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Abstract

Since its discovery in 2012, the Higgs boson has been a significant focus of study in
Physics. This boson contains the key to a better understanding of the electroweak
symmetry-breaking mechanism. This key is known as the triple Higgs boson cou-
pling. The LHC has sought to measure this property of the Higgs boson through direct
measurement, which means, by studying the production of pairs of Higgs bosons, it
is possible to have direct access to this constant. Unfortunately, producing a pair of
Higgs bosons in a hadron accelerator is a significant challenge and is beyond the reach
of this hadron accelerator.

The construction of a circular accelerator with ~ 100 km in perimeter in the Geneva
area is being analyzed by CERN. The future lepton accelerator (FCC-ee) is expected to
operate at 91, 161, 240, 350/365 GeV to study the Z, W, and Higgs bosons and top-
quark particles with high precision. At 240 and 365 GeV, FCC-ee will have as its main
focus the study of the Higgs boson acting at an integrated luminosity of 5.0 and 1.5
ab~!, respectively.

This work focuses on the study of improving the accuracy of the triple coupling
of the Higgs boson. With this in mind, a direct search was first made where pairs of
Higgs bosons were used for the measurement of these coupling. After this approach
was shown to be inefficient, an indirect search was followed by production samples of
simple Higgs production channels. From this approach and restrict the regions where
the m,,.,;; € 30 and the MET < 40 GeV, the signal significance is maximized and the
FCC-ee will be able to observe the quantum effects from the loop process in E; ;s and

Mp_jets at 2.30 and 1.50 at 240 and 365 GeV with an integrated luminosity of 5.0ab™!
and 1.5ab "1, respectively.

Keywords

Future Circular Collider, FCC-ee, di-Higgs boson, single Higgs production, Higgs self-
coupling constant
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Resumo

Desde da sua descoberta em 2012, o bosdo de Higgs tem sido um dos principais focos
de estudo na fisica. Neste bosdo esta contida a chave para um melhor entendimento
sobre o mecanismo de quebra de simetria eletrofraca. Esta chave é conhecida como o
acoplamento triplo do bosdo de Higgs.

O LHC tem procurado medir esta propriedade do bosdo de Higgs através da sua
medicdo direta, ou seja, ao se estudar a produgdo de pares de bosdes de Higgs, é pos-
sivel ter um acesso direto a esta constante. Infelizmente, a produgdo de um par de
bosdes de Higgs num acelerador hadronico é um grande desafio ficando fora do al-
cance deste acelerador de hadrdes.

A construgdo de um acelerador circular com ~ 100 km de perimetro na drea de
Genebra esté a ser analisada pelo CERN. E esperado que o futuro acelerador lepténico
(FCC-ee) funcione a 91, 161, 240, 350/365 GeV para estudar os bosdes Z, W e Higgs,
e particulas top-quark com alta precisdo. A 240 e 365 GeV, o FCC-ee vai ter como
principal foco o estudo sobre o bosdo de Higgs atuando a uma luminosidade integrada
de 5.0 e 1.5 ab~ !, respetivamente

Este trabalho tem como objetivo o estudo para melhorar a precisdo do acoplamento
triplo do bosdo de Higgs. Com isso em mente, uma abordagem direta foi feita inicial-
mente, tendo sido gerados processos com a produgdo de pares de bosdes de Higgs
para a medicdo deste acoplamento. Depois desta abordagem se ter mostrado inefi-
cience, uma abordagem de medigdo indireta foi seguida onde processos de producdo
de um bosdo de Higgs foram considerados. Seguindo esta abordagem e restrigindo as
regides onde a My, € 30 e o MET < 40 GeV, a significdncia de sinal é maximizada
e o FCC-ee conseguira observar os efeitos quanticos provenientes dos processos de
loop em Ej,_jets € My jets com devios padrdes de 2.30 e 1.50 a 240 e 365 GeV com uma

luminosidade integrada de 5.0 e 1.5 ab~ 1, respetivamente.

Palavras-chave

Future Circular Collider, FCC-ee, pares de bosdes de Higgs, producdo de bosdes de
Higgs, acoplamento triplo do bosao de Higgs
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Chapter 1

Introduction

What is physics? Well, physics is the scientific field that searches for the understanding
of the universe from cosmic to quantum scale. Of the many possible fields to study in
physics, particle physics’s primary goal is to discover and understand all of Nature’s
fundamental particle and their interactions. To do so, models that describe particle
dynamics and properties must be created and probed at collider experiments, such as
the Large Hadron Collider (LHC).

Since the 1930s, thousands of physicists have developed many theories, resulting
in many of them being probed by experiments. This knowledge about particles and
their interaction is compacted into one brilliant model, the Standard Model (SM) of
particle physics, developed in the early 1970s. The SM describes three fundamental
forces at work in the universe: the strong, weak, and electromagnetic, which result
from the exchange of force-carrier particles called "bosons". According to this model,
all the matter around us is made of elementary particles, divided into leptons and
quarks. Each type comprises six particles, split into pairs, or "generations". The last
of these twelve particles, the top quark, was discovered in 1995, and with all the force
carriers already detected, only one unique particle remained to be discovered. Why is
that particle called unique? Well, it is possible to answer this question with a simple
word: Mass. The Standard Model calls for all the electroweak force carriers to have the
same zero mass to unite the electromagnetic and weak forces into the electroweak force
(EW). However, the photon is the only EW carrier with zero mass. According to Ref[1],
a mechanism known as the Spontaneous Symmetry Breaking (SSB) in electroweak in-
teractions, or Electroweak Symmetry Breaking (EWSB), can generate the masses that
we observe via interaction with a scalar boson known as the Higgs boson. Through
Yukawa couplings, the Higgs boson is also responsible for the masses of the fermions.
Finally, after a long path, in July 2012, the CMS [2] and ATLAS [3] collaborations at the
LHC announced the discovery of a new particle with a mass close to 125 GeV, being
revealed to be the Higgs boson. Since this date, many analyses have been carried out
to study the properties of this new particle. We have now observed all the particles
predicted by SM, so is this the end? Fortunately no. There are many experimental
evidences of physics that it cannot explain.

When the current theory is not enough to explain something, the motivation to
construct models that extend the SM and still be able to deliver predictions compatible
with experimental data is born. However, to develop new results to confirm these new
models, we need to keep increasing the precision of our measurements and search for
some discrepancies with the SM or hints that some new phenomena are occurring. A
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larger integrated luminosity is required to improve the precision, and an increase in
the center of mass energy leads to new kinematics regimes.

There are three possible ways to search for New Physics: increase the integrated
luminosity, the center of mass energy, or both. CERN plans to upgrade the LHC to its
High-Luminosity (HL) version. With a run plan of ten years, the HL-LHC is designed
to increase the integrated luminosity by a factor of ten to beyond the LHC’s design
value and to extend the experimental reach of the LHC. Nevertheless, the CERN future
extends to more than just the HL-LHC. A plan to construct a new collider has already
begun. The Future Circular Collider (FCC) project is designed to have a total of seven
decades for implementation and operation starting in 2033. This project will increase
the integrated luminosity and the center of mass energy to a new extreme. The FCC
program will be split into three stages depending on the beam particle used. The first
stage is an electron-positron collider (FCC-ee), the second is a hadronic collider (FCC-
hh), and the last is an electron-hadron collider (FCC-eh).

At the moment, the project focus is on the Future e* e~ Circular Collider (FCC-
ee), where the feasibility study report needs to be completed in 2025, in time for the
next update to the European Strategy for Particle Physics in 2026-2027. The highest
priority for the FCC-ee is the Higgs factory, where it is predicted to deliver 10° (180
000) events at 240 (365) GeV with an integrated luminosity of 5.0 (1.5) ab—1. With larger
luminosities delivered to several detectors, the FCC-ee offers a unique opportunity to
improve the precision of previous measurements around the Higgs boson. One of these
properties is the self-coupling constant, Apy;,. In the past, the measurement of Ay,
relied on the measurement of the double Higgs production rate that directly depends
on its value. However, it was proposed by Ref.[4] to measure this propriety at lepton
colliders via the quantum corrections present in single Higgs channels.

The main objective of this work is to improve the measurement precision of Ay, at
the FCC-ee, where di-Higgs production samples with four b-quarks and an electron-
positron pair in the final state were used. Due to the expected low cross-section of
this process at CM energies between 280-600 GeV, single Higgs boson samples were
used. These samples were generated through the MadGraph program at 240 and 365
GeV. The configuration of the Delphes simulator with the IDEA detector, one of the
FCC-ee detectors, was used for the detector response. In order to retrieve the signal
significance maximized, a optimized analysis through kinematic variables was made.
The main goal of this work is to use these optimized samples to search for corrections
induced by the Higgs self-coupling constant in single Higgs channels by comparing
them with the Tree-level sample.

Chapter 2| reviews the SM of particle physics, outlining its fundamental particles
and force carriers, followed by the mathematical description of QED and QCD. The
mathematical formulation of the SSB and the Higgs mechanism is also emphasized
here. Finally, the interaction between the Higgs boson and the fermions is provided.

In Chapter |3, after a brief discussion about jet algorithms, the Future Colliders in
the run for the Higgs physics are discussed. The design, the run plan for the FCC-
ee, and the IDEA detector configuration are described. In Chapter 4, we describe the
Monte Carlo program used for the sample generation and the detector response.

We produce the samples described in Chapter |5 using those programs, while the
analysis strategy and optimization are introduced in Chapter [f]

In Chapter [/, we present and discuss the main results. We focus on increasing the
signal significance. To finalize this work, we debate our results in Chapter ??2.



Chapter 2
Standard Model

For many years, humankind has tried to understand the Nature of the Universe: how
matter interacts with itself, what matter is made of, and many other questions. Nowa-
days, we have a theory that describes some of the Nature of the Universe and matter,
known as the Standard Model (SM). This theory is currently the one that better de-
scribes matter in terms of elementary particles and interactions via the strong, weak,
and electromagnetic forces; only the gravitational interaction is not included in the
theory.

As listed in Table elementary particles are divided into quarks and leptons,
where both types of particles are split into three different generations, all being fermions.
The first generation has the model’s lightest and, therefore, most stable particles. In
contrast, the second and third-generation particles are unstable and decay into lighter
particles.

Lepton/Quark Mass [MeV] Electric charge

e~ 0.511 -1

First Ve <1.1x107° 0
Generation u 2.16 2/3
d 4.67 -1/3

U 105.66 -1

Second vy <0.19 0
Generation c 1.27x103 2/3
S 934 -1/3

T 1776.86 -1

Third Ve 18.2 0
Generation t 172.69x103 2/3
d 4.18x10° -1/3

Table 2.1: Elementary particles: quarks and leptons [5].

This gauge theory is based on three symmetry groups: SU(3)c ® SU(2)r @ U(1)y,
where:

e SU(3)c [6-8]: leads to Quantum Chromodynamics (QCD), the theory that de-

3
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scribes strong interactions and the letter ‘C” stands for the color quantum num-
ber. This is a Non-Abelian gauge group with eight gauge bosons (eight massless
gluons);

e SU(2)L ® U(1)y [9,[10] describes the electroweak gauge sector of the Standard
Model, which unifies the electromagnetic interactions, mediated by photons, and
weak interactions, mediated by three massive bosons; the letters 'L and 'Y’ stand
for left-, involving only left-handed fermion fields, and weak hypercharge, re-
spectively; This symmetry gets broken down to the U(1)oep subgroup by the
Higgs mechanism, leading to the three massive bosons mediators W+ and Z,
and the massless photon <y, Table

In order to generate the masses of the gauge bosons and of all the other elementary
particles in the theory, the SM introduces the Spontatneous Symmetry Breaking (SSB)
that gives rise to the appearance of a physical scalar particle called Higgs boson.

Bosons Mass [GeV] Charge [Q/e-] Force
gluon 0 0 Strong
photon <107% 0 Electromagnetic
\% 80.377 +1
- Weak
V4 91.188 0

Higgs 125.25

Table 2.2: Bosons [5]].

2.1 Quantum Electrodynamics

Considering the free Dirac fermion Lagrangian:

Lo = ip(x)7"0u¢p(x) — mp(x)p(x), (2.1)

where y#, ¢(x) and m are the Dirac matrices, the spinor field, and the fermion mass,
respectively. We see that it is invariant under a global U(1) transformation

P(x) — ¢'(x) = p(x), (2.2)

where gy is an arbitrary real constant. Assuming the phase ) can be different at all
points in space-time gx — gx(x), i.e, under local phase transformation, an extra term
will arise from the derivative

Opp(x) = (o) + igayx (x)]p(x), 23)
and the previous Lagrangian will no longer be invariant:
Lo = L= Lo— ¢(x)1"90ux(x)p(x). (2.4)

According to the “gauge principle’, the theory should remain invariant under local
phase transformations and to guarantee this principle, an extra term needs to be added

4
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to the Lagrangian such that its transformation cancels out the 9, x(x) term in Eq.(2.3).
For that, a new field Ay is introduced, transforming as

1
and replacing the derivative for the covariant derivative:
dy — Dy = 0, +igeA,, (2.6)
which has the following transformation:
Dy¢p(x) — Dj ¢/ (x) = XDy, (x). (2.7)

Only with all of those transformations, the Lagrangian:

L = ip(x)y'Dyp(x) — mP(x)¢p(x) = Lo — gep(x)7" Augp(x), (2.8)
is then invariant under local U(1) transformations.
The QED Lagrangian is:
. - 1
Laep = ig(x) (Y0 — m)p(x) — qed(x) v Aup(x) — Z}_yvfyw (2.9)

where the first term describes the free propagation of the ¢ fermion field, the sec-
ond term describes the interaction between the Dirac fermion and the gauge field A,
which is the vertex of Quantum Electrodynamics (QED) Figure while the third
term describes the free propagation of the gauge field (photons). This last term is the
kinematic term for the new spin-1 field A,, where F,, = 0¥ A" — 9" A" is the electro-
magnetic field strength. The new gauge field must to be massless to preserve the local
U(1) gauge invariance.

