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Resumen

T́ıtulo: Identi�caci�on de Higgs potenciados a bbττ en eventos de di-Higgs en el experimento

ATLAS.

Esta tesis presenta un estudio de la producci�on de pares de bosones de Higgs en el canal

de desintegraci�on HH ! bbττ , con un enfoque particular en el r�egimen boosted, donde los

bosones de Higgs se producen con un alto momento transverso (pT ). En estos escenarios, los

productos de la desintegraci�on de cada bos�on de Higgs se encuentran altamente colimados,

lo que da lugar a la formaci�on de jets boosted.

Se exploran diversas t�ecnicas para identi�car estos jets boosted, que van desde m�etodos

basados en la informaci�on de la simulaci�on y reconstrucci�on de jets hasta el uso de algoritmos

multivariados|en particular, Boosted Decision Trees (BDTs). Se presentan evaluaciones

tanto cualitativas como cuantitativas para cada estrategia de identi�caci�on, lo que permite

comparar el rendimiento de los diferentes m�etodos implementados para eventos bbττ en el

r�egimen boosted.

Adicionalmente, esta tesis incluye los resultados obtenidos durante el quali�cation task rea-

lizado en el experimento ATLAS, enfocado en la tercera entrega de conjuntos de datos del

proyecto ATLAS Open Data. Tambi�en se presenta un resumen de las principales contribu-

ciones al quali�cation task, junto con los resultados m�as relevantes obtenidos.

Palabras clave: producci�on de di-Higgs, jets boosted, r�egimen de altas energ��as, ROOT,

T�ecnicas de Machine Learning, Datos Abiertos del Experimento ATLAS.
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Abstract

Title: Boosted Higgs to bbττ identi�cation in Di-Higgs events at the ATLAS experiment.

This thesis presents a study of Higgs boson pair production in the HH ! bbττ decay channel,

with a particular focus on the boosted regime, where the Higgs bosons are produced with

high transverse momentum (pT ). In such scenarios, the decay products of each Higgs boson

become highly collimated, resulting in the formation of boosted jets.

Several techniques are explored to identify these boosted jets, varying from methods based on

simulated and reconstructed jet information to the use of multivariate algorithms|speci�cally

Boosted Decision Trees (BDTs). Both qualitative and quantitative evaluations are provided

for each identi�cation strategy, enabling a performance comparison among the implemented

methods for boosted bbττ events.

Additionally, this thesis includes results from the quali�cation task conducted within the

ATLAS experiment, which focused on the third release of datasets for the ATLAS Open

Data project. A summary of the main contributions to the quali�cation task, along with key

results, is also presented.

Keywords: di-Higgs production, Boosted jets, high energy regime, ROOT, Machine

Learning Techniques, ATLAS Open Data
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1. Theoretical Background

1.1. Standard Model of Particles

The Standard Model of particles [1] is a quantum �eld theory that describes the fundamental
particles constituting matter in the universe and their interactions through the fundamen-
tal forces. In particle physics, three forces are of primary importance: the electromagnetic,
strong, and weak interactions. Gravity is usually neglected at the particle level because of the
extremely small masses involved, even though it is known to be a long-range interaction that
plays a dominant role in the large-scale structure of the universe. Thus, the electromagnetic,
weak, and strong forces are all described within the framework of quantum �eld theory.
Electromagnetism is governed by Quantum Electrodynamics (QED), the fundamental theory
of the electromagnetic interaction. The strong nuclear force is described by Quantum Chro-
modynamics (QCD), while the weak nuclear force corresponds to the weak interaction theory.
Moreover, it is possible to unify the electromagnetic and weak interactions into a single elec-
troweak theory, thanks to the Glashow{Weinberg{Salam (GWS) model. In this way, most
physical phenomena can be explained in terms of fundamental particles and the ways in
which they interact through the fundamental forces.

1.1.1. Historical Review

Particle physics is a discipline that had a rapid development throughout the twentieth cen-
tury, making it relatively recent compared to other �elds of physics. At the beginning of the
20th century, there was a classical view of the simple atom, since before the 1930s, only the
electron (1897) and the proton (1919) had been discovered. However, the understanding of
the internal structure of the atom was broadened with the discovery of the neutron in 1932.
In spite of these advances, there was still a need to explain the force that held the protons
together in the nucleus, since, having the same positive charge, they had to repel each other
according to the knowledge of electromagnetism from that time. This led to the recognition
of what is known today as the strong nuclear force, which acts on scales smaller than the
nucleus of the atom.

In the 1940s, the study of cosmic rays revealed the existence of additional particles called
mesons, while further analysis of these rays led to the identi�cation of the weak interaction
and thus to the discovery of neutrinos. Moving into the 1960s, the list of the discovered
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particles grew considerably, forming a large set of hadrons, between baryons and mesons.
With this growing number of new particles, there was a need to create a model that could
describe all these particles and the way they interacted with each other, giving birth to the
standard model of particles (this historical development is detailed in [2]).

The Standard Model introduced a new interpretation of the fundamental interactions by
postulating the existence of force-carriers particles, known today as the SM gauge bosons.
By the beginning of the 21st century, several of these force-carriers particles had already been
discovered, including the photon, the chargedW + and W � bosons, the neutralZ boson and
the gluons. However, the Higgs boson still needed to be discovered to complete the particles
predicted by the standard model. The search for this particle took approximately six decades
and �nally culminated in 2012, when the LHC, through collaborations between the ATLAS
and CMS experiments, con�rmed the existence of the Higgs boson in theH ! ZZ , H ! 


and H ! WW channels [3].

Since this discovery, many studies have been carried out to understand the properties of the
Higgs boson, its production and decay modes, as well as its interactions with other fundamen-
tal particles. Thus, these studies have shed light on fundamental aspects of particle physics,
being a fundamental piece for the current understanding of the nature and composition of
matter.

1.1.2. Fundamental Particles and Interactions

Fundamental particles can be divided into three groups: leptons, quarks, and force carriers.
Leptons and quarks belong to the family of fermions, which have half-integer spin, while the
force carriers are bosons, characterized by integer spin.
Leptons are organized into three families, or generations, according to their electric charge
and lepton number (electronLe, muon L � , or tau L � ). The �rst generation consists of the
electron and the electron neutrino (e� and � e). The second generation contains the muon
and the muon neutrino (� � and � � ). The third generation includes the tau lepton and its
associated neutrino (� � and � � ). Each of these six leptons has a corresponding antiparticle
with the same properties but opposite electric charge.
Similarly, there are six types (
avors) of quarks, also grouped into three generations. The
�rst generation includes theu and d quarks; the second, thec and s quarks; and the third,
the t and bquarks. Theu, c, and t quarks have an electric charge of +2=3, while thed, s, and
b quarks carry a charge of� 1=3. Each quark has a corresponding antiquark with opposite
charge. Furthermore, since quarks also carry a color charge, accounting for all colors and
antiquarks extends the quark family to a total of 36 states.
In general, within each generation of leptons and quarks, particle masses are of a similar
order, but the mass scale increases signi�cantly from one generation to the next. It is common
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to refer to the 12 fundamental fermions (six leptons and six quarks:e� , � � , � � , � e, � � , � � , u,
d, c, s, t, and b) while implicitly including their antiparticles. Figure [ 1-1] shows a summary
table of leptons and quarks organized by generation, together with their antiparticles and
the force carriers (gauge bosons).

Figure 1-1 .: Fundamental particles in the Standard Model [4].

The Standard Model was completed with the discovery of the Higgs boson in 2012 by the
ATLAS and CMS experiments at the LHC, thereby validating the theoretical predictions
of the model. The Higgs boson plays a central role, as it provides the mechanism by which
particles acquire mass.
Among the fundamental particles, not all interact through all the fundamental forces. Only
quarks experience all four interactions, since they possess electric charge, color charge, weak
isospin, and mass. Leptons, on the other hand, do not carry color charge and therefore do
not interact via the strong force. However, they do experience weak and electromagnetic
interactions, except for neutrinos, which, being electrically neutral, only interact weakly.
The force carriers, or gauge bosons, constitute the third group of fundamental particles.
The photon, massless and electrically neutral, mediates the electromagnetic interaction. The
gluon, also massless, carries color charge and mediates the strong interaction, but like quarks,
it remains con�ned within hadrons or color-neutral states of gluons. The weak interaction
is mediated by two types of bosons: charged and neutral. The charged-current interaction is
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carried by the W � and W + bosons, which have electric charge and a mass of about 80 GeV.
The neutral-current interaction is mediated by theZ boson, which is electrically neutral and
has a mass of about 92 GeV.
Interactions are represented in Feynman diagrams by interaction vertices (see �gure [1-2]),
which involve two fermions (one incoming and one outgoing) and a gauge boson. The way
each fermion couples to a gauge boson determines the nature and strength of the interaction.
For a fermion to couple to a gauge boson, it must carry the corresponding charge (e.g.,
electric charge for the electromagnetic interaction, color charge for the strong interaction).
Thus, only quarks couple to gluons, while all fundamental particles couple to theW and Z
bosons.

Figure 1-2 .: Gauge boson couplings to fermions for each fundamental interaction vertex in
the SM [5].

To quantify the strength of each interaction, a coupling constantg is usually assigned to
every interaction vertex. This constant is related to the probability that a fermion emits or
absorbs the corresponding gauge boson.
An even simpler way to quantify the strength of an interaction is through a dimensionless
coupling constant� , which is a numerical value independent of the system of units used. For
instance, in the case of the electromagnetic interaction, the coupling constant is the �ne-
structure constant � � 1=137; for the strong interaction, when the energy scale is around� 1
GeV (at low energies),� S � 1 (this strong coupling tends to vary with the energy scale, as
we will see in the following sections); and for the weak interaction,� W � 1=30. This implies
that the strong interaction is the most powerful of the three, since its coupling constant has
the highest value in this context. A similar situation arises when comparing the weak and
electromagnetic interactions, except at low energy scales: here, the large masses of theW
and Z gauge bosons suppress the strength of the weak force relative to the electromagnetic
force.
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1.2. Quantum Chromodynamics (QCD)

The interactions of quarks and gluons (the force-carrier particles of the strong interaction)
are described by a gauge �eld theory known as Quantum Chromodynamics (QCD). This
theory is based on the gauge symmetrySU(3)c, which is one of the components of the
Standard Model symmetry groupSU(3)c 
 SU(2)L 
 U(1)Y . The subscript c denotes that
this model acts on color-charged particles, namely quarks and gluons.

An important characteristic of quarks is their color charge, which enables them to interact
through the strong force. This property separates them from leptons, which do not possess
color charge. Due to the nature of the strong interaction, quarks cannot exist in isolation
but are con�ned within hadrons. Leptons, by contrast, can be observed as free particles.

The QCD Lagrangian [6] is expressed as:

L QCD =
X

q

 q;a
�
i
 � @� � a;b � gs
 � tc

a;bA
c
� � mq� a;b

�
 q;b �

1
4

F A
�� F A�� (1-1)

where q;a denotes the quark �eld spinors (for a given quark of massmq), 
 � are the Dirac
matrices,A c

� represents the gluon �elds, andtc
a;b are the generators of theSU(3) group (there

are eight such generators).

In this formulation, the color index a runs from 1 to 3, corresponding to the three quark
colors (red, green, and blue). The indexc associated withA c

� in equation (1-1) ranges from
1 to 8, re
ecting the existence of eight types of gluons. As a consequence of this, neither
gluons nor quarks can be observed as free particles; instead, they combine to form states
with net color neutrality. This gives rise to two classes of hadrons: baryons (composed of
three quarks forming a color-neutral state) and mesons (formed by a quark{antiquark pair).
This phenomenon is known in QCD as the con�nement hypothesis.

The strength of the strong interaction is determined by the strong coupling constant, which
governs the interactions among color-charged particles. Both the strong coupling and the
quark masses are free parameters within QCD. Something to consider is that the strong
coupling decreases with increasing momentum transfer (high-energy regimes), a property
referred to asasymptotic freedom[7]. This explains why, in hard-scattering processes, quarks
with high transverse momentum (pT ) behave approximately as free particles, propagating
in distinct directions. Only after losing su�cient energy (by transferring much of it to the
production of additional partons) do they hadronize with other partons to form hadrons.
Consequently, the strong force becomes dominant at low-energy scales, while at high energies
quarks and gluons can be treated as free particles. Figure1-3 illustrates the behavior of the
strong coupling as a function of the energy scaleQ (in GeV), highlighting the property of
asymptotic freedom.
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Figure 1-3 .: Strong coupling as a function of the scale energyQ [6].

