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Abstract

The High-Luminosity upgrade for the Large Hadron Collider at CERN will increase
its instantaneous luminosity up to a factor of 7.5 over design. This poses signi cant
challenges for the experiments both from the hardware and software points of view.
The detectors will be subject to much more radiation, requiring careful consideration
of the radiation hardness of the to-be-installed detectors and the damage accumulated
by the current ones. From the software point of view, data acquisition and physics re-
construction will have to cope with hundreds of superimposed proton-proton collisions
at every bunch crossing. Therefore, all the experiments will undergo a major upgrade
to improve their detector, triggering solutions, and reconstruction software. This Mas-
ter's Thesis presents the foundations for a novel approach to Muon reconstruction at
the CMS experiment. Since the muon tracking algorithms have demonstrated excellent
performance during previous Runs, the new algorithms aim to maintain or improve the
current physics performance, while reducing the computational load. This is achieved
by taking full advantage of the upgraded rst-level hardware trigger and eliminating
some of the redundancy present in the current reconstruction work ow. Both physics
and computing performance have been evaluated using Monte Carlo simulated samples
targeting expected HL-LHC conditions. The results show close-to-current physics per-
formance with up to about 40% improvement in the timing of some of the modied
reconstruction modules. Furthermore, the number of fake tracks produced is also re-
duced by about 30-40% depending on the reconstruction step, decreasing the complexity
of the reconstruction as a whole.

Chapter 1 provides a general overview of the Large Hadron Collider, its exper-
iments and future upgrades.

Chapter 2 describes the CMS experiment at the LHC, with a focus on the Muon
system.

Chapter 3 deals with the triggering and reconstruction of Muons at the CMS
experiment.

Chapter 4 presents the original results of this thesis: the optimization of the
Online Muon reconstruction is evaluated both from the physics and computational
performance points of view.
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Chapter 1
The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular superconducting hadron accelerator and
collider installed in the existing 27 km long tunnel built in the late 80s for the CERN
LEP machine [1]. In addition to the main circular tunnel, two transfer tunnels link
the LHC to the CERN accelerator complex. The latter acts as the main injector for
proton beams circulating in the LHC. Figure 1.1 shows a schematic diagram of the
CERN accelerator complex in 2022. The original tunnels and civil engineering structures
have been fully utilised when moving from LEP to LHC, with additional modi cations
required. The LHC features 4 interaction points for the 4 main experiments hosted in the
accelerator facility: ATLAS [2], CMS [3], ALICE [4] and LHCDb [5]. Broadly speaking,
the infrastructure for ATLAS and CMS was built anew for the LHC, while underground
and surface structures for ALICE and LHCb are largely reused LEP-era buildings and
facilities.

The CERN council approved the LHC project in December 1994 as a two-stage
machine starting from a center-of-mass energy of 10 TeV to be later increased to 14
TeV. However, in 1996 the nal approval was given for the construction of a single-stage
machine with a center-of-mass energy of 14 TeV, which was to bene t strongly from the
experience accumulated by the physics and CERN communities during the successful
operation of LEP.

The LHC is a particle-particle collider, therefore it is composed of two rings where
protons circulate in opposite directions, unlike particle-antiparticle colliders, like LEP,
where the circulating beams can share the same ring. The tunnel facility built for LEP
allowed up to eight interaction points, for geometrical reasons and to compensate for
the higher synchrotron radiation losses typical of electrons and positrons. Since the
LHC does not have the same synchrotron radiation problems as LEP, only four of the
experimental caverns have been instrumented.

The beams are accelerated and focused by a complex system of superconducting
electromagnets (section 1.1) and travel in extreme vacuum conditions (section 1.3).

The LHC aims to precisely measure Standard Model physics and reveal Beyond the



Figure 1.1: The CERN accelerator complex in 2022 [6].



Standard Model phenomena. The number of events per second generated by the LHC is
given by:
Nevent = L event (1.1)

where L is the machine luminosity and event iS the cross section for the event under
study. The machine luminosity depends on multiple parameters including the geometrical
characteristics of the beam and the interaction. Being related to the number of events
produced, a high luminosity is required when studying rare events.

The LHC hosts four main experiments:

~ two high-luminosity, general-purpose experiments: ATLAS [2] and CMS [3];

~ two low-luminosity, specialized experiments: ALICE [4] and LHCb [5]. The for-
mer aimed at lead-lead collisions exploration and the latter meant for B-physics
measurements.

