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Abstract

Nowadays particle detector technology is taking big steps forwards and new devices
dedicated to particle physics show very high performance. Particularly the semi-
conductor detectors have advanced significantly and are used for tracking purposes
in the A Toroidal LHC ApparatuS (ATLAS) experiment at CERN thanks to their
excellent spacial resolution: the compact size of the silicon and its high granularity
allow to reach a precision measurement of few tens of microns.

This thesis is focused on the upgrade of the ATLAS tracking detector required for the
High Luminosity Large Hadron Collider (HL-LHC), starting in 2027. The HL-LHC
foresees an integrated luminosity of L = 3000fb™!, which comes with an unpreced-
ented rate of proton collisions, with a pile-up of QI F 200, and very high radiation
doses. As the current inner detector has not been designed for the HL-LHC envir-
onmental conditions, an all-silicon Inner Tracker (ITK) will take its place during
Phase-11 upgrade of the ATLAS experiment.

The ITk strip endcap sub-detector is the main topic of this PhD project. The in-
vestigation covers the assembly of silicon strip endcap modules and their loading on
a local support structure. The building and loading procedures are presented as well
as results of quality control (QC) tests carried out on prototyping components to
establish their working performance and the fulfillment of the specifications. This
work provides the procedure optimization in order to achieve the requirements im-
posed by the collaboration.

Results on prototyping components, such as a fully electrical module and a semi-
electrical petal, both built and tested at DESY, are presented. They are followed by
tests on an electrical petal performed at low temperature with the evaporative CO,
cooling technique. The QC tests carried out on all prototypes have demonstrated
that they have been properly assembled and are fully functional. Moreover they
fulfil the respective requirements validating therefore the components design and the
building methods.



Zusammenfassung

In der heutigen Zeit macht die Detektortechnologie grofRe Fortschritte, und neue
Gerate fur die Teilchenphysik sind sehr leistungsstark. Insbesondere die Halbleit-
erdetektoren haben sich erheblich weiterentwickelt und werden dank ihrer exzellen-
ten rdumlichen Auflésung im A Toroidal LHC ApparatuS (ATLAS) Experiment am
CERN fir die Spurrekonstruktion eingesetzt. Die dunnen Siliziumsensoren sowie die
hohe Granularitat ermdglichen Préazisionsmessungen mit einer Aufldsung von einigen
zehn Mikrometern.

Die vorliegende Arbeit befasst sich mit dem Upgrade des ATLAS-Spurdetektors,
das fur den im Jahr 2027 in Betrieb gehenden High Luminosity Large Hadron Col-
lider (HL-LHC) erforderlich ist. Der HL-LHC sieht eine integrierte Luminositat von
L = 3000fb~?* vor, was mit einer bisher unerreichten Rate von Protonkollisionen mit
einem Pile-up von [QIl 3= 200 und sehr hohen Strahlungsdosen einhergeht. Da der
derzeitige innere Spurdetektor nicht fur die Umgebungsbedingungen des HL-LHC
ausgelegt ist, wird er wahrend des Phase-I1-Upgrades durch den neuen, vollstandig
aus Siliziumsensoren bestehenden Inner Tracker (ITK) ersetzen werden.

Der ITk-Streifen-Endkappen-Subdetektor ist das Hauptthema dieses PhD-Projekts.
Es umfasst den Zusammenbau von Siliziumstreifen-Endkappenmodulen und deren
Montage auf einer lokalen Tragerstruktur. Es werden die Konstruktions- und Mont-
ageverfahren sowie die Ergebnisse von Qualitatskontrolltests vorgestellt, die an Pro-
totypkomponenten durchgefiihrt wurden, um deren Funktionalitat sowie die Erful-
lung der Spezifikationen sicherzustellen. Im Rahmen dieser Arbeit wurden die Ver-
fahren optimiert, um die von der Kollaboration gestellten Anforderungen zu erftllen.
Es werden Ergebnisse zu Prototypkomponenten, wie beispielsweise einem vollstandig
elektrischen Modul und einem halbelektrischen Petals vorgestellt, die beide bei DESY
gebaut und getestet wurden. Des Weiteren werden Tests an einem elektrischen Petal
vorgestellt, die bei niedrigen Temperaturen mit der CO,-Verdunstungskihltechnik
durchgefiihrt wurden. Die an allen Prototypen durchgefiihrten Qualitatskontroll-
tests haben gezeigt, dass sie ordnungsgemaRl zusammengebaut wurden und voll funk-
tionsfahig sind. Darlber hinaus erflillen sie die entsprechenden Anforderungen, so
dass das Design der Komponenten und die Bauverfahren validiert wurden.
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Introduction

