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Abstract

The Standard Model Higgs boson with a mass of 125 GeV is predicted to have a
decay width of 4.1 MeV. Direct measurements of the Higgs width using on-shell
Higgs boson production are limited by the experimental resolution, which is about 1
GeV in the diphoton and four-lepton final states. This thesis presents a constraint
on the Higgs boson width obtained from the diphoton invariant mass distribution
in on-shell Higgs decays, using the interference between the amplitudes of the
gluon-gluon fusion to Higgs resonance, with subsequent diphoton decay, and the
continuum QCD gluon-gluon to diphoton process. The study was performed using
proton-proton collision data at a center-of-mass energy of 13 TeV, collected by the
CMS experiment during LHC Run 2, corresponding to an integrated luminosity of
137 inverse femtobarns. The observed (expected) upper limit on the Higgs boson
width is 92 MeV (138 MeV) at the 95% confidence level.
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Introduction

The most important goal of experimental particle physics is to uncover how
matter and the fundamental forces behave at the smallest and most ener-
getic scales of nature. Within this field, the Standard Model (SM) of particle
physics provides a theoretical description of all known elementary particles
and of three of the four fundamental interactions: electromagnetic, weak,
and strong. Over the past several decades, the SM has undergone extensive
and precise experimental validation. Despite its success, however, both ex-
perimental evidence and theoretical considerations point to the fact that the
SM is an incomplete picture of the physical world. It fails, for instance, to
account for the observed asymmetry between matter and antimatter, the ex-
istence and nature of dark matter, the origin of neutrino masses and fermion
generations, and the emergence of its several free parameters.

One of the pillars of modern particle physics is the Large Hadron Collider
(LHC) at CERN (European Organization for Nuclear Research), which is cur-
rently the most powerful and complex particle accelerator ever built. Among
the LHC’s four main experiments, the Compact Muon Solenoid (CMS) de-
tector serves as a general-purpose apparatus designed to reconstruct and
study the particles emerging from high-energy proton—proton collisions. The
CMS physics program focuses on two main goals: the precision study of the
Standard Model, particularly the Higgs sector, and the exploration of possi-
ble phenomena that could reveal physics beyond the SM. The Higgs boson,
being linked to several of the SM’s fundamental parameters, represents an
especially sensitive probe for such new effects.

Since the discovery of the Higgs boson in 2012, the CMS collaborations
have performed increasingly precise measurements of its properties to assess
their consistency with the SM predictions. Because of its numerous couplings
to Standard Model particles, the Higgs boson provides an ideal testing ground
for possible deviations that might indicate new physics.
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Over the first two data-taking periods of the LHC, between 2011 and
2018, several of the Higgs boson’s properties have been accurately determined
using CMS data. In particular, its mass has been precisely measured in the
two original discovery channels, H — ZZ* and H — ~7. Nonetheless, one
of the remaining open experimental challenges is the determination of the
Higgs boson’s total decay width, which is directly related to its lifetime.
The Standard Model predicts this quantity to be approximately 4.1 MeV;
any measurable deviation from this value could hint at physics beyond the
Standard Model, either through altered Higgs couplings to known particles
or via interactions with undiscovered ones.

The present thesis focuses on the measurement of the Higgs boson’s total
decay width in the H — 77 decay channel. The analysis exploits a novel
technique based on quantum interferometry, an approach first discussed in
theoretical works published around 2012. Although the diphoton final state
provides a clean and well-reconstructed signature, the measurement remains
challenging because the intrinsic Higgs width is roughly three orders of mag-
nitude smaller than the detector’s mass resolution, which is about 1.5 GeV.
The method relies on the quantum interference between the resonant Higgs
production and the non-resonant diphoton continuum background. When
two processes share the same initial and final states, interference occurs and
induces small distortions in the diphoton invariant-mass spectrum. The mag-
nitude of these distortions carries direct information about the total width
of the Higgs boson.

The analysis presented here is based on the complete Run 2 dataset col-
lected by the CMS detector between 2016 and 2018, corresponding to an in-
tegrated luminosity of about 137 fb~! at a centre-of-mass energy of 13 TeV.
The following sections outline the overall structure of this thesis and sum-
marise my personal contributions to the research, as a member of the CMS
collaboration.

Thesis structure

The thesis is divided into two parts. Part I describes the broader scientific and
experimental context in which this research was conducted and introduces the
experimental tools and methodologies used in the analysis. Part II focuses
on my original work carried out for the measurement of the Higgs boson
decay width in the diphoton channel. The datasets used for this analysis



CONTENTS 3

were collected during Run 2 (2016-2018), and most experimental inputs -
such as efficiencies and corrections - were already established prior to my
contribution.

e Chapter 1 introduces the Higgs boson within the Standard Model
and provides an overview of the current experimental status of Higgs
physics;

e Chapter 2 discusses theoretical aspects related to the measurement
of Higgs couplings and decay width, summarizing the main available
techniques along with their advantages and limitations;

e Chapter 3 presents the LHC accelerator complex and the CMS detec-
tor, with particular emphasis on the electromagnetic calorimeter;

e Chapter 4 describes the reconstruction, identification, and energy cal-
ibration of photons and diphotons in CMS, which are crucial steps for
the H — ~~ analysis;

e Chapter 5 outlines the analysis strategy developed to measure the
Higgs boson width in the diphoton decay channel;

e Chapter 6 details the fitting procedures and modelling techniques
applied to extract the Higgs boson decay width;

e Chapter 7 presents the final results and discusses the constraints ob-
tained on the Higgs boson total width.

Within the CMS collaboration, this analysis was conducted by me and
another analyzer, each focusing on different approaches using a shared event
categorization. The work described in this thesis covers the most sensitive
of the two methods, for which I was the only one involved, except for the
part related to event categorization. A preliminary version of this analysis
has been published as a CMS Physics Analysis Summary [I] and presented
at two international conferences, as of November 2025. A journal paper
summarizing the technique and the results is currently in preparation and will
represent the first published measurement using this interferometry-based
technique by either the ATLAS or CMS collaborations.
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Part 1

Higgs boson physics and CMS
experiment






Chapter 1

Standard Model and Higgs
boson

The Standard Model (SM) of particle physics provides the foundational the-
oretical framework describing all known elementary particles and their inter-
actions. This chapter offers an overview of the Standard Model, briefly sum-
marizes the current state of Higgs boson measurements, and sets the stage
for the analysis presented in this thesis. Section outlines the SM’s par-
ticle content and interactions, including the mechanism responsible for mass
generation. Section provides an overview of Higgs boson phenomenology
and the latest experimental results related to its properties.

1.1 Standard Model framework

The Standard Model of particle physics is the theoretical framework that de-
scribes three of the four known fundamental forces in nature—electromagnetic,
weak, and strong interactions—excluding gravity. It also provides a classifi-
cation scheme for all known elementary particles. Developed over the second
half of the 20th century through the contributions of scientists worldwide,
the Standard Model reached its current form in the mid-1970s, following
experimental validation of the existence of quarks. Since then, further dis-
coveries—such as the top quark in 1995, the tau neutrino in 2000, and the
Higgs boson in 2012—have provided strong confirmation of the model’s pre-
dictive power. Additionally, it has accurately predicted properties of weak
neutral currents as well as the masses and interactions of the W and Z bosons.
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As a paradigm of quantum field theory (QFT), it showcases phenom-
ena such as spontaneous symmetry breaking, gauge anomalies, and non-
perturbative effects. While it serves as a robust foundation, it also provides
a launching point for more speculative theories that seek to address its lim-
itations - such as models including supersymmetry, extra dimensions, and
new particles that could explain dark matter and neutrino mass.

Despite its success and internal theoretical consistency, the Standard
Model is not a complete theory of fundamental interactions. It fails to explain
several key phenomena, including the observed matter—antimatter asymme-
try, and it does not incorporate gravity as described by general relativity.
One of the approaches used to search for SM extensions is the investiga-
tion of Higgs boson properties, looking for possible deviation from theory
predictions.

1.1.1 Symmetry groups and particle content

The Standard Model is a relativistic Lorentz-invariant quantum field the-
ory based on gauge invariance of the Lagrangian density under specific Lie
groups. In the framework of SM, each physical particle is described as an
excitation of its quantum field and possesses specific of quantum numbers
in certain representations of the symmetry groups, that dictate the relations
and the dynamical properties of the particles.

The SM symmetry groups are: SU(3)¢ for quantum chromodynamics
(QCD), and SU(2); x U(1)y,, for the electroweak interaction, which unifies
electromagnetism and the weak force. Here, the indices represent the charge
conserved by each group: C' represents the colour charge associated with
SU(3), I denotes the weak isospin, and Yy, denotes the weak hypercharge,
as it will be detailed in the next paragraphs.

Fundamental particles are classified as fermions, which have semi-integer
spin and are the components of matter (electrons, quarks that constitute
nucleons, and neutrinos), and bosons, which have integer spin and mediate
the interactions between fermions. In the SM, matter is only consisting of
fermions, because the only stable boson in the physical realization of the SM
is the photon, which is massless.

The interactions between fermions are mediated by bosons, in the sense
that the Lagrangian contains terms coupling fermions to bosons and no
fermion-fermion coupling is present, so fermions are only coupled indirectly
(see next paragraphs), with different coupling constants for the three groups.
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Fermions are divided in two types: quark and leptons. Quarks are in the
triplet representation of SU(3)¢, i.e. they possess a definite colour charge
(being autostates of colour) with three values, while leptons are in the sin-
glet representation of SU(3)¢, i.e. they do not possess any colour charge.
Fermions are in the doublet representation of SU(2);, i.e. they are autostates
of the weak isospin T3, and consequently both quarks and leptons are divided
in other two categories, i.e. up/down-like quarks and neutrinos/charged lep-
tons, depending on their weak isospin value. Finally, for each fermion with
certain quantum numbers, three version of it exist, called families. Lep-
ton families are electron, muon and tau, with the corresponding neutrinos,
while quarks are divided as up/down, charm/strange, top/bottom. Quark
types are also called flavours. Note that the fermion quantum numbers for
the two electroweak groups depend on the chirality state (left or right) of
the particle, as detailed in Table[1.I] therefore symmetries are automatically
not conserved if fermions are massive, because massive particles do not have
definite chirality states. On the other hand, the electric charge, defined as
@ = Yw + T3, is the same for the two chiral states.

T Left-chiral fermions Right-chiral fermions
ype

Q T3 Yw Q T3 Yw

1 1

Leptons Ver Vi Vr 0 435 —3 VR 0 0 0

et Sl =y =y el 10—l

Quarks u,c,t —|—§ +% —|—% UR, CR,tR +§ 0 +§

d,S,b _% _% +% dR7SR7bR _% 0 _%

Table 1.1: Quantum numbers of left- and right-chiral fermions under elec-
troweak groups.

There are two configuration of the SM, before and after spontaneous elec-
troweak symmetry breaking (SSB). Before the SSB, all particles are massless,
except for the Higgs fields (with imaginary masses), all three gauge symme-
tries (C, W, Y}y ) are valid, and electroweak quantum numbers are conserved.

The vector bosons in the SM before SSB are all massless, and are divided
into:

e gluons: the carriers of SU(3)¢c (in its octet representation), invariant
under electroweak groups and not participating in the symmetry break-



10 CHAPTER 1. STANDARD MODEL AND HIGGS BOSON

ing

o Wh23: the carriers of SU(2)y in their triplet representation (repre-
senting the generators of the group), invariant under color and weak
hypercharge. They are not autostates of weak isospin and thus do not
have definite electric charge

e B the neutral carrier of U(1)y,, in its adjoint representation, and
invariant under other groups

Other than fermions and vector bosons (force carriers), the SM before
SSB contains the Higgs fields, a scalar weak isospin doublet (H*, H), with
T3 = +£1/2 and Yy = +1/2. Due to a complex field potential the masses
of the two components are imaginary, and the corresponding particles are
tachyonic, which physically means that the potential is unstable when the
field is null.

It is important to note that before SSB the symmetries are allowed to
be conserved because all fields are massless. Already with non-null fermion
masses, the chiral states with different quantum numbers would mix, and
therefore weak isospin and hypercharge would not be conserved.

After SSB, which is made possible via the Higgs mechanism (see next
paragraphs), the fermions become massive, and the boson structure is rear-
ranged, thus generating:

o W* = 1/V/2(W' FiW?) : a weak isospin doublet with T3 = =+I,
degenerate in mass with My, ~ 81 GeV, and spin 1

o 7% = cos Oy W? —sinfy B: a neutral massive vector boson with My ~
My / cos Oy, invariant under weak isospin

e v = sinfy W? 4 cos by B: the photon, with zero mass and invariant
under weak isospin

Here 60y is the weak mixing angle, defined as the smallest angle of a right-
angled triangle with the catets proportional to the SU(2)y and U(1)y,, cou-
pling constants g and ¢’ (Weinberg triangle), as sketched in Figure . Both
weak isospin and weak hypercharge are not conserved anymore, while the
electric charge is still a valid symmetry and is associated to the photon,
which takes the role of a Goldstone boson and remains massless.

The weak isospin and hypercharge pattern after the SSB is shown in

Figure [I.2]
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Figure 1.1: Sketch of the Weinberg triangle.

e

w O WO

GR&

Figure 1.2: Pattern of weak isospin, weak hypercharge and electic charge for
the SM particles after spontaneous symmetry breaking.
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The Higgs field after SSB reduces to a single component and becomes
massive at my, = 125 GeV, as shown in Figure together with a sketch of
the changes before and after SSB.

Spin 0 Spin 1/2 Spin 1
(Higgs Boson) (Fermions) (Gauge Bosons)

Generation

Hypercharge ~—»Y Hypercharge (L) -~ > Y (mass (GeV)|Y <«--Hypercharge (R} ‘mass (GeV)
+ +
s - - i symbol
wassoon—> T\ Pt cnrge Wesktoginl) — & owr T, +—os i —
Gauge boson--------- Q=Y+T, Gauge boson----—-—----4-DED 0 Q-Y+T, coupling C]

coupling coupling

SUBcor0n SU(2) ey Uypenciance

e

1, | &
Lefthanded [/
SUL2) doublet \ 1/

e

2

2
Su(2)
doublet 1/,

12

syenp

suoyda

12
Left handed
SU(2) doublet \ -1/,

U

246 Gev )
Wt = Wl +iw?)/v2

Unbroken Symmetry [ 7 — cos 9qu3 —sinbyB

Broken Symmetry
7 = sin (‘,’“,VV8 + cos Oy B

" T T T T
LA I I
Gamo | Gemo [ : '

0.0048 0.095 Vo I

Vo [

& d | 2 S v, o ]
ST C[E] ; ; + U
mooMym M, 91.1876

Ve,| Vi, z

] ") b o
0.000511 | 0.105658 -

e | W SU(3) 0008

1 =1
[ cIs) o

Figure 1.3: Sketch of the SM particle content before and after spontaneous

symmetry breaking.

Quantum electrodynamics

Quantum electrodynamics (QED) was the first quantum field theory to be
developed and it is described by the simplest gauge group, U(1)g. The
U(1)q is the residual conserved symmetry group of the original electroweak
SU2)w x U(1)y,, after symmetry breaking, reflecting the fact that in the
physical realization of the SM only the electric and color charges are con-
served. QED describes the interactions of charged particles, which arise by
requiring local gauge invariance under transformations of the U(1)g group.
To illustrate how this works, the Lagrangian describing a freely propagating
electron (or any fermion in general) can be written as:

Lo = ipy"dyah — mipp, (1.1)
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where m is the mass of the electron, 1) represents the electron field, v* are
the gamma matrices, and ‘freely’ indicates the potential term is zero. Local
gauge invariance for QED means that the equations of motion do not change
under the following transformation:

Y =y =Dy (1.2)

where 0(z) is a spacetime dependent phase and ¢ is the coupling strength.
To make the Lagrangian invariant under such transformations, additional
terms must be introduced. More specifically, the derivative must transform
as a covariant derivative, that is 9, — D, = 0, — iqA,, introducing a vector
boson field (A,,), which represents a massless spin-1 boson such as the photon,
which transforms as:

A, — A, + éf)ﬁ(m) (1.3)

for any function #(x). The result is that in this theory not only there is a
vector field, but it also couples to the fermion with strength ¢. Physically,
this can be interpreted as the electric charge of the fermion .

Substituting the above equations (1.2)) and (|1.3]) into equation (|I.1]) the

interaction Lagrangian for QED is obtained:

EQED = —;LF‘WF‘LW + '(Z(Zw — m)1/1 (14)

where F), = 0,A, — 0,4, is the field strength tensor for electrodynamics,
and the covariant derivative is defined as ) = (9, — igA,,) in units where
h = c¢ = 1. It is important to note that there are no mass terms of the form
%mQAHA“ present for the gauge field because such a term would break local
gauge invariance, thus the force mediator of QED is required to be massless.
Maxwell’s equations for electromagnetic waves are recovered from in
the absence of any sources, then £ = —%FWF #_ The QED Lagrangian is
not part of the original SM; it emerges following the spontaneous symmetry
breaking of the SU(2),x U(1)y,, group.

An example of a QED interaction is given by the Feynman diagram in

Figure [T.4]

Quantum chromodynamics

Quantum chromodynamics (QCD) describes the interactions of coloured par-
ticles, where the prefix chromo derives from the Ancient Greek khroma mean-
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e e

e S

Figure 1.4: A Feynman diagram depicting an example QED process; electron
scattering via the exchange of a photon, known as Mgller scattering.

ing colour. Generally speaking, QCD describes the interactions of quarks and

gluons, which are the only particles in the SM that have colour charge.
QCD is based on the non-Abelian SU(3) gauge symmetry. Quarks carry

one of the three colour charges labelled red (R), blue (B) or green (G), and

likewise antiquarks carry an anticolour charge, antired (R), antiblue (B) and
antigreen (G). Any observed bound state is required to be colourless, which
is obtained by combining colour-anticolour components such that the overall
net charge is zero. The strong force is mediated by eight massless force
carriers known as gluons, which along with quarks, are the only particles in

the SM that carry colour charge. The QCD Lagrangian is defined by:

GG 4 i (B, — i0.CLTN, (15)

where 1) is the quark fermion field, the gluon field is defined in terms of the
field strength tensor G, g5 is the coupling constant for SU(3)c defined by
gs = \/4ma,, and T are the set of matrices representing the group generators.
The index a refers to the gluon colour states and is summed from 1 to 8.

The force carriers of QCD themselves carry a colour charge; a conse-
quence of this feature is the ability to self-interact via both cubic and quartic
couplings. Such self-interactions amongst the gluons result in a dynamically
changing coupling constant for the strong force, which depends on the energy
scale. As can be seen in equation , the value of the strong coupling con-
stant varies as a function of the energy scale of any interaction, parameterised
by p2. This is known as the running of the coupling:

Lqcp =
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Figure 1.5: The three elementary QCD Feynman vertices, valid in the per-
turbative expansion.

127
33 — 2ny) In(p?/Agycp)
where n; is the number of quark flavours contributing at a given energy
scale, and Aqcp ~ 200 MeV quantifies the energy scale where the perturba-
tive QCD coupling diverges.

The perturbative expansion is valid only in the energy regime where p? >
Agcep. The three elementary QCD Feynman vertices, which are valid in the
perturbative expansion, include the quark-gluon coupling, and cubic and
quartic couplings between gluons, and are shown in Figure [1.5]

Two unique and fundamental properties of QCD are uncovered when
considering either the very high energy, or the very low energy extremes.
The general trend of equation [1.6| as u? increases is that a, decreases. In the
low energy case, when 2 is very small, oy becomes exceedingly large. This
behaviour is known as confinement, and is responsible for bounding quarks
together inside hadrons. Hadrons, which refers to a colourless composite
particle made of quarks, when consisting of two or three quarks, are known
as mesons or baryons, respectively. As of yet, no free quarks or free gluons
have been found to exist. As a consequence of confinement, any high-energy
process which produces a free quark in the final state will radiate gluons and
subsequently hadronise, producing a collimated shower of energetic hadrons
known as a jet. The proton is one example of a hadron, more specifically a
baryon, as it is comprised of two up-type quarks and one down-type quark,
held together by gluons. Hadrons in general are comprised of two main
components: the valence quarks and the so-called sea of virtual quarks and
gluons. Valence quarks are defined by the quark content of the hadron, and
carry all relevant quantum numbers: in the proton for example the three
valence quarks are thus uud.

In the extreme case where u? — 0o, oy — 0, which is known as asymp-

(1.6)

ozs(u)z(
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S - —@— CMS Ry, ratio —— HERA
St | —#— CMS tt prod. —— LEP
020} —&— CMS incl. jet —— PETRA |
i —— CMS 3-jetmass —y— SPS 1
—O— Tevatron |

0.15]

[ ——  as(Mz) = 0.1171£33823 (3-jet mass)
0.051 B os(Mz) = 0.1185 + 0.0006 (World average)

10 100 1000
Q [GeV]

Figure 1.6: Running of the strong coupling constant a, with respect to scale

1.

totic freedom. This property physically manifests itself when considering
ultra high-energies, for example in high energy hadron collisions, where the
partons are essentially free and interact independently from the other par-
tons in the nucleons. The dependance of o, on the energy scale u? has been
experimentally verified to agree with QCD predictions, as shown in Figure
[1.6] These peculiar features of QCD are of particular importance when con-
ducting physics analyses with the LHC, given the colliding beams are made
of protons.

Weak interactions

The weak interaction is one of the four fundamental forces in nature, re-
sponsible for processes like beta decay and neutrino interactions. It acts on
all leptons and quarks and is essential in nuclear physics and particle astro-
physics. What distinguishes it from the electromagnetic and strong forces is
its ability to change the flavor of fundamental particles and its violation of
certain symmetries, such as parity (P) and charge conjugation (C). It is also
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extremely short-ranged due to the large masses of its mediating bosons (W
and 7).

Historically, the first successful description of the weak force came from
Enrico Fermi in 1933, who formulated a theory to explain beta decay. He
proposed a four-fermion pointlike interaction involving the neutron, proton,
electron, and neutrino. This theory assumed that the weak force acted instan-
taneously at a point, similar to how electromagnetic interactions were once
viewed. The effective interaction Fermi wrote down had the structure of a
current-current interaction, where a “hadronic current” (involving nucleons)
interacts with a “leptonic current” (involving electrons and neutrinos), both
coupled through a universal coupling constant, G, now known as the Fermi
constant. The theory took the form of a contact term in the Lagrangian:

£ = = () (e

This approach was very successful at low energies, but it lacked internal
consistency at higher energies due to its non-renormalizable nature. It also
could not explain the structure of weak interactions beyond beta decay, nor
could it accommodate observed parity violation.

The breakthrough came in the 1960s and 1970s, with the development of
the electroweak theory by Glashow, Salam, and Weinberg. They proposed
a unified framework that merged the weak and electromagnetic forces into a
single gauge theory, based on the symmetry group SU(2); x U(1)y. In this
theory, weak interactions are mediated by the exchange of massive W+ and
7% bosons. The weak force, therefore, is no longer described by a contact
interaction but instead by the exchange of real or virtual gauge bosons, as
shown in Figure [I.7]

Fermi’s four-fermion interaction reappears in this framework as a low-
energy approximation to the full theory. At energies much lower than the
mass of the W boson, the propagator of a virtual W can be expanded as:

—igh’ _igh”

¢ = Mi, My,

This approximation effectively “shrinks” the interaction to a point, re-
producing Fermi’s result with the identification:

for ¢* < My,

Grp 92

Nk (1.7)
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q2 < ]WW2

Figure 1.7: Feynman diagrams for charged-current interaction in the pertur-
bative SM and in the Fermi theory.

where ¢ is the SU(2) gauge coupling constant, and My is the mass of
the W boson. This relation connects the phenomenological Fermi constant
to the underlying parameters of the electroweak theory.

One of the key concepts in the electroweak theory is the idea of weak
currents. There are two types of them: charged currents, which involve the
exchange of a W& boson, and neutral currents, mediated by the Z° boson
(not included in Fermi theory). Charged current interactions involve a change
in electric charge and are responsible for processes like u= — e~ v, or u —
de™v,, so they are able to change particle flavour. These interactions couple
only to left-handed fermions and are maximally parity violating. Neutral
currents, on the other hand, do not change the charge of the particles involved
not the flavour, as in v, +e~ — v, + e~ for instance, and were first observed
experimentally in 1973.

The charged current takes the form:

Jélilarged = af’yu(l - 75)11’1

This structure reflects the vector-minus-axial-vector (V—A) nature of weak
interactions, emphasizing that only left-handed fermions (and right-handed
antifermions) participate to it. This chiral asymmetry is built into the gauge
theory itself through the SU(2) group structure.

This arrangement ensures that only left-handed particles feel the SU(2)
weak force, as they are assigned to doublets under the SU(2), gauge group,
while right-handed particles are singlets and thus do not couple to the SU(2),
gauge fields. The gauge principle then dictates the form of the Lagrangian
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through minimal coupling: the kinetic term for fermions is modified by re-
placing the ordinary derivative with a covariant derivative that includes the
gauge fields.

For an SU(2);, x U(1)y gauge theory, the covariant derivative acting on

a left-handed lepton doublet L = (I;e) takes the form:
L

D, =0, - @'g%wfg - ig’%Bu,
where 7¢ are the Pauli matrices (generators of SU(2)), W are the SU(2)
gauge fields, B, is the U(1)y gauge field, and Y is the weak hypercharge
of the field. The SU(2) coupling constant is g, and ¢’ is the U(1) coupling,
as shown in Figure [I.1] The full kinetic term in the Lagrangian for the
left-handed doublet is then:

»Ckin = Ei”}/“DuL.

Expanding this explicitly shows how the gauge fields couple to the fermions,
and the SU(2) structure ensures that weak isospin interactions are mediated
by the triplet W¢. The charged current interaction arises specifically from
the off-diagonal components W' and W?2, while the neutral current comes
from W? and its mixing with the hypercharge field B,,.

The SU(2) symmetry constrains the form of all interaction terms involving
the gauge fields and fermions: gauge invariance requires that these terms are
constructed using the covariant derivative and the field strength tensors of
the gauge fields. The Lagrangian includes the pure gauge field terms:

L = —EW“ whve — 1B B*
gauge — 4 nv 4 j4 9

where W, and B, are the field strength tensors for SU(2) and U(1),
respectively. Together with the fermion kinetic terms and their gauge in-
teractions, these define the gauge-invariant electroweak Lagrangian before
spontaneous symmetry breaking.

Thus, the SU(2); symmetry not only explains why the weak interactions
couple only to left-handed fermions, but also dictates the full structure of
the weak interaction Lagrangian. The theory’s predictive power, including
the precise form of charged and neutral current interactions, arises directly
from these symmetry principles.



20 CHAPTER 1. STANDARD MODEL AND HIGGS BOSON

1.1.2 Higgs mechanism

In order to understand the Higgs mechanism in a simplified framework, the
case of SSB in an abelian U(1) gauge theory is discussed, to demonstrate how
the mass of the corresponding gauge boson (an analogue of the photon) comes
about [3]. The abelian example will then be generalized to the electroweak
Standard Model [4].

Spontaneous symmetry breaking in a U(1) theory
The U(1) gauge invariant kinetic term of the photon is given by

1
£kin = - pu/ija (18)
4
where
F. =0,A, —0,A,. (1.9)

That is, Ly, is invariant under the transformation: A,(x) = A,(z) —0,n(x)
for any n and .

If a mass term for the photon is added to the Lagrangian,

1 v L 1%
L= _Z /“/F + ém AMA s (]_]_0)

this violates the local gauge symmetry.

In order to avoid introducing manifestly symmetry-violating to the La-
grangian, the model is extended by introducing a complex scalar field with
charge (—e) that couples both to itself and to the photon:

L= —1Fu P + (D) (D*6) ~ V(6), (L.11)

where D, = 9, —ieA, and V(¢) = —p*d'¢ + MN(¢'¢)%. In this case the
Lagrangian is invariant under the gauge transformations:

Au(@) = Au() = (), (1.12)

b(z) = 1@ (). (1.13)

If u2 < 0, the state of minimum energy will be the one with ¢ = 0,

as shown in Figure [I.§] and the potential will preserve the symmetries of

the Lagrangian, therefore the theory would be equal to scalar QED, with a
massless photon and a charged scalar field ¢ with mass pu.
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Figure 1.8: Higgs potential in one dimension, with the two cases depending
on the sign of u?.

