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Abstract

The Higgs boson is the last observed piece of the Standard Model of particle physics,

and due to its couplings to other fundamental particles, provides a promising portal

through which we can potentially probe new physics beyond the Standard Model.

This thesis revolves around an analysis which incorporates the full Run 2 dataset from

the CMS experiment at the LHC to make precision measurements of the Higgs boson,

utilizing a combination of its on- and off-shell production. It also sets the stage for

novel extensions to analysis of Higgs boson production in the off-shell region, so that

future endeavors can better constrain coupling strengths between the Higgs boson and

other particles in the search for Beyond-the-Standard-Model (BSM) physics.
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Chapter 1

Introduction

In a sense, Democritus can be regarded as the intellectual father of what we now

recognize as “particle physics.” The ancient Greek atomists, including Democritus

and his mentor Leucippus, proposed that all substances observed in the natural world

could be reduced to a set of indivisible, fundamental constituents they termed “atoms.”

According to their philosophical framework, these atoms were eternal, indestructible,

and varied only in shape, size, and motion, thereby giving rise to the macroscopic

diversity of materials. This notion, while purely speculative, laid the groundwork for

later scientific developments concerning the composition of matter [1].

By the 19th century, the concept of atoms had been refined and formalized within

the framework of chemistry, where the term “atom” came to denote the smallest unit

of a chemical element that retains its identity in a reaction. However, the atomic

theory of chemistry, as it developed through the work of figures like John Dalton,

Dmitri Mendeleev, and later Niels Bohr, eventually revealed that these so-called atoms

were not, in fact, indivisible. Advances in experimental physics, particularly the

discovery of the electron by J.J. Thomson in 1897 and the atomic nucleus by Ernest

Rutherford in 1911, demonstrated that what chemists referred to as “atoms” were

themselves composite structures, composed of subatomic particles—electrons, protons,

and neutrons [1]. Thus, the original atomist vision of fundamental, structureless

building blocks found a more fitting realization not at the atomic scale, but in what

modern physics refers to as elementary particles.

1



Chapter 1. Introduction

To contextualize the significance of the analysis presented in this thesis, it is essential to

first examine the Standard Model of particle physics. The Standard Model represents

the most comprehensive theoretical framework for classifying and describing the

fundamental particles and their interactions, as currently understood. Developed over

the course of the mid-20th century, with its foundations laid in quantum field theory

and gauge symmetries, the Standard Model reached its modern formulation in the

1970s. It successfully unifies three of the four fundamental forces—the electromagnetic

force, the weak nuclear force, and the strong nuclear force—within a single theoretical

structure, while classifying all known elementary particles into two broad categories:

fermions, which constitute matter, and bosons, which mediate interactions.

Despite its tremendous success, both in terms of predictive power and its alignment

with experimental data, the Standard Model is known to be incomplete. While it

provides an extraordinarily accurate description of particle interactions at accessible

energy scales, it does not incorporate gravity, nor does it account for dark matter,

dark energy, or the observed mass hierarchy of elementary particles. Nevertheless, it

remains the most rigorously tested and empirically validated theory of fundamental

particles to date. The discovery of the Higgs boson at the Large Hadron Collider in

2012 provided the final experimental confirmation of the Standard Model’s mechanism

for mass generation of elementary particles, reinforcing its status as a cornerstone

of modern physics. Yet, ongoing research continues to probe the limitations of this

framework, seeking insights that may lead to a deeper, more fundamental theory that

extends beyond the Standard Model.

2



Chapter 2

The Theory

2.1 The Standard Model of particle physics

2.1.1 Elementary particles

Elementary particles are the most fundamental constituents of the universe, forming

the basis of all known matter and mediating the fundamental forces that govern

physical interactions. These particles, as described by the Standard Model (SM) of

particle physics illustrated in Figure 2.1, are not composed of any smaller constituents

that we know of and are broadly classified into fermions, which constitute matter, and

bosons, which mediate interactions.

Fermions are divided into two distinct families: quarks and leptons. A fundamental

property of quarks is color charge, which confines them within composite particles

called hadrons, preventing their isolation in nature. They come in six flavors—up,

down, charm, strange, top, and bottom—each possessing unique masses and charge

properties. Quarks are susceptible to all fundamental forces, but interact predominantly

via the strong force, which grows stronger as quarks attempt to separate, ensuring that

they exist as elementary components of color-neutral bound states such as baryons

(e.g., protons and neutrons) and mesons (e.g., pions).

Leptons, unlike quarks, are elementary particles that do not experience the strong force.
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Figure 2.1: Particle content of the Standard Model.

The three charged leptons—electron, muon, and tau—interact via the electromagnetic

and weak forces, while their corresponding neutrinos (electron neutrino, muon neutrino,

and tau neutrino) interact only through the weak force. Neutrinos are particularly

intriguing due to their extremely small masses and their ability to oscillate between

different flavors.

2.1.2 Forces and symmetries

Fundamental interactions in quantum field theory arise from the exchange of gauge

bosons, which mediate three of the fundamental forces at work in the universe: the

strong force, the weak force, and the electromagnetic force. They work over different
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ranges and have different strengths: the electromagnetic force has infinite range and

can predominantly drive interactions at intermediate scales; the weak and strong

forces are effective only over a very short range and dominate at the level of subatomic

particles. The weak force is so named because it is the weakest of the three forces

at the scale of partons like quarks. The strong force, as the name suggests, is the

strongest of all fundamental interactions between elementary particles at similar scale.

The strong nuclear force is mediated by gluons, which carry the force that binds

quarks together to form protons, neutrons, and other hadrons. Unlike other force

carriers, gluons themselves possess color charge, allowing them to interact with one

another. At nuclear scales (approximately 1–3 femtometers), a residual effect of this

fundamental force termed the “nuclear force,” carried by mesons such as pions, binds

protons and neutrons together to form atomic nuclei.

The electromagnetic force, responsible for interactions between electrically charged

particles, is mediated by photons. This force contributes to macroscopic interactions

at various scales, from atomic bonding to everyday life (though significantly larger

scales are dominated by gravity), and has an infinite range, diminishing in strength

with the inverse square of the distance. The electromagnetic force is vastly stronger

than gravity but is often neutralized at larger scales due to the balance of positive

and negative charges in matter.

The weak interaction, mediated by the W and Z bosons, governs processes such as beta

decay, or neutrino interactions. The W bosons facilitate charged-current interactions,

enabling quarks to change flavor (e.g., converting a neutron into a proton in beta

5



Chapter 2. The Theory

decay) or transforming a lepton into its corresponding neutrino. The Z boson mediates

neutral-current interactions, which do not change particle identities but influence their

scattering behavior. Unlike the strong and electromagnetic forces, the weak force has

a highly limited range (10−18 meters), due to the large masses of the W and Z bosons,

which restrict their influence.

A fundamental question in early quantum field theory was why the strong and weak

interactions are not long-range, and why there exists only a residual nuclear force

outside the proton. Goldstone’s theorem, a critical result in quantum field theory,

originally suggested that any spontaneously broken continuous symmetry would

necessarily yield massless scalar bosons [1]. This posed a major theoretical challenge,

as no such massless particles were observed in experiments involving the weak force.

It was thus believed that Yang-Mills gauge theories, which rely on local symmetries,

could not correctly describe the weak interaction, since they would seemingly predict

unobserved massless bosons.

However, this reasoning was incomplete. In the case of the strong interaction, the

resolution lies in the non-abelian nature of quantum chromodynamics (QCD). Unlike

electromagnetism, where photons interact with charged particles but remain neutral

themselves, gluons possess color charge and therefore interact not only with quarks

but also with each other. This self-interaction of gluons inside nuclei gives rise to

“confinement:” quarks and gluons are permanently bound within hadrons such as

protons and neutrons, and the strong force does not manifest significantly beyond

nucleonic scales. While the strong force is immensely powerful at short distances, its

effects are effectively screened at larger distances and from outside the proton, there’s
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almost no evidence of the strong force.

However, a completely different mechanism is responsible for the short range of the

weak force. It turns out that the Higgs field, which permeates all of space, undergoes

spontaneous symmetry breaking, providing a mass mechanism for the weak gauge

bosons. In the SM, the electroweak symmetry group SU(2)L ×U(1)Y is spontaneously

broken to the electromagnetic subgroup U(1)EM by the Higgs vacuum expectation

value, or VEV. This breaking mechanism gives mass to the W and Z bosons while

leaving the photon massless, thereby allowing electromagnetism to remain long-range

while restricting the weak force to subatomic scales. Despite the weak interaction’s

intrinsic coupling strength, the large masses of its mediators ensure that weak processes

occur only over extremely short distances, making the weak force appear weak at

macroscopic scales.

2.2 The Higgs mechanism

The origins of the Higgs mechanism can actually be traced to condensed matter physics,

where Philip Anderson, in his 1963 paper on gauge invariance in superconductors,

suggested that a field permeating space could confer mass to otherwise massless

gauge bosons. This idea laid the groundwork for the development of a relativistic

field-theoretic framework that could explain the mass of weak interaction bosons.

In 1964, several independent groups formalized this concept within the context of

particle physics. François Englert and Robert Brout first published a paper describing

spontaneous symmetry breaking in gauge theories, demonstrating how vector bosons
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could acquire mass without violating gauge invariance. Shortly thereafter, Peter Higgs

elaborated on this mechanism and explicitly predicted the existence of a new scalar

boson, now known as the Higgs boson. Around the same time, Gerald Guralnik, Carl

Hagen, and Tom Kibble presented an alternative but equivalent formulation of the

same underlying physics. This collective work established what is now recognized as

the Higgs mechanism.

In 1967, Steven Weinberg incorporated the Higgs mechanism into electroweak theory,

building upon Sheldon Glashow’s earlier work. Glashow had introduced a unified

framework for the weak and electromagnetic interactions, postulating the existence of

the W and Z bosons along with the photon. However, his model required a mechanism

to break symmetry while preserving gauge invariance. Weinberg demonstrated that the

Higgs field could accomplish this, allowing for the spontaneous breaking of electroweak

symmetry and thereby endowing the W and Z bosons with mass while keeping the

photon massless. Around the same time, Abdus Salam independently developed a

similar theory. The electroweak theory, formulated by Glashow, Weinberg, and Salam,

was instrumental in shaping the SM and earned the three physicists the 1979 Nobel

Prize in Physics.

A major hurdle for early versions of the electroweak theory was the question of

renormalizability—whether the theory could yield finite, predictive results at all

energy scales. In 1971, Gerard ’t Hooft, under the supervision of Martinus Veltman,

demonstrated that gauge theories with spontaneously broken symmetry, including

the electroweak theory, were renormalizable. This work provided the final theoretical

validation of the SM framework and solidified the Higgs mechanism as a cornerstone
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of modern particle physics.

Although widely referred to as the Higgs boson, some physicists have suggested that

its name should reflect the collective contributions of multiple researchers. The term

“ABEGHHK’tH boson” has been proposed, incorporating the initials of Anderson,

Brout, Englert, Guralnik, Hagen, Higgs, Kibble, and ’t Hooft. However, historical

convention has cemented the use of “Higgs boson” in both scientific and popular

discourse.

In today’s SM, the Higgs field is introduced as a complex scalar doublet under the

electroweak gauge group SU(2)L × U(1)Y :

Φ =

⎛⎜⎜⎜⎜⎜⎜⎝
ϕ+

ϕ0

⎞⎟⎟⎟⎟⎟⎟⎠ , (2.1)

where ϕ+ and ϕ0 are complex scalar fields. This field transforms under SU(2)L ×U(1)Y

as Φ → eiαaτa
eiβY Φ, where τa are the generators of SU(2), and Y is the hypercharge.

The dynamics of the Higgs field are governed by the Higgs potential:

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2. (2.2)

The form of this potential depends on the sign of the real-valued parameter µ2. If
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µ2 > 0, the minimum of V (Φ) occurs at Φ = 0, preserving the full electroweak

symmetry. If µ2 < 0, the potential acquires a “Mexican hat” shape, leading to

spontaneous symmetry breaking (SSB) as illustrated in Figure 2.2.

Figure 2.2: Visualization of the characteristic “Mexican hat” shaped Higgs potential,
as parameterized by the two fields in the Higgs doublet.

For µ2 < 0, the Higgs field acquires a vacuum expectation value (VEV), breaking the

electroweak symmetry:

⟨Φ⟩ = 1√
2

⎛⎜⎜⎜⎜⎜⎜⎝
0

v

⎞⎟⎟⎟⎟⎟⎟⎠ . (2.3)

Here, v is determined by minimizing the potential1:

1Experimentally, the VEV is found to be approximately v ≈ 246 GeV.
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v =
√︄

−µ2

λ
. (2.4)

The Higgs field interacts with the electroweak gauge bosons via the covariant derivative:

DµΦ =
(︂
∂µ − igW a

µ τ
a − ig′BµY

)︂
Φ. (2.5)

Expanding around the VEV and extracting the quadratic terms in the Lagrangian,

the mass terms for the gauge bosons emerge. The kinetic term for the Higgs field,

(DµΦ)†(DµΦ), (2.6)

yields mass terms for the weak bosons:

MW = 1
2gv, MZ = 1

2

√︂
g2 + g′2v. (2.7)

The photon remains massless, as expected, since the Higgs mechanism only breaks

SU(2)L × U(1)Y down to U(1)EM.

Fermion masses arise through interactions of the Higgs field with the fermion fields.

The strengths of these interactions are dictated by so-called Yukawa couplings, which

take the form:
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LY = −yf ψ̄LΦψR + h.c. (2.8)

After the Higgs field acquires a VEV, this interaction produces mass terms proportional

to each fermion’s Yukawa coupling strength yf :

Mf = yfv√
2
. (2.9)

Thus, the Higgs mechanism provides a consistent and gauge-invariant way for the

weak bosons and fermions to acquire mass while preserving renormalizability. The

Higgs scalar field, through its spontaneous symmetry breaking, generates mass terms

for the W and Z bosons, while fermions gain mass through Yukawa interactions.

For decades, the Higgs boson remained the final missing piece of the SM. Its discovery

required a collider capable of reaching energy scales high enough to produce it. This

challenge was met by the Large Hadron Collider (LHC) at CERN, where the ATLAS

and CMS experiments, in 2012, independently observed a particle consistent with

the predicted properties of the Higgs boson. This landmark discovery confirmed the

Higgs mechanism and earned François Englert and Peter Higgs the 2013 Nobel Prize

in Physics.

While the Higgs boson’s discovery marked a triumph for the SM, it also highlighted

unresolved mysteries in fundamental physics. Among the persistent shortcomings of

the SM, we note that there is no inclusion of a force carrier for gravity, or so-called
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“graviton.” Furthermore, the SM still does not contain any description of dark matter,

which seems to outweigh visible matter roughly six to one. Or any explanation for the

matter-antimatter asymmetry that we observe in our universe, despite the fact that,

in principle, particles formed in the early universe should have had an equal chance of

becoming matter or antimatter.

Answers to these questions, or at least hints to guide our way, hinge upon the search

for evidence of physics Beyond the Standard Model (BSM). Given the extraordinary

success of the SM in describing the known fundamental particles and their interactions,

any necessary modifications or extensions to this framework are most effectively

probed through the observation of subtle anomalies, discrepancies between theoretical

expectations and precision measurements. The Higgs boson offers a natural point of

connection to potential new physics, particularly in the context of dark matter2. Since

dark matter must possess mass to interact gravitationally, it is plausible that dark

matter particles couple to the Higgs boson.

If dark matter (or any other anomalous particle) does indeed couple to the Higgs field,

then precise measurements of Higgs boson production and decay processes could reveal

subtle anomalies—shifts in branching ratios, invisible decays, or unexpected interaction

strengths—that point toward the existence of new, BSM particles. Thus, studying the

Higgs boson in unprecedented detail represents one of our most promising strategies

for uncovering the true nature of dark matter and extending our understanding of

fundamental physics beyond the SM.

2Dark matter remains elusive, with its non-gravitational interactions yet to be directly detected.
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2.3 Phenomenology of the off-shell Higgs boson

Since 2012, both ATLAS and CMS have observed a Higgs boson with mass around

125 GeV [2] [3] which is consistent with our SM expectations. The Higgs boson’s mass,

as the last free parameter of the SM, is necessarily determined experimentally and

is instrumental in our understanding of the SM, along with the Higgs boson’s other

properties such as its width and couplings to other particles. This is because the

Higgs mass relies on the value of λ as seen in 2.2, an a priori unknown free parameter.

It is also tied to the value of the Higgs boson width and µ2. Ergo, any precision

measurements of the Higgs boson are invaluable in our search for deviations from our

SM expectation.

Now, in the SM, “virtual” particles can have a mass that is different from the mass

that the particle would have if it were “real,” or physical. Inside a Feynman diagram3,

virtual particles can have any mass because they aren’t physical, stable particles;

they are excitations in quantum fields. This lets us draw Feynman diagrams with

intermediary particles of masses very different from their SM mass. An example of

this is illustrated in Figure 2.6 in which a Higgs boson (mH,SM ≈ 125 GeV) can decay

to two physical Z bosons (2mZ,SM ≈ 182 GeV). The SM mass, also referred to as the

“pole mass” is the mass value which matches the mathematical pole of each particle’s

renormalized propagator in momentum space. It can also be thought of as the physical

mass of the particle as observed, for example if measured in scattering experiments.

3Feynman diagrams are pictorial representations of interactions between subatomic particles. They
provide an intuitive way to illustrate and organize the many terms which arise in expansions of
quantum field theory (QFT) descriptions of such interactions.
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We call particles with masses away from their pole mass “off-shell.” This terminology

arises from the notion that a particle is produced “on the mass shell” when its invariant

mass4 matches the SM expectation, whereas an “off the mass shell” particle is produced

with invariant mass higher or lower than its nominal pole mass. This thesis will focus

on measurements of the off-shell Higgs boson, for reasons to be presented.

2.3.1 Production modes

At collision energies around 13 TeV, we certainly have enough energy to produce the

Higgs boson at the LHC, as observed in the plot of proton-proton cross sections in

Figure 2.3. To provide a sense of scale, assuming SM cross sections, ∼ 1 Higgs bosons

are produced every second. Further details are presented in Section 3.1.

Production occurs via four dominant modes which have the Feynman diagrams illus-

trated in Figure 2.4. As one can see, each of the dominant production diagrams begin

with quarks or gluons from the proton-proton collisions. Our dominant production

mode, gluon fusion, can be seen in Figure 2.4a and at leading order involves a quark

loop since the Higgs boson does not couple directly to the massless gluons. The

primary contribution is with a loop of top quarks (the heaviest quark), with a small

contribution from the bottom quark (the second heaviest). At higher order, radiated

gluons and other jets (created through QCD effects from the inital state gluons) can

be produced along with the Higgs boson.