The understanding of the matter that constitutes the Universe is one of the main
open questions of the scienti c community. TheStandard Model(SM) is the most
recent theory that was con rmed and validated in 2012 with the discovery of the
Higgs boson particle. Physicists have proposed other interesting theories to answer
questions that the SM does not provide, such as the neutrino mass and the dark
matter nature. Some of the best tools to advance this investigations involve the
collision of particle beams at higher energy and luminosity and getting more and
more advanced detectors to identify the collisions products.

The Large Hadron Collider (LHC) at CERN is the largest circular collider in the
world and is the best candidate to study a high number of physics phenomena.
Protons collide along the ring in precise points where several detectors with di erent
technologies are placed to record the trajectory, the energy and the momentum of
the secondary particles produced by the collision. ThA Toroidal LHC ApparatuS
(ATLAS) experiment is one of the four major experiments built along the LHC ring.
An increment of the luminosity, that brings to the High Luminosity era of LHC
(HL-LHC), will allow the collection of higher statistics and therefore the possibility

to detect new particles and to investigate the interactions with a very low branching
ratio.

Current accelerators and detectors are not designed to work in an unprecedented
radiation dose and collision rate simulated for the HL-LHC and therefore they require
an upgrade. During Long shutdown 3, scheduled for 2025, the ATLAS Inner Detector
will be completely replaced by thelnner Tracker (ITk) which consists of a pixel
silicon sub-system surrounded by the strip detector. This detector upgrade is the
main subject of the PhD project.

The rst part of this thesis is meant to provide a description of the LHC and the
ATLAS experiment, which is presented in chapter 1. A brief description of the
ATLAS Phase-I upgrade is also provided. An overview on the physics goals and the
analysis planned on the Run 4 dataset in the HL-LHC environment is presented in
chapter 2 as well as the ATLAS detector upgrades foreseen for Phase-Il. The physical
reasons that brought to the latest ITk layout is presented in the same chapter.
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Chapter 3 presents in details the structure of the ITk detector with emphasis on the
main unit of the strip endcap, the petal and its components: the silicon modules, the
local support structure and the End of Substructure card. A brief introduction on
the activities that are carried out at DESY within the ITk collaboration is included.
The second part of the manuscript contains the main investigations performed during
the PhD project. It covers most of the steps in the production chain, starting from
the single module unit assembly to the quali cation of the petal loaded with electrical
modules. Each assembled item is followed by quality control (QC) tests to check its
post-building functionality and to assign its readiness for the next assembling step.
The mounting of the silicon sensors with their power and front-end electronics is
described in detail in chapter 4 as well as metrology and electrical tests, as part of
the QC tests at the nal stage of the module building.

The evaluation of the thermo-mechanical performance of the local support structures
and the results on a prototyping petal core are presented in chapter 5. The procedure
to load endcap silicon modules on the core with a required precision is described
in the same chapter. A semi-electrical petal was built at DESY with prototyping
components to qualify the loading procedure and results of QC tests are presented.
Chapter 6 shows the investigation performed on a fully electrical petal loaded with
silicon modules. The studies are focused on the electrical tests at low temperature to
validate the design of most of the petal components. A thermal analysis is performed
to check the heat production when the electronics is powered on and its dissipation
via evaporative CG cooling.

Finally the thesis ends providing the conclusions on the global PhD project and
summarizing the main physics results of the investigation.