Figure 2.1: Example of a QED vertex: electron-positron annihilation.

2.2 Quantum Chromodynamics

To describe the strong interactions between quarks mediated by gluons, a non-Abelian
quantum gauge field theory was created, the Quantum Chromodynamics or QCD, in
which the gauge group is an SU(3), acting on the degree of freedom ’color’.

Let’s consider the following free Lagrangian for a quark field, q;’ﬁ, of color a and

flavor f:
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Lo =) qs(iv"ou —mg)qy, (2.10)
f

using a vector notation in color space: q} = (qjl,, qu” q?) The Lagrangian in Eq.(2.10) is

invariant under global SU(3)¢ transformations in color space,

qF — (q7) = U“ﬁq]’f, being U = ¢/$:7 %, (2.11)

where A? (a=1, 2, 3, ..., 8) denotes the generators of the fundamental representation of
the SU(3)c algebra, 0, are arbitrary phase parameters and the indices « and B run over
the color quantum numbers. The matrices A? are traceless and satisfy the commutation
relations:

(A%, AP] = 2ifbe)e, (2.12)

with f%¢ the SU(3)c structure constants which are real and totally antisymmetric ma-
trices.

Like in Section the Lagrangian need to be invariant under local SU(3)c trans-
formations, 6, = 6,(x). In order to make this possible, the quark derivatives need to be
changed to covariant derivatives and extra terms added, more precisely, eight different
gauge bosons G} (x), called gluons, leading to:

I :
Dy = [+ ig G GE () g = 0"+ i3.C* (W, 213
with the compact notation of:
" _ (MY o
[GH(x)]ap = > Gy (x). (2.14)
ap

To be invariant, the covariant derivative and the gauge fields need to have the
following transformations:

D! — (D") = UD"UY; G* — (GM) = UGrU* + gi(aVU)w, (2.15)
S

which, under the infinitesimal local SU(3)¢ transformations, the fields transform as:
o ay/ a o A1 B
g5 = (@5) = ay+igs (5 ) 00y, (2.16)
ap

Gl — (G)' = Gi —9"(864) — g5 06, G!. (2.17)

The non-Abelian property of the SU(3)c matrices bring up an extra term involving
interactions between the gluon fields.
To have a kinematic term for the gluon fields that keeps the local invariant for the
Lagrangian, the field strengths can be defined as:
/ a
GH(x) = —gi[D”, D"] = o"G" — 9'G" +igs[G!,G"] = %Gg‘”(x), (2.18)
S
with
G (x) = 0"Gy — "Gl — g f*"" GG, (2.19)

6
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such that
G — (GM) = uGhur, (2.20)
and the color trace, Tr(GWGW):%fo Y Gy, remains invariant.
From all of the transformations on the fields and with the proper normalization

for the gluon kinetic term, is possible to write the gauge-invariant version of the La-
grangian of Quantum Chromodynamics,

1 _ .
EQCD = _ZLGZWGZV + ;E]f(l’)fyDy — mf)qf. (2.21)

Like in QED, the SU(3)¢ symmetry forbids the existence of the mass term for the
gluon fields since this term will make the invariance of the Lagrangian impossible, so
these gluon fields are massless spin-1 particles.

The decompose Lagrangian is:

1 .
Locp =— L—L(E)VG;’ —9"G)(9,Gy — 9,Gy) + Y (it — my)gy
f
vy (A B 2.22
—8s a;qm 7)., (2.22)

2
— 85 foief 1 GLGLGHGE + £ f1(9" Gl — 9" Gl) GG,

In this final form of the QCD Lagrangian, is possible to describe the following interac-
tions:

¢ The first line contains the kinetic terms for the different fields, which give rise to
the corresponding propagators;

* The second line describe the interaction between quarks and gluons, involving
the SU(3)c matrices A%;

¢ The third line terms generates the cubic and quartic gluon self-interaction and
the strength of these interactions is given by the strong coupling constant gs;

2.3 Weak and Electroweak Theory

In Sections [2.1] and [2.2) were shown the U(1) and SU(3)c local gauge symmetries. To
describe weak interactions, a more complex structure is needed, with several fermionic
flavors and different properties for left- and right-handed fields, where the left-handed
fermions should appear in doublets. This type of interaction is associated with invari-
ance under SU(2) local phase transformations,

P(x) = ¢’'(x) = Uyp(x) being U = explin(x) - T], (2.23)

where, a(x) are the three functions which specify the local phase at each point in space-
time and T are the three generators of the SU(2) group that can be written in terms of
the Pauli spin matrices,

7
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To achieve the local gauge invariance, three gauge fields, W;j with k = 1,2,3, cor-

responding to three gauge bosons W1, W? and W?, need to be introduced and since
the SU(2) generators are the 2x2 Pauli matrices, the field in Eq. must be writ-
ten in terms of two components known as a weak isospin doublet, like left-handed (LH)
particles or right-handed (RH) antiparticles. To accomplish this, RH particles and LH
antiparticles states are placed in weak isospin singlets and are therefore unaffected by
the SU(2) local gauge transformation.

So, in order to include electromagnetic interaction with weak interactions, the U(1)
group needs to be added forming the symmetry group:

G =SU(2), ® U(1)y, (2.24)

where L stands for left-handed fields and Y for weak hypercharge.
Let’s consider the free Lagrangian for massless fermions:

3

Lo= Y ifli(x)7"9up(x); (2.25)

j=1

with: ¢ as a doublet field while ¥, 3 are singlet fields. The Lagrangian £ is invariant
under global G transformations in flavor space:

¥1(x) = 1 (x) = explivapIULY (x)

. . (2.26)

Yi(x) = i(x) = exp{iyi}pe(x) with k =2,3,

with y; (=1, 2, 3) as hypercharges and the SU(2), transformation:
U, = exp{i%oci} i=1,2,3 (2.27)

is a non-Abelian transformation like in QCD.

As was done in the previous Sections, the Lagrangian is required to be invariant
under local SU(2); ® U(1)y transformations, and for that, four different gauge bosons
fields are needed: a weak isospin triplet W!, W2, W3 (SU(2).) and a weak hyper-
charge singlet B (U(1)y) in addition to the replacement of the derivative to the covari-
ant derivativ

Di(x) = |9+ ig'yiBu(x) + ibygaWu(x) | 95(x) (1=1,23),  (228)

where B o
Wy (x) = Elw;l(x). (2.29)

For D{l to transform in the same way as the fields, the gauge fields need to have the
following transformations:

By — B, =B, — éayﬁ(x), (2.30)
Wy — W, = U W, Uj + gi(aﬂuL)u{, (2.31)
w

1The 6, j in Eq.(2.28) is a notation that I use just for this equation to refer to the fact that the W, only
interact with SU(2), doublet field i (x).
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where U] is the transformation in Eq. but with a’ = a’(x). Despite the differences
between coupling constants, it is possible to observe that the transformation of B is
identical to the QED gauge boson in Eq.(2.5), while the W field transforms in a way
analogous to the gluons field in QCD Eq.(2.15). The difference between the last two
tields is the number of generators in each representation and the structure constant,
wherein SU(2); is known as the Levi-Civita tensor, €//. The same happens for the
field strengths structures and transformations.
The Electroweak Lagrangian is:

3
Lew = 197D ()~ DWW BBy, (232)

j=
where the first term corresponds to the fermion propagator and the fermion interaction
with the gauge bosons, while the last two terms describe the EW free field propagation
with the kinematics terms for both W), and B, fields. Like in QCD, the field strength
Wpiw contains a quartic piece that gives rise to cubic and quartic self-interaction among
the gauge fields with the strength of the SU(2), coupling constant gy. The gauge sym-
metry not only forbids again the mass terms for the gauge bosons but also forbids the
fermionic masses because they would provide a relationship between left- and right-
handed fields, which have different transformation properties and therefore would

break explicit the gauge symmetry.

2.4 Spontaneous Symmetry Breaking: Higgs Mechanism

To generate masses, the gauge symmetry needs to be spontaneous broken keeping a
fully symmetric Lagrangian to preserve renormalization, so let’s consider a Lagrangian
that:

1 Is invariant under a group G of transformations.
2 Has a degenerate set of states with minimal energy.

Selecting one of those states as the ground state of the system, the symmetry is said
to be spontaneously broken.
So let’s consider a Lagrangian for a complex scalar field ¢(x):

L=T-V=0,p""p— (p'p+ A(¢p'9)?), (2.33)

where A > 0, in order to have a ground state, and the Lagrangian is invariant under
global phase transformations of the scalar field:

P(x) = ¢/(x) = 79(x). (2.34)
The potential will show two possible shapes, depending on the sign of the quartic

term, ptz [ 1]

1. u2 > 0, the potential has only the trivial minimum ¢ = 0, the ground state,
describing a massive scalar field with mass y and quartic coupling A, Figure
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V(o)
V(o)

() (b)
Figure 2.2: Higgs potential for 4> > 0 (a) and > < 0 (b).

2. p? < 0, the associated term in the Lagrangian can no longer be interpreted as a
mass, given an infinite number of degenerate states of minimum energy satisfy-

ing:

— 2 v
=+ =F=— 2.
where v is the vacuum mean value of the field, also called the vacuum expec-
tation value (vev). The choice of the vacuum state breaks the symmetry of the
Lagrangian, having a spontaneous symmetry breaking, Figure 2.2b]

If the perturbation of the ground state is parametrized in terms of two real field, ¢,
and ¢, as:

1
xX)=—|v+ x) +igr(x)|, 2.36
P(x) = J5lo+ o1(x) +iga(x) (2.36)
the potential becomes:
A
V(9) = V(go) — 11+ \op1(p] + 93) + 7 (91 + 93)°, (237)
where the ¢; describes a massive state with mass m,, = —2u?, while ¢, is a massless

state. The particles described by this massless state correspond to excitations in the
direction where the potential does not change, i.e., into states with the same energy as
the chosen ground state. This massless scalar particle is known as a Goldstone boson

[12].

2.5 Higgs Mechanism

Let’s consider the following Lagrangian, which is invariant under local SU(2); @ U(1)y
transformations:

£ = (D)D" — 12— A (¢'9)” A >0, (238)

10
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with
D'¢ = [8” +ig'yeB* (x) + iwa”(x)] ¢, yp=Qp—T3 (2.39)

where the g’ and gy, are the U(1)y and SU(2);, coupling constants and the hypercharge,
y¢, depends on the electric charge, Qy, of the SU(2); doublet of the complex scalar

field: N )
oY\ 1 (g +in
¢‘(w>‘wX%+m)' (240)

This scalar Lagrangian is very similar to the Lagrangian in Eq.(2.33). So, when
u? < 0, there is not a single minimum but an infinite set of degenerate states with
minimum energy, or vacuum, at:

V2 02

Vo= g3+ Pi= 7 =5 (241)

The choice of the particular ground state implies the spontaneous breaking of the
SU(2), ® U(1)y symmetry to the electromagnetic subgroup U(1)ogp, which remain
at symmetric the vacuum. Since the electric charge is a conserved quantity, the scalar
tield that will acquire a vacuum expectation value must be neutra

0 K _ v
— =, 2.42
(1710 =\ 55 = 75 (2.42)

The fields can be expanded in around the minimum, v:
1

1 pi(x) +iga(x)
P(x) = V2 (U-|-p(x) +i¢4(x)) '

After the spontaneous breaking of the symmetry, and according to the Goldstone
theorem [12,|13], there will be one new massive boson, p(x), and three massless bosons.
It is possible to eliminate these massless bosons by gauge transformation to have the
scalar doublet in the general form:

(2.43)

P(x) = \i@ <v +(;)(x)) _ % <U +(}’Z(x)> (unitary gauge), (2.44)

where the field p(x) has been written as the Higgs field h(x).

Now is possible to generate the W and Z gauges masses using the Higgs mecha-
nism and the term that generates the masses is (D,¢) ' D"¢. Expanding the covariant
derivative product:

1 1
(D) D =5 (3, (0h) + gy (W) + W) (W —iwC) (o 4-h)?

1 X ,  (245)
+ g (EwWi = g'By) (qwW P — ¢/B) (0 + h)?
where the charged vector bosons, W= are defined as:
1 1
+ _ () — v @y Wi _
Wy = E(Wﬂ FiW,”) with my = SU8W (2.46)

2The hypercharge is Ygo = 5.

11
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and the two remaining neutral gauge bosons, Z and A, are defined as:

1 3 . .
Sw T8
| ) , (2.47)
8w T8

where the measured masses are in Table Instead of using two different couplings
constants, one from U(1)y and the other from SU(2), is possible to relate them using

the ratio,
/

S tanby (2.48)
&w

and using this relation, is possible to relate the W and Z bosons masses:
mw
—— = cosf 2.49
o cos Oy (2.49)

where with some trigonometric relations, the electroweak mixing angle is:

2

sinfy =1 — W = 023121, (2.50)
mz
and
v = 246 GeV. (2.51)

From the scalar Lagrangian in Eq.(2.38) a new scalar field is introduced: the Higgs
boson. So, expanding this scalar Lagrangian in terms of the physical gauge fields it is
possible to get the Higgs boson mass and the bosons interactions,

1 1 m? m>
_- WL\ — — 42 _ —hy3 _ "hpd
£ =5 (@) (@"h) — e — T — T

_ 2, K
+ miy W, W {1 +oht ;} , (2.52)
1 5 2. K?
+ 5y ZyZ" {1 + =+ ;}
where:
¢ the Higgs boson mass is mj = v/2Av being:

CMS [14] : 125.38 + 0.14 GeV (2.53)

ATLAS [15] : 124.94 4+ 0.17(stat) + 0.03(syst) GeV (2.54)

2 2
¢ the Higgs self-couplings Ay, = ’;—5 and Appp, = ;;117}5

¢ the second and the third line give the interactions between Higgs bosons and
W /Z gauge bosons respectively, Figure

12
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ME

v

H

Figure 2.3: Couplings between Higgs boson and gauge bosons.

