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\ [. . . ] Sempre devi avere in mente Itaca -
raggiungerla sia il pensiero costante.

Ma non precipitare il tuo viaggio:
fa che duri a lungo, per anni, e che da vecchio

tu metta piede sull’isola, ricco
dei tesori accumulati per strada,

senza aspettarti ricchezze da Itaca.

Itaca ti ha donato il bel viaggio
senza di lei mai ti saresti messo

in cammino: nulla ha da darti pi�u.

E se la trovi povera, Itaca non t’ha illuso
Fatto ormai savio, gi�a tu avrai capito

cosa Itaca vuole signi�care."

Konstantinos Kava�s, Iθακη

A chi mi vuole bene



Abstract

Al termine del Run-3, il Large Hadron Collider verrà sottoposto ad una fase di ag-
giornamento secondo il progetto HL-LHC (High-Luminosity Large Hadron Collider) che
prevede un aumento della luminosità di un fattore 7.5 rispetto a quella del Run-1. Ciò
rappresenta una sfida sia per i rivelatori, sia per gli algoritmi di ricostruzione, a causa
del forte aumento del numero di collisioni simultanee (pileup) e di dati da processare.
La collaborazione CMS (Compact Muon Solenoid) ha pertanto progettato lo High Gra-
nularity Calorimeter (HGCAL), un nuovo calorimetro ad alta granularità che sostituirà
quello attuale. Un nuovo framework per la ricostruzione di HGCAL, The Iterative Clu-
stering Framework (TICL), è in fase di sviluppo. La struttura modulare di TICL prevede
diverse fasi, tra cui il linking, che ha il compito di unire cluster tridimensionali di energia,
detti tracksters, originati dalla stessa particella primaria. Questa tesi esplora un possi-
bile approccio per effettuare il linking basato sulla teoria dei grafi e, in particolare, su
un algoritmo detto di Leiden. L’algoritmo è stato implementato in C++ e integrato nel
software di CMS. Le prestazioni dell’algoritmo, in termini di qualità della ricostruzione,
sono state valutate tramite eventi simulati. L’algoritmo presenta una buona prestazione
sia nel caso di singola particella sia nel caso di particelle vicine, riuscendo a distingue-
re le due particelle anche in caso di sovrapposizione. Tuttavia, mostra una tendenza a
collegare troppo poco i trackster. Al momento l’algoritmo non include al suo interno
le informazioni fisiche provenienti dai sensori: si ritiene che, con la loro introduzione,
si potrà avere un maggiore controllo sul linking ed un significativo miglioramento nella
qualità della ricostruzione.



Contents

1 Introduction 4
1.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 The LHC and the HL-LHC Project . . . . . . . . . . . . . . . . . . . . . 5
1.3 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 CMS: The Compact Muon Solenoid 11
2.1 CMS Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.2 Calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 Muon Chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 The CMS Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 CMS HL-LHC Upgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 HGCAL: the High Granularity Calorimeter . . . . . . . . . . . . . 15

3 Event Reconstruction in CMS 17
3.1 Online and O�ine Reconstruction . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Reconstruction in HGCAL . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 TICL: The Iterative Clustering Framework . . . . . . . . . . . . . 18

4 Graph Theory and Community Detection Algorithms 23
4.1 Basic de�nitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1.1 Types of Graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 Community Detection Algorithms . . . . . . . . . . . . . . . . . . . . . . 25

4.2.1 Modularity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.2 Louvain Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.3 Leiden Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5 Implementing Leiden Algorithm for the Linking Phase 32
5.1 Graph Construction and Implementation . . . . . . . . . . . . . . . . . . 32
5.2 Leiden Algorithm Implementation and Outputs . . . . . . . . . . . . . . 33



6 Simulation and Results 34
6.1 CMS Simulation Software . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.2 Response Plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.3.1 Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

7 Conclusions and Future Work 40

Acknowledgements 42

Bibliography 45



List of Figures

1.1 Standard model of elementary particles . . . . . . . . . . . . . . . . . . . 5
1.2 CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Higher luminosity in a more focused beam . . . . . . . . . . . . . . . . . 7
1.4 200 PU particle collision event . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 The CMS detector concentric layers . . . . . . . . . . . . . . . . . . . . . 12
2.2 The CMS detector coordinate system . . . . . . . . . . . . . . . . . . . . 14
2.3 Schematic cross section and layers' structure of HGCAL . . . . . . . . . 15

3.1 Particle showers in HGCAL . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 The main steps in the TICL framework . . . . . . . . . . . . . . . . . . . 20

4.1 Planar representation of two graphs . . . . . . . . . . . . . . . . . . . . . 24
4.2 Representation of a graph with a community structure . . . . . . . . . . 25
4.3 Illustration of the Louvain algorithm . . . . . . . . . . . . . . . . . . . . 28
4.4 Example of how the Louvain algorithm may yield a disconnected community 29
4.5 Illustration of the Leiden algorithm . . . . . . . . . . . . . . . . . . . . . 30

6.1 Response plot obtained for a single pion . . . . . . . . . . . . . . . . . . 37
6.2 Response plot obtained for two pions with possibility of overlapping . . . 38



Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) is a theory that encompasses the understanding of modern
particle physics, describing elementary particles and the fundamental interactions that
govern them.