Both high-intensity experiments aim for an instantaneous luminosity. = 1034 cn¥’s !
for proton-proton operation. On the other hand, LHCb aims at a lower instantaneous
luminosity L = 1032 cn’s ! for B-sector precision measurements. Finally, the dedicated
ion runs for the ALICE experiment aim at a peak luminosity ofL = 10%” cm?s ! for
ion-ion collisions. Integrated luminosity, obtained by integrating the instantaneous Iu-
minosity over the operation time of the LHC, gives a measure of how much physics data
is collected during a speci c time interval. Integrated luminosity has the dimensions of
an inverse area and is usually expressed using inverse barnstjlwith 1 b = 10 28 m?
Each of the main experiments is further described in section 1.4, with a particular focus
on the CMS experiment.

The LHC successfully delivered 7 (8) TeV center-of-mass proton-proton collisions
from 2009 (April 2012) to the end of Run 1 in 2013, corresponding to a total integrated
luminosity of about 30 fb i. It then started operations back up after the rst long
shutdown (LS1) in 2015, operating with a 13 TeV center-of-mass energy. LHC operation
led to a series of measurements and discoveries, culminating in the con rmation of the
Higgs Boson existence in 2012, observed by both the CMS and ATLAS experiments [7,
8].

To further improve the LHC discovery potential, a major upgrade is foreseen between
the end of the 2020s and the beginning of the 2030s aimed at increasing the luminosity
of the accelerator by a factor of 5 to 7.5 beyond its design value. This is known as the
High-Luminosity LHC (HL-LHC) upgrade and is further discussed in section 1.5

1.1 Superconducting magnets

The LHC relies on superconducting magnets to accelerate protons as well as correct
their trajectories to make them collide head-on in the four interaction points [9]. The
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LHC magnet system makes use of technology proven in previous accelerators with NbTi
superconductors cooled by helium at temperatures below 2 K producing elds above 8 T.
The electromagnets use a current of more than 11000 amperes to produce the magnetic
eld, at such currents a superconducting coil is necessary to remove energy losses due to
electrical resistance.

The proton acceleration chain develops through the whole CERN accelerator chain
where patrticles are sped up in a series of interconnected accelerators, being shot in the
next one when they reach the maximum energy that one part of the chain can achieve. In
this context, more than 50 types of magnets are necessary both for the acceleration itself
and for bending the trajectory of the particles into the complex path of the acceleration
chain.

There are two main categories of magnets:

"~ Lattice magnets are used to keep the particle beams stable and precisely aligned.
Dipole magnets are used to bend the trajectory of the beams in the circular orbit
of the LHC, with increasing magnetic elds corresponding to tighter turns. The
proton beams circulating the LHC are composed of multiple bunches of protons
since they are more likely to collide in greater numbers if they are grouped together
when they reach one of the detectors. Because of this, quadrupole magnets are used
to tighten the beam by focusing it either vertically or horizontally. These magnets
are usually used in pairs to have a net focusing e ect in both the vertical and
horizontal direction in the end.

Insertion magnets take over when the beams enter the detectors. These magnets
squeeze the particles closer together to prepare them to collide with particles com-
ing from the opposite direction. A system of three quadrupole magnets, called an
inner triplet, is used to achieve a signi cant reduction of the beam width: from
0.2 mm down to 16 m across. The particle beams are separated again by dipole
magnets after colliding, with supporting magnets to reduce the spread of the par-
ticles due to the collisions. When it is time to dispose of a beam because bunches
have been exhausted or a malfunction requires an instant shutdown, the beams are
de ected from the LHC along a straight line leading to a beam dump. A special
magnet reduces the beam intensity by a factor of 100000 before the beam collides
with a block of concrete and graphite composite. Finally, insertion magnets are also
responsible for cleaning the beams removing stray particles to avoid them coming
in contact with the sensitive components of the LHC and the experiments it hosts.

1.2 RF cavities

Radiofrequency (RF) cavities are responsible for the acceleration and storage of the
proton beam injected in the LHC [10]. Such cavities are metallic chambers containing
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an electromagnetic eld modelled in a way such that charged patrticles injected into it
receive an electrical impulse that accelerates them.