Chapter 1
The ATLAS experiment at CERN

The Large Hadron Collider (LHC) is the world's largest and most powerful particle
accelerator. It is a two-ring superconducting hadron collider located on the Franco-
Swiss border near Geneva, Switzerland, at the European Organization for Nuclear
Research (CERN). The ring has a circumference of abo@% km in a 100 munder-
ground tunnel. It is in operation since 2010 and its physics program is extended
until 2040. It delivers two proton beams at very high energy which collide in four
stations along the ring. Particles generated by the collisions allow the exploration
towards new physics frontiers and probing phenomena only theorized so far.

This chapter aims to give an introduction to the LHC provided in section 1.1. The
concept of luminosity, quantity used in particle physics to indicate the collider per-
formance, is explained in section 1.1.1. The accelerators complex used to produce
such a fast and squeezed proton beam are described in section 1.1.2. The ATLAS
experiment is one of the major experiments of LHC and is located in one colliding
station. A complete overview on the ATLAS detectors is provided in section 1.2, de-
scribed in each of its sub-systems: the inner detector (1.2.1), the calorimeter (1.2.2)
and the muon spectrometer (1.2.3).

1.1 The Large Hadron Collider

The LHC boosts protons using radiofrequency cavities and the beam is focused and
curved by magnets [1]. Protons were chosen for the LHC beam because they are
charged and stable particles, as only particles with these properties can be acceler-
ated. To obtain the highest energy collisions it is more e ective to accelerate massive
particles, as protons are, to minimize the energy loss through synchrotron radiation.
Proton beams, accelerated to a speed close to that of light in a vacuumed pipe,
run along the ring in opposite directions and collide producing massive particles. By
measuring their properties, scientists increase the understanding of matter and of the
origins of the Universe. These massive particles only last a short time, and almost
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immediately decay into lighter particles. The particles emerging from the successive
links in this decay chain are identi ed in the layers of the detectors.

1.1.1 Luminosity

In particle physics experiments the energy available for the production of new particles
is the most important parameter. The required large energy can only be provided
with colliding beams where little or no energy is lost in the motion of the centre
of mass system. Besides the energy the number of useful interactions is important
especially when rare events with a small production cross sectiop are studied.
The quantity that measures the ability of a particle accelerator to produce the re-
quired number of interactions is calleduminosity and it is the proportionality factor
between the number of events per secontR=dt and the cross section , [2]:

(ij: =L o (1.1)
The unit of the luminosity is therefore cm 2s ®. It can be also expressed in-
verse femtobarn(fb ): this is the unit typically used to measure the number of
collision events per femtobarn of target cross-section, and is the conventional unit
for time-integrated luminosity. The barn is a metric unit of area, equal tal0 ?2m?
(1fb= 10 3°cm?), it is approximately the cross-sectional area of an uranium nucleus.
The absolute luminosity depends only on the beam parameters and can be written
in the form of equation 1.2:

Nof rN1N2

L= ——— 1.2
> (L2)

where:

f, is the accelerator revolution frequency;

ny the number of bunches colliding at the interaction point (IP);

n,; and n, are the number of particles in the two colliding bunches;

x and  are the horizontal and vertical beam pro les respectively assuming
similar characteristics for both beams.

The luminosity is an essential indicator of an accelerator's performance and it can
be increased getting a more intense and more focused beam in order to raise the
number of collisions.
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1.1.2 The accelerators

Before the particles arrive at the LHC ring, they undergo a process through a complex
of accelerators, as gure 1.1 shows. This is a succession of machines that accelerate
particles to increasingly higher energies. Each machine boosts the particle bunches
before injecting them into the next machine in the sequence. Starting from negative
hydrogen ionsH |, they are accelerated to an energy df60 MeV by Linac 4, a linear
accelerator. The ions are stripped of their two electrons during injection from Linac

4 into the Proton Synchrotron Booster to leave only protons, which are accelerated
to 2GeV. The protons are then injected into theProton Synchrotron (PS), another
synchrotron which increases the energy t86 GeV. The last pre-acceleration step is
provided by the Super Proton Synchrotron(SPS), which increases the beam energy
to 450 GeVand injects the protons into the LHC where the beams are accelerated
to the nominal collision energy [3].

