV);

2. kinematics of two quark jets from ggH + 2 jet production (Hgg);

3. kinematics of H → WW decay products (HVV).

The analysis concentrates on the couplings of a spin-zero H boson, as any exotic

H boson with a non-zero spin has already been excluded [140]. The considered

production topologies for VBF, VH, and ggH are depicted in Fig. 4.23.

(a) (b) (c)

Figure 4.23: Topologies of the production and decay for vector boson fusion
qq′ → qq′H (A), qq̄′ → V H (B), and gluon fusion with decay gg → H →
2ℓ2ν (C). The color-coded representation of particles in the figure is as follows:
the incoming particles are depicted in brown, the intermediate vector bosons
and their fermion daughters are illustrated in green, the Higgs boson and its
vector boson daughters are represented in red, and the angles that describe the

kinematic distributions are denoted in blue.

The five angles illustrated for the VBF and VH productions combined with the

momentum transfer of the vector bosons provide a complete set of kinematic in-

formation about the production and decay of the Higgs boson.

This analysis focuses on extracting complete production kinematic information

from candidate events of VBF, VH, and 2-jets ggH using discriminants derived
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from matrix element calculations with the MELA package. The MELA approach,

cited as a reference in [114], is employed to minimize the number of observables

while retaining all essential information.

Production-based discriminants To construct the kinematic discriminants

based on production in MELA, we use the kinematic information from the 2-jet

system to reconstruct the 4-vector of the associated production particles, as well as

the two leptons and the MET to approximate the Higgs boson 4-vector. Directly

measuring this vector is challenging due to the presence of two neutrinos in the final

state. Therefore, we employ a proxy method to build the Higgs boson 4-vector. To

estimate the px and py components of the neutrino pair (νν) system, we use the px

and py of the missing transverse energy in the event. The pz component of the νν

system is then set to equal that of the ℓℓ system, based on the observed correlation

between these variables at gen-level 1 for signal events. Finally, the mass of the νν

system is set to equal that of the mean value observed at the gen-level for signal

events. The left plot of Fig. 4.24 displays the 2D distribution of the νν pz - ℓℓ

pz at gen-level for a SM VBF Higgs, while the gen-level invariant mass of the νν

system for various VBF Higgs signals and the SM WW background is shown in

the right plot. By combining the resulting νν 4-vector with the measured 4-vector

of the di-lepton system, we create a proxy Higgs boson 4-vector. It is important

to note that the reconstruction of the proxy Higgs boson 4-vector has minimal

impact on the final discriminants, as the MELA probability calculation for the

production vertices heavily relies on the kinematics of the associated particles.

We have compared the shapes of the signal discriminants with those from the

HZZ analysis [46], which fully measures the Higgs decay, and found them to be

consistent.

Decay-based discriminants In the case of ggH production without associated

particles, specifically in the 0-jet or in the 1-jet category, only the HWW decay

vertex is sensitive to anomalous effects in the HVV vertex. However, due to the

presence of two neutrinos in the final state, it is not feasible to reconstruct the

4-vectors of all the Higgs decay products. The specific version of the MELA

framework utilized in this analysis requires four inputs, corresponding to the 4

body decay, to compute matrix elements. Consequently, decay-based kinematic

discriminants from matrix elements are not used in this analysis. Instead, we rely

1MC simulation before modeling the detector response on those objects.
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Figure 4.24: On the left is the gen-level 2D distribution of νν pz - ℓℓ pz
for a SM VBF Higgs, while on the right is the gen-level invariant mass of the
νν system. The right panel displays data for a SM VBF Higgs, a pure BSM
pseudoscalar VBF Higgs, a combined SM-BSM mixture of these two states, as

well as the background from WW processes.

on kinematic variables such as mℓℓ and m
H
T as introduced earlier in this chapter,

that are related to the measured final state of the Higgs boson.

4.5.1 HVV: Kinematics in VBF and VH productions

The kinematic distributions of associated particles in VBF and VH production

are relevant to quantify AC effects of the Higgs boson in the HVV vertex. To

investigate these couplings, a set of seven independent observables are defined in

the production process, as depicted in Fig. 4.23, considering a general spin-parity

hypothesis.

In the case of a spin-zero object, the variables θ∗ and Φ1 exhibit random distribu-

tions. As a result, the electroweak production processes are described by just five

variables, as stated in [113]:

• Ωassoc = {θVBF
1 , θVBF

2 ,ΦVBF, q2,VBF
1 , q2,VBF

2 } for VBF.

• Ωassoc = {θVH1 , θVH2 ,ΦVH , q2,VH1 , q2,VH2 } for VH.

We provide the final state particle 4-vectors as input to MELA where all the

information from the observables are combined. Three types of discriminants are

formulated for the production processes:
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1. A discriminant that separates signal (sig) and background (bkg) production

processes:

Dsig =
Psig(Ω⃗)

Psig(Ω⃗) + Pbkg(Ω⃗)
, (4.10)

where P represents the probability.

2. A discriminant employed to separate the anomalous coupling BSM process

from that of the SM:

DBSM =
PBSM(Ω⃗)

PBSM(Ω⃗) + PSM(Ω⃗)
(4.11)

Here, the generic label “BSM” is substituted with the specific anomalous

coupling state that is being targeted. For instance, we use D0− and D0+ to

represent the a3 CP-odd and a2 CP-even couplings, respectively. For the Λ1

couplings, we utilize DΛ1 and DZγ
Λ1 .

3. A discriminant designed to isolate the contribution of interference between

different couplings:

DINT =
P int

SM−BSM(Ω⃗)

PSM(Ω⃗) + PBSM(Ω⃗)
(4.12)

The label “int” (or “INT”) denotes the interference between the two coupling

contributions. For the a3 coupling, the label ”CP” is typically used since the

BSM hypothesis, in this case, assumes a pseudoscalar and the interference

discriminant is a CP-sensitive observable. The probabilities (P) are com-

puted from the matrix elements provided by the MELA package and are

normalized to yield the same integrated cross-sections in the relevant phase

space for each process. This normalization ensures a balanced distribution

of events ranging between 0 and 1 for the Dsig and DBSM discriminants and

between -1 and +1 for the DINT discriminant.

The selected events are categorized into three primary production categories: VBF,

resolved VH, and boosted VH. In the VBF and VH categories, the 4-vectors ob-

tained from the two AK4 jets assigned as associated particles are employed as

inputs for the MELA probability calculation. Conversely, in the boosted VH cate-

gory, the 4-vectors from the 2 sub-jets of the V-tagged AK8 jet are utilized instead.
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The estimate of the Higgs boson 4-vector is also required for the probability cal-

culation and the subsequent construction of the kinematic discriminants, whose

application in each production category will now be discussed.

Discriminants in VBF channel

1. The DVBF discriminant is formulated according to Eq. 4.10, where Psig rep-

resents the probability of the VBF H production hypothesis, and Pbkg repre-

sents the probability of 2-jet ggH production. The plot (A) in Fig. 4.25 shows

the reconstructed level distributions of DVBF in the VBF channel for VBF

Higgs, ggH, as well as the WW and top SM backgrounds. The discriminant

demonstrates its capability to effectively differentiate the SM backgrounds

from the VBF signal process.

2. The DBSM discriminant, as described by Eq. 4.11, is employed to separate

AC BSM signals from SM signals. As aforementioned, the specific form of

this discriminant may vary depending on the coupling being studied. It may

take the label of D0−, D0+, DΛ1, or DZγ
Λ1 . As an illustrative example, the

plot (B) in Fig. 4.25 presents the D0− discriminant for the VBF channel,

considering four distinct hypotheses: the SM Higgs (Fai = 0), the BSM

state (Fai = 1), and their mixture incorporating interference with different

phases (Fai = 0.5, Fai = −0.5).

3. The DINT discriminant, as defined by Eq. 4.12, is used for event categoriza-

tion. The specific form of this discriminant depends on the CP parity of

the coupling being studied. It can take the label of DINT (CP-even) or DCP

(CP-odd). As an example, the (C) panel in Fig. 4.25 illustrates the DCP

discriminant for the Higgs 0− hypothesis.

Categorization of events The DBSM discriminant demonstrates notable dis-

crimination power between a pure SM and BSM state. However, distinguishing

between the two mixed SM-BSM states (Fai = 0.5, Fai = −0.5) becomes chal-

lenging due to their similar shapes. To address this issue, we leverage the distinct

forward-backward asymmetry associated with DCP > 0 and DCP < 0. This ob-

servable is sensitive to the interference sign between the CP-even and CP-odd

contributions, resulting in an asymmetry in the distribution of events with posi-

tive and negative DCP values. Categorization of events based on the interference
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Figure 4.25: Discriminants in the VBF channel: Production DVBF (top), BSM
D0− (bottom-left), and Interference DCP (bottom-right). Various hypotheses
are examined, including the SM Higgs (Fai = 0), BSM state (Fai = 1), and a

combination of SM and BSM states (Fai = ±0.5).

discriminant DCP, which is implemented to enhance sensitivity to any possible

asymmetry being present.

Furthermore, the DINT observable also captures the sign of interference between

the SM and BSM states for the a2 coupling. For categorizing events based on

this observable, a forward-backward categorization is also employed for this case.

The threshold value for DINT is chosen to evenly divide the SM Higgs expectation,

which is 0.4. However, for the Λ1 and ΛZγ1 couplings, the interference discriminants

exhibit a high correlation with the DBSM discriminants, and therefore, they are

not considered in such cases.
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Validation plots in control regions To ensure the effectiveness of the VBF

channel discriminants in real data, we can check that the background estimation

gives a good description of these distributions in data CRs. The CRs are used

to validate the background description. This approach allows us to check the dis-

criminants without relying on the signal region, thereby avoiding potential biases.

Several examples are presented in section 4.5.4 for the top, DYττ , and WW control

regions using the 2016 dataset. Overall, a good agreement is observed between the

data and MC simulations in all distributions, with the error band representing the

combined statistical and systematic uncertainties. This is also true for the 2017

and 2018 datasets whose validation plots are gathered in Appendix B.

Discriminants in the Resolved VH and boosted VH channels

In the resolved and boosted VH categories, the production discriminants specific to

those categories do not exhibit a significant level of separation from ggH production

or SM backgrounds. This is attributed to the relatively stringent selection criteria,

which restrict the phase space to VH-like events. Consequently, the production

discriminants (Eq. 4.10) are not used in the VH channels.

Resolved VH channel One of the DBSM discriminants calculated at the re-

construction level for the resolved VH channel is shown in plot (A) of Fig. 4.26.

It corresponds to the D0− discriminant (Eq. 4.11), while the (B) panel shows the

discrimination power of the DCP (Eq. 4.12) for the interference signals. In this

channel, a V-tagged jet veto is applied to ensure orthogonality with the boosted

VH category.

Boosted VH channel Figure 4.27 presents one of the reconstruction level DBSM

discriminants, D0-, and DCP as calculated according to Eq. 4.11 and Eq. 4.12,

respectively. The boosted VH events included in this category exhibit high-pT

BSM-like V candidates. Consequently, the DBSM discriminants demonstrate a

more pronounced peak around a value of 1. However, there remains significant

discriminatory capability among various coupling states. To achieve a more uni-

form distribution between 0 and 1, one could consider readjusting the boosted

discriminant by modifying the probability normalizations used. Due to the lim-

ited statistical data currently in the boosted category for this analysis, optimizing

the discriminant further would not yield substantial benefit. Also, it was found
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Figure 4.26: Discriminants in the Resolved VH channel: BSM D0− and Inter-
ference DCP for different hypotheses: SM Higgs (Fai = 0), BSM state (Fai = 1),

and SM-BSM mixture (Fai = ±0.5).

that the SM and BSM distributions tended to shift together, which is a reflection

of the high-pT phase space specific to the boosted category. Hence, optimizing the

discriminant further would not yield substantial benefits in this case. However,

for future analyses in Run 3 and beyond, where larger datasets become available,

it would be worthwhile to explore this feature in greater detail.
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Figure 4.27: Discriminants in the Boosted VH channel: BSM D0− (A) and
Interference DCP (B) for different hypotheses: SM Higgs (Fai = 0), BSM state

(Fai = 1), and SM-BSM mixture (Fai = ±0.5).
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Categorization of events Both the resolved and boosted VH channels utilize

forward-backward categorizations, similar to the VBF channel, employing the DCP

discriminant (Eq. 4.12) as described earlier.

However, in the case of the D0+ discriminants, the two mixed states of the SM-

BSM exhibit significantly distinct shapes. Additionally, there exists a correlation

between DINT and D0+ in these channels. Consequently, the forward-backward

categorizations using DINT are not implemented in either the resolved or boosted

VH channels.

Validation plots in control regions: Similar to the VBF channels, the dis-

criminants employed in the VH categories are validated in control regions. We

provide several examples of these control regions in Fig. 4.33 (top), 4.34 (DYττ),

and 4.35 (WW), specifically showing the resolved VH channel (plots A and B)

and the boosted VH channel (plots C and D) with the use of the 2016 dataset.

These control regions provide valuable insights into the agreement between data

and MC simulations. However, it is noticeable that due to the limited statistical

data available for boosted VH events, the data-MC agreement is successful but

also highlights the fluctuations due to the low statistics in this category.

4.5.2 Hgg: Kinematics in 2-jet ggH production

The kinematic distributions of associated particles in ggH + 2 jets production

exhibit sensitivity to the anomalous couplings of the Higgs boson in the Hgg

vertex. The analysis follows a similar approach to the analysis of the VBF and

VH categories, with a particular focus on the CP-odd a3 HVV coupling.

Discriminants in the 2-jet ggH channel

In this scenario, the optimized observables utilized are DggH
0− (Eq. 4.11) and DggH

CP

(Eq. 4.12), specifically targeting the CP-odd a3 Hgg coupling. Figure 4.28 dis-

plays the distributions of these two discriminants for events in the 2-jet ggH

channel, where an additional requirement of mjj > 300 GeV is imposed to en-

hance events with a VBF-like topology that are more sensitive to CP effects. For

each observable, the plot shows the distributions for the SM Higgs (Fai = 0), the
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BSM state (Fai = 1), and their mixture, incorporating interference with various

phases (Fai = 0.5, Fai = −0.5).

