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Abstract

The advent of the High-Luminosity (HL) phase of the Large Hadron Collider (LHC)
at CERN will contribute to study, with a significantly improved sensitivity, known mech-
anisms expected by the theory of the Standard Model and new rarer processes which
can be the sign of physic Beyond Standard Model. In fact, in this new operational phase
the increase of the luminosity will allow to produce the demanded larger datasets of
proton-proton collisions. The LHC complex is planned to deliver in 2027 a luminosity
up to 7:5 x 103 cm 2s !, corresponding to = 200 of events per bunch crossing, with
the ultimate goal to provide an integrated luminosity of up to 3000=4000 fb . To come
up with these new conditions, the detectors placed in the four interaction points of LHC
require an upgrade. In particular, the higher number of signals produced inside the
detectors would eventually make the trigger and readout electronics currently in use in
these experiments obsolete and, for this reason, new strategies for data acquisition and
processing will be necessary. This Master Thesis discusses the Phase-II upgrade of the
Trigger and Data Acquisition system of the detector called A Toroidal LHC ApparatuS
(ATLAS). An R&D program, which has included the creation of two task forces, was
launched in the 2021 Spring with the aim to produce one engineered solution for the
track reconstruction at the Event Filter (EF) level. The Electronic group of the Uni-
versity of Bologna is taking part in the proposal of the heterogeneous commodity task
force, which consists of the previous project called Hardware Tracking for the Trigger.
The heterogeneous solution is based on a mixed commodity platform of classic processors
and accelerators, where track reconstruction is expected to be performed via the use of
mathematical functions, for example through the implementation of Hough Transform
algorithm on the FPGA which will be part of the EF of ATLAS Phase-1I. The R&D



activities performed until now include the development of the firmware for the HT. Final
goal of this Master Thesis is the creation of a hardware demonstrator able to test the
ongoing firmware design. To fulfill this purpose, a new firmware architecture is exploited
and it relies on a manageable Peripheral Component Interconnect Express transmission.
The integration of the two firmware designs is realized with the development of a two
first-in-first-out structure. In this way it is demonstrated the correct implementation of

the ongoing Hough Transform firmware design.
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Chapter 1

CERN and LHC

CERN, from the French acronym “Conseil Européen pour la Recherche Nucléaire”, or
European Council for Nuclear Research, was founded in 1952 with the aim of establishing
a fundamental physics research organization in Europe. The laboratory sits astride the
Franco-Swiss border near Geneva and nowadays physicists and engineers from around
the world are probing the fundamental structure of the universe using the world’s largest

and most complex scientific instruments that are pushing the limits of technology.

1.1 Structure of LHC

The Large Hadron Collider (LHC) project started with the aim to design a high
energy physics collider able to deliver a center of mass energy higher than the Large
Electron-Positron (LEP) and Tevatron. The purpose was to investigate the nature of
electroweak symmetry breaking and the search for physics beyond the Standard Model at
the TeV scale. The realization of this particle accelerator was approved by CERN Council
in December 1994 [I] and obtains important achievements during years of running, one
of the most important was the discovery of the Higgs boson in 2012 [2] whose properties
are under continuous study in order to confirm the Standard Model predictions and to
search for new physics phenomena.

LHC is placed 100 m underground, near Geneva (Fig. , in the tunnel floor of
the old LEP Collider. It consists of a 27:6 km ring of superconducting magnets with
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Figure 1.1: The LHC underground position in the French-Swiss border[3|[4].

a number of accelerating structures to boost the energy of the particles along the way.
Differently from the previous particle-antiparticle colliders, in which both beams share
the same phase space in a single ring, the LHC machine is based on a proton-proton (pp)
collision. The two counter-rotating proton beams are currently accelerated to a center
of mass energy of /s = 13 TeV, value that in the next Run upgrade will be increased to
14 TeV. The LHC will also collide heavy ions (A), in particular lead nuclei, at 5:5 TeV
per nucleon pair.

In order to reach these energies, the beam has to approach several steps of acceleration
as it is illustrated in Fig. [1.2

Protons are produced stripping electrons from small H, silos and subsequently they
go inside Linac2 where their energy is raised to 50 MeV. The circular Booster (PSB)
accelerates them to 1:4 GeV and in the Proton Synchrotron (PS) they reach 25 GeV.
The Super Proton Synchrotron (SPS) follows, here they acquire an energy of 450 GeV.
In the final step protons are transferred to the LHC where each beam is accelerated to
6:5 TeV. For the heavy ions [5], instead, a linear accelerator called Linac3 takes the lead
ions at an energy of 4:5 MeV /n and a Low Energy Ion Ring (LIER) accelerates them to
72 MeV /n. Then they enter the SPS and follow the same path as protons before entering
LHC, reaching an initial energy of 5:9 GeV/n and then of 177 GeV /n. In the last ride,
LHC accelerates lead ions at 1:38 TeV/n. The acceleration of the charged particles is
fulfilled by a set of Radio Frequency (RF) cavities, whose task is to compensate for the
synchrotron energy loss. This is a phenomenon that happens when a charged particle is

accelerated in a circular collider, generating an electromagnetic radiation emission and it
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Figure 1.2: The CERN accelerator system.

