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Resumo

A producao de pares de bosoes de Higgs é um processo chave a ser estudado em aceleradores futuros
porque fornece informagao sobre o mecanismo de quebra da simetria eletrofraca mas esta fora do
alcance do LHC.

A construgao de um acelerador circular com 100 km de perimetro na area de Genebra esta a ser
analisada pelo CERN. Espera-se que o futuro acelerador hadrénico (FCC-hh) funcione a uma energia
do centro de massa (CM) de /s = 100 TeV e que acumule uma luminosidade integrada de O(30) ab™'.

Esta tese descreve um estudo de Monte Carlo que analisa o processo hh — bbbb numa regiéo
cinematica de alto momento transverso, usando colisdes protdo-protdo a uma energia do CM de /s =
100 TeV. O trabalho foca-se no impacto da granularidade do calorimetro hadrénico na significancia,
S/VB.

Para o FCC-hh, a significancia atingida é S/v/B = 8.8+ 1.6 (stat.) T3} (sys.) para uma luminosidade
integrada de £ = 30 ab~*. Utilizando jatos reconstruidos combinando informag&o do sistema de tragos
e do calorimetro, a significancia varia aproximadamente 54%. A variacao é mais acentuada quando se

utilizam jatos recontruidos apenas com a informagéo do calorimetro (~ 71%).

Palavras-chave: Pares de bosdes de Higgs, futuro acelerador circular, granularidade do
calorimetro hadrénico, FCC-hh, quatro quarks b, upgrade do detetor ATLAS



Abstract

The production of pairs of Higgs bosons is a key benchmark process for future colliders because it
provides crucial insight into the Electroweak Symmetry Breaking mechanism but it is probably out of the
current reach of the Large Hadron Collider.

CERN is currently leading a study that analyzes the feasibility of a 100 km circular collider located
in the Geneva area. The hadronic Future Circular Collider (FCC-hh) is expected to work at a center of
mass energy of /s = 100 TeV and to collect a total integrated luminosity of O(30) ab™".

This thesis describes a Monte Carlo study targeting the search for hh — bbbb in a boosted kinematic
regime, using proton-proton collisions at center of mass energy of /s = 100 TeV. The focus is on
the impact of the granularity of the hadronic calorimeter on the significance for observing hh — bbbb,
targeting detector optimization studies for future colliders. In addition to traditional kinematic variables,
jet substructure observables are also explored.

For the FCC-hh, the achieved significance is S/vB = 8.8 + 1.6 (stat.) 3} (sys.) for an integrated
luminosity of £ = 30 ab™", which is above the conventional 50 discovery threshold. When using parti-
cle flow jets, the significance changes by approximately 54% over the range of detector configurations

considered. The change is more accentuated when using pure calorimeter jets (~ 71%).

Keywords: Higgs boson pair production, Future Circular Collider, HCAL granularity, FCC-hh,
four b quarks, ATLAS upgrade
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Chapter 1

Introduction

It is the ultimate goal of particle physics to discover and study all of Nature’s fundamental particles and
to understand their interactions. Through a joint endeavor of theorists and experimentalists, models that
describe particle dynamics and properties can be precisely probed at collider experiments such as the
Large Hadron Collider (LHC).

We know today that matter particles interact by means of four fundamental forces: electromagnetic,
weak, strong and gravitational, of which the first three are associated with mediator particles. We even
know that a very special particle, the Higgs boson, is linked to the mechanism that generates the mass
of the mediator particles. It is called the Electroweak Symmetry Breaking (EWSB) mechanism and it
involves the spontaneous breaking of a gauge symmetry. Through Yukawa couplings, the Higgs boson
is also responsible for the masses of fermions. This knowledge is beautifully summarized in the Standard
Model of Particle Physics (SM) that was developed in the 1960’s and 1970’s, long before many of the
particles it predicts were discovered. The extraordinary precision of the predictions it delivers make it
a very successful model. The Higgs boson, is the most recent elementary particle to be discovered
in 2012 at the LHC, which marks an important point in the history of particle physics. We have now
observed all the particles predicted by the SM, and yet we know that it cannot be the whole story. Mainly

because there is experimental evidence of physics that it cannot explain.

From the theoretical point of view, this is enough motivation to construct models that extend the SM
but that can still deliver predictions that are compatible with experimental data. From the experimental
standpoint, this is an indication that we need to keep increasing the precision of our measurements and
probing new kinematic regimes in the aiming to find more discrepancies with the SM or some hint that

some new phenomenon is taking place.

A higher precision requires a larger integrated luminosity and a larger center of mass energy opens
the door for the exploration of new kinematic regimes. Very recently, work towards the upgrade of the
LHC to its High-Luminosity (HL) version has began. It is expected to work for a period of ten years
between 2026 and 2036 and it will extend the experimental reach of the LHC. In order to keep extending
the physics reach of the LHC and HL-LHC, new colliders with unprecedentedly high center of mass (CM)
energies are currently being designed in the hope that they will begin to deliver data shortly after the
HL-LHC has reached its full discovery potential. One of these projects is the hadronic Future Circular

Collider (FCC-hh) that consists of a 100 km ring located in the Geneva area and it is expected to work



at a CM energy of 100 TeV. The FCC-hh will deliver a peak luminosity of £ = 30 x 103 cm~2s~! in
its ultimate phase. This will result in O(30) ab™" per experiment which corresponds to ten times the
expected integrated luminosity by the end of the HL-LHC operation.

The next milestone for the FCC-hh project is the submission of a Conceptual Design Report by the
end of 2018. This document will be used as input for the next meeting of the European Strategy for
Particle Physics that will take place in the beginning of 2019. It should present a baseline design for the
detector, a first cost estimate and preliminary analysis for physics benchmark processes demonstrating
the physics reach of such a machine.

Both in the HL-LHC and in future colliders, one of the most important benchmark processes is the
production of pairs of Higgs bosons. Firstly, this process is predicted by the SM but has not yet been
measured which is due to its very small cross section and overwhelming backgrounds. Furthermore,
it provides unique insight into the EWSB mechanism because it is sensitive to the shape of the Higgs
potential and can also be used to probe physics beyond the SM (BSM).

In this work we study Higgs boson pair production at a CM energy of /s = 100 TeV using the final
state with four b quarks. This final state benefits from the large branching fraction of the Higgs boson to
a pair of b quarks. However, in this channel, the multijet production through Quantum Chromodynamics
(QCD) interactions is overwhelming. Nonetheless, it is a well known feature of QCD interactions that the
partons (and jets) produced tend to have a low transverse momentum (pr). This indicates that exploring
a high pr region of phase space could be the key to suppress this background. In this kinematic regime,
traditional jet reconstruction techniques, that try to establish a one-to-one correspondence between
partons and jets, begin to fail because the decay products of heavy and highly boosted particles become
more collimated as the pr of the mother particles increase. State of the art jet reconstruction techniques
make use of jets with a larger radius parameter to reconstruct both decay products (two b quarks) as a
single jet that can then be used as a proxy for the original particle (a Higgs boson). In order to recover as
much information as possible from these jets, it is important to analyze their intrinsic structure, referred
to as substructure.

Jet substructure techniques explore the existence of localized energy maxima inside the large-R
jets (subjets). For example, a jet containing the two b quarks from the decay of a Higgs boson is
expected to be more consistent with having two subjets than a jet produced by a QCD process. From
the standpoint of detector design for the FCC-hh, as well as for future upgrades of existing detectors,
the ability to resolve the substructure of large-R jets is a key requirement for which a highly granular
hadronic calorimeter (HCAL) can be crucial.

The main goal of this thesis is to use boosted di-Higgs production in the four b quarks final state to
study the influence of the granularity of the HCAL in significance of the detection that can be achieved.

Chapter 2 presents an overview of the SM. It summarizes its particle content and interactions and
introduces the mathematical formulation of the EWSB breaking mechanism. The successes and short-
comings of the SM are presented and several BSM models are introduced and their motivations dis-
cussed. Finally, a theoretical description of the production of Higgs pairs is provided.

The FCC-hh baseline accelerator and detector were highly based on LHC and its current experi-



ments, namely ATLAS and CMS. In chapter 3, after a brief discussion of the general features of particle
accelerators, we introduce the LHC and the ATLAS experiment. A discussion of jet reconstruction is
included. We then introduce the FCC-hh accelerator and its current baseline detector design. Some key
detector parameters are compared to ATLAS.

In chapter 4 we present the state of the art of searches for Higgs pair production at the LHC and
of feasibility studies targeting searches for this process at future colliders (High Luminosity LHC and
FCC-hh). We also review previous studies that focus on the impact of the HCAL granularity on the jet
mass and jet substructure observables resolution.

In chapter 5 we describe in detail the Monte Carlo samples that were used in this work. In addition,
the different detector configurations that were tested are described. Chapter 6 entails the description
of the analysis strategy and its optimization. A comprehensive characterization of the signal and back-
grounds processes is provided.

In chapter 7 we present and discuss the main results. We focus on the resolution of the jet mass
and of the ratio of N-subjetiness variables, namely, 7»;. In addition, we analyze how the significance
changes with the granularity of the HCAL is varied. The results obtained using particle flow jets and
pure calorimeter jets are compared.

Finally, conclusions are drawn in chapter 8.



Chapter 2

The standard model and beyond

The Standard Model (SM) is the theoretical framework that summarizes our present knowledge of par-
ticle physics. In section 2.1, we provide an overview of this model, focusing on the Higgs mechanism.
In section 2.2, we motivate the need to explore models beyond the SM and introduce some of the most
well known beyond the SM (BSM) models. In section 2.1.3, we provide a theoretical description of the

production of Higgs boson pairs which is the physical process that is under study throughout this work.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics summarizes our present knowledge of fundamental particles
and their interactions. It is formulated in the framework of Quantum Field Theory (QFT) and describes
the subatomic world in terms of fields whose excitations are the particles we can detect. The particle
content of the SM is summarized in figure 2.1. Each particle is represented inside a square. The electric
and color charge are shown in the right upper corner and the spin in the right lower corner. The mass
of the particles are given in electron-Volt (eV) on top of each square (M standing for Million eV and G
standing for Billion eV). There are two types of fundamental particles: matter particles and force carriers.

Matter particles are the building blocks of all the matter in our world. They come in two groups,
leptons and quarks. Quarks make up atomic nuclei; leptons, namely electrons and muons, can orbit
atomic nuclei forming atoms. Quarks and leptons are elementary fermions which means they have half-
integer spin. There are six flavors of quarks: three of the 'up type’ (up, charm and top represented by
u, d and t) with electric charge of +2/3 and three of 'down type’ (down, strange and bottom represented
by d, s and b) with electric charge of —1/3. Similarly, we have three leptons with charge —1 (electron,
muon and tau represented by e, 1 and 1) and three neutral leptons (electron, muon and tau neutrinos
represented by v with the symbol of the corresponding charged lepton as subscript) that are, within the
SM, massless. We can classify quarks and leptons in three generations, each composed of an up type
and down type quark or of a charged lepton and the corresponding neutrino.

The force carriers, technically called gauge bosons, are particles associated with the fundamental

interactions: strong, electromagnetic, weak and gravitational . Each interaction can be interpreted as

The gauge boson that corresponds to the gravitational force has not yet been found. In addition we still do not have a theory
that successfully describes gravitation in the framework of QFT so we will not include the gravitational force or its gauge boson in
any of the following discussions. Moreover, the gravitational interaction is not relevant for the energy ranges studied.
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Figure 2.1: Schematic representation of the Standard Model of elementary particles. Particle are repre-
sented inside squares. The electric and color charge are shown in the right upper corner of each square.
The spin is shown in the right lower corner. The mass of the particles is also shown, in electron Volt.

the result of the exchange of the corresponding gauge boson. Gluons (g) and the photon (v) are the
mediators of the strong and electromagnetic interactions, respectively. They are massless, electrically
neutral and have spin 1. The W= and Z bosons are the mediators of the weak interaction and have a
mass of 80.385 = 0.015 [1] and 91.1876 4 0.0021 GeV [1], respectively. The W+ and W~ bosons have
electric charges of +1 and —1, respectively and spin 1. The Z boson is electrically neutral and also has
spin 1. The gauge bosons can also be referred to as vector bosons because they have spin equal to

one.

In addition to matter particles and gauge bosons, the theoretical formulation of the SM rests on the
existence of the Higgs boson that is an electrically neutral and spin 0 particle. It has a mass of 125 GeV

and it interacts with every particle that has mass.

Historically, an empirically successful quantum theory of electromagnetism, Quantum Electrodynam-
ics (QED), was developed in the late 1940’s. In the early 1950’s there were high hopes that quantum
theories could also be formulated for the weak and strong interactions. This is the context in which Yang-
Mills theories emerged. They extend the concept of gauge theory from abelian groups, that led to the
development of QED, to non-abelian gauge groups. However, the quanta of the fields predicted by these
theories must be massless in order to maintain gauge invariance. Therefore, they were set aside until
the 1960’s when the idea of particles acquiring mass through symmetry breaking in massless theories
was put forward by Goldstone [2] and Nambu and Jona-Lasinio [3]. In the following paragraphs we dis-
cuss in more detail the caveats of Yang-Mills theories and the phenomenon of Spontaneous Symmetry
Breaking (SSB) as the basis of the modern Higgs mechanism. We then describe this mechanism in the

framework of the SM.



2.1.1 Spontaneous Symmetry Breaking Mechanism

On the one hand, if one takes a Yang-Mills theory, it becomes clear that it is not possible to include in the
Lagrangian a mass term for the gauge bosons because it is not invariant under a gauge transformation.
This would not be a problem if we just wanted to describe electromagnetic or strong interactions because
the gauge bosons associated with these interactions, the photon and the gluons, are indeed massless.
However, for the weak interactions this is not the case. Even before the discovery of the Z and W=+
bosons [4, 5] there was experimental evidence of the short range character of the weak interactions
which indicated that the corresponding gauge bosons should be massive.

On the other hand, spontaneous symmetry breaking (SSB) is a phenomenon through which the
invariance of a system under a certain symmetry group is destroyed [6]. The system may then be in-
variant under a subgroup of the initial symmetry but the invariance under the original symmetry group is
no longer present. In particle physics, this happens because the vacuum of the system (lowest energy
states) does not share the symmetry of the Lagrangian. The SSB mechanism predicts the existence
of scalar massless particles, the Nambu-Goldstone bosons, as a consequence of the Goldstone theo-
rem [2] (the number depends on the number of generators of the original and final symmetry groups).
Though, when considering this mechanism we get once again massless particles which does not seem
to be a step in the right direction if we wish to describe weak interactions.

However, the real breakthrough occurs when we combine a theory with local gauge invariance with
the mechanism of SSB. In this case the Nambu-Goldstone bosons do not appear and it is possible to
give mass to the gauge bosons. This is the Higgs mechanism, proposed independently by PW. Higgs
[7], F. Englert and R. Brout [8], and by G. Guralnik, C. R. Hagen and T. Kibble [9] in 1964.

The SM is a non-abelian gauge theory with spontaneous symmetry breaking. It is locally invariant

under the following symmetry group:

SUx(3) x SUL(2) x Uy (1), (2.1)

where the SU¢(3) group describes the strong interactions (QCD) and the SUL(2) x Uy (1) group de-
scribes the electroweak interactions. Here, C' stands for color, L stands for left weak isospin and Y
stands for hypercharge. In the SM the Higgs mechanism, which we now describe, is realized in the
SUL(2) x Uy (1) group. The Lagrangian corresponding to the Higgs and gauge sectors of this theory is
given by:

1 1
L= (D) (D"6) = V(¢ 9) — 7 Wi, W™ — 1B, B", (2.2)
where the Higgs potential, V (¢¢), is given by:
V(g'g) = p2pTo+ Ao ). (2.3)

w¢o, and B, are the field tensors, defined as a function of the gauge fields of SU.(2) and Uy (1),

n%

Wy (a=1,2,3) and B, respectively:



We, = 0,W — 9,Ws — ge®*Whwy (2.4)
B,, = 90,B, — 8,B, (2.5)

where g is the coupling constant associated with the SU7(2) group and ¢ is the completely anti-
symmetric tensor in 3 dimensions. The covariant derivative, D,,, is introduced to preserve local gauge

invariance and is given by:

/
D6 = (au +igWeT + i%BH) o. (2.6)
T = % (where ¢ are the Pauli matrices) are the SU(2) group generators in the fundamental repre-

sentation and ¢’ is the coupling constant associated with the Uy (1) group.

Due to the requirement of Lorentz invariance, only the scalar field, ¢, can have a vacuum expectation
value (VEV), v, different from zero 2. The values of v are determined by the stationary points of the

potential:

v=20 or v=1/—=—. (2.7)

For the equation on the right (for which we get v # 0) we only obtain a real value for v (which is a
requirement for the VEV of a theory) if 42 < 0. Therefore we conclude that the equation on the right
corresponds to p? < 0 while the equation on the left corresponds to 2 > 0. In both cases ) has to
be larger than zero to guarantee that the energy is bounded from below® because in Eq. 2.3 ) is the

coefficient of the term with the highest power in ¢ and therefore determines the concavity of the potential.

The shapes of the Higgs potential for ¢> > 0 and 2 < 0 are shown in Figures 2.2(a) and 2.2(b),
respectively. For 2 > 0 we have a single minimum located at (¢) = 0. For u? < 0 the potential has the
shape of a 'Mexican hat’. There is an infinite number of minima located in a circumference centered at
zero. In this case the minima occur for (¢), (¢T) # 0. Therefore the field acquires a VEV different than

zero and this is what leads to the SSB.

We can now write the scalar field in terms of its minimum value, v, and of perturbations around that

minimum, h (which corresponds to the Higgs field):

0
o= (unitary gauge). (2.8)

h
v+ %
If we expand the first term of the Lagrangian shown in Eq. 2.2 using Eq. 2.6 and Eq. 2.8 and taking into

consideration that W ;T represents a sum over all values of a we get

2The other fields that appear in Eq. 2.2 are vector fields. If they were to acquire a VEV different from zero that would break
Lorentz invariance.
3In a purely mathematical formulation this means that the function that represents the Higgs potential is concave upwards.



Figure 2.2: Postulated shape of the Higgs potential for 2 > 0 (a) and 12 < 0 (b).

1 h? 2
L= 1 <v2 +5+ ﬁvh> (> (WAW ™+ W2W? 4 WIWH) — 299’ B*WS + g B,B"| + ... (2.9)
We see that for the Wl} and Wﬁ fields we have only terms that are quadratic in these fields. These
correspond to mass terms. However, for the Wj and B, fields there is a term that mixes the two fields.
To obtain the physical states of the theory we need to transform these fields in order to get rid of the
mixing term which is not physical. We can start by writing the last three terms of Eq. 2.9 in a matrix form

and diagonalize the corresponding matrix:

2 —gg'| |[W3| i izati 0 0 A
g 99 n | Diagonalization m (2.10)
_gg/ g/z BM 0 92 + 912 ZM
A, and Z, are the physical fields that are related with 7} and B,, by means of a rotation matrix:
3 3
A, _ cosby —sinfy Wy 2.11)
Z, sinfy,  cosOw B,

where 6y is the Weinberg angle. By inverting this relation we can write W2 and B,, as a function of
A, and Z,. Replacing in Eq. 2.9 and imposing that the A, field has zero mass we can determine 0y :
tan Oy = %'. The Lagrangian of Eq. 2.9 takes then the form

L=< (0Pg%) (WiW™ + WIW?H) + % (v [9* +97)) Z. 2" + ..., (2.12)

N =

where we show only the mass terms for the gauge bosons. Note that, by construction, there is no mass
term for A,, which allows us to identify this field with the photon. W} and W are related to the W=
boson and Z,, corresponds to the Z boson. We have shown that it is the fact that v # 0 that allows for

the existence of non-zero mass terms for the W= and Z bosons.

If we now expand the second term of the Higgs potential (Eq. 2.3) using Eq. 2.8 we get, among other



terms,

L=—h3/—p2X—h*\+ ... (2.13)

These terms encode the Higgs self interactions and represent, respectively, the three and four point
interactions. We see that the coupling constants of these interactions depend on the parameters of the

Higgs potential, ;2 and A.

2.1.2 Fermion masses

In addition to being responsible for giving mass to the gauge bosons, the Higgs field is also responsible
for the mass of the fermions. However, the mechanism through which this occurs is fundamentally

different. In the case of fermions, the mass terms are placed explicitly in the Lagrangian:

Liermions = G1LOR + G2 Lo R + hermitian conjugate (2.14)

where L denotes a left-handed fermion doublet and R denotes a right-handed fermion singlet. Here,
left and right refer to helicity states. G, and G, are arbitrary coupling constants that can be written in
terms of the fermion’s mass and the VEV. ¢ is given by Eq. 2.8 and ¢. is given by (after the spontaneous

symmetry breaking and in the unitary gauge):

h
b = [U+ ﬂ] , (2.15)
0

We now take a quick detour to motivate why fermions are represented as chiral states (left and right)
of the SUL(2) symmetry. We base this discussion on Ref. [10]. In the context of the unification of the
electromagnetic and weak forces, formalized by Weinberg, Glashow and Salam between 1961 and 1968,
both interactions are interpreted as manifestations of the electroweak force. Weak charged currents are
axial vector currents which means they couple only to left handed fermions while weak neutral currents,
as well as QED, couple to both helicity states. This suggested that fermions were better represented as

left-handed doublets and right-handed singlets of the SU,(2) symmetry group. The left handed doublets,

(W) (u)

L: , (2.16)
l d

L L

where [ represents an electron, muon or tau, « is any quark of the up type and d’ is a quark of the down

L, are defined as:

type. The right-handed states, R, are singlets, define as:

RZZR,UR,CZ/R. (217)

In 1956, C. S. Wu et al. showed that the weak interaction violates parity conservation [11]. In 1958, M.
Goldhaber et al. conducted an experiment that showed that neutrinos are left-handed and anti-neutrinos
are right-handed [12] which is why the SM does not include a right-handed state for neutrinos. We can

now continue the discussion of the mass generation mechanism for fermions.