1.3. Electroweak Theory

The electroweak theory is based on the gauge symmetrySU(2)L 
 U(1)Y and uni�es the
electromagnetic and weak interactions among fundamental particles. In this theory, left-
handed fermion �elds are represented as doublets. For instance, for thei th fermion under
SU(2)L symmetry, one has [6]:

 i =
��

� i

l �
i

�
;
�

ui

d0
i

��
(1-2)

whered0
i denotes the quark states mixed through the Cabibbo{Kobayashi{Maskawa (CKM)

matrix elementsVij [6], as de�ned in equation (1-3).

d0
i =

X

j

Vij dj (1-3)

Thus, the charged-current weak interaction is the only interaction in which the incoming
and outgoing fermions di�er, implying a change in fermion 
avor at the interaction vertex.
This property explains why the weak interaction plays a dominant role in particle decays: a
particle can transform into more stable states through 
avor-changing processes. Moreover, in
charged-current weak interactions, couplings occur exclusively between fermions di�ering by
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one unit of electric charge. This requirement follows from charge conservation, since theW �

and W + bosons, the mediators of the charged weak interaction, are themselves electrically
charged.
In the case of leptons, the coupling occurs between each charged lepton and its associated
neutrino [5], as described in equation (1-4).

�
e�

� e

�
;
�

� �

� �

�
;
�

� �

� �

�
(1-4)

For quarks, couplings take place in all possible combinations [5], with the highest probability
occurring between quarks of the same generation (see equation (1-5)).

�
u
d

�
;
�

u
s

�
;
�

u
b

�
;
�

c
d

�
;
�

c
s

�
;
�

c
b

�
;
�

t
d

�
;
�

t
s

�
;
�

t
b

�
(1-5)

1.3.1. Electroweak Symmetry Breaking (EWSB) and the Higgs
Mechanism

To account for the origin of particle masses, spontaneous symmetry breaking is introduced
through the Higgs mechanism, which incorporates a scalar Higgs doublet. The Lagrangian
describing the coupling of theSU(2)L 
 U(1)Y gauge bosons to the Higgs �eld [8] is given
by equation (1-6):

L Higgs = ( D � � )y (D � � ) � V (� ) (1-6)

where the scalar Higgs doublet consists of a charged component' + and a neutral component
' 0:

� =
�

' +

' 0

�
(1-7)

The Higgs potential, before symmetry breaking [8], is given in equation (1-8).

V(� ) = m2� y� + � (� y� )2 (1-8)

In equation (1-6), the covariant derivative is expressed as:

D � � = ( @� �
ig
2

~� � ~W� �
ig0

2
B � )� (1-9)
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whereg and g0 denote the coupling strengths for the weak and electromagnetic interactions,
respectively,~� are the Pauli matrices, and~W� and B � are the �elds associated withSU(2)L

and U(1)Y .
The parametersm2 and � in equation (1-8) determine the possibility of achieving a non-zero
vacuum expectation value. Speci�cally, the conditions� > 0 and m2 < 0 must be satis�ed.
Under these conditions, the scalar Higgs doublet develops a vacuum expectation value:

� 0 = h0j� j0i =
�

0
v=

p
2

�
(1-10)

The scalar Higgs doublet can then be parametrized in terms of the �elds representing a shift
from the vacuum state� 0, yielding:

� =
�

' +

' 0

�
= ei~� �~�= 2v

�
0

(v + H )=
p

2

�
(1-11)

By applying a unitary SU(2)L gauge transformation of the formU(� ) = e� i~� �~�= 2v, it is
possible to de�ne new �elds such that:

� 0 = U(� )� =
1

p
2

(v + H ) �; � =
�

0
1

�
(1-12)

~W 0
� = U(� ) ~W� U(� )� 1 �

i
g

(@� U(� )) U(� )y (1-13)

B 0
� = B � (1-14)

These transformations leave the Lagrangian invariant under gauge transformations. Conse-
quently, the expression for the Lagrangian given in equation (1-6) can now be written in
terms of the primed �elds:

L Higgs = ( D � � )0(D � � )0 � V (� 0) (1-15)

and the covariant derivative in equation (1-15) is expressed in terms of the primed �elds as
follows:

(D � � )0 = ( @� �
ig
2

~� � ~W 0
� �

ig0

2
B 0

� )� 0 (1-16)

Substituting the expressions in equations (1-12), (1-13), and (1-14) into the Lagrangian
of equation (1-15), and considering only the �rst term (which involves the product of the
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covariant derivative), one �nds that this term contains the mass-squared contribution arising
from the quadratic terms of the gauge �elds [8]:

L mass =
v2

8
� y

�
g
2

~� � ~W 0
� +

g0

2
B 0

�

� �
g
2

~� � ~W 0� +
g0

2
B 0�

�
� (1-17)

This expression can be simpli�ed by using the relation for Pauli matrices� i � j = � ij + i� ijk � k :

L mass =
v2

8

�
g2A

01
� A

01� + g2A
02
� A

02� +
�

gA
03
� � g0B 0

�

� 2
�

(1-18)

Introducing the charged bosonsW �
� as:

W �
� =

A
01
� � iA

02
�p

2
(1-19)

the �rst and second terms of equation (1-18) reduce to14g2v2W +
� W � � , which constitutes the

mass term contribution in the Lagrangian. This result shows that the charged bosonsW �
�

are massive, with masses given by:

mW =
1
2

gv (1-20)

For the third term of equation (1-18), an orthogonal transformation allows the neutral �elds
A

03
� and B

0

� to be written as linear combinations of two new neutral �elds,Z � and A � :

�
Z �

A �

�
=

�
cos� W � sin� W

sin� W cos� W

� �
A

03
�

B
0

�

�
(1-21)

This transformation depends on the weak mixing angle (Weinberg angle)� W . With these
new neutral �elds, the last term of equation (1-18) reduces tov

2

8 (g2+ g02)Z � Z � , leading to one
massive neutral bosonZ and one massless boson
 (the photon). The following conditions
on � W must be satis�ed to ensure this relation:

sin� W =
g0

p
g2 + g02

cos� W =
g

p
g2 + g02

tan � W =
g0

g
(1-22)

which leads to the mass expression for the neutralZ boson:

mZ =
1
2

v
p

g2 + g02 =
mW

cos� W
(1-23)
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On the other hand, starting from the Higgs potential of equation (1-8), and substituting
the primed �elds into the full Lagrangian (1-15), one obtains, after simpli�cation, the Higgs
potential after symmetry breaking [8]:

V(� 0) = �
� 2v2

4
+

1
2

(2� 2)H 2 + �vH 3 +
�
4

H 4 (1-24)

The mass term in equation (1-24) provides the Higgs boson mass as a free parameter of the
model, expressed as:

mH =
p

2� 2 (1-25)

It is important to note that equation (1-24) is written in terms of � , � , and mH . The
couplings of the Higgs boson with other gauge bosons (� t , � � , � V , and � 2V ) also depend
on these parameters. Thus, the Higgs potential is directly a function of the values of these
couplings as well. Besides, the production of di-Higgs events provides a direct way to measure
the couplings of the Higgs with other bosons and itself.
So far, we have seen how, through the Higgs mechanism, gauge bosons acquire masses via
spontaneous electroweak symmetry breaking. The same mechanism applies to the Lagrangian
generated by the Yukawa couplings (interactions between fermions and the Higgs boson),
allowing us to determine the masses of fermions.
If we de�ne the doublets for left-handed quarks (QL ) and leptons (LL ), together with their
corresponding right-handed singlets:

QL =
�

u
d

�

L

; LL =
�

� l

l

�

L

; uR ; dR ; lR (1-26)

and use the expression for the Yukawa Lagrangian in terms of the Yukawa couplingsyf for
each fermion, we obtain:

L Y ukawa = ydQL �d R � yuQL � yuR � yl
�LL �l R + h:c (1-27)

After applying the Higgs mechanism and rewriting the Yukawa Lagrangian in terms of the
new �elds, one �nds an expression for the masses of all fermions:

mf = yf
v

p
2

with f = d; u; l (1-28)
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1.4. The Higgs Boson

Since the discovery of the Higgs boson in 2012, the Large Hadron Collider (LHC) has focused
its e�orts on investigating the properties of this particle, as well as its interactions with other
fundamental particles. These studies have made it possible to understand the role played
by the Higgs boson within the Standard Model of Particles (SM), thus providing a better
understanding of key phenomena in particle physics.

The study of the interactions that the Higgs boson has with the other particles in the SM
also provides a way to investigate certain phenomena that today are not fully understood
in the SM, such as the electroweak symmetry breaking mechanism (the mechanism from
which the elementary particles obtains masses) or the shape of the Higgs potential from the
trilinear coupling of the Higgs with itself (� HHH or simply � ), which is directly linked to the
expression of the Higgs potential (equation (1-24)), so that any variation in these couplings
would imply signi�cant variations in the shape of the Higgs potential.

1.4.1. Higgs Boson Production and Decay Channels

Figure 1-4 .: Main single Higgs production mechanisms at the LHC [6].

Figure 1-4 shows the leading-order Feynman diagrams contributing to Higgs boson produc-
tion. The processes illustrated are: (a) gluon{gluon fusion, (b) vector-boson fusion (VBF), (c)
Higgs-strahlung (associated production with a gauge boson at tree level via a quark{quark
interaction), (d) associated production with a gauge boson at loop level via a gluon{gluon
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interaction, (e) associated production with a pair of top quarks (with an analogous diagram
for production with a pair of bottom quarks), and (f{g) production in association with a
single top quark. Among these, the dominant mechanisms are gluon{gluon fusion and vector-
boson fusion, as shown in Figure1-5, where these two processes exhibit the highest cross
sections (the notationqqH in the �gure refers to VBF).

Figure 1-5 .: [Left] Cross sections for the main single Higgs production as a function of the
center of mass energy

p
s [6]. [Right] Branching ratios for the main decays

channels of the Higgs boson [6].

Regarding the main decay channels of the Higgs boson, Figure1-5 shows the branching
ratios of the dominant decay modes. The most signi�cant channels areH ! b�b (58.2 %),
H ! WW (21.4 %), andH ! � �� (6.27 %).

1.4.2. Main Higgs pair production modes

One of the possible ways to study Higgs boson couplings is through the study of the produc-
tion and decay modes of the Higgs boson. For this, it is possible to study the production of
Higgs pairs, where two Higgs bosons are generated in the process. Among the most dominant
processes of di-Higgs production are gluon-gluon fusion (ggF HH) and vector boson fusion
(VBF HH).

In the case of the di-Higgs mode of production through gluon-gluon fusion, which has the
cross section� SM = 31:05 � 3 %(PDF + � s)+6 %

� 23 %(scale+ mtop) fb [9] at a center-of-mass
energy

p
s = 13 TeV and mass of the Higgs bosonmH = 125 GeV, the Yukawa coupling

between the quark top and the Higgs is present in the Feynman \box diagram", as well as
the trilinear coupling of the Higgs with itself, present in the \triangle diagram", in the �rst
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leading order (LO) Feynman diagrams shown in the �gure [1-6].

Figure 1-6 .: Feynman diagrams to LO for the production mode of the ggF, HH process. [9]

These two diagrams exhibit destructive interference, resulting in a smaller cross section for
di-Higgs production compared to single Higgs production.

The variation of the trilinear Higgs coupling is expressed by the variable� � , which repre-
sents the ratio between the trilinear coupling� and the expected value of the standard model
� SM . When � � is equal to 1, we are in the standard model scenario, while any deviation from
this value indicates a scenario beyond the standard model (BSM).

In the case of the di-Higgs mode of production by vector boson fusion, the corresponding
cross section is� SM

V BF;HH = 1:726� 2:1 %(PDF + � s)+0 :03 %
� 0:04 %(scale) fb [9], computed at a

center-of-mass energy
p

s = 13 TeV and for mH = 125 GeV. In this process, some couplings
between vector bosons and the Higgs are present, which are the� V (coupling between two
vector bosons and the Higgs),� 2V (coupling between two vector bosons and two Higgs) and
� � (trilinear coupling of the Higgs with itself), which are represented in the Feynman dia-
grams associated with this production mode (see the �gure [1-7]).

