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Abstract

In the ATLAS detector, muon related measurements are achieved by a huge Muon
Spectrometer installed at the outermost region of the detector. At the LHC energies,
high-pr muons are expected to be measured with a momentum resolution of ~ 10%
at 1 T'eV. The main detecting element of the Muon Spectrometer is the Monitored
Drift Tube chamber. The reconstruction potential of a BIS type Monitored Drift
Tube chamber, in a special setup at the H8 Testbeam experimental area at CERN,
is investigated. Data from the BIS muon chamber with both muon and positron
beams are taken and the reconstruction of track segments in the chamber is studied.
The correlation of the precision coordinate of the reconstructed track segment with
the calorimeter cluster barycentre is also studied.

In the ATLAS detector, muons lose parts of their energy in the Calorimetric
System before reaching the Muon Spectrometer. As the muon energy increases
radiative effects start playing a significant role in the energy loss mechanism and
increase the probability for a big muon energy loss, often called as catastrophic.
The probability for catastrophic energy losses of 350 GeV muons when they pass
through the ATLAS calorimeters is studied with H8 testbeam data.

Information on catastrophic muon energy losses in the calorimeters and also on
the isolation of muons can be retrieved by a direct measurement of the calorimeter
response. For this reason, a precise energy deposition measurement method in the
calorimeters is developed. The method enriches the muon object at the AOD anal-
ysis level with information on calorimeter isolation and the collection of calorimeter
cells associated with the measurement. The method is applied on single muon and
tt — 4¢ + X events.

Finally, the Z boson pair production through the process pp — ZZ%) — ¢eee,
where ¢ = e or ¢ = pu is of great interest for the LHC physics searches because
it constitutes the irreducible background to the observation of the Higgs boson
production through the 4 lepton decay. The observation expectations of pp —
Z7Z — 40 channel with 1 fb~! of data is investigated and analysis methods on

simulated events of signal and ¢ and Zbb backgrounds processes are described.
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[Tepiindn

Ytov aviyveutr) ATLAS, ou petprioeic mou oyetilovton Ue UOVIa TEAYUATOTOLOVTOL
amo €va tepdoTio Miovind Pacuatouetpo mou Poloxetal EYXATEGTNUEVO OTNY EEWTERLXY
TEeploy ) Tou aviyVeuth|. XTi¢ evépyelec Tou LHC, axduor xan uiovia yeyding eyxdpotoc
opufic, ~ 1 TeV, avauéveton va uetenlolv Ue Sloxpitixh) ixavoTnTa e T8ENng Tou
~ 10%.

H Boowr| aviyveutin uovddo tou Miovixol ®Pacuatduetpou eivon o 9dhopog o-
Movnone uoviey. MeAetdTon 1 IXovOTNTOL AVAXATACKEVHS TEOYIWY EVOS Yahduou Uio-
viwv torou BIS, o o edunr| metpapotied] Sudtaln otny 6éoun eréyyou H8 oto CERN,
ue dedouéva Tou Adnxay Ue BEcUeS Wwovimwy xou tolitpoviny. Erlong uehetdrto 1 ou-
oYETIoN UETOEY TN CUVTETAYUEVNC TOU UETEATAL UE OXQIBELNL TN AVAXATACHEVACUEVNC
TpoYtdC HTay mpoexToel 0To VepUIBOUETPO, XAl TOU BapUXEVTEOU TNS CUCTOLYIAC XU-
beEMBLY ToL VepUBOUETPOU ATd TIC OTOIEC TEQAUOE TO ULOVIO.

Yrov aviyveuty ATLAS, ta wévia ydvouv pépog tng evépyelag toug ota Veput-
doueTEa TPV pTdcouy oto Miovixd Poacuatoyetpo. Koadoe 1 evépyela twv uovieny
auEavet, pouvoueva axtivoBoliag apyiCouv va tatlouy onuaviixd pOAO GTOV UNyaAVIGUO
AMWOAELNG EVEPYELS Xou ALEAVETAL 1) TAVOTATA PEYIANS ATWAELLS EVEQYELIS 1) OTOlaL
GLY VA avapépeTar we xatacTeopr. Me dedouéva and tny 6éoun eréyyou HS, ue-
AeTdTon 1) THAVOTNTA UATACTEOPIXAC ATWAELNS EVEQYELNS Woviwy evépyetag 350 GeV,
ooy auTd dlamepvoly ta Yepudouetea tou ATLAS.

[Thnpogopieg Yo xatacTROPXH ATOAELL EVEQYELNS oAAE xar yia Tov Bodud amo-
HOVOOTS TwV Woviwy, utopoly va Angdolyv and arcuieiog pétenon tng andxplong Tou
Yepudouetpou. Io to Adyo autd, avantiooetar uio oaxpl3ric uédodoc uétpnone tne o-
noveong evépyetag oto Vepudouetpa. H pédodoc eunhoutilel Tny avoxataoxeuaouévn
TpoYLd ToL Woviou oo exninedo avdivone AOD, ye TAnpogopiec oyetixd ue Tov Badud
ATOUOVWOTE TOU [oviou and dAlo cwuatiow 6T VEQUIOOUE TN XL UE TNV GUANOYT| TWV
Yepudouetoix®y xueAdwyY mou oyetilovtar ue tny pé€tenor. H pédodoc epapudleto
oe yeyovota evoc poviou xau yeyovoto tt — 40+ X

Téhog, 1 mapaywyt Levyoug unoloviwy Z u€ow Tou xavaliol) pp — ZZ%) — oeee,
omou £ = e f p ebvar yeydhou evdtagépoviog yia Tig ueAéteg puohic 6to LHC yuotl
amotehel To xUplwe LTOPAYEO UE YUPUXTNOIGTLNG TAVOUOLOTUTA UE TO GYUa Tou urnolo-

’ . /’ / / 2. ’ /7
viou Higgs, 6tav diaondton Tou ot 4 hemtovia. Mehetwvtar ol tpocdoxieg mapatienong
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Introduction

The scientific community has, over the last few years, drawn attention to the Eu-
ropean Organization for Nuclear Research (CERN) in Geneva, Switzerland, where
the construction of the biggest particle physics accelerator of all times is rapidly ap-
proaching completion. In the same tunnel that the Large Electron Positron (LEP)
was installed, the Large Hadron Collider (LHC), the new hadron circular accelera-
tor, will boost two counter rotating beams of protons to an energy of 7 TeV. At
the same time, four big experiments are being installed, in the LHC ring and are
expected to exploit the LHC physics potential and provide further insight into our
understanding of particles and fundamental interactions. These four experiments
are two general purpose experiments ATLAS and CMS, an experiment for heavy
ion studies, ALICE and an experiment dedicated to b-quark physics, LHCb. Apart
from these four big experiments there are also two smaller ones; the TOTEM which
is dedicated to elastic and diffractive cross-section measurements and LHCf which
will study forward produced particles as a source to simulate cosmic rays in labora-
tory conditions.

The main reason why the LHC has been built lies in our current understanding
of particle physics which is represented by the so-called Standard Model theoretical
framework. The Standard Model (SM) is a quantum field theory which is being de-
veloped for almost 50 years and incorporates consistently both quantum mechanics
and special relativity, and although it has been verified to a great extent, there are
still open questions that have not been addressed experimentally. The mechanism

via which all constituents of matter acquire mass, is predicted within the SM frame-
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CHAPTER 1. INTRODUCTION

work but requires the existence of the Higgs boson which has not been observed yet
by any experiment. The high centre-of-mass energy available at the LHC will allow
physicists to search for the Higgs boson in the region allowed by the SM (~ 1 TeV)
and answer the question on its existence. Apart from the Higgs boson though, the
LHC will provide the means for precision tests of the SM as well, like the measure-
ment of various production cross-sections or the measurement of the W boson and
t-quark mass.

The identification of many physical processes depends on the precise measure-
ment of muons and their momenta. Because of their penetrating nature, muons do
not stop in the electromagnetic or hadronic calorimeters of a typical colliding beam
experiment, like the rest of the particles. Moreover, it is imperative to measure
precisely muons with high transverse momentum which are produced at these very
high beam energies. This can be achieved with a large Muon Detector immersed
inside a strong magnetic field as the outermost part of the experiment, with trigger
capabilities on interesting physics events with muons.

This thesis has taken up various important aspects of muon identification and
reconstruction at the LHC and in particular with the ATLAS detector. In ATLAS,
muon measurements are realized by a huge Muon Detector which is immersed inside
a toroidal magnetic field and can achieve the designed momentum resolution which
varies between ~ 2% at 100 GeV and 10% at 1 TeV muon. The main topics that

this thesis focuses on, are outlined below.

e Track reconstruction capabilities of the muon chambers under dif-
ferent irradiation conditions.
The main detecting element of the Muon Spectrometer is the muon track-
ing chamber composed of aluminium analogue drift tubes. For the above, the
track reconstruction capability of a muon tracking chamber in the H8 testbeam
at CERN is studied in order to understand the performance in different illu-
minating conditions and at different particle incident angles. The procedure

followed and the results are presented in chapter 4.

e Measurement of catastrophic muon energy loss using data from the
HS8 testbeam.