The first term in Eq. 2.14 gives mass to down type fermions (electron, muon, tau, down, strange
and bottom quarks) and the second to up type fermions (up, charm and top quarks). In addition, these
terms give rise to the interaction terms between the Higgs field and the fermions. Take, as an example,
L = (t,b)1, and R = bg. For the first term of Eq. 2.14 we get:

0

GiLoR =G, (L,b)1 [ 7

N ] br = G1v BLbR + ﬁELth. (2.18)
v+ ﬁ

The first term is the mass term for b quarks. Therefore we can redefine G;v = m;, and obtain:

— — mp —
G1LoR = brbgr + —=brbrh. 219
1L¢ mpbrbr U\/ELR ( )

The second term gives the interaction between the Higgs boson and the fermions, in this case, the b
quarks. The strength of this interaction is directly proportional to the mass of the corresponding fermion.

In the SM formalism, neutrinos as massless particles. However, there is no reason why they cannot
acquire mass through a mechanism similar to the one we just described. Nonetheless, the usual argu-
ment is that it would be unnatural for the same mechanism to produce the mass of very heavy particles,
such as the top quark, and the mass of very light particle, such as the neutrinos. Therefore, BSM models
that try to explain the mass generation for neutrinos usually resort to a different mechanism.

The SM has delivered extremely accurate predictions about the existence and properties of new
particles which make it a very successful theory. It predicted the existence of the W and Z bosons [13],
the gluon, the charm and top quarks and the Higgs boson [7-9]. In addition, the SM prediction for the
value of the anomalous magnetic dipole moment of the electron (calculated up to order o°) agrees with
the measured value up to the 11" decimal place, making it the most precise measurement in science
[14, 15].

2.1.3 Higgs boson pair production

Within the SM there are still some processes that have not been measured. One of these is the pro-
duction of pairs of Higgs bosons. The experimental challenges and efforts related to this process are
discussed in section 4.1. Here we provide a theoretical description of the process.

At the Large Hadron Collider (LHC), the main production process of Higgs boson pairs is gluon-gluon
fusion (ggF). Higgs pairs can also be produced through vector boson (V) fusion (VBF), in association
with a pair of top quarks (tth) or through Higgs strahlung (V'h) #. At a center of mass (CM) energy of
/s = 13 TeV, the ggF production process has a cross section approximately seventeen times larger
than the next most commom production process which is VBF (approximately 30 fb versus 1.6 fb [16]).
Therefore it is the dominant contribution when we study inclusive production. For this reason we focus
the following discussion on this production mode. The leading order Feynman diagrams for Higgs pair
production via ggF are shown in figure 2.3.

The diagram on the right has an off-shell (virtual) Higgs boson, i*, that couples to gluons by the usual

4In this process, at LO, a Higgs boson is radiated from a vector boson
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heavy quark triangle (same mechanism as in single Higgs production). h* then decays to two on-shell
Higgs bosons. This diagram contains the three point interaction between Higgs bosons and therefore it
is the one that allows us to probe this coupling. In the diagram on the left, the two Higgs bosons couple
to the gluons by a box of heavy quarks and are directly radiated from a quark. The largest contributions
for these quantum loops come from heavy quarks, such as the top and bottom, because the coupling

constant of the Higgs boson to fermions is directly proportional to the fermions mass (see section 2.1).
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Figure 2.3: Feynman diagrams of Higgs pair production from gluon fusion. Triple vertex diagram (left)
and box diagram (right). The minus sign between the diagrams indicates that they interfere destructively.

The amplitudes for the box, Mg, and triangle, M », diagrams scale as [17]:

Q
Mg ~ —45;/?, MA ~ Aphn
I8

2 2 2
as omh () omi
Toyp it (log =L + i) (2.20)

where s is the CM energy, y; is the Yukawa coupling of the top quark, «; is the eletroweak coupling
constant, Axxp is the coupling constant of the Higgs boson three point self-interaction and my,, m; are

the masses of the Higgs boson and top quark.

At a CM energy of /s = 13 TeV the cross section for Higgs boson pair production, as predicted
by NLO calculations, is very small, approximatelly 30 fo [16]. It is suppressed due to the destructive
interference between the LO diagrams that leads to a ~ 50% supression of the total cross section [17].
Furthermore, the cross section of the triangle diagram is smaller than the one of the box diagram,
approximately 4 fb compared to 30 fb °, and it is strongly suppressed for larger values of the CM energy
which can be seen directly from the expression of the amplitude in Eq. 2.20. This means that the Higgs
trilinear coupling mostly affects the Higgs boson pair production at threshold. A variable that is sensitive
to these effects is the invariant mass of the Higgs boson pair. The tail of this distribution (high invariant

mass of the Higgs pair), however, is mostly determined by the box diagram contribution [17].

The LO calculation for the cross section of Higgs boson pair production has been performed, for
example, in Ref. [18]. A value of the order of 10 fb is reported. The NLO calculation is a theoretical chal-
lenge: several two-loop diagrams that take into account virtual and real radiation have to be considered.
In addition, top quark mass effects can be included in various approximations. This leads to corrections
with different signs which suggests that the uncertainty on the cross section due to top quark mass ef-

fects are of the order of +£10% at NLO. Therefore, a calculation including the full top mass dependence

5These values are obtained using MadGraph5. They are shown here to give a rough estimate of the difference between the
values of the cross sections of both diagrams.
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was of the utmost importance. This result became available recently for a CM energy of 13 TeV [19]:
o0 ., = 27.807158% (scale) + 0.3%(stat.) = 0.1%(int.) fb (2.21)

where the dependence of the result on the variation of the scales by a factor of two around the central
scale, the statistical error coming from the limited number of phase space points evaluated and the error

coming from the numerical integration of the amplitude are shown.

This result shows that the introduction of NLO contributions produces a significantly different result.
Therefore the inclusion of such effects is necessary if we wish to obtain an accurate result that can be
compared to experimental values. The analytical expressions for the NLO cross section are long and
complex so we abstain from reproducing them here. Nonetheless, the LO cross section can be written in
a compact form and it allows us to discuss some key features of the process. Therefore, we will present
it here, based on Refs. [18, 20].

The partonic LO cross section for gg — hh can be written

i
Gogsn(8) N/ di (|CAFa + CoFpl? + |CoGal?) (2.22)
t_
where 5 and ¢ are the Mandelstam variables and, in addition, 5 can be identified with the square of
the partonic CM energy of the process. The integration limits, ., are derived from a momentum
parametrization in the CM frame, leading to . = mi — g(l F Bn), where 57 =1 — 4@ and my, is
the mass of the Higgs boson [20]. Fa, F and G are form factors whose full expressions can be found,

for example, in Ref. [18]. Ca and C can be interpreted as generalized couplings and are given by

my
Ca = Aphn ", Co=1, (2.23)

5—mj
where m is the mass of the Z boson. If we take the limit m?, > § ~ mj (where my, is the mass of
the quarks that contribute to the quantum loops) we can get simple expressions for the remaining form
factors:
2 . 2 R .
Fa=3+ O(3/m3),  Fo= -3 O(3/m3),  Go=0(5/mp). (2.24)

In this limit, the partonic cross section is simply given by

L0 2 B my, 2
Gggshn(8) ~ /L dt |)\hhh§ e —1)= (2.25)

There are two important points that are worth discussing. Firstly, the total cross section has terms
that are proportional to the Higgs triple couling, Anxn, which can be read directly from Eq. 2.25. On the
one hand, this means that measuring this process gives us access to the value of A, and therefore
provides valuable insight into the shape of the Higgs potential and ultimately into the EWSB mechanism
in the SM. On the other hand, if A, has a value that is different from the one predicted by the SM, that

will affect the measured value of the cross section and can lead to hints of new physics.
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HH production at pp colliders at NLO in QCD
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Figure 2.4: Total cross sections at NLO in QCD for the six largest HH production channels at pp colliders.
The thickness of the lines corresponds to the scale and PDF uncertainties added linearly. Figure from
Ref. [16].

Secondly, although this is not evident from Eq. 2.25, the cross section for di-Higgs production in-
creases with §. This can be seen in figure 2.4 that shows the variation of the total (integrated) NLO cross
section with the CM energy for the six largest production channels. Note that increasing the CM energy
from 13 to 100 TeV increases the inclusive cross section by approximately two orders of magnitude which
is a consequence of the increased phase space that becomes available.

Therefore, the increase in the cross section of rare processes, such as Higgs boson pairs production,
as the CM energy of collision experiments increases supports the claim that future colliders, with higher

CM energies, might be our chance of discovering and precisely studying these processes.

2.2 Going beyond

Despite the success of the SM, there is evidence that indicates that it cannot be the final theory of
particle physics. This led to the development of alternative models that extend the SM but that can
still reproduce its successful predictions. These are referred to as Beyond the Standard Model (BSM)
models.

On the one hand, there are several pieces of experimental evidence that the SM cannot explain.
These include the nature of dark matter, postulated to explain the experimental observations of the
velocity of far away galaxies [21], the asymmetry between matter and anti-matter in the present Universe
6 and the fact that neutrinos oscillate between flavors which implies that they have a non-zero mass. The
latter phenomenon was measured independently by two collaborations, the Super-Kamiokande and the
Sudbury Neutrino Observatory (SNO), in 1998 and 2001-2002, respectively, [22—24].

On the other hand, its theoretical formulation also has some weaknesses: it accurately describes

80r why do we live a local in an Universe made mostly out of matter?
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Figure 2.5: Here, a1, az and as represent the coupling constants of Uy (1), SUL(2) and SUcoior(3),
respectively. What is shown is the variation of the inverse of the coupling with the energy: on the left for
the SM and on the right for the MSSM. Plots from Ref. [26].

particles interactions at the electroweak scale (~ 246 GeV) but it does not include gravity which means it
cannot be valid at the Planck scale (~ 10'° GeV) where gravity cannot be overlooked; it has a lot (over 20)
of free parameters whose values have to be tuned to fit experimental observations, and there is a large
discrepancy between the mass scales associated with the electroweak and gravitational interactions
(this is one of the simplest formulations of what is known as the hierarchy problem).

When faced with these weaknesses, or rather hints of incompleteness, the theoretical community
put a great effort into the development of models that add new ingredients to the SM. In the following
paragraphs we introduce and briefly describe some of the most well studied (both theoretically and
experimentally) BSM models. We follow the discussion presented in Ref. [25] as a starting point.

It is a well known consequence of renormalization in QFT that the coupling constants become de-
pendent on the energy scale at which the theory is probed. As the energy scale increases the Uy (1)
coupling constant gets larger while the SU.(2) and SU...-(3) coupling constants get smaller. If one
extrapolates far enough these become nearly equal at an energy scale of approximately 10> GeV. Al-
though this matching is far from perfect, it sparked the idea that these three forces could be unified at an
energy scale of 1015 GeV. Grand Unification Theories (GUT) try to combine SU..;o(3) x SUL(2) x Uy (1)
into a larger symmetry group.

Supersymmetric (SUSY) models introduce a new symmetry that links fermions and bosons. For
each boson(fermion) of the SM it introduces a fermionic(bosonic) partner. Apart from spin, the super-
symmetric partners would share the same mass and quantum numbers. Since we have not found any
supersymmetric particles in the LHC this means that supersymmetry is necessarily a broken symmetry
and, if they exist, new particles should have a larger mass (outside of the present reach of the LHC)
than their SM partners. SUSY models were introduced because they offer a natural fix for the hierarchy
problem. In addition, the Minimal Supersymmetric extension of the SM (MSSM) also leads to a better
convergence of the coupling constants as can be seen in figure 2.5. From the standpoint of GUT this is

extremely appealing.
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An early proposal of a theory that could unify gravity with electromagnetism was given by Theodore
Kaluza in 1921. In particular, he showed that these two forces could stem from a single tensor with
the introduction of an extra space dimension. In 1926, Oscar Klein offered an explanation for this extra
dimension; he proposed that it had a circular topology such that at each point of the four dimensional
space-time we would have a circle with a small radius. This theory has more degrees of freedom
(because it is formulated in a higher dimensional space-time) and therefore it predicts new particles that
are usually known as Kaluza-Klein gravitons (and their excited states). Nonetheless, the Kaluza-Klein
model does not provide a satisfactory explanation for the hierarchy problem. Therefore, in 1999, Lisa
Randall and Raman Sundrum introduced a new model that does. This model introduces only two new
particles: a spin 2 graviton (and its Kaluza-Klein excitations) and a radion, that is a spin 0 neutral particle.

Models with two Higgs doublets (2HDM) are one of the simplest possible extensions of the Higgs
sector of the SM. They are appealing because while the fermionic sector is rather complex, having three
families, the scalar sector is quite simple, having a single particle, which seems unnatural. This type of
structure is realized in various new physics models including SUSY models. In addition, they provide
an additional source for CP violation which could help explain the matter-anti-matter asymmetry in the
Universe.

The most general renormalizable 2HDM scalar potential is written as [27]

V = m?2 @12 + m2,y|®s]? — (m2, @1y + h.c.)
1 1
+ 5@l + 3 ha|Pal + Aa| @1 @l + M| @] 2o

n [;/\5 (cp{cpz)z NPWENE (@{%)2 + A7 |@s (qﬁ%)z n h.c.] , (2.26)

where ®; and @, are hypercharge doublets and the coefficients m?, and A5 ¢ 7 can be complex. However,
when including the Yukawa interactions, the most general lagrangian leads to tree-level flavor changing
neutral currents (FCNC) in the Yukawa sector. These FCNC are very tightly constrained by experimental
data and should be avoided. They can be eliminated by imposing a Z, symmetry that imposes the
invariance of the potential under the transformation ®; < ®,. Although, usually, this symmetry is
allowed to be softly broken in order to allow the theory to have a decoupling limit [28] where the mass
of all the scalars other than the SM-like one can be made very large. In addition to the softly-broken Z,
symmetry, which leads to A\ ; = 0, we also impose CP conservation which makes all possible complex
phases vanish. In this case, we obtain five Higgs bosons that are CP eigenstates. Three of them are
neutral, h, H and A, and the other two are charged, H*. h and H are CP-even states while A is CP-odd.
h is usually taken to be the SM Higgs boson and its mass is set to 125 GeV.

There are several types of 2HDM classified according to their fermion-scalar interactions. We high-
light the type Il (the one used in this work), where all right-handed up-type quarks couple to ®, and
right-handed down-type quarks and charged leptons couple to ®,. This type of couplings is analogous
to what happens in SUSY models.

Instead of the parameters in Eq. 2.26, we can describe the model in terms of the four physical

masses, my, mg, ma and my+, the angles « and 3, the VEV v = 246 GeV and a further parameter,
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Figure 2.6: BSM contributions to Higgs pair production from the spin-2 Kaluza-Klein graviton (a) and
from the SUSY partner of the top quark (b). Figures from Refs. [29, 30], respectively.

chosen to be m?, [27]. The angle 3 is defined as tan(3) = vs/v1, Where vy o are the VEVs of the two
Higgs doublets. The angle « diagonalizes the square mass matrix of the CP-even states. The quartic
couplings of the potential can then be writen in terms of these parameters, as can be found in Eqg. 11 of
Ref. [27].

Simplified dark matter (DM) models are based on the exchange of a single particle between DM and
SM particles and try to explain the nature of DM and how it interacts with the SM. The particle exchanged
is called a mediator and, depending on the specific model, it can be neutral or electrically charged and
have spin 0, 1 or 2. The simplest possible scenario is a neutral scalar mediator.

The CP-conserving 2HDM and dark matter model with a spin 0 mediator are explored in this work
as sources of alternative di-Higgs production processes. For these models, the main modification with
respect to the SM occurs because new heavy particles, namely, H and the DM mediator can couple
to the Higgs bosons through the s-channel diagram. This corresponds to replacing the off-shell Higgs
boson by one of these particles in the Feynman diagram on the right in figure 2.3.

The spin-2 graviton predicted by Kaluza-Klein and Randal-Sundrum models can couple directly to
gluons and then decay producing a Higgs pair, as it illustrated in figure 2.6(a). SUSY particles can
contribute to the quantum loops in the Higgs production Feynamn diagrams. An example is shown in
figure 2.6(b), where the top quark is replaced by its supersymmetric partner is the s-channel diagram.
These are two other examples of how BSM models can change the Higgs pair production process with
respect to the SM.

The crucial point is that some BSM contributions can lead to an enhancement of the cross section
for Higgs pair production with respect to what is predicted by the SM. Experimentally, this means that
we would not need as much sensitivity and therefore the process could be measured with less data and
therefore sooner. This is the reason why a lot of the searches performed at the LHC focus on this type
of scenario. In addtion, if a new heavy particle couples to the Higgs boson via an s-channel diagram, it
could lead to the existence of a peak in the Higgs pair invariant mass spectrum (assuming that we have
enough experimental resolution and that there are not other processes coming into play).

Moreover, BSM models introduce new free parameters (in addition to the SM ones) that can be
constrained using the experimental results obtained at the LHC (and other experiments). This reduces

the available parameter space of the models and may even reject some of them.
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Chapter 3

Collider experiments

In this chapter we start by providing an overview of the goals and main challenges of modern collider
experiments. The definitions of some key quantities that describe an accelerator are introduced and a
brief discussion on how they influence the discovery potential of an accelerator is presented.

In section 3.2 we introduce the LHC and in section 3.2.1 we describe the ATLAS experiment, includ-
ing brief discussions on b-tagging, trigger and data acquisition algorithms and systems. In section 3.3
we introduce the concept of a hadronic jet and describe how these objects are reconstructed in a general
collider experiment. Jet properties and substructure observables, as well as jet grooming algorithms,
are introduced in sections 3.3.1 and 3.3.2, respectively.

In section 3.4 we shift the focus to future collider experiments and accelerators and motivate their
need. In sections 3.4.1 and 3.4.2 we introduce the hadronic Future Circular Collider (FCC-hh) and
describe the baseline detector design.

Collider experiments are the best tool we have to explore matters’ most fundamental structure. When
we accelerate a particle we increase its momentum. If we take into account the wave particle duality
and the De Broglie expression, A = h/p, where X is the wavelength and p is the particle’s momentum,
we can see that a particle with a large p will have a small A\. The wavelength gives us the dimension
scale of the objects we can probe with a given wave. If we want to probe very small particles (subatomic
and smaller) we need very small A and therefore very large p. Conceptually, this is the basic idea behind
modern particle accelerators.

In practice, charged particles can be accelerated and their trajectories controlled by means of electro-
magnetic fields. However, this is not without numerous technical challenges. When a charged particle is
subject to an acceleration perpendicular to its velocity (which is exactly what happens in circular acceler-
ators) it emits electromagnetic radiation, called synchrotron radiation. The power emitted is proportional
to the fourth power of the particle’s energy and inversely proportional to the radius squared and to the
fourth power of the particle’s mass. This radiation limits the maximum energy that can be achieved in
electron-positron colliders. In proton-proton colliders, however, the energy is limited by the maximum
magnetic field that can be achieved. Therefore, there is also the need for extremely powerful magnets
which are usually implemented using technology based in superconductivity. Using superconducting
magnets raises another challenge: they can only operate at very low temperatures, close to the ab-

solute zero. In addition, in order to sustain a stable beam it is necessary that the beam pipe has an
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environment very close to absolute vacuum.

3.1 Experimental aspects

One of the most important parameters of a particle accelerator is the time integrated luminosity, [ £(t)dt.

For a given process with cross section o, it determines the number of event that will be produced, N:

N= a/,C(t)dt, (3.1)

where L(t) is the instantaneous luminosity that is a measure of the number of collisions per bunch

crossing. The instantaneous luminosity is given by:

L= fcollM; (32)

dmoyoy

where f.q; is the collision frequency, n, and n, are the number of protons in each bunch and ¢, and o,
characterize the transverse beam size in the horizontal and vertical directions.

To increase the chances of measuring a rare process, or to increase the statistical significance of the
measurement of an already discovered process, we want to increase N as much as possible. To do so
we can either increase the integrated luminosity or change the CM energy in order to increase the cross
section of the process.

While the cross sections of most physics processes increase when the CM energy varies from 13 to
100 TeV, many BSM models predict new processes, or new contributions to existing processes, whose
cross sections increase more rapidly than the SM backgrounds. In addition, by conservation of energy,
a larger CM energy implies that particles with larger mass can be created. We can tune the parameters
of Eqg. 3.2 to obtain the highest possible luminosity. Nonetheless, because we are dealing with charged
particles, there is a limit on how close the bunches can be and on how many protons we can pack in
a bunch. Moreover, the beam’s transverse dimensions cannot be infinitely reduced. A smarter way to
increase the number of collisions that an accelerator can produce is to run for a longer time, therefore
increasing the integration time in Eq. 3.1.