Figure 1-7 .: Feynman diagrams to LO for the production mode of the VBF, HH process.
[9]

Variations in the coupling values, such as that of� � , have a direct impact on the cross section
of the VBF HH process, in
uencing the production of HH pairs. Thus, from �gure [1-8] it
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is possible to observe that the cross section for each di-Higgs production modes strongly
depends on the value taken by� � . For example, when� � = 0, the production rate doubles,
and reaches almost a quadruple increase when� � = � 1 [10].

In addition, varying the couplings� 2V at the HHVV vertex also positively impacts the VBF
HH output. This modi�cation can result in a signi�cant increase, reaching increases of up
to two orders of magnitude when the coupling doubles the Standard Model prediction [11].

Figure 1-8 .: Cross section as a function of� � parameter for di�erent di-Higgs production
modes. [12]

The measurement of deviations in these couplings is constantly performed by the ATLAS
experiment, and constraints have been established on several of their values. According
to preliminary studies and future projections, the allowed 68 % con�dence interval for the
coupling modi�er � � is [� 0:5; 6:1], which is reduced to [0:1; 2:6] when systematic uncertain-
ties are neglected. Similarly, the allowed 68 % con�dence interval for the coupling modi�er
� 2V is found to be [0:7; 1:4], narrowing to [0:7; 1:3] in the absence of systematic uncertainties.
These limits are obtained from a statistical combination of projections in thebbbbchannel
with those from the bb

 and bb� � �nal states, as reported in the studies presented in [13,
14].



2. The ATLAS Experiment

2.1. The Large Hadron Collider - LHC

The Large Hadron Collider (LHC) [15] is the largest and most powerful particle accelerator
ever constructed. It is located at the border between France and Switzerland and is designed
to produce high-energy collisions between hadrons, in particular proton-proton collisions.
The LHC consists of a complex system of accelerators that accelerate particles to velocities
close to the speed of light. These particles are then arranged into beams traveling in op-
posite directions, which collide at speci�c interaction points where the main detectors are
positioned.
To achieve this, the particle beams are guided through a 27-kilometer circular ring composed
of an array of superconducting magnets. This magnetic system bends the trajectories of the
beams and focuses them strongly at the interaction points to maximize the probability of
collisions.

Figure 2-1 .: Accelerator complex at the LHC [16].

There are four main interaction points in the LHC, each corresponding to one of the four
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major experiments: ATLAS, ALICE, CMS, and LHCb (see �gure [2-1]). At these locations,
the detectors record the data produced by the collisions, including properties of the �nal-state
particles such as their energy, electric charge, transverse momentum, and trajectories.
Since each experiment investigates di�erent physical phenomena, the detectors are designed
with di�erent purposes. For instance, LHCb is dedicated to the study of heavy-
avor physics
and CP violation in hadron decays containing bottom quarks. Consequently, its detector
employs a forward geometry. In contrast, the ATLAS detector is a general-purpose detector
with a cylindrical and closed design. It is primarily used to validate the Standard Model,
to study boson production (notably the Higgs boson), top and bottom quark physics, and
electroweak processes involvingZ and W bosons, among other phenomena.

2.2. ATLAS Detector

The ATLAS experiment [17] is the largest detector at the LHC, measuring approximately 44
meters in length and 25 meters in diameter. It is composed of several sub-detectors, including
the inner detector, electromagnetic and hadronic calorimeters, the muon spectrometer, and
a system of magnets that generates the magnetic �elds necessary to track charged particles.
Figure [2-2] shows the design of the detector.
Each sub-detector provides relevant information for the identi�cation and reconstruction
of particles. When this information is combined, the data from all sub-detectors allow the
determination of the particles produced in a collision event by reconstructing the event
backwards (from the �nal state to the initial decay products).
Each sub-detector ful�lls a speci�c function: the inner detector measures the charge, trans-
verse momentum, and vertices (primary and secondary) of charged particles; the calorimeters
measure the energy deposited by particles passing through them; the muon spectrometer,
located at the outermost layer, measures the properties of muons, which are the only parti-
cles reaching that region and interacting with the detector (in contrast to neutrinos, which
traverse the detector without interaction); and the magnet system generates the magnetic
�eld required to bend charged particle trajectories, thereby enabling charge and momentum
measurements. In the following sections, each sub-detector is brie
y reviewed with regard to
its design and speci�c functionality.

2.2.1. Magnets and Coils System

The magnets and coils system is a fundamental component of the detector, as it produces
the magnetic �elds required to bend the trajectories of charged particles. This system is
divided into three main parts: the Central Solenoid (CS), the Barrel Toroid (BT), and the
two End-Cap Toroids (ECTs), each strategically positioned within the detector structure.
The Central Solenoid, located between the electromagnetic calorimeter and the inner detec-
tor, surrounds the inner tracking system. It produces a uniform magnetic �eld of approxi-
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Figure 2-2 .: Design of the ATLAS detector [17].

mately 2 T, bending all charged particles within the inner detector volume.
In the outer region of the detector, the BT and ECTs are located. The BT, which surrounds
the calorimeters, is the largest magnet system in ATLAS. It consists of eight symmetrically
arranged superconducting coils, assembled radially around the beam axis, and provides a
�eld of approximately 2.5 T oriented almost perpendicular to the particle trajectories. The
ECTs extend into the end-cap regions and generate the magnetic �elds necessary for the
muon spectrometer, producing �elds up to 3.5 T. These systems are essential for the precise
performance of the muon spectrometer.
All components of the magnetic system operate under cryogenic conditions, typically main-
tained at 4.5 K using a helium cooling system. This low-temperature regime enables super-
conductivity, which is crucial for achieving high currents with minimal energy dissipation.

2.2.2. Inner Detector

The inner detector is responsible for reconstructing the tracks and transverse momentum
of charged particles produced in collisions. It also identi�es both primary and secondary
vertices, which requires high spatial resolution. This is achieved through high-precision pixel
and semiconductor tracking technologies.
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The inner detector is divided into four main components: the Pixel Detector, the Semicon-
ductor Tracker (SCT), the Transition Radiation Tracker (TRT), and the Insertable B-Layer
(IBL). These sub-detectors are shown in �gure [2-3].

Each component is specialized for speci�c tracking tasks. The Pixel Detector and the IBL pro-
vide high-granularity measurements close to the interaction point, enabling accurate vertex
reconstruction. The SCT extends the tracking volume and improves momentum resolution,
while the TRT enhances particle identi�cation, particularly for electrons, through transition
radiation detection.

Figure 2-3 .: ATLAS inner detector (before 2014) [17].

2.2.3. Pixel Detector

The Pixel Detector is designed to provide high precision and resolution in determining in-
teraction vertices due to its �ne granularity. This makes it particularly useful for detecting
short-lived particles, such as B hadrons or� leptons. To achieve this, it is placed very close
to the particle beam axis, where its sensors provide highly precise two-dimensional segmen-
tation. However, the advanced technology required to construct the Pixel Detector limits
both the number of layers and the overall size of the system.

The pixel system consists of three barrel layers positioned at radii of 4, 11, and 14 cm, and
four endcap disks on each side, covering radii between 11 and 20 cm, thus ensuring complete
angular coverage.
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Figure 2-4 .: Transverse view of the ATLAS inner detector (before 2014) [17].

2.2.4. Silicon Tracker (SCT)

The Silicon Tracker (SCT) is composed of microstrip layers arranged perpendicularly to
form a grid, providing improved spatial resolution when particles interact with the detector
material. These measurements are non-destructive, meaning that particles do not deposit
their full energy in the inner detector. Instead, as particles pass through the material, they
leave behindhits, which are later used to reconstruct their trajectories.
Since the inner detector operates under the magnetic �eld produced by the central sole-
noid, the trajectories of charged particles are curved. This curvature is used to determine
the momentum of the particles. The hits are also extrapolated back to the collision point,
contributing to the identi�cation of both primary and secondary vertices.

2.2.5. Transition Radiation Tracker (TRT)

The Transition Radiation Tracker (TRT) consists of straw tubes, each containing a central
wire and a gas that ionizes when a charged particle passes through. The resulting ionization
signals are collected by the wire. These straw tubes operate at high rates due to their
small diameter (approximately 4 mm) and are particularly e�ective for detecting transition
radiation photons, as in the case of electrons crossing from one medium into another. To
improve electron identi�cation, xenon gas is used, since it e�ciently detects high-energy
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photons produced by transition radiation [18].
The TRT is composed of a barrel and two endcaps. The barrel contains three layers with
tubes aligned parallel to the beamline (each about 144 cm long). The tubes are read out
from both ends, e�ectively doubling the number of electronic channels. The endcaps have 18
radial units per wheel, providing 224 tube layers on each side [19]. Figures [2-3] and [2-4]
show the geometry of the inner detector prior to the 2014 upgrade. Following this upgrade,
an additional component was incorporated into the inner detector, as described in the next
subsection.

2.2.6. Insertable B-Layer (IBL)

During the 2013{2014 upgrade, in preparation for the increase in center-of-mass energy to
p

s = 13{14 TeV, an additional pixel layer | the Insertable B-Layer (IBL) | was installed
even closer to the interaction point than the original Pixel Detector.
The IBL improves the precision of both primary and secondary vertex reconstruction and
provides additional radiation protection for the inner detector components, which are expo-
sed to higher radiation levels at increased energies.
It consists of a single layer of pixel modules positioned at a radius of 33 mm from the beam
axis. There are 14 staves, each 64 cm in length, aligned parallel to the beam. These staves
contain readout chips attached to silicon sensors and are mounted inside a tube with a radius
of 24 cm [20].

Figure 2-5 .: IBL detector [20].

2.2.7. Calorimeters

Calorimeters are responsible for measuring the energy deposited by particles as they traverse
di�erent materials. Their design depends on the types of particles they are intended to mea-
sure. There are two main categories: homogeneous and sampling calorimeters. Homogeneous
calorimeters use a single material and generally provide better energy resolution, whereas
sampling calorimeters alternate layers of di�erent materials, yielding improved position re-
solution.
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ATLAS includes several calorimeters covering di�erent� regions. The electromagnetic calo-
rimeter (EM) covers j� j < 3:2; the hadronic barrel coversj� j < 1:7; the hadronic endcaps
(HEC) cover 1:5 < j� j < 3:2; and the forward calorimeter (FCAL) covers 3:1 < j� j < 4:9.
Figure [2-6] shows the layout of the calorimeter system.

Figure 2-6 .: ATLAS calorimeters structure [17].

Electromagnetic Calorimeter

The EM calorimeter measures electrons, positrons, and photons through bremsstrahlung and
e+ e� pair production, which generate electromagnetic showers. These showers are characte-
rized by the radiation length X 0 and the Moli�ere radius, which de�ne their longitudinal and
transverse dimensions.
The EM calorimeter employs a lead/liquid-argon accordion structure. It consists of a barrel
(j� j < 1:47), made of two semi-barrels separated by a 6 mm gap atz = 0, and two endcaps
(EMEC) divided into coaxial wheels. The inner wheel covers 1:375< j� j < 2:5, and the outer
one covers 2:5 < j� j < 3:2 [21].

Hadronic Calorimeter

The hadronic calorimeter detects hadrons (e.g., jets) produced from quark hadronization.
These particles create hadronic showers, which include both electromagnetic and nuclear
interaction components and are characterized by the nuclear interaction length� .
The system comprises a central barrel and two extended barrels (collectively known as the
Tile Calorimeter) and the hadronic endcaps (HEC). The barrel is a sampling calorimeter
constructed from scintillators and iron plates, while the HEC employs liquid argon and
copper plates. The HEC shares a cryostat with the EMEC and FCAL. The entire hadronic
calorimeter coversj� j < 4:9; the barrel coversj� j < 1:7, and the HEC covers 1:5 < j� j < 3:2
[18].
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Forward Calorimeter (FCAL)

Located closer to the beam axis (z-axis), the FCAL is subject to higher radiation levels but
ensures uniform calorimeter coverage. It is divided into three sections: one made of copper
and two made of tungsten. Each section contains a matrix of longitudinally spaced channels
�lled with concentric tubes and rods, with liquid argon in the gaps [21]. The FCAL covers
3:1 < j� j < 4:9 and shares the cryostat with the EMEC and HEC.