should be avoided as much as possible because it induces a relevant loss of energy. The
RF cavities focus the packets of protons (bunches) along the beam-pipe. The proton
beams are kept in circular track by a set of 1232 superconducting dipole magnets made
with copper-clad niobium-titanium cables. The superconductivity is mandatory to reach
the magnetic field necessary to achieve the energy required in the center-of-mass of the
collision. On the other hand, to focus the protons perpendicularly to the beam pipe
it is used a set of 858 quadrupole magnets that are placed one next to another and
perpendicularly with respect to the poles. Furthermore, other multi-pole magnets are
used all over the LHC. In order to sustain the two-ring architecture of LHC, twin bore
magnets consisting of two sets of coils are used. The system requires a low temperature
of 2 K and this can be realized through the use of liquid Helium.

Proton beams can circulate for many hours inside the LHC under normal operating
conditions. Differently from the LEP collider, which had eight crossing points, LHC
has four interaction points in which are placed four experiments that, between 1996 and
1998, received official approvals for their construction. Currently active at LHC, each

one of these four experiments have different physics goals:

e ATLAS (A Toroidal LHC ApparatuS) [0] is a multi-purpose experiment built for
probing pp (and lead-lead) collisions. This thesis work is related to this detec-

tor and, for this reason, a more detailed description will be provided in the next
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chapters.

e CMS (Compact Muon Solenoid) [7] is a multi-purpose experiment that was con-
ceived, similarly to ATLAS, to study pp (and lead-lead) collisions. It is 21 m long,
15 m in diameter, with a weight of about 14,000 t. Although CMS has the same
scientific goals as the ATLAS experiment, it uses different technical solutions and a
different magnet-system design. Indeed the detector is built around a huge solenoid
magnet that generates a field of 4 T. This structure surrounds an all-silicon pixel
and strip tracker, a lead-tungstate scintillating-crystals electromagnetic calorime-
ter and a brass-scintillator sampling hadron calorimeter. The iron yoke of the
flux-return is equipped with four stations of muon detectors covering most of the

4 solid angle.

e LHCb (LHC-beauty) [8] is a specific apparatus for pp collisions. It is dedicated to
precision measurements of CP violation and rare decays of B hadrons. Instead of
surrounding the entire collision point with an enclosed detector, such as in ATLAS
and CMS, the LHCb experiment uses a series of subdetectors to detect mainly
particles thrown forwards by the collision in one direction. The first subdetector is
mounted close to the collision point, with the others following one behind the other,
over a length of 20 m. Starting from the interaction point, are placed in order: a
tracker, a ring imaging Cherenkov detector (RICH), other trackers, another RICH,

an electromagnetic calorimeter, an hadronic calorimeter and a muon detector;

e ALICE (A Large Ion Collider Experiment) [9)] is a general-purpose, heavy-ion de-
tector which investigate the strong-interaction sector of the Standard Model, the
QCD. With a weight of 10,000 t, the detector is 26 m long, 16 m high, and 16
m wide. It is designed to study strongly interacting matter and the quark-gluon
plasma at extreme values of energy density and temperature in nucleus-nucleus
collisions. The physics programme of this experiment does not only include lead
ions and protons running, but also lighter ions collisions, lower energy running and
dedicated proton-nucleus runs. It is composed of 18 detectors surrounding the col-
lision point that includes a time projection chamber (TPC), a transition radiation

chamber, a “time of flight” detector, electromagnetic and hadronic calorimeters and
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a muon spectrometer.

1.1.1 LHC parameters

The protons, after all the pre-LHC chain, reach an energy of50 GeV/n and are
injected in packets (bunches) into LHC. Each bunch contains 1:2 10" protons and is

7:55cm long and 16.7 m squeezed radially. The nal beam consists of 2808 bunches of
protons. Two of them collide at the same energy, speed and direction and opposite verse.
The number of collisions between protons per bunch-crossing (pileup) must be as high as
possible ( 15 50along Runland?2,and 150 200targeted for High Luminosity
LHC, presented in the next Section 1.2 ). The focusing inside the LHC also increases the
number of collisions. Every25 ns there is a collision and this is an important parameter
since this implies that, consequently, all the detectors at LHC need to conform to the
40 MHz collider frequency. The energy reached at the collision center-of-mass by the
proton in the acceleration chain can be calculated with the relativistic formulation, with
the Lorents factor of 7460. LHC has been designed to reach an instantaneous luminosity
with a peak of 10>** cm ? s ! (for lead nucleil®?’ cm 2 s 1) and a center of mass energy
of 14 TeV (5.5 Tev for lead nuclei). The instantaneous luminosity expresses the collider
performance, as well as the capability of the apparatus to generate physics events, based
on the energy and density of the particles. It is de ned as:

Ny Ny

L=f —F—
4 X y

F (1.1)

where n; is the number of particles in the acceleratorf is the revolution frequency of
the bunches and ; y is related to the transverse dimensions of the beam. The 1.1 can
also be expressed in terms of the number of bunches inside the rimg){ the number

of particles per bunch (), the revolution frequency of the bunches in the accelerator
(frev, that is 11.2 kHz), the relativistic Lorentz factor ( ), the normalized transverse
beam emittance (,,, that is 3.75 m), the beta function of the collision point ( , that

is 0:55 m) and the geometric luminosity reduction factor, due to the crossing angle of
the two beams at the interaction point (F):
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L=="= LF (1.2)

L= L dt (1.3)

and, together with the cross section, gives the total number of events in a RuiN, =
L e-

1.2 LHC schedule

The scienti ¢ program of the LHC, summarized in Fig. 1.3, spans over many years
of operation and includes an ambitious series of future upgrades. In the rst period of
operation (Runl) the instantaneous luminosity reached wag7 10°3 cm 2s ! and the
center of mass energy spanned in a range from 900 GeV up to 8 TeV.

Figure 1.3: Timetable for the future years of LHC in terms of di erent phases. Runs are
the working periods of the collider including data taking by the experiments, while Long
Shutdowns represents the stop periods due to upgrades required by the accelerator and
detectors.
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The bunch crossing time was 50 ns, double compared to the design speci cations.
Energy andL were very promising at that time: over half of the target features. With
these parameters the Higgs boson was observed in 2012 and, at the beginning of 2013,
Run 1 concluded. The Long Shut-down 1 (LS1) followed between 2013 and 2014, where
machine elements were consolidated. The magnet splices were repaired and the collima-
tion scheme was upgraded in order to achieve the design beam energy and luminosity.
Since 3 June 2015 the LHC has operated in Run 2 at center of mass energy of 13 TeV
and has progressively reached the luminosity af=1 10** cm 2 s ! on 26 June 2016.
Despite the reduced number of bunches (about 2200 cf. 2800 nominal), it was obtained
a peak luminosity up to 1:2 10* cm 2 s ! through the reduced emittance from the
injectors and a  value of 40 cm (cf. 55 cm nominal value) at the high luminosity
interaction points. Total integrated luminosity was of about35fb 1. The Run 2 pro-
ton physics ended marking the conclusion of an extremely successful data taking period.
Approaching the year 2024, the LHC will hopefully further increase the peak luminosity.
During the Long Shutdown 2 (LS2), between 2019 and 2020, the Linac4 was connected
into the injector complex and with the injection beam energy of the Proton Synchrotron
Booster. Moreover, new cryogenics plants will be subsequently installed to separate the
cooling of the superconducting radio frequency modules and the magnet cooling circuit.
From 2022, during Run 3, the LHC design parameters should allow for an ultimate peak
instantaneous luminosity ofL 2.2 10**cm 2 s ! (Phase-l operation) and for de-
livering an integrated luminosity of 300fb !. The end of this run is scheduled for
2024 and the expectation is that the statistical gain, in running the accelerator with-
out a signi cant luminosity increase beyond its design and ultimate values, will become
marginal.

The LHC ring comes with the major results reached during years of operation such
as the discovery of the Higgs boson or the high precision measurements of the physics
at the electroweak scale. As a consequence, stronger con dence of the LHC potential
arises with the aim to realize a major luminosity upgrade that was approved in Brussels
on 30 May 2013: "Europe's top priority should be the exploitation of the full potential
of the LHC, including the high luminosity upgrade of the machine and detectors with
a view to collecting ten times more data than in the initial design, by around 2030’
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[10]. The running time necessary to have the statistical error of a given measurement
after 2020 will be more than ten years. Therefore, to maintain scienti ¢ progress and
to exploit its full capacity, the LHC will need a decisive increase of its luminosity after
2020. In the Long Shutdown 3 (LS3), from 2024 to 2026, the LHC will undergo a major
upgrade of its components, like low- quadrupole triplets and the use of crab cavities
at the interaction regions. After the LS3 the Phase-Il will begin and it regards the
High Luminosity LHC (HL-LHC), called in this way since its instantaneous luminosity
will signi cantly increase. Main motivations for a high luminosity regime consist in
the need for signi cantly large data sets, that would o er the possibility to improve
the sensitivity of actual measurements and perform completely new ones. In the rst
proposals the nominal levelled instantaneous luminosity should have reached a value of
L =5 10*%*cm 2s !, corresponding to an average of roughly > = 140 inelastic
proton-proton collisions per beam crossing (pileup). Later, a new scenario with an
ultimate levelled luminosity was introduced, with a peak uptd. 7.5 10*%* cm 2s 1,
corresponding to = 200, delivering an accumulated integrated luminosity of around
3000fb ! per year of operation. Data collected by HL-LHC run therefore, would be an
order of magnitude more than previously. HL-LHC was expected to be active for the
operations in the second half of 2026, but because of some delays the timetable has been
slightly postponed. The nal goal is to provide an ultimate integrated luminosity of up

to 4000 after a period of about 12 years.
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Chapter 2

ATLAS

ATLAS [11] is a multi-purpose experiment where over 3000 physicists from over 175
institutes collaborate. It rises in the so-called Point 1 at CERN, 100 m underground,
and has a forward backward symmetric cylindrical geometry with a nearly} coverage
in solid angle. The dimensions of the detector ai25 m in height and 44 m in length and
its overall weight is approximately7000t. ATLAS studies proton-proton and heavy-ion
collisions at the LHC. This chapter introduces the architecture of the detector.