The second most productive mechanism is vector boson fusion (VBF), shown in

4Note that the invariant mass is a Lorentz-invariant quantity defined from a particle’s four-momentum,
and includes both energy and momentum such that it remains constant regardless of boost or frame.
For on-shell particles, this coincides with the rest mass.
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Figure 2.4b, in which two vector bosons are radiated from our initial state quarks

and then interact to “fuse” and generate a Higgs boson. Because the W and Z vector

bosons have mass around 80-90 GeV, VBF can involve the radiation of hundreds of

GeV especially at higher energies when the vector bosons come on-shell. This means

that the two quark jets emitted from a VBF event characteristically possess large

transverse energies and are often emitted opposite each other.
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Figure 2.3: SM Higgs boson production cross sections as a function of mH at the
LHC at ECM = 13 TeV [4].

The third most common production mode for both on-shell and off-shell Higgs boson

production is associated production with a vector boson, or VH production. This is

also known as Higgs-strahlung production, since it closely resembles how a photon

can be radiated by an electron through Bremsstrahlung radiation. In VH production,

as seen in Figure 2.4c, two initial state quarks will produce an energetic vector boson

which radiates a Higgs boson. Such that a qq̄ initial state results in a VH final state.
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Finally, most of the remaining Higgs boson cross section comes from ttH production,

Figure 2.4d. This production mode, along with bbH and other less common mecha-

nisms, becomes less relevant in the production of the off-shell Higgs boson as one can

see in Figure 2.3. In the off-shell region (chosen to include energies above 220 GeV),

the relevant production modes to consider are ggH, VBF, and VH.
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Figure 2.4: Feynman diagrams for the dominant Higgs boson production modes at
the LHC: (a) gluon fusion (ggH), (b) vector boson fusion (VBF), (c) associated (VH)
production, and (d) tt̄H production.

2.3.2 Decay modes

The interaction strength of the Higgs boson with its decay products is directly

proportional to their masses. As illustrated in Figure 2.5a, at a Higgs boson mass

around 125 GeV, the dominant decay mode is H → bb̄, since the bottom quark is

the heaviest kinematically accessible fermion. However, as the Higgs boson’s mass
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increases beyond this threshold, decays into electroweak gauge bosons, specifically

H → WW and H → ZZ, become dominant due to their larger coupling strength and

enhanced phase space availability as there is enough energy for the vector bosons to

exist on-shell. The loop-induced processes H → γγ and H → Zγ have significantly

lower branching fractions, as the Higgs boson does not couple directly to massless

photons; these decays proceed via higher-order quantum corrections involving virtual

heavy particles in the loop, such as top quarks or W bosons.
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Figure 2.5: SM Higgs boson decay branching ratios (a) and total decay width (b) as
a function of mass mH [4]. In the off-shell region above 220 GeV, the Higgs boson
decay to a pair of vector bosons dominates. We see an enhancement of the Higgs
boson width at energies above 2mV when the two vector bosons become on-shell.

The experimental sensitivity of a given decay channel is determined not only by the

branching fraction but also by factors such as the mass resolution of reconstructed final

states and the level of irreducible and reducible backgrounds. The H → bb̄ channel,

despite its large branching ratio, suffers from overwhelming quantum chromodynamic

(QCD) backgrounds and poor mass resolution, making precise measurements chal-
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lenging. The H → WW decay, while more distinctive, involves final-state neutrinos

that escape detection, leading to missing transverse energy and complications in fully

reconstructing the Higgs boson’s invariant mass.

The H → ZZ channel provides a particularly clean final state, especially in the fully

leptonic decay mode H → ZZ → 4ℓ (where ℓ = e, µ). This process benefits from a

low background contamination, fully reconstructible decay products, and excellent

mass resolution, making it an optimal channel for precision measurements of the Higgs

boson properties. As a result, this thesis will primarily focus on the H → ZZ decay

mode for detailed studies of the Higgs boson, as visualized in Figure 2.6.

H(∗)

ℓ−

ℓ+

ℓ−

ℓ+

Z

Z(∗)

Figure 2.6: Feynman diagram for the decay H(∗) → ZZ(∗) → 4ℓ.

2.4 Properties of the Higgs boson

One of the most effective ways to investigate potential deviations from SM predictions

is through precise measurements of the properties of the Higgs boson. As an extremely

short-lived particle, the Higgs boson rapidly decays into lighter particles, and its finite

lifetime τ is inherently connected to the width Γ of its resonance via the uncertainty

principle, Γ = ℏ/τ . This width can be interpreted as the intrinsic uncertainty in the
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particle’s mass. Since the decay rate of the Higgs boson is dictated by its couplings to

other particles, any deviation from SM predictions in these couplings would manifest

as an alteration in its total width. Consequently, high-precision studies of the Higgs

sector, particularly measurements of ΓH , provide an indirect but highly sensitive probe

of BSM physics, including possible exotic decay channels or modifications to Higgs

boson interactions.

For particles with broad resonances, the total width can be extracted directly from the

Breit–Wigner line shape, which characterizes the probability distribution of invariant

mass around the nominal mass of the particle. However, the Higgs boson presents a

unique challenge in this regard. Due to its extremely short lifetime, the corresponding

resonance width is remarkably narrow relative to its mass, making direct measurement

from the line shape infeasible. Even in the so-called “golden channel,” where the

Higgs boson decays via H → ZZ → 4ℓ (a channel renowned for its clean experimental

signature and excellent mass resolution), the finite detector resolution limits the

direct width measurement to an uncertainty of approximately 1 GeV. This is orders

of magnitude larger than the predicted SM Higgs boson width of around 4 MeV,

rendering a direct determination of ΓH at the peak practically impossible.

Given these limitations, alternative methods must be employed to infer the Higgs

boson’s width. One such approach involves off-shell Higgs boson production, where

measurements in kinematic regions far from the Higgs boson pole mass can provide

indirect sensitivity to its total width. This method separates Higgs boson-mediated

and non-resonant background processes, and utilizes the observed yields of Higgs boson

events to extract a measurement of ΓH that is not constrained by detector resolution.
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The ability to probe the Higgs boson width through such indirect techniques represents

a significant contribution to current precision Higgs boson studies in the ongoing

search for deviations from the SM and potential new physics.

2.5 Off-shell technique

In this thesis, we employ the “off-shell technique,” originally developed by Caola

and Melnikov [5] and implemented by the CMS collaboration [6], which currently

provides the most stringent constraints on the Higgs boson total width. This method

exploits Higgs boson production in two distinct kinematic regimes: the “on-shell”

region, defined in this case within the invariant mass window of 105 to 140 GeV, and

the “off-shell” region, characterized by Higgs boson candidates exceeding 220 GeV.

Figure 2.7: A published sketch of the Higgs boson mass distribution reconstructed
from ZZ decays. The peak on the left marks on-shell production while the broad
shoulder on the right represents the off-shell process. Beware that the corresponding
rates indicated here are not to scale.
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A seminal study conducted in 2013 by researchers at Johns Hopkins University [5]

demonstrated that the total width of the Higgs boson, ΓH , can be inferred by relating

the production rates of on-shell and off-shell Higgs bosons. Specifically, by measuring

the rate of Higgs boson production through gluon fusion and subsequent decay via

the so-called “golden channel” (H∗ → ZZ → 4ℓ), a direct, resolution-constrained

measurement of the Higgs boson width can be circumvented. Instead, a precise,

statistically limited determination of ΓH is achieved by taking the ratio of off-shell to

on-shell Higgs boson event yields [7]. The proportionalities

σon-shell
V V →H→4ℓ ∝ µV V H

1
ΓH

and σoff-shell
V V →H→4ℓ ∝ µV V H , (2.10)

where µV V H is the signal strength modifier (defined as the ratio of the observed to

expected number of on-shell 4ℓ events), give us the relationship

ΓH ∝ σoff-shell
V V →H→4ℓ/σ

on-shell
V V →H→4ℓ. (2.11)

Since the off-shell to on-shell Higgs boson cross section ratio scales proportionally with

ΓH , this method provides a highly sensitive probe of the Higgs boson width.

This approach offers several advantages. In the decay of an on-shell Higgs boson

to a pair of massive vector bosons (e.g., ZZ), at least one of the Z bosons must be

produced off-shell due to the Higgs boson mass being below the kinematic threshold of

2mZ ≈ 180 GeV. However, in the off-shell regime (mH > 220 GeV), the Higgs boson

can decay into two fully on-shell Z bosons, each with a mass of approximately 91 GeV.
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This results in a significant enhancement5 of the off-shell Higgs boson production

rate at high invariant masses, thereby increasing the available event statistics and

improving the precision of the width determination.

Furthermore, the focus on Higgs boson decays via the ZZ → 4ℓ channel ensures a

clean experimental signature with excellent mass resolution, while also enhancing

sensitivity to potential deviations in the Higgs’ couplings to vector bosons. As a result,

this method not only facilitates a precise measurement of the Higgs boson width but

also serves as a robust probe of anomalous contributions to the Higgs–vector boson

interaction vertex (HVV). With the LHC operating at a center-of-mass energy of 13.6

TeV in Run 3, the anticipated increase in high-energy collisions will further enhance

the statistical power of this technique, enabling even more stringent tests of potential

BSM physics.

2.6 Higgs boson couplings

In the SM, the Higgs boson couples to gluons via quark loops with Yukawa interactions,

where the dominant contribution arises from the top-quark loop, as illustrated in

Figure 2.4a. But BSM physics could allow for contributions from new heavy particles

in this loop. Yukawa couplings also govern direct interactions with fermion-antifermion

pairs, such as in tt̄H and bb̄H production. These interactions are less relevant at high

energies due to their suppression, shown in Figure 2.3, but they are included in the

analysis of on-shell Higgs boson production under similar assumptions as for gluon

5This enhancement is “significant” relative to the dramatic suppression of production as the Higgs
boson moves off-shell. Overall, the off-shell range only accounts for ∼ 14% of the total number of
Higgs boson events.
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fusion.

The Higgs boson couples to the electroweak vector bosons in HVV vertices, without

the need for quark mediators. Since we are targeting off-shell Higgs boson production,

we have one such vertex on the production sides of two of our primary Feynman

diagrams, VBF and VH. And because of our focus on the H → ZZ decay channel, we

have additional HVV vertices in all of our Feynman diagrams on the decay side. This

makes us particularly sensitive to the HVV amplitude overall, which we can use to

our advantage.

Beyond the Higgs boson couplings to SM particles, we can also incorporate anomalous

coupling strength terms which can be constrained to develop Effective Field Theory

(EFT) descriptions. Some examples of familiar vertices in Feynman diagrams that

can feature anomalous EFT contributions are shown in Figure 2.8. The anomalous

contributions are treated as deviations in the Higgs boson’s interactions with two gauge

bosons. These anomalous couplings can manifest in both Higgs boson production and

decay, regardless of the invariant mass at which the Higgs boson is produced.

2.6.1 Amplitude EFT couplings

We assume that the Higgs boson couples to two gauge bosons VV, such as WW,

ZZ, Zγ, or γγ, which in turn couple to fermions. These fermions appear either as

four-lepton final states in the Higgs boson decay, or as quarks and leptons in its

production and in the decays of associated electroweak bosons.

A general form of the signal scattering amplitude of the H boson with two vector
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Figure 2.8: Example Feynman diagrams for gluon fusion off-shell Higgs boson
production (right) and corresponding background (left) with EFT insertions [8].

bosons can be written in terms of polarization vectors ϵi and momenta qi of bosons Vi,

with scalar tensor f (i)µν = ϵµ
i q

ν
i − ϵν

i q
µ
i , as:

A(HV V ) ∝

⎡⎢⎣aV V
1 + κV V

1 q2
1 + κV V

2 q2
2

(ΛV V
1 )2 + κV V

3 (q1 + q2)2(︂
ΛV V

Q

)︂2

⎤⎥⎦m2
V 1ϵ

∗
V 1ϵ

∗
V 2

+aV V
2 f ∗(1)

µν f ∗(2),µν + aV V
3 f ∗(1)

µν f̃
∗(2),µν

,

(2.12)

such that the scales of BSM physics are set by Λ1 and ΛQ, and the aV V
2 and aV V

3

scaled terms provide CP-even and CP-odd contributions, which may be sensitive to

evidence of CP violation. Figure 2.9 highlights the double HV V vertex present in our

electroweak Feynman diagrams.
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Figure 2.9: Example Feynman diagrams for electroweak off-shell Higgs boson
production (left), vector boson scattering (VBS) (center), and additional background
(right) with EFT insertions [8].

When at least one of the gauge bosons V is massive, mV 1 is the pole mass of that

gauge boson. All the aV V
i (which denotes aV V

1 , 1/Λ1, 1/ΛQ, aV V
2 , and aV V

3 ) terms act

as coupling-strength modifiers on their corresponding contributions to the amplitude.

Instead of constraining any ai directly, we can constrain the fractional contribution

of its corresponding term to the signal scattering amplitude of the Higgs boson, as a

ratio of observable cross sections fai. In Equation 2.12, pure SM behavior is described

by aV V
1 alone. This would correspond to a measurement of fa1 = 1. If, for example,

we took fa1 = 0.5, then we would have a 50% contribution to our overall cross section

from the SM and 50% from BSM physics.

This parameterization via fai has the benefit of being invariant to the an coupling scale,

and having values bounded by 0 and 1. Also, in experimental measurements of fai

most systematic uncertainties cancel in the ratios to give us a cleaner measurement [9].

We define ratio fai and phase ϕai as:

fai = |ai|2σi∑︁
j=1,2,3... |ai|2σj

, ϕai = arg( ai

a1
). (2.13)
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2.6.2 Kappa framework couplings

Another representation of the Higgs boson couplings utilizes the so-called κ framework,

in which couplings of the Higgs boson to the SM particles are modified by a scale

factor κi for each particle i.

As previously discussed, SM-like behavior implies the top quark’s predominance in the

gluon fusion loop during Higgs boson production. If there are additional contributions

in this loop, such as from undiscovered heavy particles, the probability distribution for

Higgs boson production in the off-shell region would change. To model this, one could

introduce a heavy quark Q with coupling strength to the Higgs boson κQ [9, 10].

In the framework of effective field theories, the contribution from Q can be reasonably

interpreted as a point-like interaction which integrates all effects from heavy particles

present in the loop. One can include both top and bottom quarks in the loop,

characterized by the coupling strength κq, where κq = 1 corresponds to the SM.

Similarly, κV is the Higgs boson coupling strength to the Z and W bosons, which

impact EW production and Higgs boson decay and where κV = 1 in the SM.

As described in Equation 2.10, we usually parameterize our model in terms of signal

strength. In this analysis, we use µF for Higgs boson production mechanisms driven

by fermion couplings, i.e. production via ggH or in association with a tt̄ (tt̄H) or bb̄

pair (bb̄H). For EW production, i.e., production via vector boson fusion (VBF) or in

association with a W or Z boson (VH), the signal strength is denoted as µV .
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The κ framework requires a re-parameterization in terms of κq, κQ, and κV [10]:

µV = κ4
V × Γ0

Γ
µF = κ2

qκ
2
V × Γ0

Γ

(2.14)

where Γ0 is the reference value of the Higgs boson width used in simulation, and

κZ = κW = κV = sign(µV )
(︄

|µV | Γ
Γ0

)︄ 1
4

κt = κb = κq = sign(µF )|µF |
1
2

(︄
1

|µV |
Γ
Γ0

)︄ 1
4

(2.15)

The bulk of this thesis focuses on measurements of the SM Higgs boson, but it will

also include an extension of the analysis which sets constraints on these κ framework

coupling strengths. It should become apparent that this analysis also sets the stage

for upcoming measurements of anomalous coupling strengths in our amplitude basis,

presented in Section 2.6.1.
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The Experiment

3.1 The Large Hadron Collider (LHC)

Since its inaugural operation on 10 September 2008, the LHC has remained the most

powerful and expansive particle accelerator ever constructed. It is so named because

it is very large, consisting of a 27 km ring of superconducting magnets; accelerates

hadrons, usually protons but sometimes various ions such as the nuclei of lead, argon

or xenon atoms; and collides these particles via two beams traveling in opposite

directions, which intersect at four points along the circumference of the machine. By

pushing energy frontiers, the LHC enables scientists to test fundamental theories and

explore high-energy interactions where rare and undiscovered phenomena might occur.

The energy of a circular particle accelerator is constrained by its size and the strength

of its guiding magnetic fields. For the LHC, the center-of-mass energy is proportional

to the curvature radius of the magnets, which drives the size of the ring, and the

field strength of the superconducting dipole magnets. The LHC reuses the 27 km

underground tunnel of its predecessor, the Large Electron-Positron Collider (LEP),

which was decommissioned in 2000. The decision to reuse this infrastructure was

driven by cost-effectiveness, as tunneling underground was financially more viable

than acquiring land and developing an equivalent surface facility. Additionally, the

Earth’s crust provides natural radiation shielding, reducing background noise in

detectors and protecting personnel from radiation. The dimensions of the tunnel,
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along with constraints from superconducting magnets, RF cavities, and cryogenic

systems, establish the design energy of 7 TeV per proton beam [11].

Figure 3.1: An aerial view of CERN and the LHC, located near Geneva on the
border between France and Switzerland.

Geological considerations dictated the placement of the tunnel at an average depth

of 100 m, with variations ranging from 175 m beneath the Jura Mountains to 50 m

near Lake Geneva. The tunnel follows a gentle gradient of 1.4% to accommodate

geological stability and minimize excavation costs. The location was also chosen to

ensure minimal disruption to surface infrastructure and avoid heavily populated areas

while maintaining proximity to CERN’s primary research facilities.

The LHC relies on superconducting electromagnets to maintain and guide the circu-

lating beams. Specifically, 1232 dipole magnets, each measuring 15 meters in length,

generate a magnetic field of 8.3 T to bend the trajectory of the protons. These dipoles,
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Design Parameter Value

Circumference 26659 m

Dipole operating temperature 1.9 K (-271.3 ºC)

Number of magnets 9593

Number of main dipoles 1232

Number of main quadrupoles 392

Number of RF cavities 8 per direction

Energy, protons 7 TeV

Energy, ions 2.76 TeV/u

Peak magnetic dipole field 8.3 T

Distance between bunches ∼7.5 m

Luminosity (protons) 1034cm−2s−1

No. of bunches per proton beam 2808

No. of protons per bunch 1.1 x 1011

Number of turns per second 11245

Number of collisions per second 1 billion

Table 3.1: Design parameters for the LHC [11]
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along with 392 quadrupole magnets (each between 5 and 7 meters long) responsible

for beam focusing, are composed of niobium-titanium (NbTi) superconducting cables.

These materials exhibit superconductivity below 10 K (-263.2◦C), though the LHC

operates at an even lower temperature of 1.9 K (-271.3◦C). The ultrahigh vacuum

maintained within the beam pipes (10−10 to 10−11 mbar) is colder than the cosmic

microwave background temperature (2.7 K) and approaches the surface pressure of

the Moon.