2.2.8. Muon Spectrometer

The muon spectrometer measures the momentum and trajectories of muons produced in
proton-proton collisions, using magnetic de
ection from the toroidal magnet system. In the
j� j < 1:0 region, the magnetic �eld from the Barrel Toroid (BT) dominates, while in 1:0 <
j� j < 2:7 the End-Cap Toroids (ECTs) dominate. In the transition region (1:0 < j� j < 1:4),
both contribute signi�cantly [18].
Trajectory measurements across a wide� range are performed using Monitored Drift Tubes
(MDTs), arranged in three cylindrical stations at radii of 5, 7.5, and 10 m. At large� ,
Cathode Strip Chambers (CSCs) provide high granularity and precision.

Figure 2-7 .: a) Muon Spectometer structure in the ATLAS detector [17]. b) Transverse
view of muon spectrometer [22].

Figure [2-7a) ] shows the main components of the muon spectrometer.

Monitored Drift Tubes (MDTs)

The barrel region contains three horizontally arranged MDT stations forming concentric
cylinders. Each tube is made of aluminum, with a diameter of 3 cm and a length ranging
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from 0.9 to 6.2 m. The central wire (50� m) is composed of a tungsten-rhenium alloy.
The tubes are grouped in multilayers (3{4) within chambers (see �gure [2-8]) and are �lled
with an argon{CO2 gas mixture (93:7 ratio) at a pressure of 3 bar [22].

Figure 2-8 .: MDTs chambers [17].

Cathode Strip Chambers (CSCs)

Cathode Strip Chambers (CSCs) are multi-wire proportional chambers that provide high
position resolution and operate in the high-� region (2:0 < j� j < 2:7). Their gas mixture
consists of 50 % argon, 30 % non-
ammable gases, and 20 %CO2 and CF4.
In addition to MDTs, the endcaps contain four concentric disks equipped with Thin-Gap
Chambers (TGCs) at radii of 7, 10, 14, and 21{23 m. Figure [2-7b) ] presents a transverse
view of the spectrometer, showing the MDT stations and RPCs.

2.2.9. Trigger and Data Acquisition System (TDAQ)

Due to the extremely high number of collisions per bunch crossing, occurring within nano-
seconds, a vast amount of information is produced by all sections of the detector and sent to
the data acquisition system. However, not all of this information can be stored, which makes
it necessary to preselect events that may be of particular interest (e.g., potential evidence of
new physics or processes involving particles such as the Higgs boson). The ATLAS detector
therefore includes a Trigger system designed to identify whether interesting physics occurs in
a collision, thereby allowing the information to be processed by the Data Acquisition (DAQ)
system.
In general, the Trigger system is divided into three levels (see [18, 23]), each of which pro-
gressively re�nes the event selection process and applies increasingly stringent criteria when
required (see the schematic representation of the ATLAS TDAQ system in �gure [2-9)].
The Level-1 (L1) trigger selects potentially interesting events for each bunch crossing using
information provided by the detector subsystems. For example, in the muon spectrometer,
the L1 trigger relies exclusively on the RPCs and TGCs to identify muons, requiring them
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to have a transverse momentum (pT ) above a certain threshold to ensure optimal e�ciency.
In the calorimeters, the L1 trigger uses information from subsets of the electromagnetic and
hadronic calorimeters (barrel, end-cap, forward, etc.), also requiring particles to exceed apT

threshold. In addition, for the identi�cation of electrons, photons, jets, and� leptons, isola-
tion requirements are imposed, ensuring that these objects are su�ciently separated within
energy cones. Cuts may also be applied to the total energy or missing transverse energy.
Since the rate of incoming event information is higher than the rate at which the Front-End
system can process the L1 trigger decisions, and given the latency of the L1 trigger (i.e.,
the time between a collision and the corresponding trigger decision), pipeline memories are
implemented. These memories temporarily store information from all detector channels while
awaiting the trigger decision.
Once events are accepted by L1, they are read and digitized by the Front-End system before
being transferred to bu�ers and then passed to the Level-2 (L2) trigger. In general, L1 is
mainly implemented in hardware and �rmware on electronic boards, processing events based
on subsystem information independently, rather than globally.

Figure 2-9 .: Functioning of the ATLAS Experiment TDAQ.

The L2 trigger reconstructs the event in a more global manner, addressing the fact that the
L1 trigger only provided fragmented information from individual subsystems. L2 processes
information from the Regions of Interest (RoIs) stored in readout bu�ers, where the L1-
accepted data are located. At this level, more stringent selection criteria are applied to
identify physics objects. For muons, information from the MDTs and the inner tracker is
combined for identi�cation and reconstruction, with additional cuts onpT . For electrons and
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positrons, the inner tracker and the Transition Radiation Tracker are used to match tracks
of charged particles with highpT . Similarly, for hadrons and� leptons, tracker information
is used to associate charged-particle tracks with highpT , while isolation criteria are re�ned
using energy clusters. By reconstructing events globally, L2 determines whether an event
should be passed to Level-3 (L3) for further processing and storage.
The L3 trigger, or Event Filter, performs a more detailed analysis than L2, re�ning its deci-
sions by applying stricterpT thresholds and improved calibrations of reconstructed objects.
At this stage, more sophisticated algorithms and methods can be employed, which would not
be feasible at L2 due to the large data volume still being processed there. The combination
of L2 and L3 is known as the High Level Trigger (HLT), which is software-based. Finally, all
events that pass through the Trigger system are stored in computing facilities, making them
available for further study when analyzing speci�c processes or conducting physics analyses.

2.3. ATLAS System of Coordinates

In the ATLAS experiment, particle information is often given in terms of speci�c coordinates
such as� , � , and � . These quantities are well-de�ned within the ATLAS detector and are
established through a set of conventions.

Figure 2-10 .: Polar and azimuthal coordinates in the ATLAS detector [24].

Since the ATLAS detector has a cylindrical geometry, particle trajectories can be described
using the polar angle� and the azimuthal angle� . The z-axis is chosen along the proton
beam direction, while thex-axis (pointing towards the center of the LHC ring) and they-axis
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(pointing upwards) de�ne the XY plane, commonly referred to as the transverse plane. Once
these main axes are de�ned, the polar angle� is measured with respect to the beamline, while
the azimuthal angle� is de�ned as the angle of the particle's projection onto the transverse
plane, measured from the positivex-axis. These conventions are illustrated in �gure [2-10].
Because particles typically reach very high energies and thus relativistic velocities, it is con-
venient to use a Lorentz-invariant measure under boost transformations: the pseudorapidity
� . This variable is de�ned in terms of the polar angle� as:

� = � ln
�

tan
�

�
2

��
(2-1)

Figure 2-11 .: pseudorapidity in the ATLAS detector [24].

Figure [2-11] shows the coverage obtained by the� parameter. Thus, particles produced
close to they-axis correspond to low values of� , while particles scattered near the beamline
correspond to very high� values.
Finally, the angular separation � R between two particles is de�ned as a function of their�
and � coordinates:

� R =
p

(� � )2 + (� � )2 (2-2)

being � R and � � the di�erence between the� position and the azimuthal angles of the two
particles, respectively.



3. Jet Reconstruction in the ATLAS
Experiment

After proton-proton collisions, a sequence of processes takes place, leading to the produc-
tion of particles. These processes involve the partonic constituents of the initial protons,
which undergo hard scattering and are scattered in certain directions. Subsequently, quarks
and gluons undergo parton showering and hadronization, forming what are known as jets.
This chapter reviews the main physics mechanisms behind jet production, their formation,
the main sources of contamination in their substructure and the corresponding mitigation
strategies, as well as the primary objects and algorithms used in their reconstruction.

3.1. Jet Production

From the initial proton-proton collision to the �nal identi�cation of hadrons by the detector,
several processes occur that give rise to jets. This sequence can be summarized in three
main steps: hard scattering, parton showering, and hadronization. The following subsections
describe each of these processes in more detail.

3.1.1. Hard Scattering

As established in the theoretical framework, hadrons are composed of quarks and gluons,
collectively referred to as partons. During proton-proton collisions, the partons inside each
proton interact, producing particles scattered in various directions. These interactions are
described by the Parton Density Functions (PDFs) [25] and perturbative Quantum Chro-
modynamics (pQCD) [26]. The PDFs provide the probability of �nding a parton carrying a
given fraction of the proton's momentum, while pQCD governs the dynamics of these inter-
actions. In this way, some partons are scattered, carrying the momentum transferred from
the initial protons.

3.1.2. Parton Showering

After the hard-scattering process, the outgoing partons emit additional partons. The most
common mechanisms are parton splitting, described by QCD splitting functions [27] (which
determine the probability of a parton splitting into two others), and gluon radiation, in
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which partons emit gluons as they lose energy while traversing the detector. Unlike photons
in QED, gluons carry a color charge, allowing them to interact with and emit other gluons.
Typical splitting processes [27] includeq ! q + g (a quark radiating a gluon), g ! q + �q
(a gluon splitting into a quark-antiquark pair), and g ! g + g (a gluon splitting into two
gluons).

These emissions are usually collinear with the direction of the parent particle due to the high
pT of the initial partons. However, gluons often retain only a small fraction of the parent
energy, leading to the production of many low-energy gluons. This phenomenon, known as
soft emission, represents a challenge for jet reconstruction, as it �lls the jet structure with
many low-energy gluons. Both collinear and soft emissions thus contribute signi�cantly to
the substructure of jets.

3.1.3. Hadronization

Hadronization is the process by which partons combine to form hadrons. Depending on the
con�guration, this can result in mesons (quark{antiquark pairs) or baryons (three-quark sta-
tes), both of which are color neutral. During parton showering, as the energy of the partons
decreases through successive emissions and approaches� 1 GeV, the strong interaction do-
minates, binding the partons into hadrons. Since hadronization cannot be calculated directly
from QCD, Monte Carlo (MC) simulations that combine PDFs and pQCD are used to model
the process [28].

In addition, remnants from the hard scattering or secondary simultaneous interactions within
the same event may also produce low-energy particles. These contributions are referred to
as underlying events [29] and pile-up [30]. Both complicate jet reconstruction by introducing
unwanted particles that contaminate the true jet content. Dedicated algorithms are therefore
employed to mitigate their impact, as will be discussed later in this chapter.

Figure 3-1 .: Di�erent processes in jet formation [31].
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The �gure [3-1] shows an sketch of the three physical processes that are involved in the jet
formation.

3.2. Jet Input Objects

In order to reconstruct jets, speci�c algorithms are implemented to build objects using infor-
mation from the inner tracker and calorimeters. These objects serve as inputs for clustering
algorithms, which form the reconstructed jets. Depending on their design, these input ob-
jects may have di�erent requirements and performance characteristics. For example, some
algorithms are better suited to reconstruct the internal substructure of jets, while others
provide improved resolution in jet energy and mass. Certain methods perform optimally in
either the high- or low-pT regime, whereas others aim to o�er a balanced performance across
all features.

3.2.1. Particle-Level Jets (Truth Jets)

In simulated events, jets can be reconstructed at the generator level. These so-called truth
jets include all stable particles (i.e., those with lifetime� such that c� > 10 mm) produced
in the hard scattering, except for particles leaving negligible calorimeter deposits, such as
neutrinos or muons. Truth jets are primarily used for jet calibration and for studying the
energy and mass of reconstructed jets.

3.2.2. Inner Detector Tracks

Charged particles leave tracks in the inner detector, which are reconstructed using their hit
patterns. To ensure good track identi�cation, only tracks associated with the primary vertex
of the hard-scattering process are considered. The primary vertex is de�ned as the one with
the highest scalar sum ofp2

T of its associated tracks. Additional quality requirements are
applied, such aspT > 500 MeV, j� j < 2:5, and a longitudinal distance to the primary vertex
along thez-axis of jz0 sin� j < 2:0 mm [32].

3.2.3. Topological Clusters

Jets reconstructed from calorimeter information are built from topological clusters (topo-
clusters) [33], which are three-dimensional groupings of calorimeter cells with signi�cant
energy deposits [32]. A cell is included if its signal exceeds 4� noise , where� noise accounts for
electronic and pile-up noise. Neighboring cells with a signal greater than 2� noise are then
added recursively until no adjacent cells exceed this threshold. If multiple local maxima are
present, the cluster may be split to separate showers.
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After reconstruction, clusters undergo calibrations, such as the local cell weighting (LCW)
method [33], to classify them as electromagnetic-like or hadronic-like.

3.2.4. Particle Flow Objects (PFOs)

The Particle Flow (PFlow) method [34] combines tracking information from the inner detec-
tor with calorimeter topoclusters [35]. Tracks are matched to calorimeter clusters whenever
possible, using tight quality criteria. For each matched pair, both the track momentum and
calorimeter energy are compared. If their di�erence can be explained by shower 
uctua-
tions of a single particle, the match is accepted, and the corresponding calorimeter energy is
removed to avoid double counting. Unmatched clusters are attributed to neutral particles.