2.1 Coordinate system

The ATLAS detector and the particles emerging from the pp collisions are described
using the coordinate system illustrated in this section.

As it is shown in Fig. 2.1, the nominal interaction point (IP) is de ned as the origin
of the coordinate system in a 3D Cartesian frame of reference, with coordinates (x, v,
z). The z-axis de nes the beam direction while the x-y plane is transverse to the beam
direction. In particular, the positive x-axis points the centre of the LHC ring and the
positive y-axis points upwards. In addition, the positive z-axis de nes the side-A of the
detector, while the negative z-axis the side-C. The transverse plane can be also described
with the r coordinates. The azimuthal angle is measured from the positive x-axis,
while the polar angle is the angle from the positive z-axis, along the detector. The
radial coordinater, describes the distance from the beam. In general, instead oft is

10
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Figure 2.1: Common coordinate system used in the ATLAS experiment.

used the pseudorapidity, a function of the angular position of the particle, not taking
into account its nature and energy:

= In tan(i): (2.2)

The pseudorapidity ranges from 0, alongside the y-axis, to in nity, alongside the z-
axis. However, considering massive objects such as jets, it is used the rapidity, which is
Lorentz-invariant for transformations along the z-axis and is de ned as:

E+p..

1

where p is the patrticle linear momentum. The transverse momenturpr, the transverse
energyEr and the missing transverse energg™ss, are de ned in the x-y plane unless
stated otherwise. Based on these considerations, it is possible to measure the angular
distance between two particles in the pseudorapidity-azimuthal angle space:

R = P — + 2z (2.3)

The importance of this new coordinates systerq; ;z ) is that it is Lorentz invariant
under boosts along the z-axis.
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Detector component | Required resolution coverage
Measurements (Trigger)

Tracking pr=Pr =0 ZOE)O/cpT 1% 2:5

EM calorimeter c=E=10% E 0:7% 32 ( 25)

Hadronic calorimeter

barrel and end-cap | g=E = 500 E 3% 32 ( 32

forward e=E = 1000/IO E 10% Zl<jj< 49

(3:1<jj< 49
Muon spectrometer or=Pr =10% atpr =1 TeV | 27 ( 2:4)

Table 2.1: General performance goals of the ATLAS detector. Units for E an® are in
GeV. The muon-spectrometer performance is independent of the inner-detector system
for high pr.

2.2 Detector composition

ATLAS structure is composed of di erent detectors, where each one of them covers a
pseudorapidity ( ) range and has a speci ¢ purpose. The overall ATLAS detector layout
is shown in Fig. 2.2 and its main performance goals are listed in Tab.2.1.

The ATLAS inner tracking detector (ID) is the rst detector which the produced
particles traverse after the pp interaction. All this tracking system is surrounded by
a thin superconducting solenoid, which provides a magnetic eld of 2 T that allows it
to perform momentum measurements. The magnet con guration has driven the design

Figure 2.2: Composition of the ATLAS experiment detector with a recent image.
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of the rest of the detector. It comprises three large superconducting toroid magnets
(one in the barrel and two in the end-caps) that are arranged with an 8-fold azimuthal
symmetry around the other two ATLAS detectors: the calorimeters. As the radial
distance increases, the electromagnetic calorimeter is the rst and its goal is to measure
energy and the track of electrons, positrons and photons. However, all these detectors
cannot measure the more energetic particles, the hadrons, and for this reason there is also
the hadronic calorimeter which measures their energy. Eventually, only the particles with

a very low cross section survive, mainly muons and neutrinos. The former can be detected
in the muon spectrometer while the latter cannot be detected directly by ATLAS, thus
they are studied with the missing energy technique.

2.2.1 Inner Detector

The Inner Detector [12] is the closest to the beam line, hence its technology must be
very resistant to radiation. This apparatus is 6.2 m long with a diameter of 2.1 m and its
pseudorapidity range coverage igj < 2:5. ID was built for the early tracking stage of
ATLAS and it is composed of: the Pixel Detector (PD) [13], the Semiconductor Tracking
(SCT) [14] and the Transition Radiation Tracker (TRT) [15]. During 2014 a new detector,
the Insertable Barrel Layer (IBL) [16], was added. The ATLAS ID, including the IBL
detector and its envelope, is shown in Fig. 2.3 with also the 3-dimensional structure of
the IBL detector with its services. In Tab. 2.2 are listed the general characteristics of
every sub-components.