However, if y? > 0, the minimum at ¢ = 0 is unstable and therefore the
vacuum state will move to the global minimum, and the field ¢ will acquire
a vacuum expectation value (VEV):

(6) = VP 2A = (1.14)

breaking spontaneously the global U(1) gauge symmetry, as a consequence.
It is convenient to parameterize ¢ as

v+ h

_ eix/v7
V2
where h and y, which are referred to as the Higgs boson and the Goldstone
boson, respectively, are real scalar fields which have no VEVs. Substituting
Equation back into the Lagrangian, this expression is found:

(1.15)

2,,2

1 1
L= =B F" — oA, &'\ + %A#A“ + 5@,k h = 247K+ (L16)

1
5 Lx0"x + (h, x interactions)  (1.17)
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This Lagrangian now describes a theory with a photon of mass m, = ev, a
Higgs boson h with my, = /2u = v2A v, and a massless Goldstone y. The
X—A, mixing can be removed by making the following gauge transformation:

1
Ay = A= Ay~ —Oux. (1.18)
The gauge choice with the transformation above is called the unitary gauge.
The Goldstone x will then completely disappear from the theory and its
degree of freedom will be used to give mass to the photon.

It is instructive to count the degrees of freedom (DOF) before and after
SSB has occurred, to verify the matching and understand their evolution.
Originally there were a massless photon (2 DOF) and a complex scalar field
(2 DOF), for a total number of 4 DOF. Indeed, massless vector bosons (like
the photon in the SM) possess 2 polarization DOF, both transverse, while
massive vector bosons possess all three DOF. After the SSB, there is one
massive photon (3 DOF) and a real scalar field 2 (1 DOF), again for a total
of 4 DOF.

Spontaneous symmetry breaking in the SM
In the SM, the Higgs field ® is a complex scalar field transforming as a
doublet under SU(2);, with hypercharge Y = 1:

ot
o (%)
where ¢ and ¢° are complex scalar components.
The covariant derivative acting on the Higgs doublet is defined as

N
D,=0,— Zg;WH - ZQ/EB’“

where ¢ are the Pauli matrices, generators of SU(2)., and Y = 1 is the
hypercharge of ®.
Explicitly,

A 1
D,®=0,P— zg;WMQD - zg’§BM(I>.

The Higgs sector Lagrangian is

‘CHiggs = (DM(I))T(DM(D) - V<(I))7
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where the Higgs potential is
V(®) = 1 ?®Td + \(DTd)?,

with A > 0 and p? < 0.

The negative p? triggers spontaneous symmetry breaking by making the
symmetric vacuum unstable.

The configuration of the stable vacuum is found by minimizing the po-

tential:
ov B

— = 0.
0P
Since V' depends only on ®®, the minimum satisfies
2 2
L v
Pl =-—_=—
2\ 27
where v = 4/ —&-.

By a gauge transformation, the VEV can be chosen in the neutral com-
ponent, spontaneously breaking the gauge symmetry:

After SSB the Higgs field can be written as a fluctuation around the VEV:

*@) =75 (o 40

where h(x) is the physical Higgs boson field.
The gauge boson mass terms are found by looking at the covariant deriva-
tives after SSB when h(x) is 0:

D,{®) = 0,(8) — ig T W(@) — i B,(®).

Since (®) is constant, 9,(®) = 0, therefore:

ot . 0
TWHD) = L (W4 R+ o'W (75) .

1
2
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Calculating explicitly using the Pauli matrices (SU(2) generators):

v (gWl— ZWQ))
D, (®) = —i——= H ne)
M< > 2\/5 (_9W5+9/BM

The gauge boson mass term is:

’U2

Linass = (D (@))'(D"(®)) = 5 [ WL+ WIWE2) 4 (—gWi + 9'B,)°]

Defining the charged W bosons as:

wE =

m

1 1172
(W, FiW;),

Sl

the charged boson mass term is

2,2

v _
[»Wi mass — gTWM W'u+.
and the charged W boson mass is:
myw = %. (1.19)

The neutral boson mass terms come from
2 2 2 / 3
v 3 2 U 3 Y —99 w
gCoWa B =5 (Wi By (—gg’ g* ) < B )
This symmetric matrix can be diagonalized by an orthogonal transforma-
tion, defining the weak mixing angle 0y :

/
tan Oy = g_

Defining therefore the physical fields as linear combinations:

Zy\ _ (cosby —sinby\ (W,
A,)  \sinfy cosbw B, )’

the mass matrix becomes diagonal with eigenvalues

U2

7 (> +¢7), mi=0.

2 _
mZ_
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Therefore the photon, with zero mass, and coupling to charges e =
gsin @y, is recovered and the Z boson is generated, with a mass given by:

Vg

cos Oy’

my =

NS

The relation between g, my,, and G is given in Equation [1.7, By using
the experimentally measured value of G from muon decay [5], and determin-
ing Ay from the ratio of charged- to neutral-current interactions, the weak
coupling g can be calculated via

e = g sinfy .

This, in turn, allows one to predict my, and, consequently, m .

On the other hand, to generate fermion masses, the Standard Model
introduces Yukawa couplings between fermions and the Higgs field.

For a generic fermion f, the left-handed doublet L; and right-handed
singlet Ry are written as:

(), o

The Yukawa interaction term is
EYukawa = _yfI/fCI)Rf + h.C.7

where y is the Yukawa coupling constant for fermion f.
After spontaneous symmetry breaking, the Higgs field ® is replaced by

its VEV: |
0
b — — )
V2 (U)

This gives a mass term for the fermion:

v = _
£mass = _yf_QfoR + h.c. = _mfff7

%

where

_ 9
Yt

The fermion mass is therefore proportional to the Higgs VEV and its
Yukawa coupling.

my (1.20)
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Understanding the Higgs mechanism requires careful accounting of the
physical degrees of freedom present in the theory before and after spon-
taneous symmetry breaking. This counting not only confirms the internal
consistency of the mechanism but also provides insight into how the gauge
bosons acquire mass through the absorption of Goldstone bosons degrees of
freedom. Prior to spontaneous symmetry breaking, the Higgs field ® is an
SU(2)r, complex doublet with hypercharge Y = 1. Being a complex doublet
means that ® has two complex components, which correspond to four real
scalar degrees of freedom in total, written as:

P = ¢+ — L QSI + ng?
¢° V2 \@3+ids)’
where ¢1, @9, P3, ¢4 are real scalar fields, and each contributes one real degree
of freedom. Thus,

Number of scalar degrees of freedom = 4.

In addition to the scalar fields, the gauge sector of the electroweak theory
consists of four gauge bosons:

e Three gauge bosons W associated with the SU(2) symmetry (a =
1,2,3),

e One gauge boson B, associated with the U(1)y symmetry.

Before symmetry breaking, all these gauge bosons are massless. A mass-
less vector boson in four-dimensional spacetime possesses only two physi-
cal polarization states, corresponding to two transverse degrees of freedom.
Therefore, the total degrees of freedom in the gauge boson sector before
symmetry breaking are:

3x2=06 for Wy, and 2 for B,

which sum to
6-+2=28.

Hence, before the Higgs field acquires a vacuum expectation value, the
combined total of physical degrees of freedom in the scalar and gauge sectors
is

448 =12.
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When the Higgs field acquires a vacuum expectation value (VEV), the
electroweak symmetry SU(2);, x U(1)y is spontaneously broken down to the
electromagnetic U(1)gy. This symmetry breaking has profound implications
for the physical content of the theory.

The crucial insight of the Higgs mechanism is that three of the four orig-
inal scalar degrees of freedom in the Higgs doublet do not appear as physical
scalar particles after symmetry breaking. Instead, these three degrees of free-
dom become the longitudinal polarization modes of the gauge bosons that
acquire mass, specifically the charged W* bosons and the neutral Z boson.

The massive vector bosons have three polarization states each: two trans-
verse and one longitudinal. The absorption of the scalar degrees of freedom as
longitudinal components allows the gauge bosons to become massive without
explicitly breaking gauge invariance.

Below the explicitly count of the degrees of freedom:

e The two W* and Z bosons carry three polarization states, so together:
W+ /W=/Z :3 x 3 =9degrees of freedom

e The photon A, is massless with only two transverse degrees of freedom:
v : 2degrees of freedom

e the Higgs boson h, which corresponds to fluctuations around the vac-
uum expectation value, has one degree of freedom (being a real scalar)

Therefore, after symmetry breaking, the total number of physical degrees
of freedom in the scalar and gauge sectors is:

AW /W~ /Z) +2(7) + 1(h) = 12

which matches the total number of degrees of freedom before the SSB.

1.2 Higgs boson production modes and decay
channels

The discovery in 2012 of a scalar resonance with a mass near 125 GeV by the
ATLAS [6] and CMS [7] collaborations marked a milestone in the understand-
ing of high-energy particle physics. Using the full dataset from LHC Run 1,
consisting in about 30 fb™!, collected at center-of-mass energies of 7 and 8
TeV between 2010 and 2012, the experimental evidence established the first
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consistent picture of electroweak symmetry breaking within the framework
of the Standard Model (SM).

The Run 2 of the LHC, conducted from 2015 to 2018 at a center-of-mass
energy of 13 TeV, provided a significantly larger dataset of about 138 fb~!
and allowed for more precise measurements. These data confirmed the com-
patibility of the newly discovered boson with the SM Higgs boson, disfavoring
many alternative scenarios [§]. As of 2025, the Run 3 is underway and ex-
pected to continue through 2026, aiming to deliver an integrated luminosity
of approximately 350 fb—1 per experiment [4].

Across all observed production mechanisms and decay modes, the mea-
sured cross sections and differential distributions are in agreement - within
current experimental and theoretical uncertainties - with SM predictions

8, 9.

In high-resolution final states such as four-leptons and diphotons, the
Higgs boson mass has been measured with sub-per-mille precision, yielding
a combined value of 125.11 £ 0.11 GeV for ATLAS and 125.04 + 0.12 GeV
for CMS in the four-lepton channel [I0, 1], T2]. More recently, there has
been evidences of Higgs boson decay to dimuons [I3], 14]. However, direct
evidence for couplings to first-generation fermions remains beyond the cur-
rent experimental reach: this reflects the inherent challenges posed by these
interactions, which are predicted to be extremely small in the SM. For in-
stance, searches of H — ete™ by CMS yielded limits at 95% corresponding
to about 60000 times the SM prediction [15].

Despite the growing data statistics, the nature of the Higgs boson is still
not fully probed. A more complete Higgs sector, possibly comprising addi-
tional scalar states, is still possible within current experimental constraints.
An example is the the Two-Higgs-Doublet Model (2HDM), which extends
the Standard Model with an additional Higgs doublet, leading to a rich phe-
nomenology including extra neutral and charged Higgs bosons and modified
couplings. Searches of 2HDM were performed by CMS, as shown in Figure
[1.9] with no deviations with respect to SM predictions.
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Figure 1.9: 95% CL on B(h — aa) in the 2HDM+S type-1 scenario for
exotic h decay searches performed with data collected at 13 TeV center-of-
mass energy. References are summarized in the plot legend.

Moreover, it has not yet been determined whether the Higgs is a funda-
mental scalar or a composite object, unlike any previously observed particle.
These open questions continue to drive a vibrant research program in both
theoretical and experimental high-energy physics [16].

The existence of the Higgs boson is essential for the internal consistency
of the SM. In its absence, perturbative unitarity would be violated at high
energies, particularly in longitudinal vector boson scattering processes. Fur-
thermore, the theory would suffer from problematic divergences in radiative
corrections to electroweak observables. The Higgs mechanism resolves these
issues by ensuring a renormalizable and unitary framework. Consequently,
the SM can, in principle, be extrapolated to energies beyond the electroweak
scale without the need of additional degrees of freedom. Nevertheless, the
Higgs sector introduces a conceptual tension known as the hierarchy prob-
lem. As a fundamental scalar, the Higgs mass is quadratically sensitive to
ultraviolet (UV) physics. In the absence of a protective symmetry, quantum
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corrections drive its mass toward the highest energy scale in any theory that
UV-completes the SM, implying a need for unnatural fine-tuning to stabilize
the electroweak scale. This theoretical issue has motivated many scenarios
that extend the SM near the TeV scale[17].

In the thirteen years since its discovery, the Higgs boson has emerged as a
central topic in particle physics and a particular window into physics beyond
the Standard Model. Its properties continue to be tested with increasing pre-
cision, and the study of Higgs boson phenomenology remains at the frontier
of particle physics.

1.2.1 Higgs boson production modes

At hadron colliders such as the LHC, several mechanisms contribute to the
production of Higgs bosons. The dominant production channels in the Stan-
dard Model (SM) are gluon fusion (ggH), vector boson fusion (VBF), as-
sociated production with electroweak gauge bosons (denoted as V H, where
V =W, Z), and associated production with top quarks (t¢H). Representative
Feynman diagrams for these processes are shown in Figure [1.10}

9 000 AN Z 9 a0t &b
(d) ()

Figure 1.10: Feynman diagrams for the main Higgs boson production mech-
anisms at LHC: (a) gluon fusion, (b) vector boson fusion, (c¢) associated pro-
duction with W/Z bosons, (d) associated production with top quark pairs.

Theoretical predictions for the production cross sections in each of these
channels have reached a high level of precision, incorporating up to next-to-
leading-order (NLO) and next-to-next-to-leading-order (NNLO) QCD and
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electroweak corrections, reaching N3LO for inclusive gluon-gluon fusion [18].
The energy dependence of the production cross sections in proton-proton
(pp) collisions, along with theoretical uncertainty bands, is illustrated in

Figure [, 19] for mpy = 125 GeV.
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Figure 1.11: SM Higgs boson production cross sections as a function of the
center of mass energy for pp collisions, for my = 125 GeV [4] 19].

Gluon-gluon fusion (ggH)

The gluon-gluon fusion process, gg — H + X, shown in Figure M(a),
is the dominant Higgs production mechanism at the LHC due to the high
gluon-gluon effective luminosity in the proton parton distribution functions
(PDF) at the large LHC center-of-mass energy. Although the Higgs bosons
does not couple directly to gluons at tree level in the SM, because gluons
are massless, this process proceeds via a top-quark loop, which mediates an
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effective ggH vertex. The large top-quark mass enhances the loop-induced
coupling, making ggH the leading production mode over a wide energy range.

Vector boson fusion (VBF)

Vector boson fusion is the second most significant production mode at
the LHC. The process g¢ — gg¢H, shown in Figure [L.I0[b), occurs via ¢-
or u-channel exchange of a virtual W or Z boson, with the Higgs radiated
from the exchanged gauge boson. The final-state quarks typically emerge
as two high-pr jets in opposite hemispheres of the detector, resulting in a
large rapidity gap between them, as shown in Figure [I.12] and suppressed
hadronic activity in the central region.

CMS 19.8 fb' (8 TeV)
0.15F g -
- R -4 e Data (setA)
4 —VBF H(125)
7 -- GF H(125)

_| []Background
MC stat. unc.

0.05

Prob. density / 0.25
o

(a)

Data/ MC - 1

Figure 1.12: Distributions of rapidity gap between jets in events with two
high-energy jets in the bb channel, for different production modes [20].

This characteristic topology arises from the color-singlet nature of the
weak bosons fusion, which reduces QCD radiation and can be exploited to
discriminate VBF events from backgrounds. When proper event selection
cuts are applied, the VBF process stands out as a clean environment allowing
Higgs boson precision coupling measurements, particularly in channels with
otherwise low S/B ratio or no way to trigger signal events, for example H —
invisible searches [21].
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Associated production with weak gauge bosons (V H)

The associated production of a Higgs boson with a W or Z boson, ¢q7 —
WH or q¢q — ZH, shown in Figure [1.10(c-d), also contributes significantly
to the Higgs production rate. While subdominant at the LHC, the pres-
ence of a vector boson in the final state, especially when decaying leptoni-
cally, provides an experimental signature that allows sufficient background
suppression, particularly in channels with otherwise large S/B ratio, as for
measurements targeting the H — bb decay [22].

Associated production with top quarks pairs (ttH)

The production of a Higgs boson in association with top quarks is of par-
ticular interest because it allows for direct measurement of the top-Higgs
Yukawa coupling. In the pp — ttH process, shown in Figure M(e), the
Higgs boson is radiated off a top-quark line, and the complex final state can
be exploited to suppress the background and observe the signal despite its
small cross section, and to directly measure the top-Higgs boson coupling,
including its CP properties.

1.2.2 Higgs boson decay channels

A comprehensive understanding and interpretation of the experimental re-
sults requires the precise calculation of all relevant Higgs boson branching
ratios. The Higgs boson mass, of approximately 125 GeV, enables the inves-
tigation of its couplings to a wide range of SM particles, as shown in Figure
[.13] The dominant decay channels are H — bb and H — WWW*, followed
by H — g9, H— 7t77, H — c¢, and H — ZZ*. Decays into 77, vZ, and
wtp~ occur with significantly smaller branching fractions. Notably, the loop-
induced decays into gluons, diphotons, and Zv provide indirect sensitivity to
the Higgs boson couplings to WW , ZZ, and top quarks, allowing access to
combinations of these couplings that are otherwise difficult to probe directly.

The sensitivity of a given decay channel depends on several factors: the
Higgs production cross section, the decay branching fraction, the mass res-
olution achievable through reconstruction, the event selection efficiency, and
the background contamination in the final state.

At the LHC, five decay channels are particularly important for a Higgs
boson with my ~ 125 GeV. The H — ~y and H — ZZ* — 4{ chan-
nels allow for precise measurements of all final-state particles, resulting in
excellent reconstructed mass resolutions of approximately 1-2%. The H —
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WEWF(x) — £*vl~ v channel benefits from a relatively large branching frac-
tion and clean final state, but the presence of neutrinos escaping detection
degrades the mass resolution, as the W mass must be inferred indirectly from
variables such as the transverse mass, i.e. the invariant mass computed only
in the transverse plane to the beams direction. The H — bb and H — 777~
channels face large backgrounds, but also feature large signal yields, and have
intermediate mass resolutions of roughly 10% and 15%, respectively.
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Figure 1.13: Branching ratios of the Higgs boson as a functino of its mass

23].

H — vy decay
In the diphoton channel, it is possible to measure a narrow peak over a
smoothly falling background in the invariant mass distribution of two high
energy photons, as shown in Figure [T.14]
The background is significant and originates from prompt pp — v pro-
cesses, which constitute irreducible backgrounds, as well as from v + jet and
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Figure 1.14: Best fit signal-plus-background model, overlaid on the S/(S+B)-
weighted distribution of the data points (black), for the sum of all the cate-
gories. S and B represent the fitted number of Higgs boson candidates and
background events in the mass peak region [24].
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dijet processes where one or two jet typically fragments into a high-energy

70, misidentified as a photon, representing reducible backgrounds.

Both ATLAS and CMS have performed precise calibrations of the photon
energy response, using control samples such as Z — eTe” and Z — putpu~y
[25], 26] as detailed in Section m This calibration is employed to correctly
simulate the signal invariant mass line-shapes. Parametric signal models are
then fitted to these line-shapes to define the functional form of the signal. The
background shapes are modeled by fitting the data m., distributions in each
category, using simple analytical functions. Categories, with different S/B
ratio, are fitted simultaneously to extract the signal yield or other properties
for a given Higgs boson mass hypothesis, as shown in Figure [1.14] This
channel is the one employed in this thesis, and will therefore discussed in
detail in the following chapters.

H — Z7Z* — 4( decay

The so-called golden channel involves a search for a narrow mass peak
over a small continuous background, dominated by non-resonant ZZ* pro-
duction from ¢g annihilation and gluon-gluon fusion processes, as shown in
Figure [L.15] The irreducible background shape and normalization are taken
from simulation, unlike the diphoton case. This is possible because reducible
backgrounds, including Z + bb, tt, and Z + jets events, are suppressed by
requirements on lepton isolation and vertex impact parameters, and their
yields can be estimated from control samples in data.

To discriminate the Higgs boson signal from the dominant non-resonant
ZZ* background, both ATLAS [27] and CMS [28] employ multivariate tech-
niques and matrix element likelihood approaches, constructing kinematic dis-
criminants based on the ratio of leading-order matrix elements |M32, /M2, |
[28]. These discriminants are calculated for each four-lepton event under the
signal hypotheses (e.g., g9 — H — 40, qq¢ — VH(— 40), q@ — qqH(— 4())
and the main background hypothesis q¢ — ZZ — 4/.

Since the four-lepton mass resolutions and reducible background levels
differ among the sub-channels 4y, 4e, and 2e2u, these are analyzed separately
and statistically combined to produce the final results, as shown in Figure

L. 1o
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Figure 1.15: Observed (points) and predicted (stacked histograms) my dis-
tributions in the inclusive final states. The predictions for the Higgs boson
signal and the three main backgrounds are given by the different colors [28].

H—> W'W~ — (Tuvl~ D decay
The H — W+W~ — ¢*vl~ v channel is experimentally challenging due to

the presence of neutrinos in the final state. Searches focus on events with
two oppositely charged leptons (electrons or muons) accompanied by missing
transverse energy and/or jets [29)].

Events are tipically categorized by lepton flavor combination (eTe™, utpu™,
and e*pF) and jet multiplicity (Nje, = 0,1, > 2).

There are many different backgrounds, depending on the category. For
opposite-flavor leptons with no jets, the dominant background is non-resonant
WW production, while same-flavor leptons have large Drell-Yan contamina-
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tion. On the other hand, ¢, tW, and W + jets (where jets can be misidenti-
fied as leptons) contribute across all categories. Smaller contributions arise
from non-resonant W2, ZZ, and W~* processes. Selecting events with large
missing transverse energy (ER) can help reducing Drell-Yan and multijet
backgrounds, as well as vetoing events with dilepton invariant mass near the
Z-boson mass (in same-flavor categories) and events with identified b-jets,
(to reduce tt). Requiring very tight isolation for the leptons, on the other
hand, reduce the W + jets background from jets mis-identified as leptons.
Due to the scalar nature of the Higgs boson and the V' — A structure of the
W-boson decay, the two charged leptons tend to be emitted with small an-
gular separation. Thus, the dilepton invariant mass my, and the azimuthal
angle difference A¢y, are used to discriminate signal from background. The
transverse mass, defined as

mr = \/ngE%ﬁss(l — cOos A(bE’ln}iss’p%g),

where pY. is the transverse momentum of the dilepton system, works as an
good proxy to suppress backgrounds, but has relatively poor mass resolution,
as shown in Figure[I.16] In this channel background rates are estimated from
data-driven control samples with floating normalization parameters.

H — 777~ decay

In the search for H — 777~ decays, tau leptons decaying into electrons,
muons , and hadrons are considered [30]. The reconstruction of the 777~
invariant mass (m,,) relies on a kinematic fit that incorporates both the
visible decay products and the missing transverse energy in the event.

In contrast to the WW channel, the 77 channel allows for better mass
reconstruction techniques despite the fact that the final states have the same
number of neutrinos, because the 77 decay kinematics can be more tightly
constrained. In particular, due to the relatively low mass of the 7 lepton
(m,; = 1.777 GeV), the visible decay products tend to be nearly collinear
with the neutrinos when the 7 leptons are highly boosted, a common oc-
currence in Higgs decays, enabling the use of the so-called collinear approx-
imation, or more advanced likelihood-based techniques such as the Missing
Mass Calculator (MMC) [31] and SVfit [32, [33], which scan over the unknown
neutrino momenta to provide an estimator of the invariant mass of the 77
system. These methods significantly improve the mass resolution compared
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to the transverse mass used in the WIWW channel, but it is nonetheless lim-
ited to approximately 10-15%, necessitating a search for a broad excess over
background in the m.,, distribution, as shown in Figure [1.17]
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Figure 1.16: Observed distributions of the Higgs boson candidated transverse
mass in an example category with 0 reconstructed jets of the CMS Run2
measurement in the H — W channel. [29].

The dominant backgrounds in this channel include Drell-Yan processes
(Z — 1r77, Z — ete™), W+jets, top-quark pair production (¢f), and mul-
tijet events. Events are tipically categorized based on the number and kine-
matic properties of additional jets, the reconstructed Higgs transverse mo-
mentum, and the angular separation (AR = \/An? + A¢?) between the tau
candidates. Categories enriched in vector boson fusion (VBF) events, char-
acterized by the presence of two energetic forward jets with large pseudo-
rapidity separation, typically offer the best signal-to-background ratios and
sensitivity.
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Both ATLAS and CMS observed Higgs boson decays in ditaus with more
than 5 o [30], and performed precision cross-sections measurements, as well
as and CP-odd couplings searches in this channel [34] [35].
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Figure 1.17: Combined observed and predicted m.,, distributions for the
H — 77 channel. The left pane includes the VBF category of the muon-
hadronic, electron-hadronic and muon-electron channels, and the right pane
includes all other channels [30].

H — bb decay
The bb decay channel suffers from huge QCD backgrounds, therefore the
search for H — bb decays is most sensitive in production modes that include
an associated vector boson (V H ), which facilitates triggering and suppresses
QCD backgrounds. W bosons are reconstructed via their leptonic decays
(W — lv, with £ = e, u, 7), and Z bosons via Z — ete™, utpu~, or vi. The
Higgs candidate is reconstructed from two b-tagged jets, and the dijet invari-
ant mass (my;) provides the primary discriminating observable. either used
as a fit variable, or as an input to a multi-variate discriminant. Backgrounds
include V+jets with both light and heavy flavors, ¢, dibosons, and multijet
events.
At the LHC, ATLAS and CMS employ tipically a boosted V H topology
to suppress background, focusing on events where the vector boson and Higgs
candidate have large transverse momentum and are back-to-back in azimuth.
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Events are divided into pr(V') bins, and MVA classifiers are trained on various
kinematic and b-tagging features. With Run2 data, this decay channel has
been observed with more than 5 o [22] [36], as shown in Figure [1.18]
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Figure 1.18: The background-subtracted diparticle invariant mass distribu-
tion targeting the study of the decay channel H — bb [22].
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Chapter 2

Higgs boson coupling and width

2.1 Coupling measurements

With increasing dataset sizes, measurements in the most sensitive channels
are now performed also in exclusive categories defined by distinct production
and decay characteristics, that allow extracting the Higgs boson couplings
to various particles. Indeed, differential cross-section measurements are per-
formed in combinations of production processes and decay channels, as be-
yond SM effects are expected to be more sizeable in particular kinematical
regions.

Most experimental categories are dominated by signal events from a single
Higgs decay mode but generally include a mixture of production processes.
For example, a typical VBF selection requires the presence of two energetic
jets (with transverse momentum pr > 30GeV) featuring a large dijet in-
variant mass (m;; > 400 GeV) and a substantial rapidity gap (An;; > 3.5).
Although such a category is enriched in VBF-produced Higgs bosons, signifi-
cant contamination from ggH and VH processes remains. Consequently, the
measured signal rate within the VBF category does not correspond directly to
the pure VBF production cross section, since the ggH and VH contributions
cannot be fully disentangled. Detailed simulations are employed to estimate
the relative contributions of the various Higgs production modes within each
event category, which are disentangled by means of simultaneous fits.

For each decay mode, multiple exclusive sub-channels are defined to target
different production mechanisms and kinematic regimes. These sub-channels
are then statistically combined to maximize sensitivity to overall couplings to

43
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all SM particles. A natural extension of this strategy is to perform a global
combination across all decay channels, enhancing sensitivity to production
and decay modes, as well as allowing precise measurements of the coupling
strengths.

At a hadron collider like the LHC, it is not possible to measure the to-
tal Higgs production cross section independently of its decay branching ra-
tios. Consequently, the total Higgs width cannot be directly determined from
cross-section measurements only. However, a combined analysis of many ex-
clusive categories—each with different sensitivities to production and decay
processes—allows for detailed measurements of the Higgs boson’s production
rates, decay rates, and couplings, albeit under certain assumptions.

A key assumption in any combination is that all channels refer to the same
Higgs boson mass hypothesis. This is ensured within individual experiments,
and was enforced across experiments during Run 1 by first performing a
combined ATLAS+CMS mass measurement, yielding 125.09+0.24 GeV [37],
before combining signal strength (measured cross-section divided by its SM
value) results.

The statistical combination of all Higgs boson channels, is performed via
a simultaneous fit of signal and background models to data across hundreds
of exclusive categories. In the ATLAS+CMS Runl combination [3§], around
600 categories were used, spanning different center-of-mass energies, decay
modes, control regions, and phase space regions. Combination of channels
have been performed also for Run 2 by the single experiments [§] [39].

The core of the combination is a formula which describes the expected
number of signal events n¢ in category c as:

ng = (Z pi o - Ay - €ip - g BR?M> - LS, (2.1)
i,f
where:

e i and f index the production (i € {ggH, VBF, ZH,WH,ttH,tH,...})
and decay modes (f € {yy, WW, ZZ,bb, 1, pp, Z~}),

e oM and BR?M are the SM predictions for the production cross section
and decay branching ratio,

o Af; and €f; are the acceptance and efficiency in category c for a given
(1, f) process,
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e [ is the integrated luminosity in that category,

e 1; and py are signal strength modifiers for production and decay, re-
spectively [4].