A basic requirement which should be taken into account in the muon track

18




reconstruction phase, is the correction for the energy loss in the calorimeters.
The correction is usually dealt with analytical methods that account for the
physical processes which take place when a muon traverses the material of the
calorimeters. For high-pr muons though, this approach is not always sufficient
but has to be complemented by direct measurement of the energy deposited
in the calorimeters. Such a case is when a muon deposits a large fraction
of its energy in the calorimetric material, also known as catastrophic energy
loss. In the context of this thesis, muons with catastrophic energy loss were
identified in the H8 combined testbeam data and the probability for such large
energy losses was computed for 350 GeV muons and compared to Monte Carlo

simulation expectations. This analysis is presented in chapter 5.

Energy deposition measurement in the ATLAS calorimeters.

The above point implies that combining the information from the Muon Spec-
trometer and the calorimeter systems is very important during reconstruction
and physics analysis. Not only can a measurement in the calorimeters provide
the energy loss of the muon itself but it can also provide valuable information
on their isolation. Isolation criteria are used online to trigger on interesting
physics events but they are also used offline, where variables of the transverse
energy deposited around the muon track, accompanies the high level analysis
muon objects. Based on these considerations, a precise energy deposition mea-
surement method in the calorimeters around muon tracks, has been developed
and is described in detail in chapter 6. An alternative isolation variable is
proposed based on Monte Carlo simulation studies of ¢ events. This method
is integrated in the official ATLAS software reconstruction chain and provides
the measured transverse energy for the isolation related variables in the final

analysis muon object.

7 boson pair production studies with the ATLAS detector.

The production of Z boson pairs in proton-proton collisions is predicted by the
electroweak sector of the SM. At the LHC energies, the cross-section measure-
ment of this process is an excellent test of the SM in the high energy regime

but at the same time, it is of great interest because it constitutes the irre-
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CHAPTER 1. INTRODUCTION

ducible background to the observation of the Higgs boson production through
its decay to four leptons. The observation expectations with the ATLAS de-
tector, of Z boson pair production, through the process pp — ZZ%) — (000

(where ¢ = e, u) is investigated in chapter 7.

Summarizing, this thesis is organised as follows. In chapter 2 the LHC accelerator
is described and the main physics research topics are outlined. Chapter 3 focuses
on the ATLAS detector where the various sub-detector technologies and the magnet
and trigger systems are described, with emphasis on the Muon Spectrometer. In the
last sections of this chapter the software framework of the ATLAS experiment which
is also used in the current thesis, is also presented. The study on the performance
of the muon tracking chamber and in particular of a BIS type chamber follows in
chapter 4. Chapter 5 consists of a brief theoretical introduction to the energy loss
mechanisms of muons in matter and the investigation on the catastrophic muon
energy loss in testbeam data. The ATLAS software tool that has been developed in
order to measure the energy deposited in the ATLAS calorimeters around a track, is
described in detail in chapter 6 and application on isolated and non isolated muons
from Monte Carlo simulated data is presented. In chapter 7 a complete analysis
on the diboson production through the decay ZZ®*) — 4¢ and its prospects to be
measured with 1 fb~! is presented. Finally, in the last chapter 8, the highlights of

the work presented in all previous chapters, are summarized.
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The Large Hadron Collider

2.1 Basic design parameters

The Large Hadron Collider [1] is the next generation circular particle accelerator
built in the same underground tunnel that LEP, its predecessor, was built and
operated during the period 1989 - 2000. LEP collided electron and positron beams at
a centre-of-mass energy of ~ 90 GeV in the initial phase and 209 GeV in the last data
taking period, providing the means for corner stone discoveries in particle physics
like the determination of the number neutrino families by the precise measurement
of the Z boson width. Nowadays, the LHC ring, which has a total circumference
of 26.7 km, will be capable of delivering two counter rotating proton beams at the
unprecedented energy of 7 TeV each, hence offering collisions at a center-of-mass
energy of 14 TeV. This is by far the highest achievable center-of-mass energy ever,
since it is seven times the energy at Tevatron, which is the most powerful accelerator
currently operational.

The LHC will actually shoulder the responsibility of increasing the proton beam
energy from 450 GeV to the designed 7 TeV. Up to 450 GeV, protons will pass
through several accelerating phases in CERN’s accelerator complex, a schematic
layout of which is illustrated in Fig.2.1. After protons will be extracted from a bottle
of hydrogen gas, they will be boosted to 50 MeV by a linear accelerator succeeded
by a small circular accelerator (PSB) that will further increase their energy to 1.4
GeV before they are injected into the Proton Synchrotron (PS). In the PS the beam
energy will reach 26 GeV and will be passed to the Super Proton Synchrotron (SPS)

21




CHAPTER 2. THE LARGE HADRON COLLIDER

for the next acceleration phase that will take them up to 450 GeV, the starting
point of the LHC. Protons will be accelerated in bunches and the storage ring will
contain 2808 bunches with 1.15 x 10! protons each, in both directions, colliding
every 24.95 ns. It is also planned that the LHC will collide beams of heavy ions

(lead ions) at a center-of-mass energy of approximately 6 TeV per nucleon.

B “ntiprotans

Protons

Figure 2.1: The LHC injection complex - The linacs, PSB, PS and SPS machines
are used as pre-accelerating phases of the two counter rotating proton beams that

are finally inserted into the LHC ring.

Preserving the trajectory of such energetic particle beams into circular orbit is
very the that be
The LHC is equipped with 1232 super-

challenging for magnet  system has to deployed.

Heat Exchanger Pipe

conducting dipole magnets, 14.3 m long
each, placed around the ring, forming
a magnetic field of 8.33 T'esla. Because
there are two separate beam lines of pro-
tons moving in opposite directions, each

magnet consists of two sets of coils pro-

ducing opposing fields. Liquid helium is

used for cooling of the magnets down to

approximately 2 K. A schematic rep-

Figure 2.2: A cryodipole magnet of the
LHC.
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Parameter Value
Proton beam energy 7TTeV
Number of bunches per beam 2808
Number of particles per bunch 1.15 x 10!
Circulating beam current 0.584 A

RMS of bunch length 7.55 cm

Peak luminosity 1.0 x 103 em=2 571
Collision time interval 24.95 ns
Number of main bends 1232

Field of main bends 833 T

Table 2.1: Basic design parameter values of the LHC machine.

resentation of an LHC dipole magnet is shown in Fig.2.2. There are also 392
quadrupole magnets which provide the necessary focusing of the beams.
The above and other basic design parameters of the LHC machine are summa-

rized in table 2.1.

2.2 Luminosity

In a colliding beam experiment, apart from the centre-of-mass energy, one of the
most important parameters is luminosity. Luminosity is indicative of the particle
accelerator’s performance because as it can be seen in the following equation 2.1,

depends by definition only on machine related parameters:

L:N1N2f00l|: 1 :|

2
dro,o, [ CcmZs

The previous formula shows that L is proportional to the number of particles in each
bunch of the two beams N; and Ny and at the same time is proportional to the rate
of collisions f.,;. The geometrical parameters o, and o, represent the horizontal and
vertical size of the bunch in the transverse plane.

What makes luminosity important in particle accelerator experiments is relation

2.2 which connects the number of events per second created in such an experiment
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with luminosity and the cross-section o of the particle reaction under study.

R=o0oL

Many physics processes are very rare, with cross-sections of a few fb, therefore
according to equation 2.2, one has to increase the luminosity as high as possible to
study such processes with sufficient statistics and within a reasonable time. The
amount of data collected within a particular time period is often expressed in units
of inverse barns (1 barn = 1072 m?).

At the LHC, where f.,, = 1/24.95 = 40.08 M Hz, N; = Ny = 1.15 x 10!* protons
and a typical value of bunch size of a few pum, the luminosity is 103 em™2 s71.
This is the design value of the LHC run period which is called ’high luminosity’.
However, during the first years of operation luminosity is going to be one order of

2 571 and this is called "low luminosity’ period.

magnitude lower at L = 103 cm™~

Equation 2.2 also says that high luminosity provides very high interaction rates.
Considering a proton-proton interaction cross-section of approximately 100 mb yields
10° particle interactions per second. It is expected that in each bunch crossing one
interesting physics event will emerge out of 23 other inelastic events on average
and the total number of particles will be roughly 1000. This means that particle
detectors will be subject to large radiation fluences, therefore radiation tolerance is
a basic priority of the construction design concept.

A nice picture of how the cross-section of the different physics processes scales
with the centre-of-mass energy, is shown in Fig.2.3. The vertical bands correspond
to the centre-of-mass at the LHC and the Tevatron. What is interesting to mention
here is the fact that pure QCD processes have many orders of magnitude bigger

cross-sections than the processes of high interest like the Higgs production or the

production of W and Z bosons.