This extreme cooling is necessary to ensure minimal resistance in the superconducting

magnets and to reduce unwanted interactions that could degrade beam quality. To

sustain these cryogenic conditions, the LHC employs 96 tonnes of superfluid helium,

making it the world’s largest cryogenic system. Beam control and stability are

further enhanced by specialized multipole magnets and final focusing quadrupoles near

interaction points. Prior to collision, the beams undergo final focusing, compressing

their transverse size to maximize interaction probability. The precision required for

this process is akin to aligning two needles 10 km apart such that they collide at their

midpoint.

All accelerator operations, including beam injection, acceleration, steering, and diag-

nostics, are centrally coordinated from the CERN Control Center. The LHC facilitates

collisions at four primary interaction regions housing major particle detectors: ATLAS

(A Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), ALICE (A Large Ion

Collider Experiment), and LHCb (Large Hadron Collider beauty). Of these, ATLAS

and CMS serve as general-purpose detectors, while LHCb specializes in flavor physics,

particularly the study of b-quarks, and ALICE investigates heavy-ion collisions. Each
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of these experiments has dedicated research objectives, with ATLAS and CMS playing

a central role in Higgs boson studies and searches for BSM physics, while ALICE

focuses on recreating conditions similar to those moments after the Big Bang, such

as with quark-gluon plasmas. This thesis presents results obtained using pp collision

data recorded by the CMS experiment.

Proton beams at the LHC are structured into well-defined bunches due to the con-

straints imposed by RF acceleration. Under nominal conditions, each beam comprises

2808 bunches, with each bunch containing approximately 1011 protons. Given the

minute transverse dimensions of the bunches, the probability of individual proton-

proton collisions becomes very large through the high luminosity achieved through

intense beam focusing and bunch structuring. At each interaction point, up to 60

simultaneous collisions can occur per bunch crossing. With bunch crossings occurring

at a rate of ∼ 40 MHz, the LHC generates approximately 2.5 × 109 proton-proton

interactions per second. This vast amount of data necessitates sophisticated triggering

systems to selectively record the most interesting events while discarding redundant

or low-energy interactions. Advances in machine learning techniques have also been

integrated into the LHC’s data-processing pipeline to optimize event selection and

improve detection of rare physics processes.

A key parameter quantifying collider performance is luminosity, defined as the number

of interactions per unit area per unit time. While luminosity at the LHC is often

reported integrated over a period of active beam, the instantaneous luminosity can be

calculated in terms of the accelerator parameters as follows:
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L =
γfN2

pNb

4πϵnβ∗ F (3.1)

where Np is the number of particles per bunch, Nb is the number of bunches per beam,

f is the revolution frequency of the bunches around the ring, ϵn is the transverse

emittance, β∗ is the amplitude function at the interaction or crossing point, F is a

geometric factor correlated to the crossing angle of the beams, and γ is the relativistic

Lorentz factor 1√
1−β2

. A plot of the integrated luminosities delivered and recorded by

CMS is shown in Figure 3.2. This thesis includes data through 2018 (Run 1 + Run 2).

The number of events for a particular interaction also depends on its probability,

expressed as a cross section in units of area. When investigating a specific physics

process, the event rate is determined by the product of the luminosity (L) and the

process-specific cross-section (σ):

dN

dt
= L × σ. (3.2)

3.2 The Compact Muon Solenoid (CMS)

The CMS detector is built around a large superconducting solenoid, for which it is

named. It spans 6 meters in its internal diameter and generates a magnetic field of

3.8 Tesla. This very large field bends the trajectories of charged particles which helps

to identify their momenta along with charge information. Inside the solenoid we find
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Figure 3.2: Cumulative luminosity versus day delivered to CMS during stable beams
for pp collisions at nominal center-of-mass energy. This is shown for data-taking in
2010 (green), 2011 (red), 2012 (blue), 2015 (purple), 2016 (orange), 2017 (light blue),
2018 (navy blue), 2022 (brown), and 2023 (light purple). These plots use the best
available offline calibrations for each year.

silicon trackers and calorimeters, while outside the solenoid we have layers of muon

detection chambers [12–14].

A useful analogy is that CMS effectively acts like a high-speed camera, taking 3-

dimensional “snapshots” of particle collision events in all directions up to 40 million

times each second. Although most of the initial collision products decay rapidly,

the stable products can be detected by CMS as they travel away from the beamline.

By identifying the stable particles produced in each collision and then piecing them

together, the detector can reconstruct an understanding of the collision which can

35



Chapter 3. The Experiment

Figure 3.3: The CMS detector is shaped like a cylindrical onion, with several
concentric layers of components.

then be analyzed to identify constituent physics phenomena [13, 15–18].

3.2.1 Solenoid

The eponymous superconducting solenoid is central to the construction and operation

of CMS, and features an internal diameter of 6 m. As the largest superconducting

magnet ever built, its coils and return yoke weigh in at 12,500 tonnes and it is cooled

to 1.9 K (−268.5◦C), approaching the temperature of deep space. It also generates a

uniform magnetic field of 3.8 T, which is approximately 105 times stronger than the

Earth’s magnetic field.

This intense field bends the trajectories of charged particles produced in high-energy
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Figure 3.4: View of the CMS magnet during construction.

collisions. The degree of deflection is inversely proportional to a particle’s momentum,

allowing precise momentum measurements through high-resolution tracking in con-

junction with the well-calibrated magnetic field. High-energy particles exhibit minimal

curvature, necessitating exceptional spatial resolution to accurately reconstruct their

momenta. This motivates the precise alignment of the tracker in CMS.

The inner tracking system and electromagnetic and hadronic calorimeters (ECAL

and HCAL) are housed within the solenoid coil. The solenoid itself provides primary

structural support for the CMS experiment, and is robustly engineered to withstand

the immense forces generated by its own magnetic field. Surrounding the solenoid is a

12-sided iron return yoke, which integrates the muon detection system and serves to

contain and guide the magnetic field. Comprising of three layers, the yoke extends to

a diameter of 14 m and functions as a physical filter, allowing only muons and weakly

interacting particles, such as neutrinos, to pass through.
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Figure 3.5: Schematic view of the CMS detector.

3.2.2 Silicon tracker

The CMS tracker is designed to precisely record charged particle trajectories while

minimizing material interactions to reduce additional scattering and energy loss. This

is achieved through high-precision spatial measurements, enabling accurate track

reconstruction with a minimal number of data points. Each position measurement is

recorded with a resolution of ∼ 10 µm, an order of magnitude smaller than the width

of a human hair, ensuring precise momentum determination.

As the innermost subsystem of CMS, the tracker operates in a highly irradiated envi-

ronment due to its proximity to the interaction point. Consequently, its construction

materials were meticulously selected for radiation hardness to maintain performance.
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Figure 3.6: Illustration of the differences between the original design of the silicon
tracker and the Phase-1 upgrade [17, 19, 20]. This thesis utilized data from LHC Run
2 after the Phase-1 upgrades to the tracker.

Figure 3.7: Schematic view of one quarter of the tracker in the r-z plane. This
details the full silicon detector with all modules in their original positions.

A cross sectional view of the CMS tracker is shown in Figures 3.6 and 3.7. The tracker

is composed of multiple silicon-based detector layers optimized for spatial resolution

and radiation tolerance. It consists of two pixel subdetectors, the Tracker Pixel Barrel

(TPB) and Tracker Pixel Endcap (TPE), which provide the highest granularity near

the beamline. Beyond the pixel detectors, four silicon strip subdetectors extend

tracking coverage: the Tracker Inner Barrel (TIB) and Tracker Inner Disks (TID)
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provide intermediate precision measurements, while the Tracker Outer Barrel (TOB)

and Tracker Endcap (TEC) contribute to tracking particles at larger radii from the

collision point [21].

3.2.2.1 Pixel detector

The CMS pixel detector (a photograph of which is presented in Figure 3.8) contains

an array of 124 million pixels and is positioned closest to the beam pipe, which makes

it essential for reconstructing the short-lived decay products of heavy particles. In

the Phase-1 geometry, the pixel detector consists of four cylindrical barrel (BPIX)

layers located at radii of approximately 3 cm, 7 cm, 11 cm, and 16 cm, with additional

forward and backward endcap disks (FPIX) extending coverage at angles along the

beamline (regions with higher values of pseudorapidity, parameterized by η as seen in

Figures 3.6 and 3.7).

Figure 3.8: Silicon pixel detector before installation.

Each of the four layers is composed of silicon sensor modules, subdivided into individual
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pixels as visualized in Figure 3.9. Each pixel measures 100 µm × 150 µm, comparable

to the width of two human hairs. When a charged particle traverses a pixel sensor, it

ionizes the silicon atoms along its path, liberating electron-hole pairs. A bias voltage

applied across the sensor collects these charges, generating a small electric signal. This

signal is subsequently amplified and processed by an electronic readout chip, with

each module integrating 16 readout chips (ROCs) to handle data acquisition efficiently.

Given the detector’s close proximity to the beamline, the particle flux is extreme,

reaching approximately 6 × 108 particles per cm2 per second at a radius of 3 cm [13].

Figure 3.9: Illustration of the CMS silicon sensor modules.

3.2.2.2 Strip detector

After passing through the pixel detector, charged particles traverse ten successive

layers of silicon strip detectors, extending the tracking coverage to a radius of 130 cm.

These layers provide high-precision position measurements over a larger volume,

complementing the pixel detector in track reconstruction, particularly for higher-

momentum particles that travel greater distances before bending significantly in the
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magnetic field [21]. A diagram and photograph of the strip layers are presented in

Figures 3.10 and 3.11, respectively.

Figure 3.10: CMS Tracker layers shown in the plane perpendicular to the beam.

The silicon strip tracking system consists of multiple subdetectors, each optimized for

its position within the detector. The inner tracking volume comprises the Tracker Inner

Barrel (TIB), composed of four concentric layers, and the Tracker Inner Disks (TID),

each consisting of three small disk-shaped structures. Encasing the TIB and TID is the

Tracker Outer Barrel (TOB), which consists of six additional layers, providing extended

coverage in the barrel region. At both ends of the tracker, the Tracker Endcaps (TEC)

ensure full pseudorapidity coverage. The geometries of these subsystems are carefully

optimized to balance spatial resolution, material budget, and mechanical stability [22].
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Figure 3.11: Photograph of the silicon strip detectors in the barrel module.

The silicon strip tracker contains a total of 15,200 highly sensitive modules, comprising

approximately 10 million detector strips read out by 72,000 microelectronic chips.

Each module consists of three primary components: one or two silicon strip sensors, a

mechanical support structure ensuring precise alignment and stability, and readout

electronics responsible for amplifying and processing signals. This extensive system

enables precise tracking of charged particles throughout their passage within the CMS

detector, ensuring robust vertex reconstruction and momentum measurements [23].

3.2.3 Electromagnetic calorimeter (ECAL)

The ECAL is the innermost of the two calorimeters in CMS and is designed to measure

the energy of electrons and photons with high precision by fully absorbing them.

The ECAL houses approximately 80,000 lead tungstate (PbWO4) crystals, a scintil-

lating material selected for its high density (ρ = 8.28 g/cm3), short radiation length

(X0 = 0.89 cm), and fast response time. Each crystal, primarily composed of lead

bound with oxygen in a tungstate lattice structure, took two days to grow and has a
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mass of 1.5 kg and is characterized by exceptional optical transparency despite its

metallic composition. When traversed by high-energy electrons or photons, these

crystals emit scintillation light in short, well-defined bursts, enabling precise energy

measurements and particle identification. The ECAL barrel is shown in Figure 3.12.

Figure 3.12: Photograph of the CMS ECAL during construction.

The emitted scintillation light is detected by photodetectors, specifically avalanche

photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs) in the

endcaps. These photodetectors convert the optical signal into an electrical signal,

which is then amplified and digitized for precise energy reconstruction. The ECAL’s

excellent energy resolution (∼ 1% at 100 GeV) for high-energy electrons and photons

makes it a critical component for the identification of physics phenomena such as

Higgs boson decays and precision Standard Model measurements [13, 24, 25].
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3.2.4 Hadron calorimeter (HCAL)

Hadrons, composite particles composed of quarks and gluons bound by the strong

interaction, pass through the ECAL with minimal energy deposition before being

absorbed in the HCAL [26, 27]. A photograph of the HCAL barrel is shown in

Figure 3.13.

The HCAL is designed to measure the energy, position, and timing of hadronic showers.

It consists of alternating layers of dense absorber material (brass and steel plates),

which induces hadronic interactions, and flourescent scintillator tiles, which produce

optical signals proportional to the deposited energy. These scintillation signals are

collected via wavelength-shifting fibers and transmitted to hybrid photodiodes (HPDs)

for digitization [26, 27]. The absorber material is critical, as hadronic interactions

necessitate a substantial thickness—material of ∼5.82 nuclear interaction lengths in

the barrel region and ∼10 nuclear interaction lengths along the beam—to ensure full

shower containment [26, 27].

Figure 3.13: Insertion of the HCAL barrel inside the magnet in 2008.
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The HCAL is structured into four primary components: the Hadron Barrel (HB),

the Hadron Outer (HO), the Hadron Endcap (HE), and the Hadronic Forward (HF)

calorimeters. The HB and HE employ brass absorber plates interleaved with plastic

scintillator tiles, selected for their balance between density and cost-effectiveness.

The HO, positioned outside the superconducting solenoid, captures late-developing

showers that might otherwise escape detection. The HF, located at high pseudorapidity

(η), utilizes quartz fibers embedded in a steel absorber, leveraging Cherenkov light

production to make measurements in the forward region [28].

The HE calorimeters consist of 36 wedge-shaped modules, covering the pseudorapidity

range 1.3 < |η| < 3.0, extending hadronic energy measurements beyond the barrel

region. The HF calorimeters, spanning 3.0 < |η| < 5.2, play a crucial role in

detecting forward jets and reconstructing missing transverse energy (Emiss
T ), which

is essential for identifying weakly interacting particles such as neutrinos or potential

BSM candidates [29].

3.2.5 Muon system

The detection of muons is one of the primary objectives of the CMS experiment1.

Muons are charged leptons, similar to electrons and positrons, but approximately 200

times heavier. This increased mass grants them a significantly greater penetration

depth because it reduces the energy lost by the traveling particles through various

mechanisms, allowing them to traverse several meters of material with minimal

energy loss. Unlike most particles produced in high-energy collisions, muons are not

1While we depend on our detection of electrons too, muons are more difficult to capture and measure,
so we will focus on them here.
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fully absorbed by the electromagnetic (ECAL) or hadronic (HCAL) calorimeters.

Consequently, dedicated muon detection chambers are positioned in the outermost

regions of CMS, beyond the solenoid magnet, where muons are often the only particles

producing a distinct and measurable signal.

The CMS muon system consists of four muon stations, which are interleaved with

the iron plates of the return yoke. The system incorporates 1400 muon chambers,

comprising 250 Drift Tubes (DTs) and 540 Cathode Strip Chambers (CSCs) responsible

for tracking and triggering, along with 610 Resistive Plate Chambers (RPCs) and

72 Gas Electron Multiplier chambers (GEMs), which provide a redundant trigger to

ensure rapid data acquisition and filtering.

Muon tracking is performed by reconstructing the curvature of muon trajectories within

the 3.8 T magnetic field generated by the CMS solenoid, as illustrated in Figure 3.5

and Figure 3.14. The reconstruction of muon momentum is achieved through a

combination of measurements from the muon chambers, which provide track trajectory

information, and the silicon tracker, which offers high-precision tracking near the

interaction point. The combined resolution for transverse momentum measurements

(pT ) is approximately 3–5% for pT > 10 GeV/c.

At low transverse momentum (pT < 200 GeV/c), the resolution of the muon system is

primarily limited by multiple scattering effects in the material preceding the muon

stations. However, at high transverse momentum (pT > 200 GeV/c), the dominant

limiting factor is the intrinsic spatial resolution of the muon chambers. The highest

precision for low-momentum muons is obtained from the inner tracker alone, while for
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Figure 3.14: A muon, in the plane perpendicular to the LHC beams, leaves a curved
trajectory in four layers of muon “stations.” Note that the muon passes through
the silicon tracker first, which measures momentum, charge, trajectory, and impact
parameter, or how close the muon’s path is to the primary vertex.

higher momentum muons, optimal resolution is achieved by combining measurements

from both the muon system and the silicon tracker.

Accurate tracking requires precise alignment of the muon chambers and silicon tracker,

which is achieved through cosmic ray data and dedicated calibration runs, ensuring

sub-millimeter alignment precision. Each detector type undergoes rigorous calibration

procedures to maintain accurate timing and spatial measurements. This includes gas

gain calibration for the DT and CSC chambers, as well as timing calibrations for

the RPC chambers. Overall, the CMS muon system is able to achieve an efficiency

exceeding 95% for the detection of high-momentum muons.
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3.2.5.1 Muon Drift Tubes (DTs)

The DT system is responsible for tracking and identifying muons within the barrel

region of the CMS detector. It detects charged particles as they pass through an array

of gas-filled DTs. Each tube is a cylindrical chamber, 4 cm in width, containing a

thin, positively charged anode wire aligned along its axis. The tubes are filled with a

gas mixture, typically argon and carbon dioxide (CO2), chosen to optimize ionization

efficiency and ensure stable electron drift.

When a muon or any charged particle traverses a DT, it ionizes the gas atoms,

liberating electrons. These electrons, guided by an applied electric field, drift toward

the central anode wire, where they are amplified and produce a measurable charge

pulse. The electron drift velocity within the gas mixture remains relatively constant,

enabling precise determination of the particle’s trajectory. The time delay between

ionization and signal detection provides an accurate measurement of the muon’s

crossing point within the drift cell.

Each DT chamber consists of multiple layers of staggered drift cells, grouped into

units known as “superlayers.” Each superlayer contains four layers of DTs, offering

redundant position measurements and improving spatial resolution. The DT system

achieves a spatial resolution of approximately 1–2 mm, ensuring precise muon tracking.

The DT chambers are strategically positioned in the barrel region, covering a pseudo-

rapidity range of |η| < 1.2. They are organized into four muon stations, which are

embedded within the iron return yoke of the solenoid. The return yoke is structured

into five wheels, each subdivided into twelve azimuthal sectors. Within this layout,
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each DT chamber is paired with one or two RPCs, forming a complementary detection

system that enhances muon identification and trigger efficiency.

A high-energy muon traversing the barrel region can interact with up to four DT

chambers and six RPCs, resulting in as many as 44 recorded hits. This extensive

tracking redundancy significantly improves momentum resolution and enhances ro-

bustness against inefficiencies in individual detectors. The DT system plays a crucial

role in both tracking and triggering, delivering high-precision spatial and timing

measurements that contribute to accurate muon momentum reconstruction [30–32].

3.2.5.2 Cathode Strip Chambers (CSCs)

CSCs are employed in the endcap disks, where the magnetic field is non-uniform,

and particle fluxes are significantly higher than in the barrel region. These chambers

are designed to provide precise muon tracking and triggering capabilities in this

challenging environment. Each CSC consists of a multi-wire proportional chamber

(MWPC) structure, comprising an array of positively charged anode wires intersecting

with negatively charged copper cathode strips within a gas-filled chamber.

