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Kurzfassung

Das Européische Zentrum fiir Teilchenphysik (CERN) baut momentan einen
neuen Speicherring fiir Hadronen, den LHC, in dem zwei Protonenstrahlen mit
14 TeV Schwerpunktsenergie zur Kollision gebracht werden. Die Erforschung
dieser hohen Energien wird ein neues Kapitel der Teilchenphysik aufschlagen.

Der ATLAS Detektor ist ein Universaldetektor fiir Proton-Proton Kollisio-
nen. Das elektromagnetische fliissig Argon-Blei Kalorimeter (LAr Kalorimeter)
misst die Energie und Position von Elektronen und Photonen und das hadronis-
che Szintillator-Eisen Kalorimeter (TileCal) die Energie und Richtung von Jets.
Beide Kalorimeter sind in der ATLAS Kaverne installiert und werden zur Zeit
iiberpriift und in Betrieb genommen.

Um Tests mit TileCal in einer frithen Phase beginnen zu kénnen, bevor
das endgiiltige Datenerfassungssystem verwendet werden konnte, wurde ein mo-
biles Datenerfassungssystem (MobiDAQ) im Rahmen der Dissertation entwickelt.
Es ist in der Lage acht Module von TileCal parallel auszulesen und die Elek-
tronik systematisch zu testen. Auflerdem wird es dazu verwendet Messungen
mit Myonen, die durch kosmische Strahlung in der Erdatmosphare entstehen,
durchzufiihren.

Im Rahmen der Analyse der Myonmessungen mit MobiDAQ werden die typ-
ischen Energieverteilungen der Myonen in TileCal rekonstruiert. Dariiber hinaus
werden Anwendungen von kosmischen Myonen vorgestellt, die zur ["Jberpriifung
von TileCal dienen. Die Zeitauflosung von TileCal ist mit rund 2 ns ausreichend,
um die Zellen des LAr Kalorimeters mit kosmische Myonen zu synchronisieren.

Der Hauptteil der Dissertation beschaftigt sich mit der Frage, ob Myonen zur
Zellkalibration der Kalorimeter verwendet werden konnen. Myonen deponieren
im durchquerten Material eine wohldefinierte Energie, die als Referenzsignal di-
enen kann. Es wird gezeigt, dal die deponierte Energie der Myonen auf eine
Genauigkeit von wenigen Prozent verstanden werden kann.

Messungen von Myonen in einem Teilchenstrahl und eine Monte Carlo Sim-
ulation werden dazu verwendet, die Abhangigkeit der deponierten Energie von
Faktoren wie der Myonenergie, der Zellgeometrie und des Eintrittspunktes der
Myonen zu studieren. Mehrere Korrekturen werden vorgestellt, die auf die Sim-
ulation und die gemessenen Daten angewendet werden miissen. Die mittlere,
gemessene Energie im Teilchenstrahl und in der Simulation stimmen auf rund



2% iiberein. Dies ist ein auflergewohnliches Ergebnis fiir die Beschreibung der
absoluten Skala durch eine Simulation. Die wahre deponierte Myonenergie wird
aus der gemessenen Energie berechnet und mit dem aus grundlegenden Formeln
berechneten Energieverlust von Myonen verglichen. Die Ubereinstimmung betrigt
rund 4%.
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Abstract

The Large Hadron Collider (LHC) currently under construction at the European
Organization for Nuclear Research (CERN) in Geneva will collide two proton
beams with a center-of-mass energy of 14 TeV. At this high energy frontier a new
chapter of particle physics will be opened. The ATLAS experiment is a general-
purpose LHC detector for proton-proton collisions. The electromagnetic liquid
argon-lead sampling calorimeter (LAr Calorimeter) is designed to measure the
energy and position of electrons and photons with high precision and the hadronic
scintillator-iron sampling calorimeter (TileCal) complements the measurement of
the energy and direction of jets. Both calorimeters are installed in the ATLAS
experimental cavern and are presently being commissioned.

To be able to start the commissioning of the TileCal in an early phase, even
before the final electronic readout system was available, a mobile data acquisition
system (MobiDAQ) was developed in the context of this PhD-thesis. It is capable
of reading up to eight TileCal modules and performs systematic tests to verify
the electronics. In addition it can record data from cosmic ray muons in the
ATLAS experimental cavern.

The muon data from the cosmic ray measurements taken with the MobiDAQ
system are analyzed. The typical energy distribution of the muons is recon-
structed. The time resolution in TileCal is determined to be about 2 ns and it
is shown that it is possible to synchronize the cells of the LAr Calorimeter with
cosmic muons using TileCal as reference.

The main part of the thesis investigates to what extent muons can be used to
calibrate the calorimeter cells and to establish an absolute energy scale. Muons
traversing the calorimeters leave a well defined energy deposit that can serve as
a reference signal. It is shown that the mean measured energy of muons can be
understood at the percent level.

Muon data in the energy range of 20 to 350 GeV were obtained in a testbeam
where a slice of the ATLAS detector was installed. A Monte Carlo simulation
was used to study in detail the dependence of the muon energy deposition on the
muon energy, the cell geometry and the particle impact point.

The mean measured data are about 2% lower than the simulation for all
calorimeter layers and for muon energies between 20 and 150 GeV. Good agree-
ment between the LAr calorimeter and the TileCal is found. This is a remarkable
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accuracy on the absolute energy scale. The systematic uncertainty, as estimated
from the spread of the measurement in different layers and for different energies,
is less than 1.5%

The mean measured energies are corrected for several detector and reconstruc-
tion effects. The resulting true deposited energy is compared to a calculation
using first principles of energy lost by muons. An agreement of 4% is observed.
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Introduction

The Large Hadron Collider (LHC) presently being built at CERN will collide
protons with a center-of-mass energy of 14 TeV, an order of magnitude higher
than the energy at existing colliders. At this new energy frontier a new chapter
of particle physics will be opened.

Together with high collision rates, these high energies allow the production
and study of particles with high masses and high transverse momenta, as well
as other processes with low production cross-section. The LHC will search for
effects of new interactions at very short distances and for new particles beyond
the Standard Model of particle physics. The new energy frontier will provide
a challenge to our theoretical understanding of fundamental physics, but the
exploration of its physics potential is also a challenge for the detectors.

Calorimeters will play a crucial role at the LHC. They absorb particles which
interact via the electromagnetic or strong force and measure their energies. Elec-
tromagnetic calorimeters measure the energy and position of electrons and pho-
tons while hadronic calorimeters measure the energy and direction of jets, which
consist of a group of hadrons. In addition, they assist in the particle identifi-
cation, i.e. the separation of electrons and photons from hadrons and jets, and
they measure the missing transverse energy needed to reconstruct particles that
escape detection, like neutrinos. Due to their fast response they are used for event
selection at the trigger level. The energy resolution of calorimeters improves with
energy making them very suitable for high energy experiments.

The ATLAS experiment is one of four detectors currently being built for
the LHC. The ATLAS calorimeter system consists of an electromagnetic liquid
argon-lead calorimeter (LAr calorimeter) and hadronic calorimeters composed of
scintillator-iron in the barrel (TileCal) and liquid argon-lead in the endcaps. The
LAr calorimeter has a resolution of ~1% for 100 GeV electrons and the TileCal
has a resolution of 6% for jets at 100 GeV.

A good example of the stringent detector requirements at the LHC is the
search for the Standard Model Higgs boson for masses from the lower limit set
by previous experiments of 115 GeV up to the theoretical limit of ~1 TeV [1].
Over this full mass range, the detection of the Higgs will depend heavily on the
energy measurement in the calorimeters. At low Higgs masses myg < 600 GeV
the decay channels which are most promising for a discovery are be H — vy
and H — ZZ® — 41, which both depend mainly on the information of the
LAr calorimeter and set the most demanding requirements on its performance
in terms of energy resolution, precision of angular measurement and particle
identification capability. To achieve a mass resolution of =1% at 100 GeV the
energy resolution should be kept at the level of ~10%/+/FE(GeV) with a constant
term smaller than 1%. This is not easy to achieve with 200 000 readout channels.
At high Higgs masses my > 600 GeV the channels H — ZZ — Il vv and
H —- WW — [ v jet jet become most likely. These channels require an excellent
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missing transverse energy measurement and a good jet energy resolution.

Another example requiring a good calorimeter system is the single inclusive
jet cross-section [2]. Because of Heisenberg’s uncertainty principle high transverse
momenta test very short distances. Therefore a possible quark sub-structure or
a new short range interaction might be revealed at large transverse momenta. In
the first year of nominal luminosity of the LHC on the order of 10 jets with a
transverse momentum of 2.5 TeV will be produced. The signature of new physics
would be a deviation from the cross-section expected by a Standard Model calcu-
lation. The jet cross-section at high transverse momentum is steeply falling. For
jets with a transverse energy of 1 TeV an uncertainty of 1% (5%) on the absolute
energy scale introduces an uncertainty of 6% (30%) on the jet cross-section. A
mis-calibration of the calorimeter might therefore either dilute a possible presence
of new physics or be responsible for a wrong discovery claim. These values have
to be compared with a statistical uncertainty of 1% for an integrated luminosity
of 1 fb™! and a systematic uncertainty of about 10% from the limited knowledge of
the parton distribution functions in the proton. The parton density functions can
be constraint in the future by additional measurements at LHC and elsewhere.

A third example is the accurate measurement of the top mass [3]. LHC will
produce 80000 top quark pair events per day at nominal luminosity, since the
total top quark pair production cross-section is about 800 pb. Therefore the top
mass can be measured with very small statistical uncertainty and the accuracy
is only limited by systematic effects. Presently, the top quark mass has been
determined to be 171.4 &+ 2.1 GeV which is a precision of 1.2% [4]. Given an
uncertainty of 0 on the energy scale, an uncertainty of 0.7  E is introduced on
the top quark mass. Therefore the energy scale has to be known to better than
to 2% to improve the measurement of the top quark mass!.