2.5.1 Fermion Masses

This mechanism is responsible for generating the W and Z boson masses but also the
mass of the fermions. However, due to the different transformation properties of left-
and right-handed chiral states, the fermion mass in the Dirac Lagrangian,

L= —mpp = —m(Pripr + PrYL), (2.55)
where ] is the left-handed fermion doublet, ¢ is the right-handed fermion singlet,
but the fermionic mass term does not respect the SU(2); ® U(1)y gauge symmetry and
therefore, cannot be present in the Lagrangian of the SM. However, we already have
introduced an additional scalar doublet into our model, Eq., so we can use the
following gauge-invariant fermion-scalar coupling:

, (+) - (0)*
L fermions = — c1(i1,d)1 (('b ) dr —c2(i,d) ( ¢ )> UR

(0) — =
? ) ? (2.56)
—c3 (V€)1 (Z(O) ) er + hermitian conjugate,

where the second term is the complex-conjugate scalar fiel and ¢; are arbitrary pa-
rameters that can be written in terms of the fermion’s mass and v. After the sponta-
neous symmetry breaking, this Lagrangian takes the form:

L= %(v + h) (c1dd + coiiu + cee) . (2.57)

This mechanism also can generate the fermion masses:

m; = ci% with (j,1) = (4,1), (11,2), (e, 3). (2.58)

so, the Lagrangian takes the form:

L=— (1 + g) [madd + myitu + meee) . (2.59)

S(Pc = iO'z(P*

13
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Figure 2.4: Couplings between Higgs boson and fermions.

The first term in Eq.(2.59) defines the fermion’s mass, while the second term contains
the interaction between the fermion and the Higgs field. This procedure can be ex-
tended to fundamental particles’ second and third generations, where the c; parameter
from Eq.(2.58), known as the Yukawa couplings, Figure 2.4, for all fermions are given

by:

m .
Cfermion = \/E fe;mzon. (2.60)

2.6 Higgs boson

The Higgs mechanism was proposed almost simultaneously by three independent
groups in 1964: F. Englert and R. Brout [16], P. W. Higgs [17], and C. Guralnik, C.
R. Hagen and T. Kibble [18]. However, the theory did not predict the mass of the
Higgs boson. Many years after its formulation had to pass until a significant mass
range could be probed first with Large Electron Positron Collider (LEP) at CERN [19]
and then with the Tevatron proton-antiproton collider [20]. Only in July 2012 was the
Higgs boson observed by the ATLAS and the CMS experiments at the LHC [2, 3].

Since its discovery, studying the Higgs boson has been one of the main focuses
to understand the nature of electroweak symmetry breaking while searching for the
SM effects from New Physics (NP). ATLAS and CMS experiments have as one of their
primary focuses the precision measurement of properties of the Higgs boson, including
the mass, couplings, and evidence for production mechanisms.

2.6.1 Higgs Boson Production at LHC

At hadron colliders, the main Higgs boson production channels are the following: by
fusion of gluon (gluon-fusion or g¢F), by vector-boson fusion (VBF), by Higgsstrahlung
with a W or Z boson associated (VH with V being W or Z), and associated production
with a single or a pair of top-quarks (tH+ttH). Figure 2.5/ presents the cross-section of
the different Higgs boson production channels at the LHC as a function of the center
of mass energy (a) and the Higgs boson mass (b). The cross-section values of the Higgs
production for each channel previously presented are in Table

2.6.2 Higgs Boson: Decays

The branching ratio (BR) is the fraction of time a particle decays to a particular final state.
This frequency is related to the partial and total decay rate, or width, (I') through:

BR(H — X/) = [(H = X) (2.61)
P T(H = Xp) '
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Figure 2.5: The SM Higgs boson production cross-section as a function of the
LHC /s (a) and as a function of the Higgs boson mass at v/s=14 TeV (b). [21]

Channel o [pb] Scale [%]
9qF 4997 +7.5-8.0
VBF 4.048 +0.8-0.4
WH 1.504 +0.3-0.6
ZH 0.883 +2.7-1.8
ttH 0.6113 +5.9-9.3

Table 2.3: SM Higgs production cross-section at 1/s=14 TeV with my=125 GeV. [22]

Following an SM prediction, the branching ratio of the different decays of the Higgs
boson is shown in Figure and in Table 2.4 are its values for a mpy=125 GeV. Since
the Higgs boson gives mass to the particles, a heavier particle implies a stronger inter-
action and is more likely to decay into that heavy particle, such as the Z or W bosons.
However, according to the SM predictions, at mpy ~125 GeV, the most dominant decay
channel is to a bb pair, accounting for ~53% of the total decay. In the second most
common decay channel, the W boson can decay into a pair of quark and antiquark or a
charged lepton and a neutrino. Since the background is full of hadrons in a hadron col-
lider, the first-mentioned W decay makes it very difficult to distinguish the signal from
the background, and due to the presence of neutrinos in the second decay, W~ — e~ 1%,
(Wt — eTv,), this channel cannot be fully reconstructed. The decay H—ZZ, known
as the "golden channel", is the best decay mode to detect the Higgs boson since the pair
of Z bosons can turn into four leptons in total. Although this decay mode is rare, it is
easy to spot in the middle of the background, as seen in Figure
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Figure 2.6: The SM Higgs boson branching ratios as a function of
mp for a range of [80,200] GeV and for a range of [120,130] GeV[21].

Channel  Branching ratio (%)

H — bb 53
H—- WW 25.7

H—ZZ 2.8
H— 9y 0.25
H— up 0.026

H— Tt 6.0
H — gg [23] 8.57

Ty 3.2722 MeV

Table 2.4: Higgs boson branching ratios for differ-
ent channels and the Higgs total width, 'y, Ref.[5].

2.6.3 Di-Higgs Production

The production of pairs of Higgs bosons at hadron colliders provides unique infor-
mation on the Higgs sector and the electroweak symmetry-breaking mechanism. Al-
though the quartic Higgs coupling cannot be directly measured at the LHC, Ay, can
be accessed directly by this pair boson production. At hadron colliders, a pair of Higgs
bosons is dominantly produced in the loop-induced gluon-fusion mechanism, shown
in Figure mainly mediated by top-quark loops, supplemented by a smaller con-
tribution of b-quark loops, while VBF, VHH, and ttHH processes have a sub-leading
role.

The QCD corrections in the production of Higgs boson pairs via ggF increase the
total cross-section by a factor of two from LO to NLO and by 20% from NLO to NNLO
to reach at 14 TeV [24]:

0(gg — HH) gy O™ = 36.69 fb* 340 (theory) + 3%(as + PDF). (2.62)
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However, with this cross-section and low signal-background discrimination, produc-
ing a pair of Higgs bosons remains a challenging channel to measure.

In 2019, the ATLAS experiment set new limits on the gluon fusion channel of the
Higgs boson pair production process, exploiting up to 36.1 fb~! of proton-proton col-
lision data at 1/s=13 TeV. The combination of six analyses searching for Higgs boson
pairs decaying into bbbb, bb(WTW~, bbt™1~, WITW-WTW~, bbyy and WTW~ 7 in
the final states reached a combined observed (expected) limit at 95% confidence level
on the non-resonant Higgs boson pair production cross-section of 6.9 (10) times the
predicted SM cross-section [26]. The upper limits of the ggF HH cross-section for the
individual decay modes and their combination are presented in Figure[2.10]
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Figure 2.7: Distribution of the four-lepton invariant mass, my;, compared to the
background, for the combination of the \/s= 7 and 8 TeV data. (take from Ref [3])
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Figure 2.8: Total production cross-section for Higgs pairs within the SM.
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Figure 2.9: Higgs pair production diagrams for (a) gluon-fusion, (b) dou-
ble Higgsstrahlung, (c) vector boson fusion processes, and (d) double Higgs
bremsstrahlung off top quarks. The contribution from Ay, is marked in red [25].

2.6.4 Higgs self-coupling

From Eq.(2.38) and (2.52), it is possible to understand that the shape of the Higgs poten-
tial, responsible for the EWSB, is determined by the Higgs self-coupling constants Ay,
and Ay, A precise measurement of these coupling constants is fundamental to un-
derstanding the structure of the potential, in which the exact shape can have profound
theoretical consequences. For example, the shape of the Higgs potential, particularly
the value of Ay, controls the dynamics of the EW phase transition. This phase transi-
tion defines the viability of models of electroweak baryogenesis [27]. Another example
is the stability of the vacuum. The possibility of the vacuum that we currently know is
not stable but rather metastable, which implies the presence of a new minimum at very
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Figure 2.10: Upper limits at 95% CL on the ogor(pp—HH)
normalized to its SM expectation value from multiple
HH decay searches and their statistical combination [26].

large values of the Higgs field, could be a potential source of a stochastic background
of gravitational waves [28| 29]. To be able to shed some light on these questions, con-
straints to the trilinear self-coupling have been a long-term goal of the LHC.

The Appy, can be probed from direct searches for HH final states and indirectly via
its effects on precision observables or from loop corrections to single Higgs produc-
tion. However, due to the suppressing power of v, the quartic term is not currently
accessible at LHC.

Recently, the ATLAS and CMS collaborations found new boundaries to Ay, per-
forming at 1/5=13 TeV up to 36.1 fb~! and 35.9 fb~!, respectively, of the combine data
from different Higgs decays. The results in Figure are reported regarding the ratio
between the Higgs boson self-coupling and its SM expectation value for each experi-
ment, Ky = A/ /\ﬁ%, reaching bounds of:

ATLAS [26] —5.0 < x) < 12.0 (observed), —5.8 < k) < 12.0 (expected) (2.63)

CMS [30] —11.8 < ), < 18.8 (observed), —7.1 < k), < 13.6 (expected) (2.64)

The results from Figure show that the significance of the observation of the
HH process reaches 4. The secondary minimum is expected to be excluded at 99.4%
CL. The predicted precision on x, is approximately 50% at HL-LHC.
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Figure 2.11: (a) Upper limit obtained by ATLAS on the cross-section of
the ggF HH production as a function of «). The observed (expected) lim-
its are shown as solid (dashed) lines.(b) Expected combined ATLAS and

CMS likelihood for the searches for the HH production at the HL-LHC. [31]
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Collider Experiments

3.1 Luminosity

The two most essential features in particle accelerators are the center of mass energy,
which determines the types of particles that can be produced in this facility, and its
instantaneous luminosity, L(f).

For a given process with cross-section ¢, which gives the probability for the inter-
action to occur, the number of events that will be produced, N, over the lifetime of the
operation of the machine, ¢, is:

N = a/L(t)dt, (3.1)
where L(t) measures the number of collisions per bunch crossing and is given by:
. ninp
L= f47TUny, 3.2)

where the number of particles in each brunch is n; and ny, f is the bunch’s collision
frequency, and the transverse beam size in the horizontal and vertical directions are
measured by oy and 0y,

In the current particle accelerator experiments, the plan is always to maximize the
statistical significance of an already measured process or increase the number of rare
processes measured. For that we need to increase N as much as possible. To do so, we
can increase the integrated luminosity, | L(t)dt, or change the CM energy to maximize
the process’s cross-section compared to the ones of the relevant background.

As will be discussed later in Section the FCC-ee is not alone in the quest to
explore the properties of the Higgs boson and other SM particles with unprecedented
precision: the International Linear Collider (ILC [32, 33]), the Compact Linear Collider
(CLIC [34},135]), and the Circular Electron Positron Collider (CEPC [36, 37]]) are also in
this race.

The baseline luminosities expected to be delivered in the four colliders are illus-
trated in Figure 3.1|at the Ref.[38] 39] time.

3.2 Future Colliders

Let’s take a step backwards into the past, more precisely, on 4 July 2012. On that day,
the ATLAS [3] and the CMS [2] collaborations made history by discovering a new par-
ticle: the Higgs boson. The discovery of the 125 GeV Higgs boson completes matrix of
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Figure 3.1: Baseline luminosities expected to be delivered as a func-
tion of the CM energy for each e+e- collider project (take from Ref.[38]).

particles and interaction constituting the Standard Model. As we know, this model has
been a consistent and predictive theory, which has so far proven successful by collid-
ers’ experiments. Unfortunately, many experimental facts require the extension of the
Standard Model, and explanations are needed for observations, like the domination of
matter over antimatter, the evidence for dark matter and the non-zero neutrino masses.

Over ten years of physics, the LHC improved our knowledge about physics and the
Standard Model, giving us a great legacy in our life that will be difficult to overcome.
So, which type of machine can inherit its legacy?