When a muon traverses a CSC, it ionizes the gas atoms, liberating electrons. These

free electrons drift toward the anode wires under the influence of a strong electric field,

initiating an avalanche multiplication process that results in a detectable charge pulse.

Simultaneously, the positively charged ions drift toward the cathode strips, inducing a

secondary charge signal. Since the anode wires are oriented perpendicularly to the

cathode strips, the combined readout from both elements provides two-dimensional

position information for the muon track.
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CSCs are strategically positioned in the endcap regions, covering a pseudorapidity

range of 1.2 < |η| < 2.4. Each chamber consists of finely spaced cathode strips that

enable high-resolution position measurements in the radial direction, achieving a spatial

resolution of approximately 1 mm. The use of cathode strip readout, in conjunction

with anode wire signals, allows for robust tracking and precise reconstruction of muon

trajectories.

Given their location in the high-radiation forward region, CSCs play a crucial role in

both muon tracking and triggering. They contribute significantly to the Level-1 (L1)

trigger system, providing rapid and accurate muon identification to facilitate real-time

event selection. Their ability to operate efficiently in regions with high background

rates and strong magnetic field gradients makes them an essential component of the

CMS muon detection system [32–34].

3.2.5.3 Resistive Plate Chambers (RPCs)

RPCs are fast gaseous detectors that play a crucial role in the CMS muon trigger

system. They consist of two parallel resistive plates acting as the anode and cathode,

separated by a thin gas-filled volume. These plates are constructed from a high-

resistivity plastic material, which helps localize the induced signal and ensures stable

operation at high particle rates.

CMS employs double-gap RPCs, where two parallel high-resistivity Bakelite electrodes

enclose a 2 mm-wide gas gap. This configuration is repeated with another identical

gap, separated by a layer of copper readout strips. Operating in avalanche mode,

these chambers achieve excellent time resolution while maintaining efficiency under
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high-radiation conditions. The RPCs identify muon candidates by analyzing the

pattern of fired strips across multiple layers, comparing them against expected Monte

Carlo predictions. The trigger system utilizes this information to determine whether

the event data should be retained.

The RPCs are strategically positioned within both the barrel (|η| < 1.6) and endcap

(1.6 < |η| < 2.4) regions, ensuring comprehensive muon detection coverage. Their

construction consists of resistive plates separated by a carefully optimized gas mixture,

typically composed of tetrafluoroethane (C2H2F4) and sulfur hexafluoride (SF6), which

enhances ionization properties and detector longevity. Charged particles traversing

the RPC volume ionize the gas, triggering localized electron avalanches that induce a

fast signal across the resistive plates. This mechanism enables a timing resolution on

the order of 1 ns, making RPCs particularly well-suited for real-time event selection.

Due to their fast response time and high granularity, RPCs serve primarily as a trigger

detector, efficiently identifying high-energy muons and significantly contributing to

the CMS L1 trigger system. Their integration with the DT and CSC subsystems

allows for robust muon tracking and precise momentum reconstruction, enhancing the

overall performance of the CMS muon system [32, 35].

3.2.5.4 Gas Electron Multipliers (GEMs)

GEMs represent a recent enhancement to the CMS muon detection system. They

have been introduced to complement the existing detectors in the forward region near

the beampipe, an area subject to increasingly high radiation doses and event rates

during Phase-2 of the LHC. Their incorporation aims to improve tracking resolution

52



Chapter 3. The Experiment

and trigger performance in this challenging environment.

Similar to other CMS muon subsystems, GEMs are gaseous detectors. Their distin-

guishing feature is the GEM foil, a thin (50µm) insulating polyimide layer coated

on both sides with copper conductors. This foil is perforated with microscopic holes

arranged in a regular hexagonal pattern. The CMS GEM chambers are structured

with two printed circuit boards (PCBs) enclosing a gas volume, within which a stack

of three GEM foils is positioned.

The operational principle of GEMs relies on the ionization of an argon-carbon dioxide

(Ar/CO2) gas mixture by incoming charged particles. A strong potential difference

applied across the GEM foils generates intense electric fields within the microscopic

holes. Electrons liberated during the ionization process drift toward the foils and

undergo successive amplification within the holes, producing an electron avalanche.

The resulting charge multiplication induces a readout signal on finely spaced readout

strips, enabling precise spatial resolution and robust tracking capabilities.

By integrating GEMs into the CMS muon system, the experiment enhances its

ability to detect and reconstruct muons in the high-occupancy forward region, thereby

contributing to improved efficiency and performance in the demanding conditions of

LHC Phase-2 [36].

3.3 Triggers and Data Acquisition (DAQ) system

At the LHC design luminosity, the proton-proton (pp) collision rate exceeds 1 GHz,

but only a small fraction of these events are relevant to CMS physics research. Due

53



Chapter 3. The Experiment

to storage and computational constraints, only a limited subset can be retained for

offline analysis. Efficient event reconstruction is crucial for identifying key physics

objects, such as muons, electrons, and jets, within the most significant events.

Muon detection is central to the CMS trigger system, as high-energy muons often

signal rare processes, including potential BSM physics. With a bunch crossing rate

of 40 MHz, the LHC generates approximately 109 pp interactions per second. Given

that each recorded event averages 1.5 MB and only O(1000) events per second can

be stored, the trigger system must achieve an event rejection factor of O(106) while

maintaining high efficiency for key signals.

The CMS trigger system reduces the event rate in real time while preserving sensitivity

to rare physics processes. It consists of two stages: the L1 trigger, implemented in

custom hardware, and the High-Level Trigger (HLT), which runs software algorithms

on a computing farm. Together, these systems ensure that only the most relevant

events are stored for analysis [37].

3.3.1 Level-1 (L1) trigger

The L1 trigger rapidly processes detector signals to identify candidate physics objects,

such as electromagnetic energy deposits, hadronic jets, and ionization patterns from

muons. To manage the 100 kHz output limit of CMS readout electronics, the trigger

dynamically adjusts selection thresholds based on the LHC’s instantaneous luminosity.

Using coarse-grained detector data, the L1 trigger selects events with high transverse

momentum particles and anomalous energy deposits. Muon chambers—including DTs,
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CSCs, and RPCs—provide initial pT estimates for candidate muons. Operating within

a strict latency of a few microseconds, the L1 trigger ensures rapid event selection in

the LHC’s high-rate environment. The LHC delivers bunch crossings at 40 MHz, and

the L1 trigger reduces the incoming event rate to ∼ 100 kHz.

3.3.2 High-Level Trigger (HLT)

The DAQ system assembles L1 data, and passes it to the HLT which refines L1

selections by incorporating full-granularity detector data and advanced reconstruction

algorithms. For muon identification, it integrates muon chamber signals with precise

silicon tracker measurements, improving momentum resolution and suppressing back-

ground. By applying more stringent selection criteria, the HLT ensures that only the

most promising events are retained for physics analyses.

Events passing the L1 trigger are transferred to front-end readout buffers before being

processed by the HLT on a dedicated computing farm. The HLT software further

reduces the event rate from 100 kHz to 1 kHz for mass storage. Event selection follows

a staged approach: initial decisions rely on calorimeter and muon system data, followed

by inner tracker pixel information, and ultimately, full event reconstruction when

necessary.

To optimize storage efficiency, events are categorized into non-exclusive data streams

based on HLT decisions. Most data undergo immediate processing, while lower-priority

datasets can be deferred using a technique known as “parking.” This capability allows

CMS to record additional data on tape at the expense of increased processing latency.
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3.4 Computing

Even with the triggers reducing the amount of unnecessary data coming out of our

detector, CMS still produces a huge amount of data that must be analyzed—more

than 5 petabytes (Pb) per year when running at peak performance. The storage and

computational demands of processing such data far exceed the capabilities of a single

facility, necessitating a globally distributed computing infrastructure.

To manage and process CMS data efficiently, the Worldwide LHC Computing Grid

(WLCG) provides a hierarchical computing architecture, integrating resources from

170 computing centers across 42 countries. This infrastructure consists of four distinct

tiers, each with specialized functions [37–39].

Following event selection by the trigger system, accepted events are transferred to the

CMS Storage Manager for archival storage and subsequent processing. Initially, data

are stored on local disks before being transmitted to the Tier-0 center at CERN. This

facility is responsible for the initial reconstruction of raw collision data (the first step

toward physics analysis) and creates a primary backup before distributing the data to

Tier-1 centers for further processing.

Tier-1 centers, located in thirteen national laboratories and research institutes across

France, Germany, Russia, Italy, Spain, Taiwan, the United Kingdom, and the United

States, receive data from Tier-0. These centers perform a second round of event

reconstruction, incorporating refined calibration constants derived from ongoing ex-

perimental analysis. They also provide long-term storage and distribute datasets to

Tier-2 centers.
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Around 160 Tier-2 centers, primarily based at universities and research institutions,

receive subsets of data from Tier-1. These facilities are dedicated to specific analyses

and large-scale Monte Carlo simulations required for physics studies.

Tier-3 consists of smaller computing clusters, including individual research group

resources, which provide additional flexibility for end-user analysis. Unlike the other

tiers, Tier-3 centers do not have a formal commitment to WLCG but are crucial for

local data processing.

3.5 Particle reconstruction

The Particle Flow (PF) algorithm is designed to achieve a comprehensive reconstruction

and identification of all stable particles in an event by leveraging information from

all CMS sub-detectors. By optimally combining measurements from the tracker,

calorimeters, and muon systems, the PF algorithm determines the direction, energy,

and particle type with high precision. I will introduce the concept here, but elaborate

on the details of particle reconstruction and selection as they apply to this thesis in

Section 4.2.1.

The reconstructed list of individual particles serves as the foundation for higher-level

physics objects. It is treated similarly to final-state particles generated by Monte

Carlo event generators, enabling the construction of hadronic jets, from which the

kinematic properties of originating quarks and gluons can be inferred. Additionally,

the PF algorithm plays a crucial role in determining missing transverse energy (MET),

providing an estimate of the momentum carried away by neutrinos and other undetected
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particles. Furthermore, it facilitates the reconstruction and identification of particles

through their decay products, enhancing the sensitivity of CMS analyses to a wide

range of physics processes [40].

3.6 Alignment of the CMS tracker

As aforementioned, the precision of the silicon tracker is critical to CMS, especially

in measuring the trajectories of particles within our solenoid. The alignment of the

tracker was also crucial to our research group, which contributes to the experimental

service effort and is the sole maintainer of one of primary tracker alignment algorithms.

Over the course of my thesis, I ran alignment campaigns and validated alignment

candidates, as well as provided some updates to our Hits-and-Impact-Points alignment

algorithm also known as “HipPy”—the algorithm and my efforts are described in

Sections 3.6.2 and 3.6.4, respectively.

3.6.1 Parameterization

Various parts of the CMS detector have been detailed in Section 3.2. The pixel

detector and strip tracker, in particular, can be further divided into their subdetector

structures or modules. The hierarchical structure of the CMS tracker is illustrated in

Figure 3.15.

The accuracy of track reconstruction is significantly affected by uncertainties in module

positioning. If the module position is not precisely known, the recorded hit positions

and the expected impact points (extrapolated from other measured hits) of a track

will exhibit systematic displacements. The discrepancy between these two quantities,
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Figure 3.15: Hierarchical structures of the pixel detector and strip tracker [41].

expressed in the local coordinate system of the module, defines the track-hit residuals

illustrated in Figure 3.16 [42].

Figure 3.16: Simple illustration of a track through misaligned layers [43].

Each detector module is parameterized within a local coordinate system (u, v, w), as

59



Chapter 3. The Experiment

illustrated in Figure 3.17. The coordinate axes are defined such that the w-axis is

normal to the module plane, while the u- and v-axes lie within the plane. The u-axis is

oriented along the more sensitive measurement direction. Rotational misalignments of

the module are described by three angles: α, β, and γ, which correspond to rotations

about the u-, v-, and w-axes, respectively. Precise calibration of these parameters is

essential for minimizing systematic biases in track reconstruction [42, 44].

Figure 3.17: Example local coordinates of a module. Global parameters are shown
in parentheses for modules in the TIB and TOB [41].

Each module is also parameterized in a global coordinate system (x, y, z). The

transformation from the global coordinate system to the local module coordinate

system is expressed as

q = R(r − r0), (3.3)

where r = (x, y, z) represents the position in the global coordinate system, q = (u, v, w)

denotes the corresponding position in the local module system, r0 = (x0, y0, z0) is

the position of the detector module center in global coordinates, and R is a rotation

matrix that accounts for the module’s orientation. This transformation ensures that

local hit positions can be consistently related to the global detector geometry.

Due to the hierarchal nature of our modules, it is sometimes useful to describe the
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position of a group of sensors belonging to a composite tracker structure. In this

case, we use a simple change of variable to represent the same definitions as above,

but for the larger structures. g represents the coordinates in the composite basis, g0

gives the composite origin in global coordinates, and G rotates from the global to the

composite system [42].

Initially, the rotation matrix R and the detector positions r0 can be determined

through detector assembly and survey measurements. Then, after assembly, these

parameters will be corrected incrementally through alignment procedures to account

for mechanical shifts, thermal expansion, and other systematic effects that may alter

the module positions over time. It should be noted that tracker alignment is not a

physical procedure, but rather a correction of our interpretation of the detector data

in software.

3.6.2 Algorithms

Two primary algorithms are used by CMS to minimize track-hit residuals and improve

alignment: Millepede and HipPy.

3.6.2.1 Millepede

Millepede-II (colloquially referred to as “Millepede” or “MP”) employs a global

matrix approach, eliminating the need for iterative procedures. Millepede-II [45] is an

upgraded version of the original Millepede [46] program, designed to perform a global

fit by minimizing the χ2 function while simultaneously accounting for both track and

alignment parameters. Since angular corrections remain small, the problem can be
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effectively linearized while remaining a suitable approximation for alignment studies.

The optimization MP performs is structured to focus exclusively on the n alignment

parameters, reducing the problem to solving a matrix equation of size n [41]. The χ2

function, expressed in terms of both local track parameters q and global alignment

parameters p, is given by

χ2(p,q) =
∑︂

j

∑︂
i

(yji − fji(p,qj))2

σ2
ji

(3.4)

where yji represents uncorrelated hit measurements of track j with associated uncer-

tainties σji, while fji(p,qj) denotes the predicted measurement based on the alignment

and track parameters. Given reasonable initial estimates p0 and qj0, the function

fji can be linearized. Applying the least-squares method to minimize χ2 results in a

system of linear equations, with one equation per alignment parameter and all the

track parameters of each track [41].

The system of equations can be reduced, ultimately leading to a matrix equation of

the form Ca = b where a corresponds to small corrections to the initial alignment

parameters p0. This formulation allows for efficient computation, making Millepede-II

particularly well-suited for large-scale alignment tasks.

3.6.2.2 HipPy

The Hits-and-Impact-Points (HIP) algorithm [42, 44] served as the predecessor to

what later became HipPy. Initially implemented during the commissioning of the CMS
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tracker [41] and extensively used throughout Run 1 [21, 47], the algorithm underwent

significant modifications over time [48]. These refinements led to the development

of an improved version, designated as Hits-and-Impact-Points-Past-Year-1 (HipPy),

which was formally introduced at the start of Run 2.

Figure 3.18: Process diagram of the Hits-and-Impact-Points (HIP) alignment algo-
rithm [43].

Key advancements in the alignment methodology after CMS’ first year online included

the addition of three alignment parameters to account for sensor curvature, extending

beyond the conventional six parameters that describe sensor position and orientation.

Enhancements were also made to allow for the weighting of specific input types, the

introduction of a sequential and hierarchical alignment strategy across multiple time

periods (multi-IOV), and the incorporation of optional mass and vertex constraints

in events with well-characterized underlying physics processes. These improvements
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significantly enhanced the alignment precision and stability, contributing to the

success of Run 2. The HipPy-based alignment parameters were adopted for CMS

data reconstruction and were used in both prompt and end-of-year (EOY) alignments

alongside Millepede-II (MP) constants [48].

Figure 3.19: Process diagram of the Hits-and-Impact-Points-Past-Year-1 (HipPy)
alignment algorithm [43].

The fundamental principle of HipPy involves iteratively refining the local alignment

of individual detector sensors while keeping all other parameters fixed. The procedure

begins with loading track data and hit measurements, followed by track fitting using

the current estimate of alignment parameters. A χ2 function, defined in Eq. (3.5),

is computed for the selected hits for a given sensor (module). For each sensor, the

alignment parameters are updated by minimizing χ2 with respect to local shifts while

holding all other sensor parameters constant. The process iterates until convergence

is achieved.
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The χ2 function for HipPy can be written using a covariance matrix V of the mea-

surement uncertainties

X 2 =
hits∑︂

i

rT
i (p,q)V−1

i ri(p,q) (3.5)

where ri(p,q) are residuals dependent on both track parameters q and alignment

parameters p. The update step for alignment parameters is obtained from

pm =
[︄hits∑︂

i

JT
i V−1

i Ji

]︄−1 [︄hits∑︂
i

JT
i V−1

i ri

]︄
(3.6)

where Ji denotes the Jacobian matrix of residuals with respect to the alignment param-

eters, and can be solved analytically via the small angle approximation. Correlations

between different modules and effects on the track parameters are accounted for by

iterating the minimization process and by refitting the tracks with new alignment

constants after each iteration [41].

A key advantage of HipPy is its seamless integration with the CMS software framework,

particularly in the context of track reconstruction. This integration enables the use of

kinematic constraints such as mass and vertex constraints, which improve alignment

precision. Additionally, HipPy simplifies development by leveraging Kalman filter-

based algorithms. The algorithm treats the position and orientation of each sensor

independently in every iteration. While each step consists of a straightforward matrix

inversion [41, 42], multiple iterations are required to account for correlations between

65



Chapter 3. The Experiment

sensor parameters. This necessitates repeated track fitting which can become time-

and CPU-intensive.

3.6.3 Validation

Several validation methods are used within CMS to quantify the quality of calculated

alignment parameters. Some common validation methods include Geometry Compar-

isons (GC), Distribution of the Median of Residuals (DMR), Primary Vertex (PV),

cosmic track splitting, and Z → µµ or “dimuon” validation [43].

3.6.3.1 Geometry Comparison (GC)

GC validations provide a direct and effective means of visualizing differences between

tracker alignments. Once an alignment fit is performed, the resulting geometry is

compared against a reference geometry, which may correspond to the design geometry

or a previously aligned dataset. Systematic differences observed in such comparisons

can reveal potential distortions in the tracker structure. While geometry comparisons

alone do not establish the validity of systematic shifts in module positions, they serve

as an essential diagnostic tool, offering insights into possible alignment effects.

Unphysical distortions, identifiable through detector design constraints, can signal

biases in the alignment procedure. The geometry comparison framework, adapted from

HipPy’s optical survey constraint tools, aligns two geometries by applying translations

and rotations before computing their differences.