In the TileCal a cell-to-cell miscalibration of 5% contributes 1.5% to the con-
stant term of the energy resolution [5]. The constant term becomes the dominant
factor at very high energies.

To have a calorimeter meeting all these requirements several points have to
be fulfilled:

Uniformity: the response of the individual cells (or 7-¢ region) has to be equal.

Linearity: the relative response in a given cell(or 7-¢ region) to the energy of
the impinging particle has to be the same for each energy.

Absolute energy scale: the mean energy has to be measured correctly.

For the TileCal 12% of the modules were calibrated in a testbeam with elec-
trons on the electromagnetic scale. However, there are several disadvantages to
the calibration with electrons:

!The calibration of the jets from the W-decay can be accomplished in situ using the W-
mass. Therefore, the biggest uncertainty comes from the measurement of the jet induced by a
b-quark.
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e The precise energy of the incident electrons is not known because of dead
material in front of the calorimeter.

e Electrons induce a signal only in the cells at the edges because their showers
are quickly absorbed.

e In proton-proton collisions in ATLAS, electrons do not reach the TileCal.

An alternative approach is to use muons to calibrate the calorimeter. They
provide a reference signal in the calorimeter cells with several advantages:

e The muon signal is well understood and can in first approximation be easily
calculated. Up to relatively high energies the dominant energy loss mech-
anism is ionization and the deposited energy is therefore approximately
constant and proportional to the traversed path length.

e Due to their penetrating nature muons leave signals in all cells of the
calorimeters along the muon track.

e A large number of muons are available in ATLAS e.g. from pp - ZX —
prum X

e The deposited energy has a smaller dependence on the muon energy than
electrons or pions.

e Muons from comic rays are available before the first LHC collisions.

Considering that calorimeters are large systems involving a large number of
cells, their calibration is a delicate task. Although in testbeams single calorimeter
modules can be well understood, the absolute calibration and the cell-to-cell cali-
bration of the whole calorimeter system has to be done in the actual experiment.

Several methods to calibrate the TileCal in situ have been suggested: they
either exploit the balance of the transverse energy to an object that can be
calibrated using the LAr calorimeter as for Z jet — ee jet or v jet — v jet, or
try to isolate single hadrons and compare the energy measured in the calorimeter
to the measurement of the track momentum.

In this thesis it is investigated to what extent muons can be used to calibrate
the cells of the calorimeters and to establish an absolute energy scale. Muons
traversing the calorimeters leave a well defined energy deposit that can serve as
a reference signal. For example, by comparing the expected energy deposition to
the measured result for each calorimeter cell, the energy scale can be established
or at least validated.

To first approximation the muon signal can be calculated by assuming that
the muon is a minimally ionizing particle. However, for the precision needed
in ATLAS this is too simplified. A muon loses energy not only via ionization,
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but also via radiative processes like bremsstrahlung and pair-production. The
relative contribution of these processes depends on the muon energy. While at
low energies a muon mainly deposits its energy via ionization, at high energies
the bremsstrahlung and pair-production processes give a significant contribution
to the total signal.

In addition to the calculation of the deposited muon energy the exact path
through the calorimeter has to be known. In particular due to complex geometry
of the ATLAS barrel calorimeters, where the absorber plates are either orthog-
onal to the beam axis (TileCal) or inclined by about 45° to the direction of the
impinging particle (LAr calorimeter), the knowledge of the path becomes crucial
since the sampling fraction can vary significantly for similar paths. Therefore the
sampling fraction has to be computed using the Monte Carlo simulation and the
impact point of the muons has to be known. An additional difficulty is that at
low energy (on the order of 10 GeV) the muons suffer from important multiple
scattering effects.

The possibility to calibrate calorimeters with muons either from a testbeam
or from cosmic rays has been investigated in the past in references [6] [7] [8] [9]
[10] [11].

The first chapter of this thesis shortly presents the CERN laboratory and the
LHC project which is currently under construction. It describes the ATLAS
experiment, one of the four detectors which will explore the new physics of the
LHC. In the second chapter the LAr calorimeter and the TileCal, both subjects
of this thesis, are presented.

The third chapter introduces the physics and nomenclature of calorimetry.
The main focus is on the interactions of muons with matter. The calibration
systems and procedures of the calorimeters are discussed in the fourth chapter.

The fifth chapter presents the MobiDAQ system, a mobile standalone data
acquisition system which was developed in the context of this thesis. It was used
to commission the TileCal modules before the final data acquisition system was
available. Additionally it allowed measurements of muons from cosmic rays with
TileCal, which are presented in the sixth chapter.

The seventh chapter presents the setup of the combined testbeam from the
year 2004 when for the first time all sub-systems of ATLAS were operated to-
gether. The measurements made in the testbeam provided the data which were
analyzed in this thesis. In the eighth chapter the software environment and the
Monte Carlo simulation used to simulate the measurements in the combined test-
beam are explained. In addition the influence of the detector geometry in com-
bination with the particle impact point is addressed. The ninth chapter presents
the strategy for using muons as a reference signal in the calorimeters. The muon
energy losses are discussed, the description of the data by the simulation is shown,
the sampling fraction of muons in TileCal is computed, the muon signals in the
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calorimeters are defined and the corrections which need to be applied to the de-
fault simulation and data are explained. Chapter ten presents the results of the
performed calibration studies. The degree of understanding of the muon signal
is discussed as well as the agreement of the data with the simulation and first
principles calculations. The eleventh chapter presents the conclusions.

xvii
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Chapter 1
CERN, LHC and experiments

1.1 CERN

After the second World War, Europe was scientifically leached, with most of
its scientists in exile. So the idea was born to unite the effort of European
countries and to build a joint Furopean research laboratory. Eventually CERN,
the European Organization for Nuclear Research, was founded in 1954 in Geneva,
right on the Swiss-French border.

CERN is the world’s largest particle physics center and currently includes 20
member states. In addition to the 3000 local employees, there are 6500 visiting
scientists who come to CERN for their research. They represent 500 universities
and over 80 nationalities, making CERN a truly international laboratory.

Among the many great achievements that can be attributed to CERN, the
most outstanding are the development of the World Wide Web and Nobel prizes
awarded to F. Bloch, S. Ting, C. Rubbia, S. Van der Meer, J. Steinberger and
G. Charpark.

1.2 The Large Hadron Collider

Already in the mid-1980’s, before LEP was operating, scientists around the world
started to think about an accelerator which would be capable of exceeding the
energies provided by LEP in order to probe even deeper into the properties of
matter. Finally, in 1994, the construction of CERN’s Large Hadron Collider
(LHC) was officially approved. This year marks the birth of the world largest and
most powerful accelerator which will provide proton-proton collisions at energies
10 times greater and collision rates 100 times higher than any previous machine.
The LHC is being installed in the existing LEP tunnel. According to the current
schedule the LHC is planned to have the first collisions before the end of 2007.
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Figure 1.1: Overview over the CERN accelerator facilities. Before the particles
are finally injected into the LHC they are pre-accelerated in other accelerators.



1.2.1 Design Parameters

The LHC is a proton-proton collider with a total collision energy in the center
of mass of 14 TeV and a designed luminosity of 10%* cm=2 s~! [12]. It will be
installed in the existing 27 km LEP tunnel and is scheduled to be operational in
2007. It will also provide heavy ion collisions (Pb) with a center of mass energy
of more than 1000 TeV.

Since the LHC will accelerate two proton beams moving in opposite directions,
two separate beam pipes are needed. They are both combined in a so-called “two-
in-one” design, whereby the two beam pipes and their corresponding sets of coils
are inserted in a unique structure and in a single cryostat.

In order to reach the desired energies very high magnetic fields have to be ap-
plied. In existing accelerators like the Tevatron (Fermilab) and HERA (DESY)
NbTi superconductor magnets are used and cooled with normal liquid helium to
temperatures slightly above 4.2 K. But the resulting magnetic fields of ~4 T are
too weak for the LHC. The only way to reach the required fields of above 8 T
and still to be able to keep the well-proven fabrication methods of NbTi super-
conductors is to cool the magnets at much lower temperature (< 2 K). Therefore
the superconducting NbTi magnets of LHC will be cooled with superfluid helium
at 1.9 K and a maximum operational field of 8.4 T can be reached. In total 1232
dipole magnets will be used each with a length of approximately 14.2 m.

Production rate of particles

The production rate (R) of particles is a statistical process and depends basically
on two factors: On the type of particles and their energy (represented by the
cross section - o) and the luminosity (L) following the formula [13]

R=o0L (1.1)
The luminosity is defined by the beam parameters:

1 N%f

- At Og0yl

(1.2)

N - the number of protons per bunch, f - the fraction of bunch positions
containing protons, ¢ - the time between bunches, o, and o, - the transverse
dimensions of the Gaussian beam profiles (horizontal and vertical).

All those parameters have to be optimized in order to get a satisfying pro-
duction rate of the processes of interest. LHC is designed to work with a bunch
crossing time of ¢ = 25 ns and each bunch will contain around N = 11 protons.
With 80% of the total number of bunch positions filled (f = 0.8) and a bunch
dimension of some 1m a final luminosity of 10** cm 2 s™! can be reached. Taking
the cross section of the proton-proton collisions into account there will be about
23 interactions in the center of the detectors per bunch crossing.
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Figure 1.2: Expected cross sections of selected channels for proton-proton colli-
sions as a function of the center of mass energy.

This high rate environment makes great demands on the different techniques
and technologies used for the four LHC detectors, in terms of radiation hardness,
readout speed and high performance trigger systems.

1.2.2 Physics expected at the LHC

One of the major goals of LHC is to search for the Higgs Boson. But also
searches for supersymmetric particles, high precision measurements of Standard
Model parameters and studies of CP-violation are on the schedule [14]. Some of
the major physic topics are listed below.