The available choices are:

1. Hadron colliders: With those colliders, the mass range that can be reached in the
final states is more extensive. Regardless of the signal-background ratio (S/B)
being pretty low, the CM energy can only be accessed statistically via Parton
Distribution Function (PDF) since they are not elementary particles but formed
by them, more specifically, by quarks;

2. In Lepton colliders, the S/B ratio and the CM energy problems do not exist here
and are more sensitive to electroweak states;

3. Circular colliders can have detectors in multiple Interaction Points (IPs) and reach
high luminosity levels yet suffer energy loss via Synchrotron Radiation (SR);

4. Linear colliders are easy to upgrade in energy, and the beams are more smoothly
polarized.

The Future Circular Collider (FCC) is arguably the leading candidate in this race.
The FCC layout was published via the Conceptual Design Report (CDR) in 2018 [38],
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Parameter unit 2018 CDR [38] 2023 Optimised
Total circumference km 97.75 90.657
Total arc length km 83.75 76.93
Arc bending radius km 13.33 12.24
Arc lengths (and number) km 8.869 (8), 3.2 (4) 9.617 (8)
Number of surface site - 12 8
Length (and number) of straights km 1.4 (6), 2.8 (2) 1.4 (8),2.031(4)
superperiodicity - 2 4
Interaction Points (IP) - 2 4

Table 3.1: FCC parameters in CDR and at FCCWeek2023[40]

presenting the last upgrades during FCCWeek2023 in Table Nevertheless, the FCC
project is one of many trying to study the Higgs properties:

* The International Linear Collider (ILC) [32, 33] will study the Higgs boson with
a center of mass energy of 250 GeV, collecting data near the Higgsstrahlung pro-
cess;

* The Compact Linear Collider (CLIC) [34] will reduce the CM energy from 500 to
380 GeV;

* The Circular Electron Positron Collider (CEPC) [36] with a plan to study the
Higgs boson at 240 GeV;

¢ The Future e+e- Circular Collider (FCC-ee) [39] with a ~ 90-100 km tunnel de-
signed to be also a Higgs boson factory at 240 GeV;

Between the four Lepton colliders, the FCC-ee program is designed to deliver the
highest rates in each CM energies, as seen in Figure 3.1, and achieve extreme statistical
precision and experimental accuracy for its measurements. It can be said that the FCC-
ee is the "chosen one" for this work.

3.3 Future Circular Collider

The FCC is designed to have a total of three phases: the first one consists of an e+
e- collider (FCC-ee CDR [39]) that will operate at multiple center of mass energies
between 2045-2063, and the pp collider (FCC-hh CDR [41]) designed to run around
100 TeV, collecting a total luminosity of 20 ab™! between 2070-2095. This last phase
would be able to provide heavy-ion collisions, and its 50 TeV protons beams, with 60
GeV electron from an energy-recovery linac, would generate approximately 2 ab™ ! of
3.5 TeV ep collisions at the FCC-eh. In general, the FCC program is estimated to last
over seven decades for construction and operation, and over this time, is expected to
improve results already known and reach new limits of physics.

In this work, we focus on FCC-ee at two different centers of mass energies and the
IDEA detector, where both of these topics will be discussed in the next Section.
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3.4 Future Circular Collider e+ e-

This FCC phase consists of using leptons, more precisely, electrons and positrons, as
beam particles to answer open questions in physics. For that, the FCC-ee will run at
tive different center of mass energies to reach the maximum statistics possible of Z, W
and Higgs bosons and top quarks.

Phase Duration  Ecpy Integrated Event
(years) (GeV)  Luminosity (ab™1) statistics
Z 4 88-95 150 10'2 visible Z decays
WW 2 158-162 12 108 WW events
H 3 240 5 10° ZH events
tt(1) 1 340-350 0.2 tf threshold scan
tt (2) 4 365 1.5 10° tf events

Table 3.2: FCC-ee Run plan [38-40]

Each phase, Table will focus on studying a specific physics scale, improving
the results of already known observables, where[38), 39]:

e At the Z peak, they will improve the precision for the measurement of sin? (G%f ),
QED coupling constant (xgep (%) ), both from the forward-backwards asymme-
try, the Z mass (my), from direct measurement, and the strong coupling constant
(as(m%) ), from the ratio between the Z hadronic and leptonic widths [42-45];

¢ Atthe WW and tt threshold, the direct measurement of the W and the top masses
using the respective cross-section[45-47];

¢ At the Higgs phase, the precision of the Higgs boson couplings (ggxx) and total
decay width (I'y) will reach new levels [48];

However, why do we need this FCC electron-positron phase? Can we skip this
Lepton phase and move on to the hadron phase? Well, FCC-ee will indeed focus on im-
proving previous measurements and increasing to another level those statistics. How-
ever, it is still a way to explore physics, digging into the physics we already know to
search for new evidence about New Physics (NP). The best way to understand the im-
portance of the FCC-ee is with this question: "How well do we know a certain result?"
The answer is "straightforward": we must keep digging into the physics using a more
powerful collider. If we observe some deviations from the results compared to the SM
predictions, we are on the right path to discovering New Physics.

In our case, we want to study the Higgs properties and, find ways to improve the
measurement of the Higgs self-coupling constant on this collider so, for that, we will
focus on the phases that will study this boson, which means that we will use the center
of mass energies of 240 GeV and 365 GeV.
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3.5 FCC-ee Detector: IDEA detector

FCC-ee is expected to have a total of four interaction points, where a detector is placed
at each IP: the CLIC-Like Detector (CLD) [49,50], the International Detector for Electron-
positron Accelerator (IDEA) 51], and the other will be a Noble Liquid ECAL based
but is still under study [49]. We have chosen the IDEA detector to use in our study.

The IDEA detector,Figure is a 13mx11m detector composed of a silicon pixel
vertex detector, a wire chamber surrounded by a layer of silicon micro-strip detectors,
a thin, low-mass superconducting solenoid coil, a pre-shower detector, a dual-readout
calorimeter, and muon chambers within the magnet return yoke, but this design is still
under study:.

Preshower

DCH Rout =200 ¢m

Dl:H Rin = 35cm

|Detector height 1100 cm

CalRin = 250 cm

Cal Rout = 450 cm

Yoke 100 cm .

Magnet z =+ 300 cm
Figure 3.2: IDEA detector schematics .

For a precise determination of the impact parameter of the charged particle tracks,
the innermost detector is a silicon pixel detector, based on monolithic pixel sensors,
having a 0.3(1.0)% Xﬂ per innermost (outermost) layer. The results from the ALICE
inner tracker upgrade will be used for the vertex detector improvement.

From the detectors built for the KLOE[53] and MEG2[54), 55] experiments, the IDEA
drift chamber will be a unique volume full-stereo, wire cylindrical chamber, high gran-
ularity, co-axial with the 2 T solenoid field, with low mass and short drift path. This
detector’s primary and most remarkable feature is its high transparency in terms of
radiation lengths, where the total amount of material in the radial direction is of the
order of 1.6%Xp, reaching about in the forward direction, 5.0%Xy. This drift cham-
ber is 4m long, with an inner (outer) radius of 0.35 (2)m, filled with a gas mixture of
90%He-10%iC4H7o, and a maximum drift time of ~400ns.

In the simulations to study the performance of the IDEA tracking system present on
the FCC-ee CDR[39], a seven-layer cylindrical vertex detector and a two-layer silicon

1 X, corresponds to the mean length of the material at which the energy of an electron is reduced by
the factor of 1/e, known as Radiation length.
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wrapper, booth with a phi pitch of 20um, were placed inside and around the Drift
CHamber (DCH). The results of this study are presented in Table

Parameter Resolution
oc(1/p71) a®b/pr,a~3x10"2GeV 1, b~-6x10"3
04, a @ b/sin®26, a=3um b=15umGeV

angular resolution better than 0.Imrad in both azimuthal and polar angle
oe/E 10%/+/E for isolated e-, and 30%/ VE for isolated 7t

Table 3.3: IDEA resolution parameters[39, 56]

The IDEA has the preshower detector located between the magnet and the calorime-
ter in the barrel region and between the drift chamber and the end-cap calorimeter in
the forward region. In the barrel region, the magnet coil works as an absorber of about
1Xy, followed by one layer of Micro Pattern Gas Detector (MPGD), where the second
layer of chambers follows after another 1Xj lead. At the forward region, a similar con-
struction occurs where both absorber layers are made of lead. Surrounding the second
layer is a 2m deep lead-fiber dual-readout calorimeter. This calorimeter provides ex-
ceptional intrinsic discrimination between muons, electrons/photons and hadrons for
isolated particles, and, with that, the fine transverse granularity allows the separation
of close showers, providing a high-quality matching to tracks in the inner and the outer
detector elements, making this calorimeter excellent for particle-flow reconstruction.

3.6 FCC-ee: Higgs factory

According to the baseline run plan [39], the FCC-ee is designed to operate as a Higgs
factory for seven years, of which three are at 240 GeV and four at 365 GeV. During
this period, the FCC-ee will measure the various cross-section times branching ratios
at these energies from the Higgsstrahlung process, e"e~ — ZH, and the W fusion
process, ete” — v,v.H.

From the one million ZH events expected from the FCC-ee, the total oz can be de-
termined with a statistical precision of 0.1%, if the ZH events selection is 100% efficient
and pure. By counting the ZH events with a leptonic Z decay, Z— 71—, for which the
recoil mass against the lepton pair is around the Higgs boson mass (Section[6.3), the to-
tal ZH cross-section is determined in a model-independent fashion. Assuming that the
coupling structure is identical in form to the SM, the o7y and 0y,,,15 are proportional to
the square of the Higgs boson coupling to the Z, g7z, and to W,guww, respectively.
Once the grzz has been determined, all other couplings can be accessed by measuring
the cross-section for each exclusive Higgs boson decay,

o 82, X gP
ozi X BR(H — XX) « w (3.3)
H
o g x g2
OyeH X BR(H — XX) HWWr HXX (3.4)
H

For example, the ratio of W fusion to Higgsstrahlung cross-sections for the same Higgs
boson decay yields gyww, and the Higgsstrahlung rate with H—+ZZ decay provides a
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Vs [GeV] 240 365
Integrated Luminosity [ab~!] 5.0 1.5
Channel Z/H vwH| ZH v.v.H
H — any +0.5 +0.9

H — bb +03 +£31 | £05 =£09
H — cc +2.2 +6.5 +10
H— gg +1.9 +3.5 +45
H— WTW- +1.2 +2.6 =£3.0
H—Z7Z +4.4 +12  +£10
H—tht™ +0.9 +18 £8
H— vy +9.0 +18 £22
H—uty +19 +40

H — invisible <03 <0.6

Table 3.4: Relative uncertainty (in %) on ozy x BR(H — XX) and 0y, ;1 ¥
BR(H — XX), as expected from the FCC-ee data at 240 and 365 GeV [39, 57, 58]

determination of the Higgs total decay width I'yy. The expected statistical uncertainties
for the cross-section times branching ratio are listed in Table 3.4 while Table [3.5]yields
the precision of a few Higgs couplings.

) Precision

Coupling
(x framework /EFT)

SHZZ 0.17 / 0.26
SHWW 0.41 / 0.27
SHbb 0.64 / 0.56
SHec 13/12
SHgg 0.89 / 0.82
SHrT 0.66 / 0.57
SHup 39/38
gHZy 10 /9.3
gHyy 1.3/1.2
SHit 31/3.1
'y 1.1

Table 3.5: Precision on gpxx and on I'y at FCC-ee, in the
framework and in a global Effective Field Theory fit [57, 58].

Being the lepton collider with the highest luminosity delivered at 240 and 365 GeV,

the FCC-ee has the sensibility to measure the quantum corrections from loops at single
Higgs observables, such as the cross-sections of ZH and W fusion processes in Fig-
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Figure 3.3: Higgsstrahlung and W fusion at NLO involving the Higgs self-coupling..

ure Through the dependence of o7y with the center of mass energy, it is possible
to determine the gypy and grzz couplings through a global (Higgs and EW) fit, with
a relative precision presented in Figure By including all the energies in the fit, a
precision of £33% is achieved [39, 57, 58].

FCC-ee, from EFT global fit

] —  5/abat 240 GeV -

0.02" — +0.2/ab at 350 GeV |
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Figure 3.4: Relative precision in the simultaneous determination of the
Higgs self-coupling (denoted as «,) and the HZZ/HWW coupling (de-
noted as c;) at FCC-ee, with 240 GeV (black ellipse), 350 and 365 GeV (pur-
ple and greed chased) data, and by the combination of the data at 240 and
350 GeV (purple ellipse), and at 240, 350, and 365 GeV (green ellipse) [39]
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Analysis Tools and Event
Reconstruction

In the previous Section, we discussed the collider and the detector we want to use in
our study. Since the FCC-ee is still in the approval phase, and it will take a long time
to be built, only samples generated via a Monte Carlo program was analyzed. The
programs used in this study will be discussed in this Section.

This Section introduces the programs used in this study from the sample genera-
tions to analysis.

4.1 MadGraph5

In this study, we use the following programs. For the Monte Carlo samples, we have
MadGraph5_aMC@NLO [59]], Pythia8 [60] for the showering and hadronization, and
the detector response is parameterized using Delphes [61].

MadGraph 5 (MG)) is a framework designed to provide all SM and BSM phe-
nomenology elements, such as cross-sections and the generation of hard events. This
matrix-element generator allows the user to specify the desired process in terms of the
initial and final states. It is a very straightforward program for those that want the
cross-section. However, the MG5 allows the user to do much more than specify the
process, like giving the user freedom to impose additional constraints, such as forcing
and forbidden channel resonances, excluding internal particles, forced decay chains of
tinal state particles, and the type of order (tree-level, NLO or Loop-induced) process.

In addition to the process and its type, the MadGraph5 has many physical models,
such as the Standard Model, Two-Higgs-doublet model (2HDM) and Higgs Effective
Field Theory (heft). It also permits the user to impose restrictions on the same models.
Each model has its own set of particles and parameters, so to compare different mod-
els, we need to pay attention to the parameters’ values and change them. We use the
MadGraph5 default model sm, for the tree-level process, with its own set of parame-
ters, and the loop_qcd_qed_sm for the NLO [62] process. In order to have coherence
between simulations, when loop_qcd_qed_sm model was used, the parameters listed
in Table 4.1 were changed to their values in sm model.