To facilitate meaningful comparisons, global shifts and rotations of large structures are
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removed, allowing for precise measurement of module displacements, denoted as ∆z,

∆r, and ∆ϕ, as functions of z, r, and ϕ, respectively. Additionally, the remaining three

spatial coordinates (x, y, and z) and three angular rotations can also be visualized in a

similar manner. Since geometry comparison validation does not rely on reconstructed

track data, it can be applied universally with respect to any reference geometry,

including design, survey, or previously aligned track-based geometries. An example of

such a validation is shown in Figure 3.20.

Figure 3.20: Example global tracker plot for GC validation, comparing analogous
HipPy and Millepede alignments using beam data, both calculated from PromptGT.
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3.6.3.2 Distribution of the Median of Residuals (DMR)

By analyzing each module individually, DMR validations provide a measure of align-

ment improvement across subdetectors. This method involves refitting each track

using all hits except for the one associated with the module under study. The residual,

defined as the difference between the predicted and measured hit positions, is computed

for each track, and the median of this distribution serves as a representative statistic

for the module. These median residuals are then plotted across all modules, allowing

for a comprehensive alignment evaluation.

To study various sources of bias, DMR validation is performed separately for the local

x and y coordinates. A well-aligned detector should produce a DMR distribution

centered around zero, with its width reflecting the statistical precision of the alignment

(assuming a large enough sample of hits is used for validation). Deviations from zero

suggest systematic biases, while a broader width indicates limitations in alignment

accuracy. Since the width also depends on the sample size, valid comparisons require

that all datasets have identical track statistics, as ensured in the validation process.

Examples of DMR validation are shown in Figures 3.21, 3.22, 3.23, 3.24, and 3.28.

3.6.3.3 Primary Vertex (PV)

The quality of tracker alignment is further assessed through its impact on the perfor-

mance of physics objects, particularly the reconstruction of the PV. The PV, typically

defined as the vertex associated with the track of highest transverse momentum (pT ),

is primarily determined by the pixel detector, as it is closest to the interaction point

and offers the best intrinsic hit position resolution.
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Figure 3.21: Example DMR validation plot for x’ residual in the BPIX, comparing
HipPy (blue) and Millepede (red) alignments using beam data, both calculated from
the starting geometry of PromptGT (black).

The precision of vertex reconstruction is evaluated using unbiased track-vertex residuals,

also known as track impact parameters, which provide a direct measurement based on

data. For each track, the PV position is reconstructed while excluding the track under

consideration. To ensure robustness against pileup, a deterministic annealing clustering

algorithm is utilized. Examples of PV validation are shown in Figures 3.25 and 3.26.
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Figure 3.22: Example DMR validation plot for x’ residual in the FPIX, comparing
HipPy (blue) and Millepede (red) alignments using beam data, both calculated from
the starting geometry of PromptGT (black).

3.6.3.4 Cosmic track splitting

Cosmic ray muons, often referred to as cosmics or cosmic events, recorded by the CMS

detector are used for detector commissioning and calibration. Before the magnetic field

is turned on, events are recorded during the Cosmic RUns at ZEro Tesla (CRUZET).

Cosmic ray muon tracks are also recorded in the 3.8 T magnetic field provided by the
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Figure 3.23: Example DMR validation plot for y’ residual in the BPIX, comparing
HipPy (blue) and Millepede (red) alignments using beam data, both calculated from
the starting geometry of PromptGT (black).

CMS solenoid during the Cosmic Runs At Four Tesla (CRAFT).

Tracks from cosmic ray muons are crucial for deriving alignment constants for two

main reasons. First, they can be recorded before the start of LHC collisions and are

therefore used to derive the initial alignment corrections after a shutdown period.

Second, they have a very different topology compared to collision tracks. Unlike
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Figure 3.24: Example DMR validation plot for y’ residual in the FPIX, comparing
HipPy (blue) and Millepede (red) alignments using beam data, both calculated from
the starting geometry of PromptGT (black).

collision tracks, cosmic ray muon tracks traverse the entire detector and connect

modules in the top and bottom halves of the tracker. This breaks the cylindrical

symmetry typical of collision tracks and helps to constrain several types of distortions.

Throughout Run 2, cosmic ray muon events were recorded before the start of LHC

collisions during dedicated commissioning runs and in the time intervals between two
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Figure 3.25: Example PV validation plot for PIX, comparing HipPy (blue) and
Millepede (red) alignments using beam data, both calculated from the starting geome-
try of PromptGT (black).

LHC fills (interfill runs). Since 2018, cosmic events have also been recorded during

collision data-taking.
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Figure 3.26: Example PV validation plot for BPIX Layer 1, comparing HipPy (blue)
and Millepede (red) alignments using beam data, both calculated from the starting
geometry of PromptGT (black).

3.6.3.5 Dimuon validation

In an ideally aligned tracker, the reconstructed invariant mass of a resonance X →

µ+µ− should exhibit minimal dependence on the trajectory of the muons within the

detector. Consequently, the quality of a given set of alignment constants can be

evaluated by examining potential biases in the reconstructed mass of a well-known
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(a) (b)

Figure 3.27: Muons generated by cosmic rays are extremely important for the
commissioning and the alignment of CMS. Despite being 100 m underground, every
second hundreds of muons generated on top of the atmosphere cross CMS. Presented
are two views, transverse (left) and longitudinal (right), of a single cosmic ray event [49].

resonance. While any resonance could, in principle, be used for this purpose, the

Z-boson decay into muons is the primary choice. The Z-boson is frequently produced

with a relatively small boost, leading to a topology in which the two muons traverse

opposite ends of the tracker, making alignment effects more pronounced.

Tracker misalignment may be indicated if the mean reconstructed mass deviates from

the expected value of 91.2 GeV, either uniformly or as a function of pseudorapidity η

and azimuthal angle ϕ. This validation is performed using LHC collision data after

accumulating a sufficiently large sample of Z → µ+µ− events. Since this method relies

on well-understood physics processes in stable operating conditions, it serves as a

powerful tool for assessing alignment precision in the detector.
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3.6.4 Alignment and validation with HipPy

Aside from assisting with occasional Beam Spot (BS) calculations, most of my service

work for the CMS experiment has involved generating tracker alignment parameters

with HipPy and validation against analogous Millepede alignments. I was also

responsible for documenting the HipPy alignment procedure and initiating updates to

our scripts.

3.6.4.1 Preparing HipPy for Run 3

Alignment work began with the resurrection of the HipPy workflow and running of

the first CRUZET alignments in 2021. We also began using CRAFT and beam data

to align the pixel and strip detectors with HipPy. I initiated documentation of the

HipPy software and alignment validation. I also performed validation of our results

against the Millepede analogs for alignment of high-level structures (HLS) in the pixel

detector as well as alignment of the pixel ladders (inside the BPIX), pixel panels

(inside the FPIX), and strip HLS (TIB, TOB, TID, and TEC).

HipPy achieved performance comparable to that of Millepede for the alignment of pixel

HLS. Its performance lagged behind Millepede in the alignment of additional modules,

but this was consistent with expectations at the time due to the limited number of

iterations HipPy was able to run (later improved as described in Section 3.6.4.5). Thus,

HipPy continued to be utilized for alignment campaigns and acted as a cross-check

for alignment parameters calculated with Millepede.
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3.6.4.2 HLT alignment at 400 V

In late 2022, CMS introduced an updated operational condition in the Barrel Pixel

detector (BPIX), specifically increasing the High Voltage (HV) applied to the sensors

in Layer 1 from 350 V to 400 V, motivated by the cumulative radiation damage

experienced by the silicon sensors.

However, this HV increase also induced subtle mechanical shifts and modified charge

distributions within the pixels, impacting local hit reconstruction. Consequently,

the alignment constants utilized by the HLT required updating to ensure continued

accurate track reconstruction at the trigger level.

My contribution involved assisting in update of HLT alignment parameters, focusing

on the verification of track residual distributions and shifts in the tracker geometry.

Using beam data, I prepared a HipPy alternative to the Millepede alignment of the

pixel detector at module level while keeping the strips fixed, and ran validation of

the new alignment parameters which were then incorporated into the HLT global

conditions database (GT), to optimize the performance of trigger selections during

Run 3 Era G data-taking.

3.6.4.3 2023 commissioning and startup

I also contributed to the alignment of the tracker during 2023 commissioning and

collisions startup. Using early 2023 CRUZET data, I ran a HipPy alignment of the

pixel ladder and half-cylinder, as well as the strip HLS (TIB, TOB, TEC). We were

able to match the performance of Millepede for alignment of the pixel detector and
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validated the DMRs for the new alignment parameters, as visualized in Figure 3.28.

Figure 3.28: Example DMR validation plot for the BPIX in local x’ coordinate,
comparing HipPy (cyan) and Millepede (yellow) alignments using early 2023 CRUZET
data, both calculated from the starting geometry of mp3628 (green).

3.6.4.4 Deriving Beam Spot (BS) conditions

The BS represents the average interaction region of proton-proton collisions in CMS

and serves as a critical reference point for tracking and vertexing. Precise knowledge of

the BS position is essential for computing impact parameters, reconstructing primary
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vertices, and validating alignment parameters. During alignment updates (particularly

those affecting the HLT) the most up-to-date BS conditions are needed to ensure

consistency in the Full Track Validation (FTV), to evaluate the performance of track

reconstruction. As part of my contributions to CMS tracker alignment, I derived

and plotted BS payloads for several alignment candidates, in collaboration with the

Millepede team.

3.6.4.5 HipPy updates

While working with the HipPy algorithm, we have been making upgrades and investi-

gating how to improve its performance for tracker alignment (particularly when using

multiple datasets). While the latter is ongoing, I have modernized parts of the HipPy

code to improve functionality and ease of use. Through an update to the official

CMS Software (CMSSW) repository, I improved the usability of the codebase by

implementing bug fixes and updating the HipPy algorithm to python3. I also modified

the execution scripts to log additional information about submitted alignment jobs,

track ongoing processes without requiring persistent sessions, and avoid interruptions

of the algorithm to aid in the calculation of more iterations and consequently achieve

better alignment performance.

I had previously presented the HipPy algorithm at the Second CMS Tracker Alignment

Workshop, in preparation for our contributions to tracker alignment in Run 3. After

implementing my HipPy updates, I gave a follow-up presentation with a relevant and

interactive example of aligning the pixel half-barrel and half-cylinder at the CMS

Tracker Training Days. This alignment campaign calculated new positions for the pixel

79



Chapter 3. The Experiment

modules while keeping strips fixed, using a “MinBias” dataset—as close as possible to

an unbiased sample of pp collisions—comprising of 23 million events in this case.

Analogous alignment campaigns were undertaken by HipPy and Millepede using the

same MinBias dataset and starting from the same initial starting geometry taken from

the Prompt Global Tag (GT), or “PromptGT.” A GT being a named snapshot of CMS

conditions (calibrations, alignments, various detector parameters), and the PromptGT

being the GT used to reconstruct newly-taken data at Tier-0. (Using the PromptGT

ensures a starting geometry which matches the exact conditions used to reconstruct

the data being used for alignment.) Validation plots for the resulting HipPy alignment

compared against the analogous Millepede alignment and their shared PromptGT

starting geometry are shown in Figures 3.20, 3.21, 3.22, 3.23, 3.24, 3.25, and 3.26.
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Analysis of Higgs boson data at the LHC

As previously discussed in Section 2.2, the SM postulates the existence of a scalar

field—the Higgs field—responsible for the generation of mass for fundamental particles

through the mechanism of electroweak symmetry breaking. The excitation of this field

is known as the Higgs boson (H) [50–56]. The properties of the Higgs boson, observed

with a mass of approximately 125 GeV by the ATLAS and CMS Collaborations [2, 57,

58] at the LHC, are found to be in agreement with SM predictions [59, 60].

The mass of the Higgs boson (mH) is a free parameter in the SM and governs all

other Higgs boson properties, necessitating its measurement with the highest possible

precision. For instance, the Higgs boson couplings to vector bosons depend strongly

on mH and are predicted with high precision within the SM framework. Another

key parameter is the Higgs boson’s total decay width (ΓH), which determines its

lifetime. The SM predicts a width of ΓH = 4.1 MeV, corresponding to a lifetime of

1.6 × 10−22 s [4] for mH = 125 GeV. Any deviation from this prediction could signal

anomalous Higgs boson couplings or decays to invisible or non-SM particles.

Using
√
s =7 and 8 TeV proton-proton (pp) collision data collected during Run 1

(2011–2012), the ATLAS and CMS Collaborations jointly measured the Higgs boson

mass as 125.09 ± 0.24 GeV [61], based on a combined integrated luminosity of 25 fb−1

per experiment. This result has since been superseded. The ATLAS Collaboration,

combining the H → γγ and H → 4ℓ (ℓ = e, µ) decay channels using both Run 1
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and Run 2 (
√
s = 13 TeV, 2015–2018) data, reported a measurement of mH =

125.11 ± 0.11 GeV, with a statistical uncertainty of 0.09 GeV [62]. The most recent

CMS result, using the same decay channels and including Run 1 and 36 fb−1 of 2016

data, yields mH = 125.38 ± 0.14 GeV, with a statistical uncertainty of 0.11 GeV.

Independent measurements from ATLAS and CMS based solely on H → 4ℓ decay and

2016 data give mH = 124.94 ± 0.18(±0.17) GeV and mH = 125.26 ± 0.21(±0.19) GeV,

respectively, where the value in parentheses is the statistical uncertainty only [61, 62].

Using only on-shell production, CMS placed an upper limit on the Higgs boson

width of ΓH < 1.10 GeV at 95% confidence level (CL), constrained by the four-lepton

invariant mass resolution [63, 64]. Both ATLAS and CMS have also set more stringent

constraints using the off-shell production method [6, 7, 65–69] which, as discussed

in Section 2.5, exploits the population of Higgs boson events at higher energies [5,

70, 71]. This method yields recent measurements of ΓH = 3.2+2.4
−1.7 MeV by CMS [69],

and ΓH = 4.3+3.3
−2.5 MeV by ATLAS [72]. Additionally, from limits on the Higgs boson’s

flight distance in the detector, CMS set a lower bound of ΓH > 3.5 × 10−9 MeV at

95% CL [66].

This chapter presents an updated CMS measurement of the Higgs boson width using

off-shell production in the H∗ → 4ℓ decay channel. Additionally, results from an

extension of the off-shell analysis are summarized, as well as a Higgs boson mass

measurement conducted by collaborators using the shared on-shell data sample. The

analysis includes 138 fb−1 of pp collision data at
√
s = 13 TeV, collected from Run 2

(2016–2018), combined with Run 1 data.
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4.1 Modeling of off-shell production

This analysis takes advantage of new tools for off-shell simulation that are now available

through JHUGen [9, 73–77]. With the release of JHUGen v7.2.4, options were added

to generate off-shell EW events, including hadronic VH production, the continuum

background, and up to two scalar resonances. By release v7.3.0, the generation of

interference in 4ℓ final states in off-shell EW production was improved and it became

possible to simulate off-shell EW Higgs boson production with the inclusion of the

anomalous couplings described in Section 2.6.1. In conjunction with the previously

available simulations for off-shell gluon fusion production, illustrated in Figure 4.1,

this functionality enables future off-shell analysis of these anomalous couplings with all

primary Higgs boson production modes simulated through JHUGen. When anomalous

couplings are incorporated into future analyses, reweighting techniques also enable

the creation of distributions for hypotheses with mixed anomalous contributions to

the HVV amplitude, without the need to uniquely generate such samples.

Notably, as is done in this analysis, one can reweight various MC samples to the same

SM-like hypothesis, providing additional statistics to make a more precise measurement

of the SM-like Higgs boson. The matrix element likelihood approach (MELA), which

is discussed further in Section 4.2.2, is used to reweight all simulated off-shell events to

the SM hypothesis through modified MCFM matrix elements [57, 78]. This eliminates

the need for out-of-the-box simulation of additional SM events by utilizing statistics

from pre-existing BSM simulations instead. Furthermore, this analysis improves on

past papers [7] by including the entire Run 2 dataset (spanning years 2016, 2017, and

2018) and using Ultra-Legacy (UL) processing, as explained in Section 4.2.
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Figure 4.1: The four-lepton m4ℓ invariant mass distributions for gluon fusion (left)
and electroweak production in association with two jets (right) at the LHC with a 13
TeV pp collision energy. The total SM production (“H+bkg+int”) and background-only
(“bkg”) components are shown in black. Three operators cz□ (magenta), czz (blue),
and c̃zz (red) are shown in color, as analogs of the anomalous couplings described
in Section 2.6.1, and they are introduced in place of the SM interaction with their
strength constrained to reproduce the SM cross section of the on-shell Higgs boson
signal production [8].

There already exist on-shell samples (centered around the 125 GeV Higgs boson peak)

for the dominant production modes generated with POWHEG v2 and JHUGen v7.0.11,

which have been validated and utilized in CMS analyses [7, 79, 80]. These samples are

inherited for the on-shell Higgs boson cross-section, and doubly used as a reliable point

of comparison for newly generated MC events. To provide additional statistics for

electroweak production, on-shell samples are generated with JHUGen+JHUGenMELA

and off-shell samples of the combined BSI (background+signal+interference) events

are generated via Phantom. These samples are valuable in the validation of the

recently produced off-shell samples for gluon fusion and electroweak production, which

were generated using JHUGen v7.3.0 interfaced to MCFM v7.0.1 and MCFM v7.0.6.
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4.1.1 K factors

MC simulations are improved by applying K factors, which correct leading-order

(LO) calculations with higher-order effects (taking them to NLO, NNLO, N3LO,

etc.). A K factor is defined as the ratio of a cross section at higher order to the LO

prediction, K = σNnLO/σLO. For gluon-fusion Higgs boson production (ggH), QCD

effects dominate the K factors. Electroweak (EW) corrections are generally smaller

but their relative importance grows at high energies due to off-shell vector bosons.

Backgrounds such as qq̄ → ZZ and gg → ZZ backgrounds rely primarily on QCD and

loop-induced corrections. In practice, all these K factors are applied as multiplicative

weights to MC samples, so that simulated yields and shapes match the best available

theoretical predictions.

It is worth nothing that K factors are not constant and vary with kinematics. In the

off-shell Higgs boson analysis, their dependence on the four-lepton invariant mass m4ℓ

and on jet multiplicity is especially important. Using differential K factors ensures

that both the overall rate and the distribution shapes of signal, background, and

interference processes are modeled more accurately across phase space. Corrections

relevant to jet modeling as a function of invariant mass are discussed in Section 4.1.2.

4.1.1.1 ggH processes

The cross section for the SM Higgs boson produced via gluon fusion in the on-shell

region is reported in Yellow Report 4 (YR4) [4] at N3LO as 48.58 pb. Because the

MC cross section already includes the LO to NNLO K factor, matching the YR4

value requires the calculation of an additional NNLO-to-N3LO K factor, which is
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independent of the Higgs boson mass, to rescale the cross section of the on-shell gluon

fusion signal.