The LHC hosts a total of 16 RF cavities, working in a superconducting state to
increase the energy of the beam injected into the LHC by a factor of more than 14 from
about 450 GeV to more than 6.5 TeV in about 20 minutes of operation.

Each cavity is driven by an intensity-modulated electron beam with a frequency of 400
MHz, making the resulting electromagnetic eld an oscillating one. Therefore, the timing
of the arrival of the particles is important. Such precise cavity modulation allows the RF
system to accelerate and separate protons into bunches. Since particles are accelerated by
the force due to the varying electromagnetic eld, the ideally timed proton, with exactly
the right energy, feels a net zero force when the LHC is running at nominal energy, while
protons with slight di erences in energy are accelerated or decelerated sorting particles
into bunches. At regime conditions, each proton beam is divided into 2808 bunches,
each containing about10'* protons. At full luminosity, bunches circle the entire LHC
circumference at a 40 MHz frequency, giving a time separation between bunches of 25 ns,
resulting in about 600 million collisions per second.

1.3 Vacuum system

The LHC has three separate vacuum systems: the insulation vacuum for the cryogenically
cooled magnets, the beam pipes vacuum where the proton bunches circulate, and the
vacuum used to insulate the helium distribution line. The LHC vacuum system is made
up of 104 km of piping divided into 50 km dedicated to thermal insulation with the
remaining 54 km being the beam pipes through which the LHC beams travel.

The two insulating vacua are used to thermally isolate the cryomagnets and the
helium distribution line which are kept at 1.9 K. These vacua do not have to be better
than 10 ! mbar.

However, the requirements are signi cantly more stringent for the beam vacuum,
driven by the need to increase the beam lifetime and reduce the background at the inter-
action points. In this case, the pressure inside the pipes must drop down to aroub@l 1°
to 10 ! mbar: a vacuum similar to the one found on the surface of the Moon. The beam
pipes are made up of 48 km of arc sections, kept at 1.9 K to allow the superconducting
magnets to bend the beam trajectory as discussed in section 1.1, and 6 km of straight
sections, kept at room temperature. In the arcs, the ultra-high vacuum is achieved by
cryogenic pumping of 9000 fhof gas. Since the beam pipes are cooled to extremely low
temperatures, the gas condenses and sticks to the walls of the beam pipe. About two
weeks of pumping are required to bring the pressure down from atmospheric pressure
to around 10 1° mbar. As far as the straight sections are concerned, they make use of
a non-evaporable getter coating, designed at CERN, that absorbs residual molecules
when heated. This coating is e ective for removing all gases, excluding methane and



noble gases, which are instead removed by pumps. Moreover, being at room tempera-
ture, these sections allow the bakeout of all components at 3W. Bakeout consists of
heating the beam pipes from the outside in order to improve the quality of the vacuum.

1.4 The main LHC experiments

The LHC has been designed to have four interaction points along its circumference. Each
of the interaction points houses one of the main experiments, featuring its own detector.
There is a macroscopic di erence between the four main LHC experiments:

A

two of them, CMS and ATLAS, are general-purpose experiments, designed to push
the limits of our understanding of the Standard Model and directly search for new
physics;

A

the other two experiments, ALICE and LHCDb, are specialised machines, speci cally
designed for a narrower purpose.

In addition to these experiments, the LHC hosts a series of smaller experiments,
usually tied to the operation of one of the aforementioned main experiments. Some
of these experiments, which tend to focus on much more speci c and narrower physics
measurements, are presented in section 1.4.5.

In the following sections, each of the main LHC experiments is brie y introduced,
while a major focus is reserved for the CMS experiment, presented in more detail in
Chapter 2.

1.4.1 ALICE

A Large lon Collider Experiment (ALICE) [4, 11] specialises in heavy ion collisions. It
is designed to study the strong interaction at extreme energy densities, where quarks
and gluon condensate to form an exotic state of matter known as quark-gluon plasma .
In ion-ion collision at the LHC, extreme energies and temperatures are reached, freeing
the quarks that are normally con ned within the protons and neutrons in nuclei. This
mixture of free quarks and gluons, which are normally responsible for keeping the quarks
together, is known as quark-gluon plasma and is a fundamental cornerstone of the the-
ory of strong interactions: quantum chromodynamics (QCD). The ALICE collaboration
studies the quark-gluon plasma as it expands and cools, observing how it progressively
gives rise to the particles that constitute the matter of our universe today. The ALICE
collaboration includes almost 2000 scientists from 174 physics institutes in 40 countries
(updated April 2022). Some speci cations of the ALICE detector are shown in table 1.1.