Categorization of events Similarly to the VBF and VH channels, a forward-

backward categorization is implemented in this channel utilizing the DggH
CP observ-

able, which is divided into two bins separated at 0.

(a) (b)

Figure 4.28: Discriminants in the 2-jets ggH channel: BSM D0− (A) and
Interference DCP (B) for different hypotheses: SM Higgs (Fai = 0), BSM state

(Fai = 1), and SM-BSM mixture (Fai = ±0.5).

Validation plots The two applied discriminants are also validated in the control

regions of top, DYττ , and WW, as shown in section 4.5.4. These figures exhibit the

comparison between data and MC simulation, highlighting the agreement between

the two. The example provided includes results from the 2016 dataset.

4.5.3 Kinematics of HWW decay products for HVV vertex

Kinematic distributions associated with the decay of the Higgs boson are sensitive

to HVV AC. In the SM HWW analysis [93], two-dimensional templates of the

dilepton mass (mℓℓ) and the Higgs transverse mass (mH
T ) are employed. These two

variables have been identified as the most discriminatory in characterizing the SM

Higgs boson.
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Discriminants in the 0-jet and 1-jet ggH channels

In this analysis, we also rely on mℓℓ-mT to gain sensitivity to anomalous HVV

couplings at the HWW decay vertex. The reconstructed level mℓℓ and mH
T variables

for events in the 0 jet channel are shown in Fig. 4.29 for the SM Higgs (Fai = 0),

the BSM state (Fai = 1), and their mixture, including interference with different

phases (Fai = 0.5, Fai = −0.5).
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Figure 4.29: Discriminants in the 0-jet ggH channel: mℓℓ (A) and mT (B) for
different hypotheses: SM Higgs (Fai = 0), BSM state (Fai = 1), and SM-BSM

mixture (Fai = ±0.5).

Categorization of event In this scenario, a categorization based on the number

of jets is implemented.

Validation plots In this case, the two applied discriminants are validated in the

top and DYττ CRs, as depicted in Figs. B.21 and B.22, respectively. These show

the comparison between data and MC simulation, highlighting the agreement be-

tween the two. It is worth noticing that the WW CR is not utilized in this analysis.

In the 0- and 1-jet channels, the normalization parameters are constrained directly

in the signal regions, which span the high mℓℓ phase space enriched in WW events.

The example presented shows results obtained from the 2016 dataset.
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4.5.4 Validation in control regions

This section aims to compile the validation plots for the applied discriminants,

as mentioned and referred to throughout the preceding discussion. In the DYττ ,

top, and WW control regions, there is a satisfactory level of agreement observed

between the background predictions and the data for the entire Run 2 dataset.

However, for illustrative purposes, only the results from the 2016 dataset are

presented. Figures from 4.30 to B.22 belong to this section.
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Figure 4.30: VBF related distributions in top 2-jet CR for the 2016 dataset.
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Figure 4.31: VBF related distributions in DYττ 2-jet CR for the 2016 dataset.

VBFD

0

50

100

150

200

250

E
ve

nt
s 

/ 0
.1

 u
ni

t

 [571.7]ttW and t WW [208.8]

nonprompt [35.7] Multiboson [12.1]

DY [8.3] SM h [0.4]

Data [837.0] Syst. [836.8]

L =  36.33/fb (13 TeV)CMS Preliminary

0 0.2 0.4 0.6 0.8 1

VBFD

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(a) DVBF

-
VBF 0D

0

20

40

60

80

100

120

140

160

180

200

220

240

E
ve

nt
s 

/ 0
.0

5 
un

it

 [571.7]ttW and t WW [208.8]

nonprompt [35.7] Multiboson [12.1]

DY [8.3] SM h [0.4]

Data [837.0] Syst. [836.8]

L =  36.33/fb (13 TeV)CMS Preliminary

0 0.2 0.4 0.6 0.8 1

-
VBF 0D

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(b) D0−
VBF

VBF CPD

0

20

40

60

80

100

120

140

E
ve

nt
s 

/ 0
.1

 u
ni

t

 [571.7]ttW and t WW [208.8]

nonprompt [35.7] Multiboson [12.1]

DY [8.3] SM h [0.4]

Data [837.0] Syst. [836.8]

L =  36.33/fb (13 TeV)CMS Preliminary

1− 0.5− 0 0.5 1

VBF CPD

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(c) DCP
VBF

Figure 4.32: VBF related distributions in WW 2-jet CR for the 2016 dataset.
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Figure 4.33: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in top 2-jet CR for the 2016 dataset.
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Figure 4.34: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in DYττ 2-jet CR for the 2016 dataset.
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Figure 4.35: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in WW 2-jet CR for the 2016 dataset.
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2-jet ggH channel
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Figure 4.36: ggH + 2jet related distributions in the top 2-jet CR for the 2016
dataset
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Figure 4.37: ggH + 2jet related distributions in the DYττ CR for the 2016
dataset
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Figure 4.38: ggH + 2jet related distributions in the WW CR for the 2016
dataset
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0-jet and 1-jet ggH channels
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Figure 4.39: Top 0-jet (A, B) and 1-jet (C, D) CR distributions for 2016
datasets.
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Figure 4.40: DYττ 0-jet (A, B) and 1-jet (C, D) CR distributions for 2016
datasets.

4.5.5 Observed distributions in signal region

To provide an illustrative example, this section showcases the observed pre-fit 1D

KD distributions in the VBF and VH signal regions using the 2016 dataset. These

distributions effectively demonstrate the strong agreement between the data and

the MC simulations. It is important to note that only the distributions related

to the 2-jet channels are displayed, as they are the primary focus of the thesis.

Additionally, it should be observed that the VBF distributions depicted in Fig. 4.41

are the same as those shown in Fig. 4.25, while the VH distributions presented in

Fig. 4.42 correspond to the ones previously exhibited in Fig. 4.26.
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Figure 4.41: Observed 1D-KD corresponding to the 2-jet VBF category.
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Figure 4.42: Observed 1D-KD corresponding to the 2-jet VH category.
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4.6 Multi-dimensional kinematic discriminants

In both the AC and SMEFT interpretations of the analysis, the discriminants

explained in the preceding sections are combined to create multidimensional kine-

matic discriminants. This section discusses the process of combining these dis-

criminants, which enhances the sensitivity to AC effects at the HVV and Hgg

vertices. Later in this section, Table 4.14 presents a summary of the combined

discriminants, along with a reference to the corresponding final distributions used

in the analysis for both AC and SMEFT interpretations.

AC interpretation (Approach 1)

In this interpretation, the SM coupling and just one anomalous coupling at a time

are studied. For the purpose of studying the HVV coupling, we construct four

multi-dimensional discriminants based on MELA, specifically targeting the cou-

plings a2, a3, Λ1, and ΛZγ1 for the VBF, resolved VH, and boosted VH categories.

By leveraging the discriminant power of MELA, for the a3 HVV coupling study

we categorise events using the DCP discriminant in the VBF and VH categories.

In the case of the a2 HVV coupling, an interference categorization is also imple-

mented in the VBF category using DINT. Additionally, we create two 2D-unrolled

discriminants for the 0-jet ggH and 1-jet ggH categories by using the mℓℓ and m
H
T

variables.

For the Hgg vertex, we build a 2D-unrolled discriminant combining a production-

based discriminant and a dedicated discriminant targeting a specific BSM coupling.

Furthermore, the events are divided into two categories relying on the forward-

backward asymmetry of the DggH
CP discriminant.

The combination of discriminants for each case and the dedicated binning is dis-

cussed in the following.

VBF category (HVV vertex) In the VBF category, we employ a multidi-

mensional kinematic discriminant by combining DVBF, mℓℓ, and DBSM. This com-

bined discriminant enhances the sensitivity to HVV couplings in both the produc-

tion (through DVBF and DBSM) and decay vertices (via mℓℓ). For the production

discriminant DVBF, we use one low purity and one high purity bin, separated at

0.75, as shown in Fig. 4.25 (A). The mℓℓ distribution shown in Fig. 4.29 (A) is



Anomalous couplings in the HWW channel 147

divided into two bins separated at 45 GeV. The selection of binning is based on

variations in the discriminant power of the distributions along the x-axis of the

mentioned figures. The DBSM discriminant, which depends on the specific cou-

pling and can be D−
0 , D+

0 , DΛ1, or DZγ
Λ1 , is represented with 10 equal bins. The

binning scheme for the VBF category is illustrated in Fig. 4.43, where the dashed

lines define the bins for the mℓℓ variable, and the blue line indicates the separation

between the two bins chosen for the production discriminant. The discriminants

of the VBF category are presented as 3D unrolled distributions. To maintain sim-

Figure 4.43: Example of a 3D-unrolled discriminant using [DVBF, mℓℓ, D0−]
in the VBF category considering the 2018 data set.

plicity, the absence of data in Fig. 4.43 is intentional. The plot including data

points is shown later.

VH categories (HVV vertex) In the VH channels, we use a 2D-unrolled

discriminant by combining DBSM and mℓℓ. In the resolved VH category, we divide

DBSM into four equal-sized bins, while in the boosted VH category, we use three

DBSM variable bins with boundaries of 0.6 and 0.8, determined based on the shape

of the signal distribution shown in Fig. 4.27 (A). For mℓℓ, we consider two bins

with a boundary at 45 GeV. Figure 4.44 illustrates the binning scheme for the

resolved VH (A) and boosted VH (B) categories, where the dashed lines define

the bins for the mℓℓ variable. It is important to note that the discriminants of the

VH categories are presented as 2D unrolled distributions.
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(a) (b)

Figure 4.44: Example of a 2D-unrolled discriminant using [mℓℓ,D0−] in the
Resolved VH category (A) and the Boosted VH category (B) considering the
2018 data set. The black dashed line indicates the binning in mℓℓ, and the light

blue lines indicate binning chosen for the BSM discriminant.

Again, to maintain simplicity, the absence of data in Fig. 4.44 is intentional. The

plot including data points is shown later.

0-jet and 1-jet ggH categories (HVV vertex) In this case, we utilize a 2D

unrolled distribution constructed using mℓℓ and mH
T. The chosen binning scheme

for mℓℓ is [12, 17, 25, 30, 35, 40, 45, 65, 100, 200] GeV, while for mH
T, the binning

is [60, 70, 80, 90, 100, 110, 125] GeV. The corresponding distributions are shown

later in Fig. 4.52 (A, B).

2-jet ggH category (Hgg vertex) To focus on the Hgg vertex, we construct a

2D unrolled KD using DVBF and DggH
0− . It is important to note that we employ the

VBF production discriminant, as we are primarily interested in events that exhibit

a VBF-like topology. In this case, the variable mℓℓ is not sensitive to anomalous

effects and therefore is not employed. Regarding DVBF, the bin boundary is relaxed

to 0.5 to ensure an adequate acceptance of ggH events in the bin that resembles

VBF more closely, where CP effects are most significant. In the high DVBF bin,

eight DBSM bins are utilized, corresponding to [0,0.2,0.3,0.4,0.5,0.6,0.7,0.8,1]. For

the low DVBF bin, five DBSM bins of [0,0.3,0.4,0.5,0.6,1] are employed. The first
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and last bins are larger due to the reduction in background MC statistics in these

regions.
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SMEFT interpretation (Approach 2)

Under the SMEFT interpretation, we construct a unique multi-dimensional dis-

criminant for each channel to simultaneously constrain all HVV couplings: a2,

a3, and Λ1. This is possible because of the signal model presented in section 4.8.

Constructing and computing a signal model with 5 independent parameters, as re-

quired in the AC interpretation, poses challenges and is computationally intensive.

However, by reducing the number of parameters to 4, the signal model becomes

more manageable.

The discriminant distributions DBSM exhibit similar discrimination power between

signals, as shown in Fig. 4.45. Indeed, they are correlated, and the number of

bins we can have is limited by MC statistics, so we choose just 2 out of the 3

DBSM considered. We use the CP-odd discriminant D0− and one of the CP-even

discriminants, D0+ , simultaneously.

For events in the VBF channel, we make 4 categories using DCP and DINT, Fig. 4.46

shows the 2D distribution of the 2 discriminants for a SM Higgs signal. The binning

scheme for the interference discriminants, with divisions at 0 and 0.4, respectively,

is maintained from the AC interpretation. Meanwhile, events falling into the VH

channels are categorized according to the DCP discriminant.

We keep the mℓℓ and mH
T discriminants for 0-jet and 1-jet ggH as for the AC

approach. Additionally, it is important to note that the analysis does not study

the Hgg vertex under the SMEFT interpretation.
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Figure 4.45: BSM Higgs signal discriminators D0− (A), D0+ (B), and DΛ1

(C). The SM and the BSM Higgs signals are normalized to unity.



Anomalous couplings in the HWW channel 151

VBF category: The multi-KD is built by combining DBSM, DVBF and mℓℓ dis-

criminants. As mentioned in the introduction of this section, we use a combination

of the D0− and D0+ discriminants ([D0− , D0+ ]) both of which are divided into 3

bins, with bin boundaries set at 0.1 and 0.9. This choice targets defining three

distinct regions: one corresponding to SM-like behavior, another representing a

mixture of SM and BSM effects, and a third indicating BSM-like behavior. The

DVBF and mℓℓ variables are used in the same way as in Approach 1.
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Figure 4.46: Expected VBF SM Higgs signal (normalized to unity) in the 4
VBF interference categories defined by the discriminants DCP and DINT .

VH categories: In the VH channels, both themℓℓ distribution and the combined

[D0− , D0+ ] discriminant are utilized. Specifically, in the resolved VH category, we

employ three bins with boundaries set at 0.25 and 0.75. On the other hand, in the

boosted VH category, we use two bins separated at 0.8. Additionally, the events

are categorized based on the DCP discriminant.