The so-called x framework, described in detail in [40, 19], facilitates the
extraction of Higgs coupling properties in terms of a series of Higgs coupling
strength modifier parameters x;, defined as the ratios of the couplings of
the Higgs boson to each particle ¢ relative to their corresponding Standard
Model (SM) values. The x framework assumes a single narrow resonance
such that the zero-width approximation can be used to decompose the cross
section as a product of two factors characterising the production and decay
of the Higgs boson. The k parameters are introduced by expressing each of
these factors as their SM expectation multiplied by the square of a coupling
strength modifier for the corresponding process at leading order:

Mg2 o-BR KIK2

BR)(i—> H— f)=cMg2. L1 4 = =
(o ) (i f)=07"k; TSV k2, i f oSM . BRSM K2
(2.2)

where 4/ is the rate relative to the SM expectation and x% adjusts the SM
Higgs width to account for modifications induced by the altered Higgs boson

couplings, i.e.
Ky =Y BRM&].
f

When all k; = 1, the SM is exactly reproduced [4]. The above formula also
shows the degeneracy between couplings and total decay width, if both are
constrained only from cross-section measurements. For loop-induced pro-
cesses, e.g. H — 7, one may either resolve the coupling strength modifier
in terms of its SM constituents, i.e., k(K¢ k), or treat k., as an effective
coupling strength parameter.

In this formalism, several assumptions are explicitly made:

1. The observed signals in different search channels originate from a single
narrow resonance with defined mass

2. The narrow width approximation is assumed to allow factorisation of
signal yields into production and decay components.

3. The tensor structure of the couplings is assumed identical to that of
the SM Higgs boson, implying the observed state is a CP-even scalar
as in the SM.
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Global fits are performed expressing the p; and p; parameters in terms
of a limited set of x; parameters or their ratios, under various assumptions.

Moreover, measuring the Higgs boson couplings to Standard Model (SM)
fields requires making certain assumptions about either the total Higgs boson
width (forcing it to be equal to the SM one), the Higgs coupling to vector
bosons, or applying a direct experimental constraint on the Higgs boson
width. More specifically, a degeneracy arises because at the LHC the mea-
sured observables are only production cross sections multiplied by branching
fractions, as shown in Equation [2.I] resulting in an intrinsic degeneracy be-
tween all coupling modifiers k; and the total width modifier xkg.

The Higgs boson branching fractions are generally divided into visible,
invisible, and undetected final states. The ‘visible’ fraction corresponds to
decays into SM particles which can be detected experimentally, while the
‘invisible’ fraction (which is non-zero even in the SM because of the H —
ZZ — 4v decay with 0.12% BR) is constrained by direct invisible decay
searches (using particular topology and missing energy tagging) [21], and
the ‘undetected’ fraction, represents exotic decay modes escaping current
detection [4].

As it can be noted, in order to maintain agreement with the SM values
for all couplings, any deviation in the total Higgs width xy must be exactly
compensated by a corresponding scaling of all x;. This is known as a “flat di-
rection,” where all couplings scale by a factor o and the total width scales by
a?, because the signal in any channel is proportional to k;k;/T' . A concrete
model realizing such a flat direction is presented in [41], which introduces a
scalar field that decays into light hadrons, rendering its decays ‘undetected’
by current experiments. This scalar cannot be ‘invisible,” as that scenario is
constrained by direct searches for invisible Higgs decays using VBF or ttH
topologies and missing energy. Moreover, this model requires Higgs couplings
to SM fields to be larger than in the SM and the Higgs coupling to the new
scalar to maintain the observed rates constant, a situation considered exotic
and finely tuned.

As already said, this flat direction can be broken in two main ways. First,
by imposing ky < 1, which naturally constrains kg through processes like
VBF production with decays into two vector bosons, whose rates scale as
ki /k%. Second, the Higgs width constraint can be experimentally derived
from off-shell Higgs production measurements, or, as it will be explained
in this thesis, by on-shell production bounds with indirect tech-
niques. BSM scenarios with xy > 1 are considered exotic, because the
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Higgs field would no longer cancel the divergences in the vector boson scat-
tering amplitudes correctly. This typically would lead to a breakdown of
perturbative unitarity at relatively low energies, unless some new physics
(such as additional Higgs bosons or other particles) enters to restore unitar-
ity. The coupling measurements with three possible assumptions, i.e. SM
width (BSM branching ratio equal to 0), ky < 1 and experimentally con-
strained width (through off-shell measurements), are shown in Figure
for the case of CMS Run 2 combination of all differential cross-sections in
all the measured channels [§]. For all the couplings, is it possible to show
their strength as a function of the mass of the SM particle the Higgs boson
couples, assuming the expected relation and showing graphically the striking
agreement between data and SM in this sector (see Figure [2.1)).

2.2 Width measurements

Approaches to determine the Higgs boson width I'y, equal to 4.1 MeV in
the SM [19], are commonly classified as either direct or indirect, according to
whether the method measures the lineshape of the resonance or instead relies
on alternative observables. Indirect methods, in the Higgs boson physics
at LHC, are further categorized depending on the phase-space where the
measurement is performed. If the kinematic region is the one around the
Higgs boson resonant production, it is on-shell, while it is called off-shell
otherwise.

2.2.1 Direct methods

Neglecting detector resolution effects, the invariant mass distribution of an
unstable particle follows a relativistic Breit-Wigner distribution, defined as:

1

(mfc —m?2)2 + m?I?

flmy, m, T') o (2.3)
where my is the invariant mass of the final state, m is the pole mass of the
particle and T' is its decay width, related to the lifetime 7 by I' = A/7. The
relativistic Breit-Wigner distribution derives from the squared module of the
kinematic part of the propagator for unstable particles in the momentum

space:
1

Ar(p) (2.4)

:q2—m2+imF
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Figure 2.1: The measured coupling modifiers of the Higgs boson to fermions
and gauge bosons, multiplied by fermion masses, of, for vector bosons, for
the square root of their masses, as a function of the masses themselves [42].
This linear proportionality is predicted by the SM, as shown in Equation
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Figure 2.2: The measured Higgs boson coupling modifiers in the x framework.
The best-fit values, 68%, and 95% CL intervals are shown for each of the
models considered. The results where no additional BSM contributions to
the Higgs boson total decay width are shown in blue. The results for the
model which introduces BSM contributions but places an external constraint
(hatched boxes) on vector bosons couplings, namely ky < 1, are shown in
orange. The results for the fit in which the width measurements from off-
shell production are included are shown in purple [42].
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where ¢ is the four momentum of the unstable particle. If the distribution of
my is experimentally observed, the width of a resonant peak will be given by
the total decay width of the particle, convoluted with the detector resolution
of the final state particles.

The most intuitive method to measure the decay width of the Higgs boson
requires therefore fitting the invariant mass distribution of the Higgs boson
decay products, correcting for the experimental resolution, and extracting
the Breit-Wigner width.

The measurement following this approach has been performed by CMS
in the H — ZZ* — 4l channel with the full Run 2 data set [28].

The employed signal models are a convolution of double Crystall Ball
(DCB) functions to model the experimental resolution [43], i.e. distributions
with a Gaussian core and power low tails, with a relativistic Breit-Wigner
with a width 'y, as shown in Figure [2.3
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Figure 2.3: Ilustration of how the on-shell analytical model is constructed,
combining the my; distributions from all data-taking years and all final states
for the H — ZZ* — 4l channel. The red, blue, and brown lines show
the results of the fit to the signal, background, and their sum, respectively.
The solid black points with vertical bars show the data and the associated
statistical uncertainties [2§]

Because the predicted Higgs boson width is extremely small — effectively
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setting a strict lower bound — the Feldman-Cousins procedure [44] is em-
ployed to determine confidence intervals and limits. Confidence levels (CLs)
are calculated for a range of width hypotheses using distributions derived
from simulated pseudo-experiments. The resulting observed (expected) up-
per limits on I'y are 50 (320) MeV at 68% CL and 330 (640) MeV at 95%
CL. Figure presents the corresponding 1 — CL distribution as a function
of I'y. The measurement precision is primarily limited by statistical uncer-
tainty (Ostat X Ormass/\/Nsignat), With a smaller contribution from systematic
effects (with the current data statistics), the largest of which arises from the
lepton momentum resolution.

An alternative approach to measuring the Higgs boson width involves de-
termining its decay lifetime. The average lifetime of Higgs boson candidates,
denoted (At), can be expressed as

(At) =Ty = %, (2.5)

where At represents the lifetime of an individual Higgs boson candidate.
Because the lifetime and total decay width are inversely related, measuring
the lifetime directly provides information about the width.

The Higgs boson lifetime can be inferred by reconstructing the decay
particles” flight distance within the detector. The distribution of measured
lifetimes depends on the invariant mass of the decay products and the trans-
verse momentum of the reconstructed Higgs boson. The Standard Model
predicts an expected lifetime of approximately 74 &~ 48 fm/c.

CMS performed an analysis of this type using Run 1 data in the H —
Z7* — 4l channel. The distribution of the reconstructed flight distances,
cAt, is displayed in Figure 2.5 where the expected Standard Model signal is
indicated in red. The resulting upper limit on the Higgs boson lifetime was
set at

TH < 1.9x 107 s =190fs

at the 95% confidence level, which is roughly nine orders of magnitude larger
than the Standard Model prediction 75M = 1.6 x 107225 [45]. This upper
limit on the lifetime corresponds to a lower bound on the total decay width
of

Iy >3.5%x 107" MeV.

A fundamental limitation of this technique arises from the fact that the
predicted flight distance of the Higgs boson is far too small to be resolved
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Figure 2.4: Distribution of (1 - CL) vs. I'y from the fit in the measurement
of the Higgs boson width using on-shell production in the H — ZZ* — 4l
channel [2§]. The CL values shown by the points are extracted using the
Feldman-Cousins approach. The vertical bars on the points represent the
spread of the simulated pseudo-experiment values. The 68 and 95% CL
values are shown by the dashed horizontal lines.
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s on the lifetime of the Higgs boson at the 95% confidence level [45]. The
predicted SM signal is indicated by the red line. A possible alternate non-SM
signal with c¢ry = 100 pm is shown by the dashed purple line.
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with the current vertex displacement resolution of the ATLAS and CMS de-
tectors, which is on the order of 10 um. This lack of sensitivity has prevented
subsequent lifetime-based measurements of the Higgs boson.

Due to these challenges, namely relatively large experimental resolution
in the invariant mass and flight distance, direct methods have historically
been unable to measure the Higgs width with precision close to the Standard
Model expectation.

In order to overcome the difficulties, in 2013, two innovative indirect
approaches were proposed [46], 47]:

e The off-shell method, which compares the ratio of Higgs boson produc-
tion cross-sections in the off-shell and on-shell invariant mass regions,
typically using H* — ZZ or H* — WW decays.

e The interferometry technique, which analyzes distortions in the on-shell
invariant mass distribution of the Higgs boson caused by interference
effects with non-resonant background processes, notably in the H — ~~
channel. While interference effects also occur in the H — ZZ* channel,
their impact on the measured Higgs mass is minor (less than 10 MeV)
provided the total width is close to the Standard Model value. By
contrast, interference in the diphoton channel is expected to produce
more pronounced effects because of the different background yield. The
measurement of this interference is the subject of this thesis and will
be discussed in detail later.

2.2.2 Indirect off-shell methods

The off-shell method provides a way to extract the Higgs boson width by
studying the decay channels H* — ZZ and H* — WW. Here the focus
will be on the H* — ZZ channel, as it offers the greatest sensitivity be-
cause of the clean four-lepton final state. This final state is experimentally
preferrable compared to the H* — WW channel, which involves neutrino,
but conceptually the off-shell technique applies equally to both channels and,
indeed, the measurement performed by CMS in this channel yielded a value
of 'y = 3.9737 MeV. Although not discussed further, the measurement was
performed also in the H* — ZZ — (lvv decay channel [2§].

Figure (left) illustrates the leading-order Feynman diagram for the
gluon fusion production of the Higgs boson followed by its decay into two
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Figure 2.6: Feynman diagrams for the (left) gg — H* — ZZ non-resonant
signal process, (center) the g9 — ZZ, and (right) ¢¢§ — ZZ background
processes. The couplings gggn and gmpzz correspond, respectively, to the
effective gluon-Higgs vertex via quark loop and to the Z-Higgs coupling.

Z bosons (g9 — H* — ZZ). In this process, the gluon fusion production
proceeds through loop diagrams involving mainly top quarks. Because the
Higgs boson coupling scales with mass, the dominant fermion loops typically
involve top (or bottom) quarks. The quark loop can be approximated by
an effective vertex characterized by a coupling strength gyyz. The coupling
governing the decay of the Higgs boson to two Z bosons is denoted gy 7.

One of the backgrounds to this signal arises from the continuum process
99 — ZZ, depicted in 2.6|right). This background has a production cross-
section approximately six times larger than the H* — ZZ signal process,
and interferes with the signal itself, making its precise understanding crucial
for the off-shell width measurement, while the main background in terms of
yield is actually q¢g — ZZ.

The differential cross-section in the ZZ (or ZZ* if the Higgs boson is
on-shell) invariant mass for the full g9 — H — ZZ process can be expressed
as:

do(g9 - H — ZZ) 0 122
Tmaz (R rrg e ) (26)

where f(mzz, my) contains the residual dependence on myz of the prod-
uct of the Higgs boson production cross-section and of the branching ratio
BR(H — ZZ). In the on-shell case, thanks to the narrow width approxi-
mation, f(myzz, my) is constant and the differential cross-section is a pure
relativistic Breit-Wigner. In the off-shell case not only the production cross-
section evolves with myz, but also the branching ratio increases largely, above
twice the mass of the Z boson, because the available phase-space becomes
larger with the opening of the decay channel to two on-shell Z bosons. A
similar effect happens at the production side with the ¢¢ threshold, because of
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the gluon-gluon fusion loop, which gets enhanced if mzz > 2m,, since the top
quarks can be produced on-shell, removing the suppression factor associated
with the off-shell production in the my < 2m; ~ 350 GeV regime.

If the Higgs boson signal differential cross-section is integrated in the two
regions, i.e. on-shell and off-shell, the numerical terms f(mzz, my) can be
re-absorbed, making clearer the dependence of the rates on the couplings and
the width:

gggHg?{ZZ 2 2
Oon—shell X T; Oof f—shell X gggHgHZZ (27)
where the presence of 'y at the o,,_snen denominator is due to the integral
over the Breit-Wigner function.

If one considers the ratio of these two cross-sections, the coupling fac-
tors ideally cancels out, enabling a direct determination of the width. This
cancellation holds true only if the couplings gygn and g7z remain the same
across the two energy regimes under consideration, but, on the contrary, the
strong and electroweak couplings vary with the energy scale at which they
are evaluated, i.e. ~ 125 GeV on-shell, and, in the case of the ZZ mea-
surement, 180-500 GeV. To address this, coupling terms are expressed via
coupling modifiers x, by normalizing the coupling gx to the Standard Model
expectation g3, such that kx = gx /g3 for any given Higgs coupling X.

By normalizing each cross-section to its Standard Model predictions, the
couplings gx cancel out, leaving only the coupling modifiers and additional
terms. This leads to the definition of the signal strength parameter p, which
for the on-shell region can be written as:

ﬁ2,on—shell 3 KZOH-SheH
_ Opp—H—ZZ Ny Z 28
Hon-shell = OSM - F /FSM ) ( . )
pporH—ZZ on-shell H H
while in the off-shell region it becomes:
o
_ Ypp—~H—ZZ _ .2, off-shell 2, off-shell
Hoff-shell = O'SM— = Ry Ry . (2-9)
PP H=Z2 | g ghell
This results in the relation:
Hoffshel  L'h (2.10)

T nSM-
Hon-shell FH



2.2. WIDTH MEASUREMENTS 57

It is important to note that such cancellation of coupling modifiers only
oceurs if Kgofishel = Kgonshell a0d Kz offshell = Kzonshell- Lhese conditions
imply that the ratios of on-shell and off-shell couplings match the Standard
Model predictions exactly and any deviation is to attributed to deviations
in the width. Consequently, this approach restricts the analysis to SM-like
couplings and reduces sensitivity to potential Beyond Standard Model (BSM)
physics effects. Given that current LHC measurements are consistent with
SM expectations for cross-sections, this assumption is reasonable; however, it
is important to remember that this underlying assumption is intrinsic in this
off-shell technique. Despite the theoretical importance of this assumption,
analyses have been performed while allowing also some kind of off-shell BSM
contributions, and the resulting bounds are indeed relaxed with respect to
the nominal ones, but the sensitivity is only impacted by around a factor 2
[28].

There are three sources of events in the off-shell region: one is off-
shell production of the Higgs boson (signal), the second are the background
99,qq — ZZ, and the third is the interference between signal and g9 — ZZ2
background. The presence of such interference results in a deficit of con-
tinuum ZZ background events, which overall increases the sensitivity of the
analysis. The differential cross-section for the combined signal (S), back-
ground (B) and interference (I) contributions is given by:

daincl. dog; daint dabk g

- ,uofffshellﬂ + v Hof f—shell
dmZZ d

(2.11)

dmyzy mzz dmygy

where it can be noted that the interference term scales as a function of
/Hoff—sheil- Note also that in the SM scenario (ftoff—shen = 1), the contri-
bution to the cross-section due to the interference is larger compared to the
signal, in the off-shell region, because it is multiplied by the larger back-
ground cross-section and it not suppressed by the narrow Higgs boson width,
as it would be in the on-shell case.

Figure shows the differential cross-section in a wide range including
both on-shell and off-shell regions.
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Figure 2.7: Distributions for the 4/ invariant mass. The dashed green curve
represents the direct sum without interference of Higgs boson production
and continuum amplitudes, and the solid magenta curve represents the sum
with interference included. Note that the interference is destructive, and its
magnitude grows as the mass increases [28].

Both ATLAS [48] and CMS [28] performed such measurements of I'g.
In the CMS case, focusing on the 4l case, after pre-selection of events, two
kinematical discriminant able to distinguish between signal and background
and to tag interference is evaluated event-by-event, and the 3D distribution
of the four-lepton mass and this two discriminants is fitted to extract ['y.
In Figure the 41 mass distribution for a large region in the discriminants
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plane enhancing the Higgs boson signal, together with the likelihood scan for
I'y; are shown.
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Figure 2.8: Distributions of 4/ invariant mass, after applying a cut on the
kinematic background discriminants, to enhance the Higgs boson signal con-
tribution (left), and (right) observed (solid) and expected (dashed) one-
parameter likelihood scans over 'y [2§].

Notably, a 3.60 significance for the off-shell Higgs boson production is
obtained. Including also events from the 2/2v channel, a value of I'y = 3.0772
MeV is obtained, with 95% CL limits between [0.6, 7.3] MeV.

2.2.3 Indirect on-shell strategy in H — v via interfer-
ometry

The constraint given in the off-shell regime is very strong, but requires to as-
sume the equality of on-shell and off-shell couplings. This motivates indirect
measurements using only the on-shell phase-space, but not limited by the
experimental resolution as in direct lineshape contraints. A process with the
required characteristics, i.e. a cross-section scaling differently from g2 g]% /T,
is represented by any type of interference between the resonant production
and continuum diagrams without Higgs bosons. Indeed, quantum interfer-
ence arises whenever two or more diagrams share the same initial and final
states; such interference can produce observable effects. In the case of gluon-
fusion Higgs production with decay into two photons, gg — H — 7, the



60 CHAPTER 2. HIGGS BOSON COUPLING AND WIDTH

interference with the direct continuum diphoton background, gg — 7, is
particularly relevant because of the large cross-section and relatively clean
final state. Exploiting these interference patterns to probe the Higgs boson
decay width is the center of this thesis. This section outlines the theoretical
framework and possible analysis strategy motivated by the theory.

Signal-background interference in gluon-gluon fusion

At the LHC, the SM Higgs boson production mode proceeds mainly through
gluon-gluon fusion. The resonant Higgs-mediated process, gg — H — v,
and the continuum background process, gg — 77y, share the same initial (two
gluons) and final (two photons) states, leading naturally to interference.

LO (gg): zzg,Hqi

Mo R
R FE

Figure 2.9: Representative Feynman diagrams for gg-initiated interference at
leading and next-to-leading order in QQCD. The dashed vertical lines represent
the separation between signal (left) and background (amplitude), highlight-
ing the interfering final states.

Q0000

The inclusive amplitude for the gg — vv/g99 — H — -7 process can be
expressed as
Msig

2 _ 2 :
mz, myy +tlpmy

Mincl =

+ Mbkg, (2.12)

where m.,, is the invariant mass of the diphoton system, my is the Higgs
boson mass, I'y its total width, and My, is the amplitude of the gg — vy
process [49]. Note that in the 4+ final state, the prompt diphoton production
pp — 7, of which g — 7~ is a small contribution, is not the only exper-
imental background, because of contaminations from y+jets and multi-jet
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processes where one or two jets are misidentified as photons. Squaring the
amplitude yields

|Msig|2

Minc . M 2
| ! (m2, —m3)? + Tmy Mo
R (2.13)
+ 2Re Miig f

m2, — m3 +ilgmpy~ ke
Separating the signal and background amplitudes into real and imaginary
parts,
Msig,bkg = Re Msig,bkg +7Im Msig,bkg7 (2.14)

one can rewrite the squared amplitude as [50]:

|Mgg—>w|2 = |MS|2 + |-A/lbkg|2
2 2

+ [(mw — qu) . (Re Mbkg Re Msig + Im Mbkg Im Msig)]

(2, =+ T

2
(m2 — m%{>2 n F%{m% [FHmH . (Re Mbkg Im Msig —Im Mbkg Re Msig)] .
(3.14)

The signal and interference cross-sections for gluon-gluon fusion (ggH)
can then be written schematically in the narrow-width approximation as
[46]:

2. S
do991 /d = al 2.15
O / mW’Y (mgw _ m%{)g + m12q1—\12q ( )
m2. —m2 R+ mpylyl
do?! Jdm.,., = cgy( v~ M) Ch (2.16)

where S, R, I absorb, respectively, the numerical coefficients for signal, real,
and imaginary part of the interference, and ¢,y = Kgrky g is the product of
gluon-Higgs and photon-Higgs effective couplings modifiers, i.e. the ratios
between the physical coupling and the coupling in the SM.

The total signal cross-section, after integrating the Breit-Wigner (BW)
function, is proportional to pger = C?,W/FH, similarly to the H — ZZ — 4l
case, while the interference cross-section is proportional to y/jtgeul'sr. The
different dependence on I'y of signal and interference is the key handle to
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constrain 'y itself. The real part of the interference term changes sign at
My = mp, and, when summed with the signal component, shifts the peak
of the resonance and modify the shape of the differential cross-section as a
function of m.,. On the other hand, the imaginary part is symmetric and
alters the total cross section by around 2%, without shifting the peak, as
shown in Figure 2.10] In the SM, the imaginary component is suppressed at
leading order and becomes more relevant only at higher orders in QCD.

L .S, ‘ ‘ : I,

0.1

dc:)/dmW [arbitrary units]
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Figure 2.10: Predicted diphoton invariant mass shape for real and imaginary
interference components at /s = 13.6 TeV [51].

Detector Effects

In a real detector, finite photon energy resolution smears the invariant mass
distribution, modifying also the interference lineshape. In order to model
the experimental smearing of the invariant mass reconstruction, a Gaussian
convolution with a standard deviation matching the expected resolution is
used in theory predictions, as a first approximation [46]. The smearing does
not cover the peak-dip features with very long tails, as shown in Figure [2.11}
On the contrary, this effect, when summing the interference with the signal
component, generates an apparent mass shift, as shown in Figure . A
more realistic treatment, with respect to the first attemps in the theoretical
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predictions published in literature [46], B0, [51], requires parametric or full
detector simulation, as it will be detailed in Part 2 of this thesis.

The distortion in the Higgs boson mass spectrum due to the interference
can thus be exploited by measuring precisely the shape of the distribution
including both ggH signal and interference. The size of these distortions is
directly related to the real part of the interference amplitude. As a result,
the Higgs boson width I'y can be extracted by measuring the amount of
deviation from the pure BW lineshape induced by the interference with the
gg — 7y continuum, because its differential cross section is proportional to

Coy = \/ Hy L

0.2

110 115120 125 130 135 140
M [GeV]

Figure 2.11: Ilustration of detector resolution effects on the interference line-
shape, with a parametric Gaussian convolution. The cross-section is evalu-

ated at /s =8 TeV [50].
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Figure 2.12: Diphoton invariant mass distributions with a Gaussian mass
resolution at ¢ = 1.7 GeV. In each panel, the right-shifted (red) curve in-
cludes only the Higgs contribution without interference, and the left-shifted
(blue) curve also includes the interference contribution. The cross-section is

evaluated at /s = 8 TeV [50].

Sub-dominant interference contributions

Higgs bosons can also be produced in processes initiated by quark-gluon
scattering, such as qg — ¢y at tree level, which acts as a background to
q9 — Hq — 77vq. These channels have smaller rates than the gluon-fusion
process due to the reduced parton luminosity.

Figure 2.13: Representative diagrams for the sub-dominant qg — (H) — vy
interference contributions at the lowest order in QCD.

The qg interference has a similar lineshape to the gg interference but
with an opposite phase, shifting the resonance peak to slightly higher m.,,
values [46]. When detector resolution is included, both gg and ¢g interference
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contributions can be compared; the gg term remains dominant, but the qg
term partially counteracts its mass-shift effect.

. Interference @ LO (gg)
""" Interference @ LO (qg)
. Interference @ NLO (gg)
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Figure 2.14: Comparison of dominant and sub-dominant interference effects,
including the experimental resolution. The differential cross-section for gg
production, computed at NLO in QCD, is also shown. Cross-sections evalu-
ated at /s = 7 TeV [46]. The shift in the y-axis from the LO to NLO in the
gg production is due to the imaginary component of the amplitude, which is
suppressed at LO.

Mass shift and interference-sensitive observables

In the original proposals of width measurements using interference in H —
77, focusing on the theoretical aspects [46], 50, 51], the main focus was on the
apparent mass shift as the handle to constrain I'y. Nevertheless, the mass
shift is only a simple way to quantify the distortions due to interference in
different segments of the kinematical phase spaces, Higgs boson transverse
momentum (pr) and number of jets in the final state. A possible implemen-
tation of this method is with a simple integrated estimator, i.e. by defining
an invariant mass window my — € < m,, < mpy + € and evaluating the in-
tegral mean (m)., by integrating m..[do%9" /dm.., + do?" /dm..,] over the
mass window:

mpgte
(m)e = / Moy ldod®™ Jdm.,, + do? o™ dmey,dm., (2.17)

my—e€
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The mass shift is then defined as AM, = (m). — my, which effectively is
equal to the integral mean of dang/dmw. If the detector resolution can
be approximated as a Gaussian distribution, then do%9" /dm.,., is symmetric
with respect to its peak position, and AM, is proportional to the interference
cross-section, because of integral linearity, in particular to the coefficient R
and to the coupling product ¢,v, therefore AM, oc \/ul'y/T2M.

As shown in Figure for small € (< 1GeV), the mass shift corresponds
only to the shift in the maximum point of the distribution, which experimen-
tally would correspond to the peak position of the function used to fit the
background-subtracted data. If, instead, a wider window is included, the
shift is not only larger, but increases approximately linearly with e for all

€ > 20, due to the very long positive (negative) tail at lower (higher) m.,,
[50].
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Figure 2.15: Dependence of the mass shift on the window € [50].

For this reason, to have better experimental sensitivity using the mass
shift, one must extract it using some kind of mean over the signal distri-
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bution, which is not the way experimental analyses usually proceeds, that
is fitting the signal distribution with a dedicated function. Moreover, this
tail-dependent mass-shift is difficult to define in the presence of data-driven
background, as is the case for H — 7. For these reasons, in this thesis, the
mass shift is not employed as an observable, but this tail-dependent effect is
partially recovered by fitting the full signal shape, in particular the ”shoul-
der” regions, that have far better signal-to-background ratio than the tails,
using templates able to quantify the interference cross-section. Nonetheless,
the mass-shift is used to understand the dependence of interference distor-
tions on key observables and finally to choose the features used for catego-
rization. The most sensitive variable is diphoton transverse momentum, as
shown in Figure [2.16] where at large pr, ., the mass-shift vanishes. It is also
important to note that, for vy + 2 jets events, the mass-shift is very small or
even going in the opposite direction [52].
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Figure 2.16: Dependence of mass-shift from a lower cut on pr, ., [46].
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Chapter 3

CMS experiment at the LHC

3.1 Hadronic collisions

Hadronic collisions are central to the study of high-energy particle physics
and nuclear dynamics. At high energies, hadrons are not viewed as elemen-
tary particles but as bound states of quarks and gluons. Not all the nucleons
or partons are involved in the hard scattering, but usually only one parton
per hadron contributes. The partons that do not directly participate in the
collision are referred to as spectators, and usually have a very small scat-
tering angle and therefore are not detected. Initial-state partons interact
by QCD, QED of electroweak force, while partons in the final state result
in the production of jets, which are collections of baryons, resulting from
the hadronization of final state partons, when multiple interactions create
particles in a shower-like fashion.