Dimensions length: 26 m, height: 16 m, width: 16 m
Weight 10 000 tons
Design central barrel plus single-arm forward muon spectrometer
Cost of materials 115 MCHF
Location St. Genis-Pouilly, France (LHC Point 2)

Table 1.1: ALICE detector speci cations.

1.4.2 LHCb

The Large Hadron Collider beauty (LHCDb) [5, 12] experiment focuses on the study of the
bottom quark to investigate slight di erences between regular matter and antimatter.
LHCb is nota 4 detector, meaning that the interaction point is not entirely surrounded

by active detectors, the experiment instead focuses on forward particles, those thrown
forwards by the collision in one direction. The rst subdetector, used to identify the
vertex where the proton-proton interaction took place, is mounted extremely close to
the collision point, while the others follow one behind the other for a length of about 20
meters. About 1565 scientists, engineers and technicians from 20 countries make up the
LHCDb collaboration (updated March 2022). Some speci cations of the LHCb experiment
are reported in table 1.2

Dimensions length: 21 m, height: 10 m, width: 13 m
Weight 5600 tons
Design forward spectrometer with planar detectors
Cost of materials 75 MCHF
Location Ferney-Voltaire, France (LHC Point 8)

Table 1.2: LHCb detector speci cations.

1.4.3 ATLAS

A Toroidal LHC ApparatuS (ATLAS) [2, 13] is, together with CMS, one of the two
general-purpose experiments at the LHC. As such, it is meant to measure and investigate
a wide range of physics, from the Higgs boson to Dark Matter candidates and exotic
states beyond the Standard Model. It shares the same scientic goals as the CMS
experiment but is built taking advantage of di erent technical solutions and magnet
system design. More than 5500 scientists from 245 institutes in 42 countries work on the
ATLAS experiment (updated March 2022). Table 1.3 shows some of the speci cations
of the ATLAS experiment.



Dimensions length: 46 m, height: 25 m, width: 25 m
Weight 7000 tons
Design barrel plus endcaps
Cost of materials 540 MCHF
Location Meyrin, Switzerland (LHC Point 1)

Table 1.3: ATLAS detector speci cations.

1.44 CMS

Compact Muon Solenoid (CMS) [3, 14] is the other general-purpose experiment hosted
at the LHC. The experiment is built around a large solenoid magnet. In particular,
the magnet is made up of a cylindrical coil of superconducting cable that generates a
4 T magnetic eld. The CMS experiment is one of the largest international scienti c
collaborations in history, involving about 5500 particle physicists, engineers, technicians,
students and support sta from 241 institutes in 54 countries (updated May 2022). Some
characteristics of the detector are reported in table 1.4 while the experiment is discussed
in more detail in Chapter 2.

Dimensions length: 21 m, height: 15 m, width: 15 m
Weight 12 500 tons
Design barrel plus endcaps
Cost of materials 500 MCHF
Location Cessy, France (LHC Point 5)

Table 1.4: CMS detector speci cations.

1.4.5 Other experiments at the LHC

The LHC hosts a series of smaller experiments other than the four main ones mentioned
above. These smaller experiments are generally focused on a narrower physics measure-
ment programme and exploit the same interaction point and collisions as one of the main
experiments.

" The Large Hadron Collider forward (LHCf) [15, 16] uses particles thrown forward
by collisions in the LHC to simulate cosmic rays. Cosmic rays are charged particles
coming from outer space that naturally and constantly interact with our planet's
atmosphere triggering a cascade of particles, some of which can reach ground level.
Having access to cosmic-ray-like conditions in a controlled environment can help
to calibrate large-scale cosmic-ray experiments. LHCf is made up of two detectors
along the LHC beamline, at 140 meters on either side of the ATLAS interaction
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point. Each of the two detectors weighs only 40 kilograms and measures 30 cm
long, 80 cm high, and 10 cm wide.