This method improves jet energy and mass resolution and provides greater stability against
pile-up compared to only calorimeter-based jets [36, 37]. The �nal PFlow objects thus consist
of tracks and both modi�ed and unmodi�ed topoclusters. Charged PFOs not matched to
the primary vertex are removed to further suppress pile-up contributions.

3.2.5. Track-Calo Clusters (TCCs)

The Track-Calo Clusters method [38] also combines information from the inner detector
and calorimeter, but di�ers from PFlow in its matching strategy. Instead of comparing
individual particle energy deposits, it uses the angular information of tracks and the energy
of topoclusters (including those from both primary and pile-up vertices). This approach
yields improved performance for jet substructure reconstruction at highpT .

In this method, tracks with loose quality criteria are matched to calibrated topoclusters. If
a single track matches a cluster, thepT of the TCC is taken from the cluster, while� and �
are inherited from the track. In cases where multiple tracks match multiple clusters, a TCC
object is created per match, and the cluster momentum is divided among them according
to their relative track momenta. Clusters without any track matches are retained as TCCs,
corresponding to neutral particles leaving no tracks in the inner detector.

3.2.6. Uni�ed Flow Objects (UFOs)

As discussed for the previous input objects, no single method provides optimal performance
across the fullpT range. For example, PFOs [39] perform well at lowpT , but their tagging
e�ciency decreases at highpT , where TCCs perform better. Conversely, TCCs show redu-
ced performance in topocluster-based trimmed jet de�nitions at lowpT . To address these
limitations, the UFO algorithm was developed to combine the advantages of both PFOs and
TCCs across the full kinematic spectrum.

The algorithm begins with the construction of PFOs, as described previously. Charged
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PFOs matched to pile-up vertices are removed, leaving only those associated with the hard-
scattering vertex. For neutral PFOs, dedicated jet-level pile-up suppression techniques may
be applied. Among charged PFOs, a distinction is made between those used to subtract calo-
rimeter energy and those not used for subtraction. A modi�ed version of the TCC algorithm
is then applied to the remaining PFOs. The splitting procedure is performed only on tracks
associated with charged PFOs not used for subtraction, since the others are already well
matched and their calorimeter energy has been accounted for.

This hybrid procedure allows the UFO algorithm to maximize the bene�ts of PFlow sub-
traction at low pT while exploiting the splitting capabilities of TCCs at high pT [32].

3.3. Jet Clustering Algorithms

Once the input objects are de�ned from inner detector and calorimeter information, cluste-
ring algorithms are applied to construct jets. These algorithms combine the input objects
into stable jet structures. Two main classes of clustering algorithms are used in ATLAS:
Cone Algorithms and Sequential Clustering Algorithms.

Cone algorithms start from a high-energy particle and assume that associated particles are
emitted within a conical region around it. Cones are then built around these high-energy
particles, merging nearby particles accordingly. Examples include the IC-PR, IC-SM [40],
and SIS-Cone [41] algorithms. However, these methods are rarely used in current analyses,
as they are sensitive to soft radiation and su�er from infrared unsafety [42].

Sequential clustering algorithms, on the other hand, cluster particles based on their trans-
verse momentum (pT ) and their spatial separation in phase space. Widely used examples
include the kt [40], Cambridge/Aachen [43], and anti-kt [44] algorithms. These methods rely
on a distance de�nition:

dij = min
�

k2p
t i

; k2p
t j

� � 2
ij

R2
; (3-1)

� 2
ij = ( yi � yj )

2 + ( � i � � j )
2 ; (3-2)

where kt i and kt j are the transverse momenta of particlesi and j , � ij is their separation
in phase space, andR is the jet radius parameter. The pseudorapidity and azimuthal coor-
dinates of each particle are denoted byy and � , respectively. The parameterp determines
the clustering scheme:p = 1 corresponds to thekt algorithm, which clusters particles from
low to high pT ; p = 0 yields the Cambridge/Aachen algorithm, where phase-space distance
dominates overpT ; and p = � 1 de�nes the anti-kt algorithm, which clusters around the
hardest particles �rst.
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Among these, the anti-kt algorithm is the standard choice in ATLAS. To illustrate its proce-
dure, considern particles with transverse momentakt1 ; kt2 ; :::; ktn . The algorithm computes
all possible � ij values and identi�es the pair with the smallest distance. For a chosen radius
R, three scenarios arise:

If � ij > 2R, particles i and j are well separated and may each form an independent
cone jet.

If R < � ij < 2R, the separation is ambiguous. In this case, the transverse momenta
are compared: if one particle has signi�cantly largerpT , it de�nes the cone, while the
other forms a partial jet. If the pT values are similar, a boundary between the two
is established at a distance determined by �ib=kt i = � jb=kt j , where b denotes the
separation point. The particle with the largerpT receives the larger cone.

If � ij < R , the particles are clustered into a single jet, centered on the particle with
the higher pT .

Figure 3-2 .: Comparison among SIS-cone, Cambridge/Aachen,kt and anti-kt algorithms
for jet reconstruction [44].
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This procedure is repeated iteratively until all particles are clustered into jets of radiusR.

Figure [3-2] illustrates the behavior of four clustering algorithms (SIS-Cone, Cambridge/Aa-
chen, kt , and anti-kt ). The anti-kt and Cambridge/Aachen algorithms typically produce
irregularly shaped jets, while SIS-Cone tends to form symmetric cones around individual
particles, although distortions arise when multiple particles overlap. By contrast, the anti-
kt algorithm consistently produces nearly circular jets, which is one of the reasons for its
widespread use.

3.4. Methods to mitigate Pile-up and Underlying Event
e�ects

As established earlier in this chapter, the presence of particles not originating from the main
hard-scattering vertex poses a challenge for jet reconstruction and for the identi�cation of
daughter particles produced in proton{proton collisions. In particular, pile-up and underlying
events contaminate the internal structure of the jet (even after applying object reconstruction
techniques and jet clustering algorithms). To mitigate these e�ects, several methods have
been developed, among which the following are noteworthy:

Jet Vertex Tagger [45]: This technique exploits the information from the tracks
associated with the jet. It relies on a modi�cation of the Jet-Vertex-Fraction (JVF),
de�ned as the fraction of the scalar sum of the transverse momenta (pT ) of tracks
originating from the hard-scattering vertex, divided by the scalar sum ofpT of all
tracks in the jet. This modi�cation ensures stable hard-scatter e�ciencies regardless
of the number of vertices associated with the jet. An additional variable,RpT , de�ned
as the ratio between the scalar sum of trackpT associated with the hard-scattering
vertex and the calibrated jetpT , is also employed. Combining the corrected JVF and
RpT , a discriminant called Jet Vertex Tagger (JVT) is constructed, which provides an
e�cient means to reject most pile-up jets and improve jet purity.

Jet Trimming [46]: This method enhances the reconstruction of QCD jets arising
from the showering and fragmentation of nearly massless partons (e.g., light quarks
and gluons). The procedure begins by clustering cells or tracks using a jet clustering
algorithm to form a \seed jet" of radius R. Within this seed jet, a second clustering
algorithm is applied to reconstruct subjets of radiusRsub. A transverse momentum
requirement is then imposed on each subjeti , such that pTi < f cut � � hard , wheref cut is
a dimensionless parameter and �hard represents a hard scale chosen according to the
event kinematics. Subjets passing this requirement are retained and recombined into
the trimmed jet.
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Shape subtraction [47]: This approach corrects jet shapes, which are particularly
sensitive to pile-up e�ects. It builds on the \area-median" method, which subtracts
an energy proportional to the product of the measured pile-up transverse momentum
density (� ) and the jet area. In shape subtraction, each jet shape variable is corrected
individually using the same pile-up density measurement as in area subtraction, while
accounting for the susceptibility of the shape to uniform contamination.

Grooming techniques [48]: Grooming techniques, including �ltering, pruning, trim-
ming, and soft drop, act on the constituents of subjets within a large R-jet. In parti-
cular, the soft-drop method reclusters a jet (using algorithms such as anti-kt or Cam-
bridge/Aachen) into two subjets, which must satisfy the condition

min (pT1 ; pT2 )
pT1 + pT2

> z cut

�
� 12

R

� �

(3-3)

wherezcut is a soft threshold and� is a free parameter. If the condition is met, the jet of
radius R is kept as the �nal soft-drop jet; otherwise, only the subjet with the highest
pT is retained, and the procedure is repeated until no further splitting is possible.
This method reduces the contribution of soft radiation not associated with the hard-
scattering process, thereby mitigating pile-up e�ects.

Although many other techniques exist for mitigating pile-up contributions in jet reconstruc-
tion, the methods listed above illustrate the main strategies employed in practice. A more
comprehensive review can be found in [49]. In conclusion, after object reconstruction, jet clus-
tering, and pile-up mitigation, the �nal outcome of the reconstruction process is the so-called
\reconstructed jet". This term, together with \truth jet", will be frequently used throughout
this thesis, as much of the analysis relies on comparing information from reconstructed and
truth jets.

3.5. Boosted Jets

As discussed in the previous subsections, the reconstruction of �nal-state hadrons in proton{
proton collisions is achieved through the formation of jets. These jets are built using ob-
ject reconstruction methods (based on tracking and calorimetry), jet clustering algorithms,
and grooming techniques designed to remove soft radiation. Particle identi�cation is more
straightforward when jets are well separated in phase space. This is typically the case at low
transverse momentum (pT ), where decay products are su�ciently separated to reconstruct
individual small R-jets around each one.

However, at highpT , the decay products become highly collimated, often resulting in overlap-
ping jets that complicate the identi�cation of their individual contents. To address this, the
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�nal-state particles are clustered into large R-jets, usually de�ned with a radius parameter
R = 1 (compared with R = 0:4 for small R-jets).

A common convention distinguishes between two regimes: when jets are well separated,
they are considered \resolved jets" and reconstructed as small R-jets; when the separation is
insu�cient, they are considered \boosted jets" and reconstructed as large R-jets. Traditional
jet reconstruction and identi�cation algorithms often perform poorly in high-energy regimes
due to the strong collimation of decay products. Consequently, new techniques have been
developed (some of which will be discussed in the following chapters) that exploit information
from boosted jets.

In this study, the primary objects of interest are boosted jets originating from Higgs boson
pair decays, with particular attention to the identi�cation of b�b and � + � � pairs.

Figure 3-3 .: Resolved and boosted jets diagrams.

3.6. Description of relevant substructure variables for
reconstructed jets

As will be discussed throughout this thesis, several variables related to the internal structure
of large R-jets play a key role, particularly in the implementation of the boosted analysis
(see chapter [6]). For this reason, a brief description of the most relevant substructure jet
variables used in this work is provided below. These variables can be classi�ed into the
following categories:

1. Kinematic variables: This category includes information such as the transverse mo-
mentum pT , pseudorapidity � , azimuthal angle � , and mass associated with each re-
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constructed jet. These quantities are commonly used to characterize the kinematics of
reconstructed objects and to describe the relationships between di�erent reconstructed
particle systems within the detector.

2. N-subjettiness: This observable is used in jet reconstruction to quantify how well a
large-radius jet can be described as containing exactlyN subjets. It therefore provides
an estimate of the presence of multiple substructures within a reconstructed jet and is
particularly useful for identifying boosted hadronic decays [50].

3. Energy correlation functions: These variables provide the distribution of energy
within jets by correlating the energies and angular separations of their constituent
tracks. As a result, they are useful to reveal jet substructure and in discriminating
between jets originating from di�erent physical processes [51].

4. Split separation: This variable is related to the separation of distances associated
with the tracks used in jet reconstruction. It provides additional information on the
internal structure of the jet and contributes to the identi�cation of its substructure
[52].

3.7. MC event generators

The use of simulated processes is essential when studying a theoretical model through ex-
perimental data. Simulated samples allow us to compare the observed data with theoretical
predictions, playing a key role in determining whether the results are consistent with expecta-
tions. Simulations also provide a wide range of advantages, including a deeper understanding
of potential signal and background processes in a given analysis, optimization of detector
and trigger design (thus contributing to the development of new detectors), evaluation of
acceptance corrections, and the design of new analysis strategies, among many others [53].