According to the Paticle Data Group (PDG) database [5], the Higgs total width is
about 3.2 MeV. However, a 6.382 MeV Higgs total width was used in both models. In
Subsection a justification is presented for not changing this parameter.

After the MadGraph5 simulation, its output will go through the user’s preferred
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‘ Value at MG5 model
Parameter
‘ sm loop_qcd_qed_sm
Mz [GeV] 91.188
oy 132.507 128.993
I'z [GeV] 2.441 2.4889

'y [GeV] 6.382x1073 4.187x103

Table 4.1: MG5 parameters for the sm and the loop_qcd_qed_sm models.

shower simulated, which, in our case, is the Pythia8.

4.2 Pythia8

Like MadGraph5, Pythia8 [63]] is a standard tool for high-energy collision simulations
incorporating physical models for the evolution from a few-body high-energy scatter-
ing process to a complex multihadronic final state. These particles are produced in vac-
uum. However, implementing the interaction with detector material is only included
in Pythia with external detector-simulation codes.

Pythia8 was used only in this work to simulate the showering, the hadronization
process. Getting the MadGraph5 output file as an input, the Pythia8 program can de-
cay the unstable particles, simulate the initial and final state showers, and the partons’
hadronization. A log file with the showering and hadronization history is created,
where each particle has a status code that describes the reason for being added to the
process, if they are a decay product, and to which particle it decays.

After Pythia8 is done with the simulation, a HepMC file [64] is created and ready
to pass through a detector simulator like Delphes.

4.3 Delphes: Detector simulation and event reconstruc-
tion

Delphes [61] was designed to perform a fast and realistic simulation of a general-
purpose collider detector for phenomenological studies. Its framework comprises a
simulation of a track propagation system embedded in a magnetic field, electromag-
netic and hadron calorimeters, and a muon identification system. Physical objects,
such as tracks and energy deposits, leptons, jets, and missing energy, can be recon-
structed from the detector response. For the output, a ROOT [65, 66] file is created.

A uniform axial magnetic field parallel to the beam direction deflects the long-
lived charged particles. Depending on the particle charge, they can follow a helicoidal
trajectory from the interaction point to a calorimeter cell if they are charged particles
or have a straight-line trajectory if they are neutral. The user can define the probability
of a charged particle being reconstructed as a track. The track system takes advantage
of the trajectory of charged particles to reconstruct their momentum, optimal for low
pr. The user can specify the tracking efficiency, energy, and momentum resolutions,
and the transverse momentum and pseudo-rapidity dependent on the particle type.
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In Delphes, the calorimeters are described by a (17,¢) plane with the cell size defined
in a configuration file. The user defines the amount of particle energy deposited in the
Electromagnetic Calorimeter (ECAL), responsible for the electrons and photons energy
measurements, and in the Hadron Calorimeter (HCAL), responsible for measuring the
energy of long-lived charged and neutral hadrons. Although in Delphes, depending
on the type of particle, all energy is deposited in ECAL or HCAL, the user is allowed to
control the deposited energy fraction to simulate a more realistic detector. The energy
resolutions of ECAL and HCAL are parameterized as a function of # and include the
stochastic, noise, and constant terms (S,N, and C):

o\ _ (S, (N’ >
(E) = (ﬁ) + (T) +C(7’]) . (4.1)
Alog-normal distribution independently smears both energy deposits. The coordinate
where the energy is deposited is called the tower, and the ECAL and HCAL cells are
grouped in a calorimeter tower.

For electrons and muons, the user can specify the efficiency of being reconstructed.
This reconstruction probability is null outside the tracker acceptance and for a particle
momentum below some threshold. Besides this reconstruction, Delphes enables the
user to change the isolation parameterization. The activity in its vicinity describes the
isolation of a particle candidate. To determine if a reconstructed particle P (P= e,u,7)
is isolated or not, Delphes divides the sums of the transverse momentum above p"
of all particles that are inside a cone of radius R around the particle P, except P, by its
transverse momentum. If the result of this division, I(P), is lower than I,,,;,, the particle
is isolated.

4.3.1 Jet Algorithms

In a particle accelerator, the particle beam consists of particle clusters split into bunches
colliding with the other bunches coming from opposite directions, producing clusters
of leptons and partons. However, due to the QCD confinement property, allowing
only colorless states to be free, the partons must be confined inside hadrons produced
via hadronization processes. Once produced, focused bunches of stable hadrons are
referred to as jets.

Jets tend to be visually apparent structures when one looks at an experimental
event display, being able to assemble the idea of the original parton that produced
them with energy and direction measurements. These objects hold a significant role in
physics analysis, so one needs rules that project a set of particles onto a set of jets. This
projection is referred to as a jet algorithm.

It is possible to split jet algorithms into cone algorithms and sequential recombina-
tion algorithms. The first type of algorithm assumes that jets” particles are in conical
angular regions, resulting in jets with rigid circular boundaries. In comparison, a se-
quential recombination algorithm consists of identifying the closest pair of particles in
some distance measure, recombining them, and repeating this procedure until some
stopping criterion is reached.

A crucial property of jet algorithms is that they need to be infrared and collinear
safe. This safety means that the jet properties should not depend on the presence of
soft partons (infrared safe) and be able to recognize the number of jets in an event
regardless of the collinearity of the particles (collinear safe).
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The most common jet algorithms used are the k; [67], the anti-k; [68], and the Cam-
bridge/Aachen (C/A) [69]. They are based on the following distance measures:

2
ZP)ARij
tj R2

2
diB = ptzp (42b)

dij = min(pfip P (4.2a)

For p=-1, 0, and 1, the above algorithm reduces to anti-k;, Cambridge/Aachen, and
k¢, respectively. The formula parameters are referred to as a distance measure, dij,
between all pair of particles i and j, the distance between the particle i with the beam
(B), d;p, transverse momentum, and AR% = (vi —y;)* + (¢ — ¢j)?, with rapidity, y;,
and the azimuth ¢; of particle i, R is the jet-radius parameter, which determines its
angular reach. The jet algorithm is formulated as follows:

1. for each pair of particles i,j work out d;; and d;p distances;

2. find the minimum between the two distances. If d;; < d;p merges both particles
into a single particle, often called a "pseudojet’; if dig < d;; then the particle i is
declared as a final jet and removed from the list;

3. repeat this cycle until no particles are left;
4. only the ones above some transverse momentum,p?’", are used for the final jets;

Besides these jet algorithms, the FastJet package [70], integrated into Delphes,
also includes jet algorithms for lepton collisions. The one used for this analysis is the
Generalised k; algorithm for eTe™ collisions [71]. This jet algorithm is defined as
follows:

(1 —cosb;j)
(1 —cosR)
dip = EX?, (4.3b)

dij = min(E;?, E?F) (4.3a)

for a general value of p and R. The new parameter, 6;;, is the angle between the particles
i and j. For R < 7, this algorithm behaves in analogy with the previous algorithms.
When an object is at an angle 8;x > R from all other objects X, it forms an inclusive jet.
For values of R> 7, the factor is replaced by (3 + cos(R)). The only time a d;p will be
relevant is for events with just a single particle, as long as R < 37t.

Jets are a crucial component in the analysis, so their reconstruction needs to be
accurate. It is possible to produce jets after showering and hadronization, tracks,
calorimeter towers, or particle-flow tracks and towers. They are called generated,
track, calorimeter, or particle-flow jets. On the generated jets, no detector simulation
nor reconstruction was considered. The user can decide the jet clustering algorithm, its
parameters, and the minimum threshold for the jet transverse momentum to be stored
in the final collection.

4.3.2 band T jets

Identifying b quark jet (b-jet) or a jet initiated by the hadronic decay of a T lepton (tau-
jet) is essential in many physics analyses. In Delphes, a jet becomes a potential b or T
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jet candidate if a generated b or T, respectively, is found within some distance ARjet /¢
of the jet axis. The user also can define the parameters for the tagging efficiency. The
probability of mis-tagging, i.e., wrongly identifying a particle as a b or a 7, can be
changed by the user.

4.3.3 Particle-flow Reconstruction

Delphes can reconstruct jets using only the information from HCAL+ECAL towers or a
particle flow algorithm that combines the information from the tracking system and the
HCAL+ECAL tower. In this work, we performed the analysis using the particle flow
jets (or eflow), so we briefly describe them here. In actual experiments, the tracking
resolution is better than the calorimeter resolution until some energy threshold. In
Delphes, estimating charged particle momenta via the tracker is always assumed to be
convenient.
For each calorimeter tower, the particle-flow[61] counts :

¢ the total energy deposited in ECAL, Ercar, and HCAL, Egcar;

* Ercarmk and Egcar i, the total energy deposited respectively in ECAL and
HCAL originating from charged particles for which the track has been recon-
structed;

then defines;

Ax = Ex — Ex 4, withX = ECAL, HCAL (4.4)
1
E%u‘jeu; = max(0, Agcar) + max(0, Agcar) (4.5)
Where each reconstructed track results in a particle-flow track. Suppose
EETJ;ZJ)Z; > 0, a particle flow tower is created with energy EETJ;ZZZ; The particle-flow tower

and tracks are then input for the jet algorithms.

Considering, as an example of the algorithm, a single charged pion is reconstructed
as a track with energy E and deposits some energy in the HCAL. If Egcar < Egcar irks
only a particle-flow track with energy Erjc a1k is created. However, if Egcar > Egcar trk,
a particle-flow track of energy Epcar 1k and a particle-flow tower with energy Epcar
are produced;

In that way, the particle-flow tracks contain charged particles estimated with a
good resolution. In contrast, the particle-flow towers contain, in general, a combina-
tion of neutral particles, charged particles with no corresponding reconstructed tracks,
and additional excess deposits induced by positive smearing of the calorimeters and
are characterized by a lower resolution.

As a detector simulator program, Delphes allows the user to choose the detector
to be used. Each detector has a specific file, a card, as Delphes calls it, to simulate
the detector response. These cards contain all the detector information, from layout to
efficiency formulas and jet algorithm.
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Sample Simulation

At Lepton colliders, the Higgs boson production strongly depends on the center of
mass energy of the collider and, to some extent, on the Higgs boson mass. The cross-
section of various production channels of this boson is displayed in Figure
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Figure 5.1: Main Higgs boson cross-sections as a function of /s at e+e- collider [72].

Where the lines have the following correspondence with the channels: full red line
to Higgsstrahlung, blue line to W fusion, green line to Z fusion, black to tf associated
production, and the dashed lines represent the same production channel as the full
lines but now refer to the production of Higgs boson pairs. More details about each
production channel can be found in Ref.[73]].

As shown in Figure[5.1} the Higgs boson is mainly produced via the Higgsstrahlung
(ZH) and W fusion (WW-fusion) processes at energies below 900GeV. At the center of
mass energies of 240 GeV, with a cross-section of 200 fb, as is shown in Figure 5.2, FCC-
ee is expected to deliver about one million HZ events with an integrated luminosity of
5ab~!, which will be complemented with 180 000 HZ events and 45 000 WW-fusion
events at 365 GeV , assuming an integrated luminosity of 1.5 ab™! at that /.

As presented at Ref.[74, 75], the Higgsstrahlung process is the primary process at
Leptons colliders, mediated by a Z boson, to produce the Higgs boson. By increasing
the center of mass energy, this s-channel process loses its dominance to the WW-fusion
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Figure 5.2: Higgs boson production cross-section as
a function of the CM energy (taken from Ref.[39]).

between 440-460 GeV, and, around 900 GeV, the Z-fusion channel exceeds its and be-
comes the second most dominant. This last exchange of dominance comes from the
fact that the Higgsstrahlung cross-section is proportional to the inverse of the center of
mass energy, 1/s, while the cross-section of the t-channel is proportional to ln(sz).

This work will only focus on the single Higgs and di-Higgs production channels
mediated by the Z boson: the Higgsstrahlung process and Z-fusion at /s = 240 and
365 GeV. This last channel is the third most dominant channel to produce the Higgs
boson, as seen in Figure . However it can improve the amount of statistics at both
energies.

5.1 Di-Higgs production

This thesis aims to study the Higgs boson self-coupling constant, Ay, and observe
ways to improve its measurement at the FCC-ee. So, for our first attempt, we simulate
the process that can give us the desired coupling constant: the di-Higgs production:

ete” —ete hh, withh — bb

Using MG5, we generate this process for a CM energy range of [280,600] GeV while
forcing the Higgs boson to decay to a pair of b quarks. Of all Higgs decays, this one
holds the highest branching ratio. Only two of the eight Feynman diagrams are af-
fected by Ay, (see Figures and [5.3b).

As revealed in Figure the cross-section will be O « (1078 — 1072) fb for the
center of mass energies mentioned above. The FCC-ee will run at energies of 365 GeV,

delivering 0.68 di-Higgs events for an expected integrated luminosity of 1.5 ab~}, as
stated in Table
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(c) without Ay,

Figure 5.3: Di-Higgs production with Higgs decay into a b-quark pair.
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Figure 5.4: Di-Higgs cross-section for /s € [280,600]GeV.

Suppose we desire to acquire at least one event. The integrated luminosity must be
at least 2.21 abfl, but even with that, we will only hold one event, which is negligible
compared to the global statistics.
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V5[GeV] L[ab™ '] Process o [fb] Events
ete” —zhh 2.007(1)x10~2  30.11
et e~ —ete hh h—bb 452315)x107*  0.68

365 1.5

Table 5.1: Number of di-Higgs events at /s= 365
GeV, without and with Z — eTe~ and H — bb decay.