2.3 The LHC experiments

Four experiments are now under construction around the LHC ring scheduled to

switch on in 2008:

ATLAS (A Toroidal LHC ApparatuS)

A general purpose detector with a broad physics searches program. However
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Figure 2.3: Cross-section of various physics processes in proton-proton

collisions as a function of the centre-of-mass energy.

it will be mainly occupied with the search for the Higgs boson, SUSY particles
and CP violation measurements. More detailed description of ATLAS is given

in the next chapter.

CMS (Compact Muon Solenoid)
CMS is the second large experiment constructed at the LHC. It is also a general
purpose detector 21 m long and 16 m in diameter and weighs approximately
12500 tonnes. Its physics research area is similar to ATLAS but differs com-
pletely from the latter in the design principle. It is also worth mentioning that
the biggest part of the construction phase was completed on the surface and

then the detector was lowered to its final installation point.

ALICE (A Large Ion Collider Experiment)
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ALICE is a detector specialized in heavy-ion physics and is devoted to the
search for quark-gluon plasma. The latter is a state of matter where both
quarks and gluons are considered as free particles and is expected to be created

in heavy-ion collisions.

LHCb
LHCb is a detector that will focus on b-quark physics and precise CP violation
measurements studies. It is designed to operate at almost two orders of mag-
nitude lower than the nominal luminosity, therefore it is expected to exploit

the LHC potential for physics studies already in the first years of operation.

2.4 Physics program

The LHC and the experiments built around its ring are expected to provide further
insight into the physics of fundamental particle interactions and the SM. For this
reason, an extensive physics program has been compiled by the collaborations of the
experiments [2, 3, 4, 5]. Some highlights of the searches planned to be performed at
the LHC are described in the sections that follow.

2.4.1 The Higgs boson

In the SM, the Higgs mechanism provides a way to give mass to particles by in-
teracting with a field called the ”Higgs-field” which is present everywhere in space.
This mechanism requires though the existence of a mediator boson, the so-called
Higgs boson, which up to now has not been observed by any experiment. Although
within the theoretical context of the SM the Higgs mass is a free parameter, thus it
cannot be predicted, a theoretical upper limit can be still set indirectly at 260 GeV
if precision measurements of electroweak parameters are taken into account [6]. At
the LHC, however, searches for the Higgs will not be confined to this limit but are
going to extend up to the TeV scale. At the same time, experimentally the non-
observation of the Higgs boson in searches performed at LEP has set a low limit to
the Higgs mass at 114.4 GeV [7].

The production mechanisms of Higgs, shown in the Feynman diagrams of Fig.2.4,
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illustrate the fact that the Higgs boson prefers to couple to the heavy particles
like the W and Z vector bosons or to the top quark. These mechanisms are the
associated production with W/Z bosons (Higgs-Strahlung), the vector boson fusion
mechanism, the gluon-gluon fusion and the associated Higgs production with t-
quark. The dominant mechanism of the Higgs boson production is the gluon-gluon
fusion process. This is also seen in Fig.2.5 where the cross-sections of the possible
production modes of the Higgs boson at the LHC is given as a function of the mass

of the Higgs.

q

HO WW, ZZ fusion : HO

q
q
¥ t
g 1 W,z
I = » H q
tt fusion: . W,z
v i
g,
_ i Ho
t g W, Z bremsstrahlung

Figure 2.4: Feynman diagrams of main Higgs production mechanisms - Four
main mechanisms are predicted within the Standard Model. Gluon-gluon fusion,

WW/ZZ fusion, associated ttH and associated W H/Z H (Higgs-Strahlung).

The observation of the Higgs boson relies on the experimental signature of one
of its possible decay modes. The latter depend on the mass of the Higgs, therefore
different decay channels are anticipated at different Higgs mass ranges. The branch-
ing ratio as a function of the mass of the Higgs is shown in Fig.2.6. Main decay

channels are:

e Low mass region, my < 120 GeV
H — bb
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Figure 2.5: LHC cross-sections of the Higgs boson production mechanisms

as a function of its mass.

H =y

e Intermediate mass region, 120 < mpy < 600 GeV
H— 727" — 40
H— WWW® — (vly

e High mass region, my > 600 GeV
H— 77 —ljj
H—WW — lvjj

2.4.2 SuperSymmetry

According to SuperSymmetry (SUSY), each elementary particle has a super-partner.
The quantum numbers between two super-partners are identical except for the spin.
For example, the super-partners of fermions which are spin-% particles are particles
with spin-0 (s-fermion) and spin-1 bosons have spin-1 partners (boson-ino).

If SUSY exists, observation or related physics channels is expected already in the

first year of running at low luminosity because the cross-sections of such processes are
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Figure 2.6: Branching ratio of the Higgs boson as a function of its mass -
The prominent decay modes differ in each mass range which is usually characterized

as low, intermediate and high mass range (see text).

big enough to produce sufficient statistics. The striking feature of supersymmetric
decays is the large missing transverse energy due to the presence of the lightest
supersymmetric particle, neutralino. Neutralino is assumed to be stable and weakly
interacting and its existence can be confirmed only indirectly since it escapes the

detector.

2.4.3 Top quark physics

From all the quark families the mass of the top quark distinguishes it from the rest
because it is almost 35 times heavier than the second heavier, the b-quark. This
striking feature raises many questions about its precise role within the SM. Studies
at the LHC experiments will focus on the role of the t-quark in the electroweak
symmetry breaking mechanism. The ¢-quark decays almost exclusively through the
channel ¢t — Wbh. At the LHC, measurements of the mass of the top and the

production cross-section of ¢t pairs and also single top events, have been planned.

The LHC will be a t-quark factory. During the first year of LHC operation and
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with 10 fb~! of data, millions of #t events are expected to be produced. This will
provide to studies in this field sufficient statistics for analysis soon after the LHC

comimences.

2.4.4 B physics

An extensive B-physics program will take place at the LHC. ATLAS and CMS,
although not designed as detectors specialized in b-physics, have also scheduled a
study program, especially during the first years of operation at low luminosity, which
includes CP violation searches through channels like B — J/¢ K3, the experimen-
tally harder B} — 777~ and the decay BY — J/u¢. In addition, studies of B?
oscillations and searches for rare decays such as B} — ptp~ and B? — ptp~ will
be performed.

Definitely, leading role in the exploration of the B-physics sector at the LHC will
be played by LHCb, which is completely devoted to these kind of studies and results
are expected soon after LHC switches on, since, as it has been mentioned before,

this detector is designed to operate at low luminosity.

2.4.5 Physics beyond the Standard Model

The range of physics studies at the LHC will not be exhausted only by SM topics.
Several theories of physics beyond the SM will be tested at the experiments.

New heavy gauge bosons W’ and Z’ could exist with masses up to ~ 6 TeV
therefore they will be accessible at the LHC.

Leptoquarks, as they are called, is another interesting theory beyond the scope
of the SM, suggesting that particles which carry both baryon and lepton numbers
should exist. They couple to both leptons and quarks and so far searches have
been unsuccessful at HERA and Tevatron up to masses of ~ 170 GeV. In the LHC
environment however it will be possible to enlarge the mass window up to 3 TeV.
Usual decay modes of leptoquarks are the ones with a charged lepton or neutrino
accompanied by a quark jet.

New physics searches also include compositeness models suggesting that particles

like electrons and quarks are not elementary but enclose some structure at the
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compositeness scale A, which of the order of 1 TeV .

The list of searches for new physics is also enriched with topics like, technicolor
resonances, extra dimensions models, excited quark states up to the mass range of
6 GeV and new particles required in Higgs related scenarios. It remains to nature
itself and the experimental and theoretical physicists to address these questions
when the LHC starts in 2008. To this end, the ATLAS detector will provide the
means to perform all these interesting studies. In the next chapter, the ATLAS

experiment is described in more detail.
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The ATLAS Detector

3.1 General design considerations

3.1.1 Basic design properties and requirements

ATLAS [8, 9] is one of the four big experiments of LHC, currently under its com-
missioning phase at Point-1 experimental area at CERN. Geometrically, ATLAS
(Fig.3.1) has cylindrical shape, 47 coverage and dimensions of 25 m height and
44 m length while it weights not less than 7000 tonnes. ATLAS is a multi-purpose
detector and as such it is designed to take full advantage of LHC’s potential and its
compiled physics program covers wide range of physics processes.

The variety of physics research studies and LHC’s intrinsic experimental envi-
ronment, impose some basic design and performance requirements for the ATLAS

detector:

e All detecting elements, such as gaseous and solid state detectors, electronics
and sensors are required to be radiation-hard in order to tolerate the high

particle fluxes expected at the LHC
e Large n and full ¢ coverage

e Excellent calorimetry for both electrons and photons in addition with precise
missing transverse energy (E7*%) and jet energy measurements, which also

implies very good detector hermeticity
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.1: Cut-away view of the ATLAS detector - Also illustrated are the

different detector sub-systems.

e High accuracy in muon momentum measurements over a wide range of mo-

menta

e For offline tagging of 7-leptons and b-jets, vertex detectors close to the inter-

action region are required to observe secondary vertices

e Highly efficient triggering on low-py particles with sufficient background rejec-

tion

ATLAS consists of four main sub-systems for which a more detailed description

is given in the following sections. In brief these sub-systems are:

e Inner Detector (ID) for tracking, momentum measurements of particles and

vertex reconstruction
e Calorimetric System (CS) for energy measurements of both leptons and hadrons
e Muon Spectrometer (MS) for muon momentum measurements

e Magnet System (MagS) for bending of charged particle’s trajectory.
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3.1.2 The coordinate system
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Figure 3.2: The ATLAS coordinate system - The transverse to the beam axis
plane is defined by the x and y axes.