Inside the ring, two high-energy particle beams travel at close to the speed of light
in opposite directions in separate beam pipes kept at ultrahigh vacuum @ **atm).
They are guided around the accelerator ring by a strong magnetic eld maintained
by superconducting electromagnets. Dipoles are used to curve the particle trajectory
and quadruples to focus the proton beam. The electromagnets are built from coils
of special electric cable (Nf5n) that operates in a superconducting state at2T,

Figure 1.1: Drawing of the LHC accelerator complex [3].
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e ciently conducting electricity without resistance or loss of energy. This requires
chilling the magnets to 2713 C (1.9K) [4]. For this reason, the accelerator is
connected to a distribution system of liquid helium, which cools the magnets down,
as well as the other supply services. The LHC ring includes also radiofrequency
cavities, which are electromagnetic resonators that accelerate particles and then keep
them at a constant energy by compensating for energy losses.

The energy of the beam collision is usually expressed in termsemiergy of the center
of mass’ s and can be obtained as follows. The kinematics of a particle with
massm can be expressed by its momentu'rrp and energyE which form a four-
vector p = (E'; p). The squarep? = E? ! p2 = m? provides theinvariant mass of
the system in the rest frame, being the speed of light set to= 1. In the collision of
two particles of same mass the total centre of mass enerBy,, can be expressed in
the form:

| |
(py + p2)2 = Egm =(E1+ E2)? (p1 ¥ p)?

This is the energy available for physics experiments. In the case of a collider where
the collision point is at rest in the laboratory frame (i.e!. p. = ! p2), the centre of
mass energy becomes= E2 = (E;+ E,)? [5].

As LHC is a circular collider where protons of same_energy and mass interact, the
energy of the collision is therefore calculated £s§ = 4E2=2E.

The rst collisions at the LHC were achieved in 2010 at an energy &5 TeV per
beam, p§:7TeV, marking the start of Run 1 data taking. It delivered 5fb ! of
data with a luminosity peak at 3 10*3cm 2s !. The current aim of the LHC is to
reveal the physics beyond the Standard Model with center-of-mass proton-proton
collision energies of up to s=13TeV. The years ahead will be exciting as LHC
takes experimental physics into unexplored territories maybe with new processes
and patrticles that could change our understanding of energy and matter. These
studies can lead to ground breaking discoveries, such as the already discovered Higgs
boson in 2012, physics beyond the Standard Model and the development of new
theories to better describe our universe.

The LHC experiments Particle beams collide at four experimental intersection
regions along the LHC ring and corresponding to the underground caverns of the
following experiments:

A

ATLAS, A Toroidal LHC ApparatuS is a general-purpose detector used to in-
vestigate the largest range of physics possible, from the search for the Higgs
boson to extra dimensions and particles that could constitute the dark mat-
ter [6].
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A

CMS, Compact Muon Solenoidhas the same scienti ¢c program as the ATLAS
experiment, but it uses di erent technical solution and a di erent magnet-
system design. It is vital for cross-con rmation of any new discoveries made [7].

ALICE, A Large lon Collider Experiment is a detector dedicated to heavy-ion
physics. It is designed to study the physics of strongly interacting matter at
extreme energy densities, where a phase of matter called quark-gluon plasma
forms [8].

LHCDb, the Large Hadron Collider beautyexperiment specializes in investigating
the slight di erences between matter and antimatter by studying the beauty
quark [9].

LHC includes also multiple other smaller experiments around the main detectors
which make use of their particle production.