5.2 Single Higgs production

As shown in Table the di-Higgs production in the FCC-ee is negligible, making
it impossible to observe directly the Ayy;,. According to Ref.[76], Ref.[4] proposed to
measure the Higgs self-coupling via the quantum corrections it induces in single Higgs
channels. In addition to reinforcing this fact, Ref.[25, 57] shows that the loop contri-
butions to the Higgsstrahlung process cross-section amounts to ~2% at 240 GeV and
~0.5% at 365 GeV. In order to improve the measurement and its precision of Ay,
this work will focus on the production channels mediated by the Z boson for the sin-
gle Higgs production. For that, three samples were simulated: Higgsstrahlung, Z-
fusion, and eeHee. The first two samples are the simulations corresponding to the
Higgsstrahlung and Z-fusion channels, and the third one corresponds to both chan-
nels together plus the interference between them. These simulations were generated at
Leading Order (LO), tree- and loop-level, using version 3.4.2 of MG5, while the eeHee
was also generated at Next Leading Order (NLO) with MG5 version 3.5.1.

MadGraphb version 3.4.2 was the first and the main version used in this work. In
order to generate the Ay, in this version, we generate the desired process via a loop-
induced process (loop-level) [77]. The loop-induced process is a process where their
LO contribution already comes from loop amplitudes. An example of this process is
the Higgs production via gluon fusion, see Figure In the most recent version, the
MadGraphb allows us to generate an NLO process, where the amplitude of tree-level
and loop-induced processes and their interference are included [62,|78-81].

5.2.1 Signal

For the LO level, the three signal channels were simulated at 240 GeV and 365 GeV
without any cuts at the MG5 level.

e Higgsstrahlung: e+ e- — z — e+ e- hﬂ

— tree-level: Figure[5.5a
- Loop: Figures and

e 7Z-fusion: e+ e- - e+ e-h $$ZE:

— tree-level:Figure
- Loop: Figures and

!Commands used to generate the process.
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e ceHee? e+ e- — e+ e- h@;

— tree-level: Figure[5.5
— Loop: Figure[5.6;

(a) Tree-level: s-channel (b) Tree-level: t-channel

Figure 5.5: Tree-level: Single Higgs boson production via lepton collisions

(a) Loop: s-channel with the

(b) Loop: t-channel with the
Higgs self-coupling constant

Higgs self-coupling constant

1

L e T .
(d) Loop: t-channel without the
Higgs self-coupling constant

(c) Loop: s-channel without the
Higgs self-coupling constant

Figure 5.6: Loop: Single Higgs boson production via lepton collisions

As presented in Section we used the MG5 default model, sm, for the tree-level
process. For the loop and NLO processes, the model loop_qcd_qed_sm was used,
where a change of parameters was needed to study these processes in different models.
We also refer to the strangeness of changing I'y; to 6.4 MeV instead of 3.2 MeV, as shown

2This will be our main signal. This process correspond to the combination of the Higgsstrahlung and
Z-fusion processes with their interference.
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in Table This modification is because MadGraph5 uses the Breit-Wigner resonance
formula, presented in Appendix/A} to calculate the cross-section, which considers the
particle’s mass, total width, and center of mass energy. So, if we use a value too small,
the cross-section values will change and can make no physical sense, as demonstrated
in Appendix/B|

To verity if the simulation was run appropriately, the tree-level cross-section de-
pendency with /s for Higgsstrahlung, Z-fusion, and the eeHee is the best way since
their behavior with energy increase is known.
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Figure 5.7: Higgsstrahlung and Z-fusion cross-section as a function of the CM energy.

As is possible to observe from Figure 5.7, our simulated channels show us a similar
behavior as shown in Figure At low energies, the s-channel is the primary process
for the Higgs production, but for 365 GeV, both channels have cross-sections close to
each other.

In Figure it is shown the cross-section behavior through the increase of /s for
the sample eeHee at tree-level and NLO. The upper plot shows the variation of their
cross-sections, while the lower plot corresponds to the quantum corrections from the
loop diagrams being 7.32% and 10.91%, while the loop diagrams, alone, contribute
0.79% and 0.52% at 240 and 365 GeV, respectively.

In Tables |5.2and the cross-sections for each process and at each level for both
energies, it is observed that the highest contribution to the cross-section of the eeHee
comes from the s-channel, which makes sense since this is the leading channel for
single Higgs production at lepton collisions.

5.2.2 Background

The main backgrounds for the Higgs production are et ¢~ — ¢t ¢~ b b (eebbee),
Figure[5.9) and e™ e~ — ¢t F (tf). The first background process was generated at 240 and
365 GeV, composed of all the processes with a ete~bb in the final state. At CM energy
of 365 GeV, the FCC-ee will be at the top quark phase, having the tf production as the
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Figure 5.8: eeHee signal at tree-level and NLO and the quantum
corrections from the lop diagrams as a function of the CM energy.

eeHee Higgsstrahlung Z-fusion
tree-level
O2a0Gev [fb] 7.87(1) 7.43(1) 0.4936(5)
T365Gey [fb] 6.754(8) 3.801(5) 2.669(3)
Loop
oraocev [fb]  6.710(8)x1072 | 6.702(6)x1072 | 8.09(3)x 107>
0365Gev D] 3.964(6)x 1072 | 3.939(6)x 1072 | 3.27(1)x10~*

Table 5.2: Cross-sections for Signal processes at tree-level and loop.

eeHee NLO
0240Gev [fb] 8.50(3)
0365Gev [fb] 7.58(3)

Table 5.3: Cross-section for NLO process.

main production channel. For this work, using MadGraph5 we force the semileptonic
decay on top quark, t — W™ b where W& — e 1, resulting in eTe™ bbv,, in the

tinal state, Figure
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Figure 5.10: tf background.

The cross-sections for each background process are displayed in Table At 240
GeV, the tf background has a negligible cross-section since the energy necessary to
produce a top quark pair is at least 346 GeV.

eebbee tt tt w semileptonic decay
0240GeV [fb] 2658(3) X X
Tasscev [fb]  22.83(3) 485.7(8) 3.380(4)

Table 5.4: Cross-sections for the background processes.
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Analysis

The analysis presented here uses the MC samples described in Chapter 5, The di-
Higgs sample returned a cross-section so low that it is nearly impossible to detect in
the middle of all the FCC-ee data. Only single-Higgs samples were considered in this
analysis. Table|6.1| presents the samples used here for the signal and background and
the nomenclature used.

Signal
eeHee NLO ete™ = ete h,at NLO
eeZeeH Higgsstrahlung
Z-fusion
Background
eebbee ete” — eTe bb
eett ete™ — tF — ete v, 7,bb

Background Global Background Sum

Table 6.1: Signal and background samples

This work has as a target the Higgs boson factory at FCC-ee. We require addi-
tional information beyond the sample cross-sections to obtain accurate results. With
the IDEA card, we can simulate the detector response. We will discuss this card and
the changes we made to it in Section[6.1} The analysis of the IDEA response is explained
in Sections [6.2]and [6.3| using the ROOT program from CERN [65].

6.1 Delphes: IDEA card

The IDEA card is a file in Delphes with the detector specifications from the layout to
the efficiencies formulas and jet algorithms. This work used the default layout and
efficiencies formulas while changing the jet algorithm and its parameters. The original
jet algorithm in this card is the Generalised k; algorithm for e"e~ collisions discussed
in Sectionwith 1.5,1.0 GeV and -1 as the R, p#" and p parameters. This algorithm
is identified as ee_genkt_Original for this work. While maintaining the algorithm, the
tirst change made in this work was to change the previous parameters to 0.4 [82], 20
GeV, and -1.0, designated by ee_genkt. The last change was on the jet algorithm to
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the anti-k; algorithm while keeping the parameters from ee_genkt. A resume of the
changes in the jet algorithm of the IDEA card is presented in Table

Parameter  Original Changed
Jet Algorithm ee_genkt anti-k;/ee_genkt
Jet Radius 1.5 0.4
PT min [GeV] 1.0 20.0
p parameter -1.0

Table 6.2: Delphes IDEA parameters: Originals and Changed.

6.2 Pre-Selection

Following the Delphes simulation, the analysis was performed using the ROOT frame-
work [65]. This Section presents the baseline analysis established on cuts on variables
such as electrons and jets. Overlap Removal (OR) strategy used to avoid the double-
counting and selection conditions in the particles pr were evaluated.

An analysis based on cuts on kinematics variables is explained more forward. The
examination at that level is based on the significance (S/ v/B) as a function of the cut
region for a given variable.

6.2.1 ATLAS Overlap Removal

In experiments like ATLAS or CMS, the track efficiency, the resolution for leptons and
charge hadron, the jet algorithm and its parameters, and many other components/pa-
rameters are optimized best to perform a high-quality reconstruction and analysis of
the experiment. However, missing identifying and double-counting a particle object is
always possible. For example, an electron object is identified as an electron and a jet, so
in the final count, this electron is counted as an electron and a jet. In order to overcome
this problem, the Overlap Removal procedure was created. This OR procedure com-
pares two types of objects at a time and if there is geometric overlap, one is removed
depending on a pre-defined priority.

Delphes simulation is no exception to this rule. In Figurep.I| to it is possible to
observe that the AR between two particles is lower than 0.5. This study considers that
any particle with a AR lower than 0.4 is counted twice. An Overlap Removal based on
the one used in Ref [82]] was used to overcome this double count. It is defined as:

1. Any jet found within a AR of 0.2 of an electron is removed;

2. Any electron subsequently found within AR of of 0.4 of a jet is removed;

following this list of priorities. The Overlap Removal was implemented before
selecting the desired electron, positron, and the two b-jets in the final state of our sam-
ples.

After the implementation of the Overlap Removal, in Figures [6.3|and [6.4] a cut for
the particle pr was applied. It is required for electrons to have a pr > 20 GeV and
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Figure 6.3: AR,,;,,after the OR, at both energies using the ee_genkt algorithm.

for all jets to have pr > 25 GeV The effect of these cuts may be appreciated from the
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Figure 6.4: AR,,;,,, after OR, at both energies using the anti-kt algorithm.

FTT Ty rrorroT

° = . T seHee NLO ° TT T T T[T T T T T T[T T T T T — esHes NLO
£ _ < — — eeZeeH
E I IDEA Simulation, anti-k ;ﬁ:;: 2 120k ] nik; — Ziusi
- el - = ™ yoe . — eebbee
= s=240 GeV, 5.0 ab — eebbes | Vs=365/GeV, 1.5 ab’ T et
— Global —
— - M — BG' 100 — G
ool N —] — —
= 1 - - —
[~ — 80—
- — sol— 1 -
= = 40— |
= - 20—
oL 11 I I oLL dodeted g V00 ) 1]
[ 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160 180 200 220 240
py' [GeV] P [GeV]
(a) (b)

Figure 6.5: pr distributions for (a) the leading b-jet at 240 GeV and (b) for the electron
at 365 GeV. The histograms are normalized to the respective integrated luminosity.

distributions shown in Figures and

The last step before the kinematics analysis was selecting the required reconstructed
particles. For the leptons, a pair of electron-positrons with opposite charges, while for
the jets, we required them to be identified by Delphes as a b-jet. The b-tag, ¢, and
mistag probabilities in the IDEA card are presented in Table Table |6.4illustrates a
resume of the pre-selection sorted according to their priority. The significance obtained
after applying these selection cuts is presented in Table

type b-jet c-jet light mistag
probability 0.85 0.01 0.005

Table 6.3: B-tag, ¢, and light mistag probabilities.
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Pre-selection

jet if AR; 0.2
ATLAS Overlap Removal Jet TEMOVe It ARjet lepton<

lepton remove if ARjeptop,jer<0.4
Pt > 25 Gev

Pt plﬁpt‘m >20 GeV
leptons Single ee pair with charge 0
b-jets single b-jet pair
Nei(b—jets) >1(2)
Table 6.4: Pre-selection.
Algorith
gorithm anti-k; ee_genkt ee_genkt Original
V5 [GeV]
240 45.48(67) 44.64(64) 17.67(47)
365 21.88(28) 21.48(27) 13.77(39)

Table 6.5: S/+/B obtained for 240 GeV and 365 GeV CM
energies from both jet algorithms after pre-selection.

6.3 Kinematic Analysis

The first optimization approach is based on applying successive cuts to the most rel-
evant kinematic variables. The value of each cut is to optimize the significance after
the cut. As for the baseline analysis, we start looking for variables capable of distin-
guishing the signal from the background. One of the advantages of working with a
lepton collider is that the center of mass at the moment of collision is well-defined and
is not described by a PDEF. As it is in Ref [57,|83], we use the "recoil mass" method. This
method works as follows:

1. In this simulation, we force the Z boson to decay into a pair of electron-positron.
Although the Z dielectron branching ratio is low, this allows the eeHee events
to be inclusive and efficiently selected independently of the Higgs boson decay
mode;

2. From total energy-momentum conservation it is possible to retrieve the mass re-
coiling against the lepton pair:

2 2
Miecoit = S+ Mjp — 2\/§(El+ + El*)/ (6.1)
where m; is the lepton pair invariant mass, and E;= are the two lepton energies;

3. Towards a perfect determination of the lepton pair kinematics, and in the absence
of initial state radiation, the 11, coincides precisely with the Higgs boson mass.

From the recoil mass, Figures and it is possible to have an excellent way
to distinguish the background from the signal. The main background is eebb at both
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Figure 6.6: Inclusive m,,,; distribution for events with a Z decay into e*e™,
displaying the Z peak from the eebb background and the H peak from the
eeHee NLO, Higgsstrahlung, and Z-fusion samples at both energies. Ex-
panded scale showing the m,,.,; distribution in the region around mp.

energies. This background was produced without any Higgs as a mediator particle, so
the mass recoiling against the lepton pair is given by the Z boson mass. This kinematic
variable is the best one to eliminate most of the eebb background. The eett background
shows no peak, which makes sense since the electron-positron pair comes from differ-

ent W bosons.