The hadronization starts with a phase called parton shower, where, after
the hard process, the partons created by the hard collision emit gluon ra-
diation (governed by perturbative QCD), and continue doing so until a low
virtuality scale O(1 GeV) is reached. To describe this perturbative evolu-
tion phase, quantum coherence effects are incorporated, which connect the
probabilities of radiation off different partons in the event, to ensure color
neutrality of the final physical particles. Once the low virtuality scale is
reached, the memory of the hard-process phase has been lost due to the
very different time scales, and the final phase of hadronization starts. At
this point, non-perturbative QCD takes over and nearby partons merge into
colour-singlet clusters, which create physical hadrons. Because of the de-

69
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coupling from the hard-process phase, the hadronization is assumed to be
independent of the initial hard process, and its parametrization, tuned to
the observables of some reference process, can then be used in other hard
interactions. Note that the evolution is not entirely independent of what
happens in the hard event, because after the collision, at least colour quan-
tum numbers must be exchanged between final state partons to guarantee
the overall color neutrality and conservation of baryon number [53].

In generic hadronic collisions, the incoming hadrons can be thought of as
a collection of partons with specific momentum distributions, called parton
distribution functions (PDF). The interaction between these partons can
be described using a cross-section, calculated as an integral over the parton
distributions of the incoming hadrons. The cross-section for a given hadronic
process is given by:

0AB :/dxl dI’Q fA(l’l)fB<$2)a-ab<x17x27§)7

where fa(x1) and fp(zs) are the parton distribution functions (PDFs)
for the hadrons A and B, respectively, and (%1, 72, §) is the parton-level
cross-section, which depends on the momentum fractions x; and x5 of the
partons and the center-of-mass energy squared s. The PDF's are not fixed and
evolve with @2, the momentum transfer in the interaction. This evolution
is described by the DGLAP equations, which are a set of partial differential
equations governing the scale dependence of the PDFs:

dln Q2 7@ = Z/ Q2>

where P,,(z) are the so-called splitting functions, that describe the proba-
bility of a parton of type b radiating a parton of type a with momentum
fraction z. The DGLAP equations describe the evolution of PDFs as the
energy scale Q? changes, and they are crucial for accurately modeling parton
distributions in high-energy collisions.

Simulating hadronic collisions involves complex dynamics that cannot be
solved analytically. Monte Carlo (MC) methods are therefore employed to
generate events and study the various processes involved in hadronic colli-
sions. MC event generators simulate the hard scattering, parton showering,
hadronization, and final-state particle production. Some well-known MC
generators include:
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e PYTHIA [54]: A versatile MC event generator for simulating high-
energy collisions, including hadronization, parton showers, and multi-
parton interactions.

e HERWIG [55]: Another MC generator that focuses on parton showers
and hadronization, with a different approach compared to PYTHIA.

e SHERPA [506]: A general-purpose MC generator capable of simulating
hadronic collisions with detailed models for parton showers, hadroniza-
tion, and multi-parton interactions.

These generators allow for the simulation of event kinematics, particle
spectra, and cross-sections, providing a statistical description of the expected
outcomes of hadronic collisions.

The process of generating events in high-energy collisions involves several
key steps:

1. Hard Scatterings: Partons are selected from the incoming hadrons
according to their PDF's, depending on the energy scale with the DGLAP
equations. The hard scattering process is modeled by calculating the
parton-level cross-section for the interaction.

2. Parton Showers: The outgoing partons from the hard scattering in-
teract by emitting additional partons (gluon radiation), forming a par-
ton shower.

3. Hadronization: After the partons have undergone sufficient evolu-
tion, they undergo hadronization, where quarks and gluons combine to
form physical hadrons.

3.2 Large Hadron Collider

The Large Hadron Collider (LHC) [57] is the world’s largest and most pow-
erful particle accelerator, located at CERN on the Franco-Swiss border near
Geneva. Built inside a circular underground tunnel of 27 km circumference,
the LHC provides collisions of protons and heavy ions at unprecedented en-
ergies, enabling studies of the fundamental interactions of nature. The LHC
is the latest stage of a long series of accelerators at CERN, which together
form a complex system for producing, accelerating, and injecting particle
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beams into the collider ring. Since its first collisions in 2009, the LHC has
delivered a wealth of data that has been essential for discoveries such as the
Higgs boson and continues to push the frontiers of high-energy physics.

3.2.1 Accelerator complex

The LHC relies on a sophisticated accelerator chain to bring protons to the
required energy before they are injected into the main collider ring. The
process begins with a hydrogen source, from which protons are extracted
and accelerated in the linear accelerator (LINAC). The most recent upgrade,
LINAC4, replaces the older LINAC2 and injects protons into the subsequent
stages at an energy of 160 MeV. From there, the beam enters the Proton
Synchrotron Booster (PSB), which increases the energy to 2 GeV.

The next stage is the Proton Synchrotron (PS), a circular machine with
a circumference of about 628 m. The PS has been in operation since the
1950s and it increases the proton energy to 26 GeV before sending them
to the Super Proton Synchrotron (SPS). The SPS, with a circumference of
7 km, further accelerates the beam to 450 GeV, the injection energy of the
LHC. Both the PS and the SPS, when not filling LHC, extract the beams
for various purposes, including physics experiments (NA62, NA64, AMBER,
SHINE) and test beams for detectors R&D.

Once injected into the LHC, the beams circulate in opposite directions
in two separate vacuum pipes. Superconducting dipole magnets, cooled with
liquid helium to about 1.9 K, bend the beams along the circular trajectory,
while quadrupole magnets focus them to maintain beam stability. The LHC
accelerates the beams up to a design energy of 7 TeV per proton, corre-
sponding to a center-of-mass energy of 14 TeV in proton—proton collisions.
Collisions occur at four interaction points, each hosting a major experiment:
ATLAS, CMS, ALICE, and LHCb.
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Figure 3.1: CERN accelerator complex scheme.

3.2.2 Luminosity and pile-up

A key performance parameter of the collider is luminosity, defined as a mea-
sure of the number of collisions produced per unit time and per unit cross-
sectional area. The instantaneous luminosity L can be expressed as

sznbfrev’yr
dre, 3%

where IV, is the number of protons per bunch, n; is the number of bunches,
frev is the revolution frequency, 7. is the relativistic Lorentz factor, €, is the
normalized transverse beam emittance, 5* is the beta function at the inter-
action point, and F accounts for the reduction in overlap due to the crossing
angle of the beams. The integrated luminosity L;,;, obtained by integrat-
ing the instantaneous luminosity over time, determines the statistical power
of physics analyses. For any process with a cross-section o, the number of
events is the product of the ¢ and L;,;. Higher luminosity operation increases
the number of recorded collisions but also leads to multiple softer interac-
tions per bunch crossing, known as “pile-up.” The average number of such

L= (3.1)
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interactions, p, is proportional to the instantaneous luminosity and the to-
tal proton—proton cross section. While pile-up increases detector occupancy
and complicates event reconstruction, modern analysis techniques mitigate
these effects, for instance, through pile-up subtraction in jets and isolation
variables, or by exploiting high-granularity detector information.

During Run 2 (2015-2018), the LHC routinely operated at an instanta-
neous luminosity above 1.5 x 103 cm~2s~!, with an average pile-up of 30-50
interactions per bunch crossing, as shown in Figure[3.2l The High-Luminosity
LHC (HL-LHC) upgrade, planned to start in 2031, aims to increase the peak
luminosity by about a factor of five, leading to an average pile-up of up to
200. This will present significant challenges for detectors and reconstruction
algorithms but will also greatly enhance the dataset available for precision
studies and searches for new physics.
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Figure 3.2: Pileup distribution in Run 2 [5§].
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3.2.3 Data-taking periods

The LHC operation is organized into runs of various years, separated by long
shutdowns (LS) for upgrades and maintenance. Each run corresponds to a
distinct data-taking period with specific beam conditions, detector configu-
rations, and delivered luminosity.

Run 1 (2010-2012) marked the first operational phase of the LHC.
Proton—proton collisions were delivered at center-of-mass energies of 7 TeV
in 2010 and 2011, and 8 TeV in 2012. The integrated luminosity delivered
to the ATLAS and CMS experiments was about 25 fb~!, and the highlight
of Run 1 was the discovery of the Higgs boson in 2012.

Run 2 (2015-2018) followed the first long shutdown (LS1), during which
the accelerator and detectors underwent significant upgrades. Proton—proton
collisions were delivered at 13 TeV, nearly doubling the energy of Run 1.
The LHC reached new records in luminosity, delivering over 100 fb~! to
the general-purpose experiments. Run 2 data provided the basis for preci-
sion measurements of the Higgs boson properties and extensive searches for
physics beyond the Standard Model.

Run 3 started in 2022 after the completion of the second long shutdown
(LS2). It features proton—proton collisions at 13.6 TeV and improved detector
performance.

Looking ahead, the HL-LHC project, planned to begin operation after a
long shutdown for the upgrade of the machine and of the detectors, starting
in 2026 and ending in 2031, will extend the physics reach of the collider
significantly. By accumulating up to 3000 fb~! of data, the HL-LHC will
enable precision measurements of Higgs boson couplings at the percent level
and expand the sensitivity to new physics scenarios well beyond the current
limits.

3.3 CMS experiment

The Compact Muon Solenoid (CMS) experiment is a general-purpose detec-
tor. It is formed by different detector layers, concentric and roughly cylindri-
cal, in a typical "onion” shape structure. Different layers are specialized in
different measurements or sensitive to a specific category of particles. Most
detectors are naturally split into a central, barrel section, which has a tubu-
lar geometry around the beam line, and two forward regions, the endcaps,
that increase the detector acceptance to the regions in the immediate sur-
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Figure 3.3: Integrated luminosity in CMS during Run1-3 [59].

roundings of the beam line, far from the interaction region. A schematic view
of the CMS detector and a section with particles passing through it are in

Figure [3.4]
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The CMS central magnet is a superconducting solenoid designed to gen-
erate a strong and uniform magnetic field. It measures 12.5m in length and
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6 m in diameter, and is surrounded by a massive iron return yoke that both
guides the magnetic flux and provides bending power in the outer detector
regions. The solenoid encloses the tracking system and calorimeters and pro-
duces a 3.8T field aligned with the beam axis. This field is essential for
curving the trajectories of charged particles, enabling the determination of
their charge sign and the reconstruction of their transverse momentum via
the Lorentz force.

Tracker

The innermost detector surrounds the beam pipe with a cylindrical struc-
ture of radius up to about 130 cm. Operating in the highest particle-density
environment, it is optimized to measure charged-particle trajectories with
excellent spatial resolution and minimal material budget, i.e. amount of ma-
terial normalized by its radiation length, to minimize scattering. The fine
segmentation of the silicon sensors provides hit positions to be measured
with a precision of the order of 10 um, allowing charged-particle tracks to
be reconstructed across multiple layers with high accuracy. Thanks to the
magnetic field, tracks are fitted to evaluate their curvature in the transverse
plane, in order to measure the transverse momentum pr.
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Figure 3.5: Schematic drawing of the CMS tracker [61].

The tracking system is entirely based on silicon sensors and consists of
two main technologies: hybrid pixel detectors and silicon strip detectors.
The pixel system comprises four concentric barrel layers together with three
disks on each endcap. Each pixel cell has an area of 100 x 150 ym?, with
the outermost barrel layer reaching a radius of 16 cm and the endcap disks
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positioned within 50 cm from the interaction point. The strip system extends
tracking coverage up to 1.2m in radius and |n| < 2.5. Strip thicknesses range
from 320 ym to 500 pm with pitches between 122 um and 205 ym. Despite
being optimized to minimize material budget, it reaches 2 radiation lengths
for some polar angle values, as shown in Figure therefore photons and
electrons, except at 7 ~ 0, often have hard interactions, i.e. conversions or
bremmstrhalung, upstream of the electromagnetic calorimeter.

Figure 3.6: Picture of the CMS Tracker outer barrel.
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Figure 3.7: Material budget simulation of the tracker. Shown is the break-
down of the total material budget into sub-detectors, i.e. tracker endcap
(TEC), tracker outer barrel (TOB), tracker inner barrel (TIB), tracker in-
ner detector (TID) and pixels. The beam pipe and support tube are also
included in the material budget. 100,000 single neutrino gun events are used
to compile the plots. The passage of the neutrino through the material of
the simulated CMS detector is tracked in Geant4, imaging the material dis-
tribution of the detector by plotting, for each step of the neutrino’s spatial
trajectory, the fraction of the total radiation or hadronic interaction length
of its trajectory, traversed in that step [62] [63].

Electromagnetic Calorimeter (ECAL)

Surrounding the tracking detectors, the electromagnetic calorimeter (ECAL)
measures the energies and positions of electrons and photons with high pre-
cision. It is a homogeneous and hermetic detector composed of about 75,000
lead tungstate (PbWOy,) crystals, arranged in a barrel section (|n| < 1.479)
and two endcaps (1.479 < |n| < 3.0). Crystals sizes are about 2.2 x 2.2 ¢cm
in the barrel and 2.9 x 2.9 ¢cm or 3 X 3 cm in the endcaps, with lengths of
about 23 cm. The shape of the crystals depend on 7, such that their axis
always point towards the interaction point, with a tilt of about 1° to avoid
losing efficiency for particles traversing the space between crystals or mod-
ules. Lead tungstate is well suited for compact calorimetry due to its short
radiation length (Xy =~ 0.89 cm), small Moliere radius (Ry = 1.96 cm), and
fast scintillation response (~ 15ns). Although the light yield is relatively low
(around 100 photons/MeV), the high density and fast response compensate
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for this, enabling excellent energy resolution in a compact volume.

The scintillation light is detected through avalanche photodiodes (APDs)
in the barrel and vacuum phototriodes (VPTs) in the endcaps, chosen for
their radiation tolerance and performance in high magnetic fields.

Figure 3.8: Pictures of ECAL (left) mounted inside CMS, and of one crystal
in the barrel with its APD capsule [64].

Temperature and high-voltage stability are critical for maintaining cali-
bration, contributing less than 0.2% to the constant term of the resolution.
Uniformity in light collection along the crystal length, which could otherwise
degrade performance, is improved by controlled depolishing of one lateral
face. Transparency variations due to radiation-induced color centers are
continuously monitored and corrected using a laser light injection system,
ensuring stability of the response during data taking, as detailed in Section
B.4

Before installation, ECAL modules were characterized in electron beam
tests, confirming the expected performance of energy resolution of the ECAL,

parameterized as:
o\2 S\* [N\?

where S = 2.8% represents the stochastic term, N = 12% corresponds to
electronic noise, and C' = 0.3% denotes the constant term. In real operation,
radiation damage and ageing can slightly worsen the resolution, depending
on the detector region and on data-taking eras, as shown in Figure |3.9

During LHC operation, in situ calibrations are refined using well-understood
physics processes such as my — vy, Z — ee, ensuring uniform and stable re-
sponse over time.
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Figure 3.9: Invariant mass spectrum of Z — ee candidates in data recon-
structed using ECAL, in different data-taking years [25].

In addition to energy measurement, the ECAL also provides accurate po-
sition information for photons by reconstructing the energy-weighted centroid
of the crystal deposits, which is essential for photon identification and 7° re-
construction. A detailed discussion of ECAL clustering and reconstruction
is presented in Section

In order to reject high-energy neutral pions producing diphotons that
shower in the same ECAL crystal, it was planned to have high-granularity
silicon-tungsten pre-shower detectors in both barrel and endcap, featuring
2 X, thickness and the capability to distinguish, with geometrical informa-
tion, between a double photon cluster from a 7° and a single cluster from a
prompt photon. Only the endcap preshower was finally mounted in CMS,
with somewhat limited capability of 7° veto due to ageing and irradiation,
and therefore its shower shape information is not fully employed for photon
identification algorithms.

Hadronic Calorimeter (HCAL)

The hadronic calorimeter (HCAL) measures the energy of hadrons using
a sampling design, with alternating layers of brass absorber and plastic scin-
tillator. The detector is about 1 meter thick, and is built to be hermetic,
ensuring that the full energy of jets is accounted for and that missing trans-
verse momentum can be reliably reconstructed. The resolution at beam tests
for pions, after corrections using the energy deposited in ECAL is:

(%) = (%)2 +C?, (3.3)
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with S = 85% (stochastic term) and C' = 7% (constant term) [65].

Muon System

The muon spectrometer surrounds the calorimeters and is integrated with
the steel return yoke of the magnet. In the barrel region, muons are measured
with drift tubes, while in the endcaps Cathode Strip Chambers (CSCs) and
Resistive Plate Chambers (RPCs) are used. The return yoke provides a
field of about 1.5'T, bending muon tracks sufficiently to allow momentum
determination from the curvature of their trajectories. The combination
of multiple technologies ensures both precise spatial measurements and fast
triggering, particularly in the forward regions.

Trigger System

The LHC provides collisions at a frequency of 40 MHz, corresponding to
about 40 million events per second. Given that a typical event occupies
about 1 MB, recording every collision is unfeasible. Moreover, most events
arise from low-energy interactions that are not of primary interest. To re-
duce the data rate to a manageable level of roughly 2kHz, CMS employs
a two-stage trigger system. The first stage is the Level-1 (L1) trigger, im-
plemented in custom electronics, while the second stage is the High-Level
Trigger (HLT), a software-based system that runs advanced reconstruction
and selection algorithms.

3.4 CMS ECAL object reconstruction

3.4.1 ECAL clustering

Accurate localization and measurement of energy deposits in the ECAL is a
non-trivial task. The electromagnetic shower initiated by an electron often
produces radiated photons, which in turn generate several secondary clusters
that must be correctly associated with the primary electron-induced cluster.
The electron bremmstrhalung also required dedicated tracking algorithm like
Gaussian Sum filters (GSF) [66], able to fit the kinks in the tracks due to
photon emission, instead of the standard Kalman filter [67]. The electron
bremmstrhalung, and also photon conversions, require a generalization of
the standard clustering of calorimetric hits and the definition of the so-called
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super-cluster, containing a collection of ”base” clusters created with geomet-
ric procedures, as shown in Figure|3.10l For precise energy measurements of
electron and photon, it is needed to take into account, respectively, photon
clusters from electron bremmstrhalung, and electrons and positrons clusters
from photon conversions.

ECAL
surface

Extn‘*a polated

BremCluster ... track tangents

Figure 3.10: Scheme of a super-cluster in CMS ECAL.

Two algorithms are primarily employed for ECAL super-clustering. The
first is the mustache algorithm, which is optimized for low-energy deposits
[25]. Starting from a seed cluster, it associates additional clusters lying in
the (1, ¢) plane around the seed. This region is elongated along ¢ due to the
CMS solenoidal magnetic field, which spreads bremsstrahlung photons pref-
erentially in that direction rather than in 7, and the width along 1 depends
slightly on the ¢ coordinate. The characteristic “mustache” shape originates
from the interplay between magnetic bending and the cylindrical geometry
of the ECAL. As the electron traverses the tracker, it curves in the (¢) di-
rection due to the solenoidal magnetic field, while bremsstrahlung photons
emitted along its trajectory continue straight toward the calorimeter. Each
photon is radiated from a different point along the curved path, and since the
ECAL surface is cylindrical rather than planar, photons emitted at different
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radii intersect the ECAL at slightly different pseudorapidities (7). When
the ECAL energy deposits are projected into the n—¢ plane, they therefore
appear spread out in ¢ (because of magnetic bending), while the spread in 7
varies with ¢, because of the projection geometry. The resulting envelope is
not rectangular but curved, giving rise to the distinctive “mustache” pattern
used to associate bremsstrahlung clusters with the parent electron, as shown
in Figure 3.11] The size of the mustache window depends on the particle’s
transverse energy Frp: higher-energy electrons and photons are less deflected
by the magnetic field, resulting in narrower spreads.

~0.05
01 10<E<16GeV- .- - . 0.02
e . ~-Run2
0% 04 02 0o 02 04 06°
Ad

Figure 3.11: Distribution of An = 7sced-cluster — Neluster vVersus A¢ =
Dseed-cluster — Dcluster fOr simulated electrons. The red curve indicates approx-
imately the set of clusters selected by the mustache algorithm [25].

The second algorithm, referred to as the refined clustering algorithm, im-
proves upon the mustache reconstruction by incorporating additional infor-
mation from tracking and photon-conversion identification. It combines the
mustache output with track-to-cluster matching, GSF tracks, and dedicated
algorithms that reconstruct bremsstrahlung photon clusters tangent to the
electron trajectory. A boosted decision tree (BDT) is also employed to iden-
tify both single- and double-leg photon conversions. Based on this combined
information, the refine algorithm adjusts the supercluster composition by
adding or removing satellite clusters.
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3.4.2 Energy reconstruction

The energy of an electromagnetic supercluster in the ECAL is reconstructed
according to:

Ee =Y [Ai(t) - Li(t) - Ci(t)] - G()) * Fery + Epreshower. (3.4)

i

where the sum runs over all crystals ¢ included in a supercluster (SC).
Here A;(t) denotes the pulse amplitude measured by the photosensors, while
L;(t) and C;(t) are time-dependent corrections accounting respectively for
radiation-induced transparency loss, evaluated using the laser-based moni-
toring system, as shown in Figure [3.12] and for inter-crystal response equal-
ization. The factor G(n) represents the absolute calibration converting ADC
counts into GeV units and is derived from calibrations using Z decays, while
F, , represents particle-dependent corrections compensating for clustering in-
efficiencies, geometry, and upstream material. Finally, the energy deposited
in the two preshower planes is added in the endcap region.

Signal amplitude reconstruction

Single-crystal energy measurements rely on the extraction of the APD pulse
amplitude. Amplitudes are extracted from waveforms, which are sampled
at 40 MHz, i.e. one sample / bunch-crossing (25 ns), using the Multifit
algorithm. Multifit treats overlapping signals in the same crystal by fitting
the waveform with one in-time pulse and up to nine out-of-time pulses, whose
amplitudes and are free parameters, while the pulse shape itself remains fixed,
as shown in Figure [3.13] [68].

Both the signal pulse shape and pedestal offset are essential for this pro-
cedure and must be monitored regularly. Radiation damage alters crystal
transparency and therefore changes the shape of collected signals. For this
reason, during Run 2, pulse templates were recomputed every 3-4fb~! to
track these changes. The electronic noise, resulting in pedestal fluctuations,
on the other hand, depend mostly on the photosensors. A gradual increase of
about 40 MeV per year in the pedestal fluctuation was observed throughout
LHC operation. Pedestal runs are taken approximately every 40 minutes to
monitor this behavior, using the same laser system employed for transparency
studies.
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Figure 3.13: Two examples of fitted pulses for simulated events with 20
average pileup interactions and 25 ns bunch spacing. Signals from individual
crystals are shown. They arise from a pT = 10 GeV photon shower in the
barrel (left) and in an endcap (right). In the left panel, one OOT pulse, in
addition to the IT pulse, is fitted. In the right panel, six OOT pulses, in
addition to the IT pulse, are fitted [6§].

Crystal Transparency Corrections

High radiation fluxes in LHC collisions cause significant degradation of crys-
tal transparency, particularly at large |n| [69]. This reduces the light output
and distorts pulse shapes on short time scales. Although partial recovery
occurs during no-beam periods, continuous corrections are required. CMS
employs a laser+LED monitoring system [69] that probes each crystal every
40 minutes during data-taking. The relation between the crystal response to
electromagnetic showers () and to laser light (L) can be parameterized as:

(LY o
So Lo
where Sy and L are reference responses at the beginning of data-taking, and
the exponent « is measured to be ~ 1.5 in the barrel and 0.6-1.1 in the end-
caps. Figure shows the normalized 7° mass reconstructed with (green)
and without (red) laser corrections, demonstrating their crucial impact on
stability. Residual long-term response losses are observed due to radiation

damage in laser reference diodes and fibers. These effects are corrected using

the ratio £//p between ECAL energy and track momentum for electrons from
W and Z decays.
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taking period with (green) and without (red) laser corrections applied.
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Inter-Crystal Calibrations

Inter-calibration ensures uniform detector response by equalizing the output
of individual crystals. CMS employs three complementary techniques:

e 7™ — ~~v: the invariant mass is reconstructed for photon pairs, as

shown in Figure 4.8 and deviations from the nominal 7° mass are used
to iteratively correct responses in fixed ¢ rings;

e [J/p: the energy-to-momentum ratio for electrons from W and Z decays
is constrained to unity, providing crystal-level corrections;

e 7 — eTe : available from Run 2 thanks to large datasets, this method
calibrates crystal responses by maximizing a likelihood, comparing re-
constructed and simulated Z mass distributions.
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Figure 3.15: Invariant mass of photon pairs in the 7° — 4~ intercalibration
sample, selecting photons in the barrel.

The three methods are combined to obtain a final per-crystal calibration,
exploiting their different and systematic uncertainty as a function of 7, as
shown in Figure [3.16]
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Figure 3.16: The statistical uncertainties in the different intercalibration
methods for data collected in 2018, and their combination. The vertical
dotted lines mark the boundary between the ECAL modules in the EB and
the EB/EE transition.

3.4.3 Energy Regression

A semi-parametric Boosted Decision Tree (BDT) regression technique is em-
ployed to mitigate potential performance degradation arising from electro-
magnetic shower leakage, inactive detector regions, as well as material and
geometrical effects. The regression makes use of several variables describing
the shower shape, and, in the case of electrons, the bremsstrahlung energy
loss, together with the angular coordinates of the track associated with the
ECAL supercluster. The isolation is measured by summing the energy of
other particles candidates in a cone centered on the supercluster.

The method employs a series of boosted decision tree (BDT) regressions
trained on simulated samples, where the true energy of each electromagnetic
object is known. The overall goal is to correct the energy using the most
probable value of the ratio between the reconstructed and the true energy,
which is learned using a semi-parametric approach by means of a probability
density of the energy ratio y = FEreco/Ftrue- Each regression step is imple-
mented as a gradient-boosted decision tree optimized through a log-likelihood
loss function. For a given set of electromagnetic (e/7) objects in Monte Carlo
simulation, the likelihood function is expressed as:
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L—— S mpyl), (3.6)

MC e/~ objects

where p(y|Z) represents the probability density for an object with input
variables & to have the observed energy ratio y = Eieco/ Firue. The regression
learns this probability density by fitting to simulated samples in which the
true and reconstructed energies are known.

The probability density function adopted for this regression is a double-
sided Crystal Ball (DCB) function, which has a Gaussian core with power-law
tails on both sides, defined as:

Ne €72, if —ap <&(y) < ag,
DCB(y) = § Ne it (20 (2 —ap —€(y))) &) < —au,

g
Newtoh (22 (22 —ap+€(y))) i€ > an,

(3.7)
where £(y) = (y—p) /o, 1 and o denote the mean and width of the Gaussian
core, and ay p and ny p are the shape parameters governing the left and
right tails. The normalization constant N ensures that the total probability
integrates to unity. During the training, the regression predicts the DCB
parameters ((Z), o(7), ar r(Z), and ng, (%) as functions of the input features
Z. The most probable value u represents the energy correction factor for a
given e/~ candidate, while o corresponds to the estimated per-object energy
resolution.

The full electron and photon energy corrections are derived from three
successive regressions. The first regression (step 1) applies a correction to
the supercluster (SC) energy to account for energy lost in inactive material
or module gaps of the ECAL. The regression inputs include the SC energy,
its position, and shower-shape observables such as the lateral spread in 7 and
¢, the number of saturated crystals, and the ratio Ry, defined as the sum of
the energy of the 3 x 3 crystal matrix centered on the most energetic crystal
divided by the total SC energy. An estimate of the transverse energy density
in the calorimeter, due to all clusters and tracks in the event, is also used to
mitigate effects from pileup.

The second regression (step 2) estimates the energy resolution of the SC.
It uses the same set of input variables as step 1, but the regression target
is now the ratio between the true and reconstructed energy. The output
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is an estimate of the per-object energy uncertainty og(Z). This correction
improves the modeling of the ECAL resolution, especially in the presence of
intercalibration variations among crystals. The training employs two sim-
ulated samples: one assuming ideal intercalibration constants (“ideal 1C”)
and one incorporating expected random variations (“real 1C”), allowing the
regression to learn how to mitigate calibration-related fluctuations.