Higgs particle

In the Standard model particles receive their mass via the Higgs mechanism.
According to this, the whole space is filled with a "Higgs field’, and by interacting
with this field particles obtain their masses. The Higgs field has at least one
particle associated with it, the Higgs Boson.
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Direct searches have excluded a Higgs boson mass below 114.3 GeV ! [15]
and within the standard model it can not be heavier than ~1 TeV, making the
whole mass range accessible for LHC. Depending on the mass of the Higgs there
are different signatures which can be observed. Some of the best experimental
signatures for observing the Higgs are expected to be:

o for my < 120 GeV

H — vy
H —bb

o for myg < 800 GeV

H — ZZ%) — 4]
H—= Z7 = llvy

e for my ~1TeV

H—>WW —lvjj
H— Z7Z —lljj

Supersymmetry (SUSY)

Supersymmetry is an extension of the Standard Model where every particle has
a supersymmetric partner. If SUSY exists, many of the supersymmetric particles
like squarks and gluinos are expected to be produced at the LHC.

High-precision top quark measurements

The LHC has a significant potential of performing high-precision top quark mea-
surements. Even at moderate luminosity during the first years of operation (1033
cm~2 s71), about 107 ¢¢ pairs will be produced per year which provides excellent
statistics for high-precision measurements.

B-physics

Although not particularly designed for it, LHC will work as a b-quark factory.
The available statistics will allow a very wide program of b-quark physics to
be performed. One of the LHC experiments - LHCD - is specially dedicated to
b-physics.

Lat 95% confidence level



1.2.3 Experiments at the LHC

In total four experiments will be installed at the LHC accelerator: ATLAS, CMS,
ALICE and LHCb.

ATLAS and CMS are general-purpose proton-proton detectors with similar
physical goals but different design. The main difference lies in the magnet system
which strongly influences the geometry of the detectors. ALICE and LHCb are
two specialized detectors. ALICE is specialized on heavy ion (Pb-Pb) collisions
and LHCDb focuses on B-physics and the connected CP-violation.

More details about the detectors can be found in the technical design reports:
for ATLAS [14], for CMS [16], for ALICE [17] and for LHCb [18].

CMS

The Compact Muon Solenoid (CMS) is also a multi-purpose experiment for
proton-proton collisions. With a length of 22 m and a height of 15 m CMS is
smaller than ATLAS. Nevertheless its weight is almost two times the weight of
ATLAS, namely 12500 t. The detector will be built around a 13 m long super-
conducting solenoid with a bore of 5.9 m and a nominal magnetic field strength
of 4 T, leading to a compact design of the muon spectrometer and giving the
detector its name Compact Muon Solenoid.

ALICE

ALICE (A Large Ion Collider Experiment) is a general-purpose heavy-ion de-
tector designed to investigate Pb-Pb collisions. With ALICE it will be possible
to study the physics of strongly interacting matter at high energy density and
it might reveal the existence of the quark-gluon-plasma. The energy density in
Pb-Pb collisions will be equivalent to the energy density in our universe shortly
after the big bang. An interesting aspect of ALICE is that it will reuse parts of
the L3 experiment which was running at LEP.

LHCb

LHCDb is designed to study CP violation and other rare phenomena in decays of B
mesons. These studies are not only interesting for elementary particle physics but
also for cosmology, in order to explain the dominance of matter over antimatter
in our universe. LHCb works at much lower luminosity (102 ¢cm™2 s7!) than
the nominal luminosity of LHC. Therefore it is possible to reach its full physics
potential already in the beginning of LHC operation.

ATLAS

The ATLAS experiment is explained more in detail in the following section.



1.3 The ATLAS detector

The ATLAS (A Toroidal LHC ApparatuS) detector is a general-purpose experi-
ment for proton-proton collisions designed to investigate the full range of physical
processes at the Large Hadron Collider (LHC) ([14], [19]). With its length of 45 m
and its height of 22 m it is one of the largest and most elaborate particle physics
experiments ever built. Its main parts are the Inner Detector, surrounded by
a super-conducting solenoid, the Calorimeters and the Muon Spectrometer with
its gigantic superconducting air-core toroids. All those components together will
have a weight of 7000 t. It is designed to work at high luminosity (1034 cm 2s71)
and beam crossings every 25 ns. To meet the high requirements of this environ-
mental conditions highly sophisticated technologies and specialized materials are
required. The commissioning of the ATLAS detector is planned for the end of
the year 2007 with a proton beam energy of 900 GeV. In spring 2008 the first
collisions at 14 TeV are expected.

Major focus of interest will be the origin of mass. The detector optimization
is therefore guided by issues such as sensitivity to the largest possible Higgs mass
range. Other important objectives are the search for heavy W- and Z-like objects,
for supersymmetric particles, for compositeness of the fundamental fermions, as
well as the investigation of CP violation in B-decays, and detailed studies of the
top-quark. Furthermore the detector can cope with a broad variety of possible
physics processes and is expected to have a high potential for the discovery of
new, unexpected physics.

The predefined objectives resulted in the following basic design criteria.

e Very good electromagnetic calorimetry for electron and photon identifica-
tion and measurements, and additionally full-coverage hadronic calorimetry
for accurate jet and missing transverse energy (E7™°%) measurements;

e High-precision muon momentum measurements at the highest luminosity
using the external muon spectrometer alone;

e Efficient tracking at high luminosity for high-pr lepton-momentum mea-
surements, electron and photon identification, 7-lepton and heavy-flavor
identification, and full event reconstruction capability;

e Maximum geometrical coverage

e Triggering and measurements of particles at low-py thresholds, providing
high efficiencies for most physics processes of interest at LHC;

Information about the overall detector concept can be found in the ATLAS
TDR for Technical Co-ordination [20] and in the (already older) ATLAS tech-
nical proposal [14]. More detailed information about the ATLAS subsystems is
presented in the Technical Design Report (TDR) of each subsystem ([21], [22],
[23], [5], [24], [25]).
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Figure 1.3: Overall layout of the ATLAS detector. With its length of 45 m, its
height of 22 m and its weight of 7000 t it is one of the largest and most elaborate
particle physics experiments ever built.

1.3.1 Magnet System

The ATLAS superconducting magnet system consists of a central solenoid (CS)
providing the magnetic field for the Inner Detector and of three large air-core
toroids generating the magnetic field for the Muon Spectrometer. The magnets
are indirectly cooled by helium at 4.5 K which is provided by a central refrigera-
tion plant located in the side cavern.

The CS is positioned in front of the electromagnetic calorimeter and has to
be as thin as possible in order to achieve the desired calorimeter performance.
Therefore the CS is integrated in the vacuum vessel of the liquid Argon calorime-
ter, eliminating two additional vacuum walls. The nominal strength of its central
field is 2 T with a peak magnetic field at the superconductor of 2.6 T. It is
energized by a 8 kA power supply.

The three air-core toroids are divided into one barrel toroid (BT) and two end-




cap toroids (ECT). Each toroid consists of eight racetrack, double-pancake coils
assembled symmetrically around the beam axis. The coils of the barrel toroid
are integrated in individual cryostats whereas the end-cap toroids are placed in
one large cryostat each. The peak magnetic fields on the superconductors in the
barrel toroid and end-cap toroid are 3.9 and 4.1 T respectively. The toroid coil
system is powered by a 21 kA power supply.

To achieve the desired high magnetic fields an aluminum-stabilized Nb'Ti su-
perconductor is used. It is housed in the center of an aluminum alloy casing
to provide sufficient mechanical strength. To avoid overheating of the coils an
adequate and proved quench protection system has been designed.

1.3.2 Inner Detector

The ATLAS Inner Detector consists of three different types of detectors. At the
inner radii two high-resolution detectors are used to perform high-precision mea-
surements whereas at the outer radii continuous tracking elements are installed.
The three parts of the inner detector are contained in the central solenoid which
provides a nominal magnetic field of 2 T. Its purpose is to provide pattern recog-
nition, momentum and vertex measurements and electron identification. The
Inner Detector is shown in figure 1.4.

Given the momentum and vertex resolution requirements and the very large
track density at the LHC, fine-granularity detectors are needed to be able to work
with sufficient precision. Therefore semiconductor tracking detectors were cho-
sen, applying pixel and silicon microstrip (SCT) technologies. Since the amount
of material should be minimal and because of the high costs the number of pre-
cision layers must be limited. At the outer radii a straw tube tracker (TRT) is
implemented to provide continuous track-following with little material per point
and at low costs. A typical particle track crosses three pixel layers and eight strip
layers (equal to four space points). Additionally around 36 tracking points are
provided by the straw tubes. Although the straw tubes have a lower precision per
point compared to the silicon trackers, they compensate that by a large number
of measurements and a higher average radius. Those techniques combined give a
robust pattern recognition and a very good resolution.

The outer radius of the Inner Detector cavity is 115 cm and its total length
is 7m. It is divided into one barrel part and two identical end-caps on either
side. In the barrel, the high-precision layers are arranged in concentric cylinders
around the beam axis. In the end-caps they are mounted on disks perpendicular
to the beam axis. Similarly the straw tubes are adjusted parallel to the beam
axis in the barrel and radially in the endcaps. The layout of the Inner Detector
provides a full tracking coverage over n > 2.5 2.

2The polar angle measured from the beam axis (©) is usually expressed in terms of pseudo-
rapidity: n = —In(tan 2).
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Figure 1.4: Cut through the ATLAS Inner Detector. It consists of two differ-
ent high-resolution detectors at the inner radii (Pixel Detector, Semiconductor
Tracker (Silicon Strip Detector)) and continuous tracking elements (Transition
Radiation Tracker) at the outer radii.