The coordinate system used in ATLAS is illustrated in Fig.3.2. It is a right
handed coordinate system with origin in the very middle of the detector at the
interaction point. The z-axis is defined by the beam direction, the positive z-axis
points from the origin to the centre of the LHC ring and the y-axis points upwards,
hence the xy plane is perpendicular to the beam axis. Using polar coordinates, R is
the distance from the origin, 0 [0, ) is the polar angle from the z-axis and ¢ [—7, 7]
the azimuthal angle which runs around z-axis. Important quantities like momentum
and energy are usually given in the transverse plane xy. In this case the transverse

component of these two quantities is defined as:
pr = Psinf, Er = Esinf

Another important quantity that is widely used in particle physics experiments is

the rapidity which is defined by:

1 E
Y = Slog=— L=
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where FE is the energy of the particle and p, is its momentum component in the z-
direction. The rapidity Y is a Lorentz-invariant quantity and considering vanishing

masses it can be approximated by:

n = —In(tan(0/2))

which is the quantity called pseudo-rapidity and is most commonly used in the
experiments when the exact mass and momentum of the particle is not known [10].

The coordinates n and ¢ form a plane where distances are measured by:

AR = \/An? + A¢?

3.2 ATLAS sub-detectors, magnet and trigger systems

3.2.1 The Magnet System

ATLAS uses an impressive magnet sys-
tem [9, 11] in terms of both size and
performance, in order to bend the tra-
jectories of charged particles and there-
fore provide momentum measurements
in the ID and the MS sub-detectors. It

consists of one superconducting central

solenoid placed around the ID cavity
and three superconducting toroids, one

Figure 3.3: The central solenoid magnet

. in the barrel and two in the end-cap re-
- The solenoid is 5.8 m long and produces a

. . gions. The overall diameter of the mag-
magnetic field of 2 T" at the middle.
net system is 22 m and extents axially

to 26 m while the energy stored is 1.6 GJ.

Central solenoid

The 5.8 m long central solenoid is a single layer coil wounded on the inside of a
12 mm thick support cylinder (Fig.3.3). The solenoid surrounds the ID and forms

in its vicinity an axial magnetic field of 2 T', at the centre, and 0.5 T at the edges,

36




3.2. ATLAS SUB-DETECTORS, MAGNET AND TRIGGER SYSTEMS

while the operation temperature is 4.5 K. It is crucial that the energy loss of all
particles traversing the material before the CS is kept minimum, therefore it is
chosen to include the solenoid inside the same cryostat that houses the liquid argon

electromagnetic calorimeter so that it adds only ~ 0.66X, of material before the

CS.

Air-core toroid

The barrel part of the air-core toroid magnet system is situated around the calorime-
ters at an inner radial distance from the interaction point of 9.4 m and extends to
20.1 m, while its length is 25.3 m. It consists of 8 coils circularly surrounding the
beam axis, which are sitting inside stainless-steel vacuum vessels.

The end-cap toroids are inserted in the barrel at each end of the central solenoid
but they are rotated with respect to the barrel in order for the coils to interleave
and maximize the bending performance at the transition region between barrel and
end-cap.

The toroids are cooled down to 4.5 K

Axial Force

Cooling Circuit -
Tie Rods

by a liquid helium cooling system. The
strength of the produced magnetic field
in the barrel varies with n and has a
peak value of 3.9 T" while in the end-caps
the peak value is slightly bigger at 4.1 T.
A sketch of one of the end-cap toroids
is shown in Fig.3.4 whereas an impres- _
sive photograph of the barrel toroid sys- ree ¥ Keysone BoxModule
tem taken during the installation phase

of ATLAS, is shown in Fig.3.5. Figure 3.4: Sketch of an end-cap

In 2006 a full test of the ATLAS bar- toroid magnet

rel toroid system was performed [12, 13]. During the test, the current of the magnets
was raised gradually until the nominal operation value of 20.5 kA. At that point,
another 500 kA was added on top of the nominal operation current without any
problems, proving that the MagS of ATLAS is capable of taking extra current loads

with safety. The second interesting part of the test was a deliberately caused quench
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in order to check the quench heating system which forces the entire magnet into the
normal conducting state within less than two seconds, leading to a very safe global
cold mass temperature of about 58 K and a hot-spot temperature in the windings

of about 85 K maximum. The success of the test was the summit of a more than

15 year effort which included design, construction, testing and installation.

Figure 3.5: Barrel toroid magnet system - Photograph of the 8 coils comprising

the barrel toroid system as installed in the ATLAS cavern.

3.2.2 Inner Detector

The Inner Detector [9, 14] is the innermost part of the ATLAS detector. It is con-
tained inside a 7 m long envelope with radius of 1.15 m and the whole system is
immersed inside the 2 T" magnetic field formed by the central solenoid, described in
the previous section. It is divided in three systems which, in order of radial distance
from the collision point, are: the Pixel Detector, the Semiconductor Tracker (SCT)
and the Transition Radiation Tracker (TRT). These three, although technically in-

dependent, act complementary to fulfill the basic experimental duties carried out by
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the ID, which are track reconstruction and vertexing. A schematic representation

of the ID and its three sub-systems is shown in Fig.3.6.

Barrel SCT

Forward SCT

Figure 3.6: Cut-away view of the ATLAS Inner Detector - The innermost
system is the Pixel Detector while the middle is the SemiConductor Tracker. Both
these systems use silicon as the detecting technology. The outermost part is the

Transition Radiation Tracker which uses the straw tube technology.

The fact that the ID is installed at the closest distance from the interaction
point indicates that special design and performance considerations should be taken
into account, because in an environment where about 1000 particles emerge every
25 ns one has to think about radiation tolerance of the detecting elements, efficient
pattern recognition and high resolution of momentum and vertex measurements.
It is planned that after about three years of operation the first layer of the Pixel
Detector from the interaction point (B-layer) is going to be replaced because of
radiation damage, whereas the other parts and the SCT and TRT are expected to
withstand large particle fluences over ten years at nominal luminosity.

Regarding performance, the ID has very fine granularity to reduce occupancy lev-

els and high efficiency in track reconstruction. Precision measurements are achieved
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by combination of the three systems in which the Pixel and the SCT provide few
space point measurements but with high precision and at the same time TRT im-
proves pattern recognition and momentum resolution by contributing 36 hits per
track on average. In the following a more detailed description of the ID’s systems

is given.

Pixel Detector

The operation principle of the Pixel Detector is based on a modular unit of detec-
tor substrates and integrated read-out electronics. The active material is silicon
arranged into rectangles (pixels) of size 50 x 400 um? and thickness 250 ym. There
are three layers of such units in the barrel region at radial distances from the in-
teraction point of 5.05 em, 8.85 em and 12.25 ¢m while in the end-caps the pixel
units are arranged on three disks on each side at distances of 49.5 ¢m, 58.0 ¢m and
65.0 ecm. The overall rapidity coverage of the pixel detector is |n| < 2.5.

The B-layer, located closer to the collision point than any other detector ele-
ment, guarantees optimal impact parameter resolution and, accompanied with the
other two layers of pixels, provide high precision space-point measurements of in-
trinsic accuracy 10 ym in R — ¢ and 115 pum in the z-direction and also the ability
to reconstruct tracks of short lived particles and their corresponding vertex. The
accuracy is similar in the end-cap region where the disks are present. In total, the

Pixel Detector has 80.4 million read-out channels due to its fine segmentation.

Semiconductor tracker

The SCT is the intermediate sub-system of the ID and its basic building block is
a module consisting of two layers of silicon micro-strip wafers glued back to back
and a hybrid system containing the read-out electronics. In the barrel there are four
layers of such modules giving four precise space-point measurements located at radii
of 30, 37, 45 and 52 c¢m, while at the end-caps modules are arranged perpendicularly
to the beam axis on 9 disks on each side, extending from 85.4 cm to 272.0 cm in z
and with an outer radius of 56 ¢m. In total there are 2112 modules in the barrel
and 1976 modules in the end-caps.

Instead of pixels, the SCT uses silicon strip technology with a strip pitch of 80
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um and each layer consisting of 768 strips. The two layers of silicon wafers are
rotated by 40 mrad stereo angle with respect to each other to allow for second
coordinate measurement. The resolution in the R — ¢ plane is 22 ym and in the
z-coordinate is 580 pm.

The particle detection principle of both SCT and Pixel is based on the ionization
caused by charged particles when they traverse the silicon bulk. Ionisation produces
electrons and holes which drift in opposite directions under the influence of an
electric field created by a potential difference applied to the sides of silicon wafer.
Charges are collected at each end of the detector and after the signal is amplified,
is read-out through the electronics. In order to reduce noise from leakage currents
emerging in silicon’s bulk because of thermal excitation and radiation damage of the

detector, the SCT will operate at a temperature of —7 °C'.