In conclusion, the CM energy and the integrated luminosity are two of the main parameters that drive

the discovery potential of an accelerator.

3.2 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle accelerator. It is
housed by the European Organization for Nuclear Research (CERN) which focuses on fundamental
particle physics with the goal of probing matter's most elementary structure. Ever since its creation, in
1954, CERN has housed many accelerators and experiments and played a key role in the development
of fundamental and applied science.

18



The LHC consists of a 27-kilometer ring located beneath the Franco-Swiss border, near Geneva.
Most of its running time is dedicate to accelerating protons in opposite directions up to a maximum
center of mass energy of /s = 13 TeV and colliding them at the center of the two general purpose
experiments, ATLAS (described in section 3.2.1) and CMS. The LHCb experiment also records data
from proton-proton collisions but it is dedicated to the study of beauty particles. The ALICE experiment

is optimized to study heavy-ion collisions at a CM energy of 2.76 TeV per nucleon.

The acceleration of charged particles at the LHC is based on radio frequency (RF) cavities. These
cavities are shaped to sustain a resonant electromagnetic field that oscillates at a frequency of 400 MHz.
During the acceleration stage, charged particles passing through the cavities feel an overall force that
propels them forward. When the LHC is running at full energy, a perfectly timed proton with exactly the
right energy feels a zero net force when passing the cavities. Protons with a slightly different energies
arriving slightly earlier or later are decelerated or accelerated in order to keep the beam sorted in discrete
packages with the same energy. These are called bunches. There are 2808 bunches circulating at the
same time, each containing approximately 10'! protons. The bunches are spaced by 25 ns. Furthermore,
the successful operation of the LHC also relies on superconducting magnets made of Niobium-Titanium
filaments chilled to —271.3° C and on an ultra high vacuum (of the order of 1071° — 10~ mbar) inside
the beam pipes. The magnets are placed along the LHC ring and produce dipole and quadrapole
electromagnetic fields. The dipole magnets create a nominal field of 8.3 T and bend the beam along the
tunel. The quadropole magnets focus the beam at the interaction points. The ultra high vacuum greatly
reduces the probability that the beam interacts with any particle. It is crucial to keep a stable beam to
continuously maintain collisions during long runs.

One of the main research goals of the LHC was to discover the Higgs boson. This was achieved
in 2012 when ATLAS and CMS reported the discovery of a particle consistent with the boson predicted
by the Higgs mechanism, with a mass of 125 GeV [31, 32]. Ever since, efforts have been directed
to measuring its mass, couplings, spin-parity properties with increasing precision using different decay

channels and production modes.

Recently, ATLAS and CMS reported the observation (measurement with a significance greater than
five sigma) of the Higgs decaying to bb [33, 34]. The searches targeted the V H production mode. It
offers the best sensitivity to the hbb Yukawa coupling because requiring a vector boson helps reduce the
SM backgrounds, namely the ones from QCD interactions. The observation of 4 — bb means we have
now observed most of the Higgs boson’s decay modes predicted by the SM and accessible at the LHC.
CMS reported the first observation of the Higgs boson decaying to a pair of tau leptons [35]. In addition,
the observation of Higgs boson production in association with a ¢t pair was very recently reported by
both collaborations [36, 37]. Moreover, precision measurements of the masses of the Higgs [38, 39] and
W [40] bosons and of the top quark [41, 42] were also performed. So far, no conclusive signs of new

physics were seen at the LHC.

Future prospects for the LHC include its upgrade to the High Luminosity-LHC (HL-LHC) after the
scheduled long shutdown of 2024-2026. This upgrade will increase the size of the dataset to 3000 fbo~*

over the course of ten years [43]. During the shutdown, the ATLAS detector will be upgraded.
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In the Higgs sector, the high value of the integrated luminosity will improve the statistical precision of

already measured channels and the discovery potential of rare processes [44].

3.2.1 The ATLAS detector

The ATLAS detector has a cylindrical geometry and a multi layered structure. Its dimensions are 25
meters in height (diameter) and 44 meters in length and it weights approximately 7000 tonnes. In the fol-
lowing paragraphs we describe the detector’s layers and their functionalities. A schematic representation
of the detector as well as the appropriate coordinate system can be found in figure 3.1.

A combination of cartesian and cylindrical coordinates is used to describe the detector. In both
cases, the origin is defined to coincide with the interaction point. The Cartesian system is right-handed
and the z axis is defined to be the direction of the beam. The x-axis points from the interaction point
to the center of the LHC ring and the y-axis points upwards. The azimuthal angle, ¢, is measured
around the beam axis and the polar angle, 6, from the beam line. The pseudorapidity is defined as
n = —Intan(#/2). Another commonly used quantity is the rapidity, y, defined as a function of a particle’s
energy, E, and longitudinal momentum, p.: y = 1n (gf—;’i) In the limit where a particle’s mass is
negligible with respect to its momentum the pseudorapidity converges to the definition of rapidity. In
addition, the angular distance between two points, AR, is defined as AR = /(A¢)? + (An)2, where
rapidity can also be used instead of the pseudorapidity.

The detector consists of an inner detector (ID) or tracker, electromagnetic (EM) and hadronic calorime-
ters (ECAL and HCAL, respectively) and a muon spectrometer (MS). The magnet configuration consists
of a thin superconducting solenoid that surrounds the ID cavity and three superconducting toroids (one
barrel and two end-caps) arranged with an eight-fold azimuthal symmetry around the calorimeters.

The ID covers the pseudorapidity range |n| < 2.5 and it makes up the innermost layer of the detector.
It consists of silicon pixel, silicon micro-strip, and straw tube transition radiation tracking detectors. It is
contained in a solenoid magnet with a central field of 2 T. The tracker provides precision measurements
of the positions and momenta of charged particles. As a charged particle transverses the several layers
of the ID it ionizes the medium creating electrical signals that can be read out. These individual electrical
signals are then combined to reconstruct the trajectory of the particle.

Lead/Liquid-Argon (LAr) sampling EM calorimeters cover the pseudorapidity range |n| < 3.2. The
EM calorimeter has an accordion like structure with layers of showering material (lead) interleaved with
layers of active material (liquid argon). These calorimeters provide measurements of the energy of
electrons and photons. The interaction of these particles with the lead layers induces the production
of an EM shower whose energy is measured in the liquid argon layers. The granularity of the EM
calorimeter strongly depends on the longitudinal layer and on the pseudorapidity region.

The hadronic calorimetry in the pseudorapidity range |n| < 1.7 is provided by a scintillator-tile
calorimeter (TileCal) which is divided in a central barrel and two smaller end-cap barrels, one on each
side of the central barrel. The active components are scintillator tiles made of polystyrene that are in-

terleaved with steel plates as the passive material. The scintillation light emitted by the tiles when an
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Table 3.1: ATLAS tile and liquid argon hadronic calorimeters: summary of the pseudorapidity coverages
and transversal segmentation (granularity).

TileCal Barrel Extended barrel
Coverage |n| < 1.0 0.8 <|n| < 1.7
Granularity 0.1 x0.1 0.1 x0.1

LAr calorimeter End-cap Forward
Coverage 1.5 < |n| < 3.2 3.2<|n| <4.9

0.1 x0.1for 1.5 < |n| < 2.5

0.2x0.2
0.2 x 0.2 for 2.5 < |n| < 3.2

Granularity

ionising particle crosses the calorimeter is collected on both ends of the tiles by wavelength-shifting op-
tical fibers. The light signal emitted is proportional to the particle’s energy. The TileCal is composed of
several cells with transverse segmentation An x A¢ = 0.1 x 0.1 ' [45].

For |n| > 1.5 LAr hadronic calorimeters extend the pseudorapidity range to |n| = 4.9. The LAr
calorimeter is divided in end-cap and forward. These cover the pseudorapidity ranges 1.5 < |n| < 3.2
and 3.2 < |n| < 4.9, respectively. The active material is liquid-argon and the absorbers are copper and
tungsten for the end-cap and forward calorimeters, respectively. In the end-cap LAr calorimeters the
segmentation is An x A¢ = 0.1 x 0.1 for 1.5 < |n| < 2.5 and 0.2 x 0.2 for 2.5 < || < 3.2. In the forward
LAr calorimeter the segmentation is An x A¢ = 0.2 x 0.2.

The granularity of the ATLAS hadronic calorimeters is summarized in table 3.1. The hadronic
calorimeters provide measurements of the energy of hadrons and jets; these allow the estimation of
the missing transverse energy (E7"**). Approximately one third of the energy of jets is deposited in
this layer. In the TileCal, the jet energy resolution is given by o/FE ~ 50%/v'E + 3% [45], where the
first term is the stochastic term that derives from sampling fluctuations and follows a Poisson distribution
and the second term is a constant that depends on the characteristics of the calorimeter. For the LAr
calorimeter, the jet energy resolution is given by o/E ~ 60%/vE + 2% [48].

The MS is the outermost layer of the detector and it is dedicated to detecting muons that travel
through the previous layers almost without interacting. This layer provides measurements of the muons
momenta. It is composed of Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC) that pro-
vide high precision measurements of the muons’ momentum in the pseudorapidity range |n| < 2.7 and
of Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC) dedicated to triggering purposes
for [n] < 2.4.

b-Tagging

Each collision produces a large number of hadronic jets (we refer to section 3.3 for a detailed description
of jets and how they are reconstructed). For this work, jets initiated by a b quark (b jets) are particularly

important: we are looking for a Higgs pair decaying to four b quarks which leads to an experimental

'The TileCal is composed of three longitudinal layers. Only the first two have a segmentation equal to 0.1 x 0.1. In the third
layer the segmentation is 0.2 x 0.1. However, most of the energy of hadronic showers is deposited in the first layers and therefore
this detail is not very relevant for this work.
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Figure 3.1: ATLAS detector.

signature that consists of four b jets. b-Tagging algorithms determine, with a given probability, if a jet
was originated by a b quark.

When a b quark is produced it hadronizes almost instantly, producing a B hadron. B hadrons have
a lifetime of ~ 1 ps and can be highly relativistic meaning that they can travel a few millimeters to a few
centimeters inside the inner detector before decaying. When they decay there is often a reconstructible
secondary vertex that is displaced from the primary vertex where the b-quark was produced. The ex-
istence of a secondary vertex is used by b-tagging algorithms to identify, or tag, a jet as coming from
a b-quark. It is important to note that a complete b-tagging algorithm relies on the reconstruction of a
secondary vertex which can only be done using the information from the inner detector. This implies
that, in ATLAS, we can only b-tag jets that are produced in the region || < 2.5.

In ATLAS, b-tagging algorithms are applied to the sub-set of tracks that are associated with a given
jet. The matching between tracks and calorimeter-based jets is performed using the ghost association
technique [47]2. The identification of b-jets in ATLAS is based on distinct strategies encoded on three
b-tagging algorithms: impact parameter-based algorithms, an inclusive secondary vertex reconstruction
algorithm and a decay chain multi-vertex reconstruction algorithm. The output of these algorithms are
combined in a multivariate discriminant based on a Boosted Decision Tree (BDT) which provides the
best discrimination between the different jet flavors [48].

The impact parameter-based algorithms [49], IP2D and IP3D, use as discriminant variables the trans-
verse impact parameter significance and the transverse and longitudinal impact parameter significance,
respectively. The secondary vertex finding algorithm [49], SV, explicitly reconstructs a displaced sec-
ondary vertex inside the jet by trying to find pairs of tracks with a common origin. The decay chain
multi-vertex reconstruction algorithm [50], JetFitter, tries to reconstruct the full b-hadron decay chain.

This approach allows to resolve b- and c-hadrons vertices even if there are not two tracks associated

2This procedure works by introducing ghost versions of the measured tracks that have the same direction but infinitesimally
small pr such that they do not modify the properties of the calorimeter jets. The jets are then reclustered and a track is considered
to be associated with a given jet if its ghost version is contained in the jet after reclustering.
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with them.

Trigger and data acquisition

The LHC delivers approximately 40 million bunch crossings per second, which corresponds to a collision
rate of 40 MHz. In each bunch crossing a few tens of proton collisions occur (depending on the run con-
ditions). On the one hand, only a small fraction of these events result in interesting physics processes.
On the other hand, the detector does not have enough storage or read-out capabilities to record all the
collisions. The triggering and data acquisition systems are responsible for selecting a manageable rate
of events for permanent storage and further analysis.

The trigger is responsible for selecting events with interesting experimental signatures. The trigger
system in Run-2 consists of a hardware-based first level trigger (Level-1) and a software-based high
level trigger (HLT). The Level-1 trigger takes as input coarse granularity calorimeter and muon detector
information and reduces the event rate to 100 kHz. The HLT uses full granularity detector information

and reduces the rate to approximately 1 kHz [51].

3.3 Jet reconstruction

A jet is a collimated spray of hadrons that is interpreted as coming from a single initial parton such
that approximately retains information about its physical properties, namely 3-momentum, mass and
charge. The existence of such objects is a direct consequence of the confinement property of QCD.
Quarks and gluons, the fundamental degrees of freedom of QCD, are not asymptotically free. They are
confined inside hadrons. Therefore, when one of these particles is produced it undergoes showering
and hadronization processes that lead to the formation of hadrons.

At a particle detector we are interested in reconstructing jets. These are the objects that are used in
physics analyses. Working with jets instead of hadrons is an advantage because it greatly reduces the
number of objects we need to analyze per event. In addition, they work as a proxy for the fundamental
partons produced in the event.

Jets are obtained through jet finding algorithms. These are clustering algorithms that group together
experimental quantities (energy deposits in the calorimeters, tracks or particle flow objects) using a se-
quential recombination scheme. If the jets are reconstructed using only the information from the energy
clusters in the calorimeter they are called calorimeter or tower jets. Jets can also be reconstructed using
particle flow objects that combine information from the tracking system and from the calorimeters. These
jets are referred to as particle flow or energy flow jets (eflow in short).

A crucial property of jet finding algorithms is that they should be infrared and collinear safe, mean-
ing that the outcome of the algorithm (namely the number of jets and their properties) should not be
significantly modified by the emission of soft radiation or by a collinear splitting.

The most widely used jet finding algorithms are the k1 [52], the Cambridge/Aachen (C/A) [53] and

the anti-kr [54]. They are based on measurements of the quantity:
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di; = min(k27, kif;)ﬁj, dip = k27, (3.3)
referred to as a distance between entities ¢ and ;5 with d;5 being the distance between entity i and the
beam (B). Afj = (y; — y;)® + (¢ — ¢;)* and kz;, y; and ¢; are the transverse momentum, rapidity and
azimuth of entity i. Here, kr stands for the transverse momentum. For p = 1,0, —1 we get the k7, C/A
and anti-kr algorithms, respectively.

The clustering algorithm starts by computing all d;; and d, distances. If the smallest distance is a
d;;, the four momenta of particle < and j are summed and the distances are updated. If the smallest
distance is a d; g, particle i is removed and called a jet. This procedure is iterated until all particles are
clustered in jets.

It is worth discussing further the anti-k algorithm since it is the default algorithm used in most
analyses, including this one. In this algorithm, the A;; distance between constituents i and j is weighted
by the inverse of the transverse momentum of the constituent with a largest k7. This feature implies that
particles with larger momenta will have a smaller d;; distance and therefore will be clustered first. This
prevents soft particles from being clustered among themselves before clustering the hardest particles.

In ATLAS, the transverse and longitudinal segmentation of the calorimeters allow for a three di-
mensional reconstruction of particle showers which is based in a topological clustering algorithm. The

topo-clusters are then fed as input to a jet finding algorithm (described previously).

Boosted kinematic regime

With the increase of the CM energy of particle colliders the production of particles with a transverse
momentum much larger that their mass became a reality. In this kinematic regime, referred to as boosted
due to the high Lorentz boost of the particles, traditional jet reconstruction algorithms, that rely on a one-
to-one correspondence between jets and partons, begin to fail [55].

Due to the high Lorentz boosts, decay products of heavy resonances get more collimated. The

angular separation of the decay products is approximatelly [56]:

IN (3.4)
pr

where pr and m are the transverse momentum and mass of the decaying particle. In addition to decaying
particles with a larger pr, another event topology that can produce highly collimated particles is the
decay of a particle with a very large mass. This scenario is of particular interest for new physics searches
because BSM models often predict the existence of heavy particles.

Take, as an example, the decay of a Higgs boson to two b quarks. Considering that the pr of the
Higgs is approximately 200 GeV (which is a reasonable and commonly used value in boosted Higgs
bosons searches) we get AR ~ 1. For resolved jets, the default jet radius parameter used in ATLAS
is 0.4. We see that for a pr ~ 200 GeV the angular separation between the decay products of a

Higgs boson is already similar to the default jet diameter, which can jeopardize the ability to resolve the
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individual decay products.

A possible workaround is to use a single jet with a larger R parameter to reconstruct both decay
products. The problem with doing so is that we no longer have information about each individual de-
cay product which means we are loosing some information about the event. We cannot, for example,
compute angular variables between the decay products. This led to the development of techniques and
observables that allow for the exploration of the intrinsic structure (or substructure) of these large-R jets.

Some of these techniques are introduced and discussed in the following section.

3.3.1 Jet properties and substructure observables

In general, jet substructure variables aim to quantify the existence of energy clusters insider a jet. Each
cluster is interpreted as corresponding to an individual jet. These are called subjets because they are
contained inside the large-R jet that was reconstructed. Once they are identified, the subjets can be
handled and used for the analysis like normal jets. However, a lot of the substructure techniques do not
focus on reconstructing the subjets but rather on determining whether or not they exist, how many they
are and how are they distributed inside the large-R jet.

Heavy resonances decaying to two(three) particles will produce large-R jets that are consistent with
the existence of two(three) energy clusters. Examples of such topologies are the Higgs boson and top
quark decays: the Higgs boson always decays to pairs of particles (leptons, quarks or bosons) and the
top quark decays, with a probability close to 96%, to a b quark and a W boson that then decays to a
pair of leptons or quarks. These topologies are usually referred to as two or three prong. In contrast,
jets initiated by a gluon or a quark are not expected to have a meaningful substructure. The energy is
expected to be concentrated around the jet axis following an isotropic distribution and to become less
dense as we approach the jet's border. This is the signature of a one-prong topology. The previous
discussion is valid at LO and captures the generic features of jets that are targeted by jet substructure
techniques. Nonetheless, other effects may come into play. Take, for example, a highly virtual gluon with
a high pr. If it splits into two quarks the resulting jet may have two subjets and thus mimic the topology
of a heavy resonance decay.

The N-subjetiness variable [57], 7y, may be used to identify jets compatible with N subjets. It is given
by

TN = d—lo Xk:pl} min(ARY, ..., AR%), dy = Xk:plwao (3.5)

where the index k runs over all particles in a jet, the indexes 1 to N identify the number of axis inside
the jet and Ry is the radius of the jet. The axis are defined using the anti-kr algorithm to cluster the
constituents of the jet, forcing it to return exactly N subjets [57]. This variable will have a small value
if the particles with the highest pr (the ones we are most interested in) are clustered close to the axis
(because AR will be small) and will have a larger value otherwise. A jet with small 7 is considered to
be consistent with having N or fewer subjets because all its constituents are aligned with the axis.

We usually use ratios of 7 variables (7a;n = 7ar/7n). Of particular interest for this work is the 75,

ratio. This observables can take values between zero and one. A small value (close to zero) indicates
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that the jet is more compatible with two subjets than with one and therefore it can help discriminate
between two-prong and one-prong jets.
The Fox-Wolfram moments, H;, can be used to identify jets that have a structure of two back-to-back

subjets in their rest frames [58]. They are given by:
Z |pl||pj COS 0”)) (36)

where 6;; is the opening angle between energy clusters ¢ and j with respect to the interaction point, £
is the total energy of the clusters in the jet rest frame and P;(z) are the Legendre polynomials. For a jet
that has a structure of two back-to-back subjets in its rest frame, H; = 0, H; ~ 1 foreven [, and H; ~ 0
for odd [. This is what we expect for jets coming from the decay of a boosted resonance. In this work we
use of H.

In addition to jet substructure observables, more standard variables, from which we highlight the jet
mass, can also be used to discriminate between jets coming from QCD background and jets resulting
from heavy resonance decays. In the latter, the jet’s invariant mass should roughly correspond to the

mass of the resonance. The invariant mass of a jet, M, is calculated from the energies and momenta of

e (ze) o).

where E; and p; are the energy and three-momentum of the ** constituent. However, the mass resolu-

its constituents as follows:

tion is not expected to be very good for large-R jets because of all the extra QCD radiation that may be
caught inside the jet. A possible workaround is the use of jet grooming algorithms which we describe in

the following section.

3.3.2 Jet grooming algorithms

The main goal of jet grooming algorithms is to remove contamination of softer jet constituents from pileup
or underlying event and to leave behind the hard substructure. The main advantage of such algorithms is
that they improve the mass resolution of jets. These features are of particular interest in high luminosity
environments such as the HL-LHC and future high energy colliders.