The task of all these detectors is to provide a high precision measurement of the
track of the particles and this can be performed through the inside-out and the outside-
in algorithms. The rst one uses three seeds in the silicon detectors (PPD and SCT) in
order to reconstruct the track of charged particles coming from primary interactions. To
do this, a combinatorial Kalman- Iter algorithm adds the following hits. In the outside-in
algorithm, instead, the reconstruction of the track of secondary particles is done starting
from the hits in the TRD. Silicon hits, if present, are added with the combinatorial
Kalman- Iter algorithm. The e ciency of track reconstruction is measured by simulated
events, and it varies as a function opr and
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Figure 2.3: Section of the Pixel Detector with the distances of the sub-detectors and
layers from the LHC beam pipe[19]

The Pixel Detector

The Pixel Detector (PD) is a silicon based detector which uses the pixel technology.
PD has the highest granularity in all ATLAS and it consists of three disks (for each
side of the interaction region) and four barrels layers: Insertable B-Layer, B-Layer,
Layerl, Layer 2. The Insertable B-Layer (IBL) [20] is a new innermost tracking detector
that was installed during the LS1 between the B-Layer and a new smaller radius beam
pipe. This is the latest upgrade of the pixel detector. The layer was added with the
intention to maintain the full ID tracking performances and robustness during the Phase-
| operation despite read-out bandwidth limitations of the Pixel layers at the expected
peak luminosity and the accumulated radiation damage to the silicon sensors and front-
end electronics. The IBL is designed to operate until the end of Phase-I, when a full
tracker upgrade is planned for HL-LHC operation. It consists of 14 carbon composite
staves, providing full azimuthal ( ) hermeticity for high transverse momentum pr > 1
GeV) particles and longitudinal coverage up tg j = 3. Each stave supports 20 pixel
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Detector Hits tracks Elements size Hits Resolution (n )
PD,jj< 25
4 barrel layers 3 50 400 m 2 10R ) 115@)
3 2 lateral disks 3 50 400 m?2 10R ) 115@)
SCT,j j< 25
4 barrel layers 8 50 m 17R ) 580@)
3 2 lateral disks 8 50 m 17R ) 580(@2)
TRD, j j< 20
83 barrel tubes 30 d=4 mm;| =144 mm 130/straw
9 2end-cap disks 30 d=4mm;| =37 mm 130/straw

Table 2.2: Main characteristics of the ID's detector.

sensor modules together with their electrical services and a cooling pipe. Every module
is constructed from a pixel sensor with pixels of nominal siZ50 50 m 2 electrically
bonded to a channel of a read-out chip, the FE-I14B. With the usage of this chip, the
new technology of IBL makes the detector itself more radiation hard and with a higher
surface coverage.

The Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) is a 4-layer silicon microstrip detector. Each
layer is formed by modules composed by two microstrip detectors bound together and
glued with a 40 mrad angle of their planes. This layout is used to obtain a better z-
measurement. In the end-cap region the plane of the microstrip detector is perpendicular
to the beam line, while in the barrel region is parallel.

The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the largest track detector of ID and
surrounds the previous two. It consists of abous 10* straw tubes that are cylindrical,
with one positive wire in their inside and the internal wall at negative voltage. In the
barrel region the tubes are parallel to the beam line, while in the end-cap region are
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perpendicular. With an high number of hits, the straws all together contribute to the
measurement of the particle momentum. Every straw is lled with a mixture of Xenon
(70 %), CO,(27 %), and O, (3 %).

2.2.2 Calorimeters

The ATLAS calorimeter system presented in Fig. 2.4 is composed of two sampling
calorimeters, electromagnetic and hadronic, that measure the energy of a crossing par-
ticle. The entire sub-detector is constituted of di erent multiple parts, according to the
particle type. Each calorimeter consists of four parts: a barrel part, an extended barrel
part, an end-cap part and a forward part. The whole system covers a pseudorapidity up
to =4:9and acomplete coverage.

Electromagnetic calorimeter

The electromagnetic sampling calorimeter contains Lead/liquid-argon (LAr). Due
to its radiation hardness and its good energy resolution, liquid argon is a good active
medium, while the lead is a good absorber. The track and the electromagnetic en-
ergy measurements of electrons, positrons, photons anfl is provided exploiting the
electromagnetic showers produced inside it. Since abo®®% of the shower energy is
emitted at the most in 20 X, the EM calorimeter is 22 radiation lengths X,) deep
in the barrel region and more than24 in the end-caps. The barrel region covers a
j ] < Li475and the end-cap region is composed by two coaxial wheels where the outer
covers1l:375< j j < 2:5 and the innermost one covers witl2:5< | j < 3:2. The region
of j | < 25 is segmented in three parts, where the rst layer is granulated nely in

to achieve a high photon-neutral pion separation. In the barrel region it is possible
to discriminate photons and electrons between 5 GeV and 5 TeV. The resolution
achievable in the barrel and end-cap region is
9:4%

E
E-p 2P g1 2.4
E " EGev) ; @4

In general, in resolution measurements, the rst factor describes the stochastic behaviour,
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Figure 2.4. Scheme of ATLAS Calorimeter system.

the second one refers to the electronic noise of the read-out channels and the last constant
factor regards the temperature, the age of the detector, the radiation damages and others
constant contributions. There is a grey zone in:37< j j < 1:52not used for precision
measurements because of the presence of the barrel-end cap transition zone, where the
material reaches/X.