Rebinning of discriminants: To ensure sufficient statistical precision in the

predictions of all bins while retaining the kinematic information required to dis-

criminant between the SM and anomalous coupling signal hypotheses, a rebinning

strategy was implemented for both the VBF and VH channels to the unrolled

[D0− , D0+ ] distribution. To illustrate this process, we present the expected BSM

signals normalized to unity in Fig. 4.47 right before implementing the rebinning.

Firstly, the bins [1, 2, 3, 4, and 7] are merged, as these bins are dominated by the

SM Higgs. Secondly, bins are merged based on the background MC statistics, i.e.,

bins with a MC statistical fractional error greater than 0.5 or bins with no signal.

The resulting distributions are shown in the section that follows.
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Figure 4.47: Considering the VBF production process only: (A) unrolled
distribution of the [D0− ,D0+ ] discriminant for SM and BSM Higgs signals nor-
malized to unity, and (B) the corresponding 2D distribution for the aΛ1 BSM

signal.

Table 4.14: KD for both the interference-based categorization and the final
discriminants employed in the data fitting process to investigate the HVV and

Hgg couplings.

Analysis Channel Categorization Final discriminant Pre-fit Fig.
HVV VBF (a3) DCP [DVBF, mℓℓ, D0−] 4.48 (A, D)
AC VBF (a2) Dint [DVBF, mℓℓ, D0+ ] 4.49 (A, C)

VBF (κ1Λ1) - [DVBF, mℓℓ, DΛ1] 4.50 (A)

VBF (κZγ2 ΛZγ1 ) - [DVBF, mℓℓ, DZγ
Λ1

] 4.51 (A)
VH (a3) DCP [mℓℓ, D0−] 4.48 (B, E, C, F)
VH (a2) - [mℓℓ, D0+] 4.49 (B, D)
VH (κ1Λ1) - [mℓℓ, DΛ1] 4.50 (B, C)

VH (κZγ2 ΛZγ1 ) - [mℓℓ, DZγ
Λ1

] 4.51 (B, C)
0- & 1-jet ggH - [mℓℓ, m

H
T] 4.52 (A, B)

Hgg 2-jet ggH DCP [DVBF, DggH
0− ] 4.53 (A, B)

0- & 1-jet ggH - [mℓℓ, m
H
T] -

HVV VBF DCP , Dint [DVBF, mℓℓ, D 0−, D0+] 4.54 (A, B, C, D)
SMEFT VH DCP [mℓℓ, D0−, D0+] 4.54 (E, F, G, H)

0- & 1-jet ggH - [mℓℓ, m
H
T] 4.52 (A, B)
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4.7 Prefit distributions

This section gathers the multidimensional KDs for all categories using the full Run

2 dataset. Each distribution shows the ratio of observed data to the combined

contributions of background and SM signals before the final fit is performed (pre-

fit distributions). The pure BSM contribution is also shown but is not included

in the ratios. In the captions of the figures, the corresponding channel, category,

and cuts utilized are specified.

HVV discriminants in VBF and VH categories (AC)

Fig. 4.48, 4.49, 4.50, and 4.51 display the prefit distributions of the multidimen-

sional KD for the VBF and VH channels, specifically for the a3, a2, Λ1, and ΛZγ1

couplings, respectively.
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Figure 4.48: Multidimensional kinematic discriminants pre-fit for the a3 HVV
coupling in combination of the 2016-2018 datasets.
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Figure 4.49: Multidimensional kinematic discriminants pre-fit for the a2 HVV
coupling in combination of the 2016-2018 datasets. The SM and pure BSM

signal expectations are shown.
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Figure 4.50: Multidimensional kinematic discriminants pre-fit for the Λ1 HVV
coupling in combination of 2016-2018 datasets. The SM and pure BSM signal

expectations are shown.
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Figure 4.51: Multidimensional kinematic discriminants pre-fit for the ΛZγ1
HVV coupling in the combination of 2016-2018 datasets. The SM and pure

BSM signal expectations are shown.

HVV discriminants in 0-jet and 1-jet ggH categories

Figure 4.52 displays the prefit distributions of the multidimensional KD for the

0-jet and 1-jet ggH channels before performing the fit described in the following

chapter. It should be noticed that the distributions are the same to constrain

either a3, a2, Λ1, or Λ
Zγ
1 couplings.
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Figure 4.52: Two-dimensional mℓℓ vs. mT pre-fit distributions in the 0 jet
channel (A) and the 1 jet channel (B) considering the a3 HVV coupling plotted

for the combination of 2016-2018 datasets.
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Hgg discriminants in the 2-jet ggH category

Figure 4.53 shows the prefit distributions of the multidimensional KD for the

2-jet ggH channel before performing the fit described in the following chapter.

Simulation of the ggH + 2 jet process with Hgg anomalous couplings is done using

MINLO X0JJ [141] at NLO in QCD.
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Figure 4.53: Prefit distribution of events in Run-2 combination of datasets
for [DVBF,DggH

0− ] in the 2-jet ggH channel. The DggH
CP < 0 (A) and DggH

CP > 0
(B) categories are shown.
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SMEFT pre-fit full Run 2 distributions

Figure 4.54 shows the full Run 2 pre-fit distributions used for the SMEFT inter-

pretation. Only these distributions are needed to constrain the a3, a2, and Λ1

couplings simultaneously.
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Figure 4.54: SMEFT Multi-KD pre-fit combining full Run 2 dataset per cat-
egory. The SM and pure BSM signal expectations are shown.
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4.8 Signal Modelling

In our study of two distinct vertices, HVV and Hgg, we require two separate signal

models. Moreover, we consider two different approaches to interpret the results

specifically for the HVV vertex, which impact the implementation of the signal

model. In the AC approach, we examine the SM coupling along with a single BSM

coupling, and in the SMEFT approach, we simultaneously examine multiple BSM

couplings.

AC model implementation

HVV vertex To demonstrate how the signal model is incorporated in this case,

we will initially present an example for the VBF signal by examining the a1 and

a2 couplings, which correspond to the SM Higgs and the CP-Even BSM Higgs,

respectively. To simplify the scattering amplitude for a single HVV vertex, we

express it as A(HVV).

A(HVV) = a1A1 + a2A2 (4.13)

Nevertheless, the VBF production signal includes two HVV vertices: one on the

production side and another on the decay side. As a result, the electroweak pro-

duction amplitude is expressed as:

A(2HVV) = (a1A
Prod
1 + a2A

Prod
2 ) ∗ (a1ADec

1 + a2A
Dec
2 ) (4.14)

The square of the amplitude provides a description of a particular physical observ-

able. Therefore, the electroweak signal model is obtained by squaring A(2HVV)

and organizing terms based on their couplings:

A(2HVV)2 = a41T1 + a31a2T2 + a21a
2
2T3 + a1a

3
2T4 + a42T5 (4.15)

where T1 denotes the purely SM term, (AProd
1 ADec

1 )2, T5 represents the purely BSM

term, (AProd
2 ADec

2 )2, and T2 − T4 refer to SM-BSM interference terms, which are

combinations of A1 and A2. To apply this model, it is necessary to generate his-

tograms of the pertinent discriminants for the five terms T1 through T5, referred

to as the VBF signal templates. For ease of use, we will employ the discrimi-

nant designed to distinguish the contribution of the a1 and a2 couplings in VBF

production.
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It is important to note that any VBF signal hypothesis, H(a1, a2), may be repre-

sented using the square of A(2HVV) presented in Eq. 4.15.

To obtain all five templates, we begin by generating histograms of desirable vari-

ables for five distinct signal hypotheses, denoted as H1 through H5. This is ac-

complished by applying MELA to reweigh the MC signal samples to a particular

hypothesis. All MC samples are included, and the weighted average of predictions

is obtained for each hypothesis. The selected hypotheses, H(a1, a2), consist of

pure SM, pure BSM, and three mixed-coupling hypotheses, i.e., H(1,0), H(0,1),

H(1,0.25), H(1,0.5), and H(1,0.75). The histograms for the signal hypotheses H1

to H5 are related to the required signal templates T1 to T5 by a 5×5 matrix of

the couplings used, denoted as G. This is expressed in simplified terms as H =

G * T. By inverting the coupling matrix, we can express this as T = G(−1) * H.

Therefore, a specific template Tx is obtained through a linear combination of H1

to H5 using the inverted coupling matrix. A diagram to aid in understanding this

process is presented in Fig. 4.55.

Figure 4.55: This figure illustrates the process for extracting the VBF/VH
signal templates (T1-T5), which involves using 5 signal hypotheses (H1-H5) and

the corresponding inverted coupling matrix (G).

The WH and ZH production signals also involve 2 HVV vertices, so the same sig-

nal model and extraction procedure used for the VBF case is applied.

The ggH production signal involves only one HVV vertex, which is on the de-

cay side. Therefore, the ggH signal model is obtained by squaring the A(HVV)
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amplitude and organizing the terms based on their coupling:

A(HVV)2 = a21T1 + a1a2T2 + a22T3 (4.16)

The pure SM term is denoted as T1, the pure BSM term as T3, and the SM-BSM

interference term as T2. The 3×3 matrix is used to extract the templates T1-T3

with H1-H3 as inputs. The same methods are applied to study the a3 and Λ1 HVV

anomalous couplings. One should notice that some templates can have a negative

normalization, and thus we scale them by -1 and later introduce a factor -1 in the

signal model to compensate.

HZγ vertex Regarding the ΛZγ1 coupling, there are some distinctions compared

to the previous HVV couplings. In this scenario, only the VBF and ZH production

vertices are affected. The amplitude that considers this anomalous coupling is

expressed as:

A(HZγ) = (a1A
Prod
1 +ΛAProd

Λ1 )∗a1ADec
1 (4.17)

In this case, there is no pure ΛZγ1 hypothesis, as the HWW decay channel is

suppressed when the value of a1 approaches zero. To obtain the electroweak signal

model, the amplitude is squared, resulting in the first three terms given in Eq. 4.14.

Hgg vertex The couplings of a2 and a3 of the Hgg vertex are the final ones

considered in this analysis. These couplings correspond to the SM Higgs and the

CP-Odd Higgs, respectively, and only the ggH production vertex is affected. Since

we are dealing with only one vertex and two couplings, the signal model is the

same as that in Eq. 4.16, but with a2 and a3 replacing a1 and a2.

Cross-section fractions for all vertices As explained in Section 1.5, it is

often more convenient to measure the cross-section ratio fai instead of directly

measuring the couplings. To illustrate an example of how this is implemented, we

will once again focus on the a1 and a2 HVV couplings. Assuming the couplings

are positive, the cross-section fraction for the a2 coupling is defined as:

Fa2 =
a2

2σ2
a12σ1 + a22σ2

, (4.18)
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where σi represents the signal cross-section with ai = 1 and aj ̸=i = 0. The cross-

section fraction for the a1 coupling, Fa1, is obtained as Fa1 = 1 - Fa2. We can also

rewrite the electroweak and ggH signal models from Eqs. 4.14 and 4.16 in terms

of cross-section fractions with some manipulation:

PEwk = µ2
Ewk(F

2
a1T1 + g

√
Fa1

3√
Fa2T2 + g2Fa1Fa2T3 + g3

√
Fa1

√
Fa2

3
T4 + g4F 2

a2T5) (4.19)

PggH = µggH(Fa1T1 + g
√
Fa1
√
Fa2T2 + g2Fa2T3) (4.20)

The constant g corresponds to the ratio of cross-sections for the two couplings,√
σ1/σ2, at a specific vertex. The choice of the constant g determines which σi

the Fai are defined with respect to. In this analysis, the ratio derived for the

HZZ decay vertex, which is similar to that of the HWW decay vertex, is chosen

and provided in Table 1.2. This choice allows for combination with the HZZ and

Hττ final states, where the same choice was made. A useful cross-check of this

change in the signal model is to substitute the expressions for g and Fai and use

µ = a12σ1+a22σ2
σ1

. All σi cancel, and the initial signal models in terms of couplings is

retrieved. The full signal model uses both PEwk and PggH to handle the VBF/VH

and ggH production signals, respectively. The sign of the couplings is taken into

account by scaling the
√
Fa2

x
terms, where x has a value of 1 or 3, by sign(a2

a1
).

The final model has only three free parameters: µEwk, µggH , and Fa2. The a3 and

Λ1 HVV anomalous couplings can also be handled using this approach. For the

ΛZγ1 coupling, only the first three terms of PEwk are needed, while for the a2 and

a3 couplings of the Hgg vertex, only PggH is needed.
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SMEFT model implementation

HVV vertex In the AC interpretation discussed earlier, a total of five HVV

couplings are considered assuming aZZi = aWW
i . However, such a relationship is

broken for the SMEFT interpretation when the full set of SU(2)L×U(1)Y sym-

metry relationships discussed in section 1.5 is adopted. This further reduces the

number of independent HVV parameters from five to four: a1, a2, a3, and Λ1. By

considering these four couplings simultaneously, the scattering amplitude for one

and two HVV vertices (production and decay) is expressed as:

A(HVV) = a1A1 + a2A2 + a3A3 + a4A4 (4.21)

A(2HVV) = (a1A
Prod
1 + a2A

Prod
2 + a3A

Prod
3 + a4A

Prod
4 )∗

(a1A
Dec
1 + a2A

Dec
2 + a3A

Dec
3 + a4A

Dec
4 )

(4.22)

Similar to the previous section, the electroweak signal model is obtained by taking

the A(2HVV) amplitude and squaring it, followed by grouping the resulting terms

based on their respective couplings. The resulting signal model is as follows:

PEwk = a41T1 + a31a2T2 + a21a
2
2T3 + a1a

3
2T4 + a42T5

+ a31a3T6 + a21a
2
3T7 + a1a

3
3T8 + a43T9

+ a31a4T10 + a21a
2
4T11 + a1a

3
4T12 + a44T13

+ a32a3T14 + a22a
2
3T15 + a2a

3
3T16

+ a32a4T17 + a22a
2
4T18 + a2a

3
4T19

+ a33a4T20 + a23a
2
4T21 + a3a

3
4T22

+ a1a2a
2
3T23 + a1a

2
2a3T24 + a21a2a3T25

+ a1a2a
2
4T26 + a1a

2
2a4T27 + a21a2a4T28

+ a1a3a
2
4T29 + a1a

2
3a4T30 + a21a3a4T31

+ a2a3a
2
4T32 + a2a

2
3a4T33 + a22a3a4T34

+ a1a2a3a4T35,
(4.23)
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where the pure SM term is represented by T1, while the pure BSM terms are rep-

resented by T5 (for a2), T9 (for a3), and T13 (for Λ1, which is denoted as a4 for con-

venience). The remaining 31 terms are interference terms between pairs, triplets,

and quartets of couplings. In order to extract the signal templates, 35 hypotheses

are required, corresponding to pure SM, pure BSM, and various mixed-coupling

hypotheses, along with the corresponding 35×35 inverted coupling matrix.