The three main jet grooming algorithms are trimming, pruning and mass drop filtering. In this work
we do not use pruning or trimming, although these techniques might be worth exploring in future, more
comprehensive, studies. In particular, they can be useful to help reject pileup contributions. The mass
drop filtering procedure isolates relatively symmetric subjets within a jet, each with a significantly smaller
mass than the original jet [56]. This technique was developed and optimized using C/A jets for the search

of Higgs decaying to bb pairs [59]. It works as follows:

e For a jet j, the last step of the C/A clustering is undone such that the jet is split in two subjets, j;
and jp with m;, > m;,. We require that there is a significant difference between the mass of the

original jet, mjet, and m;, - m;, /mjet < fifrac, Where psac is @ parameter of the algorithm. In addition,
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the splitting is required to be relatively symmetric:
min[(p}})?, (7
2

2
(m-et) ) ] X AR?l,jQ > ycut (38)
|

where yqt is a parameter that defines the energy sharing between the subjets. It is usually taken
to be ~ 0.09. If these two criteria are not met j, is discarded and j is redefined to be equal to j;.

This procedure is iterated until the algorithm’s criteria are met

e Once j; and j, have been found, their constituents are clustered with the C/A algorithm with radius
parameter Ry = min[0.3, AR;, ;,/2], where Rgiy < ARj, ;,. All jet's constituents that are outside

of the three hardest subjets are discarded and we obtained the filtered jet and its subjets.

The subjets that are identified within a jet are interpreted as corresponding to the decay products of
the particle that produced the original jet. There are usually only two decay products. A third subjet is

allowed in order to account for extra QCD radiation.

3.4 Future Colliders

As we already argued in the beginning of this chapter, a larger CM energy is one of the factors driving
the discovery potential of an accelerator. As far as we know today, proton-proton colliders are the main,
and possibly only, man-made experimental tool available to explore particle physics in the energy range
on tens of TeV, in a controlled way. With this in mind, new hadronic colliders with CM energies of the
order of tens of TeV have been proposed. The main projects are the hadronic Future Circular Collider
(FCC-hh) [60, 61] led by CERN and the Super Proton-Proton Collider (SPPC) [62] proposed by China.
In this work we focus on FCC-hh and use the established detector’s baseline design as our starting

point for this study. In the following section we describe in detail the FCC-hh accelerator and detector.

3.4.1 The hadronic Future Circular Collider

CERN'’s FCC study group was launched as a result of a recommendation made in the 2013 update
of the European Strategy for Particle Physics that 'Europe needs to be in a position to propose an
ambitious post-LHC accelerator project at CERN by the time of the next Strategy update’. It investigates
the technological challenges and physics opportunities of a future circular collider. The design and
infrastructure are driven by a proton-proton collider (FCC-hh) requirements. Electron-positron (FCC-ee)
and electron-proton (FCC-eh) colliders are also being analyzed. The main goal of this effort is to deliver
a Conceptual Design Report (CDR) by the end of 2018. This document will include a first cost estimate
to be submited for the next update of the European Strategy for Particle Physics, foreseen by 2019.
The FCC-hh baseline design consists of a proton-proton circular collider with a maximum CM energy
of /s = 100 TeV housed by a 100 km tunnel in the area of Geneva. This machine will extend the
research program of the LHC (and of the HL-LHC) after these have reached their full discovery potential,

by around 2040. In addition, it will allow for the exploration of an entirely new kinematic regime, probing
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Table 3.2: Comparison between the working parameters of the LHC and of the FCC-hh. The values
of the number bunches and of the number of events per bunch crossing are given assuming a bunch
spacing of 25 ns.

Parameter LHC FCC-hh
Circumference [km] 27 100

CM energy [TeV] 13 100
Luminosity (peak) [1034cm=2s7!] 1 30
Dipole field [T] 8.33 16

Nb. of bunches 2808 10600
Nb. of events per bunch crossing 27 1026
Bunch spacing [ns] 25 25

energy scales where new physics may come into play. A possible way of defining the target luminosity of
this machine is to require that within the first year of operation it surpasses the exploration potential of the
LHC [63]. Comprehensive studies [63, 64] indicate that this can achieved with an integrated luminosity
of the order of 10 ab™" per experiment. Considering a reasonable operation period of 10 years this
leads to integrated luminosity per experiment of the order of 1 ab™* per year. In this work, we consider
a slightly more optimistic scenario that sets the target integrated luminosity at 30 ab™* [65].

The FCC-hh is expected to work with a dipole field of 16 T and to provide a peak instantaneous
luminosity thirty times larger than the LHC. The number of bunches is expected to be almost a factor of
four larger than for the LHC and the number of events per bunch crossing is expected to be approximately
1000. The latter brings a lot of technical challenges because it means that the mean pileup expected
for the FCC-hh is almost 40 times larger than for the LHC. This requires the development of techniques
and algorithms that allow us to further reject pileup contributions (or improvement of already existing

techniques). Some relevant parameters of the LHC and FCC-hh are summarized in table 3.2.

3.4.2 FCC-hh baseline detector

The design of the FCC-hh baseline detector, which we describe in detail in this section, has been greatly
based on that of the ATLAS and CMS experiments, in particular the central barrel. The layers and sub
detectors are arranged in the same order and perform very similar roles. The geometry is cylindrical
and therefore we can use exactly the same coordinate system that was introduced in section 3.2.1. The
dimensions are very close to the ones of ATLAS: 25 meters in height (diameter) and 48 m in length [66].
A schematic representation of the FCC detector is shown in figure 3.2.

The detector consists of trackers, EM and hadronic calorimeters and MS. The magnet configuration
consists of three solenoid magnets (one central-barrel and two forward) that surround the central bar-
rel calorimeters and the forward trackers. The center solenoid delivers a magnetic field of 4 T at the
interaction point [67].

The tracker covers the pseudorapidity range |n| < 6 and is divided in three sub systems: inner,
outer and forward. The inner and outer trackers and the forward tracker are expected to cover the

pseudorapidity ranges |n| < 2.5 and 2.5 < || < 6.0, respectively. For a radius of » < 200 mm from the
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Table 3.3: Layout, granularity and energy resolution of the proposed hadronic calorimeter for the FCC-hh
detector.

Parameter Barrel End-cap Forward

7 coverage Inl < 1.3 1.0<|n <18 23<|n <6.0
Layout Sci-Pb-Steel (1:1.3:3.3) LAr-Cu (1:5) LAr-Cu (1 : 200)
Granularity (An x Ag) 0.025 x 0.025 0.025 x 0.025  0.05 x 0.05
Energy resolution (oz/E) 40%/VE @ 2.5% 50%/VE@3% 100%/VE @ 5%

beam the tracker will be instrumented with pixel detector of 25 — 33.3 um x 50 — 400 pm. Macro-pixels of
33.3 um x 400 um and striplets or macro-pixels of 33.3 um x 2 — 50 mm will instrument the regions with
radius 200 < r < 900 mm and 900 < r < 1600 mm, respectively.

The EM calorimeter [68, 69] covers the pseudorapidity range |n| < 6. It is divided in barrel, end-cap
and forward. These cover the pseudorapidity ranges |n| < 1.5, 1.4 < || < 2.5 and 2.3 < |n| < 6,
respectively. The proposed layout for the EM calorimeter is a LAr sampling configuration with lead, glue
and steal plates as absorbers. The granularity is expected to be two to four times better than for the
ATLAS ECAL. For the barrel calorimeter, the goal energy resolution is 10% /v E @ 1%.

The hadronic calorimeter [70] covers the pseudorapidity range |n| < 6. It is also divided in barrel,
end-cap and forward that cover the pseudorapidity ranges |n| < 1.3, 1.0 < || < 1.8 and 2.3 < || < 6.0,
respectively. The proposed layout for the barrel calorimeter consists of scintillator tiles interleaved with
lead and stainless steel plates as absorbers. The end-cap and forward calorimeters are expected to be
based on liquid argon with copper plates as absorbers. For the barrel and end-cap calorimeters, the
expected segmentation An x A¢ = 0.025 x 0.025 while for the forward calorimeter it is An x A¢ = 0.05 x
0.05. Overall, this corresponds to approximately four times the ATLAS HCAL granularity. The energy
resolution is expected to be 40% /v E @ 2.5%, 50%/v'E @ 3% and 100%/v'E & 5%, for the barrel, end-
cap and forward calorimeters, respectively. The pseudorapidity coverage, layout, granularity and energy
resolution of the hadronic calorimeters are summarized in table 3.3.

The muon spectrometer is divided in barrel, end-cap and forward regions that cover the pseudora-
pidity ranges |n| < 1.0, 1.0 < |n| < 2.5 and 2.5 < |n| < 6.0, respectively. The muon’s system layout is a

layered structure of gas chambers.

3.4.3 FCC-hh physics program

The FCC-hh physics program is vast and diverse. Within the SM, it includes the study of gauge bosons
pair production and heavy flavor production, the measurement of the top quark’s properties and the
the study of the EWSB mechanism via multi-Higgs production. In addition, heavy ions collisions will
allow for a deeper understanding of the Quark-Gluon Plasma. From a BSM standpoint, searches for
supersymmetric and dark matter particles in new kinematic regimes can be pursued. A comprehensive
review of the physics potential of the FCC-hh can be found in Ref. [17]. This document collects the

results of the many studies that have been carried out since the beginning of the FCC initiative, in 2014.
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Figure 3.2: FCC detector baseline concept.

Regarding Higgs boson pair production, a maximum precision on the SM cross section of 3% is
expected to be achieve using the bby+ final state. This would allow to constraint the Higgs triple coupling
to be Anun € [0.97,1.03]. The hh — bbbb would allow for a 5% precision on the SM cross section and
to constraint the triple coupling to be A,x, € 0.9,1.5]. In spite of the larger background yield, the bbbb
channel provides a reasonable number of events in the tail of the my,;, distribution. As discussed in
section 2.1.3, the tail of this distribution does not have a large contribution from the triangle diagram.
Therefore, the sensitivity to the Higgs triple coupling is expected to be smaller. However, the high
energy regime can be more sensitive to new physics contributions which makes the bbbb channel a very
interesting one.

The Higgs quartic coupling could be probed through triple Higgs production. In this case the most
promising final state seems to be bbbby+. This channel could constraint the Higgs quartic coupling to be
Anhhh € [—4,16].
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Chapter 4

State of the art

In this chapter we present the state of the art of searches for Higgs pairs production at the LHC and
feasibility studies targeting searches for this process at future colliders. In addition, previous studies
focusing on the granularity of the hadronic calorimeter as a key detector parameter are also reviewed.
In section 4.1, we review the searches that have been conducted at the LHC by the ATLAS and CMS
experiments. We include discussions on the different final states that were targeted and report on the
constraints that were derived for the di-Higgs cross section and trilinear coupling. A brief overview of
the current constraints on some BSM models is also presented. In section 4.2, we present the results
obtained from feasibility studies that access the discovery potential for this process at the HL-LHC and
at the FCC-hh. In section 4.3, we present previous studies on the impact of the granularity of the
hadronic calorimeter on the spatial resolution of hadrons and on the resolution of the jet mass and of jet

substructure observables.

4.1 Searches for Higgs pair production at the LHC

The searches performed so far at the LHC by ATLAS and CMS covered different decay channels and
targeted not only the SM process but also some BSM scenarios where di-Higgs production is enhanced.
Neither could achieve enough statistical significance to declare the measurement of this process in the
SM nor have found any significant deviation from the expected values. These searches resulted in upper
limits for the cross section of di-Higgs production in the SM and for the values of the parameters of BSM
benchmark theories. From the limits on the cross section it is also possible to constraint the values of
the Higgs self coupling, kx = Apun /A7 M.

The hh — bbbb channel [71, 72] benefits from the large branching fraction of » — bb (~ 58%). In
addition, ATLAS showed that this is the most sensitive channel to resonance masses over 500 GeV [73].
However, this channel suffers with an overwhelming multijet background which drives the need for very
tight trigger level cuts in order to bring the event rates down to manageable values.

The hh — bbrT analysis [74, 75] benefits from a sizable branching fraction of » — 77~ (~ 7.3%)
and from a relatively small background contribution from other SM processes. These searches target
the semi-leptonic decay of the 77 pair to reduce contamination from QCD processes.

The hh — bbyy [76, 77),WW*~~ [73, 78], ZZ*~~ [78] analysis can make use of very efficient dipho-
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Figure 4.1: Exclusion limits (at 95% CL) on the cross section of resonant Higgs pair production from the
decay of heavy scalar particles. These results were obtained using proton-proton collision data collected
with the CMS (a) and ATLAS (b) detector at a CM energy of /s = 8 TeV and result from the combination
of different channels. Plots from Refs. [76, 80], respectively.

ton triggers and isolation criteria that greatly reduce multijet background. In addition the excellent mass
resolution of » — v can be exploited. The hh — bbIW W * channel also benefits from the large branching
fraction of h — WHTW ™~ (~ 21%).

The most stringent upper limit on the cross section of Higgs pair production comes from a combina-
tion of three searches using up to 36.1 fo~* of proton-proton collision data at a CM energy of Vs =13
TeV collected with the ATLAS detector [79]. The combination is based on the three most sensitive decay
channels of Higgs boson pairs, i.e, hh — bby~y, hh — bbrT7~ and hh — bbbb. The combined observed
limit on the non-resonant Higgs boson pair cross-section is 0.223 pb at 95% CL, which corresponds to
6.7 times the cross-section predicted by the SM. The ratio of the Higgs boson self-coupling to its SM

expectation, k,, is constrained, at 95% CL, to be —5.0 < k) < 12.1.

The upper limits on the cross section (at 95% CL) of Higgs pair production at 8 TeV as a function of
the mass of a spin 0 resonance are summarized in figure 4.1(a) [76]. The limits were obtained using
data collected with the CMS detector and come from searches using different final states, namely, bbyy
(blue), bbbb (red and pink) and bbrr (green). Depending on the analysis, the corresponding integrated
luminosity varies between 17.9 fo~! and 19.7 fb~*. The results are usually interpreted in the framework
of the Randall-Sundrum models such that the spin 0 resonance corresponds to the radion that decays
to a pair of Higgs bosons. For a mass of 1 TeV the upper limit on the cross section is approximately 12
pb.

The upper limits on the cross section (at 95% CL) of Higgs pair production as a function of the mass
of a heavy scalar Higgs, my, are summarized in figure 4.1(b) [80]. The limits were obtained through a
combination of searches performed in the hh — bbyvy, hh — bbbb, hh — bbrT7~ and hh — yYWW*
channels using proton-proton collision data corresponding to an integrated luminosity of 20.3 fo~* col-
lected with the ATLAS detector at a CM energy of \/s = 8 TeV. The improvement above my = 500 GeV
is due to the sensitivty of th hh — bbbb analysis. For my = 900 GeV the observed limit is 0.015 pb.
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4.2 Feasibility studies for high-luminosity and future colliders

Without any BSM contribution, the discovery of Higgs boson pairs production in the four b quarks final
state at the LHC is highly unlikely even considering the total expected integrated luminosity of 300 fb~*.
There might be evidence for this process but retrieving useful information about the value of the Higgs
trilinear coupling will remain out of reach. Nonetheless, the HL-LHC as well as future colliders pose
a good opportunity for the discovery and precision studies of this process. Therefore, Monte Carlo
studies assessing the feasibility of searches for hh — bbbb at the HL-LHC and at the FCC-hh have been
performed.

For the HL-LHC, a study including the pp — bbbb, pp — bbjj, pp — jjjj and pp — tt — bbjjjj
backgrounds reports a significance (S/+v/B) of 4 (1.3) for an integrated luminosity of 3000 (300) fo~* [81].
The analysis is performed in three orthogonal regions (boosted, intermediate and resolved) and the
reported significance is obtained from the combination of these three regions. The highest significance
(S/v/B = 2.9) is achieved in the boosted category. In addition, the impact of pile up is evaluated.
Considering a mean pile up of 80 and making use of jet grooming techniques, a significance of 3.1 (1.0)
for an integrated luminosity of 3000 (300) fbo™" is reported (also considering the three analysis regions).
This work makes use of artificial neural networks (ANN’s) as well as of jet substructure observables
to further increase the signal-background separation. Furthermore, single Higgs backgrounds, namely
Z(— bb)h(— bb), tth(— bb) and bbh(— bb), are shown to be negligible for the analysis, when compared
to the dominant QCD multijet background.

ATLAS and CMS also carried out preliminary studies for the sensitivity on the trilinear coupling at
the HL-LHC. Several channels have been investigated: hh — bbyy, hh — bbrt7~, hh — bbWW* and
hh — bbbb. The bbyy final state is the most sensitive one. In this channel, ATLAS and CMS reported
significances of 1.05¢ [82] and 1.60 [83], respectively, for an integrated luminosity of 3000 fo~*. Taking,
as an example, the ATLAS result, the achieved significance translates to an upper limit on the total
di-Higgs cross section of approximately twice the SM value. This corresponds to an exclusion limit of
—0.8 < k) < 7.7. The analysis conducted by ATLAS in this channel is done at generator level. The
energy and momenta of the particles are smeared to simulate the detector’s response. A mean pile up

of 200 is considered. No MVA techniques are employed in the analysis.

For the hh — bbbb channel, ATLAS states that a cross section 5.2 times larger than the SM value can
be excluded at 95% CL, with systematic uncertainties being taken into consideration. The Higgs trilinear
coupling is expected to be constrained to —3.5 < k) < 11. These results are based on the extrapolation
of the current results obtained with the 2016 dataset, comprising an integrated luminosity of 10.1 fo ™.

This study is based only on the resolved analysis documented in Ref. [71].

For the FCC-hh, a recent study that uses as signal sample pp — hhj — bbbbj and that includes
only the irreducible background pp — bbbbj reports a significance of 6.61 for an integrated luminosity
of 30 ab™ !, considering an analysis that targets the boosted region [65]. The extra jet in the signal
sample has pr > 200 GeV which provides the Higgs pair with a large Lorentz boost. This enhances

the sensitivity to the Higgs boson self coupling because it favors highly boosted virtual Higgs bosons
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Figure 4.2: Azimuthal distribution of the energy deposits in the ECAL and HCAL for a pair of K9 with
E =100 GeV for an hadronic calorimeter with 20 cm x 20 cm (a) and 5 cm x 5 cm (b). Figures from Ref.
[86] (based on Ref. [85]).

decaying to a pair of Higgs bosons. The analysis relies on the jet substructure observable 75, and on a
tight mass cut around the Higgs mass. No multivariate techniques are employed.

A study comparing the feasibility of the search for di-Higgs production in the bbbb in the HL-LHC and
at the FCC-hh was presented in Ref. [84]. Only the irreducible background is considered. For a boosted
region, cut based analysis, a significance of 1.1 is reported for an integrated luminosity of 3 ab™" at
/s = 14 TeV (HL-LHC). For an integrated luminosity of 10 ab™! at /s = 100 TeV, which corresponds
to the FCC-hh, this number is 5.7. While the significance is large for the FCC-hh, the reported signal to
background ratio (S/B) is approximately one order of magnitude smaller, which means the measurement

might be more sensitive to systematic uncertainties on the backgrounds.

4.3 Hadronic calorimeter granularity studies

Even before the baseline design for the FCC-hh was established, there were studies regarding the
impact of the granularity of the calorimeters in the spatial resolving power of hadronic showers and on
the resolution of jet mass and substructure variables. These studies targeted the development of future
colliders and greatly influenced the baseline design of the FCC-hh.

The granularity of hadronic calorimeters is a key parameter for future collider detectors because it
determines how well we can resolve energy deposits from pileup vertices and highly-boosted jet topolo-
gies. In Ref. [85], the use of smaller calorimeter cells (smaller than the ones that are used in currently
operating hadronic calorimeters) to resolve individual hadrons is investigated. For two Kaons (K?) with
an energy of 100 GeV each and with a truth level separation (A R) equal to 0.035 the energy deposited in
the ECAL (blue) and HCAL (red) is shown as a function of AR for HCAL cells with sizes 20 cm x 20 cm
(An x Ap = 0.1 x 0.1) and 5 cm x 5 cm (An x A¢ = 0.022 x 0.022) in figures 4.2(a) and 4.2(b),
respectively. The ECAL segmentation is equal to 2 cm x 2 cm. It is shown that for a granularity of
An x A¢ = 0.022 x 0.022 both hadrons can be resolved in the HCAL.
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Additional studies focusing on the jet mass resolution and on the resolution of jet substructure ob-
servables were performed for three calorimeter configurations (HCAL and ECAL). Some of these studies
were presented in major conferences focused on future colliders, namely FCC week 2015 and 2016 and
BOOST 2017. Here, we show results presented in Refs. [86—88]. The calorimeter configurations tested
are: HCAL(ECAL) 0.1(0.025)  x 5.6(1.4) ° ¢, HCAL(ECAL) 0.05(0.012) n x 2.8(0.7) © ¢ and HCAL(ECAL)
0.025(0.006) 1 x 1.4(0.35) ° ¢. For the segmentation in ¢ the numbers are give in degrees. For the HCAL,
these correspond to approximately An x A¢ = 0.1 x 0.1,0.05 x 0.05,0.025 x 0.025.

For ¢t events generated at NLO with MadGraph5 and passed through Delphes 3.2 to simulate de-
tector response, the energy flow jet mass distribution for pr(jet) > 3 TeV is shown in figure 4.3(a) [87].
The jet mass resolution is shown in figure 4.3(b). For An x A¢ = 0.1 x 0.1 cells the root mean square
(RMS) of the distribution is 0.130. This value decreases to 0.090 and 0.088 for An x A¢ = 0.05 x 0.05
and An x A¢ = 0.025 x 0.025 cells, respectively. This indicates that the mass resolution increases as
the granularity of the HCAL increases.