Hadronic calorimeter

The energy and the missing momentum of hadrons produced during pp collision or
formed from secondary decays can be measured, instead, by the Hadronic Calorimeter
(HCAL).

Di erently from the other calorimeter, it exploit the strong interaction which oc-
curs when particles travel inside it, developing hadronic showers. It is formed by the
Hadronic Tile Calorimeters (HTC), a scintillator-tile calorimeter, by the Hadronic End-
Caps Calorimeters (HEC) and the Forward Calorimeter (FCAL) which are both LAr
calorimeters. The rst one is composed of one central barrel and two smaller extended
one at each side of the biggest cylinder. The pseudorapidity jisj < 1:7. The covered
interaction length is respectively 4.0, 1.4, and 1.8. Steel is used as the absorber while
scintillating tiles are the active material. The energy resolution is di erent depending
on the calorimeter composition:
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in the barrel and in the end-cap region,

10%
E

EE +(2:5 0:4%.%) (2.6)

for the forward calorimeter.

2.2.3 Muon Spectrometer

Many physics processes in ATLAS require highr muons signatures and the muon
spectrometer schematized in Fig. 2.5 plays an important role in the identi cation of
this particle. The detector is designed to reach high precision and resolution and it also
provides an independent muon trigger from the rest of the apparatus. The measurement
is based on the magnetic de ection of muon tracks in the large superconducting air-
core toroid magnets. The muon spectrometer is divided in barrel and end-cap region,
in which toroid magnets are placed. The system is divided in two di erent groups:
Precision Chambers and Trigger Chambers. These sub-detectors are composed by four
di erent detector technologies, the former are composed by Monitored Drift Tubes and
Cathode Strip Chambers while the latter by thin Gap Chambers and Resistive Plate
Chambers. Muons with an energy lower than the thresholgyr > 3 GeV=¢ cannot be
identi ed because they are completely absorbed before reaching the muon spectrometer.
Pseudorapidity range in the whole system ig j < 2:7 and the measured resolution oby
is about 20%at 1 TeV.

Monitored Drift Tubes and Cathode Strip Chambers

Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC) measure the
muon momentum. MDT chambers are drift chambers with two multi-layer drift tubes
which are focused on precise measurement of the z coordinate in the barrel region. Here
pseudorapidity isj j < 2. Hit position of the particle can be reconstructed measuring
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Figure 2.5: Overview of the ATLAS Muon Spectrometer

the drift time in single tubes. CSC are multi-wire chambers with strip cathodes for the
measurement of muon momentum in the range df0 < j j < 2:7. The CSC wires are
composed of parallel anodes which are perpendicular to 1 mm large strips of opposite
polarity. They are placed close to the beam pipe in the innermost layer of the end-cap.

Thin Gap Chambers and Resistive Plate Chambers

Thin Gap Chambers (TGC) and Resistive Plate Chambers (RPC) provide the online
trigger. TGC in the end-cap region is a very thin multi-wire chamber. The spatial reso-
lution of these detectors is 4 mm in the radial direction and 5 mm in the coordinate.
The anode-cathode spacing is smaller than the anode-anode spacing, leading to a drift
time lower than 20 ns. The TGC are also used to improve the measurements along the
coordinate obtained from the precision chambers. RPC in the barrel region are gaseous
parallel electrode-plate detectors, with a spatial resolution of 1 mm in two coordinates
and a time resolution of 1.0 ns. This sub-detector works in the avalanche regime: when
a charged patrticle passes inside the chamber, the primary ionization electrons are mul-
tiplied into avalanches by a high electric eld.
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Figure 2.6: Overview of the ATLAS magnet system.