From the rst collision, periods of data taking are alternated with Long Shut-
downs (LS) during which the accelerators and detectors are upgraded, the rst ones
to be able to deliver energy and luminosity values that are required by the LHC
experiments and the second ones to work under those conditions. Figure 1.2 shows
the LHC schedule from 2011 when Run 1 started. After two years the LHC machine
provided an integrated luminosity of30fb * with P s=8TeV as center of mass colli-
sion energy. Currently LHC is in LS2 for Phase-l upgrade of the ATLAS and CMS
experiments. In 2022 Run 3 starts with the energy increased ?oéz 13 TeV and ends

in 2025 reaching an integrated luminosity 0800 fb *.

A new project for LHC was submitted to increase even further the luminosity of the
current collider: at the end of 202High-Luminosity LHC (HL-LHC) will start [11].

As the name suggests, the LHC integrated luminosity will go up t8000fb ! and to
achieve this value new equipment is need to be installed over about 1.2 of the LHC's

Figure 1.2: Schedule of LHC experiments from the rst collision in 2010 to HL-LHC
in Run4, as in December 2021 [10].
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27 km during LS3. The upgrade includes more powerful focusing magnets and new
optics, crab cavities[12] for tilting the beam bunches, reinforced machine protection,
more compact and powerful bending magnets, innovative superconducting links and
an upgraded accelerator chain.

The HL-LHC project is described in chapter 2 explaining the physics motivations
that brought to increase the luminosity.

1.2 The ATLAS experiment

ATLAS is one of the four major experiments at LHC. An international collaboration,
which counts 4000 members from 41 countries all over the world, runs this experi-
ment to explore a large number of physics opportunities that the LHC provides. The
ATLAS detector is designed to track and identify particles in order to test the pre-
dictions of the Standard Model. The primary focus is to improve the understanding
of the fundamental constituents of matter, including the study of the Higgs boson
and top quark, but also the search for extra dimensions and particles that could
make up dark matter.

Beams of particles delivered by LHC collide at the centre of the ATLAS detector,
producing new particles which y out in all directions. Over a billion particle inter-
actions take place every second, but only 1000 collisions are agged by the trigger as
potentially interesting and recorded for further study, as explained in section 1.2.4.
In order to identify all particles produced in the collisions, the experiment is designed
with di erent detection subsystems wrapped concentrically in layers around the IP.
According with the nature and geometry of each sub-detector, they are involved in
recording either the trajectory, momentum, or energy of particles. These quantities
allow the particles to be individually identi ed and measured right after their pro-
duction. A huge magnet system bends the paths of the charged particles so that
their momentum can be measured as precisely as possible.

ATLAS has the largest volume detector ever constructed for a particle collider, it has
a cylindrical symmetry, 44 mlong, 25 m in diameter and weights 7000 tonnes. Fig-
ure 1.3 shows the ATLAS experiment with its sub-detectors, which can be grouped
in three major categories, listed below starting from the beam line:

Inner Detector (ID) is the tracker that measures the momentum of charged
particle through the curvature of their trajectory bent by the magnetic eld
that surrounded the ID.

Calorimeters, electromagnetic (ECAL) and hadronic (HCAL), measure ener-
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gies carried by most of the neutral and charged particles. Muons and neutrinos
pass through the calorimeters without being seen.

Muon Spectrometeridenti es and measures the momentum of muons, it is
surrounded by a toroidal magnet to bend the particles' path.

The cylindrical structure of ATLAS and the particles detection can be understood
looking at gure 1.4. Protons, neutrons, photons and electrons produce electro-
magnetic or hadronic showers and all particles generated are absorbed inside the
calorimeters. Muons and neutrinos are the only particles that are able to exit the
detector. The rst ones interact via electromagnetic force and produce a signal in
the tracker, ECAL and in the muon detectors, but as they are heavy, they loose a
small fraction of their energy in collisions. Neutrinos interact only through the weak
force, thus their interaction cross section is too small to be detected in ATLAS and
their presence can be often inferred from the missing momentum.

ATLAS uses a right-handed coordinate system with its origin at the nominal IP in
the centre of the detector and the z-axis along the beam pipe. The x-axis points
from the IP to the centre of the LHC ring, and the y-axis points upward. Cyl-
indrical coordinates ;' ) are used in the transverse plane, being the azimuthal
angle around the z-axis. Thgseudorapidityis de ned in terms of the polar angle

as = In(tan( =2)).