Regarding jet substructure, the resolution of the 73, variable in QCD dijet events generated with
Pythia8 is shown in figure 4.4(a) for particle flow jets [87]. The same distribution is shown in figure 4.4(b)
for calorimeter jets. Regardless of the type of jets used (eflow or tower jets), the 73, resolution increases
as the HCAL resolution increases. In addition, it is important to note that the resolution is a lot worse
when using tower jets which is an indication that exploiting tracking information is vital to achieve a good
resolution in substructure variables.

Another interesting result, presented in Ref. [86], has to do with the overlap between the 7, distribu-
tion for jets resulting from QCD interactions and from the decay of a W boson. Jets with pr of 2.5 TeV
show a reduction in overlap (80% — 60%) going from An x A¢ = 0.1 x 0.1 10 An x A¢ = 0.005 x 0.005
HCAL cells. For 5(10) TeV jets the overlap varies from 88(91)% to 78(85)%. However, for 20 TeV jets, the
change in the HCAL granularity does not significantly modify the overlap, as is shown in figure 4.5.

In summary, previous studies focus on the impact of granularity in the resolution of jet mass and jet
substructure observables. We did not find any studies that explored the change in the significance of a

given analysis as a function of the granularity or of the detector configuration.
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Figure 4.3: Jet mass (a) and jet mass resolution (b) plots in tf events for eflow jets with pr > 3 TeV for
three different HCAL and ECAL configurations: HCAL(ECAL) 0.1(0.025) n x 5.6(1.4) ° ¢, HCAL(ECAL)
0.05(0.012) n x 2.8(0.7) ° ¢ and HCAL(ECAL) 0.025(0.006) n x 1.4(0.35) ° ¢. Plots from Ref. [86].
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Figure 4.4: 73, resolution plots for QCD dijet events reconstructed using eflow jets (a) and tower jets (b).

Plots from Ref. [87].
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Chapter 5

Sample generation and analysis tools

A crucial component of this work is the generation of the Monte Carlo samples that are used in the anal-
ysis. They are produced using fast simulation. We use the software and machinery that was developed
by the FCC study group at CERN. The simulation work flow and Monte Carlo samples are described in
this chapter.

In section 5.1 we introduce the generators used to produce the Monte Carlo samples and briefly
describe their working principles and functionalities. We then focus on the FCC-hh software, in subsec-
tion 5.1.2, and explain how the previously described simulation work flow is implemented. A detailed

description of the technical settings used to produce the samples is provided in sections 5.2 and 5.2.3.

5.1 Fast simulation workflow

The Monte Carlo samples used in this study were generated using MadGraph5_aMC@NLO [89]. The
showering and hadronization are simulated using Pythia 8 [90] and the detector response is parametrized
using Delphes 3 [91]. These samples are available at the CERN EOS storage.

MadGraph5 is a matrix element generator for high energy physics processes, such as decays and
scatterings. The user specifies the desired process in terms of the initial and final states and can impose
additional constraints such as allowing for a number of refined criteria, including forced or forbidden s-
channel resonances, excluded internal particles, and forced decay chains of final state particles [89].
As a result, MadGraph automatically generates the corresponding Feynman diagrams and creates the
necessary code to compute the matrix element at a given point of the phase space. The output file is
written in the format defined by the the Les Houches Accord [92].

Pythia8 is frequently used for event generation in high energy physics. In this work, however, we use
it only to simulate the showering and hadronization process as well as the underlying event and not the
parton level hard process which is simulated in MadGraph5. The Les Houches file that is produced by
MadGraphb is used as input to a Pythia8 program that can decay unstable particles, simulate initial and
final state showers as well as the hadronization of coloured particles, such as quarks and gluons. The
desired settings can be specified in an additional file, a card, that is used as input for a Pythia8 run.

Delphes3 allows for a quick and simple simulation of the detector’s response [91]. Its goal is to allow

the fast simulation of a multipurpose detector for phenomenological studies. The simulation includes a
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track propagation system, electromagnetic and hadronic calorimeters and a muon identification system.
Low level physics objects, such as tracks and energy deposits, and high level physics objects, such as
leptons and jets, are reconstructed from the detector’s response and can be used to perform physics
analysis. In the following paragraphs we briefly describe how the detector response is simulated and
how jet reconstruction is performed.

The magnetic field is uniform, axial and parallel to the beam direction. Charged particles follow a
helicoidal trajectory from the interaction point to the calorimeters while neutral particles have a straight
line trajectory. The probability of a charged particle being reconstructed as a track is defined by the
user. Only a smearing in the modulus of the transverse momentum is applied (not to the direction). The
tracking efficiency, as well as energy and momentum resolutions, are specified by the user and may in-
clude a dependency on the particle type, momentum and pseudorapidity. The calorimeters have a finite
segmentation in the (1, ¢) plane and the cell size can be defined in the configuration file. The amount
of energy deposited in the calorimeters by each particle type can be defined by the user. By default,
stable hadrons deposit all their energy in the HCAL although in a real detector a significant fraction of
their energy is deposited in the ECAL. The energy resolution of the ECAL and HCAL are parameter-
ized as a function of 7 and include stochastic, noise and constant terms: o(E)/E = a/vVE@b . The
electromagnetic and hadronic energy deposits are independently smeared by log-normal distributions.

Jets can be produced using generator level long-lived particles after showering and hadronization,
tracks, calorimeter towers or particle-flow tracks and towers. These are referred to as generator, track,
calorimeter or particle-flow jets, respectively. For generator level jets no detector simulation nor recon-
struction are taken into account. In spite of the type of jet, the user can choose the jet clustering algorithm
and the values of its parameters as well as the minimum transverse momentum of the jets that are stored
in the final collection. Delphes integrates the FastJet package [93] and therefore allows jet reconstruc-
tion with the most popular jet reconstruction algorithms, namely, anti-k7, kr and Cambridge-Aachen
(C/A). Jets resulting from the hadronization of a b quark (known as b jets), are identified if a b quark is
found within a AR distance from the jet’s axis. The tagging efficiency and mis-tagging probabilities can

be defined by the user.

5.1.1 Particle flow and calorimeter reconstruction in Delphes

In Delphes, hadronic jets can be reconstructed using only the information from the HCAL towers or using
a particle flow algorithm that combines information from the tracking system and from the HCAL towers.
These two approaches create jets that are referred to as calorimeter and particle flow jets, respectively.
The latter can also be referred to as energy flow jets (eflow jets in short). In this work we performed the
analysis using both sets of jets and compare the results. Therefore we briefly describe them here.

Calorimeter jets are very simple. They are reconstructed using as input for the jet clustering algorithm
the 4-vectors associated with the calorimeter towers, after a cell energy smearing has been applied.
Therefore the spatial resolution is limited by the transverse segmentation of the calorimeters.

The goal of the particle flow approach is to make use of all the available information provided by the
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various sub-detectors for reconstructing an event [91]. This approach is used by some experimental
collaborations [94, 95] but the exact implementation depends on the specificities of the experiment. If
the momentum resolution of the tracking system is better than the energy resolution of the calorimeters
it might be convenient to use the tracking information to estimate the momentum of charged particles.
In real experiments, the tracking resolution is only better than the calorimeter’'s energy resolution up to
some energy threshold. However, in Delphes, it is assumed that it is always convenient to estimate the
momentum of charged particles via the tracker.

The particle flow algorithm works as follows [91]. For each calorimeter tower it counts:
o the total energy deposited in ECAL and HCAL, Egca. and Eycal, respectively;

¢ the total energy deposited in ECAL and HCAL originating from charged particles for which a track

has been reconstructed, EgcaL ik and Encal ik, respectively.

Then it defines AECAL = FecaL — EECAL,trk1 AHCAL = FucaL — EHCAL,trk and computes Eeflow given by

Tower

Eeflow

Tower

= max(0, AgcarL) + max(0, ApcaL)- (5.1)

All reconstructed tracks result in a particle flow track. If ES/'*" > 0 a particle flow tower is created

Tower
with energy E;J;ijz“r. The particle flow tracks and towers are then used as input for the jet clustering
algorithms.

For example [91], a single charged pion is reconstructed as a track with energy Eycal ik and deposits
some energy Epcay in the hadronic calorimeter. If Eycal < EncaLwk, Only a particle flow track with
energy EncaLwk 1S produced. If Epyca. > PucaLwk, @ particle flow track with energy Eycawk and a
particle flow tower with energy EycaL are produced.

With this algorithm [91], particle-flow tracks contain charged particles estimated with a good resolu-
tion, while the particle-flow towers contain in general a combination of neutral particles, charged particles
with no corresponding reconstructed track and additional excess deposits induced by the positive smear-
ing of the calorimeters, and are characterized by a lower resolution. The particle flow approach produces

high resolution inputs for jet clustering algorithms and can also be useful to reduce pileup contributions.

5.1.2 FCC-hh software

FCC software (FCCSW) [96], common to all FCC studies (electron-electron, electron-hadron and hadron-
hadron) has been developed and is maintained by the FCC study group. The software is based on Gaudi
[97]. An FCC Event Data Model based on Podio [98] was also developed. It consists in specific classes
that encode the information about the events.

The FCC-hh study group is responsible for the generation of Monte Carlo quick simulation samples
for the main benchmark processes for the FCC-hh and corresponding backgrounds. The samples are
generated using the worflow described in the previous section. CERN users can request rights to run

the EventProducer package [99] and produce samples for any desired process using the machinery that

39



is already implemented. In addition, the FCC Event Data Model classes are directly accessible and can
be used to read the ROQOT files that are produced after the events are passed through Delphes.

The machinery to submit jobs to CERN’s batch system is also implemented for both the generation
(MadGraph5) and reconstruction (Pythia8 plus Delphes3) levels.

In this work we make use of this software in order to produce the necessary samples.

5.2 Signal and background samples

In this work we focus on the hh — bbbb channel and perform an analysis targeting the boosted kinematic
region. The main backgrounds are multijet and ¢Z production and the irreducible pp — bbbb process. This
was introduced and motivated in chapter 1 and it is discussed in detail in chapter 6. Here we provide a

technical description of how the signal and background samples were generated.

5.2.1 MadGraph

The irreducible background is generated with an extra jet with a high py at generator level, 4b + 7,
where j stands for a light jet (initiated by a gluon or u,d, ¢, s quarks). This is referred to as the four
flavor scheme. A high-pr extra jet forces the four b quarks to have a high Lorentz boost and therefore
increases the probability of the events being reconstructed with two large-R jets consistent with a two-
prong substructure. For this process, QCD and electroweak contributions are considered separately,
i.e, we include three different types of samples: one in which only QCD processes are considered, one
in which only electroweak processes are considered and one in which both process are considered
simultaneously. The samples do not overlap. The 4b + ; QCD sample is constituted by two independent
samples that have a different generator level cut in the minimum pr of the light jets, namely, 200 <
PP < 500 GeV and pt' > 500 GeV. This allows for a more efficient generation.

The multijet background is simulated through j;j+0/1/2 j where j stands for a light or b jet (five flavor
scheme). This background is divided into several individual samples that are produced in different Hr
regions, where Hr is the scalar sum of the pr of all partons at generator level. The minimum(maximum)
allowed Hr is 500(100,000) GeV. Since these backgrounds are QCD processes, the pr distribution of
the final state jets falls very steeply as the pr increases. Therefore, if one were to generate events for
these processes without restricting the phase space, most events would consist of jets with a very low
pr which are exactly the type of events that are rejected the most by a boosted analysis (see chapter
6 for more details on the event topology that is targeted and on the analysis strategy). As we move to
regions of the phase with a higher Hr the cross section decreases meaning we need fewer MC events
to properly simulate the background in that region.

Note that for the 4b+ 5 (QCD) and jj+0/1/2 j samples we do not take into account the regions of the
phase space with pr ; < 200 GeV and with 0 < Hr < 500 GeV. We assume that we can reject most of
the events (if not all) with these kinematic characteristics by going to a sufficiently boosted region of the

phase space. In addition, note that after the showering procedure there could be some overlap between
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the 40 + j and jj + 0/1/2 j. This is taken care of in our analysis code: if an event from the j5 +0/1/2 j
sample has four b quarks at truth level (which happens for approximately 0.01% of the events) then we
do not consider it because it will certainly overlap with an event from the 4b + j sample.

The ¢t background sample is generated with extra jets at generator level, ¢t + 0/1/2 7, using the five
flavor scheme. We consider an inclusive sample for this background, meaning that we do not force any
particular decay of the top quark or of the subsequent particles.

For the hh SM signal sample, one of the Higgs is decayed to bb in MadGraph. The reasoning behind
this choice is that most searches for Higgs pair production make use of a final state that includes at
least two b quarks in order to keep the cross section times BR of the process large enough. In addition,
this method allows the same generator level samples to be used to perform different analysis, simply by
choosing the decay channel of the remaining Higgs boson. The decay of the remaining Higgs boson
can be implemented in Pythia, in the case of this work, to bb.

The generator level cuts for the signal and background samples are summarized in table D.1 in

appendix D.

Signal samples - BSM

In addtion to the SM di-Higgs signal, we also explore the signature and analysis sensitivity for di-Higgs
signals produced by two benchmark BSM models: CP-conserving type || 2HDM and a simplified dark
matter model (DM) with a spin 0 mediator. These models were described in section 2.2.

Both models are readily available in Feynrules [100] model database and can be straightforwardly
implemented in Madgraph5. The parameters of the models, namely the masses of the new particles,
can be changed by the user. In the case of this work, we want new particles to have a large mass so
that they produce SM Higgs pairs with a high Lorentz boost.

For the DM model [21], the spin 0 mediator's mass is set at 1 TeV. The cross section for the signal
generated with this model is smaller than the cross section of the SM signal (approximately 0.2 pb versus
0.7 pb) and therefore this model is not excluded by experimental data.

For the 2HDM [101, 102], a finer tuning of the parameters is required because the model is very
general and has many free parameters. In addition, it is written in the Higgs basis such that we need
to convert the parameters from the physical basis (introduced in section 2.2) to this basis. The free
parameters of the model are the masses of the neutral, my,, m,, mn,, and charged scalars, my,, the
neutral scalars mixing angles, mixy, mixy,, mixy,, the real and imaginary parts of the up, down and
charged lepton 3 x 3 Yukawa matrices, GUR,GUI,GDR,GDI,GLR,GLI and the values (real and
imaginary parts) of the second, third and seventh quartic couplings, I3 3 7,. In the CP-conserving model
h1,2.3 can be identified with the physical states », H and A, respectively.

We start from the following parameters (in the physical basis):

mp = 125 GeV, my = 900 GeV, m4 = 850 GeV, my+ = 800 GeV, 3 = %, a=—0.75

miy = [(mFy +m% + m3s)/3] cos(B) sin(B) =~ 181041.6667. (5.2)
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In the Higgs basis, the input parameters for the model are

my, = 125 GeV, my, =900 GeV, my, =850 GeV, myp, =800 GeV

g, (8 — a) ~ 0.035

lo ~0.27, 13>~9.46, Iy ~0.46. (5.3)

MiTp, = MiTh, = 0, Mizy, =

The masses of the scalars cannot change when going from one basis to the other. Therefore we set
them to the exact same values. mizy,, miz,, = 0 because we are considering the CP-conserving
model. To obtain the values of I 57 we use Eq. 11 from Ref. [27] and write the \ parameters of the
scalar potential in terms of the parameters defined in Eq. 5.2. Then we use Eq. 47,48 and 50 from Ref.
[103] to obtain the values of the quartic coupling in the Higgs basis.

Regarding the Yukawa interactions, we work in the type Il model. Following the type Il restriction file

found in Ref. [101] we set

GLR=GLI=GDI=GUI =0
myy/2 tan(3)
v

GDR = diag <0, 0, ~vtan(f)

> , GUR = diag (0,0, 2 >

where m;, = 4.7 GeV and m; = 172 GeV are the masses of the bottom and top quarks.

5.2.2 Pythia

For the signal samples (SM and BSM) we simply turn off all other decays except h — bb therefore forcing
the Higgs to decay to a pair of b quarks leading to the desired final state with four b quarks. All other
settings are not altered with respect to their default configuration. For the BSM samples, this implies that
the coupling of the SM Higgs boson to the b quarks is set to its SM value.

For the j; + 0/1/2 and ¢t + 0/1/2 j samples we have to perform jet matching because we require
additional jets at the level of the matrix element. In addition to the partons generated in MadGraph
and that can produce a jet, Pythia may introduce extra jets that are usually soft and collinear (with the
particle from which they were radiated) and result from the showering process. This could lead to the
same process (with the same final states) being counted twice (double counting). Take, for example,
the processes j j and j j j at MadGraph level. It can happen that Pythia generates an extra jet for the
first process but not for the second, leading to both processes having the same final state (three jets).
Each process would then give its independent contribution to the total number of events but because
they simply represent two distinct ways of achieving the same final state they should only be counted
once. The goal of jet matching procedures is to avoid this problem.

The cross section times branching ratio (when applicable), the k-factors and the approximate number
of events for the samples used in the analysis are summarized in table 5.1. The k-factor multiplies the
cross section times branching ratio in order to reproduce known higher order results. It corresponds only

to the ratio between the total cross sections and it does not correct for possible differences that might
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exist between the differential cross sections. The number of events changes according to the granularity
configuration and to the type of jets that were used. The numbers shown should be taken only as an
order of magnitude.

For the SM signal, o x BR is given by o(hh,h — bb) x BR(h — bb), with BR(h — bb) = 0.5824 for
my, = 125 GeV [104]. o(hh, h — bb) is given by:

o(hh,h — bb) = oxnro(hh) x 2 x BR(h — bb) = 1.22 pb x 2 x 0.5824 = 1.42 pb (5.5)

where onynzo(hh) = 1.22 pb follows from Ref. [105] and the factor of 2 is a combinatorial factor that
indicates that both Higgs bosons can decay to a pair of b quarks. The k-factor is given by onnLL/ONNLOs
where onynLL IS calculated according to the prescription given in equation 1.7.8 of Ref. [104], with §; =
—0.315, which yields onn . = 1.33 pb. Therefore, the k-factor has the value 1.09.

For the BSM signal samples, o x BR is given by:

o x BR = o(hh)yg x (BR(h — bb))? (5.6)

where o(hh)yg is the cross section for Higgs pair production as given by MadGraph. For these samples
we consider a k-factor of 1.0.

For the remaining samples, o x BR are the values given by MadGraph. In these samples no decay
mode is imposed, therefore the branching ratio is one. For the 4b + j(QCD) samples, a k-factor of
two is applied [99] in order to parameterize our ignorance on the QCD irreducible background. For the
tt +0/1/2 j, a k-factor of 1.74 is applied, following Ref. [99].

The parameters used in Pyhtia 8 can be found in table D.2 in appendix D.

5.2.3 Delphes

It is one of the main goals of this work to evaluate how the analysis sensitivity is influenced by the
granularity of the hadronic calorimeter. We start from the same MadGraph level samples and pass them
through Pythia and Delphes changing the settings of the Delphes card that correspond to the HCAL. All
other detector’s parameters were kept unchanged with respect to the FCC default Delphes card. We

tested five benchmark granularity configurations:
1. ATLAS HCAL granularity (as implemented in the standard ATLAS Delphes card);

2. Starting from the ATLAS HCAL configuration we increase the granularity in n by a factor of four, in

the pseudo rapidity range |n| < 1.7 which corresponds to the TileCal region;

3. Starting from the FCC HCAL configuration we decrease the granularity in ¢ by a factor of two, in

the entire pseudo rapidity range covered by the HCAL.
4. FCC HCAL default granularity (as implemented in the standard FCC Delphes card);
5. Starting from the FCC HCAL configuration we increase the granularity in n and in ¢ by a factor of

two, in the entire pseudo rapidity range covered by the HCAL.
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Table 5.1: Summary of the effective cross sections (¢ x BR) and k factors of the signal and background
samples used in the analysis.

Sample o X BR[pb] k-factor ~ no. events
hh — bbbb - SM 0.827 1.09 5 x 10°
hh — bbbb - DM mediator 0.218 1.0 5 x 106
hh — bbbb - 2HDM type Il 0.466 1.0 5 x 10°
4b + j (QCD, 200 < pJ < 500) 756.4 2.0 10 x 106
4b+ j (QCD, p. > 500) 57.71 2.0 10 x 106
4b + j (QCD+EWK) 6.204 1.0 10 x 10°
4b + j (EWK) 0.07206 1.0 5 x 106
J7+0/1/2 5 (500 < Hr < 1000) 1.64 x 107 1.0 10 x 108
§j+0/1/2 7 (1000 < Hy < 2000) 1.67 x 10° 1.0 1 x 106
§j +0/1/2 5 (2000 < Hr < 4000) 1.32 x 105 1.0 1 x 108
Jj+0/1/2 5 (4000 < Hr < 7200) 7.32 x 103 1.0 1 x 108
47 40/1/2 4 (7200 < Hy < 15000) 4.75 x 102 1.0 1 x 106
47 +0/1/2 7 (15000 < Hp < 25000)  7.35 1.0 1 x 108
§j+0/1/2 7 (25000 < Hr < 35000)  0.176 1.0 5 x 10°
37 40/1/2 5 (35000 < Hy < 100000) 0.00765 1.0 3 % 10°
tt+0/1/2 5 4.31 x10* 174 5 x 10°

The granularities of these five configurations are summarized in table 5.2. The values that are shown,
as well as the corresponding pseudorapidity regions, are exactly what is implemented in Delphes.