Pixel Detector

The pixel detector consists of three barrels at radii of 4 cm, 10 cm and 13 ¢cm and
five disks on each side between radii of 11 cm and 20 cm. A total of 140 million
pixels, each 50 pm in Re¢ direction and 300 pm in z, will provide the required
resolution for the highly crowded LHC environment. Since the pixel detector is
the innermost component its readout chips have to withstand over 300 kGy of
ionizing radiation and over 5x10'* neutrons per cm? during 10 years of operation.

Silicon Strip Detector

The silicon strip detector (SemiConductor Tracker - SCT) in the barrel part is
mounted on carbon-fiber cylinders at radii of 30.0, 37.3, 44.7 and 52.0 cm. In the
end-caps they are mounted in up to three rings onto nine wheels. The 61 m? of
silicon detectors, with 6.2 million readout channels have a resolution of 16 pm in
R¢ direction and 580 pm in z. Tracks can be distinguished, if separated by more
than ~200 pm.
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Transition Radiation Tracker

The transition radiation tracker (TRT) is divided into a barrel section and several
wheels in each end-cap. It consists of 420 000 straws, each with a diameter of
4 mm. Transition-radiation photons are created in a radiator between the straws
and are used for electron identification. The drift-time measurement gives a
spatial resolution of 170 pm per straw and two independent thresholds. These
allow the detector to distinguish between transition-radiation hits and tracking
hits. The TRT is operated with a special Xe-CO,-CF, gas mixture. A primary
concern was to obtain good performance at high occupancy and counting rates.
This was achieved with a small straw diameter and with isolation of the sense
wires within individual gas volumes.

1.3.3 Muon Spectrometer

The ATLAS muon spectrometer measures the magnetic deflection of muon tracks
in the three large superconducting air-core toroid magnets. The layout is shown
in figure 1.5. For this measurement it uses two types of trigger chambers and two
types of high-precision tracking chambers.

A major constraint for the design of the muon spectrometer was the expected
high level of particle flux in LHC. Trigger and reconstruction algorithms had to be
optimized for the high radiation backgrounds, mostly neutrons and photons, pro-
duced from secondary interactions in the calorimeters, shielding material, beam
pipe and LHC machine elements. The level of particle flux together with the
selected benchmark processes defined the requirements for the spectrometer such
as

e very good intrinsic momentum resolution

high rate capability

adequate aging properties

sufficient granularity

radiation hardness

The magnetic field for the muon spectrometer can be seen consisting of three
parts. In the barrel region (| | < 1.0) the magnetic field is produced by the
large barrel toroid. In the end-cap region (1.4 < | n | < 2.7) the tracks are bent
by two smaller end-cap magnets. The region between 1.0 < | | < 1.4 is called
“transition region”. There the magnetic bending is provided by the combination
of the other two magnetic fields.

In the barrel region the muon chambers form three cylinders concentric with
the beam axis. They are positioned at radii of about 5, 7.5 and 10 m. The end-
cap chambers are arranged in four vertical disks at distances of 7, 10, 14 and
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Figure 1.5: The layout of the muon spectrometer is shown. It uses four different
chamber technologies to measure the deflection of muon tracks in the magnetic
field created by the three superconducting air-core toroids.

21-23 m from the interaction point. The outer muon chambers define the size of

the ATLAS detector.

The high-precision muon track measurement is provided by the Monitored
Drift Tubes (MDT) over most of the n-range. Only at large 1 and close to
the interaction point, Cathode Strip Chambers (CSC) are used because of the
demanding rate and background conditions. For the trigger system Resistive
Plate Chambers (RPC) are used in the barrel and Thin Gap Chambers (TGC)
in the end-cap regions. They cover the range | 7 | < 2.4. The trigger chambers
serve three main purposes:

e identification of the bunch crossing and therefore requiring a better resolu-
tion than the LHC bunch spacing of 25 ns

e a trigger with well-defined pr cut-off in moderate magnetic fields

e measurement of the coordinate in the direction orthogonal to the one mea-
sured by the precision chambers, with a resolution of about 5-10 mm
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Monitored Drift Tube chambers

The MDT chambers consist of a 30 mm diameter aluminum tube with a central
W-Re wire. They are operated at 3 bar absolute pressure with a non-flammable
mixture of Ar-CO,. They provide a maximum drift time of ~700 ns, excellent
aging properties and a single-wire resolution of ~80 pm. The tube lengths vary
from 70 to 630 cm and the tubes are positioned orthogonal to the R-z plane in
both the barrel and end-cap region. That allows a high-precision measurement
of the axial coordinate (z) in the barrel and the radial coordinate (R) in the
transition and end-cap region.

Cathode Strip Chambers

The CSCs are multiwire proportional chambers with symmetric cells. The cath-
ode is segmented into strips orthogonal to the anode wires. Due to the avalanche
effect around the anode wire, charge is induced into the cathode and by charge
interpolation between neighboring strips a high-precision measurement can be
accomplished, resulting in resolutions better than 60 pm. The chambers are op-
erated with a non-flammable mixture of Ar-CO,-CF,. Advantages of the CSC
are small electron drift times, good time resolution, good two-track resolution
and low neutron sensitivity. The measurement of the transverse coordinate is
performed by the second cathode which consists of strips parallel to the anode
wires.

Resistive Plate Chambers

The RPCs consist of a narrow gap formed by two parallel resistive plates. The
gap is filled with non-flammable gas based on CyHsF4. Through a high elec-
tric field between the plates, primary ionization electrons are multiplied into
avalanches and form a current of typical 0.5 pC. The signal is read out via ca-
pacitive coupling of metal strips on both sides of the chamber. Similar to the
CSCs the cathode strips of one side are orthogonal to the ones on the other side
to achieve a two coordinates measurement. Advantages of the RPCs are a sim-
ple mechanical structure as well as good transmission properties of the readout
strips. Terminators on both ends avoid signal reflections resulting in excellent
intrinsic time resolution.

Thin Gap Chambers

The TGCs are similar to multiwire proportional chambers but have slightly differ-
ent dimensions. The chambers are operated with a highly flammable gas mixture
of CO5-nCsHy,, therefore adequate safety precautions have to be taken. The
electric field configuration and the small dimensions provide a short drift time
and thus a good time resolution. Other advantages are the small sensitivity to
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mechanical deformations which lowers the costs, small dependence of the pulse
height on the incident angle and nearly Gaussian pulse height distribution.

Alignment

The alignment of the muon spectrometer is another crucial point that has been
taken care of. To achieve the required momentum resolution a stabilization of the
dimensions and positions of the chambers at the 30 pm level has to be provided.
However this is not possible over the large dimensions of the muon spectrometer.
Therefore an optical alignment system was developed to monitor the chamber
deformations and positions. These data will be used later for correction in the
offline analysis.

1.3.4 Electromagnetic Calorimeter

The electromagnetic calorimeter is subject to this thesis and described in section
2.1.

1.3.5 Hadronic Calorimeters

The Hadronic Calorimeters are adapted to the varying requirements and radiation
environments in ATLAS. Therefore there are three different hadronic detectors,
namely the Tile Calorimeter, the LAr Hadronic End-cap Calorimeter (HEC) and
the LAr Forward Calorimeter (FCAL). HEC and FCAL were chosen for the
larger pseudorapidities where higher radiation resistance is needed because of the
intrinsically radiation-hard LAr technology.

The major goals of the hadronic calorimetry are:

e to identify jets and measure their energy and direction
e to measure the total missing transverse energy (E75%)

e to enhance the particle identification of the EM calorimeter by measuring
quantities such as leakage and isolation

One important parameter to achieve this goals is the hadronic calorimeter
thickness. Measurements and simulations showed that the total thickness of 11
interaction lengths () is sufficient to reduce punch through to the muon system
and provide good containment for hadronic showers.

Tile Calorimeter

The Tile Calorimeter is subject to this thesis and described in detail in section
2.2.
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LAr Hadronic End-Cap Calorimeter

The HEC covers the region &~ 1.5 < |7 |< 3.2. It is a copper - LAr calorimeter
with parallel-plate geometry. Each HEC consists of two independent wheels of
outer radius 2.03 m. The wheel nearer to the interaction point is built out of
25 mm copper plates whereas the second wheel which is farther away has a coarser
granularity and uses 50 mm plates. Each wheel is made out of 32 modules. The
weight of the first wheel is 67 t, the second wheel has 90 t. The intrinsic energy
resolution for pions was measured in the testbeam [26].

LAr Forward Calorimeter

The FCAL is designed to work in the range 3.1 < |n|< 4.9, very close to the
beam pipe. Therefore it has to cope with a particularly high level of radiation.
It consists of a metal matrix with regularly spaced longitudinal channels filled
with concentric rods and tubes. The rods are at positive high voltage while the
matrix and the tubes are grounded. The FCAL is divided into three sections,
the first one made of copper and the other two made of tungsten. The number
of channels is 3584 for the total of both sides.
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Chapter 2

The ATLAS calorimeter system

An overviw of the calorimeter system of ATLAS can be seen in figure 2.1. The
ATLAS calorimeters will play a leading role in the reconstruction of physics chan-
nels of prime interest. In this thesis measurements with the electromagnetic liquid
argon calorimeter and the hadronic tile calorimeter are discussed. Therefore both
calorimeters are presented in this chapter.

Hadronic Tile Calorimeter

LAR Forward Calorimeter

LAr Hadronic End-Cap
Calorimeter

Figure 2.1: Overview of the calorimeter system in ATLAS. Electromagnetic and
Hadronic Calorimeters are shown. In the inner part the Inner Detector with its
components is also visible.
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2.1 The ATLAS Electromagnetic Liquid Argon
Calorimeter - LAr

The ATLAS Electromagnetic Liquid Argon Calorimeter (LAr) is divided into a
barrel part (| 7 | < 1.4575) and two end-caps (1.375 < | n | < 3.2) [23]. It is
a lead-liquid argon sampling calorimeter, highly granular and using accordion-
shaped Kapton electrodes. The accordion structure allows the detector to have a
hermetically uniform azimuthal coverage and constant gap sizes. The signal and
high voltage cables are routed to the front and back side of the detector, there
are no cables inside the detector.