In the case of the ggH production signal, there is only one HVV vertex on the

decay side. Therefore, the ggH signal model is obtained by squaring the A(HVV)

amplitude and grouping terms based on the coupling.

PggH = a21T1 + a1a2T2 + a22T3

+ a1a3T4 + a23T5

+ a1a4T6 + a24T7

+ a2a3T8 + a2a4T9 + a3a4T10

(4.24)

The pure SM term is again denoted as T1, while the pure beyond the Standard

Model terms are represented by T3 (for a2), T5 (for a3), and T7 (for Λ1, which is

denoted as a4 for convenience). In this case, the template extraction procedure is

simpler, as only 10 hypotheses are chosen to correspond to the pure SM, pure BSM,

and various mixed-coupling hypotheses. The gluon-gluon fusion signal templates

are then extracted using the inverted 10×10 coupling matrix.

Cross-section fractions We define the cross-section fraction for a specific anoma-

lous contribution as:

Fai =
ai

2σi
a12σ1 + a22σ2 + a32σ3 + a42σ4

(4.25)

The cross-section fraction for the a1 coupling is calculated by subtracting the

sum of the cross-section fractions for the a2, a3, and a4 couplings from 1, i.e.,

Fa1 = 1− Fa2 − Fa3 − Fa4. To interpret the signal model in terms of these cross-

section fractions for the anomalous couplings, we can replace each ai term with
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gi
√
Fai, where gi represents the ratio of coupling cross-sections

√
σ1/σi. We then

scale each term by µ2
Ewk (µggH) for the electroweak (ggH) model. The gi coefficients

used are listed in Table 1.2.

PEwk = µ2
Ewk(F

2
a1T1 · · ·+ g42F

2
a2T5 · · ·+ g33g4

√
Fa3

3√
Fa4T20 · · ·+

g2g3g4
√
Fa1

√
Fa2

√
Fa3

√
Fa4T35)

(4.26)

PggH = µggH(Fa1T1 · · ·+ g22Fa2T3 · · ·+ g24Fa4T7 · · ·+ g3g4
√
Fa3
√
Fa4T10 (4.27)

The complete SMEFT signal model incorporates both PEwk and PggH to account

for the VBF/VH and ggH production signals, respectively. To consider the sign of

the couplings, the
√
Fai

x
terms, where x equals 1 or 3, is scaled by sign( ai

a1
). The

model comprises five independent parameters: µEwk, µggH , Fa2, Fa3, and Fa4. The

parameter space is constrained by the explicit requirement Fa2 + Fa3 + Fa4 <= 1,

which ensures that only physical regions are probed.

In cases where the fit involves multiple floating signal parameters, a local minimum

may be encountered instead of the global minimum. This issue is difficult to

avoid, especially when multiple similarly deep minima are separated by significant

distances. One solution is to perform the fit minimization using several starting

points (varying initial guesses for Fai) and selecting the deepest minimum among

all fits. In our SMEFT interpretation, we have adopted this approach to ensure the

global minimum is obtained when all signal parameters are floated simultaneously.
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Signal model study

In this section, we investigate the predictions of the AC signal model in detail.

In the final interpretation of the data, we perform likelihood scans of Fai with

the signal strengths left floating. As such, it is the signal shape that will largely

determine the likelihood of a given signal hypothesis. We studied the shape of

the most relevant signal in a given category for the full range of Fai values for

the important variables. To do this, we look at how the mean of a given variable

changes as a function of Fai. For any value of the model parameters, the signal

expectation, corresponding to the combination of the signal templates for a given

production process, can be determined. Significant features highlighted in this

section are expected to be reproduced in the likelihood scans.

0-jet and 1-jet channels The 0 jet channel is the most sensitive channel to

the ggH signal. In Fig. 4.56, we present the mean values of mℓℓ and mH
T distri-

butions of the ggH signal, demonstrating their shapes varying with Fa2, Fa3, and

FΛ1. Noticeable changes in shape, deviating from the SM, occur for negative Fa2

values, especially around -0.25, and positive FΛ1 values, particularly around 0.5.

These features are also observed in the results from Run 1 [50] or HZZ [46] anal-

yses and they are related to interference effects between SM and BSM couplings.

Consequently, when performing likelihood scans for Fa2 and FΛ1, local maxima are

expected to emerge around these non-SM-like points. Conversely, for Fa3, shape

changes are relatively symmetric around zero.

VBF and VH channels In the VBF production channel, the variables DBSM

and DVBF are employed. The mean values of these distributions, as functions of

Fa2, Fa3, and FΛ1, are depicted in Fig. 4.57. Notably, for small values of Fai,

approximately 0.1, the DBSM shapes already exhibit a pronounced peak. This

rapid transition from SM-like to BSM-like shapes is attributed to the electroweak

production vertex sensitivity to AC effects. Consequently, likelihood scans for Fai

are expected to exhibit a sharp increase near the minimum at zero. For FΛ1, the rise

is relatively asymmetric, with a gentler increase on the positive side. Regarding

DVBF, a substantial shape alteration compared to the SM is observed for Fa2,

particularly around -0.25. The shape progression for Fa3 and FΛ1 resembles that

of DBSM, except for a dip around 0.6 for FΛ11.



Anomalous couplings in the HWW channel 166

1− 0.5− 0 0.5 1

2
aF

32

34

36

38

40

42

44

46

ll
M

ea
n 

m

(a)

1− 0.5− 0 0.5 1
3aF

35

35.5

36

36.5

37

37.5

38

ll
M

ea
n 

m

(b)

1− 0.5− 0 0.5 1
1ΛF

34

36

38

40

42

44

ll
M

ea
n 

m

(c)

1− 0.5− 0 0.5 1

2
aF

88

90

92

94

96

98

100

102

104

T
M

ea
n 

m

(d)

1− 0.5− 0 0.5 1
3aF

95

96

97

98

99

100

101

102

T
M

ea
n 

m

(e)

1− 0.5− 0 0.5 1
1ΛF

92

94

96

98

100

102

104

T
M

ea
n 

m

(f)

Figure 4.56: The mean of the ggH signal mll (top) and mT (bottom) distri-
butions as a function of fa2 , fa3 and fΛ1 in the 0-jet channel.

For the VH signal process, the DBSM variable is employed to investigate anomalous

effects at the production vertex. The corresponding mean values, as functions of

Fa2, Fa3, and FΛ1, are displayed in Fig. 4.58. Similar to the VBF signal, sharp

rises are observed around the minimum at zero. However, for FΛ1, the positive

rise is sharper compared to the VBF signal, and there is also a substantial shape

change with respect to the SM around 0.5. As observed for other signal variables,

a similar feature is noted for Fa2 around -0.25.
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Figure 4.57: The mean of the VBF signal DBSM (top) and DV BF (bottom)
distributions as a function of fa2 , fa3 and fΛ1 in the VBF channel.
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Figure 4.58: The mean of the VH signal DBSM distribution as a function of
fa2 , fa3 and fΛ1 in the boosted VH channel.





Chapter 5

Signal extraction

To extract the signal of interest, we conduct a binned maximum likelihood (ML) fit

on the combined data from all categories and data-taking periods. The statistical

approach employed in this analysis follows the methodology developed by the

ATLAS and CMS collaborations [142]. Figure 5.1 displays an overview of the

categories included in the fit for the AC interpretation of the analysis. Similarly,

Fig. 5.2 illustrates the categories included in the fit for the SMEFT interpretation.

As mentioned earlier, the AC method exploits distinct kinematic discriminants

and categorization strategies based on the investigated coupling, while the SMEFT

method employs a single kinematic discriminant to constrain all couplings. Both

approaches make use of the top, DYττ , and WW control regions to effectively

constrain background events during the fitting process.

Figure 5.1: Diagram of categories per targetted vertex incorporated in the fit
in Approach 1. For certain couplings in the VBF and VH channels, the two

categories are defined based on either the DCP or DINT discriminants.
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Figure 5.2: Diagram of categories per targetted vertex utilized in the fit in
Approach 2. The DCP and DINT discriminants are used to define 4 categories
in VBF. For the VH channels, two categories are defined based on the DCP

discriminant.

5.1 Maximum Likelihood Fit

The methodology involves estimating a collection of unidentified parameters θ

based on a sample of observed data x⃗obs. The likelihood of θ being present in the

observation x⃗obs is computed by evaluating the probability distribution function

f(x⃗obs, θ). This function is deemed reliable in describing the data as:

L(θ) = f(x⃗obs, θ). (5.1)

where the set of parameters θ is treated as the variable, and the optimal estimate

of θ in x⃗obs is obtained by maximizing L(θ):

θ̂ = argmax(L(θ)), (5.2)

being θ̂ commonly known as the maximum likelihood estimator. Nonetheless, by

using the logarithmic function logL instead of L is computationally more efficient,

as the former yields smaller values that are easier for a computer to handle. Ad-

ditionally, Eq. 5.2 is often replaced by the negative logarithm of the likelihood,

denoted as NLL:

argmax(L(θ)) = argmin(− logL(θ)). (5.3)

Moreover, in scenarios involving multiple independent observations x⃗obs where

the joint likelihood is the product of individual likelihoods, taking the logarithm

allows the product to be expressed as a sum. The maximum likelihood estimator

is beneficial as it is asymptotically unbiased, ensuring convergence in the limit

of an infinite number of observations and efficiency in the large sample limit.
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Incorporating systematic uncertainties into the estimation of the parameters of

interest (POI) is straightforward with this method.

A crucial element of the procedure is the selection of the distribution to represent

the data accurately. When the analytical form of the probability density func-

tion (pdf) is known, it is possible to calculate its value for a given combination of

x⃗obs and θ to evaluate the likelihood, known as an unbinned ML fit. This method

is suitable, for example, for the invariant mass spectrum of a resonance, which

has a known analytical form. However, in the H→WW channel, the undetected

neutrinos in the final state make it impossible to experimentally reconstruct the

invariant mass of the Higgs boson. Therefore, other observables, as described

in the previous section, must be used. Unfortunately, an analytical form of the

distributions of these observables is not available, and a binned ML fit is used

instead. The significant difference is that the observable of interest is binned, i.e.,

a histogram of observations is constructed. This process is performed twice: once

with the data sample and once with a sample from MC simulation. Therefore,

the parameters θ and the observations x⃗obs are transformed into the numbers of

expected and observed entries in each histogram bin, represented by the sum of

expected signal and background events si+ bi and ni, respectively. The histogram

is an approximation of the unknown functional form of the pdf. Even if the analyt-

ical expression of the underlying pdf is unknown, the number of entries ni in each

bin of the histogram follows a Poisson distribution P , which allows the likelihood

to be explicitly written as:

L =

Nbins∏
P(ni, si + bi). (5.4)

The signal and background histograms, or templates, in the observable of choice

obtained from MC simulation or other data-driven methods determine the ex-

pected signal and background entries in each bin si and bi. The likelihood func-

tion is maximized in terms of the normalization of the signal histogram in order

to perform a template fit. In this analysis, the background contributions that are

not measured from data are set to their SM prediction within the corresponding

systematic uncertainties. Additionally, the signal templates are treated similarly,

except for their normalization, which is unconstrained, by introducing the signal

strength modifier µ:

µ =
(σ × B)signal

(σ × B)SM signal

, (5.5)
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where σ is the cross-section and B the Branching Fraction introduced in Section 1.

The Likelihood function for signal templates results as:

L =

Nbins∏
P(ni, µ·sSMi + bSMi ). (5.6)

It should be acknowledged here that Eq. 5.6 ignores the signal model already

defined in the previous chapter which is a function of both µ and fai. For the

given example, we deal with a simple signal model dependent on 1 parameter

only.

5.2 Systematic uncertainties

This chapter describes how the systematic uncertainties associated with the back-

ground and signal templates used to fit the data are added to the likelihood

function as nuisance parameters. The nuisance parameters account for how the

normalization or the shape of the templates change and also for the theoretical

uncertainties.

Normalization uncertainty:

Some systematic uncertainties only affect the normalization of the templates and

thus, their inclusion in the likelihood function is done by multiplying a factor (as

νnorm) to all bins.

L =

Nbins∏
P(ni, µ·sSMi ·νnorm + bSMi ·νnorm)·N (νnorm). (5.7)

where N (θ) describes the distribution of θ and is associated to a log-normal con-

straint in the likelihood function:

N (νnorm)dνnorm =
dνnorm√

2πνnorm log(κ)
exp

(
−(νnorm/ν̃norm)

2

2(log κ)2

)
, (5.8)

with a width driven by κ and centered in νnorm = ν̃norm = 1 which corresponds to

the nominal normalization of the template. A wider distribution of νnorm translates

into an increase of the uncertainty on the measurement of µ and vice-versa. The
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choice of a log-normal constraint on the nuisance is desirable in the case of event

counts in histograms because they are physically bounded to positive values.