A third regression step (step 3) is applied only to electrons and com-
bines the ECAL-based energy measurement with the momentum estimate
obtained from the tracker. Because the ECAL and tracker provide indepen-
dent information on the electron momentum, a weighted combination of the
two measurements is constructed as:

2 2
reco _ EECAL/UE + ptracker/ap
combined T 2 2 s

l/op +1/02

(3.8)

where Egcar, and og are the corrected ECAL energy and its estimated
resolution, and pyacker and o, are the momentum and its resolution mea-
sured in the tracker. This combination improves the overall energy estimate,
particularly at low transverse energies (Ep > 15 GeV) where the tracker
momentum resolution exceeds that of the ECAL, as shown in Figure [3.17]
The three regressions are therefore applied sequentially:

1. Step 1 corrects the raw SC energy using the ideal IC simulation.
2. Step 2 estimates the energy resolution based on the real IC simulation.

3. Step 3 combines the ECAL and tracker estimates for electrons only,
producing the final corrected momentum and its uncertainty.

Photon energies are corrected using only the first two steps, since there
is no corresponding tracker momentum measurement. The two regressions
employed for electrons and photons are trained indipendently, in order to take
into account their differences in the shower shape variables distributions.
The regressions significantly enhance both the energy scale and resolution
of electrons and photons, as shown in Figure [3.17. The improvements are
most pronounced in regions of the detector affected by material transitions
or intercalibration fluctuations, and lead to a better uniformity of the energy
response across 1 and pr.



3.4. CMS ECAL OBJECT RECONSTRUCTION

CMS Simulation

Events /0.005
]
o
o
o

0.9 1

1.1

(13 TeV) 2016

—4— Uncorrected SC =~

4+ Corrected SC ]
—4— E-p combination 7
— Fit model ]
Barrel ]

15< p <30GeV
T.gen

1.2 1.3 1.4

15
en
Eg

/Ereoo

Relative energy resolution

CMS Simulation (13 TeV) 2016
0.080F T ‘ — e
0_072_ —— Tracker 4

[ — Corrected SC ]
0.06~ ¢ E-p combination =
0.05[ Barrel . 3
0.04F—+# e =

: R z
0.03[ - PR —

. ]
—— b

[ ——*— 4
0.02[- ’ —:

o —_— 1
0_01:— —_— 3

ot o Ll J
10 0? Gev
Pr gon [GEV]

93

Figure 3.17: Ratio of the true to the reconstructed electron energy (left),
in the py range 15-30 GeV with and without regression corrections, with a
DCB function fit overlaid, and relative electron resolution versus electron pr
(right), as measured by the ECAL (“corrected SC”), by the tracker, and in
the combination after the step 3 regression, as found in 2016 MC samples for

barrel electrons.
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Chapter 4

Diphoton reconstruction for
H — vy

4.1 Photon selection

Photons selected for all CMS H — v analyses have to satisfy a plethora of
requirements, such as trigger, preselection, electron-veto, and multi-variate
photon identification. These selection are outlined in the following sections
[0, [71].

4.1.1 Trigger

L1 trigger

The diphoton High-Level Trigger (HLT) path employed in this analysis is
initiated by at least one electromagnetic candidate identified at the Level-
1 (L1) trigger. In the ECAL Barrel (EB), the geometry is organized such
that five strips of five crystals each (along the azimuthal direction ¢) form
a trigger tower (TT), corresponding to a 5 x 5 array of crystals in (n, ¢).
In the ECAL Endcap (EE), a similar structure is implemented, though the
geometry is more complex due to the X-Y arrangement of crystals. The
transverse energy (E7) from all crystals within a TT is summed by the
front-end electronics into a trigger primitive (TP), which is transmitted via
optical fibres off-detector [72]. The off-detector electronics combines pairs
of TPs into L1 trigger candidates over regions of size 4 x 4 TTs. These
are forwarded to the Global Calorimeter Trigger (GCT), which selects the
four most energetic candidates and transmits them to the Global Trigger

95
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(GT). The GT produces the final L.1 decision by applying transverse energy
thresholds. The electron/photon (e/v) algorithm operates on a 3 x 3 TT
sliding window:

e The candidate Ep is defined as the sum of the central TP and the
largest energy deposit among its four adjacent TTs.

e Electromagnetic (EM) showers exhibit a compact lateral spread. Can-
didates must satisfy the so-called fine grain requirements, i.e. a central
tower with two adjacent strips that together carry at least ~ 90% of
the tower Erp, as shown in Figure (4.1}

In addition, the hadronic calorimeter (HCAL) energy contribution must
satisfy:

H
ol < 5% for the central tower and candidates withEr > 2GeV.

For isolated candidates, an additional isolation condition is imposed: at
least five of the eight nearest neighbouring TTs must each have

Er < 3.5GeV.

Once an L1 seed is present, the HLT reconstructs ECAL clusters using
the readout units within a rectangular window centered on the L1 candidate.
The thresholds and corresponding seed names for the lowest unprescaled
single and double L1 seeds are summarized in Table [4.1]

High-level trigger

The HLT selection strategy remains consistent across the three data-taking
years, with the exception of the transverse energy requirement on the un-
seeded leg, set to 18 GeV in 2016 and 22 GeV in 2017 and 2018. A set of
general requirements is applied to all photon candidates, while each candi-
date must additionally satisfy either isolation-based or a high-R9 selection
[70]. The variables used for selection are H/E, iy, Isoh; ", Isop ., which
represent, respectively, the energy reconstructed in the HCAL TT above the
ECAL seed cluster, divided by the photon energy, the width of the photon
cluster (measured as number of crystals in the 1 direction), isolation with
respect to other photons or tracks. The isolation of a photon v with respect
to ohher particles is generally defined as the sum of other particles pr in a
cone centered on the photon . The summary of HLT requirements is shown

in Table [£.2
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| Er threshold [GeV]
2016
Single Electron 40
Single Electron (isolated) 30
Double Electron 23, 10
2017
Single Electron 40
Single Electron (isolated) 32
Single Electron (isolated, |n| < 2.1) 30
Double Electron 25, 14
2018
Single Electron 40
Single Electron (isolated) 32
Single Electron (isolated, |n| < 2.1) 30
Double Electron 25, 14

Table 4.1: Lowest unprescaled Ep thresholds for L1 trigger seeds for electro-
magnetic candidates and corresponding seed names for single and double L1
electron candidates in 2016-2018.

H/E Tinin Ry Iso)PT [GeV] IsoILT [GeV] (unseeded)
EB: Ry > 085 | <012 | - - = =
EB: Ro < 0.85 | <0.12 | <0015 | >05 | < (6.0+0.012Er) | < (6.0 +0.002 Ey)
EE; Ry > 0.90 | <0.1 - > 0.8 - -
EE; Ro < 0.90 | <0.1 | <0.035 | >08 | < (6.0+0.012 Er) < (6.0 + 0.002 Ex)

Other trigger requirements

HLT s. Er > 30 GeV |

HLT us. By > 18(22) GeV in 2016(17-18)

M., > 90 GeV

Table 4.2:

calorimeter identification, isolation, and other trigger conditions.

Summary of HLT photon selection requirements, including

Photon

legs where L1 fired or not are outlined as seeded (s.) or unseeded (us.)
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Figure 4.1: Scheme of the L1 electron/photon trigger algorithm. The candi-
date ET is the sum of the central TP (orange) and highest ET TT from the
4 broadside neighbours (yellow). The Fine Grain profile (left box) and the
ratio with HCAL TT energy H/E (green) are used as vetoes while the quiet
corners (orange L-shapes) are used to separate isolated from non-isolated
candidates. The HCAL TT are aligned with the ECAL TT in pseudorapid-

ity [72].

Trigger efficiency measurements in data

Trigger efficiency of the diphoton HLT path was measured on data using
the tag-and-probe technique with Z — ee events, that work as a control
sample in H — v analyses because of the high statistic and good under-
standing of the physics process, together with the high purity of the sample.
This is due to the similarity between electron and photon responses in ECAL,
and the close energy scales between Z — ee and H — 77, but comes with
non-trivial subtleties, for instance the different shower shape variables distri-
butions between electrons and photon and the different p — T spectra [70].
The idea of tag-and-probe is to use a clean sample of resonant decays where
one decay product (the “tag”) is required to pass very tight identification
and isolation criteria and to fire a single-electron trigger, ensuring that the
event is recorded. The other decay product (the “probe”) is then unbiased
with respect to the trigger under study and can be used to test its efficiency.
In this case, the tag is one electron from the Z decay, while the probe is the
other electron reconstructed as a photon candidate, mimicking the response
of a real photon in the electromagnetic calorimeter. The trigger efficiency is
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computed as the fraction of probe candidates passing the diphoton trigger,
measured separately in bins defined by the probe shower-shape variable Ry,
its pseudorapidity |n| and the offline transverse energy, as shown in Figure
[4.2] Moreover, the offline and HLT electron candidate are matched geomet-
rically.

Since electrons from Z — ee and photons from H — vy do not have
identical Ry and |n| distributions, the Z — ee sample is reweighted in these
variables so that the probe kinematics and shower properties match those of
simulated Higgs boson photons with my = 125 GeV. This procedure makes
the extracted efficiency directly applicable to H — ~~ analyses.

105 CMS Preliminary 35.9 fb' 2016 (13 TeV)
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Figure 4.2: Diphoton trigger efficiency measured on 2016 data for Z — ee
events using tag and probe method. Efficiency with respect to offline probe
ET, shown in 4 analysis categories defined according to probe R9 and |n|.
The efficiency of the seeded HLT leg is represented, which requires the L1
has been fired.
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4.1.2 Photon preselection

The HLT online selection is required both in data and in simulation. How-
ever, detectors conditions evolve during time, while the MC samples are
generated only once per data-taking era. For this reason the trigger turn-
on, as a function of (Er, Rg,n), is not identical in data and MC, and an
additional offline preselection is needed. This offline selection is designed to
be slightly more stringent than the HLT requirements, so that the analysis
is performed on the plateau region of the trigger efficiency as measured in
data. Moreover, the offline selection requires photon candidates within the
geometrical acceptance (|n| < 2.5), excluding the barrel-endcap transition
region 1.4442 < |n| < 1.566).

The photon with the largest transverse momentum (leading photon) is
required to have pr > 35 GeV, while the subleading photon must have
pr > 25 GeV. Both photons are required to pass a “conversion-safe” elec-
tron veto, employing the pixel detector to veto electrons without remov-
ing photons undergoing conversions. The preselection criteria are summa-
rized in Table 4.3 The selected diphoton pair is finally required to satisfy
M.y > 100 GeV.

Region H/E Tinin Ry Iso, [GeV] I504ac [GeV]
EB, Ry > 0.85 < 0.08 - > 0.5 - -

EB, Ry <0.85 <0.08 <0.015 >0.5 < 4.0 < 6.0
EE, Ry > 0.90 < 0.08 - > 0.8 - -

EE, Ry <090 <0.08 <0.035 >0.8 <4.0 < 6.0

Table 4.3: Offline photon preselection requirements for barrel (EB) and end-
cap (EE) regions. The conditions are split according to the Ry category.

As shown in Figure [£.2] the trigger efficiencies are very steep around 35
GeV, which, together with the preselection, has the effect of decreasing the
combined trigger-preselection efficiency of g9 — H — 7 diphotons to about
84%, 57% T7%, when photons are, respectively, both in the barrel, one in
barrel and one in endcaps, both in endcaps, with a global inclusive 74%
efficiency.



4.1. PHOTON SELECTION 101

4.1.3 Multivariate photon identification

The goal of the final photon identification (photonlD) is to distinguish prompt
photons from non-prompt photons. Non-prompt photons mainly originate
from high-momentum neutral mesons, inside jets, decaying into two pho-
tons, where both photons are reconstructed as a single photon candidate
because they share the same supercluster. There are also contributions from
neutral hadrons or charged hadrons (with failed track association) that de-
posit most of their energy in ECAL. On the other hand, photons produced
directly from hard interactions are labeled as prompt photons. To sepa-
rate these two classes of photons, a BDT is applied after the preselection.
The BDT is trained on H — <7y and photon+jets simulated datasets at
/s = 13 TeV, taking as signal the H — ~v photons, and as background
the non-prompt ones in the v+jets sample which arise from jets, and most
importantly, meson decays. In order to make the training independent of the
photon kinematic variables, a two-dimensional reweighting is performed as
a function of the supercluster pseudorapidity nsc and the photon candidate
transverse momentum pp. This procedure matches the kinematic distribu-
tions of signal prompt photons to those of background non-prompt photons.
Separate trainings are performed for the 2016, 2017, and 2018 ultra-legacy
datasets and for the barrel (EB) and endcap (EE) regions. The input vari-
ables include kinematic, shower-shape, and isolation observables, as well as
a few additional ones:

e Kinematic variables: 7g¢;
e Shower-shape variables: 0;,,,, COV,yis, Eaxa/Esx5, Ry, 0,, and o;
e Isolation variables: photon isolation and track isolation;

e Additional variables: ppy, the supercluster raw energy Egraw (used
in both EB and EE);

e Endcap-only variables: preshower spread ogg, and Egs/Eraw (the
energy deposited in the preshower divided by the supercluster raw en-

ergy),

where COV,,;4 is the covariance of the single crystal n and ¢ in terms of
crystal cells within the 5x5 crystal matrix centred on the supercluster seed,
0,(0) is the logarithmic energy weighted standard deviation of single crystal
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n within the supercluster, and p is the average energy density in ECAL
due to pileup interactions, which is useful to make the pdotonlD efficiency
independent on pileup.

The distribution of two example variables, i.e. Ry, track isolation and
Oinin, s shown in Figure . Track isolation and oy, in particular, have
different distributions for prompt photons and non-prompt photons, due to,
respectively, association with hadron tracks, and non-zero distance in 1 be-
tween the two prompt photons coming from neutral mesons.
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2

— sig

£ — sig* 2D weight F — sig * 2D weight

B
T T T T T T T T T

i

IS

L sme s NN A E
0.4 05 06 0.7 08 09 1 11 12
Ro 0.005 0.01 0.015 0.02 0.025 05 1 15 2 25 3 35 4 45
O PF Charged ISO (worst vertex)

Figure 4.3: Distribution of Ry, track isolation and o, for prompt and non-
prompt photons.

The BDT score distribution for signal (H — 7) and unmatched recon-
structed photons from the v+ jets MC sample is shown in Figure [£.4]

The data/MC agreement of the photon ID BDT score was validated using
both Z — ee, as shown in Figure [£.5] and Z — uu~y events.

The selection on the single photon employed in H — vy Run 2 analyses
is BDT, > —0.9, i.e. very loose, because, after the photon selection, another
BDT, labelled "diphoton BDT”, distinguish between signal and background
diphotons, leveraging the better discrimination provided by the composite
diphoton object, and employing as an input the photon ID score. After the
photonlD loose selection, the background consists mainly in y+jets events,
multijet events, both with unmatched reconstructed photons, and pp — v
events (prompt diphotons), where, before the diphoton BDT application |,
the y+jets events contribution is much larger than the prompt diphoton
contribution.
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Figure 4.4: BDT score distributions for signal and background photons in
the barrel. The chosen algorithm is Xgboost (XGB) trained on 2018 best
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Note that the simulation of the unmatched reconstructed photons from
multijet and v+ jet processes is not completely reliable, because their cross-
sections are very large, but the jet into photon mis-identification probability
is very small O(107%), therefore both the statistical and systematic compo-
nent of the MC uncertainties are too large for a reliable estimation of this
background contribution, which is estimated from data.

Non-prompt photons sources in y+jets

It is interesting to understand why it is difficult to separate prompt from
non-prompt photons with only calorimetric information, by using a small
sample of simulated 7 + jets events. Reconstructed photons are selected
based on photonlD, and diphotons are selected requiring |n| < 2.5, pr >
35 GeV for the leading and > 25 GeV for the sub-leading photon. In a
sample with about 100 x 103 y+jets generated events, a set of 37.8 x 10?
events contain a diphoton. Within this set, only about 7000 have a generated
particle matched to both reconstructed photons. Due to the nature of the
sample, these diphotons always contain a non-prompt photon, and, given
their matching to a generated particle, it is possible to investigate their source
by looking at their mother in the Monte Carlo generated particle list of the
event. It is found that, out of these 7000 events, 93% contain a non-prompt
photon whose mother is a meson, as shown in Figure Out of these
mesons, the most frequent, as could be expected, are 7°,n and others with
known radiative decay pathways.

It is also possible to investigate the source of the non-prompt photons
for the 38 x 10 events without generator matching, by looking at unstable
generated particles in a cone DR = 0.1 centered on the non-prompt photon
position. Out of 37.8 x 10® events, A fraction of 76% of the candidates
contains at least one unstable generated particle in the cone, with a particle
type distribution similar to the previous case, as shown in Figure [4.7]

In particular, 19.2 x 10® events have a 7 in the cone, and for those events
the distribution of 7° py versus minimum opening angle is plotted, as shown
in Figure [£.8] The typical opening values are around AR=0.01-0.02, while a
single cell of ECAL, except in the most inner regions of EE, has a granularity
on x d¢p = 0.0175 x 0.0175, which explains how difficult is to reject these type
of background. This also explains the importance of employing isolation
variables for photonlD.
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Figure 4.8: Distribution of pr versus minimum opening angle for neutral
pions in a cone AR = 0.1 around non-prompt photons with failed generator
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4.2 Photon corrections

4.2.1 Photon energy scale and resolution

After applying the standard ECAL calibration procedure, residual differences
remain between the energy scale and resolution of electrons and photons in
data and simulation [71]. The differences in scale are corrected in the data,
and the differences in resolution are corrected in MC by smearing the energy
values in the simulation. The differences between photon and electron energy
scales are addressed in further steps with dedicated systematics.

Two complementary techniques are employed to determine the energy
scale and smearing corrections in the 2016, 2017, and 2018 datasets: the
median method and the global smearing method.

Median method

The first approach relies on the median value of the reconstructed Z boson
invariant mass, obtained from dielectron events where both electrons are
reconstructed using supercluster energies corrected by the energy regression.
The median of the invariant mass distribution is evaluated in data, and
the corresponding scale correction is defined such that the median value is
aligned with the nominal Z boson mass reported by the PDG. The scale
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corrections are derived as a function of the run number and the supercluster
pseudorapidity |n|, since residual differences between data and simulation
are both time-dependent and |n|-dependent due to radiation damage in the
ECAL crystals.

The ECAL barrel and endcap are each divided into two pseudorapidity
regions: |n| < 1 and 1 < |n| < 1.4442 for the barrel, and 1.566 < |n| < 2
and 2 < |n| < 2.5 for the endcap. Run bins are defined to contain at least
10,000 dielectron events passing the selection criteria. For each run—|n| bin,
the scale correction AP is defined as:

AP=—_"2

. 4.1
median(mdata) (4.1)

Typical correction magnitudes range from 1% to 2%, reaching up to 4% in
the endcap for 2016 and 2017 data, and up to 5% in 2018.

Global smearing method
Once the median energy scale corrections have been applied, residual dif-

ferences in scale and resolution are extracted simultaneously using the global
smearing method. This approach targets both the remaining scale offsets and
the ECAL energy resolution. The method relies on a maximum-likelihood
fit between data and simulation. By using the simulated Z line shape as a
reference, all detector effects, such as reconstruction efficiency and kinematic
acceptance, are properly taken into account.

Residual discrepancies between data and simulation are parameterized by
a small additional energy scale shift and by a Gaussian smearing term that
accounts for differences in resolution. One advantage of the global smearing
approach is the possibility of performing a simultaneous fit across several
electron categories, deriving per-electron corrections, by minimizing simul-
taneously the corrections on single electrons in multiple categories. With N
single-electron categories, N(N + 1)/2 dielectron invariant mass spectra are
constructed in both data and simulation. A simultaneous likelihood fit is
performed across all categories as a function of 2N parameters, (AP, Ao).
In the fit, electron energies in data are scaled by a factor (1 + AP), while
MC energies are multiplied by a random factor sampled from a Gaussian
distribution centered at 1 with width Ao.

The scale corrections are determined in five |7| bins and between 10 and
13 Ry bins, depending on the |n| region. This fine binning in Ry ensures that
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the corrections are independent of the effective Ry distributions in the anal-
ysis categories, and removes, in first approximation, the difference in scale
between electrons and photons, which have different shower shape variables
distributions. The smearing terms are derived in coarser bins, with four |n|
bins and two Ry bins. In addition, an extra set of corrections for the electron
energy scale is derived as a function of |n| and Er using the same global
smearing procedure. These corrections ensure good agreement between data
and simulation, as shown in Figure 4.9/ for an example category. The assigned
systematics on the smearing is a flat uncertainty of 0.05% on the relative mass
resolution, regardless of the Ry/|n| bin, except for 2016 and 2017, where an
inflated uncertainty of 0.8% is applied for all photons with pr > 50 GeV, to
cover observed non-closures.
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Figure 4.9: Data to MC agreement for Z — ee events after scale and smearing
corrections for an example category in the 2016 dataset.

Frontal non-uniformity
An additional correction is applied to account for the impact of radia-
tion damage on the light collection of electrons and photons in the ECAL.
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When a particle interacts with a PbWO, crystal, it deposits energy along
its path, producing scintillation light proportional to the local energy de-
position, with an average number of optical photons per deposited energy
of 100y/MeV. This scintillation light propagates through the crystal (with
around 22mm? face area and > 22 cm thickness), undergoing absorption,
scattering, and partial reflection at the crystal surfaces. Only a small fraction
of the light produced by scintillation in the crystals (100 v/MeV) reaches the
two 5 x 5mm? photodetectors, generating a measurable signal in the ECAL
readout, corresponding to around 4.5 photoelectrons / MeV, because of the
sensitive/crystal face area ratio of 10%, APD quantum efficiency of 60%, and
75% light collection efficiency, measured on non-irradiated crystals.

The light collection efficiency can be described also as a function of z, as
LCE(z), which depends on the depth z at which the light is emitted. The
overall ECAL response can therefore be expressed as:

g — J Eaep(2) LCE(2) dz
fEdep<Z) dz ’

where LCE(2) also includes the efficiency of the photodetectors. Different
types of particles (photons, electrons, hadrons, jets) with the same total
energy exhibit different average longitudinal energy-deposit profiles Eqep(2),
leading to different ECAL responses.

Radiation damage degrades light collection efficiency due to (i) loss of
crystal transparency, (ii) reduced APD gain in the barrel (EB), and (iii)
reduced photocathode sensitivity in the endcaps (EE). Crystal transparency
loss is described by an induced absorption coefficient pinqueed, Which causes
exponential attenuation of light along the crystal length L:

(4.2)

Thnal = Tinitial - 6_(“natural+mnduced)L, (4.3)

where Tiitia and Thpa are the initial and final light transmissions, respec-
tively, and fipaturar i the absorption coefficient of the undamaged crystal.

Because of differences in shower profiles between electrons and photons,
and because the light collection efficiency varies over time due to radiation
damage, the ECAL response to electrons and photons differs and evolves
during data taking. The ECAL energy scale calibration is derived from
electrons from Z — ete™ decays and applied to both electron and photon
objects. Hence, the response difference between electrons and photons must
be corrected.
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Since radiation damage is not simulated, the energy regression can only
correct for intrinsic shower-shape differences, not for time-dependent light-
collection effects. An additional photon-specific scale correction, known as
the Front Non-Uniformity (FNUF) correction, is therefore applied. It is
defined as:

f dep LCE( ) dz

l _ & o f dep (4 4)
F~ 8. [E(z LCE( )dz’ '
fEfjep z)dz

where g (z) and Ej, (2) represent the average shower profiles of elec-
trons and photons of the same energy. This correction compensates for the
fact that photons typically deposit most of their energy in the front part of
the crystal (within ~ 13Xj), where the radiation damage affects the trans-

parency most severely.

Assuming a constant instantaneous luminosity of 2 x 10* em=2s7!, the
corrections is evaluated using FLUKA [73] simulations to predict ptinduced and
the corresponding transparency loss R/Ry as a function of pseudorapidity
(0 < |n| < 3 in 0.1 bins) and integrated luminosity. For each luminosity
scenario and |n| bin, the corresponding LCE(z) is then simulated using S-
L1TRANI [74], incorporating the APD and VPT gain losses.

Although the assumed luminosity scenario may differ from that of actual
data taking, the correction depends only on the measured transparency ra-
tio R/ Ry, which is derived directly from laser monitoring data rather than
simulation. The average measured R/R, values as a function of run number
are shown in Figure [4.10

Figure illustrates the resulting LCE(z) profiles and the computed
ENUF corrections 1/F' as a function of photon energy and R/R,.

The FNUF correction is applied on top of all other photon energy calibra-
tions in data, using the average R/Ry in each |n| bin from laser monitoring.
This is the reason why the correction is lower than 1, i.e. because the appli-
cation of the Z — ee scale over-corrects photons, which start their shower
deeper, in regions of the crystals where the integrated dose, and the trans-
parency loss, is less pronounced.

It is applied only to high-Rg photons (Ry > 0.96), since low-Rg photons
have shower shapes more similar to those of electrons.
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Figure 4.10:  Average R/RO from laser measurements as a function of the
run, for different pseudorapidity bins in EB (left) and EE (right).
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Since the FNUF correction depends directly on R/ Ry, any modification
of R/Ry, e.g., via the corrections applied to laser amplitudes via pin-diodes
(PN) monitoring the laser light output, propagates to the final energy scale.
PN corrections typically increase the effective transparency loss, leading to a
slightly higher FNUF correction. Their impact on the diphoton mass scale is
evaluated by reapplying the FNUF correction using half of the PN corrections
as input and comparing the fitted m., peak positions.

4.2.2 Shower shape, preshower and isolation correc-
tions

Some detector effects are not perfectly simulated and therefore require align-
ment with data using multivariate corrections. These effects are typically
dependent on the year, but the Z — puuy sample does not have enough
statistics to allow it, hence it is done on the Z — ee, because the discrepan-
cies do not depend on the type of particle.

The goal of the procedure is to achieve the best possible agreement be-
tween data and simulation for the photon identification MVA output. To this
end, the correction must be performed differentially in the transverse momen-
tum pr, pseudorapidity n, azimuthal angle ¢, and the per-event pileup energy
density p. In addition, correlations among the shower shape variables and
among the charged isolation variables are taken into account. The distribu-
tions of the shower shape, preshower and isolation variables in simulation are
then morphed so as to reproduce as closely as possible the ones observed in
data.

The morphing of simulation distributions to match those observed in data
is performed using the cumulative distribution functions (CDFs) of both the
simulated and target (data) distributions. For each variable to be corrected,
the value in simulation is replaced by the corresponding value in data that
satisfies the condition that their CDFs are equal. This ensures a consistent
mapping between the distributions.

This procedure is applied to all shower shape variables used as inputs
to the photon identification MVA, while preserving the interdependencies
among these variables and their correlations with event topology. To achieve
this, a series of boosted decision trees (BDTs) is employed to model the
conditional shape of the CDFs in both data and simulation.

The variables used as inputs to each BDT are selected in a chained fash-
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ion: for simulation, variables that have already been corrected are included
as additional inputs when training the BDTs for subsequent variables. This
method is therefore called chained quantile regression (CQR) [24]. In data,
no correction is needed, so the same (uncorrected) inputs are used for each
variable. This necessitates a specific correction order, which is applied consis-
tently to both data and simulation. For each variable, 21 BDT's are trained to
predict the values at specific quantile points of the CDF, i.e. 19 points from
0.05 to 0.95, spaced by 0.05, with the addition of 0.01 and 0.99. Each BDT
is trained using a quantile loss function appropriate to its target quantile.
To evaluate values between the trained quantile points, linear interpolation
is applied. For isolation variables, the procedure must be extended to ac-
count for discontinuities in their distributions. The training of the boosted
decision trees (BDTSs) is performed separately for each of the three years of
data-taking. The data/MC agreement before and after this correction for
2018 EB Z — ee events is shown in Figure for two example shower-
shape variables. Despite the imperfect agreement for the single variables,
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Figure 4.12:  Data/simulation comparison for the shower shape variables
Ry and S, for 2018 EB with corrected and uncorrected distributions from
simulation.

the agreement of the photon ID score after CQR corrections is acceptable,
as shown in Figure |4.13 where the target is an impact less than 2% on the
inclusive cross-section.
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EB with corrected and uncorrected distributions from simulation.