Figure 1.3: Structure and sub-detectors of the ATLAS experiment at CERN [6].
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Figure 1.4: Section of the ATLAS experiment at CERN, perpendicular to the beam
line and diagram of particles path in the detector [13].

Magnet System  The whole system includes two types of superconductive magnets
that bend the trajectories of each charged particle to allow the measurement of its
momentum [14]:

N

a central solenoid magnetsurrounds the ID, it provides 2T magnetic eld
pointing in the beam direction;

N

two toroidal magnetsthat provides 4 T tangential magnetic eld which run
concentrically around the beam axis: a barrel toroid is made of eight separated
coils around the hadronic calorimeter, before the muon chambers and two
endcap toroids in between the muon wheels, eight coils as well.

The magnet system can be seen in gure 1.3. The superconductive magnets are
cooled down with liquid helium to4:5K ( 268 C) in order to provide the necessary
strong magnetic elds. The solenoid is located in a cryostat together with the ECAL,
and each toroid in a single cryostat.
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1.2.1 Inner Detector

The Inner Detector (ID) is the innermost system and the rst part of ATLAS to see
the decay products of the protons collision. The task of the ID is to reconstruct the
tracks and vertices of the event with high e ciency [15]. It contributes, together with
the calorimeter and muon systems to the electron, photon and muon recognition,
and supplies the important extra signature for short-lived particle decay vertices.
Its acceptance covers the pseudo-rapidity region of=  2.5. The momentum and
vertex resolution targets require high-precision measurements to be made with ne-
granularity detectors given the very large track density at LHC. Those are, from the
beam line, thePixel Detector, Strip Semiconductor Tracker (SCT), and Transition
Radiation Tracker (TRT), all immersed in a 2T magnetic eld parallel to the beam
axis. The distribution of these detectors is shown in gure 1.5. They measure the
direction, momentum and charge of electrically-charged particles produced in each
collision.

The momentuln|1 p = mv can be calculated from the Lorentz force equation:

[
'FL:qu'B:rﬁa ) pr=mvr=qgq R B (1.3)

The transverse momentunpy is therefore obtained frong, the charge of tpe particle,
and R the curvature radius of the helicoidal trajectory in the magnetic eldB , being

Figure 1.5: Inner Detector structure of the ATLAS experiment [6].
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the accelerationa = v2=R. Concerning the particle charge, its sign can be derived
from the direction of the curvature in the magnetic eld and the charge itself is
obtained afterwards. The tracker provides thgor =qratio.

The main detectors involved in the track reconstruction are the semiconductors,
with the read out segmented in pixel (Pixel detector) or strips (SCT) to increase
the granularity. The most common semiconductor used for detection is the silicon, a
tetravalent element which is doped with impurity atoms to improve the conductivity
behaviour [16]. It becomes:

n type by placing a pentavalent element, calledlionor like phosphorus, to get
an excess of conduction electron® () as majority charge carriers;

p type by placing a trivalent element, calledacceptor like boron, to get an
excess of holes (h) as majority charge carriers.

The intrinsic charge carriers density in the silicon aB00 K is typically 10°°=cm® and

it has to be reduced by several orders of magnitude in order to detect the charge
carries produced by a Minimum lonizing Particle (MIP), 10* It is achieved by
depleting the silicon volume of free charge carriers, using p- or n-type silicon in a
reverse-biased pn-junction con guration. The spontaneous recombination of both
carrier types in proximity of the junction creates a depletion zone, which is free of
charges carries and represents the active volume available for the particles detection.
Supplying an external revers bias voltage the thermal equilibrium of spontaneous,
generation and recombination oé =his disturbed and the depletion zone gets wider.
An ionising particle penetrates through the bulk of a fully depleted silicon and gener-
atese =h pairs which drift along the electric eld, created by the bias voltageVvrp .
The electrons drift to the n+ doped side while the holes drift to the p++ back-
plane, as shown in gure 1.6. The charge induced on the strips by the movement of
the charge carries pairs is then capacitively coupled (AC) to the aluminium readout
strips, which are directly (DC) connected to the charge preampli er of the readout
chip. The segmentation in the pn-junctions allows to collect the charges on a small
individual strip, providing the information on the position of the crossing charged
particle. The position resolution is given by the electrode pitclp, = p= 12 due

to the Gaussian distribution of the collected charge on the strips.