Transition Radiation Tracker

TRT is the sub-detector system of the ID which is further away from the interaction
point and uses different technology than the other two systems. It extends radially
from 56 ¢m to 107 ¢m and is capable of providing on average 36 measurements per
track with intrinsic accuracy of 130 um. It uses straws of only 4 mm in diameter
and 144 e¢m length that are filled with a gas mixture of 70% Xe, 20% C O, and 10%
CF, and have a sense wire in the centre of 30 um diameter.

The principle of operation of the TRT is based on transition radiation which is
the radiation emitted by charged particles in the X-ray range when they traverse the
boundary between two substances with different dielectric properties. The intensity
of this radiation depends on the particle’s energy £ = ymc?. When a charged
particle traverses the straws ionizes the gas and produces electrons that are collected
at the wire. The drift time of electrons to the wire provides discrimination between

tracking hits and hits from transition radiation. This enhances the identification of

electrons and the discrimination between electrons and pions.

3.2.3 Calorimeters

The ATLAS Calorimetric System [9] is located between the ID and the MS and

is divided into electromagnetic, hadronic and forward calorimeter parts. The elec-
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tromagnetic covers the range || < 3.2 and the hadronic, including the forward
calorimeter, extends up to |n| < 4.9. The different parts and technologies of the CS
are described in more detail in the following sections and a schematic view is given

in Fig.3.7.

Figure 3.7: Cut-away view of the ATLAS calorimeter system - Also visible

are the different types of calorimeters in the barrel and end-cap regions.

The objective of the ATLAS CS is to measure as precise as possible the energy
of electrons, photons and jets and to provide information on the missing transverse
energy (EM*), which apart from the necessity of excellent energy measurement
resolution, requires very good hermeticity. The latter is realized in the ATLAS
CS with a pseudo-rapidity coverage of || < 4.9. In addition, the CS can enhance
particle identification by providing parameters for the shower shape of particles and
the energy longitudinal leakage.

Moreover, calorimetry has fundamental contribution to physics searches and data
analysis because it provides particle isolation information. Isolation is an extremely
valuable quantity because there are innumerable signatures of physics processes that

require isolated leptons in the final state, therefore it can be used for signal selection
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and background suppression. For example, the ” gold-plated” channel for discovering
the Higgs is the decay process H — ZZ — (00l | where the four leptons in the final
state are required to be isolated.

Calorimetry is also important for muons because although they are measured
in the Muon Spectrometer after penetrating through the CS, the precision of the

measurement is limited since muons as well lose energy in the calorimeters.

Electromagnetic Calorimeter

The ATLAS Electromagnetic Calorimeter (LArEM) [9, 15] uses liquid argon as ac-
tive material and steel coated lead (Pb) as absorber. For read-out, Kapton electrodes
are utilized with the so-called accordion shape which provides symmetric coverage
and lack of cracks in the ¢ coordinate. The choice of liquid argon emerges from its
very good intrinsic radiation tolerance and linearity whereas the choice of lead is due
to its high atomic number which ensures that the shower development of electrons

and photons is sufficient for signal formation.
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T} = {3 Moy
e 1003, Strip cells in Layer 1

Figure 3.8: Drawing of a Liquid Argon electromagnetic calorimeter module
- The drawing shows the three samplings comprising the LArEM and their corre-
sponding granularities. The contribution of each section to the total material in

units of radiation lengths is also shown.
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The LArEM is divided in one barrel part which covers the range of |n| < 1.4575
and in two end-cap parts extending in the range 1.375 < |n| < 3.2. The barrel shares
the same cryostat with the ID minimizing thus the amount of material used, while
the end-caps are housed in their own cryostats. The barrel is also divided in two
identical parts placed on either side of a 4 mm gap at z = 0 which is used by services
and cables of the ID. The LArEM, as well as the whole calorimeter, is segmented in

square towers or cells of different sizes depending of position and calorimeter type.

In Fig.3.8 a sketch of a LArEM module is shown. In the pseudo-rapidity range
—2.5 to 2.5 and longitudinally from the interaction point out, LArEM is segmented
in three compartments called front, middle and back. The front sampling consists
of narrow strips of 4 mm pitch and cell granularity in the barrel (|n| < 1.4575) is
An x A¢ = 0.003 x 0.1 while in the end-cap the granularity varies with 7. This
fine granularity allows precision position measurements along the n coordinate. The
thickness of the front sampling in units of radiation lengths X, is 6 and is constant
with 7. The middle sampling has a cell size of An x A¢ = 0.025 x 0.0245 and is
the thickest of the three compartments. Including the material of the ID, cables,
cryostat wall and solenoid coil the total contribution of material in Xy before the
CS is roughly 2.3 Xy and up to the end of the middle compartment is > 24 in
the barrel and > 26 X in the end-caps. The third sampling has a granularity of
Anx A¢p = 0.05 x 0.025 and the thickness varies between 2 X, and 12 X depending

on 1.

In the region |n| > 2.5 the calorimeter is divided in two longitudinal samplings
and the granularity is coarser serving the objective of jet reconstruction and good

measurement of EISS.

The material before the CS introduces an uncertainty in the measurement of the
energy of the incident particles simply because energy is also lost in the material
before the calorimeter. A correction for this energy loss is achieved using of a thin
(11 mm in the barrel and 5 mm in the end-caps) active layer of liquid argon just
before the front sampling, the presampler. Table 3.1 summarizes the coverage in n of

the different compartments of the LArEM and their corresponding cell granularity.

The energy measurement resolution that is expected to be achieved with the
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LArEM Barrel End-cap

An x A¢ Coverage An x A¢ Coverage

Presampler ~ 0.025 x 0.1 In| <1.52  0.025 x 0.1 1.5 <|n <18

0.025x 0.1 1.375 < |n| < 1.5
0.003x 0.1  1.5< |y <18
Sampling 1~ 0.003 x 0.1  |p| <1475  0.004 x 0.1 1.8 < |n| < 2.0
0.006 x 0.1 2.0 < |y <25
0.1 % 0.1 2.5 < |n| < 3.2

0.025 x 0.0245 1.375 < |n| < 2.5

Sampling 2 0.025 x 0.0245 || < 1.475
0.1 x0.1 2.5 < |n| <3.2

Sampling 3 0.05 x 0.0245 |n| < 1.475 0.05 x 0.0245 1.5 < |n <25

Table 3.1: Summary of n coverage, cell granularity and longitudinal seg-

mentation of the ATLAS Liquid Argon Electromagnetic Calorimeter.

ATLAS LArEM is:
OR . 10%

E  VE

® 0.7%

Hadronic Calorimeter

The ATLAS hadronic calorimeter [9, 16], similarly to all other sub-detectors, is
divided in one barrel and two end-cap sections. The barrel is in turn divided in
one central barrel part, extending in |n| < 1.0, and two extended barrel parts which
occupy the pseudo-rapidity region 0.8 < |n| < 1.7, installed in each side of the central
barrel. The barrel hadronic calorimeter is made of steel, which acts as absorber
while for active material tiles of plastic scintillator are used. This is the reason why
the barrel part is also called Tile Hadronic Calorimeter (TileCal). The tiles are only
3 mm thick, placed periodically inside the steel slab and the read-out of scintillation
light is handled by optical wave length shifting fibers which are attached at the edges
of the tile.

A sketch of one barrel TileCal module is shown in Fig.3.9. Full azimuthal cov-

erage is achieved by installing 64 such modules around the beam axis. The inner
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radius of the barrel TileCal is 2.28 m and the outer one is 4.25 m. Longitudinally
it is segmented in three compartments of 1.5, 4.1 and 1.8 interaction lengths ()
and 1.5, 2.6 and 3.3 X in the extended barrel. The TileCal granularity in the first
and second compartments is An x A¢ = 0.1 x 0.1 and 0.2 x 0.1 in the last one.
It should be noted that all TileCal cells are projective i.e. they point towards the
interaction point, as it is shown in Fig.3.10 where a sketch of the half TileCal barrel

is llustrated.

The allocation of TileCal compart-
ments with the particular thickness in
interaction lengths is very useful for par-
ticle identification and especially muons
using calorimeter based criteria which
act complementary to the standard
muon reconstruction algorithms. This
feature of the TileCal is exploited in
S " this thesis for muon identification and

Tubes
estimation of the probability for catas-

trophic energy loss of muons in the
Figure 3.9: Drawing of ome tile calorimeters. These issues will be dis-
calorimeter module - Note that the cussed in chapters 5 and 6.

scintillating tiles are placed perpendicu- Cables and services required by the

larly with respect to the beam. detectors installed closer to the interac-

tion point than the TileCal, result in the
formation of two 60 cm gap regions between the central barrel and the extended bar-
rels. These regions are only partially equipped with detecting material and they are
called Intermediate Tile Calorimeter (ITC). They consist of special modules, made
of steel-scintillator sandwiches and thin scintillator counters in the sectors where
the available space in the gaps is even more limited. This region is also visible in
Fig.3.10, where cells denoted as A, BC and D correspond to the first, second and
third compartments respectively while D4, C10 and E cells constitute the ITC part.