4.3 Primary vertex reconstruction and selec-
tion

Since events involving two photons do not necessarily contain prompt charged
particles originating from the hard scattering, the precise determination of
the primary interaction vertex along the beam axis is not straightforward.
However, even for the dominant gluon-fusion production process, the Higgs
boson is often accompanied by additional jets or, at minimum, soft hadronic
activity from the underlying event. This additional activity enables the re-
construction of the vertex corresponding to the Higgs boson production in
nearly all cases. Nonetheless, in the presence of a large number of pileup inter-
actions, the identification of the correct vertex associated with the diphoton
system can still be ambiguous [75]. The difficulty increases for ggH at low
pr, which is the case treated in this thesis.

The overall strategy consists of reconstructing all primary vertices in the
event and subsequently selecting the one most compatible with the diphoton
candidate. This selection exploits both the kinematic properties and spa-
tial correlation of the associated hadronic activity, as well as any available
information from photon conversions reconstructed in the tracking detectors.
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Primary vertices are reconstructed from an inclusive set of charged-particle
tracks measured in the tracking detectors. Tracks are required to satisfy qual-
ity and beamline compatibility criteria to suppress contributions from fake
tracks or secondary decays. The tracks are then grouped into clusters along
the z-axis of the beamline, corresponding to distinct primary vertices. The
optimal division into N clusters is determined by minimizing the global x?
compatibility between the track z positions and uncertainties, assuming N
common vertices along the beamline.

Each cluster is then fitted to a common three-dimensional vertex using
an adaptive vertex fitting algorithm, which iteratively down-weights tracks
that are inconsistent with the common vertex. The typical spatial resolution
of this fit is of order O(50 pm) in the transverse plane and O(100 pm) in
the longitudinal direction. Since the transverse beam width is comparable to
the vertex position resolution, the known position and width of the luminous
region are included as external constraints to further improve the transverse
resolution. The reconstruction output consists of a list of vertices, each char-
acterized by a fitted position, associated uncertainties, and the set of tracks
assigned to it. In general, the vertex corresponding to the hard interaction
exhibits larger hadronic activity than those arising from pileup. Moreover,
the hadronic recoil in the transverse plane is expected to approximately bal-
ance the momentum of the diphoton system.

Use of photon conversions
When one or both photons are associated with reconstructed conversions
in the tracker, their conversion vertices provide additional pointing infor-
mation that can improve the determination of the production vertex [75].
The reconstructed conversion momentum vector is extrapolated from the
conversion vertex back to the beamline. However, since the resolution of the
conversion reconstruction depends strongly on its radial position, conversions
far from the interaction region yield poorer estimates due to limited tracking
measurements. In such cases, an alternative approach is used, which projects
the line connecting the reconstructed conversion vertex to the corresponding
ECAL supercluster position back to the beamline. The inclusion of ECAL
position information significantly improves the overall pointing resolution.
An uncertainty is assigned to each conversion-based z estimate, depending
on the detector region where the conversion occurred. For events with two
converted photons, a weighted average of the two z estimates is computed
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using their uncertainties. For each reconstructed vertex, a compatibility
variable is then defined:

ConversionPull = M, (4.5)

P>
where z,i, is the vertex z position, z..n, is the z estimate from conversion
pointing, and o, is its associated uncertainty. The uncertainty in zyy is
negligible compared to that of the conversion measurement.

Multivariate selection

The final vertex selection is performed using a boosted decision tree (BDT)
classifier trained to distinguish the true diphoton vertex in simulated Higgs
events from pileup vertices. The input features include three so-called hadronic-
recoil variables:

e sumpt2 = > p?p,i: The sum of the squared transverse momenta of all
charged tracks associated with the vertex. This variable measures the
overall amount of hadronic activity,

e ptbal = — > pr,; - py’: The sum of the transverse momenta of all
charged tracks associated with the vertex, projected onto the axis of
the diphoton momentum in the transverse plane. This quantifies how
much the charged hadronic activity balances the transverse momentum
of the diphoton system,

e ptasym: An asymmetry variable formed from the total transverse mo-
mentum of all charged tracks associated with the vertex and the trans-
verse momentum of the diphoton system. It provides an additional
measure of the balance between the charged hadronic activity and the
diphoton system,

as well as the conversion compatibility variable described above. If no conver-
sion is reconstructed, the corresponding input is set to a dummy value so that
the classifier effectively ignores it. The vertex with the highest BDT score is
then selected for use in photon kinematic reconstruction and identification.

Vertex probability estimate
Because the invariant mass resolution deteriorates significantly when the
incorrect vertex is selected, due to the wrong reconstructed angles for the
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photons, it is important to estimate the probability that the chosen vertex is
the correct one, which is an input to the diphoton BDT. A vertex is consid-
ered correctly identified if its z position lies within 1 cm of the true interaction
point, a value corresponding to an error in the invariant mass tipically much
smaller than the one coming from reconstructed photon energies. The per-
event probability of a correct selection is estimated using an additional BDT
trained to distinguish events with correctly and incorrectly selected vertices,
which is an input of the diphoton BDT, that provide discrimination between
signal and background.

The classifier uses the following input variables:

e Diphoton transverse momentum, pJ’: higher values correlate with in-
creased hadronic activity and better vertex identification.

e Number of reconstructed primary vertices: events with more vertices
are more prone to misassignment.

e Vertex-selection BDT scores for the three highest-ranked vertices: these
contain information about the signal-likeness of each candidate.

e Distances in z between the selected vertex and the next two highest-
ranked candidates.

e Number of photons associated with reconstructed conversions (0, 1, or
2): conversion information enhances vertex selection efficiency.

The BDT response is linearly transformed to yield an estimated per-event
probability for correct vertex assignment, calibrated using the fraction of cor-
rectly identified vertices in simulated Higgs events. The per-event probability
is shown in Figure 4.14] as a function of pr for 2018.
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Figure 4.14: Fraction of the events with |Zselected — Ztrue| < 10 mm, i.e. the
rate of the correct diphoton vertex, as a function of the diphoton pT, in 2018.
Simulated events with H — ~ are used, considering the gluon-gluon fusion
production mode.

4.4 Diphoton BDT training

The main sources of background in H — 7y analyses are QCD multijet
processes (two fake photons, labelled 'fake-fake’) and v + jets events (one
prompt and one fake photon, labelled 'prompt-fake’). The signal sample used
for training is obtained as a cross-section-weighted mixture of the four main
production mechanisms: gluon fusion (ggH), vector boson fusion (VBF),
associated production with a vector boson (VH), and associated production
with a top quark pair (ttH), all for a Higgs boson mass of 125 GeV [71].

Data-driven background sample

Monte Carlo simulations are known to significantly underestimate the un-
certainties related to photon misidentification, particularly at low photon ID
BDT scores. Therefore, the QCD and ~+jets samples exhibit large event
weights and limited statistics, resulting in poor modeling of input observ-
ables, especially in the tails of distributions. To address these issues, a fully



4.4. DIPHOTON BDT TRAINING 119

data-driven model is obtained from events that fail a minimum photon ID
BDT score requirement of —0.9, defining a “low photon ID sideband” region,
as shown in Figure[4.15] This data-driven sample is mixed with a MC sample
of prompt diphotons (pp — 7).

+1

Events entering presel.

. Low photon ID sideband
Min. gamma IDMVA

-1

-1 +1

Max. gamma IDMVA

Figure 4.15: Scheme of the low photon ID sideband extraction.

A probability density function (PDF) for the minimum photon ID BDT
score is derived using v+jets Monte Carlo, where fake photons are matched
to generator-level jets. This PDF is parameterized by a polynomial fit to the
photon ID BDT distribution, as shown in Figure

For each event in the sideband region, a new value of the minimum photon
ID BDT score is randomly assigned within the range [—0.9,1.0] according
to the fake-photon PDF, and an additional per-event weight is applied to
reproduce the expected distribution of the minimum photon ID BDT score:

w— f; freal(x)dx

— : 4.6
1% frake()dex (4.6)

where frie(z) denotes the fitted PDF for the photon ID BDT score of fake
photons.
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Figure 4.16: Distribution of the minimum photon ID BDT score for each
diphoton, with a polynomial fit.

Since the normalization of the sideband-derived sample does not necessar-
ily match the expected number of QCD and y+jets events in the preselection,
a simultaneous fit of the minimum and maximum photon ID BDT distribu-
tions is performed to extract normalization scale factors, such that the MC
pp — ~y7) sample, added to the data-driven low-ID sideband describing the
QCD fake contributions, reproduces the data distribution, as shown in Figure

417

Training and validation

Training events are selected using the photon preselection criteria, a loose
cut on photon ID greater than —0.9, and transverse momentum thresholds
corresponding to pr/m., values of 1/3 and 1/4 for the leading and subleading
photons, respectively. The diphoton BDT is trained by the Hy~y group using
a set of ten input features. These include the kinematic properties of the
diphoton system, per-event estimates of the diphoton mass resolution, and
per-photon scores from the identification BDT.
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Figure 4.17: Maximum of the photon ID score of the two photons for each
diphoton, before (left) and after (right) normalizing the two components.

The per-event relative mass resolution estimates are computed by propa-
gating the photon energy resolution estimates, assuming Gaussian resolution
functions. The XGBoost algorithm is employed to train the model and tune
its hyperparameters. The resulting shapes of the BDT output scores on the
test set are shown in Figure [4.1§]

After training, diphoton data and MC events after preselection are used to
validate the input variables and the output of the diphoton BDT, using events
in the mass sideband regions 100 < m., < 115 GeV and 135 < m., < 180
GeV, as shown in Figure 4.18

To check if the mixed sample used for the training is compatible with data,
their diphoton invariant mass distributions are compared after a loose cut
on the diphoton BDT score at -0.9, blinding the 115 GeV < m,, < 135 GeV
region, as shown in Figure [£.19]
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Chapter 5

Analysis strategy

5.1 Data and simulated samples

The data samples used in this analysis correspond to an integrated luminosity
of 138 fb~! recorded in 2016-2018 at the LHC in pp collisions at a center-of-
mass energy of 13 TeV [58] [76, [77].

The signal samples for gluon—gluon fusion (ggH), vector-boson fusion
(VBF), and vector-boson-associated Higgs boson production (VH) are sim-
ulated with the MADGRAPHS _AMCQNLO v2.4.2 matrix-element genera-
tor [78] at next-to-leading order (NLO) in QCD. For the ggH process, the
simulation includes the full set of one-loop QCD diagrams describing the
gluon—gluon fusion through a top-quark loop, while for the VBF and VH
processes the generator includes the relevant electroweak diagrams at NLO
accuracy in QCD. The generated parton-level events are interfaced with
Pyrnia 8.2 [54] for parton showering and hadronization, using the CP5
tune [79). The NNPDF 3.1 [80] parton distribution functions are employed
consistently both in the matrix-element generation and in the shower evolu-
tion. The gluon—gluon fusion signal sample is further reweighted in the Higgs
boson transverse momentum (pr g) to account for higher-order QCD correc-
tions beyond NLO using the MINNLOPS generator [81], which provides a
consistent matching between NLO matrix elements and the parton shower.
This is needed because these samples were prodduces before MiNNLOPS
became available.

Samples simulating the interference between gluon-gluon fusion signal
and gg — vy or qg — q7vyy background processes are produced separately

127
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with NLO precision using the SHERPA v.2.2.11 generator [50, 82], for Higgs
boson masses of 120, 125 and 130 GeV and a total width of 4.07 MeV. Note
that SHERPA is the only available generator that implements the interference
process. All diagrams discussed in Reference [40] including those in Fig. [2.13
are considered for this study. The SHERPA generator also handles parton
showering and hadronization. The only parton shower algorithm available
is the Catani-Seymour one, which effectively corrects the generation at NLL
level. A fit to the generator-level differential cross section with respect to
diphoton mass, using the theoretical formula in Eq. , is shown in Figure
5.1} where the fitted parameters are the numerical coefficients R and I.
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Figure 5.1: Fit to the generator-level differential cross section of the gluon-

gluon interference with respect to diphoton mass, using the theoretical for-
mula in Eq. (5.2), in a restricted phase space.

Figure 5.2 shows the comparison and compatibility betweeen the gluon-
gluon interference differential cross-section at the generator level, and the
one evaluated for 13.6 TeV collisions in a theoretical paper [83] in a well-
defined phase-space, requiring pj. > 20 GeV, /pp *p; > 35 GeV, |n,| <
2.5, AR(71,72) > 0.4. The same comparison was not possible for 13 TeV
collisions because of the lack of material in literature, and the same applied
for quark-gluon interference, shown in [5.3, The inclusive cross-section value
at NLO reported by SHERPA is 0.556 fb with a 4% error for the gluon-gluon
interference, and 0.021 fb for the quark-gluon one. Note that these values
does not have a clear physical meaning, because of the very large fraction
of negative weight (50%), and the inclusion of events also at m., very far
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from the Higgs boson signal region, which dominate the total cross-section

Integration.
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Figure 5.2: Differential cross-section of the gluon-gluon interference with re-
spect to m.,., as evaluated in the theoretical paper [83] for 13.6 TeV collisions
(right), and by SHERPA NLO (with Catani-Seymour parton shower, at NLL)
at 13 TeV (left). The cuts reported in the right plot have been applied to
produce the left plot.
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Figure 5.3: Differential cross-section of the quark-gluon interference with

respect to m.., evaluated by SHERPA NLO (with Catani-Seymour parton
shower, at NLL) at 13 TeV.

The interference cross-section evaluated by SHERPA in the simulated
samples employed is multiplied by a global factor (K-factor), equal to v/ KsKp,
where the signal K-factor was set to Kg = 1.45, which effectively rescales the
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signal prediction from SHERPA to the MiNNLOPS value used for the signal
process [19], while the K-factor for the background is fixed to 1, given that
there is no indication of K-factors needed.

All simulated samples are propagated through the full CMS detector
simulation using the GEANT4 package [84]. Multiple nearly simultaneous
proton-proton collisions happening in the same bunch crossing, termed as
pileup. The mean number of pileup interactions in data for Run 2 as a whole
was found to be 34. Events in the simulated samples are reweighted such
that the resulting shape of the pileup distribution in simulation after this
procedure matches the one in data.

5.2 Analysis strategy overview
The differential cross section as a function of the di-photon invariant mass

M., for the gluon-gluon fusion signal and interference components, can be
written schematically in the NWA [40] as:

do99" 1 “nS (5.1)
O's m"f’V - (mgry . m%{)Q + m%lﬁ?{7 .
(m2, —m2)R+mulyl
do;/dm.., = cp——L 1 , (5.2)

(2, —m2,? + T

where ¢4, is the product of Higgs boson couplings to gluon and photons,
while S, R and [ are numerical coefficients independent of the couplings
or the width. The R term changes sign for m., above mpg and introduces
distortions in the m., spectrum, while the I term affects only the normal-
ization. The cross section of the pure ggH signal term is proportional to
C?m /T'. Therefore, by inverting this relation it is possible to parameterize
the relationship between the couplings product and the width modifier with
respect to the SM value, Ty /T'2M:

¢y = \/1eTar /T5M (5.3)

where pip = f14y is the ratio between the measured ggH signal-only on-shell
cross section and its SM value. The differential cross section for the interfer-
ence do;/dm,- has an asymmetric shape with a large negative contribution,
as shown in Fig. with and without including experimental resolution,
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dominated by photon energy uncertainty. When experimental resolution is
taken into account, the asymmetrical shape is still visible but gets smeared
along the m,, axis. The asymmetric shape is not strongly modified by the
resolution effects, and then it can be experimetally exploited to constrain the
total width.

CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
0.15F 0.4

M, = 125 GeV, I',=4.1 MeV
Resolution effects included

M, = 125 GeV, [=4.1 MeV
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Figure 5.4: Differential cross-section as a function of m.,., for the interference
contribution in Eq. , without experimental resolution effects (left), and
including experimental resolution (right). The experimental resolution is
implemented through CMS Run 2 full simulation, for samples with My = 125
GeV and I'y = 9.

The distortion in the Higgs boson total mass spectrum due to the inter-
ference can thus be exploited by measuring precisely the shape of the m.,
distribution. Indeed, as shown in Fig. , considering both S,yp and [
contributions after full detector resolution is applied, for several I'y values.

The distorted ggH spectrum, i.e. do%9"/dm.., + do;/dm.,.,, corresponds
to a shift in the Higgs boson mass peak [46]. The size of these distortions is
directly related to the R term in Eq. 5.2 As a result, the I'y; parameter can
be extracted by measuring the deviation of the shape from the one expected
from Syyp-only process, induced by the interference in the Higgs boson line-

shape, because its contribution is proportional to ¢y, = /prl /T3,

The ggH signal and interference differential cross sections (see Eq. ),
when experimental resolution is taken into account, can be expressed in terms
of the overall signal strength pp, i.e. the ratio of the measured and expected
ggH signal yield, and explicitly on the couplings modifier, ¢y, and the width,
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Figure 5.5: Sum of ggH signal and interference (both gg and gg) xmass
spectra for different 'y values and My = 125 GeV, including resolution
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do99" Jdm.,, = FL;FZMSQQH(THW) =11 Sggr (M), (5.4)

do [/ dm.y =gy L(may), (5.5)

where Sggp(m,) and Z(m..) are the probability density functions for the
ggH signal and interference components, defined in such a way not to be
dependent on ¢y, and I'y. The simplification of using Syyr and Z templates
which do not depend on I'y is possible because, due to experimental res-
olution, both Syyr and Z reconstructed m., lineshapes become effectively
independent of I'y, for I'y much smaller than the experimental resolution
O(1) GeV. From a technical point of view this simplification is very impor-
tant, as it allows to produce, with the full CMS simulation, signal and inter-
ference samples at multiple Breit-Wigner 'y, and to only use one narrow-
width (I'y = 4 MeV) samples, by combining linearly the signal and interfer-
ence ones, as detailed below. Using Monte Carlo samples with parametric
simulation, which is much less computationally intensive with respect to full
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CMS detector simulation, it was verified that the impact of this assumption
on the analysis is neglibible for the range of I'y; considered in this note. These
tests are detailed in Section (.3

The differential cross section including both ggH resonant diphoton pro-
duction (signal) and interference with the continuum diphoton process can
be written as:

do9* [dm, + doy/dim.., = prSygn + ¢y L = (1r — y)Sggrt + or(Sggnt 2’13

5.6
This is a convenient expression for the extraction of the interference ampli-
tude, because the Z component is always negative above the Higgs boson
mass, while (Syop + Z) is positive in a large region around the Higgs boson
peak, contrarily to (Sygm+Z+Bpp—~), Which is alway positive, where B, .
is the differential cross-section of the prompt diphoton background. The need
for positive differential cross-sections for the signal and signal-interference
processes is needed because of the statistical framework used in CMS for
H — ~~ analyses, where all shapes ar positive definite.

Expressing ¢,y as a function of I'y, the Higgs boson decay width is ex-
tracted by fitting the mass distribution in data with a linear combination of
Probability Density Functions (PDF) for each category. This combination of
PDFs is described by the following differential cross section expression, which

includes also non-ggH Higgs boson production and background processes:
do—ggH do; doV doy

S

dmyy — dmy, — dmy,  dmy,

FH FH dab
<uF— /LFFS—M> SggH+ MFFTM(SQQH —I—I)—F,UV E SV’ijd—
H H . Y
V V jE{VBF, VH}

where up = pg, and py represent, respectively, the signal strength in the
ggH and electroweak bosons mediated production modes (Sy;), i.e. VBF
and VH. Templates for Syyr and Sygm + Z are constructed on the basis of
ggH pure signal samples and interference samples. The background processes
are mostly continuum di-photon production, y+jet and multi-jets, with one
or more jets misidentified as a photon, have no dependence on ug, puy and
I'y. Templates for the background (doy,/dm.,,) are constructed by fitting the
diphoton invariant mass distribution in the signal region using resonance side-
bands directly from data, which include both prompt diphoton production,
~v+jet, and multijet events. Note that the minor quark-gluon interference
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is treated together with the ggH interference and directly included in the
Sygr + 1 templates. Note also that the t2H process is not included, because
of the categorization employed in this analysis, detailed below, featuring
a category targeting very loosely > 2 jets event. Its contribution would
therefore only increase by a minimal amount the event yield in this category,
which is insensitive to 'y, and dominated by VBF and VH contributions.
The effect of the interference has a non-trivial p)’-dependence can be
quantified using the mass-shift observable, as shown in Figure [2.16| Pure
NLO calculations, without NLL resummations, have unreliable interference
py’ spectra [85]. Resummation effects are included, in SHERPA NLO gen-
eration, at NLL level, via the Catani-Seymour algorithm [56} [82], and this is
shown in Figure[5.6] comparing SHERPA simulation with the theoretical pre-
dictions available in [85], which unfortunately are at 8 TeV and do not allow
a one-to-one comparison. The rise above 0 in the differential cross-section
as a function of p', at low pr’ values, is not completely understood, and
therefore a cut is employed in the analysis, requiring pJ’ > 15 GeV. Another
potential mismodelling effect is due to the usage of NLO instead of NNLO,
but this has an effect limited to a change of around 15% in the cross-section
for the real part of the interference (see Figure 5 in [83]) and it is difficult to
quantify exactly in this analysis due to the absence of dedicated generators.
As it will be explained later, this effect is not a problem because the impact
on the I'y measurement of a 7% error on the interference XS, due to QCD
scale uncertainties, is below 5% and is one of the smallest systematic effects.

3
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Figure 5.6: Differential cross-section of the gluon-gluon interference with
respect to pr., evaluated by SHERPA NLO (with Catani-Seymour parton
shower, at NLL) at 13 TeV (left) and in the theoretical predictions of [85],
both at NLO and NLO+NLL (right).

It is not possible to verify, in a reliable way, any model-dependence pos-
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sibly introduced by the Catani-Seymour parton shower model itself. Indeed,
the alternative parton shower algoritm in SHERPA, so-called DIRE [86], has
been deprecated and is no longer supported, because it has been shown [87]
that the kinematic mappings in DIRE are not NLL safe. The distribution
of pr' in ggH simulated signal events, after preselection cuts, is shown in
Figure[5.7] On the same events, the efficiency of the p} selection is 79%.
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Figure 5.7: Distribution of p)" in ggH simulated reconstructed signal events
for 2018, in arbitrary units, after preselection cuts, including generator
weights. The red line shows the cut at 15 GeV.

5.3 Parametric simulations for non-SM ['y val-
ues

A series of preliminary studies based on generator level simulations and
smearing procedures to mimic the experimental resolution were performed, in
order to verify the theoretical assumptions made in the analysis strategy. In
particular, the dependence of the interference spectrum on I'y requires con-
firmation.The need for generator-level studies, with a fast implementation of
the detector effects, was motivated by the large computing power required
to produce full simulation Monte Carlo samples at different I'y values. The
only interference simulated samples available with full CMS detector simula-
tion are for I'y = '™ and My = 120,125, 130. Generator-only interference
samples were generated with SHERPA (same version employed in the CMS
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official production), with 108 events for each I'yy /T2 value, ranging from 0.1
to 50. The photons from the generated samples are smeared with n depen-
dent and Ry dependent Gaussian resolutions. The Ry variable is not present
in generated samples, therefore only two bins in Ry (R9 > 0.965 for con-
verted photons, and Ry < 0.965 for unconverted photons) are simulated [8§],
by extracting randomly the bin using the n-dependent conversion probabil-
ity for photons. The conversion probability is estimated as the n-dependent
fraction of photons with Ry > 0.965. The n-dependent resolution for uncon-
verted photons is taken from Z — ee data with low Ry (low-bremsstrahlung),
while for converted photon it is taken from the inclusive Z — ee data, as
shown in Figure [5.8|
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Figure 5.8: ECAL resolution from Z — ee data for the Ry < 0.956 case, i.e.
low-bremmstrhalung, (left), and the inclusive case (right).

To validate this procedure, it was applied to generator-level photons in
the gluon-gluon fusion signal sample for My = 125 GeV, and the result-
ing diphoton mass spectrum was compared to the one obtained from full
simulation, as shown in Figure |5.9, Despite the fact that the matching is
not perfect, the RMS value is similar and only the left tail of the resolution
function is not well described. Therefore, as a further test the smearing was
applied to the privately generated interference sample for I'y /T3 = 1, and
the resulting diphoton mass spectrum was compared to the one obtained
from full simulation, as shown in Figure [5.10

For the interference the matching is very good, with a y?/NDF test
statistics on the difference between the two histograms of 75.1/69, therefore
the smearing procedure is assumed to be validated for the purposes of these
preliminary studies.
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Figure 5.9: Diphoton mass spectrum obtained from generator-level quanti-
ties, convoluted with a parametric Gaussian smearing, vs. full simulation,
for gluon-gluon fusion signal sample with My = 125 GeV. Preselections
on the leading and subleading photons 7,72 were applied, i.e. |n| < 2.5,
pT,l/mW > 1/3,])7172/771,W > 1/4
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Figure 5.10: Diphoton mass spectrum obtained from generator-level quan-
tities, convoluted with a parametric Gaussian smearing, vs. full simula-
tion for interference sample with My = 125 GeV (left), and ratio be-
tween full-simulation and smearing-based spectra (right). Prelesections on
the leading and subleading photons 7,7, were applied, i.e. |n| < 2.5,
pr,1/Meyy > 1/3,p1,2/myy > 1/4.
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The interference distributions were first examined using samples in which
only the width was varied, while the couplings remained unchanged. As
shown in Figure [5.11] after the inclusion of the photon energy resolution, all
the distributions with I'y /T3 < 20 have a compatible shape. This confirms
that the I'y dependence is solely in the interference cross-section due to the
term g, = \/urly/T3M. Indeed, it is expected that the two lobes of the
interference distributions start to differ with respect to the SM I'y case,
only when the with starts to be comparable or higher than the m,, peak
resolution. This confirmation allows to employ the nominal SM I'y samples
for both signal and interference, and to generate templates at different I'y

by rescaling the interference cross-section as /s /T3,
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Figure 5.11: Diphoton mass spectrum obtained from generator-level quanti-
ties, convoluted with a parametric Gaussian smearing for interference samples
with My = 125 GeV ad different I'y values (left), and ratio with respect to
the nominal 'y case (right). Preselections on the leading and subleading
photons ;1,72 were applied, i.e. |n| < 2.5, pr1/myy > 1/3,pr 2/msy > 1/4.

It is also important to verify that the pure signal shape is independent on
'y, as shown in Figure , using SHERPA + smearing. For I'y /T9M = 25,
the corresponding oversmearing is about 0122:1001\49,\/ /2.35 = 42 MeV , where
2.35 is the factor required to convert a full-width-half-maximum spread (like
I'y) to its Gaussian equivalent. This value of oversmearing is below the error
on the resolution coming from the scale and smearing procedure.

Using the same genererator-level samples employed in these tests, also the
dependence of the interference and signal cross-section on I'y was checked,
maintaining the same effective ¢y, coupling, and the expected behaviour was
verified, i.e. Z independent on 'y, S < 1/I'y. as shown in Figure m
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Figure 5.12: Signal mass spectrum generated with SHERPA | convoluted
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interference, and signal cross-sections. The fit quality is good in both cases.
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5.4 Event categorization

Splitting the analysis into categories increase the sensitivity of H — 7 anal-
ysis and allows to constrain I'y via simultaneous fits, where the likelihood is
the product of single-category likelihoods, depending on the same physical
parameters (Mg, g, py,U'y) in all categories. In each category the back-
ground is data-driven, and this avoids complex background modelling from
simulations, while the signal and interference are taken from MC and their
shapes and normalizations depend on the physical parameters.

The first step of categorization uses the properties of the reconstructed
diphoton and dijet systems to separate events consistent with the VBF and
ggH production modes. The events passing a selection loosely targeting VBF,
defined in Table , are put in a dedicated category (VBFTag), while the
remaining events, predominantly ggH, are further divided in sub-categories.
This is performed to mitigate as much as possible the dilution of the ggH
fusion sample with events from VBF or other production modes, or events
from ggH with two jets, which have smaller interference contributions [19].
The fraction of ggH events, after the application of the pre-selection, passing
the loose VBF tag is 21%.

Loose VBF tag
100 < m., < 180 GeV
Py [may > 1/4
Pr/may > 1/5
.’77'y| <25
pr > 30 GeV
P > 20 GeV
mjj > 100 GeV

Table 5.1: Criteria for the relaxed VBF tag.

Since the sensitivity to the interference is strongly dependent on the
diphoton pr (p}7), the events not satisfying the VBF selection are divided ac-
cording to that observable. For every year, each p.' category ¢; was divided
in two sub-categories, one with high BDT score, selecting all events with
BDT score (defined from -1 to 1) greater than a threshold 7, and another

one with medium BDT score, selecting the events with BDT score smaller
than t? but greater than a lower threshold #. The thresholds th and tm
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were subject to the optimization, as described in the following. Five p’
categories were used in-order to have sufficient granularity to capture the
pi dependence of interference effect, while maintaining sufficient statistical
power and optimizing mass resolution in each category. The diphoton invari-
ant mass distribution is constructed in each of the resulting categories, and
the boundaries are then adjusted iteratively until a minimum of the following
loss function is obtained. The pJ’ category boundaries are the same for all
data-taking eras, while the BDT score boundaries depend on the data-taking
era, since some of its input variables depend on the detector resolution, which
evolved during the LHC Run 2.