MAssive Timing Hodoscope for Ultra-Stable neutral pArticles (MATHUSLA) [17,
18] is a proposed experiment at LHC. It is a dedicated large-volume detector that
would be installed on the surface above CMS or ATLAS. Such a detector would
act as a displaced vertex detector to search for beyond the Standard Model long-
lived particles (LLPs) that could decay meters away from the primary interaction
vertex, thus outside the sensitive volume of the main experiments. MATHUSLA
would also act as a cosmic ray telescope at CERN.

MilliQan [19] is a sub-detector experiment tied to the CMS experiment. This
experiment aims at detecting and measuring millicharged particles: particles with
charges much smaller than that of the electron. The detector is installed in a tunnel
33 m away from the CMS interaction point, with 17 m of rock shielding to reduce
beam backgrounds.

Monopole and Exotic particle Detector At the LHC (MoEDAL) [20, 21] searches
directly for the magnetic monopole, a hypothetical particle with either a north
or a south magnetic charge, but not both. The MoEDAL detector exploits the
same interaction point as LHCDb. Itis composed of two main sub-modules. First, its
tracking capabilities are granted by 125 Nuclear Track Detectors in the form of 47
m? of plastic layers. Secondly, it has about a tonne of trapping detectors meant to
register and capture exotic particles. Exotic particles could form a tiny trail as they
traverse the Nuclear Track Detectors, breaking long-chain molecules in the plastic.
In preparation for data taking during run 3 of the LHC, the MOEDAL detector has
been upgraded to MOEDAL-MAPP. The additional detector, MAPP (MoEDAL
Apparatus for Penetrating Particles), aims to extend MoEDAL's physics reach by
providing sensitivity to millicharged particles and long-lived exotic particles.

The Total, elastic and diractive cross-section measurement (TOTEM) experi-
ment [22, 23] measures the total proton-proton cross-section and studies elastic
and di ractive scattering at the LHC. TOTEM detectors are spread across almost
half a kilometre around the CMS interaction point. The TOTEM experiment is
made up of almost 3000 kg of equipment, including four particle telescopes and
26 roman pots detectors. The telescopes use Cathode Strip Chambers and Gas
Electron Multipliers to track the particles produced in collision at the CMS inter-
action points. The Roman pots are special detectors equipped with silicon sensors
used to perform measurements of scattered protons and with the unique ability to
move sensors both vertically and horizontally.

The ForwArd Search ExpeRiment (FASER) [24, 25] is designhed to search for light
and extremely weakly interacting particles. The existence of such exotic particles,
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albeit not yet con rmed, is predicted by a multitude of models of physics beyond
the Standard Model. FASER is located along the beam trajectory, 480 m away
from the ATLAS detector, as such it is ideally positioned to detect particles emitted

in the very forward region, invisible to the ATLAS experiment due to the need to
have a hole in the detector to allow the beam pipe to cross it. FASER also has
a sub-detector, FASER, speci cally designed to detect neutrinos. This detector
could provide valuable new data, since no neutrino produced at the LHC has ever
been detected, despite the large number that are produced in each beam crossing
and the high energies that they carry.

1.5 High-Luminosity LHC

The High-Luminosity Large Hadron Collider project (HL-LHC) [26] aims to enhance the
discovery potential of the LHC. The Large Hadron Collider has successfully produced
proton-proton collisions with center-of-mass energy 7-8 TeV during Run 1 in the early
2010s, then up to almost 14 TeV during Run 2 and 3 from spring 2015. However,
to enhance the discovery potential of the four main experiments hosted at the LHC,
the accelerator itself needs a major upgrade to extend its operability and substantially
increase the luminosity it can achieve. A more powerful LHC allows rarer events to
be detected and studied, pushing our understanding of the Standard Model forward.
It is expected that the engineering work to upgrade the LHC will allow the machine to
increase the luminosity from the current value of about #cm 2s *to 5 10**cm 2s 1.
The margin applied when developing the new components should even allow to operate
the machine up to a peak instantaneous luminosity at5 10** cm 2s 1. This represents
an increase in peak instantaneous luminosity by a factor of 5 to 7.5 with respect to the
current LHC design. The upgrade relies on a series of innovations that push accelerator
technology forward. Among these, there are 11-12 T superconducting magnets, compact
superconducting cavities for beam control, and new technology for beam collimation.