The selection of the cut in the m1,,.,;; distribution was chosen to maximize the sig-
nificance, S/ As all samples with a Higgs boson peak centered at mp in the 1,
distribution, an No window scan around the peak was calculated to get the signifi-
cance. The peak and its sigma were extracted by fitting the eeHee NLO signal to a

Bukin function, which is defined as

IThe background present in the significance formula refers to the total background at that CM energy.
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where,

oy 9
X =u+ovV2n2 | ———F1, 6.3
L/R U ( \/ﬁ ( )
and where y and ¢ are the position and width of the peak, n is the amplitude, p / is
the left/right tail exponential coefficients, and ¢ parametrizes the asymmetry. All the
parameters are floating variables and the mean, ¢, and the ratio between x? and the
number of degrees of freedom (n.d.f) are presented in Table
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Figure 6.7: Recoil mass fit with Bukin distribution function (a) at
240 GeV with the anti-k; and (b) at 365 GeV with the ee_genkt.
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Algorithm anti-k; ee_genkt
b VSIGeVE o 365 240 365
1 125.015(9) 125.14(4) | 125.024(7) 125.17(4)
o 0.231(5) 1.052(22) | 0.235(5)  1.02(2)
x2/n.d.f 0.975 0.924 0.95 0.927

Table 6.6: Peak, ¢, and x? divided by number of degrees of freedom (n.d.f) param-
eters from the m,,.,; distribution using the anti-k; and the ee_genkt algorithms.
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Figure 6.8: Signal significance as a function of the No from the recoil
mass fit at 240 GeV (a,b) and 365 GeV (c,d) for different jet algorithms.

For each value of o, we obtained the expected number of signal and background
events inside a window of No, with N €[0.5,9.5]. Using these numbers, we calculate
the significance. The S/+/B as a function of the N¢ window is shown in Figure

Based on these plots, we chose the 30 window cut in both energies and algorithms.

After placing the cut on m,,.,;;, most background events are cut out, as seen from
the electron-positron invariant mass plot in Figure Although this cut isolates our
signal from the background at 240 GeV, at 365 GeV we still have the background
from the tf production. In this channel, electronic neutrinos are created from the top
semileptonic decay. Since the neutrinos pass through the detector without detection,
the missing transverse energy (MET) can be used to separate samples. The missing
transverse energy is defined as:

Ef = —Y ph, (6.4)
i
where the index i runs over all visible particles.
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Figure 6.10: MET distribution after the m,,,; cut at 365 GeV
(left) and its significance as a function of MET’s window (right).

The tf channel is the only one with neutrinos in the final state, so the MET to-
tal background at 365 GeV is expected to be higher than the signal, as shown in Fig-
ure Using the significance of the number of events from the MET distribution,
we perform a scan by increasing the selection window from [0,10] to [0,140] GeV, and
in parallel with the distribution plot, we choose the cut:

MET < 40 GeV (6.5)

At 240 GeV, since the background comes only from the eebb channel, the MET
from all the channels will be low, as is possibly seen in Figure However, this cut
was applied at both energies. Using the optimized analysis, we obtain the significance
presented in Table |6.7|for each jet algorithm.

The percentage of improvement concerning the significance right after applying
the pre-selection is in Table The level of improvement was calculated using the
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Algorith
gorthm anti-k; ee_genkt ee_genkt_Original
Vs [GeV]
240 843.52+141.11 655.44+82.45 261.37+17.67
365 122.224+3.68 123.02+3.89 88.12+10.53
Table 6.7: S/\/B after the optimized analysis.
formula:
((8/V/B)lopt = (S/V/B)lpre) /(S/VB)|pre] x 100. (6.6)
Algorith
gorithm anti-k;  ee_genkt ee_genkt Original
V5 [GeV]
240 1754.54% 1368.33% 1379.06%
365 458.55%  472.80% 539.91%

Table 6.8: S/+/B improvement relative to its value after applying the pre-selection.

6.3.1 Higgsstrahlung and Z-fusion

The previous Section discussed selection cuts to avoid double-counting and the ones
used to improve S/+/B. Here are the cuts that can separate the Higgsstrahlung from
the Z-fusion channel.

Asiit is possible to observe from the electron-positron invariant mass in Figures
and the Higgsstrahlung channel shows a peak around the Z boson mass. Instead
of having that peak, the Z-fusion channel shows an asymmetric Gaussian-like distri-
bution with a large left tail. Both of these distributions are not unexpected. In the first
channel, the electron-positron pair is produced from the Z boson decay, Figure
and the second is a scattering process, Figure

We count the number of events inside an invariant mass window to choose the
best region to separate the channels. The window was increased in steps of 10 GeV.
In Figures|6.11aland [6.11b}, it is shown the significance between the s-channel and the
t-channel, S,.j,/\/St, versus the window max values.

As was discussed in Chapter 5| the Z-fusion channel becomes more dominant with
the CM energy increase while, in the same sense, the Higgsstrahlung channel falls.
This beginning of role change is shown clearly in Figures and In parallel
with the plots from Figure we select the following regions:

if M € [80,100] GeV, Higgsstrahlung Region
(6.7)
if M"_ > 100GeV, Z-fusion Region

ete~
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Figure 6.11: S,/ /St as a function of the Mgme’, window (a) at 240 GeV us-
ing the ee_genkt algorithm and (b) at 365 GeV using the anti-k; algorithm.
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Figure 6.12: Number of events as a function of the Mg”z, window (a) at 240 GeV
using the anti-k; algorithm and (b) at 365 GeV using the ee_genkt algorithm.

6.3.2 Statistical uncertainties

In detector experiments, the background has a much larger cross-section than the sig-
nal, meaning that the number of background events for a given integrated luminosity
will be greater than the number of events for the signal. Although the cross-sections
from MG5 agree with the first fact when passing through a detector simulator, the sec-
ond fact shows up to disagree with the reality. To see this last point, Figure the
electron-positron invariant mass, is presented.

Like in actual experiments, these histograms are filled with weight 1. However,
the number of events from eeHee NLO, Higgsstrahlung, and Z-fusion samples indi-
cate higher than the background samples. In order to represent the data from detector
experiments, we need to simulate the proper amount of events expected to have in
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Figure 6.13: Mgﬁg, after the selection condition and without any normalization

the FCC-ee, which is, at least, 10° HZ for an integrated luminosity of 5 ab—!. Unfor-
tunately, neither the MG5 can simulate this amount of events, of which the maximum
value is 1 million events, nor do we have the computational power to generate them.
Therefore, we apply different weights, w, according to the number of events from the
MC simulation and to the cross-section for each sample. The weight is defined as

_ Lrccee % IMG5 6.8)
Nwmcs

where Lrcc_ is the integrated luminosity expected to have in the FCC-ee, Nyg5 and

opmcs are the number of events and cross-section, respectively, generated from Mad-

Graphb.

Assuming that the number of events generated follows a Poisson distribution, the
uncertainty is given by v/N where N is the number of events. To be capable of nor-
malizing the number of events to a given luminosity, we multiplied the number of
events and the uncertainty by the weight: Ny = ANNorm=w X (Npgs £ ANpcs)-
The weighted number of events and their uncertainty can be used in standard error
propagation to compute the statistical uncertainty associated with any expression, par-
ticularly with S/+/B. The statistical error associated with the significance is given by:

S AS\ 2 S-AB 1)\2
Al =) = _ — ), 6.9
(5)-1(5)+ (-523) ©)
where AS and AB are the uncertainties associated with the number of signal and total
background events.

w
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Results

Chapter|[f| discusses the pre-selection and kinematic analysis used at 240 and 365 GeV.
In this chapter, we describe and compare the results of the signal optimization at FCC-
ee for the different jet algorithms used on the detector response.

7.1 Single-Higgs Results

The results from the event selection of the single Higgs production at the FCC-ee with
an integrated luminosity of 5.0 ab~! are summarized in Tables o and at 1.5ab~!
are in Tables [7.4fo [7.6] for the ee_genkt_Original, ee_genkt and anti-k; algorithms. The
double line in each table marks the reconstructed, the pre-selection, and the optimized

level.
Selection eeHeen o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
42456(190) 37146(176) 2468(11) 132820(594)
ATLAS OR 96.800% 96.888% 97.553% 97.242%
pletoUePt) 595 (20) GeV  88.227% 89.136% 84.650%  77.844%
Q(e*)=+1, b-tag 18.709% 20.299% 16.658% 25.701%
Npe > 1, Ny 22 3.348% 3.752% 3.400% 4.871%
1421(35) 1394(34) 84(2) 6470(131)
MRecoil € 3 0 Window 2.662% 2.488% 2.856% 0.014%
2.656% 2.484% 2.850% 0.014%
MET < 40 GeV 656% B4
1127(31) 923(30) 70(2) 19(7)
mgﬂz, €[80,100] GeV 2.475% 2.338% 1.052% 0.000%
mgﬁze’, > 100 GeV 0.102% 0.030% 0.508% 0.000%

Table 7.1: Cumulative efficiency, in percentage, of each event selection crite-
rion of eeHeen o, Higgsstrahlung, Z-fusion, and Background. The absolute
value of expected events is normalized to £ = 5.0 ab~!. These results were ob-
tained using the IDEA detector design with the ee_genkt_Original algorithm.
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Selection eeHeenr o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
42420(190) 37138(166) 2464(11) 131638(592)
ATLAS OR 91.7% 91.1% 91.3% 84.6%
pletoUePt) 595 (20) GeV  85.1% 85.0% 82.8% 73.0%
Q(e*)=+1, b-tag 32.3% 34.0% 27.5% 40.6%
12.58% 12.92% 10.77% 10.85%
Npe > 1, Ny_jor > 58% 92% 0.77% 0.85%
5335(67) 4800(60) 265(4) 14287(195)
MRecoit € 3 0 Window  10.11% 8.87% 9.57% 0.03%
10.08% .84% 9.55% .03%
MET < 40 GeV 0.08% 8.84% 55% 0.03%
4274(60) 3283(49) 235(3) 43(11)
ml®_€[80,100] GeV 9.28% 8.45% 3.75% 0.012%
ml?_ >100 GeV 0.64% 0.18% 3.22% 0.002%

Table 7.2: Cumulative efficiency, in percentage, of each event selection crite-
rion of eeHeey o, Higgsstrahlung, Z-fusion, and Background. The absolute
value of expected events is normalized to £ = 5.0 ab~!. These results were ob-
tained using the IDEA detector design with the ee_genkt algorithm changed.

Selection eeHeen o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
42387(190) 37138(166) 2462(11)  131115(590)
ATLAS OR 90.33% 89.56% 89.44% 81.26%
plesUert) 505 (20) GeV  83.47% 82.90% 80.75% 70.07%
Q(ei)=:|:1, b-tag 32.17% 33.74% 27.38% 39.20%
12.15% 12.55% 10.24% 9.79%
Npe > 1, Np_jor 2 5% 55% 0.24%
5152(66) 4659(59) 252(6)  12830(185)
MRecois € 30 Window  9.76% 8.59% 9.13% 0.02%
9.73% 8.57% 9.11% 0.02%
MET < 40 GeV
4126(59) 3182(49) 224(3) 24(8)
miﬁz, €[80,100] GeV 8.94% 8.16% 3.55% 0.0041%
mgﬁz, > 100 GeV 0.62% 0.20% 3.18% 0.00%

Table 7.3: Cumulative efficiency, in percentage, of each event selection cri-
terion of eeHeen o, Higgsstrahlung, Z-fusion, and Background. The abso-
lute value of expected events is normalized to £ = 5.0 ab~!. These results
were obtained using the IDEA detector design with the anti-k; algorithm.

Considering the Higgs production in FCC-ee at 240 GeV and 365 GeV after apply-
ing the kinematics cuts, Table the significance, independently of the jet algorithm
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Selection eeHeenr o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
11421(51) 5700(45 4003(18)  39305(155)

ATLAS OR 97.61% 99.11% 96.88% 97.17%
pletoUePt) 595 (20) GeV  91.19% 95.17% 90.77% 83.62%
Q(e*)=+1, b-tag 16.35% 18.03% 17.38% 20.33%
2.98% 49% 2.30% 1.55%

Nyt > 1, Ny 22 98% 3.49% 30% 55%
340(9) 199(8) 92(3) 611(13)

MRecoil € 3 0 Window 2.28% 2.30% 2.12% 0.05%
2.21% 2.22% 2.03% 0.02%

MET < 40 GeV

124(8) 133(7) 81(3) 8(2)

ml®_€[80,100] GeV 1.23% 2.02% 0.05% 0.01%
mI?_ > 100 GeV 0.98% 0.17% 1.96% 0.01%

Table 7.4: Cumulative efficiency, in percentage, of each event selection crite-
rion of eeHeey o, Higgsstrahlung, Z-fusion, and Background. The absolute
value of expected events is normalized to £ = 1.5 ab~!. These results were ob-
tained using the IDEA detector design with the ee_genkt_Original algorithm.