L =0, X g (5.7)

where M., and o, are the mean and the standard deviation of the diphoton
invariant mass distribution respectively, calculated within a 1o region around
the peak. S and B are the signal and background yields, respectively, in the
same invariant mass window. This procedure minimizes the relative diphoton
mass resolution and maximizes the signal strength in each analysis category,
and optimize the analysis for precision in the measurement of Higgs boson
mass, which is a parameter correlated with our measurement due to the mass-
shift effect. This optimization was performed using signal MCs corresponding
to all four eras of Run 2 data taking, and data-driven samples for the inclusive
non-resonant background, from mass sidebands. A detail of each category
is shown in Table 5.2l It was verified on 2018 simulated samples, scaled
at full Run 2 luminosity, that using a dedicated optimization, instead of the
described procedure, targeting directly the sensitivity to I'y does not improve
the measurement significantly over the aforementioned procedure, as shown
in Section [£.4.1]

Note that the ggH and ggH + I yields differ by at most 8%, depending
on the category. This is coherent with the expected inclusive 2% difference
in the cross-section at NLO due to the interference [46].

5.4.1 Re-optimization for ['y sensitivity

An alternative, ad-hoc, categorization for the shape-based method was at-
tempted. The structure of the categories was not modified with respect to the
method explained in Section[5.4] i.e., there are 5 categories in Higgs boson pr,
bound between 15 GeV and 3 TeV, each of them with 2 sub-categories based
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N. Category pr (GeV) ool P;Z%eiefi e\{?]r;’th VH | ( ng\f/) S/(S+B)
0 ggH—5 — hi > 77 98 95 24 23 1.2 0.28
1 | ggH—5 — med - 183 175 31 26 14 0.17
e e 80 97 43| 12 0.16
3 | ggH—4 — med ) 215 204 19 12| 13 0.099
4 ggH—3 — hi 131, 47) 92 88 4.4 2.0 1.0 0.13
5 | ggH—3 — med ’ 271 265 11 7.5 1.3 0.10
6 ggH—2 — hi 21, 31) 119 117 2.7 14 1.1 0.10
7 | geH—2 — med ) 276 272 63 41| 1.6 0.066
8 ggH—1 — hi (15, 21) 96 94 1.2 0.7 1.1 0.11
9 | ggH—1 — med ! 193 190 25 16| 14 | 0069
10 VBFTag - 720 720 238 64 1.6 0.045

Table 5.2: Boundaries in pJ’, expected event yields for all years, mass res-
olution, and expected signal fraction for each category averaged over the
different years. The category label (hi, med) defines the type of diphoton
BDT region selected, i.e., respectively, high and medium. The mass reso-
lution o.¢ is defined as the width of the region, centered on the peak, that
contains 68% of the signal distribution, while the expected signal fraction
S/(S + B) is the ratio between signal and total events in the same region
defined for the mass resolution. Note that the total events are not the sum of
the events from the four processes, because ggH and (ggH+I) are combined
depending on the values of p and I'y. Following Eq. [5.7, in the case of
=1,y =0, only the pure ggH process would be observed, together with
VBF and VH, while in the case of 4 = 1,I'y = I'}, only (ggH+I), VBF
and VH would be observed.

on the diphoton BDT score, bound between -1 and 1, while the boundaries
have been re-optimized.

For each set of categories the figure of metric was defined, for simplicity,
as the sum of the x?2, for all categories, between the so-called Asimov his-
tograms, at 'y = 0 and 'y = 1. Asimov histograms are first constructed by
using the MC histograms in m., (binned also in pr and BDT score), after
removal of events passing the loose VBF tag, using the formula in Equation
5.7 Then the background contribution is added to the Asimov histograms,
by using an interpolation in the signal region 115-135 GeV, after fitting the
data with exponential functions outside the signal region. To mimic data, the
Asimov histograms are constructed with the same statistics of the data and
Poissonian errors. The x? sum evaluated in this way represents the square of
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the statistical significance of the interference process, which is a convenient
figure of merit because it is linked to the analysis sensitivity. For each cate-
gory the Asimov histograms were evaluated by using directly the MC datasets
at My = 125 GeV for S ans § + Z datasets, without including the VBF and
VH processes. This procedure yields slightly optimistic significance with re-
spect of the method actually used in the analysis, because it does not allow
for background shape variations, and does not include non-ggH processes.

: : ] high-MVA ] high-MVA
The ten analysis categories cled-MVA o8 .., CIedMVA fotE a

parametrized as:

re

cmedMVA _ (15 GeV, pTh), (¢, t1)], MYA = (15 GeV, pT7), (7, 1()] |
5.8
A (T3, pTy), (67, )], BEA = (T, pT), (6 1)
(5.9)
(5.10)
oMYA — [(pTy, 3 TeV), (17", 12)], =M = [(pTy, 3 TeV), (tk, 1)]
(5.11)

By imposing that pTy < 150 GeV (to have enough statistics) and that all ¢™
are greater than -0.5, each set of categories is then completely determined as a
function of 14 parameters (ay, ..., aq), (b7, b5', ..., b7®, b5*)), ranging between
0 and 1, as follows:

pTh =15 GeV  (5.12)
pT, = pTh_1+ a,(150 GeV — pT,, 1) forn=1, .. 4 (5.13)
th = —0.5+ L5, th =" + b5 (1 — ") forn=1,..,5 (5.14)

where the (ay, ..., as) are used to define the pT' cuts and the b ones define
the cuts on the diphoton BDT score. Being the category optimization with
14 parameters a non-differentiable multi-dimensional problem, a genetic al-
gorithm NSGA-IT [89] was employed. After convergence a result better than
the one obtained by default categories in Section was found, as shown in

Figure [5.14]
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Figure 5.14: Ax? scan using the default categories (red line) or using the
improved categories (blue line).

Given the relatively small improvement around 30%, the analysis was
performed using the categories optimized using the metric based on mass
precision.



Chapter 6

Maximum likelihood fit

6.1 Statistical modeling

As described in the previous chapter, the selected events are categorized in
5 bins of the diphoton pr, for p.' > 15 GeV, and in two bins of the diphoton
MVA score, with an additional single category targeting VBF. To extract
the Higgs boson width, a simultaneous extended maximum likelihood fit [90]
to the diphoton invariant mass spectrum (M.,,) is performed in all analysis
categories (enumerated with an index k = 0, ..., 10). Categories from 0 to 9
target ggH , while category 10 targets loosely VBF and ggH with 2 jets. The
selected diphoton pr of each pair of category decreases with the index, i.e.
the first two corresponds to the highest pr region, and so on, while categories
with even index (0, 2, ...) have high diphoton BDT score, while odd index
ones have medium BDT score, as shown in Table [5.2]

Systematic uncertainties are taken into account using nuisance parame-
ters (NP) 55, 53, which modify the signal, S + Z and background shapes or
normalizations. The likelihood model employed to fit the binned data uses
parametric signal and background models. It can be written as follows:

Estat (data ’ FH/F%MNE/’; MH7§S7§B) = (61)
Ncat Nbins
= H H Pois <n§;ta | Nk(l, FH/FiMa ﬁu MH7 6_:97 gB)) (62)

k=1 i=1

where the N, functions are the sum of signal and background models, 0 are
the nuisance parameters. The mass of the Higgs boson My, as well as the

145
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signal strengths (up = ¢ /Ty, py) for gluon-gluon fusion and vector produc-
tion modes are left floating in the fit. The signal model, i.e. the Probability
Density Function for the Higgs boson resonance, is then derived for each
combination of category and process from simulated samples. As explained
in Section pure gluon-gluon fusion (ggH) and gluon-gluon fusion summed
with the interference contribution (ggH+int) are treated as two different pro-
cesses, therefore the probability density function of the signal contributions
is modelled according to four production processes (ggH, ggH+int, VBF and
VH). On the other hand, the background model is derived from the inclusive
data, blinding the signal region in a range 115 < m.,, < 135 GeV in each
category, explained in more detail in Section 6.4, The binning employed in
the analysis has a width of 0.25 GeV in m,,, which is more then 5 times
smaller than the mass resolution. This is motivated by the need to have
sensitivity to the shape variations due to the interference, and to reduce the
bias due to the background steep derivative. In the fit, for each category
the expected m., distribution is modeled as a sum of all signal processes,
indexed by 7, and background. Each signal process is scaled by the signal
strength f1;, multiplied by the event yield n;; (see Table and by the
parametric probability density function Pj;, evaluated in ng,s bins, indexed
by 7, in the variable m,,. Each bin ¢ in the k-th category has the following
yield:

procs
Neli, T /T i, My, 0) = 7 iy (T /T o P22 (m My 5) Pk (:c 5)
J

(6.3)
where p; is equal to pgen = (pr — /el /T3 for the ggH process, while
it is equal to figgrtint = \/uFFH/Ff{M for the Syqp + I process, following the
formula in Equation , and is equal to py (another independent parameter)
for the two other production modes taken into account (VBF and VH). The
estimation of the event yields and probability density functions for signal and
background is described in the following sections.

6.2 Signal modeling

For each combination of category and production process, the distribution of
events in m,,, from the simulation is fitted using a Double Crystal Ball (DCB)
function, defined in Equation [3.7, The fits are performed simultaneously
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using MC samples at three Higgs boson mass points (120, 125, 130 GeV), in
order to have templates that can be interpolated to any My value. In order
to do this, the DCB parameters at the different My values are interpolated
linearly, requiring one additional parameters for each DCB parameter, while
the normalization is interpolated using a parabola.

The 5 DCB parameters (i, 0, ay, g, ny, ng) together with the additional
5 parameters required by the linear interpolation, are fitted using the sum
of the x? between the DCB function and the MC histogram for all three
My values, while the normalizations of the DCB functions are based on the
integral of the histograms in the range My — 15GeV, My + 10 GeV. This
range was chosen to be inclusive on signal samples, containing a region larger
than [—10, +6]o for a typical 1.5 GeV mass resolution, while also minimizing
the overlap with the negative region due to the interference on the right
part of the spectrum. The asymmetry of the range is a consequence of
the asymmetric shape of Sggp + I. The fit range is between My — 7GeV
and My + 3GeV, to avoid fitting the region where the histograms for the
Sygr + I process can have negative wbins due to the interference. Before
this fit procedure, a pre-fit is done only to the 125 GeV mass point, and
the resulting parameters are used to initialize the final fit. Moreover, in
the final fit, the value of the right-tail parameters are fixed to the pre-fit
values, since they cannot be estimated reliably due to the limitation of the
fit range to My + 3 GeV. Also the dependence of the signal normalization on
My, influenced by variations in the signal cross-section o, branching ratio
B, and the product of acceptance and selection efficiency € x A, as well as
all other signal model parameters, are parameterized as a function of MH
to allow MH variations in the final fit. Figure [6.1] illustrates example fits
for two categories for the ggH-+int. process, with normalization and shape
parameters interpolated using second degree polynomials.

Overall, this multistep procedure defines the parametric signal model
employed in the global maximum likelihood fit. All the fits performed are
reported in Section in the Appendix. Figure [6.2] includes all pro-
duction modes for three example categories. The complete set of plots is

available in Figures [A.33] [A.34] [A.35] [A.36]in the Appendix.
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GG2HPLUSINT 2018 UntaggedTag 9 13TeV GG2H_2018_UntaggedTag_9_13TeV

18

Events / 0.50 GeV
Events/ 0.50 GeV

f0 105 110 115 120 125 130 135 140 145 _ 150 P05 110 115 120 T 125 T 130 o 1ss T40
m,, [GeV] m, [GeV]

GG2HPLUSINT 2018 VBFTag 0_13TeV GG2H_2018_VBFTag_0_13TeV

Events / 0.50 GeV
Events/ 0.50 GeV

o et 00 Bengirc e oBBeisicotnme
o5 110 115 120 125 130 135 140

Figure 6.1: Example fits for two categories for the Sy + I (left) and Sygpn
(right). The top plots corresponds to category 9 (lowest pr region, high BDT
score), while the bottom ones to category 10 (loose VBF tag).

Figurel[6.4] presents the weighted average of all categories for the 4 different
processes. The effective resolution of the signal M., distribution, for a Higgs
boson with My = 125 GeV, is also displayed. The different resolution is
primarily determined by changes in the photon energy resolution between
categories and processes due to their different kinematical regions.

Any mismodelling far from the peak due, for example, to the fact that
the Syqm + 71 shape gets negative in its right tail, is covered by the very small
signal /background ratio in those regions, as verified with dedicated tests,
detailed in Section[6.3] In Figure[6.3the sum of Syq5 +Z MC histograms for
categories from 0 to 9 is shown, evaluated at the Run 2 luminosity, together
with error bands calculated from the background Poissonian fluctuations.
This shows that the positive and negative tails, far off the peak, which are
due to the interference are in a region dominated by the background. The
only missing category is the loose VBF tag one, which is richer in background
because of the absence of BDT score cuts and would yield a too optimistic
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Figure 6.2: Signal model averaged over the three data-taking years including
all production modes for three example categories.
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Figure 6.3: Sum of Syyrg + Z MC histograms for categories from 0 to 9,
evaluated at the Run 2 luminosity using the samples for 2018, together with
error bands calculated from the background Poissonian fluctuations. Each
category is weighted with S/(S+ B), and the sum is normalized such that the
reweighting does not affect the total event count. The only missing category
is the loose VBF tag one.

In order to check for large discrepancies between MC histograms and sig-
nal models at large non-SM I', both the S+I models and the MC histograms
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Figure 6.4: Signal models including all categories of 2018, for the four pro-
duction modes. From left to right and from top to bottom: Sgyp, Sggr + 1,
VBF, VH.
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were plotted at different I'y values, by using the formula:

(Sggr+I) (Mo, Trr) = (1—/T i JTFM) Sygrr (Mg, T4/ T JTIM) (Sygn+T) (Mg, TEM),

(6.4)
including only gluon-gluon fusion signal and S, +Z processes, for templates
defined from 2018 MC samples at I'y = I'}. Some examples of the best
and worst cases are shown in Figure [6.5] for My = 125 GeV.

There are some discrepancies in the region of the right tail (near 128 GeV)
but they occur where the signal is very low in yield and the fit is dominated
by the background. They are due to the fact that on the right part of the tail
there are more events in the signal than in the Sy4, +Z models, and therefore
when the coefficient of the pure signal term is negative (when I'y; > I'?M) a
negative yield for those bins is obtained when combining the two processes.
This is ultimately a consequence of the fact that the parametric signal models
are by construction positive definite.

6.3 Background modeling

Parametric models to describe the background in different analysis categories
are derived from data side-bands. The M., distributions in the data side-
bands, defined from 100 to 115 GeV and from 135 to 180 GeV, are fitted
using various plausible background model PDFs, monotonically decreasing,
including exponential functions, Bernstein polynomials, Laurent series, and
power law functions and their higher order equivalents. An F-test[91] is per-
formed with a goodness-of-fit criterion to determine a set of background PDF
functions and their orders. The choice of the background PDF is considered
as an additional discrete nuisance parameter to account for the uncertainty
in this arbitrary function selection [92], as explained in Section [6.4]

Figure shows the background model PDFs considered in one analysis
category.

The background model in all categories are available in Figures ,
[A.38] and in the Appendix. It is possible that a sizeable bias is
introduced for large T'# /T'H,, values because of the interference contributions
outside the signal region (115, 135 GeV). A set of Anderson-Darling tests [93]
was performed to estimate statistically the discrepancy between the best-fit
PDF and the sum of the best-fit PDF and the interference at 'y ~ 50002,
for the range M., > 130 GeV. In Figure the test score distributions for
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Figure 6.5: S,g5 + Z signal models, together with the relative histograms
from MC, for 'y /T3 = 1,25. Both the signal models and the histograms
have been derived from the ones at the nominal width through the proper

formula used also in the physics model (6.4]).
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Figure 6.6: Background model PDF's in one example category for 2018 sam-
ples.



154 CHAPTER 6. MAXIMUM LIKELIHOOD FIT

1000 toys are shown for the cases 'y = 0 (no interference), I'yy ~ 50003
and, as a control, 'y ~ 500007, showing that at T';y ~ 50003 no signifi-
cant deviations from the no-interference case are present. In particular, the
similarity between the AD score distributions for the no-interference and the
500 'y /T3M case implies the absence of bias, unlike the case at an extremely
large width value, where the difference in the distributions is evident.
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Figure 6.7: Anderson-Darling test score distributions for 1000 toys comparing
the best-fit PDF and the sum of the best-fit PDF and the interference at
Iy = 002M (left), Ty ~ 50003 (center), T'y ~ 500003 (right), for the
range M., > 130 GeV.

6.4 Treatment of systematic uncertainties in
the fit

In the likelihood fit, systematic uncertainties on the extraction of I'y are
implemented as nuisance parameters included in the minimization of the
likelihood function. This section summarizes the treatment of nuisance pa-
rameters in likelihood-based inference, distinguishing between discrete and
continuous nuisance parameters. The latter are further categorized based on
their constraint modeling.

6.4.1 Discrete nuisance parameters

Let p denote the parameter of interest and 74 a discrete nuisance parameter
that can take values in a finite set {iy,és, ..., 4 }. This represents the case of
the choice of the background function, for instance. The likelihood function
is denoted as L(u,4), and in the discrete profiling method, the profile
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likelihood is constructed by maximizing over the discrete nuisance values:

/v‘discrete(/vb) = max L(/%Zz) (65)

i=1,....k

No additional constraint terms are added to the likelihood for discrete
nuisance parameters. The method effectively selects, for each value of 6, the
discrete configuration that yields the highest likelihood.

6.4.2 Continuous nuisance parameters

Let & now denote a continuous nuisance parameter. In this case, the like-
lihood is multiplied by constraint terms to incorporate prior knowledge or
auxiliary measurements. The total likelihood, if the parameter of interest is
1 becomes:

Liotal(11,0) = Latar (12, 6) - H Ci(6;) (6.6)

where C;(6;) is the constraint term for the i-th nuisance parameter. The
constraints can be distinguished on the basis of the PDF used to model it.

For nuisance parameters without any prior information, no constraint
term is added. These parameters are left free in the fit:

) =1 (6.7)

Such parameters may represent unknown quantities for which no auxiliary
measurement or theory uncertainty is available.
In many cases, Gaussian constraints are applied:

C(0) = exp [—% (9 ;90)1 (6.8)

where 6 is the nominal value (e.g., zero shift), and o is the standard deviation
representing the uncertainty.

For nuisance parameters affecting the normalization (e.g., luminosity or
theoretical uncertainties), multiplicative uncertainties are better modeled us-
ing a log-normal distribution. The corresponding constraint takes the form:

1 (In(9/60) 2
O = o ammk p[ 2( n & )] (6.9)
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where 6 is the nominal normalization, and k£ defines the relative uncertainty
(e.g., k = 1.1 for a 10% uncertainty).

This structured approach enables the incorporation of systematic uncer-
tainties into the inference process, ensuring robust estimation and hypothesis
testing in the presence of both discrete and continuous sources of uncertainty.

6.5 Sources of systematic uncertainties

In this analysis, the systematic uncertainty related to the data-driven back-
ground estimation is addressed using the discrete profiling method, as de-
scribed earlier. The uncertainties on the signal are divided in experimental
and theoretical ones. They are further classified in normalization or shape
uncertainties. Indeed, if, for a certain systematic uncertainty, the shape of
the m., distribution remains unaffected, the uncertainty is handled as a
log-normal variation in the event yield and represents a normalization uncer-
tainty. These include theoretical uncertainties, but also many xperimental
ones, such as those influencing the BDT's used for event categorization, effi-
ciencies, or the luminosity. On the other hand, uncertainties, both theoretical
and experimental, that alter the shape of the M., distribution are incorpo-
rated into the signal template functions as Gaussian constrained nuisance
parameters, and represent shape uncertainties. In this case the DCB param-
eters of the models are therefore not only functions of the single parameter
My, but depend as well on the associated NPs. For all uncertainties, their
impact is evaluated individually for each analysis category. Nuisance parame-
ters are completely correlated between different categories and processes, i.e.,
for each independent source of systematic uncertainty there is one nuisance
parameter that is propagated in all processes and categories.

The parameters representing the peak position are modified, by adding
one nuisance per systematic uncertainty, multiplied by a coefficient equal to
the the 1o variation of the mean value. The same treatment is applied to
o,ar, and nz, with a multiplicative instead of additive combination.

For each source of systematic uncertainty two alternative m., distribu-
tions are produced, by varying the variable of interest (the calorimeter scale,
for instance) by +10, and applying the full analysis chain on the modified
dataset. In this way changes in both selection efficiency, category migrations,
and shape variations of the fit variable m., are taken into account. The coef-
ficients inserted in the DCB parameters are evaluated by means of additional
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fits to the m.,, histograms from these alternative datasets, evaluating the half
difference between each DCB parameter in the 410 and the —1o alternative
dataset fit.

As motivated earlier, the right-tail parameters are not modified because
the fit range is too small to allow it, and most of the range, on the right-hand
side of the peak, contains only the gaussian core of the DCB.

6.5.1 Theory systematics

Theoretical uncertainties impact both the overall cross-section prediction for
a given process and the distributions of kinematic variables used in event se-
lection and categorization. When cross-section measurements are performed,
the uncertainties in the total cross-section are omitted and instead treated as
uncertainties in the SM predictions. However, uncertainties related to event
kinematics, which influence the efficiency and acceptance of the analysis, are
still taken into account. Both the uncertainties affecting overall cross-section
normalizations and those impacting event kinematics are considered when
measuring signal strengths and coupling modifiers.
The sources of theoretical uncertainties considered in this analysis are:

e QCD scale and ag uncertainties: The QCD scale uncertainty arises
from variations in the renormalization and factorization scales used
when calculating the expected SM cross-section and event kinemat-
ics, accounting for missing higher-order terms in perturbative calcula-
tions. The guidelines provided in [19] are followed. The uncertainty
in the overall normalization is estimated from three sources: varying
the renormalization scale by a factor of two, varying the factoriza-
tion scale by a factor of two, and varying both simultaneously in the
same direction. Depending on the production process, the magnitude
of the normalization uncertainty ranges from approximately 0.5% for
VBF production to 2% for ggH production. For the gluon-gluon fusion
process, the QCD scale uncertainties are taken into account using the
LHC-WGT1 scheme, which includes the inclusive N3LO uncertainty [19].

The ag uncertainty is due to imperfect knowledge of ag at the ¢? scale
of its event, and it is evaluated for two alternative values, where the
scale is fixed at mz: o™ (my) = 0.116, ag’ (mz) = 0.120, while the
nominal value employed is ag(myz) = 0.118. The overall normalisation
uncertainties are computed following the PDFALHC prescription [19],
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while the uncertainties in the event kinematics are calculated from the
NNPDF PDF sets, which contain sets of weights for the different choices
of ag and QCD scales.

This procedure is only applied thoroughly for the ggH, VBF, VH sam-
ples, with S component only, generated with Madgraph, while for the
Sygn + I samples (generated with SHERPA) technical problems due
to the process implementation in the generator complicate the esti-
mation of this type of errors. Indeed, there is not a reliable sets of
weights in the samples generated and processed with the full CMS
simulation, accounting for QCD scale and «g variations. For this rea-
son, 10M generator-level events were produced for each variation, in
order to evaluate their differences in the differential cross section as
a function of m,,, around the Higgs boson mass. The ratio between
the differential cross-section for each variation and the nominal sam-
ple was calculated in coarser bins and was fitted with a flat function
for each variation. The maximum envelope of these ratios is deter-
mined to be around 4-10%, as shown in Figure [6.8] therefore a relative
Gaussian uncertainty of 7% (equivalent standard deviation of a £10%
uniform band) was associated with the ensemble of QCD scale and ag
uncertainties and was applied to the interference contribution, before
summing it with the S component in the S,y + I PDF.
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Figure 6.8: Differential cross section with respect to diphoton invariant mass
around the Higgs boson mass (left) and ratio between the differential cross-
section for each variation and the nominal sample in coarser bins (right).

Given the very small (2%) relative contribution of the interference in
terms of cross-section [46], the uncertainty of the normalization for
the ggH+int. process is taken to be the same as the ggH process.
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Nonetheless, the aforementioned 7% uncertainty is taken into account
by generating alternative MC distributions for ggH+int., with interfer-
ence contributions scaled by 0.93 and 1.07, which are then fitted with
the DCB function , as shown in Figure for an example category.
Systematic uncertainties on the relevant parameters of the Sgom + I
model, i.e. the mean, ¢ and left-tail DCB parameters, for each cate-
gory, are evaluated by taking the differences between the fitted values
and the nominal values of this parameters, as for others shape-related
systematic uncertainties.

r —— Signal + 1.07*Int.

—— Signal + 0.93*Int.

:*:

L P R L L | L |- M| Ti’
118 120 122 124 126 128
Mass [GeV]

Figure 6.9: DCB fit of alternative distributions with interference contribu-
tions scaled by 0.93 and 1.07, as decribed in the text, to account for the
uncertainties on the QCD modeling, muR, muF and alphaS.

e Interference in the VBF process: There is not much theoretical
information in literature on the amount of interference for the VBF
process, in particular with the categories used in this analysis, and there
is no available simulation of interference in VBF. It is known that the
effect should be smaller than for the gluon gluon fusion, with induced
mass shifts of the order of 20 MeV, going in the opposite direction
as in gluon gluon fusion [19]. For this reason a dedicated systematic
uncertainty is applied, as large as the 100% of the effect (at nominal
I'y)predicted for the gluon-gluon fusion process. This is performed by
assigning systematic uncertainties on the left-tail DCB parameters for
the VBF process, for each category, equal to the differences between
the Sgqn + Z values and the signal-only values of this parameters for
the gluon-gluon process. Nonetheless, the impact of this uncertainty
is negligible, hence to simply the fit the relevant nuisance parameters
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have been pruned in the final evaluations . This has been verified
by including this uncertainty on the VBF process, and estimating the
expected sensitivity of the analysis.

PDF (parton density functions) uncertainties: These uncertain-
ties account for the imperfect knowledge of the momentum distributions
of the parton inside protons. For signal samples, the overall normaliza-
tion uncertainties are computed following the PDFALHC prescription
[19], while the uncertainties in the event kinematics are calculated from
the NNPDF PDF sets. The PDF sets produce a set of 60 weights,
which are combined, to simplify the fit, by using the Principal Com-
ponent Analysis (PCA) algorithm, to evaluate a single PDF weight
component, taking into account the main part of the variance, reduc-
ing the number of PDF events weights to 1, for all production modes
[94]. This is possible because the impact of PDF uncertainties in the
analysis is very limited. Principal Component Analysis (PCA) is a
linear dimensionality reduction technique. It linearly transforms data
onto a new coordinate system defined by principal components, which
are orthonormal vectors capturing the directions of maximum variance.
Formally, the principal components are a sequence of p unit vectors,
where the i-th vector maximizes variance while being orthogonal to the
first ¢ — 1 vectors. Each principal component corresponds to a direc-
tion that minimizes the average squared perpendicular distance from
the data points to the line, ensuring linear uncorrelation among trans-
formed dimensions. An important diagnostic quantity in the PCA is
the explained variance ratio, which indicates the proportion of the total
variance in the dataset that is captured by each principal component.
By examining the cumulative explained variance ratio, one can deter-
mine how many components are sufficient to represent the data with
minimal loss of information. For instance, if the first principal compo-
nent explains most of the variance, it may be justified to retain only
that component for subsequent analysis.

In order to validate the usage of PCA, the explained variance ratio was
evaluated on all samples, by performing the PCA analysis with 5 com-
ponents instead of one. As shown in Figure for the interference
process, the first component contains at least 75% of the total vari-
ance, which is acceptable because the impact of PDF uncertainties is
expected to be of the order of 0.1%, as in previous CMS Run 2 H — ~~
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analyses [24].
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Figure 6.10: Explained variance ratio for the interference sample, after the
application of the PCA algorithm with 5 components on the PDF weights.

e Uncertainty in the H — +v branching fraction: the probability
of the Higgs boson decaying to two photons is required to calculate the
SM expected cross section, but this branching fraction is not known
exactly. The uncertainty is currently estimated to be 2% [19]. Since this
uncertainty affects the overall normalization of the signal processes, it
is included in the signal strength and coupling modifier measurements,
and is considered as an uncertainty in the SM predictions for cross
section measurements.