In the hadronic end-cap calorimeter (HEC) and the region 1.5 < |n| < 3.2, a
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Figure 3.10: Drawing of Tile Calorimeter half barrel and extended barrel
- The A, BC and D cells correspond to the three compartments of the TileCal.
Also visible is the pseudo-rapidity coverage of each of the cells. Note the projective

orientation of the cells with respect to the origin.

different technology is chosen because priority here is the radiation tolerance of the
detecting devices. Copper is the absorber material and liquid argon is used as the
active medium. The cell size here is An x A¢ = 0.1 x 0.1 until n = 2.5 and double
size in the rest of the HEC 7 coverage. Table 3.2 summarizes the n coverage, the
granularity and radial segmentation of the hadronic calorimeter.

The expected energy resolution in the TileCal and HEC is:

O'E_50%
E_\/E@g%

Forward Calorimeter

The ATLAS Forward Calorimeter (FCAL) occupies the pseudo-rapidity range 3.1 <
In| < 4.9. This implies that FCAL is not used for precision measurements related
to reconstructed tracks of charged particles since its coverage is well outside the
acceptance of both the ID and MS which is n = 2.5 and n = 2.7 respectively.
However, FCAL is as important as the rest of the CS system because it provides
hermeticity in calorimetry thus reliable measurement of E7"** in each event and also

jet energy measurements in the very forward regions of the detector.
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Hadronic Barrel End-cap

Calorimeter

AnxA¢ Coverage AnxA¢ Coverage

Sampling 0.1x0.1 1.5<n[<2.5
0.1x0.1 |y<1.0,
1 and 2 0.2%02 25<y<3.2

0.8<|n|<1.7
' ‘ 0.1 x01 15<|n <25
Sampling 3 0.2 x 0.1 in Extended
02x0.2 25<|n <32

Table 3.2: Summary of n coverage, cell granularity and longitudinal segmentation
of the ATLAS Hadronic Calorimeter.

FCAL is installed in same end-cap cryostats with the other end-cap calorimeters
and consists of three modules. The first two are made of tungsten and their purpose
is measurement of the energy of hadrons while the last one is made of copper and it
serves the electromagnetic measurements. Each module holds a metal frame which
encloses electrodes placed systematically on the frame. The electrodes consist of
rods at high voltage and grounded tubes and have parallel orientation with respect
to the beam axis. Again, liquid argon that floods the space between the rod and
the tube, is used as the active medium of the calorimeter. Overall, the thickness of
FCAL in interaction lengths is A = 10.

The expected energy resolution in the FCAL is:
op 100%

1 7
= \/E@O%

3.2.4 Muon Spectrometer

Muons after passing through the calorimeters, are measured by the outermost AT-
LAS sub-detector the Muon Spectrometer [9, 17]. The goal of the MS is to detect
muons in the pseudo-rapidity range || < 2.7 and trigger on them in || < 2.4. This
can be done for muons of momenta of a few GeV up to momenta of the T'eV scale
and independently of the ID, providing thus the so-called ”stand-alone” momentum
measurement. In ”stand-alone” mode, the desired resolution is of the order of ~ 3%

for muons with transverse momentum of 50 GeV and approximately 10% for 1 TeV .
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Thin-gap chambers (TGC)
m Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored driff fubes (MDT)

Figure 3.11: Cut-away view of the ATLAS Muon Spectrometer - The four
different muon chamber technologies are shown. MDT, RPC, CSC and TGC.

Cost considerations, radiation tolerance and performance requirements, intro-

duce the use of four different technologies of muon chambers:

e Monitored Drift Tube — MDT. They are the main detection element of
the MS used for precise momentum measurement and tracking. They cover
the pseudo-rapidity range |n| < 2.7 apart from the innermost end-cap layer
where their coverage stops at 7 = 2.0. The whole MS comprises of 1200 MDT

chambers.

e Cathode Strip Chambers — CSC. They serve the same objectives as the
MDT’s in the forward region, that is 2.0 < || < 2.7, and only in the first

tracking layer. In parallel, they provide trigger information in this region.

e Resistive Plate Chambers — RPC. They provide triggering and measure-
ment of both coordinates (1 and ¢) in the barrel region (|n| < 1.05).

e Thin Gap Chambers — TGC. They are trigger chambers like the RPC’s
but installed in the region 1.05 < |n| < 2.4.
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An overall 3-dimensional view of the ATLAS MS is shown in Fig.3.11. In the barrel,
MDT’s are placed in cylindrical order around the beam axis forming three layers
of chambers at distances from the interaction point of 5 m, 7.5 m and 10 m which
are also called 'Inner’, 'Middle” and "Outer’ stations. Their positions are symmetric
in the ¢ plane and for this reason the whole barrel system can be divided in eight
octants. In each octant there are two sectors called ’Small’ and 'Large’, the main
difference of which is the lateral length that results in overlaps in the ¢ direction. The
presence of overlapping chambers in the azimuthal direction diminishes the number
of gaps in the coverage. A cross-sectional view of the MS is shown in Fig.3.12(a)
and a side view in Fig.3.12(b).
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(a) Cross-sectional view of the Muon Spectrom- (b) Side view of the Muon Spectrometer.
eter.
Figure 3.12: Cross-sectional and side views of the ATLAS Muon Spectrom-

eter.

The MDT chambers are named after the previously described pattern of 3 letters
based on their location. First is B or E after Barrel or End-cap, second is the station
I, M or O after Inner, Middle or Outer respectively and third is the lateral size L or
S for Large and Small. For example, BIS, some properties of which are studied in
chapter 4, stands for BarrellnnerSmall.

In the end-caps, chambers are installed on specially designed wheel-like support
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structures perpendicularly around the beam axis at distances 7.4 m, 10.8 m, 14 m
and 21.5 m. The use of CSC’s in the first concentric ring around the z-axis, is
dictated by the harsh radiation environment of the forward region and the ability of
CSC’s to withstand larger particle fluences with less occupancy. A brief description

of each chamber type operation principle is given in the following.

The Monitored Drift Tube technology

An MDT chamber is made up by several aluminum drift tubes arranged in rows
called layers. One chamber is comprised of six or eight layers of tubes depending
on the distance from the interaction point. Half number of layers forms one multi-
layer which is separated from the other multi-layer by a mechanical spacer. A
schematic representation of an MDT chamber is shown in Fig.3.13(a). Each drift
tube is 29.97 mm in diameter, filled with a gas mixture of Ar/CO; (93 : 7) at 3 bar
absolute pressure, flowing into the tube through a dedicated gas manifold system
to which each tube is individually connected. In the centre of the tube and along
its length, a tungsten-rhenium wire acts as the anode while the tube wall as the
cathode in order to form a 3080 V potential difference. The diameter of the wire
itself is 50 pm and two end-plugs are responsible for holding it at a stable position

with respect to the tube.

Cathode tube

Jord| T l.‘ (H P
drift ube |
layers \

U .
4 ¥

FRLY P
RS IRmin,’ x
o
vl 7

¥ ¥

" Anode wire -

29970 mm——

(a) Sketch of a Monitored Drift Tube chamber. (b) Cross-sectional view of a
drift tube.

Figure 3.13: The precision muon chamber MDT technology.

When a charged particle traverses the tube, ionizes the gas and liberates electrons
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from the gas atoms. Under the influence of the electric field, electrons start drifting
towards the wire and at the same time ions drift in opposite direction towards
the tube’s wall. Primary electrons, while moving towards the wire, acquire more
energy and cause the ionization of more atoms, creating an avalanche near the wire
where the potential is highest. The secondarily produced ions drift toward the tube
wall traversing the whole distance from the wire to the wall. The signal induced
on the wire propagates to the end of the tube, where an amplifier followed by a
discriminator feeds the pulse to the time-to-digital converter (TDC) installed on the
chamber. Detailed description on the operation principle of the TDC and the signal
formation are given in references [18, 19].

A measurement of the drift-time can be transformed into distance between the
wire and the entering point of the initial charged particle using the so-called space-
time relation which is characteristic of the gas mixture properties and the applied
high voltage. Fig.3.13(b) illustrates the operating principle described above. The
distance of closest approach to the wire (R,,;,) is the radius of the drift circle (dotted
line) and the tangential line represents the muon’s trajectory. It is therefore possible
to gather the measured points (drift circles) from all the layers of the chamber and
fit a straight line to them. This local straight line is called a track segment. Pattern
recognition and track reconstruction are described in more detail in reference [17].

Simulation shows that the intrinsic tube resolution is on average ~ 58 pm much
less than the design 80 pm [19]. Tt should be noted though that when a charged
particle passes near the wire, resolution drops because of the high drift velocity and
due to the geometrical distribution of the ionisation clusters in combination with

the fluctuations of the ionisation cluster size and position [19].