2.2.4 Magnetic System

As was already anticipated, momenta measurements of charged particles are done
by ATLAS through a system of superconducting magnets. They consist of a Central
Solenoid (CS), placed between the ID and the calorimeter system, and three large air-
core toroids (one in barrel and two in end-cap), which generate the magnetic eld in the
muon spectrometer. Fig. 2.6 shows this magnetic system structure. The 2 T magnetic
eld of the CS points in the positive z-axis direction. It is 5.3 m long, with a diameter
of 2.4 m and a weight of 5 t. The operating temperature of 4.5 K is maintained by a
cryostat shared with the electromagnetic calorimeter barrel. The barrel toroid consists
of 8 at superconducting race-track coils, 25.3 m long and 5 m wide each. The 8 coils
in the torus are kept in position by 16 support rings. Its total weight is 830 t. Toroids
magnet produce a magnetic eld of 3.9 T and are cooled down to 4.7 K by the liquid
helium. Two end-cap toroids are positioned inside the barrel toroid, at both ends, and
provide the required 4.1 T magnetic eld across a radial span df5 m to 5 m. Each
end-cap toroid has a weight of 240 t. The coil system of the end-cap toroid is rotated by
an angle of225 compared to the barrel toroid coil. In this way, radial overlap between
the two coil systems is provided and the bending power optimized. The most important
parameters for momentum measurements are:

2L

0:3
1= — Bsin dl; 2.7
1 pT 0 ( )(dl‘;B) ( )
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|, describes the bending power eld and, represents the total transverse de ection of
the particle from its initial path. They are eld integrals calculated on the azimuthal
direction of the particle (I = r=sin( )) and on its radial trajectory. is the longitudinal
component of the angle between the track and the magnetic eld.

2.2.5 Forward detectors

The ATLAS forward region is covered by a set of small sub-detectors: LUCID (Lu-
minosity measurement using Cherenkov Integrating Detector) [19], ZDC (Zero-Degree
Calorimeter) [20], AFP (ATLAS Forward Proton) [21] and ALFA (Absolute Luminosity
For ATLAS) [22]. Fig. 2.7 shows their position along the beam line.

Figure 2.7: Infrastructure of the ATLAS Forward Detector.

LUCID

Luminosity measurement using Cherenkov Integrating Detector (LUCID) is a Cherenkov
counter that monitors the luminosity delivered by the LHC accelerator. Two LUCID
detectors are placed in both forward regions at 17 m from the interaction point in a sym-
metrical way. Each one is made of 16 photomultiplier tubes and 4 quartz ber bundles.
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In the quartz window, as well as in the ber bundles, Cherenkov light is produced by the
charge particle. The photomultipliers detect charged particles when the light is carried
to the photomultipliers.

ZDC

Zero-Degree Calorimeter (ZDC) detects forward neutrons, in both pp and heavy ion
collisions, forj j < 8:3. The detector is placed at 140 m in both sides of ATLAS and is
composed by an electromagnetic module (about 29 radiation lengths thick), and three
hadronic modules, made by tungsten with an embedded matrix of quartz rods, attached
to photomultiplier tubes.

AFP

The goal of ATLAS Forward Proton (AFP) is to measure transfer momentum and
energy loss of protons emitted from the collision point in very forward directions. Along
the beam line there are two AFP detectors, at 204 m and 217 m, that contain a 3D
silicon tracker and a time-of- ight detector in the far stations.

ALFA

Absolute Luminosity For ATLAS (ALFA) is the furthest detector, located 237 m
from the interaction point, on both ATLAS sides. Each detector is made of staggered
layers of square-shaped scintillating bers, read out by photomultiplier tubes. It aims to
measure the elastic pp scattering at small angles. The detector can approach the beam
very close without entering the machine vacuum because the set-up is installed in Roman
Pot stations, vessels that are connected to the accelerator vacuum via bellows.

2.3 Trigger and Data Acquisition system

The Trigger and Data Acquisition (TDAQ) system [23], shown in Fig. 2.8, is a
fundamental component of the ATLAS detector because it ensures optimal data-taking
conditions. This thesis work is related to the ATLAS TDAQ system and, in particular,
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Figure 2.8: Performance of the ATLAS Trigger System in 2015 [24].

in chapter 3 will be presented its future upgrade as a consequence of the high luminosity
that will be achieved by HL-LHC ( 10° pp processes produced in 1 s).