6.5.2 Experimental systematics

The experimental systematic uncertainties are divided in shape and normal-
ization uncertainties.

Shape experimental systematics

¢ Residual photon energy scale and smearing: Corrections for the
residual differences between the photon energy scales and resolution in
the data and simulation are discussed in [4.2.1] The sources of system-
atic uncertainty that directly affect them are the variations in Ry, elec-
tron identification, preselection Ep threshold, and non-closure. Both
scale and smearing systematics uncertainties are binned depending on
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Figure 6.11: Comparison between the nominal signal model, the one for
[y /T3M = 25, and the models when the nuisance corresponding to the
smearing in the bin Ry < 0.965 in the barrel in 2017 is equal to +10, for the
best (left) and worst (right) category (in terms of impact of this systematic
uncertainty).

the photon |n| (barrel or endcap) and Ry value, in two bins per variables
for a total of 4. For the scale corrections, all the related uncertain-
ties are added in quadrature for each systematic uncertainty, to assign
combined errors for the scale corrections for each bin of 7 and Rg. The
value is estimated by comparing the H — vy and Z — ete™ scale re-
sponses, after appliying the scale corrections, using simulated samples.
On the other hand, for the smearing corrections, the assigned system-
atics is a flat uncertainty of 0.05% regardless of the Ry/|n| bin, except
for 2016 and 2017, where an inflated uncertainty of 0.8% is applied for
all photons with pr > 50 GeV, to cover observed non-closures. These
inflated uncertainties are, effectively, the most impactful uncertainties
in the analysis. The smearing systematic uncertainties alter the signal
shape in a way comparable to the variations due to the interference,
therefore a comparison between the nominal signal model, the one for
[y /T3M = 25, and the alternative models for one of the most impactful
uncertainties, i.e. the error on the smearing in the bin Ry < 0.965 in
the barrel in 2017. The results are shown in Figure [6.11], for Sygp + I
in the best and worst case, and demonstrate that in the most sensitive
categories the effect of smearing uncertainties and interference can be
disentangled.
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e Non-linearity of energy scale: In order account for the fact that
the scale is calibrated on Z — ete™ and applied to H — 77, where the
average pr of ECAL superclusters is higher, a 0.2% scale uncertainty
addressing ECAL non-linearity, derived by comparing F /p for electrons
with Fr ~ 90/2 = 45 GeV and high-energy electrons (i.e. with E7 > 50
GeV), as shown in Figure , is applied. This uncertainty, because
of how large it is compared to the other ones, is applied directly in the
DCB mean value parameters, without fitting alternative templates.
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Figure 6.12: Data/MC differences in electrons E/p as a function of electron
pr, showing the difference between ECAL Z and Higgs boson typical energy
scales in Run 1. The value of 0.2% was derived in Run 2 with the same
technique, yielding a larger coefficient, due to increased integrated radiation
doses.

e Shower Shape Corrections: Systematic uncertainties related to
shower shape variables are due to the fact that the energy regres-
sion and scale corrections both employ the shower shape variables,
which are different for electrons (used to calibrate) and photons. The
impact is ealuated by comparing the simulated energy response of
Z — ete” events, after reweighting the shower shapes variables from
the Z — ete™ to the H — 7 case. The uncertainty in the energy
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scale due to this effect varies from 0.01% to 0.15%, depending on the
photon |n| and Ry values.

Non-uniformity of light collection: The systematic uncertainties
on the FNUF scale corrections, described in Section [£.2.1] are evalu-
ated by combining the uncertainties from the laser transparency correc-
tions, and the light collection model. The FNUF corrections are only
implemented for high Ry photons, because low Ry (converted) photons
interact with ECAL in the same way as electrons. The largest uncer-
tainty are for the 2018 data-taking, because of the increasing integrated
ionizing dose on ECAL crystals, and amounts to about 0.12% in the
barrel and 0.3% in the endcap.

Modeling of material upstream of ECAL: The amount of mate-
rial through which particles traverse before reaching the ECAL, mainly
due to tracker sensors and support structures, influences the behavior
of electromagnetic showers and may not be accurately represented in
simulation, causing differences in the reconstructed scale of photons
and electrons. Dedicated MC samples with +10% variations in the
material budget upstream of ECAL are used to estimate the impact
on the photon energy scale, by means of a double ratio between the
reconstructed over generated energy for ggH(~7) at my = 90 GeV (to
decouple differences due to non-linearity) and Z — ee, with respect to
the same double ratio with the nominal material budget. This proce-
dure is performed in 6 categories, by dividing the sample two Ry bins
with a boundary at 0.965, and in 3 |n| regions. The double ratio as a
function of the material budget variation is shown in Figure for
the category with the largest variations (endcap high Ry).

The uncertainties that modify only the event yield include:

e Integrated Luminosity: Uncertainties of 2.5%, 2.3%, and 2.5% are

determined by the CMS luminosity monitoring for the 2016, 2017,
and 2018 data sets, respectively [58 [76], [77]. These uncertainties are
partially correlated across different data sets to account for common
sources of uncertainty in the luminosity measurement schemes.

e Photon Identification BDT Score: The uncertainty associated

with the photon identification BDT score is estimated by varying the
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Figure 6.13: Double ratio between E,cco/Egen of ggH () at my = 90 GeV
and Z — ee, with respect to the same ratio with the nominal material budget.

set of events used to train the quantile regression corrections, which
captures the residual discrepancies between data and simulation. The
uncertainty in signal yields is estimated by propagating this uncertainty
through the complete analysis chain.

e Jet Energy Scale and Smearing Corrections: The jet energy scale
is measured using the py balance of jets with Z bosons and photons in
Z —ete , Z — ptu~, and v + jets events, along with the pr balance
between jets in dijet and multijet events [95]. The uncertainty in the
jet energy scale is a few percent and is dependent on pr and 7. The
impact of jet energy scale uncertainties on event yields is evaluated
by varying the jet energy corrections within their uncertainties and
propagating the effect to the final result. This analysis makes use
of only 1 uncertainty for jet scale and 1 for resolution, and they are
uncorrelated across the years.

e Per-photon energy resolution estimate: This uncertainty is de-
signed to cover all differences between data and simulation in the dis-
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tribution of the mass resolution, predicted from the per-photon resolu-
tion, which is an output of the energy regression. The predicted mass
resolution is an input of the diphoton BDT, therefore the uncertainties
propagate to the event yield. The maximum yield variation due to this
systematic uncertainty in the analysis categories is around 5%, however
for most categories the impact is below the percent level.

Trigger Efficiency: The efficiency of the trigger selection is evaluated
with Z — ete™ events using the tag-and-probe technique. The mag-
nitude of this uncertainty is less than 1%. An additional uncertainty
accounts for a gradual shift in the timing of the ECAL L1 trigger in-
puts in the region where |n| > 2.0, which caused specific trigger ineffi-
ciencies during the data taking in 2016 and 2017. Both photons and,
to a greater extent, jets can be affected by this inefficiency, with the
maximum impact on yields for categories targeting VBF production
reaching 1.4%.

Photon Preselection: The uncertainty in the preselection efficiency
is calculated from the error on the ratio of efficiencies measured in data
and simulation, i.e. the so-called scale factors, and its uncertainty is
less than 1%.



Chapter 7

Results

The results of this analysis are first derived in the expected case, i.e. without
using data in the signal region, and in the observed case, where the final I'y
constraints are derived. All the results are extracted by performing a binned
fit, with 0.25 GeV width, to the data combining all categories and data taking
years, using the CMS combine framework. As explained in Section [6.1] the
physical parameters pp, iy, myg are free in the fit, but are constrained with
data, thanks to the scaling of the signal components with p g or gy and to the
dependence of the signal template functions on my. Moreover, as explained
in Section [6.1] the binning needs to be smaller than the mass resolution, in
order to have sensitivity to the shape variations due to the interference, and

to reduce the bias due to the background steep derivative.
The fit is performed by minimizing the negative log-likelihood, starting

from the likelihood definition in Eq. :

SM
7= oA = —21n 2atelln/ T, 6) (7.1)

L(data|Ty /T5M  §)

where T'y JT3M and § are the best-fit values of the Higgs boson width mod-
ifiers and nuisance parameters. The 68% and 95% confidence intervals are
identified when Z = 1.00, and 3.84 respectively. Due to the mathemati-
cal boundary on I'y in the physics model, it is necessary, in some steps
of the limit extraction, to re-parametrize \/uFFH/F;?{M as /prA with A =
VI /T2M so that A can reach negative values allowing the fit to work in a
well-behaved fashion, specifically with mathematical continuity both in the
likelihood and in its derivatives.

167
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7.1 Expected results

Expected results for the parameter of interest (POI) of the physics model

(%) are obtained in three ways:

1. Via 1D likelihood scans in 'y, by comparing, for each T'* value,

the Asimov dataset, i.e. a set of histograms (one for each category)
interpolating the S 4+ B (signal and background) models in 0.25 GeV
bins for 'y = 1, with the same histograms evaluated using the signal
models at I'y = T'$*". In summary, the likelihood is evaluated by using
the Asimov datasets as data points for each category;

2. Via frequentist limits calculations at different confidence levels, in the
asymptotic approximation, dubbed as AsymptoticLimits method;

3. Via the Feldman-Cousins approach, which evaluates the frequentist
limits at different confidence levels, by using toy datasets, i.e. several
O(1000) sets of histograms, generated from the Asimov histograms us-
ing Poisson fluctuations in all bins.

The so-called asymptotic approximation used in the limit calculation re-
lies on a set of statistical assumptions that ensure the validity of the analytic
results derived from Wilks’ and Wald’s theorems [96]. These assumptions
are generally satisfied in the large-sample limit and allow the profile likeli-
hood ratio test statistic to follow a simple and universal form. The likelihood
function L£(\, 0), in particular, is assumed to be smooth and well-behaved
in the vicinity of its maximum. In this regime, the log-likelihood function
can be approximated by a quadratic expansion around the global maximum
likelihood estimator (MLE), such that

—3\)\2
Lo EAO) AT A (7.2)
L(A,0) o

where A denotes the MLE of the parameter of interest, and o represents
its standard deviation estimated from the curvature of the log-likelihood at
the maximum. Under these conditions, the estimator A s approximately
Gaussian distributed around the true value Ay with variance o2.

The AsymptoticLimits method is based on an asymptotic approximation
of the distributions of the LHC test statistic, which is defined as a pro-

file likelihood ratio, under two hypotheses, usually representing signal and
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background-only. In this analysis, the parameter of interest is the interference
strength modifier, A, which scales the amplitude of the interference term be-
tween the Higgs boson production and the continuum diphoton background.
The two hypotheses considered are therefore

e the background-only hypothesis, corresponding to A = 0, where no
interference contribution is present, and

e the signal-plus-background hypothesis, corresponding to A = 1,
which represents the Standard Model prediction for the interference
strength.

The test statistic used to test a given value of A is defined as:

[wa s

—21n£(>\’ ) 0<A<A

L), 0) ’ (7.3)
0 A > A,

ax

where L£(A,0) is the likelihood function of the data given the interference
strength A and the set of nuisance parameters 8. The notation A and 8 denote
the unconditional maximum likelihood estimators of these parameters, while

6, are the conditional estimators obtained by maximizing the likelihood for
a fixed value of A. The constraint A > 0 is enforced in the fit, such that if the
unconstrained best-fit value \ is negative, it is set to zero when evaluating
Eq. . This ensures a one-sided test statistic, appropriate for setting
upper limits on A.

Under the asymptotic approximation [96], the sampling distribution of
¢ is known analytically both under the signal-plus-background hypothe-
sis (A = 1) and under the background-only hypothesis (A = 0). This al-
lows the computation of two p-values without the need to generate pseudo-
experiments:

pa=Ploy > @A =1), (7.4)
Py =Plgr > ¢ | A =0). (7.5)

The quantity p) quantifies the compatibility of the observed data with the
signal-plus-background hypothesis (Standard Model interference), while pj
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quantifies the compatibility with the background-only hypothesis (no inter-
ference).

The modified frequentist confidence level is defined as

P
CLs — (7.6)
which protects against excluding the signal hypothesis in the presence of
downward statistical fluctuations of the background. The upper limit on A
at a confidence level a (typically 95%) is determined by finding the largest
value of A for which CLs(\) <1 —a.

Before checking the validity of the asymptotic approximation for this anal-
ysis, an Asimov-based estimation of the expected sensitivity is performed.
The result of the Negative log-likelihood (NLL) scan on the Asimov dataset
corresponding to full Run2 data and MC is shown in Figure together
with a breakdown of uncertainties in different groups, performed by gradu-
ally freezing groups of systematic uncertainties.

6 CMS internal
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c I o----- 4th - freeze also smear - - - - - 5th - freeze also FNUF 6th - freeze also ShowerShape - - - - - stat only
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Figure 7.1: Negative log-likelihood scan on the Asimov dataset for full Run2,
together with a breakdown of uncertainties in different groups.

The resulting expected limits for full Run2 at 68(95)% CL are, respec-
tively, Tz /T3 < 6.6(21.2), translating in absolute limits of 27 (87) MeV.
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The impact of systematic uncertainties is smaller than the statistical one,
amounting to a in quadrature (linear) difference of 27% (4%) between the
nominal and statistics only 95% CL limits.

For each nuisance parameter, the impact is evaluated by fixing its value
to £10, re-doing the fit and subtracting by the obtained I'y values the nom-
inal ones. The impact of the most important profiled parameters is shown in
Figure and it contains both systematic uncertaintied and profiled quan-
tities, such as u, My and background shape parameters. The full impacts
are available in Figure in the Appendix. Some nuisance parameters
describing energy scale and smearing errors, have one-sided impacts because
of the non-trivial interplay between scale and resolution and the lineshape
fit, when fixing one nuisance parameter at the time.

A successful closure test was performed to validate the signal parametriza-
tion, by generating template datasets using directly the MC samples for sig-
nal and interference, instead of the functional models, and the best p.d.f. for
the background, as shown in Figure [7.3]

The NLL scan on the Asimov dataset with A as POI is available in Figure
7.4] showing compatibility with the scan in I'y/T'?M. The fact that the
minimum using an Asimov-based scan is not exactly at I'y = 1 is an effect
of the binning. It was verified that decreasing the bin size to 0.125 GeV, the
minimum moved to, A = +0.99871%%% (68% CL). Given the increased run
time of the fit with double binning, the small discrepancy with respect to
the nominal case, and the successful closure test with MC datasets, it was
decided to keep the 0.25 GeV binning.

In order to check for the presence of biases in the statistical procedure,
around 500 toys at nominal I'y have been generated and fitted with the
nominal likelihood, and the histogram of the best-fit values divided by the
error (formula in the x-axis) has been fitted. The distribution of the pulls for
toy pseudo-experiments is available in Figure [7.5] showing very small bias,
measured using the average, but also a variance different from the expected
value of 1, meaning that the asymptotic approximation cannot be applied.
This behaviour reflects the non-trivial interplay between the shape modifi-
cation due to the interference and the background, and also the correlation
between the floated parameters (I'y, my, fip, 1y ), and is also coherent with
the non-parabolic shape of the v/—2AIn L(T'y) function, shown in Figure
Indeed, in the asymptotic approximation, which in this analysis fails, the pull
variance is close to 1 and the +/—2A1In L(I'y) function is parabolic around
the minimum, allowing to extract 68% and 95% CL constraints directly from
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Figure 7.2: Expected impacts of systematic uncertainties. For the uncon-
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tions) the reported errors correspond to their 68% error in the nominal fit.
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Figure 7.4: NLL scan of the Asimov dataset, extracted from background and
signal PDFs, for the parameter \.

the v—2A1In L(I'y) function.

Given the failure of the asymptotic approximation, a toy-based limit ex-
traction procedure must then be applied. Indeed, to extract the upper limit
on A, in this analysis the Feldman-Cousins approach, chosen because of its
generality, is employed. The Feldman-Cousins results are also compared, as
a control, with the results drawn from a asymptotic frequentist approach.
Note also, that both the Feldman-Cousins and the asymptotic approach take
into account the physical boundary A > 0, to derive the limits, by normaliz-
ing the likelihood at its value at A = 0 instead that at the minimum, in case
where the best fit value is A < 0. The results, in terms of upper limit at 95%
CL (UL), of the AsymptoticLimits method, in the expected (blinded) case
are shown in Table[7.I] together with the value obtained in the Asimov-based
scan.

Feldman—Cousins confidence intervals The Feldman—Cousins method
provides a unified approach for constructing confidence intervals that han-
dles both upper and lower bounds in a statistically consistent way, avoid-
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Figure 7.5: Pulls of the best-fit values, divided by the average error, for a set
of toys.

UL on )\ at 95% CL | UL on I'/T'sy | Exp. quantile
1.9 3.4 0.025 -20
2.5 6.0 0.160 -lo
3.3 11.5 0.500 Median
4.6 21.0 N/A Asimov
4.7 22.5 0.840 +1lo
6.4 41.3 0.975 +20

Table 7.1: Results of the AsymptoticLimits method, in the expected
(blinded) case.
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ing classical flip-flopping between one-sided and two-sided intervals [44].The
Feldman-Cousins (FC) procedure for computing confidence intervals, using
the test statistic ¢(\), require, for each point A to:

e compute the test statistic gobs/quant(A) at the desired quantile (in the
expected case), for example by taking the median, or the = No quantile
value, or in the observed case;

e compute the expected distribution of ¢(A) under the hypothesis of A as
the true value;

e cvaluate the confidence level py = P [q()\) > Qobs/quant () | )\]

At the end of the procedure, a p, function is obtained, and any A point
belongs to a certain confidence region C'L,, if py is larger than « (e.g. 0.3173
for a 1o region, as 1 — a = 0.6827). The p, functions at different expected
quantiles (median, +1c, +20) are shown in Figure[7.6] In particular, in the
expected median case, the limit at 95% CL is 'y < 140 MeV.

1 CMS Preliminary 138 fb' (13 TeV)
-l
(&) Lt ! —— Expected (median)
1 - +10
- — +20
0.8 —-20
0.6
0.4
0.2
Om_T__T__T_fﬁfffxff 1
0 20 40 60 80 100 120 140

I, (MeV)

Figure 7.6: P-values p, as a function of A at different expected quantiles
(median, +10, £20).
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7.2 Pre-unblinding tests

Goodness of fit tests have been performed on toys and data with both the
Kolmogorov-Smirnov and Anderson-Darling algorithms, as shown in Figure
[7.7, with good results, while blinded observed impacts are shown in Figure
[7.8] Only one observed pull in the impacts is above 2.1 o, and no pull above
3 0 is present.
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Figure 7.7: Goodness of fit tests on toys, together with the value obtained
on data, with both the Kolmogorov-Smirnov (left) and Anderson-Darling
(right) algorithms.

Background-only fits, where the signal region 115-135 GeV is not em-
ployed, have been performed, and the aggregated plot, summing the event
for all categories, is shown in Figure [7.9]

Fits to single categories are available in Figures [A.43] [A.44] [A 45| and
in the Appendix.

7.3 Observed results

Finally, an observed log-likelihood scan in A has been performed, as shown

in Figure [7.10]
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Figure 7.9: Sum of events for all categories, with background-only fit per-
formed in the data sidebands, together with the nominal signal model

(hp=py =A=1).
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Figure 7.10: Observed log-likelihood scan of A.

The best fit value is A = —3.6, and the impact of systematics is larger
than in the expected case, due most likely to the fit converging in a point
very far from the nominal one. From the background-only fits, it can be seen
that the bin at 123 GeV is under-fluctuating, driving the signal shape to be
narrower with respect to the nominal signal model, up to the level where the
fit prefers that the tails are suppressed on the left, which is the opposite case
as the nominal interference. This effect, which is a kind of under-fluctuation,
motivates the negative best fit value. Physically, a negative A means that
the interference yield (the coefficient in the physics model) is negative (i.e.
constructive interference instead of destructive as the nominal case).

Fits to the full invariant mass region, without blinding the signal window,
and leaving the physical parameters free, i.e. "signal+background” fits are
shown in Figure after summing events of all categories, without and
with a per-category S/B reweighting. Fits to single categories are available
in Section in the Appendix.

A 7signal+background fit” is shown in Figure [7.12] summing events of all
categories, with a per-category S/B reweighting and background subtraction,
together with the signal+background template at different values of A, where
the fit behaviour can be understood more clearly.
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Figure 7.11: Signal+4background fits, after summing events of all categories,
without (left) and with a S/B reweighting of each category(right).
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Figure 7.12: Signal+background fit, after summing events of all categories
with a per-category S/B reweighting, and background subtraction, together
with the signal template at different values of .

Observed limits are obtained both in the asymptotic approximation (us-
ing the Combine AsymptoticLimits routines) and with the Feldman-Cousins
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approach, and in both cases the physical boundaries A > 0 has been applied
by subtracting the log-likelihood at A = 0 to the log-likelihood values for
positive X\. The observed limit at 95% CL obtained with AsymptoticLimits
is A < 3.5, which is lower than the value expected from the Asimov dataset
(A < 4.6), and this reflects the best fit value underfluctuation.

Observed results using the Feldman-Cousins are available in Figure [7.13]
and summarized in Table comparing them with the other methods. As
expected, the Feldman-Cousin based limit is the most conservative.

0 5 10 15 20 25 30 35

Figure 7.13: Plot of the statistical coverage provided by the Feldman-Cousins
approach (with 1000 toys for each point), in terms of 1-CL vs. I'y /T3, in
the median expected scenario (red line), observed (black line), together with
1 and 20 yellow and green bands.

The final limits are the ones given by the Feldman-Cousins approach:
I'y < 91.8(138.2) MeV in the observed(expected) case. This limit is more
than 3 times better than the one put in the H — ZZ* — 4l channel in the
on-shell case (I'y < 300 MeV) [11].
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A | T/Tsm =M | T (MeV)
Best fit w/o phys. boundary -3.6 N/A N/A
Best fit with phys. boundary 0 0 0
Expected UL (68% CL) in asympt. approx. 2.7 7.4 30.3
Observed UL (68% CL) in asympt. approx. 1.3 1.6 6.4
Expected UL (95% CL) in asympt. approx. 4.6 21.0 86.0
Observed UL (95% CL) in asympt. approx. 3.5 12.3 50.2
Expected UL (68% CL) with Feldman-Cousins | 3.1 9.8 40.2
Observed UL (68% CL) with Feldman-Cousins | 2.6 6.9 28.1
Expected UL (95% CL) with Feldman-Cousins | 5.8 33.7 138.2
Observed UL (95% CL) with Feldman-Cousins | 4.7 22.4 91.8

Table 7.2: Summary of the best fits and limits at 68% and 95% CL in
different aproaches. The expected limits are provided with Asimov datasets
in the asymptotic case and with the median expected quantile for Feldman-

Cousins.
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Summary

The CMS Higgs boson physics program has yielded a wide range of measure-
ments and constraints of Higgs boson properties, one of which is presented
in this dissertation. This work focuses on the determination of the Higgs
boson total width in the diphoton decay channel, using CMS data collected
during LHC Run 2 at a center-of-mass energy of 13 TeV, corresponding to
an integrated luminosity of 137 fb~!. The analysis relies on the interfer-
ence between signal and continuum background processes, which provides
indirect sensitivity to the Higgs boson width. Indeed, in the v~ final state,
the interference between Higgs boson production and continuum background
processes induces both a shift in the apparent resonance peak position and
a change in the shape of the diphoton mass spectrum. These effects are
modelled by performing a shape fit to the m., distribution. To optimise the
sensitivity, events are categorised according to the transverse momentum of
the diphotons, and to a multi-variate score that enhances signal-background
discrimination.

The analysis includes the dominant interference contributions from gg
and qg initial states. The resulting constraints on the Higgs boson width are
obtained leaving also the overall couplings of the Higgs boson to top quark
and vector bosons, and the Higgs boson mass, as free parameters in the fit.
The observed (expected) upper limit is I'y < 92(138) MeV at 95% confidence
level, where the Standard Model prediction is I''M = 4.1 MeV. The main
challenge of the constraint arises from the small amplitude of the interference
effects relative to the overall diphoton mass spectrum. This analysis provides
the first experimental on-shell constraint on I'y that employs the interference-
based approach, and improves both the current limit on I'y in the diphoton
channel and the on-shell limit in the ZZ* on-shell case (I'y < 330 MeV).
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Appendix

A.1 Signal model fits
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Figure A.1: Signal model fits for GGH process and 2016preVFP categories.
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Figure A.2: Signal model fits for GGH process and 2016postVFP categories.
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Figure A.3: Signal model fits for GGH process and 2017 categories.
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Figure A.4: Signal model fits for GGH process and 2018 categories.
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Figure A.6: Signal model fits for GGH+INT. process and 2016postVFP cat-
egories.
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Figure A.7: Signal model fits for GGH+INT. process and 2017 categories.



A.1. SIGNAL MODEL FITS 193

UntaggedTag 0 UntaggedTag 1

3o

UntaggedTag 8 UntaggedTag 9 VBFTag 0

Figure A.8: Signal model fits for GGH+INT. process and 2018 categories.
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Figure A.9: Signal model fits for VBF process and 2016preVFP categories.
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Figure A.10: Signal model fits for VBF process and 2016post VEFP categories.
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Figure A.11: Signal model fits for VBF process and 2017 categories.
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Figure A.12: Signal model fits for VBF process and 2018 categories.
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Figure A.13: Signal model fits for VH process and 2016preVFP categories.
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Figure A.14: Signal model fits for VH process and 2016postVFP categories.
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Figure A.15: Signal model fits for VH process and 2017 categories.
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Figure A.16: Signal model fits for VH process and 2018 categories.
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A.2 Signal model interpolation functions

e A R

UntaggedTag 0 UntaggedTag 1 UntaggedTag 2 UntaggedTag 3

,,,,,,,,,,,,,,,,,,,,

UntaggedTag 4 UntaggedTag 5 UntaggedTag 6 UntaggedTag 7

eeeeeeeeeeeeeee

UntaggedTag 8 UntaggedTag 9 VBFTag 0

Figure A.17: Signal model interpolation functions for GGH process and
2016preVFEP categories.
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Figure A.18: Signal model interpolation functions for GGH process and
2016post VE'P categories.
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Figure A.19: Signal model interpolation functions for GGH process and 2017
categories.
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Figure A.20: Signal model interpolation functions for GGH process and 2018
categories.
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Figure A.21: Signal model interpolation functions for GGH+INT. process
and 2016preVEP categories.
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Figure A.22: Signal model interpolation functions for GGH+INT. process
and 2016postVFP categories.
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Figure A.23: Signal model interpolation functions for GGH+INT. process
and 2017 categories.
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Figure A.24: Signal model interpolation functions for GGH+INT. process
and 2018 categories.
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Figure A.26: Signal model interpolation functions for VBF process and
2016post VE'P categories.
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Figure A.27: Signal model interpolation functions for VBF process and 2017
categories.
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Figure A.28: Signal model interpolation functions for VBF process and 2018
categories.
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Figure A.29: Signal model interpolation functions for VH process and
2016preVFEP categories.
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Figure A.30: Signal model interpolation functions for VH process and
2016post VE'P categories.
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Figure A.31: Signal model interpolation functions for VH process and 2017
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A.3 Signal model summary plots
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Figure A.34: Signal models including all processes for 2016postVEFP cate-
gories.
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Figure A.35: Signal models
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Figure A.36: Signal models including all processes for 2018 categories.
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A.4 Background model fits
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Figure A.37: Fit to the blinded data to determine the collection of functions
used to fit the background for 2016preVFP categories.
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Figure A.38: Fit to the blinded data to determine the collection of functions
used to fit the background for 2016postVFP categories.
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Figure A.39: Fit to the blinded data to determine the collection of functions
used to fit the background for 2017 categories.
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A.6 Background-only fits

Events /GeV

ST -
m MWM u,uu o

W"N" mn,y i

TR R

o Muuﬁw m HyTIm
T ey

my Gov)

UntaggedTag 0

m, (GeV)

UntaggedTag 1

m, (Gev)

UntaggedTag 2

Ty : H nnnnnnnnnnnnnnnnnnn
E i b
f‘“““g’mmm s i % Yi{ﬁrwwwwmm ‘. it

UntaggedTag 4

UntaggedTag 5

UntaggedTag 6

m, (GeV)

UntaggedTag 3

P

UntaggedTag 7

B Coponeht subihcte

A s

B Compone subrheten

Bl
e

R ITTIRIO
oty

S

UntaggedTag 8
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Figure A.44: Background-only fits for 2016postVFP categories.
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Figure A.45: Background-only fits for 2017 categories.
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A.7 Signal+background fits
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Figure A.48: Signal + background fits for 2016postVFP categories.
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Figure A.49: Signal + background fits for 2017 categories.
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Figure A.50: Signal + background fits for 2018 categories.
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