The N3LO cross section, reported in YR4, is corrected for the generator cut efficiencies

and the Higgs boson branching fraction, and calculated for the three lepton flavor

combinations separately. The K factor is expected to be independent of the lepton

flavor, therefore the result is averaged in the end. The calculation is performed at 125

GeV mass point, for which the N3LO cross section is reported, but the correction is

assumed to be independent of the mass. The calculation and results are summarized

in Table 4.1. The ratio between the YR4 and MC cross sections is treated as an

additional NNLO to N3LO K factor of 1.154. This K factor is applied to all the gluon

fusion samples across all mass values (pure signal, interference, and background).

YR4 σ[pb] BR GEN cut efficiency σ[pb]

ggH→2e2µ 48.58 5.897×10−5 65.285% 0.001870

ggH→4e 48.58 3.254×10−5 64.413% 0.001018

ggH→4µ 48.58 3.254×10−5 64.413% 0.001018

MC ggH→2e2µ 0.001628

MC ggH→4e 0.000888

MC ggH→4µ 0.000888

NNLO QCD to N3LO QCD and NLO EW K factor 1.154

Table 4.1: The calculation for the NNLO to N3LO K factor for the gluon fusion MC
samples. The factor calculated at 125 GeV is applied to all the gluon fusion processes
in the full off-shell region.
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Chapter I.8. Off-shell Higgs Production and Higgs Interference 247
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Figure 147: Differential cross section of the process gg → ZZ/Zγ∗/γ∗γ∗ → 2`2`′ (where `, `′ = e, µ, or
τ ) as a function of invariant mass m4` generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k -factors) as a function ofm4` are
shown on the top-right plot. The top-left plot shows several scenarios ofH(125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with the a3, a2, and Λ1 terms, as coloured histograms, as
well as the a1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM
In this section we discuss the loop-induced processes gg → ZZ and gg → V V (→ e+e−µ+µ−/e+e−νlν̄l)
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we name H1 and H2. The models can be classified into
type I and type II, if we demand no tree-level flavour-changing neutral currents and CP conservation.
By convention [487], the up-type quarks couple to H2. In models of type I, the down-type quarks also
couple to H2, while in type II models, they couple to H1. The coupling to the leptons can either be
through H1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd fieldA and two CP-even
Higgs fields h and H due to CP conservation, as well as two charged Higgs bosons H±. The 2HDM
can be described in different basis representations. We make use of the “physical basis”, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation values tanβ := tanβ = v2/v1

Figure 4.2: LO-to-NNLO and LO-to-NLO K factors plotted as functions of invariant
mass for ggH production signal at

√
s = 13 TeV, cited from YR4 [4].

The gluon fusion simulation is performed at LO and a mass dependent LO to NNLO

K factor is applied, as illustrated in Figure 4.2. All off-shell production simulations

are conducted at LO in QCD, with higher-order corrections included through a K

factor. In the gluon fusion process, the factorization and renormalization scales are

set to run dynamically by equating them to m4ℓ/2. To incorporate higher-order QCD

corrections, signal cross section calculations are performed at leading order (LO),

next-to-leading order (NLO), and next-to-next-to-leading order (NNLO) using the

MCFM and HNNLO 2 programs [81–83] under the narrow-width approximation,

covering a broad range of masses spanning both the on-shell and off-shell regions.
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The ratios of NNLO to LO cross sections, referred to as LO-to-NNLO K factors, are

used to reweight [4] the m4ℓ distributions obtained from LO QCD simulations produced

with MCFM and JHUGen. A constant K factor of 1.154 (as seen in Table 4.1) is

applied across the entire m4ℓ spectrum to normalize the Higgs boson production cross

section via gluon fusion to the next-to-next-to-next-to-leading order (N3LO) prediction

at m4ℓ ≈ 125 GeV [4]. The m4ℓ distributions from the POWHEG+JHUGen simulation

of the gg → H process are reweighted using NLO-to-NNLO K factors.

While the LO-to-NNLO K factor is directly applicable to the signal, it serves only

as an approximation for the gg → 4ℓ background and its interference with the signal.

An approximate NLO calculation [84–87] is available for both the background and

the interference. The resulting LO-to-NLO K factors for these components agree

with the signal K factor within approximately 10% in the m4ℓ > 220 GeV range

relevant to this analysis. Consequently, the same LO-to-NNLO K factor and N3LO

normalization, computed for the signal, are applied to the background and interference,

along with their associated uncertainties. An additional 10% uncertainty is assigned

to the background component, and a 5% uncertainty—corresponding to the square

root of the variation—is applied to the interference.

4.1.1.2 EW processes

Using the JHUGen+MCFM programs, we simulate EW Higgs boson production via

VBF and VH processes, with inclusive decays of the Higgs boson to all lepton flavors

(including τ leptons). In the VH process, the vector boson decays are restricted to

hadronic modes, as the EW simulation is designed to model the 4ℓ+ 2 jets final state.
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These LO samples are generated with generator-level lepton and jet cuts. The lepton

cuts are identical to those applied in the gluon fusion simulation described earlier

and do not affect the final event selection after reconstruction. The jet cuts, however,

reduce the number of selected events by approximately 15%, impacting only topologies

that are not explicitly VBF- or VH-tagged.

YR4 provides cross-section predictions for individual EW processes (VBF, ZH, WH)

in the on-shell region, calculated up to NNLO in QCD and NLO in EW corrections [4].

As in the gluon fusion case, we compare the on-shell cross section of the simulated EW

samples to the YR4 predictions and extract a universal correction factor (K factor)

to be applied consistently across all EW simulated samples, including pure signal,

interference, and background contributions.

For this comparison, we apply the generator-level (GEN) selection efficiency to each

YR4 cross-section value. Additionally, for WH and ZH processes, we multiply by the

hadronic branching fraction of the vector boson [88]. Finally, the H → 4ℓ branching

fraction (including decays to τ leptons) is applied to all processes. The resulting three

contributions are summed and compared to the simulated pure signal cross section at

the Higgs boson mass peak, as summarized in Table 4.2.

We adopt the uncertainties reported in YR4 for the NNLO cross section and estimate

an inclusive uncertainty for each source contributing to the K factor. The resulting

LO-to-NNLO QCD and NLO EW correction factor is:

K = 1.039
{︂

+1.33%
−0.8% (QCD scale) ± 1.89% (PDF) ± 0.65% (αstrong)

}︂
.
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YR4 [pb] GEN cut efficiency V hadronic H → 4ℓ σ[pb]

VBF 3.782 62.073% 0.0002745 0.000644

WH 1.373 52.611% 67.41% 0.0002745 0.000134

ZH 0.8839 55.867% 69.911% 0.0002745 0.000095

Total 0.000873

MC 0.000840

LO QCD+EW to NNLO QCD and NLO EW K factor 1.039

Table 4.2: The calculation for the LO to NNLO K factor for the EW off-shell samples
at the Higgs boson mass peak (125 GeV). The calculated factor is applied to all the
off-shell EW MC samples.

The qq̄ → 4ℓ background is simulated at NLO in QCD and LO in electroweak (EW)

theory using POWHEG. The fully differential cross section for this process has been

computed at NNLO in QCD [89], and a differential NLO-to-NNLO K factor as a

function of m4ℓ is applied to the POWHEG sample. This K factor is approximately

1.1 at m4ℓ = 125 GeV and varies between 1.0 and 1.2 in the region m4ℓ < 500 GeV.

The uncertainty from missing EW corrections in the low-mass region (m4ℓ < 2mZ) is

small compared to QCD-related uncertainties.

To account for EW corrections, an LO-to-NLO K factor [90] is applied to events

containing two on-shell Z bosons. This K factor decreases with increasing m4ℓ,

from approximately 1.0 near 125 GeV to around 0.9 in the high-mass region (m4ℓ >

500 GeV). The associated uncertainty is the dominant systematic for the off-shell
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width measurement and is included as a function of m4ℓ. The differential QCD and

EW K factors are illustrated for in Figure 4.3.
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Figure 3.5: Left: NNLO/NLO QCD K factor for the qq̄ → ZZ background [123] as
a function of mZZ for the 4ℓ and 2ℓ2ℓ′ final states. Right: NLO/LO electroweak K
factor [124, 125] as a function of mZZ. The K factors are illustrated for 13 TeV pp
collision energy.

Any simulated parton-level process needs to account for nuclear effects,

soft radiations or subsequent production of baryons and mesons from the

partons in the hard-process, and detector response before reconstruction

algorithms can be run on the final particles. These steps are achieved with

PYTHIA 6.4 [126] in Run 1 and 8 [127] in Run 2. This hadronization step uses

tunes Z2 and Z2* [128] in Run 1 and tune CUETP8M1 [129] in Run 2. The

generated events are processed through a detailed simulation of the CMS

detector based on GEANT4 [130, 131] before they are reconstructed with the

same algorithms that are used on the data.

3.3.2 Kinematic discriminants

Kinematic information contained in a typical H → VV → 4f processes is

shown in Fig. 3.6. cos θ∗ and Φ1 distributions are flat in any spin-0 signal
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Any simulated parton-level process needs to account for nuclear effects,

soft radiations or subsequent production of baryons and mesons from the

partons in the hard-process, and detector response before reconstruction

algorithms can be run on the final particles. These steps are achieved with

PYTHIA 6.4 [126] in Run 1 and 8 [127] in Run 2. This hadronization step uses

tunes Z2 and Z2* [128] in Run 1 and tune CUETP8M1 [129] in Run 2. The

generated events are processed through a detailed simulation of the CMS

detector based on GEANT4 [130, 131] before they are reconstructed with the

same algorithms that are used on the data.

3.3.2 Kinematic discriminants

Kinematic information contained in a typical H → VV → 4f processes is

shown in Fig. 3.6. cos θ∗ and Φ1 distributions are flat in any spin-0 signal
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Figure 4.3: Illustrations of the NLO-to-NNLO QCD K factor for the qq̄ → ZZ
background (left) and LO-to-NLO EW K factor as a function of invariant mass (right).
Both plots take

√
s = 13 TeV [89, 91, 92].

4.1.2 Corrections for jet modeling

It is important to note, as on-shell events are compared between all these samples using

the cross-section and branching ratio values from YR4 [4], that the off-shell samples

share common generator inputs which are not applied to the on-shell samples [4].

These cuts and their associated efficiencies are documented in Table 4.3.

Generator-level cuts are applied on leptons during the generation of the samples.

The efficiency of these cuts is evaluated to ensure proper normalization of the cross

sections through independent Monte Carlo (MC) studies, where various processes are

generated both with and without the aforementioned lepton selection.
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Generator Sample / Analysis Leptons Jets

JHUGen+MCFM EW off-shell pT l1,2,3,4 > 3GeV , |η l1,2,3,4| < 2.7 pT j1,2 > 15 GeV, mjj >30 GeV, |η j1,2| < 6.5, ∆R > 0.3, |∆η j1,2| >0

ggH off-shell pT l1,2,3,4 > 3GeV , |η l1,2,3,4| < 2.7 pT j1,2 > 15 GeV, ∆R > 0.4

Phantom EW off-shell (BSI, 4e) pT l1,2,3,4 > 3 GeV, |η l1,2,3,4| < 2.7 mjj >30 GeV, |η j1,2| < 6.5

EW off-shell (BSI, 4µ) pT l1,2,3,4 > 3 GeV, |η l1,2,3,4| < 2.7 mjj >30 GeV, |η j1,2| < 6.5

EW off-shell (BSI, 2e2µ) pT l1,2,3,4 > 3 GeV, |η l1,2,3,4| < 2.7 mjj >30 GeV, |η j1,2| < 6.5

POWHEG+JHUGen VBF on-shell No specified cuts No specified cuts

W−H on-shell No specified cuts No specified cuts

W+H on-shell No specified cuts No specified cuts

ZH on-shell No specified cuts No specified cuts

ggH on-shell No specified cuts No specified cuts

JHUGen+JHUGen VBF on-shell No specified cuts No specified cuts

WH on-shell No specified cuts No specified cuts

ZH on-shell No specified cuts No specified cuts

Table 4.3: Generator-level cuts on jets and leptons in all utilized samples. Note that
Phantom provides EW simulation but MCFM is used for both EW and ggH events.

In the case of gluons fusion off-shell samples, the following lepton selection requirements

are applied: pT (ℓ1,2,3,4) > 3 GeV, |η(ℓ1,2,3,4)| < 2.7. It has been validated that no

leptons which would otherwise be reconstructed in the analysis are lost due to these

cuts, since these selection cuts remove leptons that fall outside the detector acceptance

or reconstruction capabilities.

mH VBF WH ZH EW (had) EW (full)

125 GeV 71.35% 61.64% 63.09% 69.15% 68.45%

200 GeV 78.90% 71.45% 72.18% 78.13% 77.83%

300 GeV 81.70% 76.78% 77.39% 81.46% 81.36%

400 GeV 84.57% 82.06% 82.46% 84.50% 84.47%

500 GeV 86.95% 85.77% 85.91% 86.93% 86.92%

600 GeV 88.72% 88.19% 88.28% 88.71% 88.71%

Table 4.4: Efficiencies of generator-level requirements on leptons (pT (ℓ1,2,3,4) > 3 GeV,
|η(ℓ1,2,3,4)| < 2.7) in the off-shell EW samples as a function of m4ℓ. The EW (had)
includes VBF and hadronic VH production, while EW (full) also includes leptonic
VH production.
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In the case of EW off-shell samples, we evaluate efficiency of the generator-level cuts

separately for the VBF, WH, and ZH samples, and then combine them according to

their relative cross sections, used as weight. First we evaluate effect of lepton selection

requirements are applied: pT (ℓ1,2,3,4) > 3 GeV, |η(ℓ1,2,3,4)| < 2.7. The effect of these

cuts on EW samples, generated with JHUGen signal only, is shown in Table 4.4. The

effect of jet cuts on EW samples, generated with JHUGen signal only, is shown in

Table 4.5.

efficiency of jet cuts jet + lepton cuts

mH VBF WH ZH EW (had) EW (full) EW (had) EW (full)

125 GeV 86.92% 85.49% 88.38% 86.84% 86.81% 60.05% 59.42%

200 GeV 87.09% 88.59% 90.34% 87.33% 87.42% 68.23% 68.03%

300 GeV 87.28% 91.50% 92.48% 87.51% 87.61% 71.29% 71.28%

400 GeV 87.20% 93.38% 94.00% 87.39% 87.47% 73.84% 73.88%

500 GeV 86.84% 94.71% 94.98% 87.00% 87.07% 75.62% 75.67%

600 GeV 86.56% 95.61% 95.83% 86.69% 86.92% 76.90% 76.95%

Table 4.5: Efficiencies of generator-level requirements on jets in the off-shell EW
samples as a function ofm4ℓ. The EW (had) includes VBF and hadronic VH production,
while EW (full) also includes leptonic VH production. These efficiencies are calculated
after generator-level requirements had been applied on leptons, as indicated in Table 4.4.
The last two columns incorporate efficiency of lepton cuts together with jet cuts.

4.2 Building a H(∗) → ZZ(∗) → 4ℓ analysis

For measurements of the Higgs boson width and production signal strength, this

analysis uses UL processed CMS data and simulated samples, which provide the

most up-to-date and homogeneous reconstruction of the full Run 2 dataset (2016–

2018). The UL campaign incorporates final detector calibrations, alignments, and

93



Chapter 4. Analysis of Higgs boson data at the LHC

reconstruction algorithms, thereby improving the overall detector performance and

reducing systematic uncertainties compared to earlier re-reconstruction campaigns

(ReReco). While ReReco samples were produced year by year, each using the best

available knowledge of the detector at that time, they do not guarantee uniform

conditions across the full Run 2 dataset. UL samples on the other hand, were

generated in a single comprehensive reprocessing after Run 2 data-taking concluded,

ensuring a consistent treatment across all years.

4.2.1 Reconstructing and selecting events

Event reconstruction is based on the particle-flow (PF) algorithm [93], which endeav-

ors to reconstruct and identify each individual particle in an event by combining

information from the various subdetectors of the CMS experiment. PF candidates are

classified as photons, electrons, or muons, and they are then used to build higher-level

objects, such as jets.

Photon energies are determined directly from ECAL measurements, and are not

expected to present a signal in the HCAL or tracker. Electrons are identified from a

multivariate discriminant involving their momentum at the PV as measured by the

tracker, a geometrically corresponding ECAL cluster of energy deposition, and the

integrated energy of all bremsstrahlung (radiated) photons determined to be spatially

consistent with emission from the electron’s trajectory [79]. Muons, like electrons, also

start in the tracker, but have trajectories and momenta that can be extrapolated to

the muon system while depositing little to no energy in the ECAL and HCAL. Their

energies are inferred from the curvature of their tracks in the magnetic field. After the
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isolated muons, electrons, and photons are classified, the remaining particles are used

to identify hadrons. For charged hadrons, energies are determined by combining their

momenta measured in the tracker with the corresponding ECAL and HCAL energy

deposits. The energies of neutral hadrons are obtained from their corrected ECAL

and HCAL energy deposits.

Electrons are reconstructed within the geometrical acceptance defined by |η| < 2.5

and transverse momentum pT > 7 GeV [94]. While muons with transverse momentum

pT > 5 GeV are reconstructed within the geometrical acceptance of |η| < 2.4. For

H → 4ℓ candidates, track parameters relevant to momenta are reconstructed using

information from the tracker [95]. Selection of leptons from among the reconstructed

track candidates is subject to stringent quality criteria applied to tracks in both the

muon chambers and the silicon tracker, complemented by requirements of minimal

energy deposition in the calorimeter systems, ensuring high purity in identification.

Additionally, to distinguish prompt lepton products of high-pT Z boson decays from

those originating in hadronic jets—such as leptons produced in electroweak decays

of hadrons—an isolation requirement is applied. For muons, an isolation variable

is computed to quantify the level of surrounding activity and suppress backgrounds

from non-prompt sources [79]. The isolation variable is defined relative to the muon’s

transverse momentum pT as

Iµ ≡
(︃∑︂

pcharged
T + max

[︂
0,
∑︂

pneutral
T +

∑︂
pγ

T − pPU
T

]︂)︃
/pT , (4.1)

where pcharged
T , pneutral

T , and pγ
T are summed over the charged and neutral hadrons and
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photons within a cone radius of ∆R ≡
√

(ηi − ηj)2 + (ϕi − ϕj)2 = 0.3 around the

lepton’s direction at the interaction vertex. Here, ϕ denotes the azimuthal angle and

indices i and j refer to the hadron or photon and muon, respectively. This isolation

variable exhibits particular sensitivity to energy deposits from pileup interactions.

Therefore, a contribution pPU
T from pileup is subtracted, as seen in Equation (4.1) [96].

Finally, each muon in a selected event must satisfy Iµ < 0.35.