It is not possible to simulate an event directly, since the outcome of a collision depends on
probabilities dictated by quantum mechanics and numerous parton interactions that cannot
be predicted in full detail at every stage. Therefore, event generators are employed to produce
collision outcomes based on these probabilities. Only after averaging over large event samples
can the expected probability distributions, consistent with the underlying theoretical models,
be obtained.

It is important to note that there is not a perfect generator, mainly because our understan-
ding of particle physics remains incomplete in many areas. Nevertheless, each generator is
expected to reproduce, at least to a reasonable degree, the predictions of established models
and the observed in experimental data. Due to the complexity of the task, event simulation
is divided into several steps. In general, the main elements that a generator must address
can be summarized as follows [54]:
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Incorporate the di�erential cross section of all known processes, including hard-scattering
matrix elements and parton distribution functions (PDFs) for use in the hard-scattering
stage.

For two colliding hadrons, describe the hard-scattering resulting from the interaction
of one parton from each hadron. It also needs to consider the fact that initial partons
may radiate additional jets aligned with the direction of the incoming hadrons.

Target processes of interest, particularly those producing short-lived resonance particles
in the hard-scattering stage (such asW, Z , or Higgs bosons). At the same time,
suppress events that are dominated by very soft jets or that correspond to simple
elastic or di�ractive scattering, which are not easily described in terms of partonic
processes.

Simulate the radiation emitted by the incoming partons, which are both colored and
charged, leading to Bremsstrahlung radiation. This radiation is referred to as initial-
state radiation (ISR).

Simulate the radiation of the outgoing partons, known as �nal-state radiation (FSR).

Since each hadron contains multiple partons, multiple parton{parton interactions may
occur in the same hadron{hadron collision. The generator must therefore take into
account the contribution of these additional interactions to the ISR and FSR associated
with the primary hard-scattering process.

Reproduce the parton showering process, which describes the transfer of energy from
the initial partons to the outgoing ones after the collision. On short time scales, partons
can be treated as free particles (due to asymptotic freedom), but as time progresses
the strong force con�nes the emitted partons, ultimately leading to hadronization.

In scenarios where unstable hadrons are produced, reproduce their subsequent decays,
while ensuring that long-lived hadrons are properly propagated to the detector level
so that their signatures are compatible with a detector simulation framework.

At this stage, the reconstruction of the full event can be performed, allowing the
identi�cation of the �nal-state products resulting from the simulated collision.

Figure [3-4] illustrates a hadron{hadron collision simulated with a Monte Carlo event ge-
nerator. The red blob in the center represents the hard collision, surrounded by a tree-like
structure corresponding to Bremsstrahlung radiation in the parton showers. The purple blob
indicates a secondary hard scattering event. Parton-to-hadron transitions are represented by
light green blobs, dark green blobs indicate hadron decays, and yellow lines correspond to
soft photon radiation [55].
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Figure 3-4 .: Simulation of a hadron-hadron collision in a MC event generator [55].

A variety of MC event generators are widely used in particle physics. Among the most com-
mons areSherpa [56], MadGraph [57], Pythia [58], and Powheg [59]. For instance,
Sherpa provides accurate computations of electroweak corrections at full next-to-leading
order (NLO) as well as in various approximations. It also includes higher-order QED correc-
tions in production processes and photon splittings in decays, spin-polarized cross section
calculations, and heavy-
avor matching in multijet merging, among other features [56].

Pythia is one of the most extensively used generators in high-energy physics, particularly
in contexts where strong-interaction e�ects are important. It o�ers a comprehensive set of
physics models describing the evolution from few-body hard scatterings to complex multi-
particle �nal states. In addition to particle physics, it is also employed in astroparticle and
nuclear physics, although its primary use remains within collider studies [60].

Powheg , as its name (Positive Weight Hardest Emission Generator) says, was developed
to address the issue of negatively weighted events. In this generator, the hardest radiation
is generated �rst using exact NLO matrix elements, ensuring that all simulated events carry
positive weights [59].

MadGraph is particularly valued for its ability to compute tree-level and one-loop ampli-
tudes for a wide range of processes. These computations can then be used to predict physical
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observables at di�erent perturbative accuracies and for various �nal states [57].

Finally, in order to simulate the detector response, which is important for determining how
an event would be reconstructed in practice (including the performance of each subdetector
and their measurements), the most commonly used tool isGeant4 [61].



4. ATLAS searches in the HH ! bb� �
decay channel

The pair production of Higgs bosons has been highly studied since the discovery of the Higgs
boson in 2008. As discussed earlier, the production of two Higgs bosons is signi�cantly less
probable than that of a single one; however, such processes provide a good opportunity to
investigate the Higgs couplings to other gauge bosons. Over the past years, multipleHH
decay channels have been explored. In particular, the decay channelHH ! bb� � has been
the subject of several studies. The aim of this chapter is to summarise the main contributions
of the ATLAS collaboration to the investigation of this decay channel up to the present.

In the resolved regime, all objects in the �nal state are reconstructed as distinct entities,
each clearly identi�able and not overlapped or highly collimated (as in the boosted scenario),
serving as the starting point for the study ofHH ! bb� � .

First, a review is presented of the main developments in the resolved analysis, including the
types of process samples (signal and background), the reconstruction of the relevant objects
in the ATLAS detector, the subdivision into subchannels, the trigger implementations, and
the event selection criteria. The organisation of signal regions (SRs) and the separation
of gluon{gluon fusion (ggF) and vector boson fusion (VBF)-like events are also discussed.
Subsequently, it is provided an initial overview of boosted analysis techniques, focusing on
the development of advanced taggers designed to identify boosted jets containingbbor � �
pairs, implemented through advanced neural networks.

4.1. Study of the HH ! bb� � in the resolved regime

The resolved implementation carried out by the ATLAS collaboration and the di-Higgs group
is primarily divided into two decay subchannels:HH ! bb�had � had, where both � -leptons
decay hadronically, andHH ! bb�lep� had, where one� decays leptonically and the other
hadronically (see �gure [4-1]).

For both subchannels, the same sets of signal and background samples are used, with the
separation occurring after the application of triggers and event selection (discussed later in
this chapter).
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Figure 4-1 .: Diagram of the � -lepton decaying leptonically/hadronically [62].

4.1.1. Signal and Background Samples

Signal

In the study of the resolved selection forHH ! bb� � , Monte Carlo (MC) samples from Run
2 are categorised into signal and background. Signal samples correspond to simulated events
with a high probability of containing the targeted process: two Higgs bosons decaying into
bband � � �nal states.

The signal includes simulations of the two dominant di-Higgs production modes: ggF and
VBF, for both Standard Model (SM) and Beyond Standard Model (BSM) scenarios. For
ggF, the SM scenario is considered (where all Higgs couplings are set to be 1), as well as a
scenario with the trilinear self-coupling set to� � = 10. For VBF, both the SM (all couplings
equal to 1) and BSM scenarios with variations in� � , � V , and � 2V are used, enhancing the
production rate.

Background

Background samples represent processes outside the targetedHH ! bb� � decay, but which
can produce similar �nal states, complicating the distinction between signal and background.
Some backgrounds are included due to their large cross-sections or their resemblance to the
signal �nal state. The main backgrounds are:

Top quark: Includes processes involving top quark production, such ast�t, t-channel,
s-channel,Wt, t �tZ , and t�tW .

Vector boson + jets: Production of W or Z bosons accompanied by jets, e.g.W=Z ee,
W=Z �� , or W=Z � � .

Diboson: Production of two gauge bosons in the same event, e.g.WW, WZ, or ZZ .

Single Higgs boson: Production of a single Higgs boson, including ggF, VBF,qq!
WH , qq! ZH , gg ! ZH , or t�tH .

A detailed list of samples is provided in [63] and [64].
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4.1.2. Reconstruction of objects

To de�ne the �nal state, the relevant reconstructed objects, i.e.b-jets, hadronically decaying
� -leptons (� had� vis ), and light leptons (e or � ), must satisfy speci�c requirements. These
requirements vary by object type, as each is reconstructed using di�erent parts of the ATLAS
detector.

Since� -leptons can decay either hadronically or leptonically, the �nal state may include light
leptons (electrons or muons), hadronic decay products (such as pions), and neutrinos, along
with two b-jets.

Electrons

Electron identi�cation relies on track measurements, the shape of the energy cluster deposited
in the calorimeter, and track{cluster matching, combined with track quality requirements
[65].

Candidate electrons must satisfy a loose identi�cation working point based on tracking and
calorimeter information, and an isolation requirement: apT -dependent upper limit on the
momentum (and energy) of tracks (topo-clusters) within a cone around the electron.

Candidates must havepT > 7 GeV and be located withinj� j < 2:47, excluding the transition
region between the barrel and end-cap of the LAr calorimeters (i.e, excluding the region
1:37 < j� j < 1:52).

Muons

Muon candidates are reconstructed from tracks in the Inner Detector (ID) and Muon Spec-
trometer (MS). A minimum number of hits in each subdetector is required, along with
geometrical and momentum consistency. The combined ID{MS information provides an im-
proved momentum measurement [63].

As with electrons, apT > 7 GeV threshold is applied. Muons must satisfyj� j < 2:7 (re
ecting
the MS coverage, which extends beyond the electromagnetic calorimeter). Loose isolation
requirements are also applied.

Jets

Reconstruction algorithms are typically used for jets candidates, with the preferred one being
the anti-kt algorithm with a distance parameter of � R = 0:4, together with the particle

ow (PF) algorithm. A jet cleaning criterion is also implemented, which is used to remove
jets arising from non-collision backgrounds and noise. An example of this category are jets
produced by the interaction of gluons during the hadronization process.
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Since multiple collisions occur almost simultaneously, many jets are produced that do not
originate from the same collision. This e�ect is known as pile-up and is mitigated by using
the Jet-Vertex-Tagger JVT (see section [3.4]), which helps to determine jets coming from
the same collision point and which are not.

Finally, a pT threshold of 20 GeV is applied, together with thej� j < 2:5 requirement, which
de�nes the regions where these jets can be located in the detector [63].

b-jet tagging

In order to determine which jets may have b-quark content, a deep neural network (called
the DL1r tagger) is used. This neural network identi�es jets with b-quark content against
the background composed of light-
avour jets or jets with charm-quark content. The DL1r
makes use of: the jet kinematics, the impact parameters of tracks associated with the jet,
and the presence of displaced vertices. Regarding the jet kinematics, spatial and kinematic
correlations between tracks initiated from the same b-hadron are exploited.
The DL1r tagger requires each jet to pass a working point of 77 % to be considered a b-jet
[63].

Hadronically decaying � -leptons ( � had� vis )

In the case of hadronically decaying� -leptons, their pT , the number of hits in the tracking
detector, and their transverse and longitudinal impact parameters are used by a BDT. This
BDT processes this information together with all tracks within a radius cone �R = 0:4 (see
section [3.3]), reconstructing a cone of well-isolated tracks for the visible� candidate. The
number of tracks within that cone then de�nes the number of prongs composing the hadronic
decay.

Additionally, a Recurrent Neural Network (RNN) is also implemented to discriminate� had� vis

candidates from other particles with similar detector signatures. The RNN further separates
hadronic � decays into 1-prong (with a working point of 85 %) and 3-prong (with a working
point of 75 %) categories. This is useful because the number of prongs is directly related to
the number of pions produced in the� decay.

Candidates must also pass apT cut of 20 GeV and be located in thej� j < 2:5 region (de�ned
by the hadronic calorimeter), excluding the transition region between the barrel and the
end-caps (1:37 < j� j < 1:52).

Missing Transverse Energy

By applying momentum conservation in the transverse plane, the amount of missing trans-
verse energy can be determined. Conservation of transverse momentum implies that the sum
of the pT of all reconstructed objects must be equal to zero. This sum is computed using all
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reconstructed objects (light leptons, hadronically decaying� -leptons, jets, etc.), once they
have been calibrated. The missing energy is then de�ned asE miss

T . This missing transverse
energy is typically explained by the production of neutrinos, which interact weakly with the
detector material and therefore cannot be tracked (observed) as they traverse the detector.
Thus, the missing transverse energy provides an indirect measure of the neutrinos produced
in each collision.

4.1.3. De�nitions of the had-had and lep-had subchannels

As stated at the beginning of the chapter, theHH ! bb� � analysis implemented by the
ATLAS collaboration is studied in two subchannels: had-had and lep-had. These two sub-
channels are de�ned according to how the two� -leptons decay (in the �rst, both decay
hadronically, while in the second, one decays hadronically and the other leptonically). A
sequence of steps is followed to de�ne these signal regions (as shown in �gure [4-2]). This
procedure generally consists of trigger selection, event preselection, and VBF/ggF separation,
leading to the classi�cation of the event into the desired signal region.