Data of collision event is moved from the detector readout electronics into front-
end bu ers at the bunch crossing rate. Only some of these events are interesting and
might lead to new discoveries. The entire set of the events cannot be saved because
it would require a memory not compatible with the storage technologies used as hard
disk and tapes. Moreover, their costs of production and maintenance (about hundreds of
PetaBytes of data produced per year) would be too high. Trigger and DAQ system select
a few hundred events per second for recording to a permanent storage for later study.
In order to do this, the DAQ system has to transport and assemble the event data from
the front-end bu ers to the recording on disk. To reduce the ow of data to manageable
levels, ATLAS Run 2 Trigger started to exploit an event selection system based on a
multi-level trigger: Level-1 (L1), Level-2 (L2) and Event-Filter (EF). The L1 trigger is
hardware-based and processes data from the calorimeter and the muon detectors; more
precisely the data to trigger comes from the RPC and the TGC chambers. The L1
trigger decision is taken by the Central Trigger Processor (CTP), which receives inputs
from the L1 calorimeter (L1Calo) and L1 muon (L1Muon) triggers as well as several other
subsystems like the Minimum Bias Trigger Scintillators (MBTS) [25], LUCID Cherenkov
counter and the ZDC. This set of sub-detectors gives the trigger signatures as high-
muons, electrons/photons, jets, leptons decaying into hadrons and missing transverse
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energy. The data passing through the hardware are subjected to discrimination by the
ReadOut Driver (ROD) structure which applies fragment building and associated error
detection, data checking, transformation and monitoring. Then the data are received
by a readout device called Read-Out System (ROS) which sends the information to the
High-Level-Trigger (HLT), a set of the two subsystems: the Trigger Level-2 and Event
Filter trigger. HLT is a processor farm exploiting 28k CPU to rapidly investigate the
Region-of-Interest (Rol, and ) identi ed by the L1. The rate of the data ow here is
reduced to approximately 50 kHz, with a decision time for each collision @f s from
the collision itself. The hardware-programmable coincidence logic rules are six mygn
threshold for this part of the trigger, three for the 6-9 GeV (lowpr) and three for the 9-35
GeV (high pr). The L2 trigger is software-based and operates from a large farm of about
40k CPU cores. Informations of Rols from L1 can be used for regional reconstruction by
the trigger algorithms. It can reach a rate less than 5 kHz in periods lower than 50 ms.
Eventually, the Event Filter is the nal stage of the trigger chain. It gives the possibility
to reach 30 Hz in 4 s, that is the standard time of the o -line event reconstruction of the
ATLAS TDAQ. The HLT achieves a further reduction to 0.4-1 kHz. After the events are
accepted by the HLT, they are transferred to local storage at the experimental site and
exported to the Tier-0 facility at CERN's computing centre for o ine reconstruction.
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Chapter 3

ATLAS Phase-Il upgrade

High-Luminosity upgrade has the aim to expand the LHC research area for physics
beyond the Standard Model. After the end of Run 3 the accelerator will be pushed to
and beyond its structural limits in terms of peak of luminosity, pile-up and proton-proton
collision energy. In order to keep up with these new conditions, the ATLAS experiment
requires an upgrade in terms of sensitivity and precision of its detectors. The most
important modi cations planned for this so-called Phase-Il involve the Trigger and Data
Acquisition system, the Inner Tracker system, the Calorimeters (both the Liquid Argon
and the Tile one) and the Muon Spectrometer.

3.1 Upgrade proposals

Physics research of the ATLAS detector during Phase-II will include:

~ Precision measurements of the properties of the Higgs Boson (i.e. the coupling of
fermions or self-coupling);

" Precision Standard Model measurements, (i.e. top mass and cross-section);
" Searches for Beyond Standard Model (i.e. Super Symmetry or long-lived particles);
" Flavour physics (i.e. rare B-meson decay);

" Heavy-lon Physics.

26
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HL-LHC will represent an extremely challenging environment to the ATLAS experiment.
All modi cations required to sustain this run period will be done during the Long Shut-
down 3 (LS3) that targets to step forward in sensors, hardware, rmware, software and
strategies to reach values of the LHC parameters one order of magnitude higher even
than those planned. For example, the total integrated luminosity expected is at least
3000fb !, compared to the300fb ! of Run 3. As a consequence, data collected during
the HL-LHC run will be ten times that of the initial design, by around 2030. In order

to endure this new operational phase of working, the ATLAS experiment will require an
upgrade as well. Exploring the new HL-LHC scenario, technical limits of the LHC capa-
bilities give the possibility to study the performances of the detector through simulations,
which ensures also that the Phase-IlI detector upgrade is able to take advantage of the
ultimate luminosity. The ATLAS collaboration rstly gave a description of the initial
plan for the Phase-Il upgrade of the detector in the Letter of Intent (Lol) in 2012. Since
then, the collaboration has been improving and re ning the initial proposals consider-
ing that the possible development of the upgrade will depend on the actual maximum
luminosity reached and on the mean number of interactions per bunch-crossing.

The most important upgrades planned by the ATLAS collaboration involve the Trig-
ger and Data Acquisition (TDAQ) and the Inner Tracker (ITk) system, which are also
the most expensive components of the whole detector. Other changes will be carried out
in the Calorimeters (both the Liquid Argon and the Tile one) and in the Muon Spec-
trometer (MS). Some of the sub-detectors will be completely replaced but, in other cases,
such as the most new sub-detectors and for the ones which can sustain the high pileup,
only the electronics for the readout will be substituted. The new sub-detectors design is
driven by the instantaneous Luminosity of7:5 10** cm 2 s 1, letting a 3000-4000fb *
of integrated luminosity with a pile-up of 200. The detecting strategy will be analogous
as the current experiment, with a similar kind of set up, with detectors placed at the
same distance to the interaction point. Thg j coverage will slightly change as: the Inner
Tracker will sample data fromj j = 4, the Muon Spectrometer will receive new RPC
allowing to reachj j < 1 and the new High Granularity Timing Detector is planned to
cover 2.4 < < 4:0. The following sections focus on ATLAS Phase-ll most relevant
upgrades planned for this new working period of HL-LHC.
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