Instead of applying a separate isolation requirement—as in the case for muons—

the electron multivariate discriminant incorporates the isolation sums (∑︁ pcharged
T ,∑︁

pneutral
T , and ∑︁ pγ

T) directly [79]. The inclusion of these isolation components offers

better performance for electrons compared to a simple threshold on the relative

isolation variable. The XGBOOST (eXtreme Gradient Boosting) library is used on

simulated events to train and optimize the multivariate discriminant employed for

electron identification and isolation. Events are separated into six regions, defined

by two transverse momentum ranges (7 < pT < 10 GeV and pT > 10 GeV) and three

pseudorapidity intervals: the central barrel (|ηe| < 0.8), outer barrel (0.8 < |ηe| <

1.479), and endcaps (1.479 < |ηe| < 2.5). Separate discriminant training is performed

for each of the three data-taking periods in Run 2, and the selection requirements are

optimized such that the signal efficiency is uniform across all three periods.

The effect of the final-state radiation (FSR) from leptons are also recovered [93].

(Bremsstrahlung photons already associated to electrons in the reconstruction step are

not considered.) Isolated photons satisfying pγ
T > 2 GeV, |ηγ| < 2.4, and Iγ < 1.8 are

associated with the nearest selected lepton (muon or electron) in the event. Photons

must also satisfy the criteria ∆R(γ, ℓ)/(pγ
T )2 < 0.012 GeV−2 and ∆R(γ, ℓ) < 0.5. When
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multiple photon candidates fulfill these conditions, the one minimizing ∆R(γ, ℓ)/(pγ
T )2

with respect to the given lepton is retained. FSR photons are excluded from the

computation of the relative isolation parameter.

A “tag-and-probe” technique [97], based on samples of Z boson events in both data

and simulation, is employed to measure the reconstruction and selection efficiencies

for prompt electrons and muons across bins of transverse momentum (pT) and pseu-

dorapidity (η). The differences between the efficiencies measured in data and those

obtained from simulation are used to derive correction factors, which are applied to

rescale the event yields in the simulated samples [79]. These simulated events are also

utilized to calibrate the momentum scale and resolution of prompt leptons, again in

bins of pT and η [98, 99].

For this analysis, selection of Higgs boson candidates requires four prompt and isolated

leptons following the aforementioned criteria. One lepton must satisfy pT > 20 GeV

and at least one additional lepton must have pT > 10 GeV. Then, Z boson candidates

are constructed from e+e− or µ+µ− pairs with invariant masses in the range 12–120

GeV. These dilepton pairs are combined to form a Higgs boson candidate. We choose

Z1 to label the pair with invariant mass closest to the nominal Z boson mass, and call

the remaining pair Z2.

Four possible combinations are considered and treated independently: 4µ, 4e, 2e2µ,

and 2µ2e, where the mixed-flavor final states are distinguished based on the flavor

composition of Z1. These four combinations exhibit different four-lepton mass resolu-

tions (predominantly determined by the flavor composition of Z1) and contain different
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amounts of reducible background (largely dependent on the flavor composition of Z2).

Since none of these flavor-dependent characteristics impact the off-shell Higgs boson

analysis, all flavor channels are combined to make our measurement [100].

Signal candidates must satisfy m4ℓ > 70 GeV. When multiple Higgs boson candidates

can be formed in an event, the one with the highest value of the kinematic discriminant

Dkin
bkg (defined in Section 4.2.3) is chosen, However, if these Higgs boson candidates are

comprised of the same four leptons, the candidate whose Z1 invariant mass lies closest

to the nominal Z boson mass is selected.

In this off-shell analysis, events undergo further categorization based on jets associated

with the Higgs boson candidate [100]. Jets are clustered using the anti-kt jet finding

algorithm [101, 102] with a distance parameter of 0.4. The jet momentum is determined

as the vector sum of all constituent particle momenta. Jets must satisfy pT > 30 GeV

and |η| < 4.7 and must be spatially separated from all selected lepton candidates and

any selected FSR photons by requiring ∆R(ℓ/γ, jet) > 0.4. Jets originating from b

quark hadronization are identified using the DeepCSV algorithm [103], which integrates

information on impact parameter significance, secondary vertex characteristics, and

jet kinematic variables. These b-tagged jets are then used as part of our criteria for

categorizing events, as detailed in Section 4.2.3.

4.2.2 Matrix Element Likelihood Approach

With up to 13 observables (Ω) describing the Higgs boson kinematic distributions in

the 2 → 6 process, as visualized in Figure 4.4, it can be a challenging task to perform

an optimal analysis. MELA lets us calculate the matrix elements (ME) for each Higgs
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boson interaction as a function of its couplings and interacting particles. We can

utilize these ME in ratios to change our hypotheses and reweight our Monte-Carlo

samples, or treat them as probabilities and construct discriminants from the ME to

use as observables (as discussed further in Section 4.2.3).

The MELA approach is designed to reduce the number of observables to the minimum

while retaining all essential information. This is a very powerful tool which ensures

that our analysis observables are still based in first principles, while affording us the

flexibility to reweight distributions to new hypotheses or combine differently simulated

statistics for greater precision in a single measurement.

Figure 4.4: Diagrams with relevant kinematic observables labeled in the VBF (left),
VH (center), and ggH (right) production modes of the Higgs boson.

4.2.3 Defining categories and observables

In order to perform a dedicated study of the particular kinematic topology of HVV,

visualized in Figure 4.4, events are split into several mutually exclusive categories

based on the presence of other particles produced in association with the Higgs boson

candidate [79]. Two types of discriminants are defined for either the production or

decay process, which can be combined to describe the full 2 → 6 process [7, 64, 79, 104].

We use the values of these kinematic discriminants and other selection requirements
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to perform the categorization. They are calculated using the MELA approach while

employing the matrix elements at leading order (LO) in quantum chromodynamics

(QCD):

Dalt (Ω) = Psig (Ω)
Psig (Ω) + Palt (Ω) (4.2)

Dint (Ω) = Pint (Ω)
2
√︂

Psig (Ω) Palt (Ω)
, (4.3)

where the probability of a certain process P is calculated using the full kinematics

characterized by Ω for the hypotheses denoted as “sig” for a signal model and “alt” for

an alternative model, which could be an alternative Higgs boson production mechanism

(used to categorize events), background (used to isolate signal), or an alternative

Higgs boson coupling model (used to measure coupling parameters). The “int” label

represents the interference between the two model contributions. The probabilities

P are calculated from the matrix elements provided by the MELA package and are

normalized to give the same integrated cross sections in the relevant phase space of

each process.

A set of discriminants D2jet is constructed, following Equation 4.2, where Psig corre-

sponds to the signal probability for the VBF (WH or ZH) production hypothesis in

the VBF-tagged (VH-tagged) category, and Palt corresponds to that of Higgs boson

production in association with two jets via gluon fusion. These discriminants use full

kinematic information from the Higgs boson with its associated jets and are labeled to

indicate a specific topology (2jet) and production mechanism (VBF, WH, ZH), which

is discriminated against the dominant gluon fusion process: DV BF
2jet , DZH

2jet, and DW H
2jet .

When more than two jets pass the selection criteria, the two jets with the highest pT
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are chosen for the matrix element calculations. Thus, the D2jet discriminants separate

the target production mode of each category from gluon fusion production, in all cases

using only the kinematics of the Higgs boson and two associated jets [100].

Sequential selection criteria are used to define the event categories:

– The VBF-2jet category requires exactly four leptons. In addition, events must

contain either two or three jets with at most one identified as originating from a b

quark (b-tagged jet) [79], or at least four jets with no b-tagged jets. Furthermore,

events must satisfy DV BF
2jet > 0.5 [79].

– The VH-hadronic category requires exactly four leptons. Additionally, events

must have either two or three jets, or at least four jets with no b-tagged jets.

Events are required to satisfy max(DW H
2jet , DZH

2jet) > 0.5 [79].

– The Untagged category comprises all remaining events.

The selected events are split into the three categories summarized with their observables

in Table 4.6: VBF-tagged, VH-tagged, and Untagged. Because the EW off-shell SM

signal samples are dominated by VBF production, the fraction of VH events is

predictably small, as reflected in Table 4.7.

In each event category, the observables x⃗ = {m4ℓ,Dbkg,Dint} are defined following

Equations 4.2 and 4.3, and as summarized in Table 4.6. The Dbkg observable is

calculated with category-dependent methodology. In the Untagged category, Pbkg is

evaluated for the dominant qq̄ → 4ℓ background process. The signal and background
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Category VBF-tagged V H-tagged Untagged

Selection DVBF
2jet > 0.5 DZH

2jet or DW H
2jet > 0.5 Rest of events

Observables m4ℓ, DVBF+dec
bkg , DVBF+dec

bsi m4ℓ, DV H+dec
bkg , DV H+dec

bsi m4ℓ, Dkin
bkg, Dgg,dec

bsi

Table 4.6: Summary of the three production categories in the off-shell m4ℓ region.
All discriminants are calculated with the JHUGen signal and MCFM background
matrix elements. The VH interference discriminant in the VH-tagged category is the
simple average of the ones corresponding to the ZH and WH processes [100].

probabilities incorporate both the matrix element probability, derived from the four-

lepton kinematics, and a probability density function for the four-lepton invariant mass

(m4ℓ), which is parameterized using simulated events to account for detector effects.

The Higgs boson mass is constrained to mH = 125.38 GeV [105]. An illustrative

example of the differentiating value of Dkin
bkg is shown in Figure 4.5.

In the VBF-tagged and VH-tagged categories, Pbkg and Psig incorporate not only

four-lepton kinematics but also the kinematic properties of the two associated jets.

The Pbkg probability density characterizes the combined EW and QCD background

processes 4ℓ+ 2 jets, while Psig represents the EW processes VBF and VH. Inclusion

of jet kinematics in the Dbkg calculation enhances discrimination of the targeted signal

production against both background and Higgs boson production through gluon fusion.

The third observable, Dint defined in Equation 4.3, discriminates between the interfer-
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ence of SM-like Higgs boson coupling and background as an alternative model, and is

designated Dbsi for the signal-background interference in the off-shell region. In the

Untagged category, decay kinematic information is utilized in the calculation of Dint.

In the VBF-tagged and VH-tagged categories, production information incorporating

the two associated jets is employed.
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Figure 4.5: Distributions of the observed (points) and predicted (stacked histograms)
Dkin

bkg of the four-lepton system, in the inclusive final state. The predictions for the
Higgs boson signal and the three main backgrounds are given by the different colors.
The vertical bars on the points show the statistical uncertainties in the data [100].

The gluon fusion cross section is computed utilizing the highest-order QCD and
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electroweak (EW) expansions available for inclusive ZZ production [4]. However,

event categorization relies on the modeling of associated jets through PYTHIA’s

parton showering and hadronization algorithms, which necessitates proper matching to

the underlying hard-scattering process. Off-shell gluon fusion production is generated

at leading order (LO) without associated jets at the matrix element level, implying

that all reconstructed jets originate from PYTHIA’s modeling. The parton showering

and hadronization processes require specification of the hadronization scale, which is

typically dependent on the characteristic energy scale of the process—set to m4ℓ in

the case of gg → 4ℓ.

For EW production mechanisms, the inclusive production cross section of ZZ with two

associated jets is similarly calculated using the highest-order QCD and EW expansions

available [4]. In contrast to gluon fusion, two hard jets—typically the leading jets in

the event—are generated intrinsically at the matrix element level in the LO simulation.

These jets correspond to either the forward-backward jets characteristic of vector

boson fusion (VBF), or to the hadronic decay products of an associated W or Z

boson. Consequently, the dependence on PYTHIA’s parton shower and hadronization

algorithms, and their matching to the hard-scattering production, is substantially

reduced for these EW processes.

The categorization efficiency for simulated ggH and EW Higgs boson production can

be validated through comparison with alternative POWHEG and MINLO simulations.

The POWHEG samples are generated across a broad range of off-shell Higgs boson

masses at next-to-leading order (NLO) in QCD, with one jet generated at the matrix

element level and additional jets simulated through PYTHIA matching. The MINLO
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simulation of ggH production is performed for Higgs boson masses of 125 and 300

GeV at NLO in QCD, with at least two jets generated at the matrix element level

and additional jets modeled via PYTHIA matching.

While JHUGen categorization efficiencies are consistent with those from POWHEG

and MINLO within the uncertainties associated with the QCD scale implementation

in PYTHIA, the ggH process exhibits deviations in central values and corresponding

uncertainties of up to 20% in the signal-dominated m4ℓ range of 300–500 GeV, with

category-dependent variations. For EW processes, categorization efficiencies typically

agree within 5–10% between methodologies, for the primary categories of Untagged and

VBF-tagged events. We implement a correction procedure whereby the categorization

efficiency as a function of m4ℓ is adjusted to match that of the SM signal derived

from POWHEG samples, with the assumption that this correction applies equally to

background and interference contributions. This procedure ensures conservation of the

total event yield across all three categories at each m4ℓ value. An illustration of these

categorization corrections for the EW production modes can be found in Figure 4.6.

The simulation of the x⃗ observables enumerated in Table 4.6 remains unaffected by

jet modeling in the Untagged category. Furthermore, the modeling of observables in

jet-tagged categories for EW processes demonstrates remarkable consistency between

direct MCFM+JHUGen samples and reweighted POWHEG+JHUGen implementa-

tions. However, jet modeling in jet-tagged categories for the ggH process significantly

impacts the resulting probability distributions, as illustrated in Figures 4.7 and 4.8.

Therefore, within these two jet-tagged categories, the gluon fusion process is imple-

mented through reweighted POWHEG+JHUGen simulation, which provides more
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Figure 4.6: Corrections as a function of m4ℓ for off-shell EW process selection
efficiencies in the Untagged, VBF-tagged, and VH-tagged categories. A polynomial
fit is performed extending up to 2.5 TeV. Events with m4ℓ > 2.5 TeV assume the
correction value at 2.5 TeV. The corrections are shown for all of Run 2 combined.

precise parton shower matching and consequently superior modeling of associated

jet activity. In this framework, samples are reweighted according to the appropriate

theoretical model using the MELA package.

The observed and expected distributions of observables x⃗ for events in the off-shell

region are illustrated in Figure 4.9 for each of the three categories. The expected

distributions are found using the SM predicted signal and background cross sections.
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Figure 4.7: Comparison of DVH+dec
bkg and DVH+dec

bsi distributions of ggH events from
JHUGen and POWHEG for m4ℓ > 220 GeV (left) and 250 < m4ℓ < 370 GeV (right).
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Figure 4.8: Comparison of DVBF+dec
bkg and DVBF+dec

bsi distributions of ggH events from
JHUGen and POWHEG for m4ℓ > 220 GeV (left) and 250 < m4ℓ < 370 GeV (right).
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Figure 4.9: Off-shell data (points) and pre-fit distributions (histograms) for the
Untagged (left), VBF-tagged (middle), and VH-tagged (right) categories. The upper
row shows m4ℓ distributions with a requirement on Dkin

bkg > 0.6 (left), DV BF +dec
bkg > 0.6

(middle), or DV H+dec
bkg > 0.6 (right) applied for illustration purposes to enhance signal

over background contributions. The middle row shows Dkin
bkg (left), DV BF +dec

bkg (middle),
DV H+dec

bkg (right) distributions, where an additional requirement m4ℓ > 340 GeV is
applied to enhance signal-over-background contributions. The lower row plots the
Dbsi with both the m4ℓ and Dkin

bkg requirements specified above. Contributions from
the four processes are shown by the different colors, where “s”, “b”, and “i” refer to
the signal, background, and interference contributions, respectively. The vertical bars
on the points give the statistical uncertainties in the data, and the horizontal bars
represent the bin widths. For the pre-fit distributions, the different cross sections are
set to their SM values [100].
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4.2.4 Modeling of background

The largest background in the H → 4ℓ channel originates from the process qq̄ →

ZZ/Zγ∗/γ∗γ∗ → 4ℓ. Additionally, the processes gg → ZZ/Zγ∗/γ∗γ∗ → 4ℓ and

electroweak (EW) production—including vector boson scattering and V ZZ processes—

also contribute to the background and interfere with off-shell Higgs boson production.

In the on-shell region, this interference is negligible; however, the EW background

additionally includes other processes such as V V V , tt̄V V , and tt̄V [100].

Another important background arises from processes collectively referred to as Z +X,

where leptons are misidentified from decays of heavy-flavor hadrons, in-flight decays

of light mesons within jets, or charged hadrons overlapping with π0 decays. The

dominant contribution to this background is from Z+jets events, estimated using

data-driven methods in dedicated control regions. These control regions are defined

by selecting events containing one lepton pair meeting the Z1 candidate requirements,

along with an additional pair of opposite-sign leptons passing looser identification

criteria compared to the main analysis selection. These four leptons must then satisfy

the Z1, Z2 selection criteria. The background yield in the signal region is obtained by

weighting the control region events by the lepton misidentification probability (fℓ),

defined as the probability for a non-prompt lepton to pass the analysis selection. A

detailed description of this method can be found in Reference [64]. The m4ℓ distribution

for the Z +X background is modeled by a Landau function, determined from data

over an extended invariant mass range of 70–770 GeV due to limited event counts.

The observed numbers of data events, expected backgrounds, and signal yields in

the off-shell region are summarized in Table 4.7. The on-shell events are inherited
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VBF-tagged VH-tagged Untagged Total

gg → 4ℓ signal 1.70 1.44 40.78 43.92

gg → 4ℓ background 18.65 15.28 495.76 529.69

gg → 4ℓ interference -2.86 -2.40 -69.57 -74.83

EW signal 1.78 0.12 2.47 4.37

EW background 15.41 1.77 19.25 36.43

EW interference -3.84 -0.06 -4.63 -8.53

ZH cross-feed 0.24 0.44 7.30 7.98

qq̄ → 4ℓ background 25.90 46.00 1895.20 1967.11

Z +X background 4.32 4.50 75.47 84.29

Total expected 61.09 66.72 2455.20 2583.01

Total observed 63 71 2420 2554

Table 4.7: Observed and expected yields for the Higgs boson signal and background
contributions in the off-shell region m4ℓ > 220 GeV, for each of the four-lepton
categories and the total. The yields from interference of the signal and background
and the ZH cross-feed are also shown. The expected yields are adjusted within their
respective uncertainties from the fit to the data [100].

from the latest CMS analysis which considers anomalous Higgs boson couplings in the

on-shell region [80]. The signal and ZZ background yields are derived from simulation,

whereas the Z+X background yield is obtained directly from data. Further details on

the modeling of the Higgs boson signal, interference effects with background processes,

and ZH cross-feed in the off-shell analysis are provided in Section 4.2.6.

4.2.5 Parameterizing the on-shell Higgs boson

The probability density for the on-shell region includes both signal and background

contributions. It is normalized to the total event yield for each process j and category
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k, and can be written as

Pjk(x⃗; ξ⃗jk, ζ⃗) = µjPsig
jk (x⃗; ξ⃗jk, ζ⃗) + Pbkg

jk (x⃗; ξ⃗jk), (4.4)

where signal strength µj is defined as the ratio of the signal yield to the SM expectation,

ζ⃗ are unconstrained parameters of interest, ξ⃗jk are constrained nuisance parameters

for a particular parametrization, and x⃗ are the observables.