The barrel calorimeter consists of two identical half-barrels, separated by a
small gap at z = 0 whereas the two end-caps are divided into two coaxial wheels.

The barrel calorimeter is placed inside a barrel cryostat, which surrounds
the Inner Detector. The central solenoid which provides the magnetic field for
the Inner Detector is integrated in the barrel cryostat in order to minimize the
material in front of the LAr calorimeter and to achieve the desired calorimeter
performance. As a consequence the total material seen by an incident parti-
cle before the LAr calorimeter is about 2.3 X, at n = 0 and increases with 7,
since the path the particle traverses increases with the angle. The end-cap LAr
calorimeters are contained in two end-cap cryostats together with the hadronic
end-cap LAr calorimeter and the forward calorimeter. The total thickness of the
LAr calorimeter in the barrel and in the end-cap regions is > 24 X, and > 26 X,
respectively.

The main requirements for the LAr calorimeter are:

e large rapidity coverage to maintain excellent acceptance

e optimal segmentation for good electron and photon identification, position
resolution and small electronic noise and pile-up contributions

e adequate dynamic range from 35 MeV to 3 TeV per cell
e excellent energy resolution

e sufficient calorimeter thickness to avoid shower leakage
e high angular resolution to measure the shower direction

The absorber is made of steel coated lead and serves as grounding. The
readout electrodes consist of three copper layers which are separated by Kapton.
The two outer layers carry the high voltage while the inner layer collects the
signal by capacitive coupling.

The calorimeter is segmented into 150000 cells, a trade-off between adequate
position resolution and complexity of the readout system. In phi the cells are
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Sampling An A¢ (# of electrodes) | Depth in X,
Front | 0.025/8 97 /64 (16) 95-4.5
Middle | 0.025 97 /256 (4) 16.5- 19
Back 0.05 97 /256 (4) 14-7

Table 2.1: Granularity of the samplings of the electromagnetic barrel calorimeter.

formed by grouping readout electrodes, in eta and in depth the cells are formed
by etching, similar to a printed circuit.

The barrel is divided into three longitudinal samplings, the front (also called
“strips”), middle and back sampling. To achieve the requirements for the high
precision measurement the front sampling is segmented into very narrow strips
but is coarse in phi. The middle sampling is the thickest one and the back
sampling serves mostly to catch shower tails. The granularity of the samplings
is summarized in table 2.1.

Additionally a presampler is installed in front of the first sampling. It is a thin
(11 mm) active layer of liquid argon and allows to correct for upstream energy
loss.

2.2 The ATLAS Hadronic Calorimeter - TileCal

The ATLAS Hadronic Tile Calorimeter (TileCal) is a non-compensated sampling
calorimeter made out of steel and scintillating tiles, functioning as absorber and
active material respectively, in a ratio of approximately 4 to 1 [5]. It covers the
pseudorapidity range of | n | < 1.6. Its major task will consist in identifying
jets and measuring their energy and direction, as well as to contribute to a good
measurement of missing energy. The goal for the intrinsic resolution of jets is [5]

AE  50%
E VE

This is not an easy task at LHC since the large center of mass energy (14 TeV)
requires good performance over an extremely large dynamic range extending from
a few GeV, deposited by traversing muons, to several TeV, deposited by highly
energetic jets.

The hadronic calorimeter will help to separate electrons and photons from
jets by vetoing events with large energy deposits behind an identified electron or
photon in the LAr calorimeter. The segmentation of dn x d¢ = 0.1 x 0.1 allows
an efficient hadron leakage cut, needed for electron and photon identification.
The granularity of the calorimeter will additionally minimize effects due to the
non-compensation and restore linearity of the energy response to hadron showers
by weighting techniques at the level of 1-2 %.

+ 3%. (2.1)
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A large fraction of the radiation produced by the high interaction rate of
the order of 10° interactions per second per collision point will be absorbed by
the Tile Calorimeter. Therefore the used materials and the front-end electronics
have to be radiation tolerant of the expected dose to ensure operation during the
lifetime of the experiment.

Additionally the calorimeter has to absorb all particles except muons in front
of the Muon Spectrometer to make the muon identification easier, thus requiring
a thickness of about 11 A (hadronic interaction length) - including other sub-
detectors placed in front of the Tile Calorimeter - at n = 0.

In all previous tile sampling calorimeters, the tiles are placed orthogonal to
the particle trajectories, which makes the readout of the light difficult while
maintaining detector hermeticity. In the case of ATLAS TileCal this problem
is solved with scintillating tiles which are placed perpendicular to the colliding
beam and staggered in depth, as it can be seen in figure 2.3. This special setup
provides a high homogeneity.

Finally, the calorimeter will form part of the ATLAS level-1 (LVL1) trigger
system. Therefore a fast readout system is required.

Detailed information about the Tile Calorimeter can be found in [5].

2.3 Mechanics

The TileCal is a laminated steel structure with pockets at periodic intervals
to contain the scintillating tiles. The highly periodic structure allows the con-
struction of a large detector by assembling smaller sub-modules together. It
is a self-contained unit with the readout electronics fully contained within the
calorimeter. In addition to the function as absorber, the steel structure also
provides the magnetic flux return yoke for the ATLAS solenoid magnet.

The calorimeter consists of a cylindrical structure with an inner radius of
2.28 m and an outer radius of 4.23 m. It is subdivided into three sections, into a
5.64 m long barrel part covering | n | < 1 and two 2.65 m long extended barrels on
each side, extending the rapidity coverage to | n | < 1.6. Each section consists of
64 independent azimuthal wedges called “modules”, illustrated in figure 2.2. The
total weight is about 2900 tons. Between the three sections there are gaps of 70 cm
which are only partially instrumented with the Intermediate Tile Calorimeter
(ITC). These gaps provide space for cables and services (e.g. cryogenics) for the
innermost detectors.

Each of the modules is built out of repeating elements called “sub-modules”,
which are built out of periods of scintillator and iron plates. A central barrel
module consists of 19 such sub-modules whereas the extended barrel modules
of 10. A period has four layers. The first and the third layer consists of large
trapezoidal steel plates (master plates), 5 mm thick and spanning the full radial
dimension of the module. In the second and fourth layer, smaller trapezoidal steel
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Figure 2.2: View of the ATLAS Hadron Calorimeter (TileCal). It is divided
into three cylinders, one barrel and two extended barrels on either side. Each
cylinder consists of 64 azimuthal modules which are independent of each other.

plates (spacer plates), 4 mm thick, are glued periodically to the master plates
with epoxy, providing space for the scintillating tiles between them.

Two holes are located on the radial axis of each spacer, in the corresponding
master plates and in each tile. These are used to insert small tubes for calibration
purposes.

A rigid girder at the outer radius and a 10 mm front plate at the inner radius
provide structural integrity and allow the modules to be joined to a self supporting
cylinder. The girder also houses the PMTs and the front-end electronics and
additionally provides sufficient steel cross section for the solenoidal field flux
return.

Attached to the girder there is a rugged steel box called the “finger”. The
finger was initially introduced in the design in order to provide continuity of the
magnetic field between barrel and extended barrels. Additionally it will house
the low voltage power supply for the front-end electronics.

2.4 Optics

Tonizing particles crossing the tiles induce the production of light in the scintillator
tiles with wavelengths in the UV range. This light is subsequently converted to
visible blue light by scintillation additives and propagates through the tile to its
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edges. There it is absorbed by WaveLength Shifting (WLS) fibers, placed on
both sides of the tiles, and shifted to a longer wavelength, chosen to match the
sensitive region of the PMT photocathode. A fraction of the light in the fiber
is captured and propagated via total internal reflection to the PMT where it is
detected. Between the fibers and the photocathode a light mixer is placed to
optimize detection uniformity.

Wavelength Shifting Fiber

Scintillator

Steel

/
Source
Tubes

Figure 2.3: Principle of the Tile Calorimeter design. The scintillating tiles are
inserted in a rigid steel structure and staggered in depth. WaveLength Shifting
(WLS) fibers run radially along both sides of the module and guide the light
produced in the tiles to the PMTs situated in the girder.

The scintillator tiles are wrapped in a special material called “Tyvek” to
protect the surface and to improve the response uniformity. TileCal contains a
total of approximately 460000 tiles in 11 different sizes. They were produced
by injection molding, which was the best compromise between cost, speed and
good optical properties in terms of light emission, transmission and uniformity.
Optically transparent granulated polystyrene is used as a base material with the
addition of two scintillation additives.

The WLS fibers have a diameter of 1 mm and are doped with a fast (<
10 ns decay time) shifter which absorbs the blue light from the scintillator tiles
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and emits it at longer wavelength. The fiber ends opposite to the PMTs are
aluminized by a sputtering technique to increase the light yield. In total 640000
fibers were required to build TileCal, giving a total length of about 1120 km.

A module has eleven tile rows, indicated by the dashed horizontal lines in
figure 2.4. Each tile row contains tiles of a certain size; the further away from
the beam line, the bigger the tiles are. The tubes for the Cs system pass through
all tile rows, which is explained in more detail in section 4.1.2.

As shown in figure 2.4 the modules are segmented in cells and towers. The
cells are made by grouping the fibers coming from the tiles together in one bundle
which is read out by a PMT. Each cell is read out by two PMTs, one on each side
of the module. There are three radial sampling depths in total, with a granularity
of 0n = 0.1 for the two inner sampling layers and én = 0.2 for the outer one. The
thickness of the sampling layers at n = 01is 1.9 A, 4.2 X and 1.5 A respectively.