The Cathode Strip Chamber technology

The CSC’s are multi-wire proportional chambers that substitute the MDT tech-
nology in the forward high activity regions. The CSC’s are designed to provide
high spatial and time resolution, measurement of two coordinates at high-rate en-
vironment. They are made of cathode planes segmented into strips in orthogonal
directions. The plane with the strips perpendicular to the wires provides the pre-

cision coordinate while the one parallel to the wires provides the transverse (¢)
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Anode wires

4__‘ Cathode
5 strips

Figure 3.14: Sketch illustrating the Cathode Strip Chamber technology -
The wire pitch S is equal to the anode-cathode spacing d = 2.54 mm. The spacing
of the readout strips W is 5.08 mm.

coordinate. A schematic representation of the above is shown in Fig.3.14.

The chambers are filled with gas mixture of Ar/CO, (80 : 20) and ionization of
the gas caused by the passage of a charged particle is transformed into an electron
avalanche near the wires. The position of the track is obtained by interpolation
between the charges induced by the avalanche on neighbouring cathode strips. The
expected resolution of the CSC system is about 60 pm in the bending plane and
5 mm in the transverse coordinate. The ability to operate in high-rate environment
is mainly due to the small electron drift times, which are of the order of 40 ns,
resulting in timing resolution of 7 ms. This also allows the CSC’s to be used as

trigger chambers in this region.

The Resistive Plate Chamber technology

The RPC’s are gaseous detectors which provide triggering for the MDT chambers
and also two coordinate measurement. They are made of two parallel resistive
electrode-plates of phenolic-melaminic plastic laminate which are separated by each
other by insulating spacers forming a gas gap of 2 mm. The gap is filled with
a mixture of CoHyFy (94.7/5/0.3) and the electric field, which is created between
the plates, is about 4.9 kV /mm and allows the production of electron avalanches
along the ionising tracks towards the anode. The signal is read out from metallic

strips, which are mounted on the outer faces of the two resistive plates and are
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perpendicular to each other. These are called 1 and ¢ strips because 7-strips are
parallel to the MDT’s wire and provide the n coordinate and ¢-strips are orthogonal
to the MDT’s wire and give the second coordinate. The spatial resolution is roughly
1 em while timing resolution is 2 ns. A schematic view of a cross section of an RPC

is shown in Fig.3.15(a).

The Thin Gap Chamber technology

The TGC’s are used for triggering and measurement of two coordinates similarly to
the CSC system and they are installed in the end-cap region. They are multi-wire
proportional chambers which consist of two cathode plates forming a 2.8 mm gas
gap. The anode wires are located in the middle of the two plates and the distance
from each other is 1.8 mm. The gas mixture used is n—C5Hs (n-pentane) and C'O,.
The high electric field around the TGC wires and the small wire-to-wire distance
lead to very good time resolution for the large majority of the tracks. Only tracks
at normal incidence passing midway between two wires have much longer drift times
due to the vanishing drift field in this region. This set-up is illustrated in Fig.3.15(b).
The bending coordinate is measured by groups of TGC wires while the azimuthal

coordinate is measured by the radial strips.
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(a) Sketch illustrating the Resistive Plate (b) Sketch illustrating the Thin Gap Chamber
Chamber technology. technology

Figure 3.15: Schematic view of the RPC and TGC chamber technologies.
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Alignment system

The ATLAS muon spectrometer covers an area of about 5500 m? with detection
elements. Although the construction quality ensures that the precision of individual
elements (drift tubes) within a chamber and the chamber as a whole are high, does
not account for the chamber deformations due to thermal gradients or gravity. In
addition, the chambers are expected to be installed to their nominal positions with
an accuracy of 5 mm and 2 mrad, however the resolution goal of the stand-alone
muon momentum measurement, can be achieved only if the precision on the relative
alignment of chambers, within a projective tower and between stations in adjacent
towers, is 30 um. Because of these reasons, a sophisticated alignment system is
deployed, which consists of approximately 12000 precision-mounted alignment sen-
sors that continuously monitor both the internal chamber deformations and their
relative positions within projective towers and adjacent stations. Fig.3.16 illustrates

the concept of the optical alignment system used in the MS.

Praxial

Figure 3.16: Layout of the optical alignment system for three adjacent bar-
rel sectors - The alignment system for the muon spectrometer chambers includes

axial, praxial, in plane and relative alignment.

Apart from the relative alignment of the MDT chambers themselves, it is also
necessary, for reconstruction and momentum measurement of muons, to know the

absolute position of the MS with respect to the ID and CS. For this reason, comple-
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mentary to the optical alignment system, there are track based alignment algorithms
which exploit the approximate straight trajectories of high-p; muons.

The alignment system has been extensively tested in the combined testbeam
setup of the H8 experimental area at CERN during 2003 and 2004. More information
about the alignment tests held during the H8 physics program can be found in

reference [20].

3.2.5 Trigger System

Interaction rate
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Figure 3.17: The ATLAS trigger architecture concept - It consists of three
distinct levels, LVL1, LVL2 and EF. The last two constitute the so-called High Level
Trigger (HLT).

There are three levels constituting the ATLAS trigger system which are called
Level 1 (LVL1), Level 2 (LVL2) and Event Filter (EF). LVLI receives data from the
MS and CS systems only, at the bunch crossing rate of 40 M Hz and produces a
significantly reduced output rate of 75 kHz. While the LVL1 decision is processed,
incoming data are queued in pipeline memories. The main purpose of LVLI is to

select events of interest by searching and combining candidates with specific physics
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criteria. This is done in the central trigger processor, which implements a ”trigger
menu” made up of combinations of trigger objects, e.g one muon with pr>20 GeV.
At the same time, LVL1 passes the Regions-of-Interest (Rols), which are the detector
locations in 1 and ¢, where the previously described objects have been identified. It
takes less than 2.5 us for LVL1 to take a decision.

After LVL1 decides if an event contains interesting objects, Rols are passed to
LVL2. The latter uses full granularity from all detectors, refines the data selected
by LVL1, using also a dedicated trigger menu, and in approximately 10 ms decides
whether an event should proceed to the EF. LVL2 reduces the event rate down to
~ 3.5 kHz.

The Event Builder collects all data from the Read Out Buffers (ROB’s) of the
detectors every time an event passes LVL2 trigger. At this level the event undergoes
full analysis and it is decided in about 4 s on average, if the event should be written
out to permanent storage and becomes available for offline analysis by the scientific
community. The EF is designed to finally reduce the event rate down to roughly
200 Hz. The key elements of the trigger flow described above are illustrated in
Fig.3.17.

3.3 The ATLAS Software Framework

In order for physicists to perform offline analysis on the huge amount of data pro-
duced in an experiment, combine the observables that are recorded from the read out
systems, such as hits or energy depositions and identify the physics processes in each
event, it is necessary to build a robust and common analysis software framework.
The analysis software framework of ATLAS is called ATHENA [21].

ATHENA is a control framework based on a component-based architecture called
Gaudi, which was initially develop by the LHCb experiment and is now developed by
both ATLAS and LHCb. Some of the basic design principles under which ATHENA is

developed are:

e The use of abstract software interfaces which makes easy to handle groups of

components that share the same interface

e The clear separation between data and algorithms so that a client of the data
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is not exposed to the machinery of the creator algorithm itself and as a result,

possible changes to the algorithm are transparent to the client

e The classification of data with respect to their lifetime inside the software flow

and with respect to the storage type which can be persistent or transient.
Persistent means that data are permanently stored on disk and transient that

they are stored temporarily on memory

Some of the most important components within the ATHENA framework are

explained in what follows whereas in Fig.3.18 a sketch of the various components

and the linking between them is shown:

Algorithms Algorithms are responsible for the necessary analysis of the event and

they have both inputs and outputs. Example of an algorithm is a track recon-
struction algorithm which takes the detector response as input and provides
an object of a reconstructed track that carries basic parameters like impact
parameter, momentum or 7 and ¢ coordinates. The sequence of the algorithms
called in each event and also the input and output data are handled by the
framework in such a way that one algorithm can access the data of another

algorithm.

Tools A tool has the same functionality like an algorithm, it can act on data or

produce new data but, in contrast to algorithms, it can be called many times in
each event. Tools can be called inside the program flow by an algorithm, using
the framework’s dedicated service. Usually the role of tools is complementary

to that of the algorithms because they perform more specialized tasks.

Services A service provides common functionalities for both algorithms and tools

such as messaging service which controls the output of messages sent by the
developers. It can be used in different verbosity levels which can be specified
by the developer. Other services are used for histogram and N-tuple creation.
The histogram service is used for booking, filling and manipulating histograms
inside the framework in a coherent way whereas the N-tuple service is respon-
sible for creating the file format which will contain all the information needed
to perform physics offline analysis by a physicist. The N-tuple is a file format
that is readable from the ROOT analysis framework [22].
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Job Options Service The Job Options service handles user defined properties of
algorithms, tools or services during run time. The declarations of properties is
done via python scripts (JobOptions files) that exist in every software package.
For example, a threshold on the acceptable level of noise in a calorimeter cell
when measuring the energy deposition of a track in the CS can be set in the
JobOptions file. The basic advantage of this approach is that apart from the
possibility to adjust properties during run-time, the user does not have to

recompile the code in order for the change to take effect.
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Figure 3.18: The ATHENA Framework component model - Some of the basic

components are explained in the text.