Selection eeHeen o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
11412(51) 5701(25) 4004(18)  39293(155)
ATLAS OR 93.57% 93.62% 92.28% 88.18%
plesUert) 505 (20) GV 89.98% 91.33% 88.69% 82.21%
Q(ei)=:|:1, b-tag 37.20% 41.66% 40.24% 54.16%
15.12% 16.51% 15.89% 16.43%
Npe > 1, Np_jor 2 5.12% 6.51% 5.89%
1726(20) 941(10) 636(7) 6457(61)
MRecois € 30 Window  12.48% 11.56% 15.14% 0.89%
12.24% 11.24% 15.02% 0.33%
MET < 40 GeV
1397(18) 6341(9) 601(7) 129(7)
ml" €[80.1001GeV  5.72% 10.36% 0.22% 0.09%
mgﬁz, > 100 GeV 6.42% 0.59% 14.69% 0.20%

Table 7.5: Cumulative efficiency, in percentage, of each event selection crite-
rion of eeHeey o, Higgsstrahlung, Z-fusion, and Background. The absolute
value of expected events is normalized to £ = 1.5 ab~!. These results were ob-
tained using the IDEA detector design with the ee_genkt algorithm changed.

used, is above 5¢. This result indicates that the Higgs boson accumulated from the
process ete™ — eTe h is expected to be accumulated by the IDEA detector will be
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Selection eeHeenr o Higgsstrahlung Z-fusion Background
100% 100% 100% 100%
Reconstruct
11416(51) 5701(25) 4003(18)  39287(155)
ATLAS OR 92.83% 93.11% 90.96% 84.65%
pletoUePt) 595 (20) GeV  89.03% 90.77% 86.88% 78.47%
Q(e*)=+1, b-tag 37.35% 41.34% 40.94% 52.91%
Nyt > 1, Ny 22 14.62% 15.90% 15.64% 14.79%
1668(20) 906(10) 626(7) 5811(57)
MRecoit € 3 0 Window  12.14% 11.22% 14.99% 0.87%
11.90% 10.88% 14.86% 32%
MET < 40 GeV 0% 0.88% 86% 0.32%
1358(18) 620(8) 595(7) 123(7)
ml®_€[80,100] GeV 5.33% 10.04% 0.22% 0.08%
mI?_ > 100 GeV 6.27% 0.58% 14.51% 0.20%

Table 7.6: Cumulative efficiency, in percentage, of each event selection cri-
terion of eeHeen o, Higgsstrahlung, Z-fusion, and Background. The abso-
lute value of expected events is normalized to £ = 1.5 ab~!. These results
were obtained using the IDEA detector design with the anti-k; algorithm.

highly visible and distinguish from the background. This outcome should not be a
surprise. Section 3.3 presents four points that one needs to consider about the type
of collider to be built. In the second point, we stated that the signal-background ratio
would not be a problem using a Lepton collider, meaning a clean environment. This
clean environment can be observed from our significance even after the pre-selection.

Taking advantage of the elemental particles’ properties from the beam and with the
high-precision center of mass energy calibration, the recoil mass can be measured with
extreme precision, which is our main step to reaching our goal. With the m,,.,;;, we
can take almost 100% of our background, especially at /s=240 GeV. At /s=365 GeV
~99% of our background is removed but can be reduced even more. Adding a cut in
the missing transverse energy reduces the background to ~0.03% for the anti-k; and
ee_genkt and ~0.025% for the ee_genkt_Original.

7.1.1 Significance

In this work, we use three different jet algorithms: the one that already comes in the
IDEA detector card where no parameters were changed (ee_genkt_Original), the same
algorithm but with the parameters from the Ref[82] (ee_genkt), and the anti-k; with
the same parameters that this last one. All of them had delivered a high significance
after the kinematics cuts. Table [/.7| presents the improvement, in percentage, caused
by changing parameters in the ee_genkt algorithm, using Eq.(7.1).

[((S/\/E)‘ee_genkt - (S/\/E)’ee_genkt_Original) /(S/\/E”ee_genkt_Original] x 100 (7.1)

From Table we observe that when considering the jet radius 0.4 instead of the
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vsIGeVl | 365
Algorithm

ee_genkt 150.77%  39.61%

Table 7.7: S/+/B improvement from the parameters change in ee_genkt algorithm.,

original 1.5 with an increase of the jets’ p2" from 1 to 20 GeV, the significance is im-
proved, especially at 240 GeV. When considering a radius jet of 1.5, the reconstructed
jet can have other particles that are not supposed to be classified as jets. The effect of
the jet radius decrease is visible when jets with a BTag of 1 or 3 and leptons with op-
posite charges are selected. However, such variation vanishes when we compare the
significance from ee_genkt with the anti-k; algorithm.

VSIGeVI | 365

Algorithm
anti-k; \ 28.70% -0.66%

Table 7.8: S//B improvement from the algorithm change from ee_genkt to anti-k;.

[((S/\/E)lanti-kT - (S/\/§)|ee_genkt> /(S/\/§)|ee_genkt} x 100 (7.2)

When we compare the ee_genkt with the anti-k; algorithm, Table the variation
between significances shows no drastic variation like in Table Therefore, using
the anti-k; algorithm for a detector like the IDEA simulation from Delphes, we expect
an improvement of ~29% at 240 GeV. At 365 GeV, the anti-k; shows a significance of
~0.23% lower than the one from the ee_genkt algorithm but nothing too extreme that
does not allow us to use that algorithm.

7.1.2 eeHee: NLO and Loop

As can be observed in Table Table the number of events from loop diagrams and
their interference with the tree-level processes will be overshadowed by the number of
events from the total signal process. The quantum contributions from loop processes
correspond to the amounts of 3.6% and 4.24% at 5.0 and 1.5 ab~! corresponding to a
2.3¢ and 1.6¢ for the standard deviation, respectively. Although the FCC-ee needs to
reach an integrated luminosity of 23.4 and 15.4 ab—! at 240 and 365 GeV of CM energy,
it is possible to observe the effects of this quantum correction at some observables such
as the My_jets and Ej,_jess, where, for their highest values it is possible to see some
deviation when compare the signal at tree-level and at NLO Figures|/.1jand
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Results

Vs [GeV] 240 (5.0ab—1) 365 (1.5ab~ 1)
Total signal events 4126 1358
Loop + interference events 149 58
Contributions from 36 404
quantum effects (%)
Standard deviations 2.3 1.6
Ls, [ab™1] 23.4 15.4

Table 7.9: Total signal and loop+interference events, quantum contributions, and
standard deviations according to the integrated luminosities at the FCC-ee [39].
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Figure 7.1: Energy of a pair of b-jets.
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Figure 7.2: Mass of a pair of b-jets.
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Chapter 8

Conclusion

This thesis presented a study targeting the FCC-ee sensitivity to the Higgs self-coupling
constant. The analysis focused the FCC-ee phases where the Higgs boson will be stud-
ied, which corresponds to the periods with center of mass energies at 240 and 365 GeV
with integrated luminosities of 5.0 and 1.5 ab~!, respectively.

The first approach presented in this work was a direct measurement of the Higgs
self-coupling through the di-Higgs production with both Higgs bosons decaying to b
quarks,ete” — ete hh,h — b b. However, we have determined that the cross-
section for this channels is too low, 4.523(15)x10~* fb, leading to less that one event
to be produced for the entire operation of the FCC-ee accelerator. After the previous
tinding, we have dedicated the rest of the work to an alternative analysis, focusing on
et e~ — et e h, single Higgs production, with the Higgs decaying to b quarks. The
idea behind this analysis is to estimate if the effect from the triple Higgs coupling (Aj,p,1,)
present in higher order diagrams would be enough to gain experimental sensitivity to
this coupling. This follows an idea first proposed by F. Maltoni et al. [84].

Through MadGraph5, we simulate the samples for the Higgsstrahlung and Z-
fusion processes individually and the samples considered as the signal was the combi-
nation of them with their interferences included. For the background, all the processes
with eTe~bb without any Higgs boson as a mediator and top pair production with a
top decaying in a semileptonic way. The samples were hadronized with the Pythia8
simulated and the IDEA detector response through Delphes.

The next step was removing all the double-counting objects. For this, the overlap
removal used in ATLAS experiment. After the overlap removal, at least two electrons
with opposite charges from the Z decay and a pair of b-quarks produced by the Higgs
decay were requested. From the optimized analysis, we found that the recoil mass
system against the electron-positron pair was one of the best kinematic variables to be
used to separate the signal from the background. Using the Bukin function for the fit,
we retrieved the peak and the sigma values used for the recoil mass scan where the
30 window was chosen to be the most suitable region. Taking into account the back-
ground at V8= 365 GeV, where the final state had neutrinos, the missing transverse
energy variables need to be used and the region that improves the signal significance
is between [0,40[ GeV. Using the electron-positron invariant mass, it is possible to sep-
arate the contributions of the two production channels which allows us to study each
process individually.

This analysis consisted of using two different jet algorithms: the Generalised kr
algorithm for e*e™ collision and the anti-k; algorithm. For the first algorithm, we use
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two different sets of parameters: one where we did not change the IDEA card’s origi-
nal parameters, a jet radius of 1.5, and a transverse momentum minimum of 1 GeV for
the jets, while for the second set, we chose 0.4 and 20 GeV for the jet radius and trans-
verse momentum minimum. This last set of parameters was also used in the anti-k;
algorithm.

Some observables, such as Epjpp and Mypipp, show to have sensibility to the quan-
tum effects from the loop diagrams at their highest values. We estimate that the mea-
surement can be made at 2.3c and 1.60 at CM energies of 240 and 365 GeV, respectively.

As future work, performing a deeper study for observables sensible to the quantum
effects by deviations of the Higgs self-coupling constant. This study can be carried out
through more advanced techniques such as machine learning and with the use of other
generators that allows to change the value of Ay,at NLO, in order to cross check the
effects of new physics in this coupling.
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Appendix A

Breit-Wigner formula

For a collision process between two particles, A and B, forming exclusively a unstable
state X', which then decay to the final state, C and D, where the width of the interme-
diated state is not to high compare to their own mass, the cross-section is given by the
Breit-Wigner formula [85]:

I,T;

(A1)

where:
* I'j/r — partial width of the intermediate state to the initial/final state;
o I' — full width of the unstable particle;
¢ E — center of mass energy;
e Er — rest mass energy of the resonance;
® Omuax — peak cross-section;

and if the final state particles decay into other particles, additional Branching Ratio are
add to the formula.
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Appendix B
Total Width problem

In Appendix |A}, we presented the Breit-Wigner formula, which MadGraph5 uses to
calculate the cross-section. This formula shows us a total width dependency, which
can cause problems if the width is too small.

In this appendix, we show an example of where this happened. Consider the two
processes: e+ e- > e+ e- h (eeHee) and the same one plus the Higgs decay into a b-quark
pair (eeHee, H > b b ) at the models” sm (MG5 default model) and loop_qgcd_ged_sm-
with—b-mas at 1/s=240 GeV. For each process in each model, we change the Higgs
total width between the two values mentioned above.

P
rocess eeHee eeHee, H>Dbb
'y
3.58 MeV 7.90 10.9
6.38 MeV 791 6.38

Table B.1: Cross-sections [pb] at loop_qcd_qed_sm-with-b-mass model.

P
rocess eeHee eeHee, H>DbDb
'y
3.58 MeV 7.88 10.9
6.38 MeV 7.88 6.52

Table B.2: Cross-sections [pb] at sm model.

From Tables and it is possible to notice that for small values of the total
width, the process with the Higgs decay exhibits a higher cross-section than the same
process without the decay, which makes no logic. With this in mind, it was decided,
for this study, to use the default I'y from the sm MGS.

!t is the same model as the loop_qcd_qged_sm but at the four flavor scheme.
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Appendix C

Flowchart
Level 1:
Njets Ne
ATLAS overlap removal
Level 2:
Njets Ne

¥

B-tag: 1 or 3

Ne+, NE—

Level 5:

Nbfjetsr

Qe7)=-1,Q(e")=1

Min: le*and 2 b-jets

All variables

Level 6

Recoil Mass cuts

All variables

Level 7:

MET< 40 GeV

All variables

Level 8:

Level 9:
All variables
M., €[80,100] GeV

1

M, >100 GeV
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Appendix D
IDEA b-tag

The output file from Delphes is a ROOT file, where the data is stored in a ROOT
tree format [66]. ROOT tree objects are constructed from the particles generated by a
Monte-Carlo generator and from objects produced by Delphes, such as jets, electrons,
muons, and others. Each object is split into different branches, and their properties
(like pr, mass, electric charge, b-tag, and others) can be accessed by the branch’s rami-
fications called leaves.

The b-tag variable (BTag) in the Jet branch can store up to 32 bits. It allows the user
to specify the BitNumber parameter, which points to the position where that bit will
be stored. By default, its value is 0, meaning the b-tag bit is stored in the first position.
From Fig it is indicated that BTag={0,1,2,3}. Turning this into binary language

TTTT TTTT TTTT TTTT T eeHee NLO
— eeZeeH
— Z-fusion

#events

— eebbee
— BgClera!

3.5

4
BTag

Figure D.1: IDEA card b-tag.

and using the BitNumber 0, it is possible to understand the meaning behind the BTag
values:
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BTag value 0O|1|2]3
BTag binary | 00 | 01 | 10 | 11
(bit0) & BTag | F | T | F | T

Table D.1: B-tagging in bit-wise code with T for True and F for false.

Table shows its binary representation for each BTag value. As the default Bit-
Number was used, the b-tag bit is contained in the first position. In order to select the
b-jets, the BTag should be 1 or 3.
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Appendix E

Extra Plots

o T T T[T T T T[T T T[T T T T[T T T T[T T T —eeHeeNO
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s R .
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3 — eebbee
— eett
__ p@Giobal
VN O O I
3.

(b)
Figure E.1: AR,,;,, before (a) and after (b) OR, at 365 GeV using the ee_genkt_Original.
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Figure E.2: MET distribution after the m,,; cut at 240 GeV
(left) and its significance as a function of MET’s window (right).
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