777777 Ba7_ | /Bcs
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(=

0 500 1000 1500 mm . .
L3 L j Tile Calorimeter

Cells and Tile Rows

Figure 2.4: Cell layout of half a barrel module and an extended barrel module.
There are three radial sampling depths A, BC and D. The lines define the pro-
jective trigger towers in 7, each with a width of An = 0.1. Each cell is read out
by two PMTSs, one on each side of the module.

2.5 Electronics and Read-out

All front-end electronics and photomultipliers are mounted on so-called “drawers”
which are movable and can be inserted into the girder, located at the outer radius
of the modules. There are always two drawers combined to a 3 m long unit, called
“superdrawer”. The layout of a superdrawer is shown in figure 2.5. One such
superdrawer is needed to read out an extended barrel module, whereas the barrel
modules have two superdrawers inside their girder. On the external side of the
superdrawers a so-called “patch panel” is installed. It represents the border to
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the outside and is equipped with connectors for all the services needed inside the
girder.

Each superdrawer houses up to 48 PMT blocks and contains electronics to
provide the HV levels required for the operation of the elements of the PMT block
and to process the signals induced by physics (particles) and calibration (Cesium,
charge injection, laser) events. In total 10140 PMTs are used in TileCal. The
electronics boards are connected by motherboards on the top and on the bottom
sides of the drawers. An overview of the layout can be seen in figure 2.5.

Motherboard ~ ADC card Interface card Digitizers Adders/Trigger Boards

[ | =

Patch Panel

OO0 PMTs. OO O OO0 s OOO

\‘//77777 o
- T \/' HV Side
VME HV

Micro-card Bus-board Opto-card

External Drawer Internal Drawer

Figure 2.5: Layout of the electronics in a superdrawer. The electronics are
separated into a readout part on one and a HV part on the other side. The patch
panel is used to connect services like power supply, trigger cables, cooling pipes,
etc.

Since the Tile Calorimeter will be part of the level-1 (LVL1) trigger, its read-
out electronics have to be fast in order to cope with the bunch crossing time
of 25 ns. In the interval between bunch crossings, analog signals from 2000
trigger towers have to be sent to the LVL1 system and locally buffered during the
decision time of ~2.5 ps. When LVL1 has accepted an event, the data are read
out, processed and stored in readout buffers (ROBs) for use by the LVL2 trigger
and the Event Filter (EF). The typical rise time of the optical signal is 5.5 ns
with a width of 17 ns and mainly determined by the WLS fibers. The transit time
shift was measured to be approximately 2 ns and the very fast PMTs provide a
signal with a rise time of 2 ns and a transit time of 1 ns.

A dynamic range of 16 bits is required, where the high end of the scale is set
by the maximum expected energy deposit per cell of about 2 TeV and the low
end is set by about 30 MeV in order to have a sufficient signal-to-noise ratio to
detect isolated muons. To obtain this range a bi-gain system with a gain ratio of
1:64 is used where each gain is read out by a 10 bit ADC. The high gain is used
to read out signals up to 10 GeV per PMT and the low gain is used for signals
up to 1 TeV [27].
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Other constraints are the very limited space for the electronics, the residual
magnetic field and radiation environment. Calculations show that the magnetic
fields will be below 20 Gauss in the region of the front end electronics. The most
sensitive components are the PMTs and their individual HV regulation system,
which have to be designed and shielded to meet the requirements. Monte Carlo
simulations of radiation levels showed that the iron of the hadronic detector itself
considerably reduces radiation levels inside the girders. Nevertheless radiation
tolerant electronics have to be used.

Temperature stability is another important issue and has to be maintained
within 1°C. A dedicated cooling system was developed for the front-end electron-
ics to evacuate the dissipated heat. Additionally the large iron mass of the Tile
Calorimeter contributes to the temperature stability.

2.5.1 Communication with the electronics

There are two systems which are used for the communication with the TileCal
electronics, the Timing, Trigger and Control system (TTC) and the CANbus.

TTC - Timing, Trigger and Control

A multipurpose fiber optic based distribution system has been developed for all
four LHC experiments (ALICE, ATLAS, CMS and LHC-B) [28]. All those exper-
iments need to distribute timing, trigger and control information to their front
end electronics like accepted triggers, trigger information, event count, calibra-
tion settings, resets, control and test commands. This information is usually sent
by the LHC machine, the Level-1 (LVL1) Central Trigger Processor, the Data
Acquisition System and the Detector Control System.

The TTC system is a unidirectional transmission system with two informa-
tion channels, A and B. Channel A carries exclusively the LVLI1 trigger accept
(L1A) information and channel B can be used to carry packaged address and
data information for the sending of various reset commands and calibration, con-
trol and test parameters [29]. There is a wide span of various components that
build the TTC system starting from VMEDbus interfaces and going via encoders,
transmitters and optical couplers finally to receivers.

TTCvi

The TTCvi (TTC-VMEbus Interface) is the VMEbus interface of the TTC sys-
tem. It is fully programmable via the VMEbus and delivers the signals of the
A and the B channel to the TTC transmitters. By programming the A chan-
nel the trigger source can be selected, which can be either the Central Trigger
Processor, a local trigger source or an internal random trigger generator. The B
channel sends synchronous or asynchronous commands, which can be either short
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or long format, where the short format is without address and can be only used
for broadcasting. The synchronous commands can be generated at any specified
time relative to the LHC orbit clock and can be programmed to occur only once,
as a sequence or repetitively [30].

TTCex

The TTCex is a laser encoder/transmitter with very low jitter and provides 10
optical outputs. It receives the signals from the TTCvi and converts them into
optical pulses.

TTCoc

The TTCoc (TTC optical coupler) is a passive optical tree coupler and used
to fan out the outputs from the laser transmitter modules. TileCal uses a 1:32
fanout.

TTCrx

The TTCrx (timing receiver ASIC) acts as the interface between the TTC system
and the front end electronics. It receives the optical signal and converts it to an
electrical signal. It is possible to program the TTCrx in order to compensate for
particle time of flight and other propagation delays. The TTCrx is integrated in
the Interface Card, which is a part of the TileCal front end electronics.

CANbus

The CANbus (Controller Area Network) was introduced by the company Bosch
in the late 1980s. It was originally designed for automotive purposes but is
nowadays used in many industrial applications. CANbus is a simple cable bus,
connecting intelligent nodes by means of a well defined protocol. It was chosen
for ATLAS because of its robust design and high reliability in noisy environments
(31].

TileCal is using two CANbus systems which are physically separated. One is
used to control the electronics responsible for the high voltage of the photomul-
tipliers. The other one controls and reads out the ADC Integrator Card.

2.5.2 PMT block

The function of a PMT block is to convert light signals from the scintillating
tiles into electronic signals. Each PMT block contains a light mixer, which is the
interface between fiber bundle and PMT photocathode, a photomultiplier tube,
a HV divider and a so-called “3-in-1 card”, which is explained later. The PMT
blocks are located in holes inside the rigid aluminum structure of the drawers and
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are shielded with mu-metal cylinders to provide magnetic shielding of up to 200
Gauss in any direction.

Light mixer: PMTs usually have large variations in response over their pho-
tocathode surface. Therefore the light mixer has the task of mixing the light
coming from the fibers in order to avoid any correlation between the position of
the fiber and the area of the photocathode which receives the light.

PMT: Intensive evaluation of different PMTs has been carried out to find a
suitable model which matches the requirements concerning points like quantum
efficiency, dark current, rise time, non-linearity, useful photocathode area and
size. It was found that the Hamamatsu R7877 is the best choice. Its main
features are:

e 8 stages (dynodes)
Gain of 10° at 650 V

Active photocathode area 324 mm?

dark current < 100 pA

quantum efficiency at 480 nm 17 %

metal channel dynodes

3-in-1 card: As the name indicates the 3-in-1 card consists of three main com-
ponents with the following tasks:

e Pulse shaping and accommodation of the large dynamic range
e Charge injection calibration

e Slow integration of the PMT signals for monitoring and calibration

To avoid noise the 3-in-1 card is directly connected to the PMT via the HV
divider which works as a socket and provides the different HV levels for the
dynodes of the PMT. The current pulses from the PMTs are shaped and converted
to a voltage signal on the 3-in-1 card. Then the signal is split in two, one of them
is going directly to the trigger boards, the other one is transmitted to the fast
digitizers for further processing.
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2.5.3 Integrator system

The integrator system is designed to measure the PMT current induced by a Cs
source, which is used for the calibration of TileCal, or by Minimum Bias interac-
tions. A circuit is implemented on the 3-in-1 card which is able to integrate the
signals over a time scale which is long enough to suppress ripples from individual

events. All integrator circuits in a superdrawer are read out sequentially by one
ADC.

2.5.4 Digitizer card

The digitizer cards digitize the shaped pulses from both gains coming from the
PMT on a 25 ns basis. One digitizer reads out six channels and the signals are
buffered locally while the LVL1 decides if the signal is accepted or discarded.

2.5.5 Interface card

The interface card works as the interface of the front-end electronics to the out-
side. It has four main tasks:

Receive TTC signals and distribute them to the digitizers and to the control
motherboard system

Collect digitized data from digitizers

Align and sort these data into event frames

Transmit data via optical G-LINK to the ROD

Additionally CRC checks are performed on the input and output data streams
(32].

For redundancy reasons the interface card has two duplicate optical inputs
and two duplicate optical outputs. The inputs decode the 40 MHz LHC clock
and the control signals from the TTC system, that are fed into the superdrawer
by dual optical fibers. The outputs are G-LINK outputs that transmit the data
again via dual optical fibers to the back-end electronics.

2.5.6 Micro Card

The Micro Card is used to control the HV system in the superdrawer. It sends
orders to the Opto Board and reads back its values. Additionally the HV settings
of all PMTs are stored on the Micro Card. Communication with the back-end
electronics is handled via CANbus. There is one Micro Card per superdrawer.
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2.5.7 Opto Boards

The Opto Board receives a high voltage from an external power supply (-950 V
for barrel modules and -830 V for extended barrel modules). It then regulates
this voltage for each PMT to a predefined value using regulation loops. Those
values are received from the Micro Card [33].