Figure 4-2 .: Diagram of the separation of the SRs into the main subchannels [64].

For the had-had subchannel, for instance, all reconstructed events must pass a combina-
tion of triggers dedicated to identify events with visible hadronic� decays. To achieve this,
single � had� vis triggers (STT) and di-� had� vis triggers (DTT) are used. In the lep-had sub-
channel, two main groups of triggers are used separately: single lepton triggers (SLT) and
lepton+� had� vis triggers (LTT). If the reconstructed event passes the trigger selection, a
re�ned event selection is applied to improve the purity of the selected events.

Subsequently, events passing the trigger and event selection criteria are then categorized into
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ggF and VBF regions through the use of a BDT (this categorization is done independently
of whether the subchannel is had-had or lep-had). In the case of the ggF SR, it is further
divided into low- and high-mass regions (separated by a 350 GeV cut on the invariant mass
of the HH system).

In cases where events do not belong to any of these regions, a control region (Z + HF CR)
is de�ned to determine the normalization of the background in which a Z boson is produced
together with one or more jets containing heavy-
avour quarks (hence the HF label). Events
in this category are triggered by single lepton triggers (SLT) and di-lepton triggers (DLT),
along with a speci�c event selection targeting events with bbll reconstructed objects (two
b-jets plus leptons from the Z decay).

4.1.4. HH ! bb�lep� had channel

HH ! bb�lep� had Trigger Selection

After the reconstruction of objects in the event is completed, the trigger selection is applied in
order to categorize the event into each subchannel. In the lep-had channel, a combination of
SLTs and LTTs is used to select candidate events in the signal region. Each group of triggers
has di�erent requirements, since they target di�erent objects signatures: SLTs target single
leptons, while LTTs target combinations of leptons and� objects. Additionally, some triggers
varied across di�erent data-taking periods, which results in slightly di�erent requirements
within the same group.

The SLTs require an event to have either an electron or a muon reconstructed in the High-
Level-Trigger (HLT) with a minimum pT threshold that varies depending on the speci�c
trigger and data-taking period: electrons must have a minimumpT between 24 GeV and 26
GeV, while muons must have between 20 GeV and 26 GeV.

For LTTs, either a reconstructed electron or muon is required, together with a visible ha-
dronic � had� vis decay at the HLT. For the light leptons, electrons must have apT larger than
17 GeV, while muons must have apT larger than 14 GeV. For the� had� vis , the pT threshold
is 25 GeV. Although these cuts apply to most triggers, additional criteria may be applied to
improve the performance of speci�c triggers.

An important point to note is that SLT and LTT de�ne two separate regions, with no overlap
between them. Events passing the SLT trigger requirements are therefore not considered for
the LTT triggers, ensuring no overlap between the two categories. Although an event selection
is subsequently applied to the LTT category, there is no further separation into ggF/VBF
regions (as shown in �gure [4-2]).
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HH ! bb�lep� had Event Selection

Once the triggers are applied, an event selection criterion is applied in order to re�ne the
events in the signal regions. In the lep-had channel, the criteria are the following:

Exactly one loose isolated electron or muon. For electron (muon) candidates, they must
pass a tight (medium for muons) identi�cation requirement with an e�ciency of 80 %
(97 %).

An oppositely charged visible hadronic� had� vis lepton.

Exactly 2 b-jets tagged with the DL1r tagger.

The mMMC
� � (missing mass calculator (MMC) of the� � system should be larger than

60 GeV. This mass is computed using the four-momentum of the electron/muon, the
� had� vis , and the pmiss

T .

The b-tagged jet pair invariant massmbb must be less than 150 GeV to reject the major
contribution from t�t background.

The � had� vis candidate should have apT larger than 20 GeV for the SLT category, and
a pT larger than 30 GeV (or higher, depending on the trigger) for the LTT category.
The � had� vis candidate should also be located atj� j < 2:3 for both categories.

In both categories, the leading and subleading b-tagged jets must havepT higher than
45 GeV and 20 GeV respectively.

4.1.5. HH ! bb�had� had channel

HH ! bb�had � had Trigger Selection

For the had-had subchannel, the accepted events must pass a combination of single� had� vis

triggers (STTs) and di-� had� vis triggers (DTTs). The STTs require events with at least one
� had� vis at HLT with a minimum pT that varies between 80 GeV and 160 GeV depending on
the speci�c trigger and the data-taking period. The DTTs require at least a pair of� had� vis

at the HLT, with minimum pT of 35 GeV and 25 GeV for the leading and subleading� had� vis

candidates.

The data-taking period is also considered to add additional requirements at Level-1 (L1) to
reduce DTT rates. For instance, triggers operating in 2016 required an additional jet with
ET > 25 GeV. For 2017{2018, if two o�ine jets are found (withpT > 45 GeV), then a trigger
requires jets withET > 12 GeV (andj� j < 2:3) at L1. Otherwise, a trigger only requires one
additional jet with ET > 25 GeV and the� had� vis to be reconstructed within � R = 2:8 of
each other.
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Additional o�ine requirements for DTTs include, for example, having either two additional
jets with pT > 45 GeV in the event, or one jet withpT > 80 GeV and the two � had� vis

candidates within � R = 2:5 of each other. To operate at maximum trigger e�ciency, the
o�ine � had� vis are required to be within � R = 0:2 of the corresponding HLT� had� vis objects,
with a minimum o�ine pT between 100 GeV and 180 GeV for STTs, and minimumpT > 40
GeV and 30 GeV for the leading and subleading o�ine� had� vis in DTTs.

If the event is selected by both STTs and DTTs, only the o�ine requirements for STTs are
applied. Thus, unlike the lep-had channel trigger selection, the events passing the trigger
selection in the had-had channel are analyzed together (as shown in �gure [4-2]).

HH ! bb�had � had Event Selection

As in the lep-had channel, after the trigger selection an event selection is applied to de�ne
the signal region events. In the had-had channel, the criteria are the following:

Figure 4-3 .: Summary of the implementation of triggers and event selection for each sub-
channel [63].

Exactly two � had� vis leptons passing the loose identi�cation, both with opposite charges.

At least two jets, with two of them b-tagged with a DL1r WP of 77 %.

Events with any additional leptons (e� or � � ) are vetoed/discarded.
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The (sub)leading b-tagged jets are required to havepT > 45 (20) GeV.

The invariant mass of the two � had� vis , computed with the MMC method, must be
mMMC

� � > 60 GeV to reduce the contribution of low-mass Drell{Yan background events.

Finally, a general summary of the event selection criteria for both channels can be seen in
�gure [4-3]. This criteria for both channels is the resolved analysis implementation carried
out by the ATLAS collaboration and the di-Higgs group that will be used in chapter [6] to
perform the comparison with the boosted analysis developed by our own study.

4.1.6. VBF/ggF Event Categorization

The ATLAS collaboration has already developed an implementation to categorize the pro-
duction mode of an event for the resolved case, which is the current status prior the develop-
ment of the VBF/ggF separation study created in this thesis work (see section [6.5]) for the
boosted case. Thus, this section is dedicated to show how the VBF/ggF event categorization
is performed by the di-Higgs group for the resolved case.

Once the trigger and event selection have been completed, a categorization is performed with
respect to the ggF and VBF separation regions. This categorization provides three mutually
exclusive categories, which produce three SRs per subchannel. The categorization is done
through a BDT when the event has at least 4 jets. When the event passes a certain working
point of the BDT, it acts as a classi�er to determine whether the event comes from VBF
or ggF production. If the event passes the working point, it is categorized as VBF-like and
directly classi�ed as a VBF SR. Otherwise, if the event has fewer than 4 jets or does not
pass the BDT working point, it is classi�ed as a ggF-like event, with further classi�cation
applied.

The list of variables used to train the BDT classi�er is given in �gure [4-4]. As shown, it uses
parameters computed from the additional jets not originating from a Higgs decay, which are
characteristic of the VBF topology but absent in ggF. These two jets are taken as the ones
with the highest pT that were not b-tagged or reconstructed as� candidates.

In the scenario where the event is categorized as ggF-like, the invariant mass of the two
Higgs bosons,mHH , is used to split the region into low-mass and high-mass ggF regions. A
cut of mHH = 350 GeV is de�ned and events withmHH < 350 GeV are considered low-mass
ggF SRs. This category targets possible BSM signal scenarios (� � 6= 1).

If mHH > 350 GeV, the event is categorized into the high-mass ggF SR, a region that targets
SM-like events. This value (mHH = 350 GeV) is chosen to set tight constraints on� � while
maintaining a su�ciently large sample size in the low-mass region and retaining SM-like HH
signal sensitivity. Additionally, the destructive interference between the two ggF Feynman
diagrams becomes maximal at this value [64].
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Figure 4-4 .: List of variables used to train the BDT to separate VBF from ggF events [64].

Afterwards, a BDT classi�er is trained in each signal region using di�erent HH signal hy-
potheses to separate HH signal events from background processes.

Thus, for the VBF region, a BDT is trained using the SM VBF HH signal, while the high-
mass ggF uses a BDT trained with the SM ggF HH signal, and the low-mass ggF region uses
a trained BDT with � � = 10 ggF samples. The variables used to train these BDTs include a
list of more than 20 variables, some of which involve the mass,pT , or � R separation between
object candidates. A detailed description of these variables can be found in [64].

4.2. GN2X for identifying boosted Higgs boson decays
into heavy-
avour jet pairs

The challenge of identifying Higgs boson decays that are highly collimated has already been
discussed. Recent developments in jet reconstruction using multivariate algorithms have been
studied, with particular attention to large R-jets containing bb, cc, and, more recently,� �
decays. The implementation of a high-performance tagger for identifying Higgs boson decays
improves the sensitivity of searches for new resonances in BSM scenarios [66] and enables
more precise measurements of the Higgs bosonpT spectrum [67].

The following subsections describe the implementation of a transformer neural network
GN2X, which is developed by the ATLAS collaboration, for the identi�cation of boosted
bband � � jets, the training procedure of these models, and the corresponding results and
performance.
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4.2.1. GN2X for boosted bbjets

The GN2X architecture is a transformer neural network [68] designed to identify Higgs decay
products in large R-jets with bbor cc content and to distinguish them from jets originating
from other processes. This is achieved by exploiting the information provided by the tracks
inside large R-jets to identify the typical signatures ofb- or c-hadrons, such as displaced
vertices or tracks with large impact parameters. In this subsection, it is taken as the main
reference the GN2X model implementation for identifying boostedH (b�b) large R-jets (an
study that can be found in detail in the ATLAS document [69]), discusing the relevant
information and results provided in that work.

Training and testing samples

For the signal, ZH production events were used, where the Higgs boson decays intobbor
cc pairs that produce large R-jets. Since the aim was to obtain an algorithm with minimal
dependence on thepT , � , and mass distributions, the training samples were simulated with
a 
at jet mass distribution. In contrast, the testing samples were based on ZH production
in the SM scenario, where the jetpT follows a smoothly falling physical distribution (with
mH = 125 GeV).

Figure 4-5 .: Signal and background samples used by the GN2X model in the training pro-
cess [69].

Figure 4-6 .: Signal and background samples used by the GN2X model in the testing process
[69].

For the background, most jets originated from top-quark decays or multijet processes. In the
case of top quarks, the training samples were generated from the decay of a hypothetical
Z 0 ! t �t resonance with a mass of 4 TeV, where the top pairs subsequently decayed intoW
bosons, which then decayed either leptonically or hadronically. These samples were simulated
with an approximately 
at pT distribution. For testing, the SM t�t production was used, with
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jets following a smoothly fallingpT distribution. Multijet processes were included to ensure
su�cient statistics at high momentum.

Figures [4-5] and [4-6] show the list of training and testing samples, respectively, together
with the corresponding generators.

Object requirements

To reconstruct the Higgs boson decays, each large R-jet must satisfy speci�c requirements. In
particular, Uni�ed Flow Objects (UFOs) are required. These are constructed from Particle
Flow Objects and Track-Calo Clusters. Each UFO large R-jet is reconstructed with a radius
parameter ofR = 1:0 using the anti-kt algorithm. The impact of pileup and underlying event
contributions is removed.