Shape uncertainty:

In the case of uncertainties affecting the shape of the distributions, we construct

three versions of the affected template: with the nominal value (nom), with the

nominal value plus (+1) the associated uncertainty and with the nominal value

minus (-1) the associated uncertainty. An interpolation bin-by-bin is performed

to express the number of events in each bin Ni as a function of the nuisance

parameter:

Ni(νshape) = Ni(nom)(1−ν2shape)+
νshape(νshape + 1)

2
Ni(+1)+

νshape(νshape − 1)

2
Ni(−1).

(5.9)

In this case, a Gaussian distribution is used in the likelihood function:

N (νshape)dνshape =
dνshape√

2π
exp

(
−
ν2shape
2

)
. (5.10)

The inclusion of both kinds of nuisance parameters naturally increases the dimen-

sion of the likelihood, but we reduce it by profiling the likelihood over the nuisance

parameter when calculating the uncertainty on the POI. The test statistics chosen

for the minimization of the profile likelihood is:

ℓ(µ) =
L(µ, ˆ̂νshape)

L(µ̂, ν̂shape)
, (5.11)

where µ̂ is the best-fit value of the POI, νshape (ν̂shape) is the array of the (best-fit)

derived nuisance parameters values, and ˆ̂νshape maximizes the likelihood for a given

µ. The 68% CL corresponds to the interval − log ℓ(µ) < 0.5. Indeed, − log(ℓ(µ)

is always 0, otherwise the 68% CL would generally correspond to − log(ℓ(µ)) +

log(ℓ(µmin)) < 0.5.

Taking all this into consideration and gathering the normalization (νnorm) and

shape uncertainties (νshape) as a full set of nuisance parameters θ, we may define

a likelihood function for this analysis:

L(data|µggH, µEW, fai, θ) =
∏
i

P(ni|si(µggH, µEW, fai, θ) + bi(θ)) p(θ̃|θ), (5.12)
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where ni is the observed number of data events in each bin i. The signal and back-

ground expectations (si and bi, respectively) correspond to binned templates of

the multidimensional discriminants described in Tab. 4.14 for both interpretations.

Each signal process is parametrized as a linear combination of terms from SM and

AC contributions and their interference as explained in section 4.1 where the signal

model was defined. The signal expectation depends on the signal strength modi-

fiers µggH and µEW for the ggH and the VBF/VH signals, respectively, and on fai

which determines the shape of the signal expectation. Those three parameters are

constrained by the fit to the data. Additionally, both the signal and background

expectations are functions of θ. The p(θ̃|θ) term is the pdfs of the uncertainties

on the nominal values of the nuisance parameters θ̃.

5.3 Data-driven background normalization

The background contributions are measured in dedicated control regions, and we

use rate parameters calculated per year. By definition, instead of giving rise to

constraint terms in the likelihood function, they multiply a background yield in

the signal region (SR) and the control region (CR). In the case of considering only

one background, the likelihood is:

L =

NSR
bins∏

(ni, si + α·bi)
NCR

bins∏
(nj, α·bj), (5.13)

α is the rate parameter. The rate parameter determined in the CR propagates

the measured background normalization to the SR. It should be noticed that the

superscript NCR
bins = 1 in Eq. 5.13, as we only consider the number of events in

the CRs. Expanding the expression above for the three main backgrounds of the

HWW channel (top, DYττ , and WW) is trivial.

5.4 Sources of systematic uncertainties

The systematic uncertainties are divided into experimental or theoretical.The con-

sidered systematic uncertainties are summarized in Tables 5.1 and 5.2, where we

specify the type of uncertainty, their degree of correlation, and the affected pro-

cesses.
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Systematic uncertainty Type Correlation Process
Luminosity norm Partially correlated All MC but WW, top

Trigger efficiency shape Uncorrelated All MC
Trigger efficiency (DY) shape Uncorrelated Data-driven DY

Pre-firing weight shape Uncorrelated 2016-2017 All MC
Lepton ID eff. (SR) shape Uncorrelated All MC+Data-driven DY
Lepton ID eff. (CR) shape Uncorrelated All MC+Data-driven DY
Lepton pT scale norm Uncorrelated All MC+Data-driven DY
Jet energy scale norm Partially correlated All MC

Jet energy resolution norm Uncorrelated 2017-2018 All MC
AK8 JMS and JMR norm Uncorrelated All MC

V-tag SF norm Uncorrelated Higgs, VZ and VVV
MET energy scale norm Uncorrelated All MC
Jet PU ID scale shape Uncorrelated All MC

Fake rate (stat.+syst. origin) shape Uncorrelated Non-prompt
Fake rate (30% jet composition) norm Uncorrelated Non-prompt

B-tag SF shape Partially correlated All MC

Table 5.1: List of experimental systematic uncertainties considered and their
correlation. Partial correlation corresponds to CMS experiment recommenda-

tions.

Some additional information:

• The total uncertainty associated with the integrated luminosity is 1.2%,

2.3%, and 2.5% for 2016 [143], 2017 [98], and 2018 [99], respectively.

• The trigger efficiency is derived from the T&P method and it affects the

normalization (< 1%) and shape of the signal and background distributions.

• Systematic uncertainties of about 1% for electrons and 2% for muons are

considered to cover any discrepancy in the lepton identification and isolation

efficiencies measured between data and MC.

• The lepton momentum scale is also another source of uncertainty due to the

limited data sample used for the estimation. The impact on the normaliza-

tion of the signal and background templates ranges between 0.6 − 1.0% for

electrons and 0.2% for muons.

• The jet energy scale uncertainty is modeled by eleven independent nuisance

parameters corresponding to different correction sources. Their effects vary

between 1 − 10% according mainly to the jet multiplicity in the analysis

phase-space. The uncertainty associated to the jet smearing adds a normal-

ization uncertainty between 1− 5% depending on the jet multiplicity. Such

effects are considered for AK4 and AK8 jets, additionally, for the latter, we
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need to consider the boosted V-jet mass scale and resolution. V-tagging cor-

rections with their corresponding uncertainties are considered for V-tagged

AK8 jets. These variables are calibrated in a quark-initiated top sample

enriched in hadronically decaying W bosons [144].

• The normalization systematic uncertainty of the missing transverse momen-

tum takes into account the effects of the unclustered energy scale, jet energy

scale, and the lepton pT resulting in a variation of 1− 10%.

• The jet PU identification uncertainty affects the normalization and shape of

the signal and background templates and is found to be less than 1%.

• The b-tagging efficiency is modeled by seventeen nuisance parameters.

• The non-prompt background estimation is limited by the size of the data

used for the misidentification rate measurements. The difference in the fla-

vor composition of jets misidentified as leptons are treated as a nuisance

parameter with an effect between a few percent to about 10% depending on

the signal region. The normalization uncertainty of 30% [145] fully covers

the discrepancies with respect to data.

• The limited number of simulated events is a source of statistical systematic

uncertainty.

Systematic uncertainty Type Correlation Process
PDF (cross-section and acceptance) norm Correlated All MC but WW,top,DY

QCD higher order norm (Bkg) Correlated All MC
shape (Higgs)

Pileup modeling norm Uncorrelated WW,top,DY
ggF,VBF(SM+AC)

Parton shower shape Correlated All MC
Underlying event norm Uncorrelated 2016 All MC but WW,top

Correlated 2017-2018
WW NNLL resummation shape Uncorrelated per cat. WW
Single top/tt̄ composition shape Correlated top

V γ, V γ∗ and V Z cross-sections norm Correlated V γ,V γ∗ and V Z
CR/SR acceptance norm on CRs Correlated DY,top

Table 5.2: List of considered theoretical systematic uncertainties and their
correlation.

About the theoretical uncertainties:

• The uncertainties related to the choice of PDFs and αs have a minor effect

on the shape of the distributions, and thus, only normalization effects related
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to the event acceptance and to the cross-section are considered. These only

apply to signals since the normalization for major backgrounds is constrained

through data in dedicated CRs. For the Higgs boson signal processes, these

uncertainties are calculated and provided by the LHC Higgs cross-section

working group [48].

• The corresponding renormalization µR and factorization µF scales varied by

factors of 0.5 or 2, and the envelopes of the varied templates were taken as

one standard deviation. The background processes with their normalization

constrained through data in dedicated CRs consider only the shape effect

of the uncertainties. The non-resonant WW background has uncertainties

derived by varying µR, µF , and the resummation scale. For the ggH and

VBF signal processes, this uncertainty is decoupled into multiple sources

according to Ref. [48].

• The PU modeling is considered for the main backgrounds (top, DYττ , and

WW) and for the ggH and VBF signals. The effect is determined by varying

the total inelastic pp cross-section (69.2 mb [146, 147]) within the assigned

5% uncertainty.

• The PS modeling affects the jet multiplicity, which causes the migration

of events between categories resulting in template shape changes. These

uncertainties are calculated by reweighting events with varied PS weights

computed by PYTHIA 8.212.

• The uncertainty associated with the modeling of underlying events is evalu-

ated by varying UE tunes used in the MC simulation. It has a minimal effect

on the template shapes while affecting the normalization by about 1.5%.

• The gluon-initiated non-resonant WW production is corrected to NLO ac-

curacy with the corresponding uncertainty of 15% applied [148]. The rel-

ative fraction with respect to the single top process and the tt̄ production

is corrected with a systematic uncertainty of 8%. Additional uncertainties

associated with a specific process, such as DY, VY, Vγ, or Vγ∗, are assigned

respectively to the corrections applied to account for discrepancies between

data and MC [93].
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5.5 Impact of the uncertainties on the results

This section describes the impact of each systematic uncertainty on the signal

cross-section fractions, fai, which is the shift in the parameter of interest when

varying a systematic uncertainty up and down by 1 σ. The purpose of this study

is to evaluate the correlation between the systematic source and the cross-section

fraction parameter. No impactful systematic parameters were found to be no-

ticeably pulled for the presented analysis. Asymmetric error bars assigned to

each pull, defined as post-fit uncertainty divided by pre-fit uncertainty, should be

smaller than ±1 for systematic to be constrained. This was checked not to be true

for all relevant high-ranked nuisance parameters.

The 30 most relevant observed impacts of the systematic uncertainties on the

a3 coupling in the AC and SMEFT interpretations of the analysis can be seen

in Fig. 5.3 and Fig. 5.4, respectively. The remaining impacts are gathered in

Appendix C for all couplings. The right-hand side of impacts plots shows the

observed impacts for small, in our case, non-zero values of fai, while the left-hand

side displays the “pull” quantity (θ − θ0)/∆θ, where θ and θ0 are post-fit and

pre-fit nuisance parameter values, and ∆θ is the pre-fit uncertainty. It should

be noted that the observed impacts correspond to the fai best-fit value, whereas

the expected impacts (shown in Appendix C) are displayed for small, non-zero

values of fai. The signal strength parameters, µV , and µF have a significant

impact on the result, and their precision is limited by the number of signal Higgs

events. To provide further clarification on some examples, the parameters with

the JES tag refer to uncertainties in jet energy scale. Parameters beginning with

“prop” correspond to bin-by-bin statistical uncertainties. The names containing

“THU” refer to Theoretical Uncertainties. Parameters containing “norm” refer to

normalization, while those containing “btag” refer to btagging efficiency.

5.6 Goodness of fit

The presented analysis relies solely on MC simulations in the signal region, while

the agreement between the templates and data is exclusively checked in orthogonal

control regions. We do not look at the data in the signal region until the analysis

structure is consistent. The CMS Collaboration implements this “blind” proce-

dure to ensure unbiased results. During the unblinding process, one of the steps
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Figure 5.3: Observed impacts of systematic uncertainties on the cross-section
fraction fa3 for the AC interpretation of the analysis.
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Figure 5.4: Observed impacts of systematic uncertainties on the cross-section
fraction Fa3 in the context of the SMEFT interpretation.
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involves evaluating the adequacy of the MC templates in reproducing the data

after the fit. This assessment is referred to as the Goodness of Fit (GOF), which

is performed using a hypothesis test based on likelihood ratios. The Neymann-

Pearson lemma [149] is utilized to maximize the discriminating power of this test.

Specifically, for this analysis, the saturated [150] model of the GOF is employed

to calculate a p-value, indicating how well the set of parameters extracted by the

fit describes the data. The p-values obtained for both approaches are presented in

Table 5.3 for reference.

Table 5.3: p-values corresponding to the Goodness of fit tests for the AC
(Approach 1) and SMEFT (Approach 2) interpretations of the analysis.

p-values fa3 fa2 fΛ1 fZγ
Λ1

Approach 1 0.006 0.281 0.009 0.015
Approach 2 0.091 0.093 0.088 -

The lower performance observed for some of the couplings was found to originate

from the 1-jet ggH channel. This observation aligns with a similar conclusion made

in Ref. [93], where multiple tests and studies were conducted without identifying

any specific issues.

5.7 Post-fit distributions

Figures 5.5 - 5.11 present the KD for all channels as obtained after the final full Run

2 fit. The “Total signal” (blue histogram) stands for the sum of yields for all SM

and AC signal templates, including the interference. The AC signal contribution

was found to be strongly suppressed in the fit, and the total extracted signal is

comparable to pure SM distribution, as can be observed in comparison with pre-fit

distributions in Section 4.7

HVV discriminants in the VBF and VH categories (AC)

Figures 5.5 - 5.8 display the post-fit distributions for the VBF and VH channels.

The predicted Higgs boson signal and background distributions are shown after

the fit to the data. The Higgs boson signal is shown both stacked on top of the

backgrounds and superimposed. The uncertainty band corresponds to the total

systematic uncertainty. The lower panel in each figure shows the ratio of the

number of events observed to the total prediction.



Signal extraction 181

Bin number

20

40

60

80

100

120

140

160

180

E
ve

nt
s 

/ b
in

Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

VBF
 < 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 10 20 30 40

Bin number

0

0.5

1

1.5

2

D
at

a/
E

xp
ec

te
d

(a) VBF (DCP < 0)

Bin number

20

40

60

80

100

120
E

ve
nt

s 
/ b

in
Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

Resolved VH
 < 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 2 4 6 8

Bin number

0.6
0.8

1
1.2
1.4

D
at

a/
E

xp
ec

te
d

(b) Resolved VH
(DCP < 0)

Bin number

1−10

1

10

210

E
ve

nt
s 

/ b
in

Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

Boosted VH
 < 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 2 4 6

Bin number

0

0.5

1

1.5

2

D
at

a/
E

xp
ec

te
d

(c) Boosted VH
(DCP < 0)

Bin number

20

40

60

80

100

120

140

160

180

200

E
ve

nt
s 

/ b
in

Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

VBF
 > 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 10 20 30 40

Bin number

0

0.5

1

1.5

2

D
at

a/
E

xp
ec

te
d

(d) VBF (DCP > 0)

Bin number

20

40

60

80

100

120

140

160

E
ve

nt
s 

/ b
in

Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

Resolved VH
 > 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 2 4 6 8

Bin number

0.6
0.8

1
1.2
1.4

D
at

a/
E

xp
ec

te
d

(e) Resolved VH
(DCP > 0)

Bin number

1−10

1

10

210

E
ve

nt
s 

/ b
in

Data Syst.