2.5.8 Adder / Trigger board

The Adder receives the signal from the low gain output of the 3-in-1 cards. It
provides two output signals:

e Groups of 5 PMTs are arranged in trigger towers (see figure 2.4) of gran-
ularity An x A¢ = 0.1 x 0.1, which correspond to the path of passing
particles. The adder board performs an analog sum of the signals of the 5
PMTs which gives fast information about the deposited energy.

e The Adders sum all signals of the PMTs of the third sampling layer (D).
This provides a fast muon trigger.
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Chapter 3

Physics of calorimetry

3.1 Electromagnetic showers

The particles that constitute an electromagnetic (e.m.) shower are electrons,
positrons and photons. They interact with matter via processes that can be
described by Quantum Electrodynamics (QED). The most important processes
are ionization, bremsstrahlung and pair-production. Properties of electromag-
netic showers can be described with several (rather simple compared to QED)
empirical functions.

3.1.1 Charged particles

Charged particles, like electrons or positrons, which traverse matter lose their
energy according to some well known energy-loss mechanisms which can be sum-
marized as follows [34]:

The charged particle can ionize the medium, if its energy is sufficient to
release an electron from the Coulomb field of the atomic nucleus. At higher
energies more energetic knock-on electrons (delta-rays) can be produced.

Atoms or molecules can be excited and left in a metastable state.

The charged particle can emit Cherenkov light, if it travels faster than the
speed of light in the medium.

Photons from bremsstrahlung are emitted if the charged particle interacts
with an electromagnetic field. This can occur at high energies.

Nuclear reactions can be induced at very high energies but the probability
is very small.

Most of the time the total energy loss of a charged particle is a mixture of
the above mentioned processes, their relative importance depending on factors
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Figure 3.1: a) Fractional energy loss of electrons and positrons per radiation
length in lead as a function of energy (PDG 2002). b) Photon interaction cross
section in lead as a function of energy (Fabjan, 1987)

like the particle energy, the particle mass (A) or the atomic number (Z) of the
traversed medium.

The average energy fraction lost per radiation length by electrons in lead is
shown in figure 3.1a. For energies lower than 10 MeV, electrons lose their energy
mainly through collision with atoms or molecules, thereby ionizing or exciting
them. Above 10 MeV, bremsstrahlung is the main source of energy loss: while
traversing matter, electrons interact with the Coulomb fields of the atoms and
radiate photons. The spectrum of the radiated photons goes as 1/E, i.e. most
of the created photons have small energies, but some can have energies up to the
energy of the radiating particle.

3.1.2 Photons

Photons interact differently than electrons and positrons. They have no charge
but are the force carrier particles for the electromagnetic force and therefore play
an important role in e.m. showers. There are several processes in which photons
interact with matter [34]. An overview of the processes and their importance in
certain energy regions is given in figure 3.1b.

Photoelectric effect

In this process an atom absorbs a photon and emits an electron. The atom,
which is left in an excited state, returns to the ground state by emission of
X-rays or Auger electrons. At low energies this process is the most probable.
The photoelectric cross section is strongly dependent on the number of available
electrons and scales with Z", where n is 4 to 5. For higher energies it rapidly
loses importance because it varies with E=3.
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Rayleigh (coherent) scattering

In this process the photon is deflected by an atomic nucleus but doesn’t lose any
energy. Therefore it doesn’t contribute directly to the energy loss. It is important
at low energies.

Compton scattering

Compton scattering occurs when a photon is scattered by an atomic electron and
enough energy is transferred so that the electron enters an unbound state. It is
by far the most probable process for the energy range between a few hundred keV
and 5 MeV, except for high-Z absorber materials. The cross section for Compton
scattering is much less dependent on the Z value of the material than the cross
section of the photoelectric effect. It is almost proportional to Z. With increasing
energy the cross section for Compton scattering decreases with &~ 1/F, therefore
above a certain threshold energy, Compton scattering becomes more probable
than the photoelectric effect (E3).

Pair production

If the photon has a higher energy than twice the electron rest mass, it can create
an electron-positron pair in the field of a charged particle. Typically 99% of these
processes are caused by nuclear electromagnetic fields. Only for low-Z materials
and high energies does the eTe™ creation in fields of atomic electrons contribute
significantly. The e™ and e~ produce bremsstrahlung and ionization along their
paths. Finally the electron is eventually absorbed by an ion and the positron
annihilates with an electron. If the positron was at rest, two photons, each with
an energy of 511 keV, are produced. The cross section for pair production rises
with energy and reaches a plateau at very high energies (> 1 GeV).

Photonuclear reactions

These processes play a modest role in the energy range of 5 to 20 MeV.

The relative importance of the discussed processes depends on the photon
energy and the electron density (~ Z) of the material. As can be seen in figure
3.1 the photoelectric process and Compton scattering dominate at low energies.
Compton scattering continues to play an important role in some intermediate
regime, whereas its role is more limited, in higher-Z materials. At high energies
pair production is the most likely process.
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3.1.3 Shower development

Having discussed the possible interactions of the e.m. shower particles with mat-
ter, we can now take a closer look at how an e.m. shower is created and discuss
some of its properties.

A multi-GeV electron or photon impinging on a block of matter will start
to produce secondary photons through bremsstrahlung or secondary electrons
and positrons through pair production. If these secondary particles are energetic
enough, they will again produce particles according to the mentioned processes
and so on and so forth. This avalanche effect creates a cascade (or shower) of
particles with decreasing energy. The number of particles in the shower increases
until the energy of the electrons falls below the critical energy E., where energy
is mainly dissipated by ionization and excitation and not by generation of other
particles. There are two definitions for the critical energy. In the first one, E. is
the energy at which the average energy losses from bremsstrahlung equal those
from ionization. The second one, preferred by the Particle Data Book (PDG)
[35] and originally formulated by Rossi [36], defines E,. as the energy at which
the ionization loss per radiation length equals the electron energy.

Using this formulation the PDG recommends the following expression for the
critical energy in solids and liquids

610 MeV
C Z41.24°

As we saw in figure 3.1, E, for electrons in lead was around 10 MeV. For
heavier particles the critical energy scales with (m/m,)?, where m is the mass of
the particle and m, is the electron mass. In the case of the muon, the second
lightest charged particle, this results in a 40000 times higher critical energy than
for the electron. Therefore other processes than ionization start to play a role
only at much higher energies for muons.

(3.1)

3.1.4 Radiation length

A convenient way to measure the thickness of a material is to express it in radi-
ation lengths, X, since this quantity is material independent in first approxima-
tion. It is defined as the distance over which a high energy electron (> 1 GeV)
loses all but 1/e (36.8%) of its energy by bremsstrahlung:

E(z) = Eye %o, (3.2)

For photons a similar definition can be made. Photons are absorbed mainly
through pair production. The intensity of a photon beam is reduced to 1/e of
the initial intensity after traveling x = %XO, or mathematically

o~

I(z) = Ipe 9 %o (3.3)
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Figure 3.2: Longitudinal shower profile of electrons of different energies and
muons in the LAr calorimeter. For higher energies the maximum of the elec-
tron shower shifts to greater depths. The muon deposits a constant amount of
energy in the detector. The periodic dips are a geometrical effect.

The independence of X, on material makes the use of this unit very convenient
to compare e.m. showers in different materials. For example high-energy electrons
lose the same fraction of energy in 180 mm of water (0.5 Xj) as in 2.8 mm of lead
(0.5 Xp).

The Particle Data Group recommends the following formula for X, [35]:

B 716.4 gcm™2A
Yo = Z(Z +1)In (287/vVZ) (3-4)

For a mixture of different materials, the radiation length can be evaluated by

1
s (5:5)
where V; and X; are the fraction by volume and the radiation length (in mm)
of the ith component.

3.1.5 Longitudinal shower profile

The longitudinal length of the shower profile depends logarithmically on the in-
cident particle energy. A typical shower profile of electrons is shown in figure 3.2.
As a result one needs relatively little material to contain high energetic particles.
This can be understood with a simplified picture: If we assume that every X, a
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particle divides its energy between two daughter particles, then it is sufficient to
add one X of absorber to absorb particles with twice the energy.

To contain 99% of the energy of 300 GeV electrons inside the calorimeter,
a thickness of 25 X is sufficient. This makes calorimeters relatively compact
devices, even for LHC energies up to the TeV range.

3.1.6 Lateral shower profile

Due to multiple scattering of electrons, positrons and bremsstrahlung-photons,
the e.m. shower grows in transverse size. The Moliere radius Ry gives an ap-
proximate description of the transverse development of electromagnetic showers
in different materials. It is given by

21 MeV
Ry = XOT, (3.6)

where E. is the critical energy [36]. On average, about 90% of the shower
energy is deposited inside a cylinder with radius R ~ 1 Ry [37]. For most
calorimeters Ry is on the order of a few centimeters, making e.m. showers quite
narrow. Additionally their transverse size is almost energy independent.

3.2 Passage of muons through matter

High energy muons traversing material lose their energy due to the following
electromagnetic processes:

e Ionization,
e Bremsstrahlung,

e Direct pair production,

and due to photonuclear interactions [38].
As already mentioned the critical energy for muons is much higher than for
electrons because of the higher mass.

3.2.1 Ionization

Moderately energetic charged particles lose their energy primarily by ionization.
The mean energy loss per unit path length is given by the Bethe-Bloch formula
[36]

dFE Z 1 (1. 2m.c*B?~*T, )
——:K 2__ _1 e max 2__ ) )
2 (2 n 72 B 2) (3.7)
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Here T}.x is the maximum kinetic energy that can be transfered to an electron
in a single collision, I is the mean excitation energy of the absorber material, § is
a correction term describing the density effect [35], m, is the electron mass, c is
the speed of light, ( is the speed of the particle divided by the speed of light, v is
the Lorentz factor and the constant K = 47N ArszCQ, where N, is Avogadro’s
number and 7, is the classical electron radius.