Pixel Detector Highest granularity around the vertex region is achieved using
semiconductor pixel detectors. The system consists of one barrel with four layers
at average radii of 5cm, 9cm, and 12cm An additional pixel layer, Insertable
B-layer (IBL) was added at R=3cm before Run 2 to improve the precision and
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Figure 1.6: Working principle of a n-in-p AC-coupled silicon microstrip detector [17].

the robustness of the measurements. Three disks are located on each side, between
radii of 11 and20cm to complete the angular coverage. To maintain an adequate
noise performance after radiation damage, the silicon sensors must be kept at low
temperature (approximately -5 to -10C) implying coolant temperatures of 25 C.

The sensors ar@50um thick silicon pixel detectors, using oxygenated n-type wafers
with readout pixels on the i -implanted side of the detector. The silicon pixel is
50um wide and 250pum long.

Strip Semiconductor Tracker The SCT system is designed to provide four preci-
sion measurements per track in the intermediate radial range provided by the binary
readout. It contributes to the measurement of momentum, impact parameter and
vertex position, as well as providing good pattern recognition by the use of high
granularity. Strip silicon sensors of the SCT use a classic single-sided p-in-n techno-
logy with AC-coupled readout strips. The module is a double layer strip sensor, the
strips follow the axial direction on one side and are rotated b¢0 mrad stereo angle
on the opposite side. The barrel is made out of four cylindrical layers of strip sensors
of pitch 80um at R=30, 37, 44 and51 cmand the single SCT endcap is built with
nine disks. The SCT detector requires a cooling system too in order to reduce the
leakage current due to radiation damage and thus to be operated in the temperature
range 5 Cto 10 C.

Transition Radiation Tracker The TRT is based on the use of straw detectors,
which can operate at the very high rates and at room temperature. Straw tubes
are very basic gas detectors: a tube (cathode biased with negative voltageiahm
diameter presents in the centre 80um diameter gold-plated tungsten wire used
as anode. The barrel straws are arranged in 36 layers placed from B&tm to
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R=110cm each divided in two at the centre in order to reduce the occupancy and
read out at each end. The endcaps radial straws have the readout at the outer radius.
Each channel provides a drift-time measurement, giving a spatial resolution bf Oum

per straw. Low-energy transition radiation (TR) photons, produced when a charged
particle passes through an in-homogeneous media, are absorbed in the Xe-based
gas mixture. It produces a much larger signal amplitudes than minimume-ionising
charged particles. The distinction between TR and tracking signals is obtained
on a straw-by-straw basis using separate low and high thresholds in the front-end
electronics. Two independent thresholds allow the detector to discriminate between
tracking hits, which pass the lower threshold, and TR hits, which pass the higher one.

The ID was installed in ATLAS in 2007 and is operative since the rst collision
in LHC, but a replacement of the whole system is planned for LS2 to prepare the
experiment to HL-LHC. The upgraded version of this detector system is described
in detail in section 3.1, as part of ATLAS Phase-II upgrade.

1.2.2 Calorimeter

The ATLAS calorimeters are detectors that measure a particle energy by absorbing
it. They also measure the position and the direction of the energy release thanks to
their segmentation. This information, in conjunction with the momentum informa-
tion from the ID, allows the particle type to be identi ed. While the ID can only
detect charged particles, the calorimeters are also sensitive to neutral particles as
photons and neutrons. It is then possible to identify neutral particles by looking for
a calorimeter hit with no correspondent track in the ID. The exception is made for
muons and neutrinos which can not be detected in the calorimeters.