Higgs boson Multiboson

DY Nonprompt

WW ttW and t

Boosted VH
 > 0CPD

 (13 TeV)-1138 fbCMS Preliminary

0 2 4 6

Bin number

0.6
0.8

1
1.2
1.4

D
at

a/
E

xp
ec

te
d

(f) Boosted VH
(DCP > 0)

Figure 5.5: Multidimensional KD targeting the a3 HVV coupling for the VBF
(A, D), Resolved VH (B, E), and Boosted VH (C, F).
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Figure 5.6: Multidimensional KD targeting the a2 HVV coupling for the VBF
(A, C), Resolved VH (B) and Boosted VH (D) categories.
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Figure 5.7: Multidimensional KD targeting the κ1Λ1 HVV coupling for the
VBF (A), Resolved VH (B), and Boosted VH (C) categories.
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Figure 5.8: Multidimensional KD targeting the κZγ2 ΛZγ1 HVV coupling for the
VBF (A), Resolved VH (B) and Boosted VH (C) categories.

HVV discriminants in 0-jet and 1-jet ggH categories

Figure 5.9 shows the post-fit Run 2 discriminants for the 0-jet and 1-jet ggH

channels.
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Figure 5.9: Two dimensional mℓℓ vs. mT distributions in the 0-jet channel
(A) and the 1-jet channel (B) after the final full Run 2 fit.
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Hgg discriminants in 2-jet ggH category

Figure 5.10 shows the post-fit Run 2 discriminants for the 0-jet and 1-jet ggH

channels where the post-fit Higgs boson signal is plotted.
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Figure 5.10: Distribution of events in combination of Run-2 datasets after the
final full Run 2 fit for [DVBF,DggH

0− ] in the ggH + 2 jets channel. The DggH
CP < 0

(left) and DggH
CP > 0 (right) categories are shown. The a1 and a3 Hgg coupling

signals are considered in the fit.
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HVV discriminants in the VBF and VH categories (SMEFT)

Figure 5.11 shows the post-fit distributions from the full Run 2 dataset, which are

utilized for the SMEFT interpretation of the analysis. These distributions enable

the simultaneous constraint of the parameters a3, a2, and Λ1.
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Figure 5.11: SMEFT Multi-KD combining the full Run 2 dataset. Four
distributions correspond to the VBF channel (A, B, C and D), two to the
Resolved VH (E and F) and two to the Boosted VH categories (G and H).





Chapter 6

Results

Signal templates and background distributions of all channels and data-taking pe-

riods are combined and evaluated by a binned maximum likelihood fit to obtain

the final results. The likelihood function is defined for candidate events by Eq. 5.12

as stated in the previous chapter 5. The binned templates of multidimensional dis-

criminants, as outlined in section 4.1, are representative of the various processes.

Each signal process is expressed as a linear combination of terms arising from

the SM, anomalous couplings, and their interference as explained in section 4.8.

The parameters µggH, µEW, and fai determine the signal expectation and are con-

strained through the fit to data. The expectations of both signal and background

are functions of θ, which is the complete set of nuisance parameters accounting

for the considered systematic uncertainties. The signal strength modifiers µggH

and µEW are associated with the ggH and VBF/VH signal yields, respectively,

which are related to each other due to the same HVV couplings appear in both

the production and decay of the Higgs boson. Conversely, the ggH signal is mainly

initiated by the top fermion couplings and has no relationship with VBF and VH

production mechanisms. Since the signal strength modifiers are free parameters in

the fit, the overall signal event yield cannot differentiate between alternative sig-

nal hypotheses. The fai parameter refers to the anomalous coupling cross-section

fraction, which defines the signal expectation shape. The cross-section fraction

for the SM coupling is assumed to be 1 - |fai|. Approach 1 investigates the SM

and only one anomalous HVV coupling at a time, making it possible to study

each fai independently. Depending on the anomalous coupling being constrained,

fai can represent fa3, fa2, fΛ1 , or f
Zγ
Λ1

. Approach 2, on the other hand, considers

the SM and three anomalous HVV couplings simultaneously, with fai representing
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either fa3, fa2, and fΛ1 . To avoid exploring an unphysical parameter space, |fa2|
+ |fa3| + |fΛ1 | must not exceed 1. Finally, the p(θ̃|θ) term in Eq. 5.12 represents

the probability density functions of the uncertainties associated with the nominal

values of the nuisance parameters θ̃. The systematic uncertainties that impact

only the normalizations of the signal and background processes are treated as log-

normal pdfs while shape-altering systematic uncertainties are treated as Gaussian

pdfs. The likelihood function is optimized concerning both the signal modifier

parameters and nuisance parameters. The corresponding CL intervals are deter-

mined by profile likelihood scans of the parameters. Using the profile likelihood

function, −2∆ lnL = 1.00 and 3.84, the 68% and 95% CL intervals, respectively,

are established. The likelihood value for a given fai is determined by the signal

shape of the hypothesis and the relative signal event yields across categories.

6.1 AC interpretation

Table 6.1 displays an example of the number of events for a3 coupling before and

after performing the fit described in the previous chapter. The obtained yields are

in accordance with the expected values.

Table 6.1: Expected (pre-fit) and observed (post-fit) number of events per
category for background and signals in Approach 1 for the a3 coupling.

We now present the likelihood scans for the examined cross-section fractions of the

HVV and Hgg vertices, considering both expected and observed scenarios. The

obtained results align with the predictions of the SM.
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6.1.1 HVV couplings in VBF and VH channels

Figure 6.1 depicts the likelihood scans for fa3, fa2, fΛ1, and fZγΛ1 variables in

both expected and observed scenarios for the combination of the VBF, resolved

VH, and boosted VH channels using the complete Run 2 dataset. The features

anticipated in section 4.1 through the analysis of discriminant shapes are visible,

with the likelihood sharply increasing around the expected minimum of 0. Notably,

significant interference effects occur for negative values of fa2, particularly around

-0.25, and positive values of fΛ1, mainly around 0.5. These values are predicted

to exhibit substantial changes in shape concerning the SM. An example worth

discussing is depicted in Fig. 6.1 (A), where a notable difference between the

expected and observed curves is seen. This discrepancy arises due to the inclusion

of the floating parameter µF in the fit, while the 0-jet and 1-jet ggH categories

are excluded. Consequently, in the full combination of channels, the observed and

expected curves appear more similar, as we will demonstrate later.

The 0-jet and 1-jet channels are not sensitive to ΛZγ1 coupling but are still included

to constrain the ggH signal strength. On the other hand, the 0-jet and 1-jet

channels are sensitive to anomalous effects in the remaining couplings, which we

discuss before moving on to the full Run 2 combination of channels.

Effect of the Boosted VH category

Figure 6.2 exhibits the expected likelihood scans for fa3, fa2, fΛ1, and fZγΛ1 in

black for the combination of VBF and resolved VH, which is mainly sensitive to

the VBF channel. They also display the expected likelihood scans in blue for

the combination of VBF, resolved VH, and boosted VH channels. By comparing

these two combinations, the effect of the boosted VH channel is evaluated. The

features anticipated from the discriminant shapes in section 4.8 are visible in the

result, with the likelihood sharply rising around the minima at 0. The boosted

VH category significantly reduces the width of the minima for Λ1 couplings. Ad-

ditionally, significant interference effects are noticeable for negative values of fa2,

particularly around -0.25, and positive values of fΛ1 around 0.5. Large changes in

shape relative to the SM are predicted for these values in the signal model study.
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Figure 6.1: Expected and observed likelihood scans of fa3 (A), fa2 (B), fΛ1
(C), and fZγΛ1 (D) combining the VBF and VH channels for the full Run 2

dataset.
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Figure 6.2: Expected likelihood scans of fa3 (A), fa2 (B), fΛ1 (C), and fZγΛ1

(D) combining the VBF and resolved VH channels (black), and combining these
with the boosted VH channel (blue) using the full Run 2 dataset.
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6.1.2 HVV couplings in 0-jet and 1-jet ggH channels

Figure 6.3 displays the expected and observed likelihood scans for fa3, fa2, and

fΛ1 for the combination of the 0- and 1-jet channels in the full Run 2 datasets.

The features predicted from the mll and mH
T shapes in Section 4.8 are present.

The most prominent features are the significant interference effects for fa2 around

-0.25 and for fΛ1 around 0.5.

1− 0.5− 0 0.5 1
a3F

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 ln
 L

∆
-2

 

ggF 0j and 1j channels

Full Run 2 (Expected)

Full Run 2 (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(a)

1− 0.5− 0 0.5 1
a2F

0

10

20

30

40

50

60

70

80

90 ln
 L

∆
-2

 

ggF 0j and 1j channels

Full Run 2 (Expected)

Full Run 2 (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(b)

1− 0.5− 0 0.5 1
 1ΛF

0

5

10

15

20

25

30

35

40

 ln
 L

∆
-2

 

ggF 0j and 1j channels

Full Run 2 (Expected)

Full Run 2 (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(c)

Figure 6.3: Full Run 2 expected and observed likelihood scans of fa3 (A), fa2
(B) and fΛ1 (C) combining the 0- and 1-jet ggH channels.
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6.1.3 Full Run 2 combination for HVV couplings

In Fig. 6.4, we display the expected and observed likelihood scans for fa3, fa2, fΛ1,

and fZγΛ1 for the Run 2 combination of datasets. It is important to note that the

maximum -2∆ lnL values obtained in the fa3 and f
Zγ
Λ1 scans are significantly lower

than expected. This difference can be largely attributed to the post-fit µEW values

of 0.82 and 0.89 for the fa3 and fZγΛ1 fits, respectively, which can be compared to

0.95 and 0.97 for the fa2 and fΛ1 fits. In the latter fits, the maximum -2∆ lnL
values are closer to the expected. It should be mentioned that the uncertainty

on µEW is approximately 20% in each case, indicating that all these values are

consistent with both the SM and with each other.
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Figure 6.4: Expected (dashed) and observed (solid) likelihood scans of fa3
(A), fa2 (B), fΛ1 (C), and fZγΛ1 (D) for the full combination of HVV channels

using Approach 1.
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Zoom scans

Figure 6.5 provides additional information by displaying a close-up of the x-axis

to obtain the 68% and 95% CL constraints, allowing for a comparison of the

magnitudes of each coupling. The data gathered in Table 6.3 is also extracted

from these results.
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Figure 6.5: Observed (solid line) and expected (dashed line) likelihood scans,
focusing the x-axis around the expected minima at 0, of fa3 (A), fa2 (B), fΛ1

(C) and fZγΛ1 (D) using the full Run 2 dataset.
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6.1.4 Full Run 2 Combination for Hgg couplings

In Fig. 6.6, the expected and observed f ggHa3 likelihood scans are shown for the

combination of all channels for the full Run 2 dataset. The results are obtained

using the MINLO samples. The scans are shown with µEW and fa3 parameters

allowed to float in the fit which includes the effect of the CP-odd HVV anomalous

coupling for the VBF process. It is noteworthy that the maximum −2∆ lnL values

reached is significantly bigger than expected; as such, we may place allowed 68%

CL intervals on the anomalous coupling contribution. The best-fit value for f ggHa3

is -0.034 and is constrained in the range [-0.721, 0.383] (68% CL).
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Figure 6.6: Expected (dashed) and observed (solid) likelihood scan of fggHa3 .
The signal strength modifiers and the CP -odd HVV anomalous coupling cross-
section fraction are treated as free parameters. The dashed horizontal line shows

the 68% CL region.

6.2 SMEFT interpretation

Table 6.2 displays an example of the number of events before and after performing

the fit described in the previous chapter. The obtained yields are in accordance

with the expected values. We now present the likelihood scans for the examined

cross-section fractions of the HVV vertex, considering both expected and observed

scenarios. The obtained results align with the predictions of the SM.
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Table 6.2: Expected (pre-fit) and observed (post-fit) number of events per
category for background and signals in Approach 1 for the a3 coupling.

6.2.1 Full Run 2 Combination for HVV couplings

Figure 6.7 presents the expected and observed likelihood scans for Approach 2,

adopting the SU(2)L×U(1)Y coupling relationships. The results are shown for each

fai separately, with the other two cross-section fractions fixed at zero or allowed

to float in the fit. Interference effects are also apparent in this interpretation.

However, in some cases, the maximum −2∆ lnL values are significantly lower

than expected. This is largely due to the fitted value of µEwk, the lowest of which

is 0.82 for the fa3 fit in Approach 1, compared to the highest value of 0.97 for the

corresponding fΛ1 fit. The uncertainty on µEwk is approximately 20%, so all fitted

values are consistent with the SM and with each other. Overall, all anomalous

HVV coupling parameter measurements are consistent with the expectations for

the SM Higgs boson. The full Approach 2 fit, where all signal parameters are

simultaneously floated, is found to be 91% compatible with the SM. Table 6.3

summarizes the constraints on the anomalous HVV coupling parameters, including

the best-fit values and allowed 68% and 95% CL intervals.
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Figure 6.7: Expected (dashed lines) and observed (solid lines) likelihood scans
of fa3 (A), fa2 (B) and fΛ1 (C) for the full combination of HVV channels using
Approach 2. The other two AC cross-section fractions are either fixed to zero

(black lines) or left floating in the fit (red lines).
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Zoom Scans A zoom-in of the x-axis is provided in Fig. 6.8 to extract the

68% and 95% CL constraints, enabling a comparison of the magnitudes of each

coupling.