The mean rate of energy loss (or stopping power), dE/dz, strongly depends
on the energy of the particle, as can be seen in figure 3.3. After a peak for very
low muon energies, dF'/dx reaches a minimum and then undergoes the so-called
“relativistic rise” until radiative losses begin to play a major role. The Bethe-
Bloch formula describes the energy loss of the muon in the energy region from
10 MeV to 100 GeV. For lower energies various corrections must be made and at
higher energies radiative processes become important.

Muons, or other particles with unity charge, with an energy corresponding
to that at which the dE/dz curve reaches its minimum, are called “minimum
ionizing particles”, or “MIPs”.

For muons most calorimeters seem very “thin” - they lose only a small fraction
of their energy in the material due to the small number of collisions with atomic
electrons. Additionally the energy transfer in these collisions is subject to large
fluctuations. Hence the energy loss distributions reach their maximum value
in general below the value calculated on the basis of dF/dz and have a long
tail toward large energy losses, the so-called “Landau tail”. Only for very thick
calorimeters, e.g. 100 m of water equivalent, does the energy loss distribution
become Gaussian.

3.2.2 Other processes

At higher energies radiative effects become more and more important until they fi-
nally start to dominate the muon energy loss. Formulas that describe bremsstrahlung
and pair production losses can be found in reference [38]. Nuclear interactions

of high energy muons are theoretically much more poorly understood than the
purely electromagnetic processes. But several models have been developed to
describe these processes.

3.3 Hadron showers

The principle of a hadronic shower is similar to that of an electromagnetic shower.
The hadron creates a cascade of particles with degraded energy that deposit their
energy in the detector material. But this time it is the strong interaction which
plays the major role in the shower development, making hadronic showers much
more complicated than electromagnetic ones.
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Figure 3.3: Mean rate of energy loss for positive muons in copper as a function of
B7. The solid curve represents the total energy loss, dashed lines contributions.
The vertical bands indicate boundaries between different approximations. The
Bethe-Bloch formula and hence ionization is dominating the middle region, at
higher energies radiative processes begin to play a major role (PDG, 2005).

Basically two classes of particles are produced, energetic hadrons with energies
on the GeV scale and particles created in nuclear processes like excitation, nucleon
evaporation, etc., with energies at the MeV scale.

The fast hadronic component consists mainly of protons, neutrons, and charged
and neutral pions. On average 1/3 of the pions are neutral and decay into two
photons that give rise to a purely electromagnetic shower. Since the number of
energetic hadronic interactions increases with energy, the fraction of the electro-
magnetic cascade also increases.

The particles created in nuclear processes, mainly photons and neutrons, are
less energetic but carry a substantial part of the total energy. Most photons
are emitted with a considerable time delay and therefore escape detection since
signals are only detected in a limited time frame. Additionally a part of the energy
is lost in binding energy. Those effects contribute to the so-called “invisible
energy”’ - energy that cannot be measured or is measured only with reduced
efficiency. This invisible energy dominates the fluctuations in the detector signal
and hence the calorimeter resolution.
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3.4 Calorimeters

Calorimeters in particle physics are blocks of instrumented material that measure
the energy of incident particles. The incident particle deposits all its energy in the
calorimeter and is absorbed. It interacts with the material of the calorimeter and
produces a cascade of secondary particles with progressively degraded energy.
The charged particles of this showers induce a signal in the calorimeter which
serves as a measure of the energy of the incident particle.

In general calorimeters can be divided into electromagnetic and hadronic
calorimeters. Electromagnetic calorimeters are designed to measure mainly elec-
trons and photons, while hadronic calorimeters measure mainly hadrons (pions,
protons,...) or jets (a bunch of hadrons produced via strong interaction by a sin-
gle quark or gluon). In an experiment the electromagnetic calorimeter is situated
in front of the hadronic one. In that way electrons and photons are absorbed and
measured in the electromagnetic calorimeter while hadrons lose little energy there
because the material density is much smaller than the density of the hadronic
calorimeter. Therefore hadrons traverse the electromagnetic calorimeter and are
later absorbed in the hadronic calorimeter.

Calorimeters can be further divided into homogeneous and sampling calorime-
ters. Homogeneous calorimeters are made of one type of material in which the
particles are absorbed and a signal is produced. In sampling calorimeters those
tasks are accomplished by two different materials, an absorber and an active ma-
terial, which are installed in alternating layers. The absorber is very dense (iron,
lead, uranium,... ) and a lot of energy is deposited in a relative small amount of
material. The active material produces a signal when charged particles pass it.
The sampling technology allows very compact calorimeters which can still absorb
all the energy of electromagnetic and hadronic showers in a limited space.

The importance of calorimeters in particle physics can be understood for the
following reasons:

e The energy resolution improves with energy as 1/ V'E, where E is the energy
of the incident particle. Therefore calorimeters are perfectly suited for high
energy physics.

e They are sensitive to all types of particles, also neutral ones. They can even
provide an indirect measurement of the neutrino energy with the measure-
ment of the missing energy.

e They can provide very fast signals and therefore are used for triggering
interesting events or to measure the arrival time of the particle.

e They are space and cost effective because the shower length increases only
logarithmically with energy.
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e They can give information about shower position, size or direction and help
to identify particles.

3.4.1 Energy resolution of calorimeters

The energy measurement is based on the principle that the energy of the incident
particle (E) is proportional to the number of particles (V) in the shower

Bin o N. (3.8)
Fluctuations in the deposited energy (AFE) can therefore be expressed like
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As a result the resolution of calorimeters improves with increasing energy as
1/VE.
The above estimate is based purely on statistical arguments. The actual
energy resolution of a realistic calorimeter can be written as

(3.9)
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where @ indicates the quadratic sum. The a/v/F term is called “stochastic

term”, the b/E term “noise term” and the ¢ term “constant term”. In the fol-

lowing the contributions to the energy resolution are explained in more detail
[37]:

Stochastic term

The stochastic term represents the fluctuations related to the physical develop-
ment of the shower, as described above. Homogeneous calorimeters have a very
small stochastic term because the whole shower is absorbed in the active material
of the calorimeter. Typical homogeneous calorimeters achieve values for a at the
level of a few percent.

Sampling calorimeters on the other hand have a much bigger stochastic term
because the energy deposited in the active material can fluctuate from event to
event. Those so-called “sampling fluctuations” constitute the major contribution
to the energy resolution. In principle the sampling fluctuations can be reduced by
reducing the thickness of the absorber layers. But in practice this is not feasible
because it would mean much bigger calorimeters.

Noise term

The noise term depends on the noise of the electronic readout chain. Calorimeters
based on the collection of scintillating light can have very low noise terms if
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they use photosensitive devices, like photomultipliers, to readout and amplify
the signal. Detectors based on the collection of charge have higher noise terms
because the first component of the readout chain is usually a preamplifier.

Methods like signal shaping and optimal filtering can help to reduce the noise
term. For decreasing energies the noise term becomes more and more dominant.
For modern detectors the noise of one channel is usually required to be below
100 MeV.

Constant term

The constant term summarizes all contributions that do not depend on the par-
ticle energy. It includes material non-uniformities, imperfections of mechan-
ical structures, temperature gradients, radiation damage, etc. If those non-
uniformities exhibit a periodic pattern they can be corrected for. Modern detec-
tors impose very rigorous specifications on their components to keep the constant
term low since this term dominates at high energies and is of particular impor-
tance for calorimeters at the LHC. Usual values for the constant term are on the
level of one percent or smaller.

Additional contributions

Additional contributions to the energy resolutions are related to the context in
which the calorimeter is used. Some examples are:

Longitudinal leakage: The thickness of calorimeters is limited by cost and
space constraints. Therefore showers can continue beyond the calorimeter and
energy is lost.

Lateral leakage: Calorimeters are segmented into cells to provide a position
measurement, and to minimize electronic noise and event pile-up. But in return
showers can leak laterally out of those cells and energy can be lost.

Upstream material: In a realistic detector there is material in front of the
calorimeter. It can be another subdetector, cables and services or support struc-
tures for the experiment. In any case the energy loss in this upstream material
is subject to fluctuations and degrades the energy resolution. There are several
techniques to correct for upstream energy losses and in general the attempt is
made to keep the upstream material at a minimum level.

Non-hermetic coverage: Calorimeters are usually made of smaller modules
and therefore dead material and cracks are present. Particles showering in those
regions are insufficiently measured, which results in a loss of energy resolution.

41



A good hermeticity is particularly important for measurements of the transversal
energy loss.

3.4.2 Sampling fraction

An important parameter describing sampling calorimeters is the so-called “sam-
pling fraction”. It is defined as the energy deposited in the active material divided
by the total energy deposited in the calorimeter

Eacti
Sp = e : 3.11
Ea.ctive + Epa.ssive ( )
For a MIP this quantity can be relatively easy computed by taking into ac-
count the geometry of the detector and the path through the active and passive
material. For other particles like electrons or muons the sampling fraction is
usually determined by Monte Carlo simulations.
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Chapter 4

Calibration of the Tile and LAr
Calorimeters

Calorimeters measure the energy of particles through absorption. Typical particle
energies in high energy physics experiments are on the order of MeV or GeV. But
the calorimeter output is an electrical signal, typically given in picocoulombs. By
calibrating, a relation between the energy of a particle and the signal of the
calorimeter is established.

In order to relate the digitized signal at the end of the readout chain to the
corresponding energy deposited in the calorimeter, a “calibration factor” has to
be applied. This factor must be measured for every channel and the channel-
to-channel variations after the calibration have to be as low as possible. Due
to aging or radiation damage the set of ca