For the training samples, all selected jets must satisfy the following conditions [69]:

Have a jet pT between 200 GeV and 1:5 TeV.

Be located atj� j < 2:0.

Have an invariant mass of the jet,mJ , between 50 GeV and 300 GeV.

For the testing procedure, the selected jets must satisfy the following conditions:

Have a jet pT between 250 GeV and 1:5 TeV.

Be located atj� j < 2:0.

Have an invariant mass of the jet between 50 GeV and 200 GeV.

Regarding the substructure of the large R-jet candidates, subjets (withpT > 7 GeV) are
reconstructed using a variable-radius (VR) algorithm [70, 71]. This algorithm de�nes the
radius as a function ofpT and a constant parameter� , according to �=pT . The parameter
was set to� = 30 GeV, which constrains the radius of each subjet withinRmin = 0:02 and
Rmax = 0:4.

Model Inputs

The GN2X model takes as input a set of variables from the large R-jet candidates, including
more than 20 variables related to track information (up to 100 tracks may be associated
with a single jet, ordered by decreasing transverse impact parameter signi�cances(d0)).
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Figure 4-7 .: List of input variables used for the GN2X for identifyingbband cc jets [69].

Ordering the tracks in this way ensures that the most likely ones originating from displaced
vertices are considered �rst. In the case ofbbjets, the average number of associated tracks
is around 20. These variables constitute the input to the base GN2X model. However, it is
also possible to use a combined architecture that includes the base GN2X with subjet or
particle-
ow information, adding more input variables to the model.

A list of the variables used as inputs to the model is shown in �gure [4-7] for each GN2X
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architecture. Further details about these variables are provided in [69].

Results and Performance of the GN2X for bbjets

The performance of the GN2X model is evaluated in terms of its tagging e�ciency. As
previously described, the model is trained to tag not onlyH (b�b) but also H (c�c), while dis-
tinguishing these signals from top-quark jets and multijets, which are treated as backgrounds.
The H (b�b) tagging e�ciency is de�ned as the fraction of correctly identi�ed H (b�b) jets with
respect to the total number ofH (b�b) jets, consideringH (c�c), top, and multijets (denoted as
QCD) as background. Analogously, theH (c�c) tagging e�ciency is de�ned with H (b�b) jets
included in the background.
The neural network provides scores related to the probability that a given jet isH (b�b),
H (c�c), top, or multijet. This tagging score is combined into a discriminantD GN 2X

Hbb de�ned
as follows:

D GN 2X
Hbb = ln

�
pHbb

f Hcc � pHcc + f top � ptop + (1 � f Hcc � f top) � pQCD

�
(4-1)

Here, f Hcc and f top are free parameters used to determine the relative weights ofpHcc and
ptop with respect to pQCD , thereby controlling the trade-o� among H (c�c), top, and multijet
rejections. After an optimization procedure targeting a certain e�ciency,f Hcc and f top were
set to 0.02 and 0.25, respectively. The discriminant score distribution produced by the GN2X
model is shown in �gure [4-8], which shows the score distributions forH (b�b), H (c�c), top,
and multijet categories in the testing samples. From this �gure, it can be observed that a
good separation is achieved at a working point corresponding to 50 % e�ciency for boosted
bbjets.

Figure 4-8 .: Normalized discriminant score distribution for GN2X model [69].
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Thus, by applying a threshold value on theD GN 2X
Hbb discriminant, jets can be tagged according

to the score assigned by the model. This threshold can be chosen to achieve a desired signal
e�ciency.

The performance of the GN2X model is also evaluated in terms of background rejection
for a given signal e�ciency. To this end, the background rejection is compared with two
alternative models. The �rst corresponds to a previous version of anH (b�b) tagger based on
a feed-forward network that combines 
avour-tagging discriminants [72, 73], derived from
the DL1r tagger [74], and is denoted as theDXbb model. The second model, denoted as 2
VR D GN 2

b , is based on tagging individual subjets, with at least two VR subjets associated
with each large R-jet, using a GN2 transformer network.

The comparison of background rejection among these three models is shown in �gure [4-9].
As can be seen, there is a clear improvement in the background rejection of the current
D GN 2X

Hbb compared to the previousDXbb, for both top and multijet processes, even when
varying the tagging signal e�ciency. For instance, at a 50 %H (b�b) signal e�ciency, the
GN2X provides a factor of 1.6 increase in the top jet rejection and a factor of 2.5 increase in
the multijet rejection. Above 50 % of signal e�ciency, the ratio in the background rejection
for the D GN 2X

Hbb is higher in comparison with the other two models too.

Figure 4-9 .: Background rejection comparison for the three models forH (b�b) jets [69].

In addition, the background rejection performance can be compared among the three GN2X
architectures. As previously mentioned, GN2X has a base model that can be extended either
with subjet inputs or with particle-
ow inputs, resulting in three di�erent GN2X architec-
tures. Figure [4-10] shows that the GN2X + Subjets model improves the top background
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rejection compared to the base GN2X, but its performance decreases signi�cantly for multi-
jet background rejection across a broad range of signal e�ciencies. By contrast, the GN2X +
Flow model provides a notable improvement over the base GN2X for both top and multijet
backgrounds.

Figure 4-10 .: Background rejection comparison for the three architectures of the GN2X
model [69].

4.2.2. GN2X for boosted � � jets

The inclusion of GN2X for identifying boosted� � jets is currently under development. One
of the most recent works in this aspect is the one discussed in the ATLAS document [75],
which is taken as the main reference to develop this subsection. Therefore, it is discussed
the most relevant information and results discussed in that paper.

The aim is to extend the GN2X model, originally designed forb�b and c�c, to also include� ��
jets. The GN2X model focuses on hadronic decays of� leptons, since the� had jet products
present distinctive features that help distinguish them from quark-initiated jets. For instance,
� had decays usually produce one or three tracks (commonly known as prongs) from the pions
generated in the� decay, leading to narrower jet shapes and good isolation. These features
have been successfully exploited by several machine learning algorithms (see, for example,
[76, 77]) for the identi�cation of jets with � content. However, when two� jets are highly
collimated, the challenge increases due to overlapping decay products and strong collimation
e�ects ([78, 79]), which requires the use of advanced methods, such as transformer neural
networks. In principle, the same GN2X structure introduced in the previous subsection is
preserved, enabling the model to identify boostedb�b, c�c, and � �� jets originating from Higgs
decays. Therefore, a similar procedure is followed for� �� identi�cation.
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Training and testing samples

The signal samples correspond to Higgs boson production in association with aZ boson,
where the �nal-state particles are reconstructed as large R-jets. As in the case of GN2X for
b�b, these samples are generated with a 
at mass distribution (instead of the SM scenario,
where the Higgs mass peak is visible) in order to minimize the dependence onpT , � , and
mass distributions, and to avoid mass sculpting e�ects (see [69]).

The background is composed of two main sources: hadronically decaying top quarks and
QCD multijet production. The top-quark samples were generated fromZ 0 decays with a
mass of 4 TeV and a 
atpT distribution. The list of samples used for training and testing is
shown in �gure [4-11].

Figure 4-11 .: Signal and background samples used by the GN2X forH (� �� ) model [75].

These samples also include the expected pile-up conditions of the 2023 data-taking period.
The training samples are preprocessed to ensure similarpT , � , and mass distributions, thereby
avoiding kinematic biases.

Object requirements

As in the GN2X H (b�b) case, Higgs candidates are reconstructed from UFO large R-jets
with a radius parameter R = 1:0. Contributions from pile-up and underlying events are
mitigated through a combination of grooming techniques, including the Soft-Drop algorithm
[80, 81], Constituent Subtraction [82], and SoftKiller [83]. A speci�c set of jets within de�ned
kinematic ranges is selected for training and testing. The requirements for training jets are:

Jets with pT between 250 GeV and 1.5 TeV.

Jets with j� j < 2:0.

Jets with invariant massmJ between 50 GeV and 300 GeV.

For jets used in testing, the requirements are:

Jets with pT between 250 GeV and 1.5 TeV.



58 4 ATLAS searches in theHH ! bb� � decay channel

Jets with j� j < 2:0.

Jets with invariant mass between 50 GeV and 200 GeV.

Track reconstruction is performed using information from the inner detector and the hits
left by charged particles. These tracks are ghost-associated [84] with the large R-jet candi-
dates, making it possible to assign them to vertices (only tracks withpT > 500 MeV are
considered) using an adaptive multi-vertex �tting algorithm [85]. When multiple vertices are
reconstructed, the primary vertex is de�ned as the one with the largest

P
p2

T of its associated
tracks.

Model Inputs

Figure 4-12 .: List of input variables used for the GN2X for identifying boosted� � jets [75].



4.2 GN2X for identifying boosted Higgs boson decays into heavy-
avour
jet pairs 59

The list of variables used to train the GN2X model forH (� �� ) is slightly di�erent from
that used for the H (b�b) model. In principle, the variables can be divided into three main
groups: kinematic variables of the large R-jet candidates (2 variables: thepT and � of the
large R-jet), reconstructed track variables (20 variables), and UFO constituents (4 variables).
Among these, only the UFO constituents are new additions to the model. Speci�cally, the
UFO constituents use combined information from the calorimeters for both charged and
neutral constituents. The complete list of variables can be seen in �gure [4-12].

Results and Performance of the GN2X for � � jets

As in the case of GN2X forH (b�b) and H (c�c) classi�cations, a tagging e�ciency for H (� �� )
is de�ned as the number of correctly identi�edH (� �� ) jets divided by the total number of
H (� �� ) jets. In addition, a mis-tagging rate is de�ned as the number of jets wrongly classi�ed
as H (� �� ) (i.e. jets that are actually H (b�b), H (c�c), top-quark, or multijet) divided by the
total number of background jets (including, of course,H (b�b) and H (c�c) for the boosted� �
classi�cation). This mis-tagging rate is also used to de�ne the background rejection of the
model, since the two are inversely related.

The GN2X model provides probabilities for each jet to belong to each one of the categories
(H (� �� ), H (b�b), H (c�c), top-quark production, or multijet). These probabilities are combined
into a discriminant, D GN 2X

H� � (which slightly di�ers from the one de�ned previously), given
by:

D GN 2X
H� � = ln

�
pH� �

f Hbb � pHbb + f Hcc � pHcc + f top � ptop + (1 � f Hbb � f Hcc � f top) � pQCD

�

(4-2)

In equation (4-2), three free parameters (f Hbb, f Hcc , and f top) control the relative weights of
pHbb, pHcc , and ptop compared topQCD . As discussed in the description of GN2X forH (b�b)
and H (c�c), these parameters control the trade-o� between rejectingH (b�b), H (c�c), top, and
multijet backgrounds. After optimization, the chosen values weref Hbb = 0:02, f Hcc = 0:02,
and f top = 0:15, providing a good balance between rejecting the dominant backgrounds (top
and multijet) while retaining the main signal processes (H (b�b), H (c�c), and H (� �� )).

The discriminant D GN 2X
H� � can then be used to tag a jet asH (� �� ). The tagging is performed

by de�ning a threshold on the discriminant, typically chosen according to a target tagging
e�ciency. If the discriminant value for a given jet exceeds this threshold, the jet is considered
tagged asH (� �� ). In this GN2X model, the discriminant distributions for all categories are
shown in �gure [4-13]. The �gure shows that the discriminant achieves good separation
betweenH (� �� ) jets and other jet categories, although the separation betweenH (b�b) and
background jets is less pronounced. This behavior is expected, since this version of the GN2X
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model was trained with variables that favor the recognition of� had content. Consequently,
boostedH (� �� ) jets are better separated than other categories. Future developments of the
GN2X model are expected to improve the separation amongH (b�b), H (c�c), and H (� �� ).

Figure 4-13 .: Normalized discriminat score distribution for GN 2X adapted to include
H (� �� ) [75].

Additionally, the background rejection against top and multijet jets can be studied as a fun-
ction of the H (� �� ) tagging e�ciency. For tagging e�ciencies above 90 %, the corresponding
background rejection is shown in �gure [4-14]. As observed, the rejection is above 104 at a
tagging e�ciency of 98 %, and it increases up to 105 for a tagging e�ciency of 93 %. The
rejection rates for H (b�b) and H (c�c) were not included here, as their contributions to the
background are signi�cantly smaller than those from top and multijet processes.

Figure 4-14 .: Background rejection comparison for top and multijet backgrounds for GN2X
H (� �� ) model [75].
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