0.01− 0.005− 0 0.005 0.01
a3F

0

1

2

3

4

5

6

7

8

9

 ln
 L

∆
-2

 

ggF + VBF + VH channels

Fixed (Expected) Fixed (Observed)

Floating (Expected) Floating (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(a)

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2
a2F

0

1

2

3

4

5

6

7

8

9

 ln
 L

∆
-2

 

ggF + VBF + VH channels

Fixed (Expected) Fixed (Observed)

Floating (Expected) Floating (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(b)

0.005− 0 0.005 0.01 0.015 0.02 0.025 0.03
 1ΛF

0

1

2

3

4

5

6

7

8

9

 ln
 L

∆
-2

 

ggF + VBF + VH channels

Fixed (Expected) Fixed (Observed)

Floating (Expected) Floating (Observed)

CMS Preliminary  = 13 TeV)s (-1L = 138 fb

(c)

Figure 6.8: Full Run 2 expected (dashed lines) and observed (solid lines)
likelihood scans of fa3 (A), fa2 (B), fΛ1 (C) considering Approach 2. The other
two anomalous coupling fractions are either fixed to zero (black) or left floating

in the fit (red).
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6.2.2 Constraints in terms of EFT couplings

The final results can be expressed in terms of EFT couplings cZ , cZ□, cZZ , and

c̃ZZ of the Higgs basis, which are related to the couplings ai given in Eq. 1.31 -

1.34. The corresponding scans are presented in Fig. 6.9. Expressing the results

in terms of EFT couplings is practical because they directly indicate the strength

of the couplings and facilitate the translation of results into the Warsaw basis,

which is useful for the theoretical community when interpreting these results in

the theoretical context.
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Figure 6.9: Full Run 2 expected (dashed line) and observed (solid line) scans
of the lagrangian EFT couplings cZ (A), cZ□ (B), cZZ (C), and c̃ZZ (D) of the

Higgs basis. All couplings are left floating simultaneosly in the fit.
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6.3 Summary

Table 6.3 provides a summary of the expected and observed constraints on the AC

and SMEFT HVV coupling parameters for the full Run 2 combination, including

the best-fit values and the allowed 68% and 95% CL intervals.

Table 6.3: Summary of constraints on the anomalous HVV coupling parame-
ters with the best-fit values and allowed 68% and 95% CL (in square brackets)
intervals. The symbol ∗ means the other parameters are left floating in the fit.

Analysis fai Observed (x10−3) Expected (x10−3)
68% CL 95% CL 68% CL 95% CL

HVV fa3 0.9 [-2.7, 4.1] [-553, 561] 0.0 [-0.7, 0.7] [-2.8, 2.9]
Approach 1 fa2 0.5 [-0.8, 3.5] [-5.7, 12] 0.0 [-1.4, 1.3] [-5.2, 6.1]

fΛ1 -0.2 [-0.5, 0.0] [-1.4, 0.7] 0.0 [-0.2, 0.5] [-0.6,1.4]

fZγ
Λ1 3.0 [-11, 9.1] [-55, 42] 0.0 [-5.0, 3.8] [-14, 11]

HVV fa3 0.84 [-0.83, 3.5] [-7.6, 58.8] 0.0 [-0.8,1.1] [-3.4,4.3]
Approach 2 fa3 ∗ 0.34 [-0.69, 3.4] [-8.0, 361.5] 0.0 [-1.0,1.2] [-4.3,5.3]

fa2 38 [-112.2, 129.3] [-376.6, 430.0] 0.0 [-30.9,37.5] [-126.1,136.8]
∪[-989.2,-826.3]

fa2 ∗ -1.0 [-104.1, 139.9] [-986.4, 981.2] 0.0 [-31.1,39.8] [-127.5,148.7]
fΛ1 -0.15 [-1.21, 0.16] [-19.5, 118.5] 0.0 [-0.4,0.4] [-1.7,18.9]

∪[909.9, 964.1]
fΛ1 ∗ -0.1 [-1.08, 3.78] [-994.8, 993.9] 0.0 [-0.4,0.90] [-1.9,21.4]

∪[7.2, 20.7]
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Conclusions

CMS Muon Drift Tubes upgrade for the HL-LHC

CMS experiment Phase-2 upgrade for the high-luminosity era of the LHC opera-

tion (HL-LHC) requires the replacement of the full electronics of the CMS Drift

Tube (DT) chambers. The new design allows for a time resolution of around 1

ns for the digitization of chamber signals and will forward signals asynchronously

to the service cavern at full resolution. Trigger primitives of each chamber will

be built by the new backend system and used as input in the L1 CMS trigger to

improve the robustness of the system against aging. The Analytical Method al-

gorithm has been implemented for reconstructing the DT trigger primitives, with

measured efficiencies of 96 to 98% and time and spatial resolutions close to the

ultimate performance of the DT chambers.

As part of the hardware component of this thesis, a “Slice Test” was installed

during LHC Shut Down 2 to develop and test the DT electronics designed for

LHC Run 4 (Phase 2) in one sector of the CMS DT detector. In order to ensure

optimal time resolution of future Local Triggers, precise calibration of the produced

signals is crucial. The initial step of this calibration is inter-channel equalization,

to be conducted within each DT chamber using dedicated Test-Pulse runs, which

involves simultaneously injecting pulses into all wires and recording the resulting

Phase 2 signals. The analysis presented in this thesis demonstrates that the new

system is stable over time, with the maximum average differences between different

runs amounting to only 0.5 ns. Looking ahead, this procedure will represent as an

effective monitoring tool for the performance of the system.
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Anomalous Couplings of the Higgs boson

Over the course of ten years of study, the Higgs boson has become a centerpiece

of particle physics research. From Run 1 data sets, it was established that the

LHC data was compatible with a Standard Model Higgs of mass 125 GeV, with

spin 0 and even CP [1, 2] and confirmed that the Higgs boson plays the expected

role in the SM, providing mass to other particles. With the Run 2 dataset of

the LHC, the precision era of Higgs physics began, enabling CP studies of the

Higgs boson couplings to both bosons and fermions, which have become a ma-

jor focus of research. Asymmetric matter-antimatter distribution in the universe

could potentially be explained by a CP violation process, further emphasizing the

importance of searching for Higgs anomalous couplings. Consequently, the study

of Higgs anomalous couplings has become a hot topic in particle physics.

The H→WW decay channel is particularly promising to probe the dynamics of the

Higgs sector of the SM. This is due to its high branching ratio and relatively low-

background final state, making it a prime candidate for precise measurements. The

HWW SM analysis conducted in [93] is part of a larger combined CMS measure-

ment of the Higgs boson production cross sections, branching ratios, and couplings

with Run 2 data, contributing to the most comprehensive understanding of Higgs

boson properties published by CMS [28].

The CMS collaboration has conducted AC analyses for various channels, including

HZZ, Hττ , and Hγγ. However, a combination of these channels has not been

performed since Run 1 [50]. There is a need for a concerted effort to achieve this

goal, as it would expand our understanding of the properties of the Higgs boson

and its role in the SM.

The conducted AC HWW analysis is as sensitive as the HZZ mostly. Furthermore,

an AC analysis on this channel has not been performed since Run 1, and several

improvements have been made, such as the inclusion of the VBF and VH channels,

AC effects at the VBF/VH and ggH production vertexes, and naturally, the higher

integrated luminosity. AC detector-level analyses complement interpretation anal-

yses, constraining EFT couplings through an existing STXS measurement. A joint

effort of analysis groups would aid in deepening our understanding of Higgs boson

couplings and searching for new physics. For the first time in a AC analysis, we

have shown an explicit study of the specific features of the expected shapes of

the cross-section fractions scans. This is achieved by studying how the expected
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signal shapes for important variables are altered by anomalous effects. The HZZ

analysis reported large interference peaks were due to a big change in signal shape,

for example. However, the AC HWW analysis is the first to present an explicit

study in this fashion.

The inclusion of a boosted category in the AC analysis for the first time has shown

an increased sensitivity to anomalous effects, resulting in improved constraints that

approach the SM values (fai = 0). Nevertheless, due to statistical limitations in

the Run 2 data set, this category has limited effectiveness. Therefore, conduct-

ing the same analysis using future LHC datasets could significantly enhance the

constraints in the HWW channel.

The analysis has followed two interpretations: Approach 1 (AC) considers one SM

coupling and one BSM coupling at a time, while Approach 2 (SMEFT) constrains

all anomalous couplings simultaneously. To provide a general overview of the

strength of our findings compared to similar analyses, we can state that we have

effectively constrained the available phase space for anomalous couplings to the

per mil level. The best constraints are set for the fΛ1 and fa3 for the AC and

the SMEFT interpretations, respectively. Table 7.1 compares our results with the

constraints set by the HZZ and Hττ analyses.

Table 7.1: Comparison of the best HVV constraints set by the HWW analysis
to the HZZ and Hττ analyses.

Analysis fai Observed (x10−3) Expected (x10−3)
68% CL 95% CL 68% CL 95% CL

HVV Approach 1 fΛ1

HWW -0.2 [-0.5, 0.0] [-1.4, 0.7] 0.0 [-0.2, 0.5] [-0.6,1.4]
HZZ 0.04 [0.02, 0.22] [0.14, 0.60] 0.0 [0.16, 0.26 ] [0.69, 1.10 ]
Hττ -0.12 [0.08, -0.10] [-0.34, 0.01] 0.0 [0.19, -0.05] [-0.15,0.55]
Combination HZZ+Hττ -0.04 [0.04, -0.08] [-0.22, 0.16] 0.0 [0.11, -0.04] [-0.11,0.38]
HVV Approach 2 fa3
HWW 0.34 [-0.69, 3.4] [-8.0, 361.5] 0.0 [-1.0,1.2] [-4.3,5.3]
HZZ 0.05 [0.10, 0.61] [0.72, 2.18] 0.0 [1.2, 1.2] [5.7, 5.7]
Hττ 0.4 [-0.33, 0.53] [-0.01, 1.90] 0.0 [-0.08, 0.08] [-0.33,0.33]
Combination HZZ+Hττ 0.28 [0.39, -0.23] [-0.01, 1.28] 0.0 [-0.08, 0.08] [-0.30,0.30]
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Personal contributions

In the CMS publication, CMS Performance Note CMS DP-2022-001 [151], I shared

the findings of my research contributions related to the calibration of new elec-

tronics and the stability of time measurements. Specifically, I conducted a study

on stability by utilizing Test Pulse signals generated by the Phase-1 system. This

involved injecting simultaneous pulses into all wires and analyzing the resulting

TDC times and Phase-2 electronics readouts. The study demonstrated that the

Phase-2 system exhibits remarkable stability and performs even better than the

required specification of 1 ns. As part of the Slice Test project for CIEMAT, I

participated in the development of a valuable monitoring tool for the HL-LHC DT

chambers. Lastly, I had the opportunity to present these significant findings at

the LHCC Conference in November 2021.

Regarding the Higgs boson AC studies, I served as the contact person for the

analysis, which implies coordinating activities for the analysis team, keeping the

results up to date and visible to the HEP community. Within the technical part

of the analysis, my role involved analyzing the complete set of Run 2 pp collision

data collected by the CMS detector at 13 TeV, with a focus on ggH, VBF, and

VH channels. This analysis was performed for the first time utilizing this set of

data. Specifically, I conducted a full analysis of the VBF and VH channels and

combined all categories to provide an interpretation in terms of a SM EFT. We also

included for the first time in a Higgs AC analysis a boosted VH channel to exploit

the features of AK8 jets and their substructure. To extract meaningful results

within the context of the SM EFT interpretation, I developed multidimensional

kinematic discriminants that allowed for the simultaneous constraint of multiple

anomalous couplings. Additionally, I continuously led the efforts of the analysis

team to move the AC analysis through the CMS internal review and regularly

present our findings to the CMS community at conferences and meetings. As part

of this engagement, I participated in the Higgs 2022 conference held in Pisa, where

I gave a parallel talk about EFT-related analysis of the CMS Collaboration.

At the beginning of my Ph.D., I made significant contributions to the Lepton

Flavour Violation analysis, focusing on two channels that are forbidden by the

Standard Model: H→ µτ and H→ eτ . Specifically, this analysis explored sce-

narios where the τ lepton decays either leptonically or hadronically, aiming to

search for off-diagonal couplings in the Yukawa matrix that deviate from zero. To

conduct this study, we utilized the miniAOD samples corresponding to the CMS
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Run 2 dataset, with particular emphasis on the ggH and VBF production modes.

The results were obtained through a fitting procedure using a Boosted Decision

Tree (BDT). Additionally, I performed a cross-check analysis using the nanoAOD

version of the samples, focusing on the µτe channel within the 2018 dataset. I

presented these findings at the ICHEP 2020 conference [152].





Appendix A

Non-prompt background

estimation method

Prompt leptons are leptons that directly emerge from the decay of particles re-

sulting from a collision or from the collision itself. In the case of a fully leptonic

decay of H → WW , two prompt leptons are expected to appear in the final state,

arising from the decay of the two W bosons. However, there are alternative sources

of leptons in the final state, including genuine leptons originating from the decay

of heavy-flavored hadrons or misidentified jets that are falsely classified as iso-

lated leptons. These instances contribute to the fake lepton background. In the

H → WW analysis, the main origin of background due to misidentified leptons

in the 0-jet category stems from events where W boson plus jets are mistakenly

identified. These events consist of a prompt lepton and neutrinos resulting from

the decay of the W boson. If one of the jets is incorrectly labeled as a prompt

lepton, the final state exhibits two leptons and missing energy, resembling the

desired state of interest. This misidentification is more prone to occur with lower

transverse momentum leptons, but it remains relevant across the entire range of

lepton phase space. In contrast, the 1-jet and 2-jet categories primarily encounter

the lepton misidentification background from semileptonic decays of top quark

pairs. Other background processes like QCD multijet events and fully hadronic

top quark pair decays could also generate non-prompt leptons. However, since

these processes involve two non-prompt leptons instead of just one, they are less

likely to contribute significantly to the background in the signal region. The con-

tribution of non-prompt leptons is not calculated using MC simulations due to the

inherent limitations in accurately reproducing instrumental behavior. Instead, a
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data-driven approach is employed to estimate the impact of this background. This

appendix outlines the methodology and the tests to validate its effectiveness.