Additionally, the ATLAS calorimeters provide trigger functionalities to search for
high-energy electrons, photons, leptons, jets, and events with a high missing trans-
verse energy.

The energy resolution of a calorimeter can be parametrized as the quadratic sum of

three terms [18]:
(E) _ &

== c (1.4)

b
E
with:

a being the stochastic termrelated to the uctuations of number of particles
in a shower;

b depending on theelectronic noise
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c a constant term that takes into account all the other e ects usually determ-
ined from the experimental data.

For energies of interest in high-energy physics the noise term is usually negligible.
A calorimeter is usually designed to stop entirely most of the particles inside its
volume, allowing the deposition of their energy, via interactions with atoms. The
particle interaction with speci ¢ materials generates a cascade of secondary interac-
tions, so-called shower. The energy of the primary particle is therefore split between
the particles of the shower until when the available energy is below the threshold for
further interactions. According to the nature of the particle involved in the primary
interaction, the shower can be:

A

electromagnetic(EM) if generated by electronse , positronse* and photons
that interact via the electromagnetic force. interact via pair production and
e ;e" emit photons viaBremsstrahlung The shower ends when the energy is
below the pair production threshold and the rest of energy is lost with ionizing
processes.

hadronic (H) if generated by hadrons (neutrons and protons) that interact via
strong nuclear force. The energy is lost through hadron production, nuclear
de-excitation and pion and muon decays.

The size of the EM shower is usually more compact and shorter than the hadronic one
due to the type of interactions involved in the process. Therefore the ATLAS calor-
imeters size re ect the dimension of the shower that have to absorb. Calorimeters
typically consist of layers of passive or absorbing high-density material, interleaved
with layers of an active medium able to detect the particle shower.

The components of the ATLAS calorimetry system are: the.iquid Argon (LAr)
Electromagnetic Calorimeter[19] and theTile Hadronic Calorimeter [20], as shown

in gure 1.7, in yellow and gray respectively. They consist of a number of sampling
detectors with full symmetry and coverage around the beam axis. The LAr calor-
imeters closest to the beam-line are housed in three cryostats, one barrel and two
endcaps, cooled down with liquid nitrogen at 184 C (87 K) to keep the Argon in
liquid form. The barrel cryostat contains the EM barrel calorimeter, whereas the
two endcap cryostats each contain an electromagnetic endcap calorimeter (EMEC),
a hadronic endcap calorimeter (HEC), located behind the EMEC, and a forward
calorimeter (FCal) to cover the region closest to the beam.

These calorimeters cover the ranggj < 4:9, using di erent techniques suited to
the widely varying requirements of the physics processes of interest and of the radi-
ation environment over this large -range. Over the region matched to the inner
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Figure 1.7: Structure and location of the EM and hadronic calorimeters in the AT-
LAS experiment [6]. In yellow the LAr-based calorimeters (barrel, EMEC, HEC,
FCal) are shown and in gray the tile calorimeters.

detector, the ne granularity of the EM calorimeter is ideally suited for precision
measurements of electrons and photons. The coarser granularity of the rest of the
calorimeter is su cient to satisfy the physics requirements for jet reconstruction and
EMsS measurements.

1.2.3 Muon Spectrometer

The muon spectrometer (MS) forms the outer part of the ATLAS detector and it is
designed to detect muons exiting the barrel and endcap calorimeters and to measure
their momentum in the pseudorapidity rangej j<2.7. It is also designed to trigger
on high-energy muons in the regiop j<2.4 [21].

Although most of the particles are absorbed within the calorimeters, muons and
neutrinos are able to escape detection. Muons are charged particles that interact
electromagnetically and leave a track in the Inner Detector. They do not gener-
ate showers in the electromagnetic calorimeter, since they do not emit a signi cant
amount of Bremsstrahlung due to their large mass. They also do not generate
showers in the hadronic calorimeters, since they do not interact via the strong force.
Although the muon momentum and identi cation can be performed with the ID,
high-energy muons represent an important signature of several interesting phenom-
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