The foreseen increase in luminosity is tied to a corresponding increase in pile-up,
i.e. the number of proton-proton collision events per bunch crossing, with averages
expected to hit from 140 to 200: a substantial increase over the current average of about
70 pile-up in ATLAS and CMS. Pile-up increasing poses signi cant challenges for both
the detectors and the reconstruction of the current experiments, which will all undergo
signi cant upgrades before the beginning of Run 4. Some of the changes planned for the
CMS experiments are described in Chapter 2, with more details on the muon system
discussed in Chapter 3.

Figure 1.2 shows the timeline for HL-LHC, currently scheduled to start data taking
after the third LHC Long Shutdown (LS3) after the end of Run 3, whose starting has
been pushed back by the COVID-19 pandemic.
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Figure 1.2: Timeline of LHC operations from Run 1 to HL-LHC. After the third long
shutdown period (LS3), the HL-LHC is supposed to start taking data.
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Chapter 2
The CMS experiment

The Compact Muon Solenoid (CMS) [3, 14] detector is a multi-purpose experiment
currently operating at the Large Hadron Collider (LHC) at CERN. The detector was
designed to study various physics phenomena in both the electroweak and strong sec-
tors of the Standard Model, as well as explore exotic possibilities beyond our current
understanding of fundamental physics. Among the physics objectives of the experiment
are:

the exploration of the electroweak sector;

search for the Higgs boson, which was discovered in 2012 [7, 8], including measuring
its properties;

precision measurements of the Standard Model particles and interactions;
avour physics;

heavy-ion physics;

searches for new physics beyond the Standard Model.

During the LHC Run 1, between 2009 and 2012, CMS recorded a total integrated
luminosity of about 30 fb 1. Run 2 followed between 2015 and 2018, after the rst long
shutdown (LS1). In this case, the LHC provided a centre-of-mass energy of 13 TeV,
total integrated luminosity of about 165 fb %, and peak instantaneous luminosities up to
2 10 % cm 2s 1. During LS1 the rst set of detector upgrades, referred to as Phase-1,
was implemented. The LHC Run 3 started in 2022, it is scheduled to end by 2026 with a
total integrated luminosity collected of about 250 fb! at centre-of-mass energy 13.6 TeV.
During LS3, scheduled to start in 2026 at the end of Run 3, CMS will undergo a major
upgrade, referred to as Phase-2, to prepare for data taking at the HL-LHC, designed to
deliver instantaneous luminosities up to:5 10 3** cm 2 s ! at a centre-of-mass energy
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of 14 TeV. At the end of HL-LHC, a total integrated luminosity of 3000 fb?® will be
collected, more than a factor 10 improvement over Run 3.

CMS adopts a right-handed coordinate system centered at the nominal collision point
with the y-axis pointing upward, and thex-axis pointing towards the centre of the LHC.
Therefore, thez-axis sits along the beam direction. The azimuthal angle is measured
in the x y plane within a 0 2 range. In this plane, the radial coordinate is
denoted byr. The polar angle is measured from thez-axis within a O range.

A schematic representation of this coordinate system is shown in gure 2.1.

Figure 2.1: CMS coordinate system.

The pseudorapidity is often used in place of the polar angle and it is de ned as:
!

= In tanz 2.1
5 (2.1)
In the following, the CMS detector and all its subsystems are described, with a par-
ticular focus on the muon system. The planned upgrades for Phase-2 are also mentioned.

2.1 Concept and structure

The CMS detector is designed to be nearly hermetic with a cylindrical shape and a
multiple-layer design. It has an overall length of 22 m, a diameter of 15 m and weights
14000 tons. Figure 2.2 shows a schematic view of the CMS detector.

One of the most important factors that in uenced the CMS design is the requirement
of measuring muon momentum precisely. Since a large bending power is required to
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Figure 2.2: Schematic drawing of the CMS detector.

measure the momentum of high-energy charged particles, the key feature of CMS is
a superconducting solenoid 12.5 m long and with an internal diameter of 6 m, which

provides a 3.8 T magnetic eld. Most of the detectors are inside the magnetic volume,

with only the muon chambers being outside the solenoid. Starting from the layer closest
to the beam pipe and moving radially towards the outside, the CMS detector is made

up of:

A

a silicon pixel and a strip tracker to reconstruct charged particles and secondary
vertices from the decays of very short-lived particles;

a lead tungstate crystal (PbWQ,) electromagnetic calorimeter (ECAL) that mea-
sures the energy deposited by electrons and photons;

a brass and scintillator hadronic calorimeter (HCAL) that measures the energy
deposited by hadrons;

gas-ionization detectors embedded in the steel ux-return yoke of the solenoid to
track muons that punch through the calorimeters.
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The LHC provides a bunch crossing every 25 ns with a mean pile-up of about 75
in Run 3. This translates to more than a billion proton-proton interactions per second.
Therefore, a fast event-selection chain is needed to be able to quickly decide whether to
store a particular collision for further analysis or discard it. This is what the CMS trig-
gering system does. It is a two-tiered system with a rst-level (L1) trigger implemented
in custom hardware processors and a second level, known as High-Level Trigger (HLT),
implemented in software on a cluster of commercial processors running a version of the
o ine CMS event reconstruction optimized for timing [27]. The L1 trigger can select
events at a rate of about 100 kHz with a latency of 4s [28], using information from the
calorimeters and muon chambers. The HLT was originally designed to reduce the event
rate to about 1 kHz before data storage but it is currently operating at a rate of about
5 kHz in Run 3.

2.2 Inner tracking system

The inner tracking system measures the trajectories of charged particles and locates
the primary and secondary vertices of interaction. Momentum is also measured from the
trajectory since the tracks of charged particles are bent by the magnetic eld: the greater
the momentum, the larger their curvature radius. The inner tracking system is made
up of two modules: the pixel detector and the silicon strip tracker. Both modules are
entirely silicon-based and are meant to have a low degree of interference with particles
and a high radiation tolerance.

2.2.1 Pixel detector

The pixel is responsible for vertex location and, as such, it is the closest detector to
the interaction point. Currently, the pixel detector is made up of four barrel layers and
three discs in each endcap, totalling 124 million readout channels. It provides four-
point tracking for charged patrticles, ensuring good performance even above the design
luminosity of the LHC. Each layer is divided into small units, the pixels: n-in-n type
silicon sensors with dimensions 150 100 m. A charged particle crossing one of the
pixels deposits enough energy to produce an electron-hole pair in the silicon sensor. The
resulting signal is received by an ampli cation and readout chips.

The two most important parameters for pixel performance are hit e ciency and
position resolution since both strongly a ect the ability to perform pattern recognition
and b tagging.

The hit e ciencies measured at an instantaneous luminosity o2  10**cm 2s ! are
97, 98, 99, and 99.5% for the barrel layers 1-4, respectively. For the endcap disks the
average e ciency is 99% [29].
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The position resolution is measured using the triplet method [29], where the ex-
pected hit position in a layer is extrapolated from two other layers. The position reso-
lution for the third layer is 11 m inther direction and 24.3 m in the z direction.
The inner layers have slightly lower position resolution mainly due to radiation damage.
For the forward disks, the resolution is 11.9 m in the r direction and 21.0 m in the
z direction. Being the closest detector to the beam pipe, pixel sensors su er most from
radiation damage induced by the thousands of charged particles produced in each inter-
action. To maintain high e ciency and resolution, the voltage bias applied to the silicon
pixels is periodically increased from a nominal value of 150 V right after installation up
to 800 V in the rst layer and 600 V for all the others.

2.2.2 Silicon strip tracker

The Silicon Strip Tracker (SST) is made up of ten cylindrical layers of silicon strip
sensors in the barrel and nine disks in either endcap. Together with the pixel detector,
it measures the trajectories of charged particles up to a pseudorapidity of= 2.5. The
tracker sensors are segmented into long, thin, strips used to measure the trajectories of
charged particles and provide a hit resolution of 20 m for particles that cross them
perpendicularly. In total, the SST has 9.3 million silicon micro-strips corresponding to
198 nt of active silicon area distributed over 15148 modules. Most layers use single-sided
p-on-n micro-strip sensors used to measure tlieand coordinates in the barrel, while

and z are measured by the modules in the endcaps. In four layers in the barrel and
three rings in the endcaps, double-sided modules are used to add a course measurement
of an additional coordinate: z in the barrel and r in the endcaps. Figure 2.3 shows a
schematic view of one quadrant of the CMS inner tracking system.

Figure 2.3: Schematic view of one quadrant of the CMS inner tracking system in the
r z view. The pixel detector is shown in green, while single-sided and double-sided
tracking modules are represented as red and blue segments, respectively.
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