The method

The objective is to count the number of events containing either a prompt lepton

(Np) or a non-prompt lepton (Nf ) within a sample of one-lepton events. These

events are selected based on specific identification criteria similar to those em-

ployed in the H → WW analysis. To determine these counts, we utilize informa-

tion regarding the number of events with one loosely identified lepton (Nl). These

events can either contain one tightly identified lepton (Nt1) or no tightly identified

leptons (Nt0). The following relationships apply:


Nℓ = Np +Nf = Nt0 +Nt1

Nt0 = (1− p)Np + (1− f)Nf

Nt1 = pNp + fNf

(A.1)

where f and p are defined as follows:

• The fake rate (f) represents the likelihood of a nonprompt lepton meeting

the loose criteria and further satisfying the corresponding stringent selection

as well.

• The prompt rate (p) is the probability of a real prompt lepton that passes the

loose criteria to also pass the corresponding tight selection. It is therefore

very close to one and much higher than the fake rate.

By inverting these equations, it is possible to derive the contribution from prompt

and nonprompt leptons as a function of the probabilities of lepton identification

as tight and the observed count of tight leptons.{
Np =

1
p−f · [(1− f)Nt1 − fNt0]

Nf =
1

p−f · [pNt0 − (1− p)Nt1]
(A.2)

Using the provided expression, the nonprompt contribution (Nf ) can be obtained

from a data sample. This involves multiplying the number of events by a weight

of p if there is a loose but not tight lepton or 1−p if there is a tight lepton. In
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section 2.3.1, the definitions for electrons and muons were outlined, specifying both

“tight” and “loose” criteria for each particle. Now, we utilize those definitions to

compute the fake and prompt rates.

Eq. A.1 can be extended to the two-lepton final state as:


Nℓℓ = Npp +Nfp +Nff = Nt2 +Nt1 +N0

Nt0 = (1− p)2Npp + (1− p)(1− f)Nfp + (1− f)2Nff

Nt1 = 2p(1− p)Npp + (f(1− p) + p(1− f))Nfp + 2f(1− f)Nff

Nt2 = p2Npp + pfNfp + f 2Nff

(A.3)

In the case of the two-lepton final state, where Nℓℓ represents the number of events

with two leptons satisfying the loose criteria, Npp, Nfp, and Nff correspond to the

number of events with zero, one, or two non-prompt leptons, and Nt0, Nt1, and

Nt2 indicate the number of events with zero, one, or two tight leptons. These

equations can once again be inverted to deduce the contribution of fake leptons,

establishing a relationship between the number of prompt and fake leptons and

the number of tight and loose leptons.
Npp

Nfp

Nff

 =
1

(p− f)2


f2 −f(1− f) (1− f)2

−2fp p(1− f) + f(1− p) −2(1− p)(1− f)

p2 −p(1− p) (1− p)2



Nt0

Nt1

Nt2

 (A.4)

By utilizing the lepton fake and prompt rates, it becomes possible to establish a

connection between events featuring zero, one, or two tight leptons and events with

zero, one, or two non-prompt leptons. This information is leveraged to estimate

the non-prompt background by analyzing the data events that involve two loose

leptons fulfilling the remaining selection criteria while applying the appropriate

weights computed using Eq. A.4.

The computation of the fake rate involves utilizing a control region that contains

a significant number of non-prompt leptons. It is important to note that the

method assumes the fake rate in the signal region is equivalent to that observed in

the control regions where it is determined, although this may not always hold true.

One of the primary factors that can lead to variations is the detector response,

which can differ for leptons with distinct kinematic properties. To address this, the

rates are computed as a function of lepton η and pT, thereby taking into account

the potential disparities between processes.
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Control region plots
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Figure B.1: VBF related distributions in top 2-jet CR for the 2017 dataset.
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Figure B.2: VBF related distributions in DYττ 2-jet CR for the 2017 dataset.
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Figure B.3: VBF related distributions in WW 2-jet CR for the 2017 dataset.
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Figure B.4: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in top 2-jet CR for the 2017 dataset.
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Figure B.5: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in DYττ 2-jet CR for the 2017 dataset.

-
VH 0D

50

100

150

200

250

E
ve

nt
s 

/ 0
.0

5 
un

it

 [577.8]ttW and t WW [234.9]

nonprompt [60.4] Multiboson [18.7]

DY [6.7] SM h [0.6]

Data [899.0] Syst. [898.9]

L =  41.53/fb (13 TeV)CMS Preliminary

0 0.2 0.4 0.6 0.8 1

-
VH 0D

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(a) D0−
VH

VH CPD

0

50

100

150

200

250

300

350

400

450

E
ve

nt
s 

/ 0
.1

 u
ni

t

 [577.8]ttW and t WW [234.9]

nonprompt [60.4] Multiboson [18.7]

DY [6.7] SM h [0.6]

Data [899.0] Syst. [898.9]

L =  41.53/fb (13 TeV)CMS Preliminary

1− 0.5− 0 0.5 1

VH CPD

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(b) DCP
VH

-
V*H 0D

0

1

2

3

4

5

6

7

8

9

E
ve

nt
s 

/ 0
.1

 u
ni

t

 [5.7]ttW and t WW [4.7]

nonprompt [-0.2] Multiboson [1.2]

DY [0.0] SM h [0.0]

Data [12.0] Syst. [11.5]

L =  41.53/fb (13 TeV)CMS Preliminary

0 0.2 0.4 0.6 0.8 1

-
V*H 0D

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(c) D0−
VH

V*H CPD

0

1

2

3

4

5

6

7

E
ve

nt
s 

/ 0
.1

 u
ni

t

 [5.7]ttW and t WW [4.7]

nonprompt [-0.2] Multiboson [1.2]

DY [0.0] SM h [0.0]

Data [12.0] Syst. [11.5]

L =  41.53/fb (13 TeV)CMS Preliminary

1− 0.5− 0 0.5 1

V*H CPD

0.5

1

1.5

D
at

a/
E

xp
ec

te
d

(d) DCP
VH

Figure B.6: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in WW 2-jet CR for the 2017 dataset.
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2-jet ggH channel
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Figure B.7: 2-jet ggH related distributions in the top 2-jet CR for the 2017
dataset
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Figure B.8: 2-jet ggH related distributions in the DYττ CR for the 2017
dataset
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Figure B.9: 2-jet ggH related distributions in the WWCR for the 2017 dataset



Appendix B. Control region plots 215

0-jet and 1-jet ggH channels
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Figure B.10: Top 0-jet (A, B) and 1-jet (C, D) CR distributions for 2017
datasets.
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Figure B.11: DYττ 0-jet (A, B) and 1-jet (C, D) CR distributions for 2017
datasets.
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Figure B.12: VBF related distributions in top 2-jet CR for the 2018 dataset.
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Figure B.13: VBF related distributions in DYττ 2-jet CR for the 2018 dataset.
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Figure B.14: VBF related distributions in WW 2-jet CR for the 2018 dataset.
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Figure B.15: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in top 2-jet CR for the 2018 dataset.
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Figure B.16: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in DYττ 2-jet CR for the 2018 dataset.
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Figure B.17: Resolved VH (A, B) and Boosted VH (C, D) related distributions
in WW 2-jet CR for the 2018 dataset.
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2-jet ggH channel
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Figure B.18: 2-jet ggH related distributions in the top 2-jet CR for the 2018
dataset
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Figure B.19: 2-jet ggH related distributions in the DYττ CR for the 2018
dataset
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Figure B.20: 2-jet ggH related distributions in the WW CR for the 2018
dataset
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0-jet and 1-jet ggH channels
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Figure B.21: Top 0-jet (A, B) and 1-jet (C, D) CR distributions for 2018
datasets.
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Figure B.22: DYττ 0-jet (A, B) and 1-jet (C, D) CR distributions for 2018
datasets.
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Impacts

Both expected (fit on MC toys) impacts before unblinding and observed (fit on

data) impacts are presented. Expected impacts are shown for small but non-zero

values of the fai while in the case of observed impacts, correlations correspond to

the fai best-fit value. For both cases, the signal strength parameters, µV and µF ,

have a significant impact on the result. The precision on these parameters, which

are always profiled, is limited by the number of signal Higgs events. The following

pages present:

1. HVV a3 coupling - expected and observed impacts.

2. HVV a2 coupling - expected and observed impacts.

3. HVV Λ1 coupling - expected and observed impacts.

4. HVV ΛZγ1 coupling - expected and observed impacts.

5. Hgg a3 coupling - expected and observed impacts.

6. SMEFT HVV a3 coupling - expected and observed impacts.

7. SMEFT HVV a2 coupling - expected and observed impacts.

8. SMEFT HVV Λ1 coupling - expected and observed impacts.
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Expected (top) and observed (bottom) impacts

for the HVV a3 coupling
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Expected (top) and observed (bottom) impacts

for the HVV a2 coupling
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Expected (top) and observed (bottom) impacts

for the HVV Λ1 coupling
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Expected (top) and observed (bottom) impacts

for the HVV ΛZγ1 coupling
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Hgg a3 coupling - expected impacts
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Expected (top) and observed (bottom) impacts

for the SMEFT HVV a3 coupling

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

2− 1− 0 1 2
θ∆)/0θ-θ(

CMS_hww_WWnorm2j

CMS_scale_JESHF

CMS_btag_DeepFlav_cferr2

CMS_eff_e_2018_hww2l2v_13TeV_of2j_vbf_hipn

CMS_scale_JESRelativeSample_2018

prop_binhww2l2v_13TeV_of2j_vbf_hinp_18_bin8

CMS_fake_syst_2018_hww2l2v_13TeV_of2j_vbf_hipn

prop_binhww2l2v_13TeV_of2j_vbf_hipp_17_bin8

CMS_hww_Topnorm1j

CMS_hww_Topnorm0j

CMS_eff_e_2017_hww2l2v_13TeV_of2j_vbf_hipp

CMS_eff_e_2017_hww2l2v_13TeV_of2j_vbf_hipn

CMS_scale_mVjmr_2016

CMS_scale_met_2017

prop_binhww2l2v_13TeV_of2j_vbf_hipp_18_bin8

prop_binhww2l2v_13TeV_of2j_vbf_hipp_17_bin7

CMS_btag_DeepFlav_cferr1

prop_binhww2l2v_13TeV_of2j_vbf_hipn_17_bin5

CMS_eff_e_2018_hww2l2v_13TeV_of2j_vbf_hipp

prop_binhww2l2v_13TeV_of2j_vbf_hipp_16_bin7

CMS_PUID_2016

muF

CMS_hww_DYttnorm2j_2018

CMS_eff_hwwtrigger_drllrw_2017

prop_binhww2l2v_13TeV_of2j_vbf_hipp_18_bin7

CMS_scale_JESAbsolute

CMS_scale_JESFlavorQCD

prop_binhww2l2v_13TeV_of2j_vbf_hipn_18_bin5

CMS_eff_hwwtrigger_drllrw_2018

muV
0.14−
0.14+1.00

0.07−
0.07+1.00

0.12−
0.12+1.00

0.08−
0.09+1.00

0.04−
0.05+1.00

0.21−
0.22+1.00

CMS Internal

0.02− 0 0.02

Fa3∆Pull  Impactσ+1  Impactσ-1

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.023−

0.033+ = 0.100Fa3

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

2− 1− 0 1 2
θ∆)/0θ-θ(

prop_binhww2l2v_13TeV_of2j_Vh_hip_16_bin0_top

prop_binhww2l2v_13TeV_of2j_vbf_hinp_16_bin7

QCDscale_top_2j_2018

CMS_scale_JESAbsolute_2016

prop_binhww2l2v_13TeV_of2j_vbf_hipp_18_bin10

prop_binhww2l2v_13TeV_of2j_Vh_hip_16_bin3_Dyemb

prop_binhww2l2v_13TeV_of2j_vbf_hinp_18_bin8

CMS_hww_Topnorm2j

muF

CMS_scale_JESRelativeSample_2018

CMS_scale_JESRelativeSample_2017

prop_binhww2l2v_13TeV_of2j_vbf_hinp_17_bin7

CMS_scale_JESFlavorQCD

prop_binhww2l2v_13TeV_of2j_vbf_hinn_18_bin7

CMS_btag_DeepFlav_lf

prop_binhww2l2v_13TeV_of2j_Vh_hin_17_bin2_top

CMS_scale_JESAbsolute

CMS_scale_JESRelativeBal

CMS_scale_JESRelativeSample_2016

CMS_hww_WWnorm2j_2016

prop_binhww2l2v_13TeV_of2j_vbf_hinn_18_bin8

prop_binhww2l2v_13TeV_of2j_Vh_hin_17_bin2_Fake

prop_binhww2l2v_13TeV_of2j_Vh_hip_18_bin3

CMS_hww_Topnorm0j

prop_binhww2l2v_13TeV_of2j_vbf_hinn_17_bin8

CMS_hww_WWnorm2j

prop_binhww2l2v_13TeV_of2j_Vh_hin_18_bin0_Fake

prop_binhww2l2v_13TeV_of2j_Vh_hin_17_bin2_Dyemb

CMS_hww_Topnorm1j

muV
0.24−
0.19+0.88

0.05−
0.05+0.95

0.18−
0.19+0.55

0.09−
0.11+1.02

0.29−
0.29+0.57

0.12−
0.12+0.90

0.033−
0.035+0.976

CMS Internal

0.001− 0 0.001

Fa3∆Pull  Impactσ+1  Impactσ-1

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.0017−

0.0027+ = 0.0008Fa3



Appendix C. Impacts 228

Expected (top) and observed (bottom) impacts

for the SMEFT HVV a2 coupling
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Expected (top) and observed (bottom) impacts

for the SMEFT HVV Λ1 coupling
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