In addition, we also passed the same generator level samples through the default ATLAS detector
simulation in Delphes. The HCAL granularity is the one that is indicated in the second row of table 5.2
but the other detector parameters, such as the radius, magnetic field, tracking resolutions are the ones
that are implemented in the default ATLAS Delphes card. This additional detector configuration gives
us an extra point in the space of parameters that we are trying to explore. Furthermore, in a first, very
crude, approximation, it allow us to compare the results obtained at /s = 100 TeV to the ones obtained
at /s = 13 TeV by ATLAS. For completion we summarize, in table 5.3, the values of some key detector
parameters as implemented in Delphes for the ATLAS and FCC-hh detectors. The magnetic field is
twice as strong for the FCC-hh. The charged hadrons tracking efficiency and the HCAL resolution are

fairly similar between the two detector configurations.
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Table 5.2: Summary of the benchmark granularity configurations of the HCAL.

Configuration An x A¢ n range
0.1 x0.1 In| <2.5

1 (ATLAS HCAL)
0.2 x 0.2 2.5 < |n| < 5.0
0.025 x 0.1 In| < 1.7

2 (ATLASHCAL 7 x4) 0.1 x0.1 1.7<|n| <25
0.2 x 0.2 2.5 < |n| < 5.0
0.025 x 0.05 < 2.5

3 (FCC HCAL ¢/2) I
0.05 x 0.1 2.5 < |n <6.0
0.025 x 0.025 In| < 2.5

4 (FCC HCAL)
0.05 x 0.05 2.5 < |n| < 6.0

0.0125 x 0.0125 || < 2.5

5 (FCC HCAL 7, ¢ x 2)
0.025 x 0.025 2.5 < |n| < 6.0

Table 5.3: Summary of some key detector parameters for the FCC-hh and ATLAS detectors.

Parameter FCC-hh ATLAS

Radius of magnetic field 1.5 1.15

coverage [m]

Half length [m] 5 3.51

Magnetic field [T] 4 2

Charged hadrons tracking  90% for 2.5 < |n| < 4.0, 85% for 1.5 < |n| < 2.5,

efficiency pr > 1.0 pr > 1.0

HCAL resolution V/E%(0.03)2 + E(0.60)2 V/E%(0.05)2 + E(0.706)2
for 1.7 < |n| < 4.0 for 1.7 < |n| < 3.2
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Chapter 6

Analysis

6.1 Overview of the hh — bbbb channel

For the SM Higgs, with a mass around 125 GeV, the branching ratio of the hh — bbbb decay is ap-
proximately 33.6%, making it the most probable decay for Higgs pairs, as is illustrated in figure 6.1(a).
However, in this channel, the main background is QCD multijet production that has a cross section
several orders of magnitude larger than di-Higgs production in the SM, as table 5.1 shows. Nonethe-
less, the jet pr distributions in this background have a very large yield close to zero and then fall very
steeply while the signal has a much larger tail to high values of pr (see figure 6.5(a)). This indicates that
searches targeting the boosted kinematic regime may be the key to measure hh — bbbb using inclusive
production.

In this work we target the boosted regime. In this kinematic region, the final state of the signal is
characterized by two jets with a large radius parameter, each containing the two b quarks originated
from the decay of one of the Higgs bosons, as figure 6.1(b) illustrates. Extra jets are also expected to
be reconstructed as a consequence of QCD radiation.

The analysis presented here is performed using the Monte-Carlo samples described in chapter 5. All
samples including Higgs bosons assume m; = 125 GeV. The event selection criteria are designed to op-
timize the significance, given by S/+/B, where S and B represent the number of signal and background

events, respectively.

6.1.1 Event pre-selection

We start by applying very simple and loose cuts that target events consistent with the boosted topology.
Jets are reconstructed with the anti-kr algorithm with a radius parameter R = 0.8. They are recon-
structed from particle flow objects or calorimeter towers only. Both approaches were explored in this
analysis.

We require at least two b-tagged R = 0.8 jets. A R = 0.8 jet is considered b-tagged if it has at least
two b-tagged subjets. The subjets are found through the mass drop technique that was described in
section 3.3.2. This is an iterative technique that unclusters the jet until two hard substructures are found.
The leading and sub leading jets must have pr > 200 GeV in order for the event to be accepted. From

Eq. 3.4, a Higgs boson with, e.g., pr = 200 GeV leads to a pair of b quarks with AR ~ 22 — 1.25.

pr
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Figure 6.1: (a) Higgs pairs branching ratios, (b) event topology targeted by a boosted analysis.

Therefore, considering jets with R = 0.8 and pr > 200 GeV is a reasonable choice. For a more complete
description about the jet radius see appendix A. Due to the b-tagging parameterization (described in
detail in section 6.2.1), there is a natural cutoff at || = 4 so we do not place any additional cut in . From
now on, these cuts are referred to as pre-selection cuts.

After the pre-selection cuts we can plot all the relevant distributions that allow us to characterize the
signal and background events. These are shown in the next two sections. In addition, these distributions
provide a first insight into the discriminating power of the kinematic and substructure variables that are

explored.

6.1.2 Signal characterization

The cross section for di-Higgs inclusive production from pp collisions at /s = 100 TeV is 1.22 pb [105].
This value is computed at NNLO accuracy. The dominant production process is gluon-gluon fusion that
has been extensively discussed in section 2.1.3. The signal process comprises the di-Higgs inclusive
production and the hh — bbbb subsequent decays. The total process cross section times branching ratio
amounts to approximately 0.9 pb. This number includes the branching ratio and a k-factor to account for
known NNLL resuls. This is described in detail in section 5.2.2. For an integrated luminosity of 30 ab™!
of proton-proton collisions at /s = 100 TeV we expect 2.7 x 107 events.

The Higgs candidates are reconstructed using large R jets that can be directly measured using
information from the calorimeters and tracking system. Figure 6.2(a) shows the A¢ between the two
leading jets (Higgs candidates), A¢(hh). For a large fraction of the signal events (red curve) A¢(hh) ~ 7
which indicates that the jets are produced back-to-back in the transverse plane. There is also a small
fraction of events for which the jets have A¢(hh) ~ 1. For these events there must be at least a third jet
that balances the momentum of the jet pair.

Each wide jet is expected to be consistent with having two subjets associated with the two b quarks

from the h — bb decay. In the Higgs rest frame, the two subjets are produced back-to-back, conserving
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momentum. In the laboratory frame, the AR between the subjets depends on the momentum of the
Higgs boson, with larger AR corresponding to Higgs bosons with a lower momentum. This correla-
tion between the AR between the subjets of the leading Higgs candidate (AR(bb)) and its momentum
(pr(h1)) is shown in figure 6.2(b), for the signal sample, after the pre-selection cuts and after an addi-
tional mass cut of |M — 125| < 40 GeV on both Higgs candidates.

The pr distributions of the leading and sub leading jets (Higgs candidates) are shown in figures
6.5(a) and 6.5(b), respectively. The histograms are normalized to unit area in order to allow for shape
comparisons between them. For the leading jet, the signal pr spectrum peaks at approximately 350 GeV
and has a long tail for large values of pr, in particular, longer than any of the backgrounds. For the sub-
leading jet the spectrum is softer, as expected, but the tail of the distribution is still longer that for any of
the backgrounds. These distributions show that the signal process produces jets with larger transverse
momenta than the jets produced by the background processes, which indicates that a boosted analysis
might perform well.

The 7 distribution of the leading jet is shown in figure 6.6(a). This distribution is limited to |n| < 4
because the b-tagging efficiency goes to zero for || > 4 (see section 6.2.1 for more details). The
number of events decreases as we go to larger values of n which is due to the detector’s acceptance.
The 5 distribution of the sub leading jet is very similar to this one so we abstain from showing it here.

The softdrop mass distribution of the leading jet is shown in figure 6.6(b). For the signal (red curve)
there is a clear peak at approximately 120 GeV which corresponds to the SM Higgs boson mass peak.
The peak is quite broad which means the mass resolution is not very good. On the one hand, this is
because we are using large-R jets to reconstruct the Higgs candidates. These objects have a worse
mass resolution than other cleaner objects such as photons or muons. On the other hand, the cuts
applied before plotting these distributions are very loose. As we place additional cuts the mass peak
can be made slightly narrower. Another interesting feature of the signal mass spectrum is the existence
of a peak close to zero. The explanation is the following: some jets do not contain both b quarks from
the Higgs decay, such that when applying the mass drop procedure only one b quark with a mass
of approximately 5 GeV remains inside the jet, creating the peak at lower masses. A more detailed
discussion, as well as a plot that supports this interpretation, can be found in appendix C.

In addition to the basic kinematic distributions that we have just described, there are a multitude of
other variables one can look at. Here we show the An between the Higgs pairs, figure 6.7(a), and the
T91 variable for the leading Higgs candidate, figure 6.7(b). The first distribution shows that the Higgs pair
tends to have a An close to zero. The 7»; distribution shows that for the signal this variable takes values

close to zero which means that the jet is consistent with having two subjets.

6.1.3 Backgrounds

The relevant backgrounds for this analysis are QCD multijet production, t£ and bbbb. Although the bbbb
background is a particular case of a QCD multijet production process we consider it separately because

it constitutes the irreducible background and therefore will have a higher efficiency in the analysis. The
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Figure 6.2: (a) A¢ between the Higgs candidates, A¢(hh), (b) AR between the b quarks coming from the
decay of the leading Higgs candidate, /1, versus pr(h,). To obtain this plot the cut |M (hy, he) —125] < 40
GeV was applied in addition to the pre-selection cuts.

cross sections for these processes are several orders of magnitude larger than the cross section for
the signal, as shown in table 5.1. In addition, in the case of the ¢t background, the event topology is
expected to be similar to the signal because it also consists in the production of a pair of particles with

the same mass.

The assumption that QCD multijet production and ¢ are the two main backgrounds is corroborated by
the ATLAS di-Higgs search performed in the same channel [71], where these backgrounds were found
to be the dominant ones. All other sources of backgrounds, including processes involving Higgs bosons,
are found to be negligible. In appendix B we discuss and evaluate the importance of some backgrounds

that include Higgs bosons in our analysis.

Figure 6.3 shows examples of LO Feynman diagrams that contribute to 4b + j (left), three- (middle)
and four-light (right) jets production. The bbbb background is generated with an extra light jet at generator
level, as discussed in chapter 5. This jet has a minimum p; of 200 GeV, which means the the vector
sum of the pr of the four b quarks must also be above 200 GeV in order to conserve momentum. This
increases the probability of two b quarks being reconstructed as single large-R jet therefore emulating
the signal’s final state signature, i.e, high pr jets compatible with a two-prong substructure. The QCD
4b + j sample with (200 < pr < 500) GeV has a cross section of approximately 756 pb. In addition, as
explained in section 5.2.2, we multiply this cross section by a k-factor of 2, which yields a total cross
section of approximately 1.5 x 102 pb. The cross section is a lot smaller for the other 45+ 5 QCD sample

as well as for the samples that include both QCD and eletroweak contributions, as expected.

The QCD multijet background consists of two, three and four jet events (represented as j;j+0/1/2 j),
at generator level. The jets can originate from light and b quarks and from gluons. A jet matching
procedure is implemented in Pythia in order to avoid double counting. Due to non-zero mistagging
probabilities, light and c jets can be identified as b jets. Although these probabilities are relatively small
when compared to the b-tagging efficiency (see section 6.2.1) the cross section of multijet processes is
very large, such that this background becomes dominant. The jj 4+ 0/1/2 j sample with (500 < Hr <
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Figure 6.3: Example of diagrams that contribute to the QCD multijet background: five final state jets,
four of which are b-jets (left), three final state jets (middle) and four final state jets (right). Here, ¢ stands
for a light quark/jet.

1000) GeV has a cross section of the order of 107 pb. As anticipated, the pr spectrum of the multijet
background is a lot softer than that of the signal and remaining backgrounds, as is shown in figures
6.5(a) and 6.5(b). In addition, for this background the 7, variable takes values close to one, as it is

shown in figure 6.7(b). This indicates that the jets are not consistent with containing two subjets.

Figure 6.4 shows examples of LO Feynman diagrams that contribute to ¢¢ production through ¢g (left)
and gg (middle and right) fusion. The ¢t background is simulated with additional zero, one or two jets
(represented as tt + 0/1/2 j), at generator level. The extra jets can originate from light, ¢ or b quarks
or from gluons. A jet matching procedure is implemented in Pythia in order to avoid double counting.
The top quark has a very short lifetime, predicted to be 5 x 10~2° s, such that it decays before it can
hadronize. This sample is inclusive in the top quark decay modes. However, the most favoured decay
of the top quark is ¢ — Wb with a branching ratio close to 96% [1]. Therefore, ¢t events will, most of
the time, result in the W1/ ~bb final state. We do not specify any decay mode for the W such that the
sample is also inclusive in the W decay modes. The W decays to hadrons (W' — ¢g) and leptons
(W — ITv) with BR(W* — ¢q) ~ 68% and BR(W* — ITv) ~ 10%. If one (or both) W bosons decays
to hadrons then there will be additional jets in the final state. These can be b initiated jets (although the
probability is very small) or can be light jets misidentified as b jets. If both W bosons decay to leptons
there will still be at least two b jets in the final state, coming from the ¢t decay. The cross section of the
tt+0/1/2 j is approximately 4.3 x 10* pb. As explained in 5.2.2, a k-factor of 1.74 is applied which yields

a total cross section of approximately 7.5 x 10* pb.

It is interesting to note that in the softdrop mass distribution for the leading Higgs candidate (figure
6.6(b)) the ¢t background (green line) shows a small peak at around 170 GeV. In this region, all the decay
products of the top quark are contained inside the R = 0.8 jet such that the jet mass corresponds to the
mass of the original top quark.
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Figure 6.7: Distributions of the An between the Higgs candidates (a) and of the 75; variable for the
leading Higgs candidate (b). The histograms are normalized to unit area and include all events that pass
the pre-selection cuts.

6.2 Analysis strategy

As already discussed, this analysis targets events in which at least two large-R jets are reconstructed.
The jet with the highest momentum is assumed to correspond to the leading Higgs candidate and the jet
with the second highest momentum to the sub-leading one. Both the leading and sub-leading jets must
be b-tagged in order for the event to be accepted.

The events are reconstructed using particle flow or pure calorimeter jets with R = 0.8, clustered with
the anti-k, algorithm. We perform the b-tagging of jets using truth level information. Jets with a large-R
parameter cannot be b-tagged using the Delphes default algorithm. The tagging of large R jets is an
ambiguous task that can be performed in several different ways. Therefore, we implemented our own
b-tagging algorithm that is described in section 6.2.1.

In this section, we present the baseline analysis based on cuts on kinematic and substructure vari-
ables. An optimized version of the analysis is also presented and compared to the baseline. The
optimization is based on the significance (S/+/B) as a function of the cut threshold for a given variable.

We also describe how statistical and systematic uncertainties are estimated.

6.2.1 Implementation of b-tagging

For each jet, the two hardest subjets are found using the mass drop procedure. It might happen that there
are not two subjets because the algorithm’s criteria are not met. In that case, the jet is rejected. For each
event, we compute the AR distance between all b and ¢ quarks with Pythia status equal to 23 [106] and
with pr > 10 GeV and each subjet (A R(subjet,parton)). Particles with status 23 result directly from the
hardest subprocess. We consider that a subjet is matched to a given quark if AR(subjet,parton) < 0.3,
based on figure 6.8. If the subjet is matched to at least one b quark, we b-tag the subjet with a given
probability. If the subjet is not matched to any b quark but it is matched to at least one ¢ quark we apply

a ¢ mistag rate. If the subjet is not matched to any b or ¢ quark we apply a light-jet mistag rate. This
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Table 6.1: b-Tagging (black), ¢ (blue) and light (red) mistag probabilities as a function of n and pr of the
(sub)jet. The momentum dependent factor, (1 — pr/15000), is common to the three probabilities.

pr 10 < pr <500 500 < pr < 15000

Ui

In| < 2.5 0.85;0.05; 0.01 (0.85;0.05;0.01) x (1 — pp/15000)
2.5 < |n] <4.0 0.64;0.03;0.0075 (0.64;0.03;0.0075) x (1 — pr/15000)

allows for a more realistic modeling of the imperfect b-tagging performance, where light quark or ¢ quark
initiated jets may fake b jets. The b-tag probability and mistag rates were obtained from the Delphes
FCC-hh card. They depend on the momentum of the jet and on its n coordinate. They are summarized
in table 6.1. The b-tagging probabilities are given in black and the ¢ and light mis tagging probabilities
are given in blue and red, respectively. Note that a jet cannot be b-tagged if || > 4 or if its momentum
is smaller than 10 GeV or larger than 15000 GeV.

In terms of the technical implementation, the b-

tagging algorithm works as follows: for each subjet we %200007‘“‘
7 18000}

look for a truth-level b quark within AR = 0.3 of the #5500k
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is smaller than the b-tagging efficiency, we consider the
subjet to be b-tagged. If the subjet is not b-tagged we AR (b quark, subjet
look for truth-level ¢ quarks within AR = 0.3 of the sub- Figure 6.8: Minimum AR between b quarks
and subjets of the R = 0.8 jets in a hh — bbbb
after requiring the existence of at least two
ber between 0 and 1 and if the number is smaller than large-R jets.

jet. If one is found we generate a new random num-

the ¢ mistag probability we consider the subjet to be
b-tagged. If the subjet is still not b-tagged we generate a random number between 0 and 1 and consider

the subjet b-tagged if the number is smaller than the light-jet mistag probability.

6.2.2 Baseline analysis

The analysis described in this section and in section 6.2.3 were developed using the samples simulated
with the default FCC-hh detector implementation. The same event selection was then applied to the
samples generated using the different detector configurations.

As a first step, we implemented a baseline analysis based on rectangular cuts on kinematic and
substructure variables. Firstly, we apply cuts on the transverse momenta of the leading and sub leading

Higgs candidates, pr(h1) and pr(hz), and of the Higgs pair, pr(hh):

pr(hi) > 400 GeV, pr(he) > 350 GeV, pr(hh) > 100 GeV. (6.1)
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Figure 6.9: pr distributions for the leading (a) and sub leading Higgs candidates (b). The histograms are
normalized to £ = 30 ab™'.

The effect of these cuts may be appreciated from the distributions shown in figures 6.9(a), 6.9(b) and
6.10(a) and guarantee that we are choosing events for which the Higgs candidates are sufficiently
boosted. In addition, a high threshold for the pr of the jets suppresses tt events because the decay

products of the top quark are reconstructed as a single jet.

We then apply a cut on the ; of the leading Higgs candidate, illustrated in figure 6.10(b), to select

jets that are more compatible with a two-prong structure:
T21 (hl) < 0.55. (62)

The cut on this variable works as a Higgs tagging method. Therefore we apply the same cut on the 75
of the sub leading Higgs candidate although that does not necessarily follow from the distribution of 7,
for the sub leading Higgs candidate (which can be found in figure F.1 in appendix F). Then, from the
distribution in figure 6.11(a), we place a cut on the second Fox-Wolfram momentum (defined in section
3.3.1) of the leading Higgs candidate, Hx(hq):

Hy(h1) > 0.2 (6.3)

This substructure variable is particularly interesting because it helps supress the ¢t background.

Finally, based on the distribution shown in figure 6.11(b), we apply a cut on the softdrop mass of both
Higgs candidates, Msp(hi, ha). The distribution of Mgp(hs) is similar to this one so we do not show it

here. This cut is placed in a window around the nominal SM Higgs mass:

(100 < Msp(hy, ha) < 135) GeV. (6.4)

Using this analysis, we achieve a significance, S/v/B, of 5.1£0.5 (stat.) 733 (sys.) (1.62 = 0.16 (stat.) T (sys.))
for an integrated luminosity of 30 (3) ab™".
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Signal strength extraction

To extract the value of the expected signal strength we perform a negative log-likelihood fit to the invariant
mass spectrum of the di-Higgs pair, after the full event selection. Following Eq. 39.16 from Ref. [1] we

minimize the function:

mes

—2InA(p) = —21n ﬁgﬁi =2 [(k‘i) A (Zﬂ , (6.5)
i=1 v
where Nbins i g—ki
£ =[] =— (6.6)

i=1
is the likelihood function, calculated as product over all bins of Poisson probabilities with mean k; =
u x s; + b;. In this expression, u is the fit parameter and corresponds to the signal strength, s; and b;
are the expected number of signal and background events extracted from the MC distributions; /i is the
unconditional maximum likelihood estimator defined by "7 n; = ji Y ¥ore 5, 5 Nors .- 1y, corresponds
to the number of ’observed’ events. Starting from an histogram of the invariant mass of the di-Higgs pair
containing both signal and background (assuming SM cross sections), a number of toy experiments is
generated where, for each bin i, a number of events n; is generated following a Poisson distribution with
mean k;. The fit returns the value of the signal strength that minimizes Eq. 6.5. This value is found by
scanning over possible values of the i, parameter. The results presented are obtained from an average
over 10k toy experiments.

The negative log-likelihood on the p param-

eter for the baseline analysis is shown in figure < 18g— Ty AR AR AR AL
6.12 assuming nominal background yield (blue é ij :Z:i:flxl_s,nxl_z

line) and varying the background normalization up 12 et X081t x 08

(red line) and down (green) according to the sys- 2 N N ey Ay Al
tematic uncertainties described in section 6.2.5. 22

These plots were obtained considering an inte- 0.4

grated luminosity of 30 ab™!. For the nominal 0.2
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background yield, the expected signal strength is 06 07 08 09 1 11 12 13 14 15

. .. Signal strength (u)
1 = 1.0 + 0.4 which corresponds to a precision of
40%. The impact of the systematic uncertainties Figure 6.12: Negative log-likelihood on .

on the precision of the signal strength is ~ 10%.