In the on-shell Higgs boson mass and width analysis, six signal production processes are

considered: ggH, VBF, VH, tt̄H, bb̄H, and tqH. The primary background contributions

arise from three processes: qq̄/gg → ZZ/Zγ∗/γ∗γ∗ → 4ℓ and Z +X.

When constraints on the total Higgs boson width (ΓH) are extracted through a

simultaneous fit to both the on-shell and off-shell regions, the on-shell component

follows Scheme 2 from the previous on-shell analysis [80] which also provides further

information on event categorization as well as signal and background modeling.

4.2.6 Parameterizing the off-shell Higgs boson

In the off-shell region, the probability density follows Equations (2.10) and (4.4) closely,

with the additional contribution of the interference (“int”) between the signal and

background amplitudes, as well as a cross-feed (“cross”) component discussed below.

It is parametrized as

Pjk(x⃗; ξ⃗jk, ζ⃗) = µjΓH

Γ0
Psig

jk (x⃗; ξ⃗jk)+
√︄
µjΓH

Γ0
P int

jk (x⃗; ξ⃗jk)+µjPcross
jk (x⃗; ξ⃗jk)+Pbkg

jk (x⃗; ξ⃗jk),

(4.5)
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where Γ0 is the reference value of the Higgs boson width (not necessarily its SM

value) used in simulation. Otherwise, the definition of the terms is the same as in

Equation (4.4). (Notably, µj is the signal strength on-shell.) In the off-shell width

analysis, there are two production modes, j (ggH and EW, the latter of which includes

both VBF and VH), and three jet-tagged categories, k. All lepton flavors and data

periods are combined in this analysis. The contributions from tt̄H, bb̄H, and tqH are

expected to be negligible at high energies.

The Psig
jk , P int

jk , Pcross
jk , and Pbkg

jk probability densities are normalized to the expected

number of events, and are implemented as binned histograms (templates) of the

observables x⃗ listed in Table 4.6. These templates are obtained as weighted linear

combinations of existing simulated signal or background samples [100].

4.2.6.1 Cross-feed effect

The off-shell region includes all events with m4ℓ > 220 GeV. In this region, other

processes can mimic off-shell Higgs boson production and decay to four leptons. In

particular, we consider on-shell Higgs boson events where the Higgs boson decays to

2ℓ+X, where the X can be replaced by mislabeled associated particles such that the

event satisfies the four-lepton selection criteria. The dominant on-shell Higgs boson

process that can contribute to the off-shell region is Z(ℓℓ)H(2ℓ+X).

This ZH cross-feed contribution is estimated using on-shell ZH simulated samples with

H → WW and ZZ decays, allowing for both hadronic and leptonic decays of the Z

boson. The most significant contributions come from H → 2ℓ2ν and H → 2ℓ2q final

states, produced in association with Z → 2ℓ. Other possible contributions include the
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on-shell tt̄H production (0.57 events) and the ZH production of the Higgs boson with

subsequent decay to two muons (< 0.1 events).

Templates for the statistical analysis are prepared using the on-shell ZH samples to

model cross-feed as a separate on-shell process. At the same time, to avoid double

counting, on-shell cross-feed events are explicitly removed from the off-shell simulated

samples. Any simulated H → 2ℓ2q events in the off-shell EW JHUGen sample

with mass close to the Higgs boson pole mass within 100 MeV are removed. This

procedure has close to 100% efficiency of selecting on-shell cross-feed events, while

having a negligible effect on the other events. In addition to the ZH templates, the

tt̄H contribution is modeled and included in the statistical analysis.

In Figure 4.10 (left), the m4ℓ distributions of three simulated samples are shown:

the on-shell cross-feed process ZH(125), the genuine off-shell EW signal process with

cross-feed contributions removed, and the dominant qq̄ → 4ℓ background, which is

scaled down by three orders of magnitude to facilitate comparison. The cross-feed and

background processes exhibit similar kinematic distributions, while the genuine off-shell

signal displays a distinct shape with a dominant contribution at higher energies.

The right panel of Figure 4.10 shows the m2ℓ2q invariant mass distribution for events

reconstructed in the off-shell signal region (plotted at MC-truth level). A narrow peak

corresponding to the on-shell cross-feed component is clearly visible at 125 GeV. A

study of the event categorization reveals that the majority of these cross-feed events

(> 91%) are classified into the Untagged category, with the remainder distributed

between the VBF- and VH-tagged categories used in the analysis.
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Figure 4.10: Left: Distributions over m4ℓ of on-shell cross-feed events, off-shell
signal, and the dominant qq̄ → 4ℓ background process (scaled down by three orders of
magnitude). Right: Distribution of m2ℓ2q events reconstructed in the off-shell region
of the H → 4ℓ analysis. Note the peak at 125 GeV with negligible yield elsewhere.
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Figure 4.11: Observed impacts of nuisance parameters on the Higgs boson width.
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4.2.7 Systematic uncertainties

Several systematic uncertainties are evaluated in the measurement of the constrained

parameters ξ⃗jk. The template shapes used to describe the probability distributions

in Equations (4.4) and (4.5) are independently varied within their theoretical and

experimental uncertainties. The resulting changes in the constrained parameters are

taken as the systematic uncertainties associated with each source.

In the off-shell width measurement, the largest systematic uncertainty originates from

the modeling of the dominant background process, qq̄/gg → ZZ/Zγ∗/γ∗γ∗ → 4ℓ.

Experimental uncertainties specific to the off-shell analysis include the jet energy

calibration, which primarily affects the VBF- and VH-tagged categories.

Three sources of jet reconstruction-related uncertainties are studied and incorporated

into the off-shell analysis. These include uncertainties in the jet energy scale (JES), jet

energy resolution (JER), and the b-tagging scale factor. While the event categorization

depends on the presence and properties of associated jets, the total event yield

integrated over all three categories is not expected to vary significantly under these

uncertainties. Instead, the dominant effect is a redistribution of events among the

categories and corresponding changes in the shapes of their discriminant variables.

To account for these effects, alternative calculations of the categorization discriminants

and the jet-related logic (including the number of b-tagged jets) are performed for all

variations of each uncertainty source. In addition, variations of the final observable

discriminants are also computed. From these, up- and down-shifted templates are

constructed and incorporated in the analysis as systematic shape uncertainties.
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Theoretical uncertainties impacting both the signal and background predictions include

those associated with the renormalization and factorization scales, as well as the choice

of parton distribution functions (PDFs). The uncertainty from the renormalization

and factorization scales is estimated by varying both scales by factors of 0.5 and 2

relative to their nominal values, while maintaining the ratio between them within the

range [0.5, 2]. PDF uncertainties are evaluated by computing the root mean square of

variations across replicas of the default NNPDF set. An additional 10% uncertainty is

applied to the K factor used in the ggZZ background prediction.

The integrated luminosities for the 2016, 2017, and 2018 data-taking periods carry

individual uncertainties of 1.2–2.5% [106–108], with a combined uncertainty of 1.6% for

the full 2016–2018 dataset. The uncertainties in lepton identification, reconstruction,

and selection efficiencies range from 2% (for the 4µ final state) to 14% (for the 4e

final state), affecting both signal and background yields.

For the estimation of the Z +X background, differences in the flavor composition of

hadronic jets misidentified as leptons between the Z + 1ℓ and Z + 2ℓ control regions

introduce an uncertainty of approximately 30% in the background yield. Additionally,

uncertainties in the modeling of the misidentification rate as a function of pT and η,

combined with the statistical uncertainty in the Z + 1ℓ control region, lead to total

uncertainties in the background yields ranging from 32% in the 4e final state to 39%

in the 4µ final state.

An impact plot of the nuisance parameters on the latest observed Higgs boson width

result is presented in Figure 4.11.
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4.3 Measurement of Higgs boson properties

4.3.1 Higgs boson width

An extended binned maximum likelihood fit is performed on the combined on-shell

and off-shell event samples, divided into multiple analysis categories. The final

measurements of mH , ΓH , and the signal strength parameters µj are carried out using

the CMS statistical analysis tool COMBINE [109].

The extended likelihood function is constructed from the probability densities defined

in Equations (4.4) and (4.5), where each event is characterized by a discrete category

index k and typically three observables x⃗. The likelihood L is maximized with respect

to the nuisance parameters ξ⃗jk, which encode systematic uncertainties, and the signal

strength parameter µ (representing the total signal yield), or alternatively µF and µV ,

corresponding to the gluon-fusion and electroweak production processes, respectively.

Confidence intervals at 68% and 95% CL are determined using the profile likelihood

method, with thresholds of −2∆ ln L = 1.00 and 3.84 [110].

Constraints on ΓH are extracted from a simultaneous fit to H → ZZ → 4ℓ events in

both the on-shell and off-shell regions. Treatment of the on-shell region is inherited

as previously discussed in Section 4.2.5, and uses six mutually exclusive categories

with all anomalous Higgs boson interactions set to zero. This fit yields two signal

strength parameters, µon-shell
F and µon-shell

V , as defined in Equations (4.4) and (4.5),

corresponding to production via fermionic and vector boson couplings of the Higgs

boson, respectively. The Higgs boson mass is fixed to mH = 125.38 GeV [105].
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Channel Observed ΓH (MeV) Expected ΓH (MeV)

4ℓ on- and off-shell + 2ℓ2ν off-shell 3.0+2.0
−1.5 [0.6, 7.3] 4.1 ± 3.5 [0.1, 10.5]

Table 4.8: Summary of the ReReco-based total Higgs boson width ΓH measurement,
showing the 68% CL (central values with uncertainties) and 95% CL (in square
brackets) intervals for the H → ZZ → 4ℓ channel in combination with the off-shell
H → ZZ → 2ℓ2ν channel [100].

As described in Section 4.2, the measurements of Higgs boson width and signal

strengths were performed using UL processed samples. However, before the UL

processing became available, the analysis was first conducted and published using

ReReco processing [100].

In the ReReco case, the results of this analysis with SM-like couplings are combined

with the prior CMS off-shell H → ZZ → 2ℓ2ν analysis [69], giving the first CMS

measurement of ΓH using the full 4ℓ and 2ℓ2ν data sample collected during Run 2.

These combined fit results supersede the previous CMS results [69] under the SM-like

coupling assumption.

The ReReco-based observed and expected constraints on the Higgs boson width are

presented in Table 4.8, while the profile likelihood scan of ΓH , obtained using the

asymptotic approximation, is shown in Figure 4.12. These results rule out the scenario

of no off-shell Higgs boson production with a CL corresponding to 3.8 standard

deviations (average expected 2.4).
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Figure 4.12: ReReco-based observed (solid) and expected (dashed) profile likelihood
projections from the Higgs boson width fit using on-shell [80] and off-shell
H → ZZ → 4ℓ production, combined with off-shell H → ZZ → 2ℓ2ν [69]. The black
horizontal dashed lines show the 68% and 95% CL values [100].

The observed limits on ΓH are more stringent than the average expectations derived

from simulation. This behavior is supported by the template distributions, in particular

the upper-left panel of Figure 4.9, where the number of observed events in the region

defined by m4ℓ > 340 GeV and Dbkg > 0.6 in the Untagged category is lower than

expected, though still statistically consistent.
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A reduced number of events in this sensitive region favors the hypothesis of greater

negative interference between the signal and background contributions, which becomes

dominant over the pure signal contributions for ΓH values near the SM value. As a

result, both large and very small values of ΓH are disfavored by the data.

Conducting the width measurement using newly available UL processed samples gives

us a slightly modified result, with our observed Higgs boson width moving closer to

our new expected value but with observed bounds still remaining more stringent than

expected, as shown in Figure 4.13 and summarized in Table 4.9.
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Figure 4.13: Observed (solid) and expected (dashed) likelihood projections from the
Higgs boson width fit using on- and off-shell production, conducted with UL processed
off-shell samples. The black horizontal dashed lines show the 68% and 95% CL values.
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4.3.2 Off-shell signal strength

An alternative approach to the off-shell region fit involves decoupling its signal strength

from that of the on-shell region. In this configuration, the signal yield is scaled by a

single parameter, µoff-shell, which is common to all production mechanisms. The total

Higgs boson width is fixed to its SM value, ΓH = ΓSM
H , in Equation (4.5), and the

SM expectation corresponds to µoff-shell = 1. The likelihood scans for this parameter

are presented in Figure 4.14, conducted using UL processed samples. Note that

these new UL-based results now supersede the previously published ReReco-based

measurements [100].

In addition, a more general fit is performed with two unconstrained signal strength

parameters: µoff-shell
F and µoff-shell

V , corresponding to gluon-fusion and electroweak pro-

duction mechanisms, respectively. The UL-based measured values of these parameters

are reported in Table 4.9 and illustrated in Figure 4.14, with their joint CL regions

shown in the two-dimensional likelihood scan to the bottom-right of Figure 4.14.

Parameter Observed Expected

ΓH 3.4+2.6
−2.0[0.3, 8.9] 4.1+4.1

−4.0[<11.7]

µoff-shell 0.75+0.57
−0.44[0.07, 1.94] 1.00+1.02

−0.96[<2.83]

µoff-shell
F 0.66+0.63

−0.46[0.02, 1.97] 1.00+1.04
−1.00[<2.89]

µoff-shell
V 0.92+1.46

−0.78[<4.40] 0.96+3.29
−0.96

Table 4.9: Summary of all UL-based results. Total Higgs boson width ΓH and
signal strength µj measurements, with 68% CL (central values with uncertainties) and
95% CL (in square brackets) intervals for the H → ZZ → 4ℓ channel.
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Figure 4.14: Observed and expected profile likelihood scans for µoff-shell
F (top-left),

µoff-shell
V (top-right), and µoff-shell (bottom-left) conducted using UL processed samples.

Additionally plotted is the observed 2D profile likelihood projection (bottom-right) of
the off-shell signal strength parameters (µoff-shell

F , µoff-shell
V ) from the fit to the off-shell

H → ZZ → 4ℓ channel. The best fit value is shown by the black cross and the SM
prediction by the red x. The 68% and 95% CL contours are given by the dashed
and solid curves, respectively. The color scale to the right of the plot relates the
quantitative values.
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4.3.3 Kappa framework

The ΓH constraints presented in Section 4.3.1 assume SM-like evolution of the Higgs

boson couplings across a wide m4ℓ range. Anomalous contributions to the HV V vertex

in EW production and Higgs boson decay were investigated in earlier analyses using

smaller datasets [7, 69], and the resulting ΓH constraints remained consistent. However,

both the current and previous analyses assume that the gluon-fusion production

mechanism is dominated by the top quark loop. If additional heavy particles contribute

to the loop, this assumption would no longer hold, and the m4ℓ dependence in the

off-shell region could be significantly modified. This possibility is explored using

ReReco processed samples [100].

To explore the impact of potential contributions from new heavy particles in the

gg → H loop, a hypothetical heavy quark Q is introduced with an unconstrained

coupling strength κQ, such as is described in Section 2.6.2 [9, 10]. In the framework of

Effective Field Theory (EFT), the influence of such a particle is modeled as a point-like

interaction that encapsulates its loop effects. The parametrization in Equation (4.5) is

extended to include template components proportional to κQ and κ2
Q, obtained from

simulations reweighted using the MELA package in the limit of infinite Q mass.

The m4ℓ distribution in the off-shell region exhibits different behaviors for SM-like

gluon fusion—dominated by the top quark with the 2mt threshold—and for scenarios

involving the additional heavy quark Q [9]. Allowing κQ to vary freely introduces

additional uncertainty in the m4ℓ spectrum, which weakens the sensitivity to ΓH .

Nonetheless, both the on-shell and off-shell H → 4ℓ data constrain the allowed values

of κQ, and the ΓH constraints remain broadly consistent with the κQ = 0 case.
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From a simultaneous fit to the on-shell and off-shell regions, based on ReReco process-

ing, the observed width is measured to be ΓH = 2.7+2.7
−1.8 MeV, with an expected value

of 4.1+5.5
−4.1 MeV [100]. The observed 95% confidence interval is [0.1, 8.8] MeV, with an

expected range of [<14.4] MeV [100]. Future combinations with measurements from

other on-shell Higgs boson production and decay channels are expected to significantly

improve constraints on κQ, thereby reducing the allowed deviations from SM-like

coupling evolution across the high-m4ℓ regime.

Utilizing Equations 2.14 and 2.15, we can also consider likelihood scans of the param-

eters µF and µV with and without including κQ unconstrained. The numerical results

are outlined in Table 4.10.

Parameter Configuration Observed Expected

µF κQ floated 1.01+1.40
−0.41 [0.23, 9.28] 1.00+5.49

−0.91 [0.80, 1.21]

µF κQ = 0 0.87+0.09
−0.09 [0.69, 1.08] 1.00+0.11

−0.10 [< 15.88]

µV κQ floated 1.05+0.44
−0.37 [0.35, 1.98] 1.00+0.46

−0.40 [0.27, 1.96]

µV κQ = 0 1.04+0.43
−0.37 [0.35, 1.96] 1.00+0.46

−0.40 [0.27, 1.96]

Table 4.10: Summary of constraints at 68% CL (central values with uncertainties)
and 95% CL (in square brackets) on the parameters µF and µV with and without
including κQ unconstrained [100].

It is worth noting that the constraints on µV remains largely unaffected by κQ being

floated or fixed, whereas the constraints on µF exhibit significant variation. This is

because the EW production mechanism, characterized by µV , is independent of κQ,

whereas the ggH process is strongly influenced by both κQ and κq—the latter being

related to µF through Equation (2.15).
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Conclusion

This thesis is centered around precision measurements of the Higgs boson properties

(width) using the H(∗) → ZZ(∗) → 4ℓ decay channel in proton-proton collisions

at
√
s = 13 TeV collected by the CMS experiment, corresponding to an integrated

luminosity of 138 fb−1. The strength of off-shell Higgs boson production is also

measured, excluding the no off-shell production hypothesis at 3.8 standard deviations,

after ReReco-based combination with H → ZZ → 2ℓ2ν. The published ReReco-based

and latest UL-based results are summarized in Tables 4.8 and 4.9, respectively.

A simultaneous fit to on- and off-shell production in the 4ℓ final state, combined with

results from the 2ℓ2ν final state, gives us our most data-inclusive measurement to date

and yields ΓH = 3.0+2.0
−1.5 MeV, consistent with the SM prediction of 4.1 MeV. A 4ℓ-only

measurement made with more recent UL processing returns ΓH = 3.4+2.6
−2.0 MeV.

These results provide rigorous tests of the Standard Model and establish an experimen-

tal baseline for characterizing Higgs boson properties. Looking ahead, this analysis

provides a robust foundation for future studies targeting deviations from SM expecta-

tions. The methods and statistical techniques developed here are directly extensible

to searches for anomalous Higgs boson couplings and BSM effects in the HV V vertex.

This framework will support increasingly precise constraints as we move toward a

Standard Model Effective Field Theory (SMEFT) description of the Higgs boson and

probe Electroweak Symmetry Breaking (EWSB) to potentially uncover new physics.
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