Elementary particles are divided intobosons and fermions according to an intrinsic
property called spin: particles with integer spin are bosons, while those with half-integer
spin are fermions. In the SM there are twelve fermions and �ve bosons.

Bosons are the mediators of the interactions, i.e. an interaction between particles can
be viewed as the exchange of a boson. Each boson is responsible for a speci�c interaction:
the electromagnetic one is carried by the photon, the strong nuclear one by the gluons,
and the weak nuclear one by the W and Z bosons. Each interaction has an associated
charge that particles must have in order to participate in that interaction: electric charge
for the electromagnetic one, color charge for the strong one, and weak charge for the weak
one. The Higgs boson is the last particle in the Standard Model to have been discovered
and it is responsible for the mechanism through which particles acquire mass. It is the
only known elementary particle with spin 0. At the present moment the gravitational
interaction is not incorporated within the Standard Model.

Fermions are the particles that make up matter. They are categorized into three
distinct generations, i.e. groups of particles that exhibit similar behaviors but di�er in
mass. Each generation comprises two leptons and two quarks, the main di�erence being
that quarks have a color charge, whereas leptons do not. For each of these particles, there
exists a corresponding antiparticle with opposite charges. All the elementary particles
comprised in the SM are summarised in Figure 1.1 [1].

The SM is a well-tested physics theory, it has successfully explained most experi-
mental results and precisely predicted a wide range of phenomena. The Large Hadron
Collider, which is the world's largest and most powerful particle accelerator, hosts exper-

4



CHAPTER 1 1.2. THE LHC AND THE HL-LHC PROJECT

Figure 1.1: Standard model of elementary particles. Brown loops indicate which bosons
(red) couple to which fermions (purple and green). Original by Wikimedia Commons,
CC-BY-SA 3.0 [2].

iments that are among the main contributors of producing experimental con�rmations
of the SM. For instance, the predicted existence of the Higgs boson was con�rmed by
the observations made in 2012 by two detectors at the LHC. However, there are still im-
portant aspects left unexplained, such as gravity, dark matter, the asymmetry between
matter and antimatter and the great di�erence in mass among the three generations.
The experiments held at LHC play a key role in providing new information to answer
these questions and in further testing the SM.

1.2 The LHC and the HL-LHC Project

Research at CERN (Conseil Europ�een pour la Recherche Nucl�eaire) focuses on studying
the fundamental components of matter and the ways they interact. In order to carry
out this research, CERN employs an accelerator complex, consisting of machines that
accelerate particles to increasingly higher energies [3]. Each machine boosts the energy
of a beam of particles before injecting it into the next one in the sequence, which starts
from Linac4 (Linear accelerator 4) and ends with the LHC (Large Hadron Collider), as
shown in Figure 1.2.

The LHC is a particle accelerator consisting of a 27-kilometre ring located in an
underground tunnel in proximity to Geneva. The LHC accelerates protons in both

5



CHAPTER 1 1.2. THE LHC AND THE HL-LHC PROJECT

Figure 1.2: CERN accelerator complex. CC-BY CERN [4].

clockwise and anticlockwise directions and these beams are brought into collision in-
side four di�erent detectors: ATLAS (A Toroidal LHC Apparatus) [5], CMS (Compact
Muon Solenoid) [6], ALICE (A Large Ion Collider Experiment) [7], and LHCb (LHC-
beauty) [8], all represented in Figure 1.2. The proton beams are structured in bunches,
with each bunch containing around 1011 protons. From the proton-proton collision sec-
ondary particles are originated and spread in all possible directions. Alongside a wide
array of low-energy, ordinary particles, heavier, undiscovered particles can also be pro-
duced. These massive particles cannot be observed directly: almost immediately they
decay into lighter particles, which in turn also decay. The four detectors built around the
collision points are needed to count, track, and characterize all the particles produced so
as to provide the physical information necessary to reconstruct the event.

Event reconstruction is the process of interpreting the signals produced in a de-
tector to determine which original particles passed through it and their characteristics.

ATLAS and CMS are general-purpose detectors, covering the widest possible range
of physics at the LHC, from precision measurements of the Higgs boson to searches for
new physics beyond the Standard Model. ALICE studies the properties of quark{gluon
plasma, a state of matter where quarks and gluons are no longer con�ned inside hadrons.
LHCb focuses on the study of the asymmetry between matter and antimatter.

Two key parameters of an accelerator arebeam energy and luminosity . Beam
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