6.2.3 Optimization

The first approach to the optimization consists in placing successive cuts in the most relevant kinematic
variables. The value of each cut is chosen in order to optimize the significance after that cut. As for the
baseline analysis we start by looking at the transverse momenta of the leading and sub leading Higgs

candidates. After the pre-selection cuts are applied, we scan the histograms of the p7 of the leading
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Higgs boson candidate for signal and backgrounds by placing a lower cut on this variable. For each value
of the cut we integrate upwards in order to obtained the expected number of signal and background
events after the cut. Using these numbers we calculate the significance, S/v/B. The significance as a

function of the lower cut on pr(h;) is shown in figure 6.13(a). Based on this plot we choose the cut:

pr(h1) > 300 GeV. (6.7)

After placing the cut on pr(h;) we do the same plot for the pr of the sub leading Higgs candidate
and of the Higgs pair. These are shown in figures 6.13(b) and 6.14(a), respectively. From figure 6.13(b)
we see that a cut on pr(hs) above 200 GeV is not favorable. Therefore, we do not apply any other cut

on this variable. Based on figure 6.14(a) we choose the cut:

pr(hh) > 100 GeV. (6.8)

Following the cuts on the momentums we place a cut on the 75, variable for both Higgs candidates.
From all the variables considered during the optimization process this was the one that lead to the
highest increase in the significance. From the definition of the m; variable we expect the signal to take
lower values than the background. Therefore we optimize the cut on this variable by placing an upper
cut and integrating the distribution below that cut. The plot is shown in figure 6.14(b). From the figure

we place the following cut on the 5, of the leading Higgs candidate:
Tgl(hl) < 04. (69)

We apply exactly the same cut on the 75, of the sub leading Higgs candidate. This guarantees that both
jets are consistent with having two subjets and therefore are more likely to originate from the decay of a

Higgs boson.

Next we apply cuts on the An between the Higgs candidates and on the second Fox-Wolfram mo-

mentum of the leading Higgs candidates, in this order:
|An(hh)| < 1.5 Hy(hy) > 0.2. (6.10)

These cuts follow from the plots on figures 6.15(a) and 6.15(b). The optimization plot for An(hh) is ob-
tained by placing a cut in a window around zero which follows directly from the shape of the distributions
in figure 6.7(a). For the Hs(h,) variable the cut is placed on the lower value.

Finally we apply the mass cuts on the leading and sub leading Higgs candidates. These are the
same that were applied in the baseline analysis.

Using the optimized analysis we obtain a significance, S/v/B, of 8.8 + 1.6 (stat.) 75} (sys.) (2.8 +
0.5 (stat.) ﬂ;g (sys.)) for an integrated luminosity of 30 (3) ab~'. This corresponds to an improve-
ment of approximately 70% with respect to the baseline analysis. This percentage is calculated as

(((S/V/B)apt. = (S/VB)oase.)/ (S/v/Bass. ) x 100.
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Figure 6.13: S/+/B as a function of the cut on the pr of the leading Higgs candidate, pr(h,) (a) after the
pre-selection cuts and of the sub leading Higgs candidate, pr(h2) (b) after the cut on pr(hy).
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6.2.4 Statistical uncertainties

For challenging analyses such as this one, the backgrounds usually have a much larger cross section
than the signal, implying that we need large of Monte Carlo samples to properly simulate them. Most of
the times it is not feasible to generate as much events as one would need for a given luminosity. This is
the case with this work, in particular because we are targeting very high luminosities (of the order of tens
of ab™!). Take for example the multijet sample with 500 < Hy < 1000, where Hy is the scalar sum of
the pr of all partons at generator level. The cross section is approximately 107 pb which means that we
expect a total of 3 x 10 events for an integrated luminosity of 30 ab™'. It is not feasible, within the time
frame of this work and with the available computational resources, to generate this number of events.

Therefore, we apply a weight, w, to each event given by w = =5, where L is the target integrated

luminosity, o is the cross section of the sample and N is the number of MC events generated.

If we assume that the number of events follows a Poisson distribution then the standard deviation (or
uncertainty) is given by /N where N is the mean number of events. In order to normalize the number
of events to a given luminosity we need to multiply the mean value and the uncertainty by the respective
weight such that the number of normalized events, including the uncertainty, Nnorm = A Nnorm, iS given by:
Nnorm & ANporm = w X (N + \/]V> A Nnorm €an then be used in standard error propagation to compute
the statistical uncertainty associated with any expression, in particular, with S/+/B. The statistical error
associated with S/+/B is given by:

2

S (AB)? (6.11)

2
2
(AS) + ‘_83/2

(+75) 7
VB/sa VB
where AS and AB are the uncertainties associated with the number of signal and background events.

AB is given by (AB)? = >".(AB;)?, where the index i runs over all independent backgrounds.

6.2.5 Systematic uncertainties

Systematic uncertainties are usually related to the detector specificities and object reconstruction tech-
niques, which makes them difficult to list and quantify for a detector that is not yet built. Nonetheless,
we can use the numbers for the systematic uncertainties that are reported in existing searches for
pp — hh — bbbb using the ATLAS detector.

When requiring four b-tags, the largest uncertainty affecting the signal is the the b-tagging uncertainty
(table 6 of Ref. [107]). It is of the order of 30%. For the background, the largest uncertainty comes from
the estimation of its yield and shape [107]. The reported value is 16%. However, a study performed by the
FCC study group [108] considers more conservative values for the uncertainties on the t£ and QCD di-jet
backgrounds normalizations. The reported values are 20% for ¢t and 50% for di-jet production. In this
study we use these numbers to estimate the impact of the systematic uncertainties on the normalization
of the backgrounds, since they give a more conservative estimate.

To estimate the b-tagging systematic uncertainty, the number of signal events after all the analysis

cuts is varied by 30% up and down. This leads to an upper (lower) bound in the significance of 6.6 (3.6),
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considering the baseline analysis. This uncertainty is applied to signal only. According to Ref. [107], the
b-tagging systematic uncertainty for the background is a lot smaller than for the signal (~ 1% compared
to ~ 30%). Nonetheless, it could become relevant for the 4b + ;7 background. However, for the multijet
background, the dominant systematic uncertainty is on its normalization. We consider a value of 50%
which clearly dominates over the b-tagging systematic uncertainty even if we consider that it takes a
value of 30% for the 4b + j background.

The background normalization uncertainties are implemented by increasing and decreasing the k-
factor of each background by the corresponding percentage, with respect to the numbers in table 5.1.
We vary the k-factors of the QCD multijet (4b+ j and jj+0/1/2 j) and of the tt backgrounds individually.
For the 4b+ j and jj +0/1/2 j backgrounds we consider the same uncertainty of 50% and the variations
are done simultaneously for both. This leads to an upper (lower) bound in the significance of 7.1 (4.2).
For the ¢t background we consider an uncertainty of 20% which leads to an upper (lower) bound in the
significance of 5.13 (5.09). These numbers refer to the baseline analysis.

We assume that the three sources of systematic uncertainty are uncorrelated and therefore the
respective variations can be added in quadrature. The statistical error is also added in quadrature.

Therefore, the total uncertainty is given by:

S 2
(A\/§>Sys_+stat_ = (dbtag)” + (dacnbkg.)” + (I bkg.)” + (Ostat)? (6.12)

where dp.1ag, dacp bkg. @Nd 6,7 g, @re the variations with respect to the nominal value of the significance
caused by the b-tagging uncertainty and by the uncertainties on the normalization of the QCD multijet

and ¢t backgrounds, respectively. gt is the statistical uncertainty, given by Eq. 6.11.

6.2.6 Trigger discussion

In the previous discussions regarding the baseline and optimized analysis, no trigger requirements were
taken into account. We now review the trigger requirements that had to be fulfilled in the ATLAS analysis
and discuss where do the analyses we designed stand with respect to those requirements. In Ref. [107],
the event selection requires at least two anti-kr R = 1.0 jets with pr > 250 GeV, |n| < 2.0 and m; > 50
GeV. The leading jet must have pr > 450 GeV to guarantee 100% trigger efficiency.

We require at least two anti-kr R = 0.8 jets with pz > 200 GeV. In the baseline analysis, we require
that the leading jet has pr > 400 GeV. These pr thresholds are compatible to the ones used in the
ATLAS analysis mainly when we consider that the radius of the jets is slightly smaller and therefore the
pr threshold can also be lower. We do not consider any cuts on the pseudorapidity or mass of the jets.
However, we do require that the sub leading jet has pr > 300 GeV and that the Higgs pair has pr > 100
GeV which would help lower the rate.

In the optimized analysis, however, the pr cuts are significantly looser: the leading jet must have
pr > 300 GeV and the Higgs pair must have pr > 100 GeV. This could indicate that although the
optimized analysis gives a better significance, tighter cuts might have to be applied in order to fulfill the

trigger requirements, therefore reducing the significance.
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Chapter 7

Results

In this chapter we describe the main results of the search for hh — bbbb at the FCC-hh and compare
them with the results obtained using the ATLAS default detector simulation (section 7.1). In section 7.2
we show how the significance of the analysis varies as a function of the granularity of the HCAL and/or

the detector configuration. We also compare the results obtained with particle flow and calorimeter jets.

7.1 Di-Higgs discovery potential at the FCC-hh

The event selection of the optimized analysis for the search for hh — bbbb at the FCC-hh with the
baseline detector design is summarized in tables 7.1 and 7.2 for the signal samples (SM, DM mediator
and type Il 2HDM) and for the background samples (4b + 7, 75 + 0/1/2; and tt), respectively.

From table 7.1, we see that for the BSM models the signal efficiency is higher than for the SM. It
varies from (0.45 + 0.13)% for the SM, to (0.49 + 0.15)% for the DM mediator model and to (1.7 + 0.5)%
for the type Il 2HDM. This is due to the existence of heavy new particles in the BSM models that lead to
the production of highly boosted SM Higgs pairs.

Considering the SM production of Higgs pairs, the achieved significance is
S/VB =88+ 1.6 (stat) 37 (sys.) (2.8 +0.5 (stat.) T1-5 (sys.)) (7.1)

for an integrated luminosity of 30 (3) ab™". For £ = 30 ab™", the significance is above the 50 threshold.
This result indicates that with the entire dataset that is expected to be accumulated by the FCC-hh de-
tector it should be possible to observe the production of Higgs pairs, from this channel alone. Following
the method described in section 6.2.2, we find © = 1.00 £ 0.06 which corresponds to a precision of the
order of 10% on the signal strength.

For the signal model that includes a 1 TeV dark matter mediator that can decay to pairs of SM
Higgs bosons the achieved significance is 2.3 + 0.4 (stat.) 753 (sys.) (0.73 £0.13 (stat.) T0-32 (sys.))
for an integrated luminosity of 30 (3) ab~'. The significance is well bellow the 50 threshold for both
luminosities. Therefore, we do not expect to be able to detect or exclude this challenging signal at the
FCC-hh. In this model, the coupling of the DM mediator to the Higgs pairs is small, which means that

the contribution from the box diagram dominates over the resonant production (s-channel diagram), just
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Table 7.1: Cumulative efficiency, in percentage, of each event selection criterion for the signal samples
(SM, DM mediator and 2HDM). The absolute value of expected events after some key selection cuts is
shown in curved brackets. The number of expected events is normalized to £ = 30 ab™*. The double
horizontal line marks the pre-selection cuts. These results were obtained using the FCC-hh baseline
detector design, as implemented in Delphes by the FCC-hh study group.

Selection [FCC-hh] SM DM mediator 2HDM type I
100 100 100
Gen level
(2704 £+ 12) x 10® (65400 £ 29) x 10? (13977 £7) x 103
N(b-tags)> 4 92.488 92.593 93.438
16.602 17.033 33.802

pr(j1,j2) > 200 GeV
(4490 £5) x 10° (11140 4+ 12) x 10> 4725+ 4 x 10°

pr(j1) > 300 GeV 13.521 14.007 30.691
pr(j1 + 72) > 100 GeV 10.933 11.301 22.736
T21(J1,72) < 0.4 1.309 1.410 3.921
|An(hh)| < 1.5 1.071 1.154 3.455
FW2(j1) > 0.2 0.989 1.064 3.254

0.446 0.487 1.642

(100 < Msp(j1,452) < 135) GeV
(1207 £ 8) x 102 (3188 +£20) x 10 (2296 &+ 8) x 10?

like in the SM. In addition, the cross section is smaller than that of the SM process which leads to a
smaller significance even though the efficiency is higher.

For the type Il 2HDM the achieved significance is
S/VB =16.7+£3.0 (stat.) 25 (sys.) (5.3 0.9 (stat.) T35 (sys.)) (7.2)

for an integrated luminosity of 30 (3) ab™'. These results indicate that the contribution of this model to
the production of Higgs boson pairs can be observed (or excluded) at the FCC-hh. When compared to
the SM and DM mediator signal samples, this sample has a higher efficiency which translates to a higher
significance, therefore making it a very exciting and achievable benchmark. It should also be noted that,

in a real situation, several different final states will be used to observe and measure hh production.

7.1.1 Comparing with the ATLAS detector

The event selection of the search for hh — bbbb with an ATLAS-like detector operating in a collider at a
CM energy of /s = 100 TeV is summarized in tables 7.3 and 7.4 for the signal and background samples,
respectively.

It is interesting to compare the results obtained with the FCC-hh default detector simulation with the
ones obtained using the simulation of the ATLAS detector. These are summarized in table 7.5 in terms
of the achieved significance for an integrated luminosity of 30 ab™", for the different signal models.

For all the signal models, the significance increases approximately 50% going from the ATLAS de-
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Table 7.2: Cumulative efficiency, in percentage, of each event selection criterion for the background
samples (4b + j, 75 +0/1/2 7 and ¢t + 0/1/25). The absolute value of expected events after some key
selection cuts is shown in curved brackets. The number of expected events is normalized to £ = 30 ab™*.
The double horizontal line marks the pre-selection cuts. These results were obtained using the FCC-hh
baseline detector design, as implemented in Delphes by the FCC-hh study group.

Selection [FCC-hh] 4b+j jj+0/1/25 tt
100 100 100
Gen level
(49035 £12) x 10° (54698 & 13) x 1010 (22503 4 11) x 108
N(b-tags)> 4 75.819 3.963 53.495
17.811 0.742 1.056

pr(j1,J2) > 200 GeV
(87344 5) x 10° (4058 +£11) x 107 (2377 +11) x 107

pr(j1) > 300 GeV 12.744 0.422 0.718
pr(j1 + j2) > 100 GeV 10.901 0.245 0.617
721(j1, j2) < 0.4 0.256 0.002 0.037
|An(hh)| < 1.5 0.130 0.001 0.024
FW2(j1) > 0.2 0.105 0.001 0.014

0.007 0.00003 0.0007

(100 < Msp(j1,42) < 135) GeV
(341 £ 10) x 10* (17 £11) x 107 (149 + 28) x 10°

tector to the FCC-hh. This percentage is computed as (((S/\/E)FCC - (S/\/E)ATLAS) /(S/\/E)ATLAS> X
100. For the SM signal, nonetheless, using the ATLAS default detector configuration the achieved signif-
icance is already above 50, for £ =30 ab™': S/vB = 5.7+ 1.3 (stat.) 31 (sys.).

The ATLAS detector has a momentum and energy resolution that is a lot worse than that of the
FCC-hh. However, the results we obtained showed that even with an ATLAS-like detector operating
at a collider at a CM energy of /s = 100 TeV, the achieved significance is still above the 50 threshold.
Nonetheless, a high resolution could be very useful to resolve the individual pileup vertices and ultimately

help with pileup subtraction that is going to be crucial at any future accelerator.

7.2 Hadronic calorimeter granularity studies for future colliders

In this section we present the results that allow us to compare the different detector configurations. In
section 7.2.1, we compare the resolution of the jet mass and of the 7; variable for the different detector
configurations. In section 7.2.2, we show the results obtained with the baseline and optimized analyses
and compare them in terms of the achieved significances. In the optimized analyses, the statistical
fluctuations are higher because the jj 4+ 0/1/2 j background with 500 < Hp < 1000, which has the
largest statistical weight, is not rejected as efficiently. Therefore, the shapes of the plots are easier to
discern for the baseline analyses.

The cutflow tables for the baseline and optimized analysis for all detector configurations, for all sig-

nal models and using particle flow and calorimeter jets can be found in appendix E. In addition, the

63



Table 7.3: Cumulative efficiency, in percentage, of each event selection criterion for the signal samples
(SM, DM mediator and 2HDM). The absolute value of expected events after some key selection cuts is
shown in curved brackets. The number of expected events is normalized to £ = 30 ab™". The double
horizontal line marks the pre-selection cuts. These results were obtained using the ATLAS detector

design, as implemented in Delphes.

Selection [ATLAS] SM DM mediator 2HDM type Il
100 100 100
Gen level
(27043 £12) x 10* (65400 & 29) x 10% (13978 £ 6) x 103
N(b-tags)> 4 88.690 88.787 89.624
15.533 15.941 32.001

pr(j1,j2) > 200 GeV [
(4201 £ 5) x 10°

(10426 + 12) x 10?

(4473 + 4) x 103

pr(j1) > 300 GeV 12.599
pr(j1 + j2) > 100 GeV 10.185
T21(J1, j2) < 0.4 1.139
|An(hh)| < 1.5 0.891
FW2(j51) > 0.2 0.796

0.333

(100 < Msp(j1,72) < 135) GeV
(901 + 7) x 102

13.061
10.526
1.220
0.960
858
0.360
(2358 & 18) x 10

28.960
21.414
3.394
2.920
2.675
1.245
(1741 £ 8) x 10?

Table 7.4: Cumulative efficiency, in percentage, of each event selection criterion for the background
samples (4b + j, 5+ 0/1/2 j and tt + 0/1/25). The absolute value of expected events after some key
selection cuts is shown in curved brackets. The number of expected events is normalized to £ = 30 ab ™.
The double horizontal line marks the pre-selection cuts. These results were obtained using the ATLAS

detector design, as implemented in Delphes.

Selection [ATLAS] 4b+ j jj+0/1/25 tt
100 100 100
Gen level
(49035 £ 15) x 106 (54698 & 15) x 10'© (22503 £ 9) x 108
N(b-tags)> 4 71.617 3.747 51.782
16.299 0.685 0.985

pr(j1,J2) > 200 GeV
(7993 + 6) x 106

(379 £11) x 10°

(2215 £ 9) x 107

pr(j1) > 300 GeV 11.627
pr(j1 + j2) > 100 GeV 9.932
T21(j1,72) < 0.4 0.234
|An(hh)| < 1.5 0.113
FW2(j1) > 0.2 0.082

0.005

(100 < Mgp(j1,52) < 135) GeV
(253 £11) x 10*

0.390
0.227
0.003
0.001
0.001
0.00004
(23 £15) x 107

0.669
0.574
0.031
0.019
0.010
0.0007
(160 + 24) x 10°

64



Table 7.5: Significances achieved with the ATLAS and FCC-hh detector configurations for £ = 30 ab™"
for the three benchmark signal models: SM, 1 TeV DM mediator and 2HDM with m g = 900 GeV.

Signal sample ATLAS FCC-hh

SM 5.7+ 1.3 (stat.) t27 (sys.) 8.8+ 1.6 (stat.) 751 (sys.)
1 TeV DM mediator  1.50 £ 0.23 (stat.) 797 (sys.) 2.3 +0.4 (stat.) *1:1 (sys.)
2HDM type Il 11.14 1.7 (stat.) T53 (sys.)  16.74 3.0 (stat.) *75 (sys.)

significances achieved for all possible combinations are summarized in tables E.1 and E.2.

7.2.1 Resolution of jet mass and N-subjetiness

The softdrop mass of the leading Higgs candidate for the SM signal sample is shown in figure 7.1(a) for
the different detector configurations. The same plot is shown in figure 7.1(b) for calorimeter jets. It can
be seen that the mass resolution improves as we increase the granularity, i.e, the mass peaks becomes
narrower. This effect is more pronounced when using pure calorimeter jets. In order to quantify this
effect we use the full width at half maximum (FWHM). For particle flow (calorimeter) jets, the FWHM
varies from 26 (34) for the ATLAS detector configuration to 8 (6) for the FCC granularity with n, ¢ x 2
which corresponds to a 70% (82%) effect.

The invariant mass of the Higgs pair is shown in figure 7.2 for the SM signal when using particle
flow jets. The same distribution is shown for the DM mediator and 2HDM signals in figures 7.3(a) and
7.3(b), respectively. For the SM, the mass spectrum of the Higgs pair does not show a resonance peak,
confirming that the production is dominated by the box diagram. Even if we only had the contribution from
the triangle diagram, the Higgs that decays to a pair of Higgs bosons would have to be off shell, therefore
we expect a broad spectrum. For the DM mediator model, there is an enhancement with respect to the
SM for M (hh) ~ 1 TeV. This is due to the contribution of the 1 TeV DM mediator decaying to pairs of
SM Higgs bosons. Nonetheless, the spectrum is still quite broad because the box diagram stills gives
a very large contribution. For the 2HDM, there is a clear peak at M (hh) ~ 900 GeV because resonant
production dominates. The mass resolution of the resonances does not seem to improve significantly
as the granularity increases. This picture holds even when using calorimeter jets.

The 75, variable for the leading Higgs candidate for the SM signal (filled lines) and for the 4b + j
background (dashed lines) is shown in figure 7.4(a) for the different detector configurations for particle
flow jets. The same plot is show in figure 7.4(b) for calorimeter jets. The separation between signal
and background increases as the granularity increases. This was expected because an increase in the
granularity of the hadronic calorimeter should help resolve better the substructure of boosted jets. For
particle flow jets, the distance between the maximum points of the two distributions varies from 0.4 for the
ATLAS detector, ATLAS HCAL (option 1 in Table 5.2) and ATLAS HCAL with n x 4 (option 2 in Table 5.2)
to 0.44 for the FCC HCAL with ¢/2 (option 3 in Table 5.2) and to 0.46 for the remaining configurations.
For calorimeter jets the distance between the maximum is always smaller than when using particle flow

jets, considering the same detector configuration. Therefore, the separation is always better when using

65



particle flow jets. However, when using calorimeter jets, there is a larger difference in the shape of the
distributions for the multiple detector configurations, particularly when going from the ATLAS granularity
with 1 x 4 to the FCC granularity with ¢/2.

The separation is the largest between the signal and the jj + 0/1/2 j background, as expected.
For this background, the distance between the maxima of the distributions varies from 0.48 (0.24) to
0.56 (0.48), for particle flow (calorimeter) jets. These distributions can be found in figures F.2(a) and
F.2(b) in appendix F.

7.2.2 Signal efficiency and significance

Figure 7.5(a) shows the signal efficiency for the three signal models: SM (filled squares), 1 TeV DM
mediator (empty squares) and type Il 2HDM with myg = 900 GeV (crosses), for particle flow jets, for
the baseline analysis. The same plot is shown in figure 7.5(b) for calorimeter jets. For particle flow jets
the efficiency increases as we increase the granularity, for all signal models. It varies approximately by
30% between the lowest value (ATLAS default) and the highest value (FCC granularity with 7, ¢ x 2). For
HCAL jets, this tendency also exists with the exception of the first point which corresponds to the ATLAS
default detector configuration. In addition, the efficiency changes more when using pure calorimeter jets.
It varies by approximately 98% between the ATLAS detector configuration and the configuration with the
FCC granularity and 7, ¢ x 2 (option 5 in Table 5.2). The efficiency is higher for both BSM models than
for the SM. This is because these models were chosen to have very heavy particles decaying to a pair
of highly boosted Higgs pairs. For the optimized analysis, these plots follow a very similar tendency.
The absolute values of the efficiencies are slightly higher, as expected. These plots can be found in
figures F.3(a) and F.3(b) in appendix F, for particle flow and calorimeter jets, respectively. Although it is
interesting to see how the signal efficiency evolves with the granularity, these plots do not provide any
information about the analysis sensitivity because they do not consider the change in the backgrounds
efficiency.

The significances achieved with the baseline analysis as a function of the detector configuration for
the SM signal, the DM mediator model and the type Il 2HDM are shown in figures 7.6(a), 7.7(a) and
7.8(a), respectively. The same plots are shown for the optimized analysis in figures 7.6(b), 7.7(b) and
7.8(b). The square markers refer to analysis performed using particle flow jets. The statistical uncer-
tainty associated with each value of the significance is computed using standard error propagation and
is shown as error bars. The grey blocks represent the total uncertainty. For the baseline analysis,
regardless of the signal model considered, the significance changes by approximately 15% when go-
ing from the ATLAS detector configuration to the configuration with the FCC granularity increased by a
factor of two in n and ¢ (option 5 in Table 5.2). For the optimized analysis, the change is of approxi-
mately 54%. These percentages, as well as the ones given in the following paragraph, are calculated as
(((S/\/E)FCC - (S/\/E)ATLAS)/(S/\/E)ATLAS) x 100.

Motivated by the small change in significance over the range of configurations that were tested,

we implemented exactly the same analysis but using HCAL jets instead of eflow jets. The results are
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shown in the same plots using triangular markers and with green error blocks. On the one hand, the
achieved significance is always smaller when using HCAL jets because we are not making use of the
tracking information. On the other hand, when using HCAL jets, the significance changes more over
the configuration range. For the SM signal, it varies by approximately 80% when going from the ATLAS
detector configuration to the configuration with the FCC granularity increased by a factor of two in n and
¢. For the DM mediator model, this value is 77% and for the 2HDM it is 60%. These percentages refer
to the baseline analysis. For the optimized analysis the change is of 71%, 69% and 55%, for the SM, DM
mediator and 2HDM signal models, respectively.

All'in all, given the large uncertainties (statistical and systematic), it is hard to conclude on the ten-
dency followed by the plots of the significance as a function of the detector configuration. However, it is
important to note that the systematic uncertainties are probably highly correlated between the different
detector configurations such that they will at least partially cancel out when comparing between differ-
ent points. Although the statistical uncertainty alone is still rather large, the significance does seem to
increase as the granularity increases, which is what was expected. As previously discussed, this effect
is more accentuated when using pure calorimeter jets because we are only making use of the informa-
tion provided by the hadronic calorimeter and therefore the analysis is more sensitive to its transverse
segmentation (granularity), which is exactly the parameter that is varied in this study.

The small change in the significance when using eflow jets and the fact that the change increases
when using HCAL jets indicate that in the FCC-hh baseline detector design the resolution of the tracking
system is so good, in particular, so much better than the HCAL spatial resolution (given by its transversal
segmentation), that it becomes the limiting factor and dominates the performance of jet reconstruction.

The discussion of some caveats is now in order. In a real experiment, the energy resolution of the
tracking system is only better than that of the calorimeter up to a given energy threshold. In Delphes,
however, it is assumed that it is always convenient to estimate the momentum of charged particles via
the tracker [91]. Also, the tracking system is assumed to have an infinitely small transverse segmentation
which is a good approximation but does not exactly reproduce what happens in a real experiment. In
addition, in Delphes, the reconstruction of calorimeter jets is a lot simpler than in real experiments. For
example, the calorimeters do not have longitudinal segmentation and no topological algorithm is used,
as in ATLAS. Nonetheless, Ref. [91], shows that the energy and momentum resolution of the jets in
Delphes reproduces quite well the results obtained by ATLAS and CMS. However, this might not be the
case for the other detector configurations, for which no cross check can be performed.

Allin all, in this work, the particle flow jets might be leading to an overly optimistic result because we
are always making use of the tracking information even for energy/momentum ranges where that would
not be the most favorable thing in a real experiment. Conversely, calorimeter jets might be leading to an
overly pessimistic result because for these jets the jet reconstruction algorithm is overly simplified with
respect to what would be used in a real experiment.

Therefore, studies using full detector simulation are of the utmost importance in order to obtain more

realistic results that can be used as input for detector optimization studies for future colliders.
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Chapter 8

Conclusions

This thesis presented a feasibility study targeting the search for Higgs pair production in the pp — hh —
bbbb channel at a center of mass energy of \/s = 100 TeV. The analysis targeted a boosted kinematic
regime. The impact of the granularity of the hadronic calorimeter in the achieved significance was also
analyzed.

The analysis consisted of a cut-based event selection designed to efficiently select signal events con-
sistent with a boosted topology. In addition to standard kinematic variables, jet substructure variables,
namely a ratio of N-subjetiness variables and a Fox-Wolfram momentum, are used to further suppress
the background. The analysis required the existence of at least two b-tagged large-R jets consistent
with having two subjets and with pr > 200 GeV. Mulijet production through QCD interactions and ¢t
production constitute the main backgrounds. The very large yield of the backgrounds when compared
to the signal makes this a very challenging analysis.

In addition to SM Higgs pair production, two BSM benchmark processes were considered: a 1
TeV dark matter mediator and a heavy Higgs boson with my = 900 GeV in the framework of the
CP-conserving type Il 2HDM, both decaying to pairs of SM Higgs bosons. The existence of heavy
resonances is expected to enhance Higgs pair production with respect to the SM.

For the hadronic Future Circular Collider (FCC-hh), the significance obtained was S/v/B = 8.8 +
1.6 (stat.) 30 (sys.) (2.8 0.5 (stat.) T1:3 (sys.)) for an integrated luminosity of £ = 30 (3) ab™". For
£ =30ab ™, the value is above the observation threshold (5¢) which indicates that the full dataset that is
expected to be collected during the operation of the FCC-hh should be enough to claim the observation
of Higgs pair production from this channel alone, assuming SM production. For the CP-conserving
type Il 2HDM with my = 900 GeV, the achieved significance was S/vB = 16.7 + 3.0 (stat.) T15 (sys.)
(5.4 +0.9 (stat.) t28 (sys.)) for an integrated luminosity of £ = 30 (3) ab~', which makes it an accessible
benchmark for the HL-LHC and future colliders. The achieved significance for the 1 TeV DM mediator is
of order 2 even for an integrated luminosity of £ = 30 ab™*, which makes it a very challenging benchmark
and probably unaccessible even at future high energy colliders.

With the ATLAS detector simulation, the achieved significance for the SM signal is S/vB = 5.7 +
1.3 (stat.) 37 (sys.) (1.8+0.4 (stat.) =59 (sys.)) for an integrated luminosity of £ = 30 (3) ab™', for
which the nominal value is also above the observation threshold. This result indicates that the factors

driving the discovery potential of the accelerator are the CM energy and high luminosity as opposed to
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the resolution of the detector.

The resolution of the jet mass and the separation provided by the 7, variable are shown to increase
as the granularity of the HCAL increases. This effect is more evident when using pure calorimeter jets.

When using particle flow jets, the change in the significance over the range of detector configurations
tested is small, for all signal models. For the baseline (optimized) analysis, it varies by approximately
15% (54%), for all signal models, between the ATLAS default detector configuration and the FCC-hh
detector with twice the granularity in n and ¢. Using pure calorimeter jets, the change in significance is
more accentuated. For the SM signal, it varies by approximately 80% (71%), considering the baseline
(optimized) analysis. For the same detector configuration, the significance is always smaller when using
calorimeter jets. The same qualitative conclusions hold for the BSM models. The effect of the granularity
is of the same order of magnitude as for the SM. These results lead to the conclusion that the jet
reconstruction performance is dominated by the tracking system.

As future work, performing studies similar to the one presented here but using other benchmark
processes as well as full detector simulation would be of the utmost importance to the optimization of
the design of particle detectors for future high energy hadronic colliders. In addition, the impact of pileup
should be assessed and multivariate techniques could be implemented to further optimize the event

selection.
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Appendix A

Jet radius discussion

It is important to discuss if the radius of the jet that is used to reconstruct the boosted Higgs boson
candidates (R = 0.8) is the appropriate one. The question arises because in ATLAS boosted objects
with pr ~ 200 GeV are reconstructed using R = 1.0 jets. In this work, we work with a CM energy of 100
TeV and require that the two leading jets have pr > 200 GeV and use jets with R = 0.8. It is necessary
to understand if these jets are large enough to fully reconstruct the Higgs candidates.

As a first approximation we compute the angle between the b quarks produced by the decay of
a Higgs boson. We assume that the b quarks are massless and that the Higgs moves only in the
transverse plane (perpendicular to the beam pipe) such that it has no longitudinal momentum and the
angle between the b quarks is given by A¢. For pr(Higgs) = 200 GeV, we get A¢(b,b) = 1.1 which is
smaller than the jet's diameter (1.6) and therefore the two b quarks can both be contained inside the jet
and the Higgs boson fully reconstructed.

Another test we can make is to compute the

AR between the b quarks coming from the lead-
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ing Higgs candidate with p larger than a given

value, using truth level information. In figure A.1
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between 0 and 1.6 gives an estimate of the frac-

tion of signal we keep if we apply these pr cuts. Figure A.1:  AR(b,b) distributions for pr(hi) >
200/300 GeV (solid blue/black) and for pr(hy, ha) >
For pT(hl) > 200(300) GeV we get that 93(98) % 200/300 GeV (dashed blue/black).

of the signal has b quarks with AR < 1.6 and

therefore can be fully reconstructed using a jet with R = 0.8.
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Appendix B

Additional background processes

In this section we discuss the importance of additional background processes and estimate how they
influence the analysis. In particular, we investigate backgrounds involving Higgs bosons. We consider
the tth and h4+-0/1/2 j processes. The effective cross section, efficiency and expected number of events
for an integrated luminosity of £ = 30 ab™' are summarized in table B.1. Including these backgrounds
in the analysis leads to a decrease in the significance of 0.26%, which we consider to be a very small

effect. Therefore, neglecting these backgrounds is a safe assumption.

Table B.1: Effective cross section (¢ x BR x k-factor), efficiency and expected number of events for
£ =30ab™" for the tth + 0/1 j(h — bb) and h + 0/1/2 j(h — bb) backgrounds.

Process o x BR x k-factor [pb]  Efficiency [%] Expected nb. events (£ = 30 ab™ ')
tth +0/1 j(h — bb) 31.86 0.089 8.5 x 10°
h+0/1/2 j(h — bb) 1286.52 0.0041 1.6 x 10°

In addition, we also estimate the error associated with not considering the a sample of 4b + j with
pr(j4) < 200 GeV. In order to do so, we generate a sample with 110k events of 4b + j with (30 < pr(j) <
200) GeV. The cross section is ¢ = 7450 pb. No event goes through the cuts pr(leading jet) > 300
GeV and pr(Higgs pair) > 100 GeV. However, if we assume that 1 events goes through the cuts (which
corresponds to a very conservative 9.09 x 10~*% efficiency) we have an expected number of events of
2.03 x 10° for an integrated luminosity of £ = 30 ab™". If we include this background, the significance

decreases by 0.22% which is a very small effect. Therefore, it is safe to neglect this background.
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Appendix C

Softdrop mass

li is noticeable in the softdrop mass spectrum of both Higgs candidates (for signal and backgrounds) the
existence an atypical peak close to zero. In this section we explain the origin of this feature.

We believe that the peak close to zero corresponds to Higgs candidates (R = 0.8 jets) that do not
contain both b quarks from the Higgs decay. The plot that supports this conclusion is shown in figure
C.1. It shows the correlation between the maximum AR between the Higgs candidate jet axis and one
of the b quarks (y axis) and the jet's mass (x axis). The horizontal line corresponds to AR = 0.8. For
small masses (< 80 GeV) the maximum AR is usually larger than 0.8 which means that at least one
of the b quarks is not contained in the jet's cone. When applying the soft drop procedure to these jets,
soft radiation is removed and we are left with a single b quark. The mass of b quarks is ~ 5 GeV and
therefore we get a peak at this mass.

In practice, this does not affect our analysis because we place a mass window cut around the Higgs
boson mass and therefore the low mass peak is removed. Nonetheless, the study presented here is
extremely important because it helps rule out possible malfunctions of the soft drop algorithm and gives

us confidence that we understand exactly what is happening.
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Figure C.1: Correlation between the maximum AR between the Higgs candidate jet and one of the b
quarks (y axis) and the jet's mass (x axis). The horizontal line corresponds to AR = 0.8.
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Appendix D

Samples generation: parameters

In this appendix we list the values of parameters used in MadGraph (section D.1) and Pythia (section

D.2) to generate the samples used in this work.

D.1 MadGraph

The MadGraph5 level cuts are summarized in table D.1. We show only the most relevant cuts for this
analysis: the minimum p of light and b quarks, pr“_’i;‘ and pr“jg‘, the maximum pseudorapidity range for
light and b quarks, »*** and 7;*** and the AR separation between two light quarks, AR(jj), two b
quarks, AR(bb), and between a light and b quarks, AR(jb). The xgcut parameter is a measure of the

required parton separation at Madgraph level. Whenever MadGraph produces two partons, ¢ and j, it

defines the distance between them as /2 * minpr;, pr ;[cosh (n; — n;) — cos (¢; — ¢;)]. If the value of
this expression is smaller than the specified value of xgcut then we do not generate the event. The
bweutoff parameter defines what is considered to be on-shell s-channel resonances. The Hp variable

is the scalar sum of the pr of all truth level partons, including b quarks.

D.2 Pythia

The settings for jet matching can be found in table D.2 under the corresponding samples’ columns. We
perform the jet matching procedure (merge=on) using the MLM matching scheme and the appropriate
algorithm for a parton level process generated in MadGraph (scheme=1). We do not read the matching
parameters from the MadGraph file (setMad=off) because this option is not available for these files.
The size of the cone drawn around the jet’s center, the maximum pseudorapidity and the maximum
number of jets to be matched are given by coneRadius, etaJetMax and ndetMax, respectively. The cone
radius is set to one. The maximum allowed pseudorapidity of jets is ten which is a much loser cut than
the acceptance of any current or future detector. The maximum number of jets is set to four for the
j7+0/1/2 5 and to two for the tt+0/1/2 j. The qCut parameter defines the k scale for merging shower

products into jets.
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Table D.1: Generator (MadGraph5) level cuts for the signal and background samples.

MadGraph5 SM  hh 4b+j 4b+j 4b+j ji+0/1/2 tt+0/1/2
(h— bb) & (QCD) (QCD+EWK) (EWK)
BSM hh
P, P [GeV] 0 200; 30 20; 15 20; 15 205 5:5
500; 30
n?ax, Ny — 5:5 5:3 5:3 8;8 8;8
AR(j7), AR(bb), AR(jb) 0.001 0.4;0.1;0.3 0.4;0.2;0.4  0.4;0.2;0.4 0;0.001;0.001 0.001
xqcut [GeV] 0 0 0 0 20 60
bwcutoff [GeV] 30 15 15 15 30 30
Hr — — — — 0 — 500 —
500 — 1k
1k — 2k
2k — 4k
4k — 7.2k
7.2k — 15k
15k — 25k
25k — 35k
35k — 100k
Table D.2: Pythia settings for the signal and background samples.
Pythia hh (h— bb) 4b+j ji+0/1/2 ] tt+0/1/2 j
Relevant 25:onMode=off — Jet matching: Jet matching:
settings 25:onlfAny=5 -5 merge=on merge=on
scheme=1 scheme=1
setMad=off setMad=off
coneRadius=1.0 coneRadius=1.0
etadJetMax=10 etaJetMax=10
ndetMax=4 ndetMax=2
qCut=30 qCut=60
Description Turn on the h — bb decay for — Set the parameters for jet matching (a de-

the undecayed Higgs, in the
case of the SM sample, or for
both Higgs in the case of the
BSM samples.

tailed description can be found in the text).
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Appendix E

Cutflow tables

In this appendix we sumarize the significances achieve with the different detector configurations and for
the SM (table E.1), DM mediator (in black) and 2HDM (in blue) (table E.2) signal samples. In addition,
we collect the cutflow tables for the baseline and optimized analysis, for particle flow and calorimeter jets

and for all detector configurations that were tested. The efficiencies of the cuts are shown for all cuts.

Table E.1: Summary of the significances obtained with particle flow and calorimeter jets for the baseline

and optimized analysis for the SM signal.

Configuration Eflow jets HCAL jets
Baseline Optimized Baseline Optimized

ATLAS 44138 573D 250708 3570
ATLAS gran. aFBE EESL 80Ty B,
ATLAS gran. n x4 54757 6.1739 4.0737 4732
FCC gran. ¢/2 48722 e 49723 6.3759
FCC 517%9 8.875% 4.27%2 5.8739
FCCgrans,¢ x2  5.1+%3 7.4738 45122 6+3

Table E.2: Summary of the significances obtained with particle flow and calorimeter jets for the baseline

and optimized analysis for the DM mediator (black) and 2HDM (blue) signal processes.

Configuration

Eflow jets

HCAL jets

Baseline

Optimized

Baseline

Optimized

ATLAS
ATLAS gran.

ATLAS gran. n x 4

FCC gran. ¢/2
FCC
FCC gran.n, ¢ x 2

1.2470:92,7.2%50
1.2815-62. 75138
1.5179 72,8, 9144
1.3340:38; 7.75%
1.4370-72.8.312-2

7 4.
1.4275°71:8.212

15070 5. 11,1155
2.0+39:14.6773
1.6079:89:11.852
1.9610-2%:14.277-9
2.3702 16,715

1.9575:98:14.1759

0.71%036; 4.4733
0.8670%5:5.775
1147961, 7,412
1.3629:83;7.875
L185045;6.7755

1L s T

090104573733
15102121178
09040375442
1621081 12,5703
1.517078:11.4%59

T .
1.527578:11.3758
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Appendix F

Extra plots

A A
g FCC-hh simulation Oji+0/1/2

o Vs=100 TeV, 30 ab™ Dtt+0/1/2
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Figure F.1: 7, distribution for the sub leading Higgs candidate for the baseline analysis. The histogram
is normalized to £ = 30 ab™ .
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Figure F.2: Sub leading Higgs candidate 7, distribution for eflow jets (a) and for HCAL jets (b). The
colors indicate the different detector configurations. The distributions are shown for the signal (filled
lines) and for the jj + 0/1/2 j background (dashed lines).
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Figure F.3: Signal efficiency as a function of the detector configuration for particle flow jets (a) and for
calorimeter jets (b). Three signal models are shown: SM (filled squares), 1 TeV DM mediator (empty
squares) and type Il 2HDM with my = 900 GeV (crosses). The statistical error bars are drawn but are
smaller than the markers.
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