As soon as the LHC physics program commences, the objective of the ATLAS
software will be the reconstruction of the real proton-proton collisions. In the mean-
while though, physics studies are performed with simulated data. It is the responsi-
bility of the ATLAS software to produce and analyse the simulated data. The steps

followed towards this objective are described briefly in the following:

Event generation The event generation is actually the simulation of proton on
proton collisions using all the known physics laws. This includes the calcula-

tion of the position and momentum 4-vector of all particles participating in a
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collision event, that is the interacting and spectator partons and all the pro-
duced particles. The most commonly used programs, also called Monte Carlo
(MC) generators are PYTHIA [23], MADGRAPH [24] and ISAJET [25]. Usually
generators are configured to produce only one particular physics process (e.g
H — ZZ — 0000 ) which eases studies from the corresponding physics groups
or just single particles to perform detector and algorithm performance related

studies.

Detector simulation At this stage the passage of all previously generated particles

through the ATLAS detector is simulated. This task is carried out by an
ATLAS specific version of the GEANT [26] software package. The impact of
magnetic field and interaction with detector material are taken into account
during simulation. The interaction of particles with the active medium of the
detector is represented by the so-called "hit” which contains information on the

position and energy loss of the particle.

Digitization After hits in each sub-detector are produced, the detector and elec-

tronics response is simulated, taking into account the intrinsic resolution of the
particular detection element. The output of the digitization step is identical
to the output expected from real collisions. From this step onwards there is

no separation between MC and real data.

Reconstruction Data from the digitization process are passed to the reconstruc-

tion algorithms. There is a broad spectrum of algorithms, each one performing
specific tasks like pattern recognition, track fitting, vertex reconstruction and
energy measurements. The end user is exposed however only to the output of

the reconstruction process.

There are several types of output containing the event variables and observables

that can be used for offline physics analysis. Fundamental types are the Event
Summary Data (ESD) and the Analysis Object Data (AOD) [27]. The ESD contains

detector level calibrated quantities such as calorimeter cells and ID hits, in addition

with the reconstruction objects built from them such as calorimeter clusters and
tracks. The AOD is smaller in size than the ESD (100 kB /event and 500 kB/event
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respectively) because it contains high-level physics objects useful for physics analysis,
such as particles with associated tracks.

Apart from the previously mentioned data formats there is also the Derived
Physics Data (DPD) format which is technically equivalent with the AOD but differs
significantly on the physics information it contains. DPD’s are in fact a lighter ver-
sion of AOD’s since they are created from the AOD information by applying stricter
event selection (skimming), reducing in size the information per object (slimming)
and excluding some of the non important features, regarding the particular analysis,

of data objects (thinning).

3.3.1 Track representation in the ATLAS software frame-

work

The need to describe the path of a particle through the detector is fulfilled by the
introduction of common C++ track objects. The track objects are filled by recon-
struction algorithms with information regarding the particle’s trajectory organized
in one or multiple sets of parameters. These parameters are always expressed with
respect to a surface which in turn represents a specific area of the detector. The
parametrization of the track with respect to a surface can be done in various ways
but if a particle is moving inside a magnetic field, at least five parameters are needed
to provide a complete and unambiguous parametrization with respect to any given
detector surface. This is the concept of the so-called TrackParameters base class.
In ATLAS objects of the TrackParameters base class exist for every type of

surface and parametrize the track locally on the surface with five parameters:

Li - <l17l27¢797Q/p)

where [; and [5 represent the local coordinates on the surface, ¢ is the azimuth angle,
0 is the polar angle which relates to n through equation 3.3 and ¢/p is the inverse
momentum multiplied by the charge q. Specific classes for local representations of
TrackParameters exist for every surface type in the tracking Event Data Model
(EDM). The most common representation is the one given at the perigee, which is
defined as the point of closest approach to the beam axis. In the perigee represen-

tation case, [; and [, above correspond to the transverse and longitudinal impact
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parameter dy and zp, respectively.
An exhausting description of the tracking EDM in ATLAS is given in reference
[28].
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BIS muon chamber and LArEM

calorimeter combined reconstruction in the

H& testbeam

4.1 The H8 combined testbeam experimental area at
CERN

During the summer of 2004 a large test stand of all the ATLAS sub-detectors was
operated at CERN in the H8 beam line. The data taking program of this period
was actually the summit of an effort that had started already in 2000. However, this
particular period was unique because it was for the first time that final production
barrel parts of each ATLAS sub-detector were operated together, naming the HS8
beam line after Combined TestBeam (CTB). It was also the last time this was
happening before the sub-detectors were finally installed to the experiment.

The CTB setup in 2004, not only did it resemble the geometry and setup of ap-
proximately one octant or one full barrel slice of the ATLAS detector but it was also
complemented by an octant of end-cap MS chambers. A schematic representation
of the H8 CTB as in 2004 is given in Fig.4.1. In the following sections a brief de-
scription of the H8 beamline and the experimental setup of the CTB is given along
with the special setup that included a BIS type muon chamber. Very detailed de-

scriptions of the beam properties and experimental setup can be found in references
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Figure 4.1: Schematic view of the H8 Combined Testbeam - Visible on the
figure are the two magnets used for particle trajectory bending, the various tech-

nologies of the MS chambers and the ID and calorimetric modules.

4.1.1 Beam creation and properties

The particle beam type used for studies at the CTB was e*, 7% or u*. These beams

were created from a 400 GeV proton beam delivered by the SPS to a primary
beryllium target of 30 cm thickness. The intensity of the proton beam was roughly
102 protons per spill, hitting the target every 16.8 s while the duration of the spill
was approximately 4.8 s. The emerging beam from this target was subsequently
directed to the H8 beam line where using dedicated magnets, collimators and other
targets it was possible to create different particle type beams with energies in the
range of 1 GeV to 350 GeV'.

4.1.2 Experimental setup

The experimental setup of the 2004 H8 CTB consisted of three major detector
systems of ATLAS, the inner detector, the calorimeter and the muon system. In

various locations along the sub-detector line there were also other instrumentation
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elements not serving detection purposes, providing, nevertheless important services
like triggering or bending magnetic fields, required for the smooth functionality of
the CTB. The ID was the first system installed in the direction of the beam path,
composed of three layers of silicon pixel modules, followed by four layers of the
SCT’s silicon micro-strip modules and two wedges of the TRT. The Pixel and SCT
elements were all placed inside a magnet which produced a magnetic field of 2 T

similar to the magnetic field created in ATLAS by the solenoid magnet.

For calorimetry, an electromagnetic LArTEM calorimeter module was placed in-
side a cryostat and three TileCal modules were attached at the back side of the
cryostat. The whole calorimetric system was placed on a platform that could per-
form translations and rotations with respect to the beam axis in order to expose the

desired calorimeter cells to the incident beams.

Before carrying on with the descrip-
tion of the experimental setup it is im-
portant to introduce at this point the
coordinate system used in the HS8 as it

will be used many times in the following.

Care was taken for the coordinate sys-
tem used in H8 to resemble the coordi-
nate system used in ATLAS (see chapter Figure 4.2: The H8 testbeam coordi-
3 and Fig.3.2). As it is shown in Fig.4.2, hate system.

the positive y-axis was pointing up, the

positive xr-axis was running along the H8 beam and the z-axis was horizontal, with
the positive side running towards the right edge of the detectors as they were seen
by the beam. The point x = y = z = 0 was lying on the entrance surface of the
inner detector magnet. Given this reference system, translations of the calorimeter

platform were along the z-axis while rotations were performed around the y-axis.

Right after the calorimetric platform there was a 3.2 m long block of iron dump
which was used to prevent all particles except muons, from reaching the muon
chambers installed further upstream. Immediately after this slab of iron, there was
one BIL type MDT chamber sitting on a rotating support structure, which allowed

the rotation of the chamber up to +15 degrees with respect to the beam, around
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the y-axis. This was necessary because the rotating BIL chamber was used for the

extraction of chamber space-time relations, that were afterwards utilized by all other
MDT chambers. The rotation ensured the increase of the angular spread of muon
tracks which is needed for the extraction of the r —t relation. A description on how
the r — ¢ relations were extracted for the H8 CTB can be found in reference [20].
Further upstream, one barrel and one end-cap part of the MS were installed. A
sketch of the MS stand is shown in Fig.4.3. The barrel part of the MS consisted of six
MDT chambers arranged in doublets of BIL, BML and BOL types, fully equipped

with Front-End electronics and optical alignment systems

Z i
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Figure 4.3: Schematic layout of the muon stand in the H8 testbeam - Visible
are also the two bending magnets (MBPL and MBPS2) and the trigger scintillators.

The orientation of the chambers with respect to the beam was vertical, thus the
precision coordinate in the CTB was the z-axis. There were also six RPC chambers.
Four of them sandwiching the BML MDT doublet and the other two were installed
in the back side of the BOL doublet, as seen by the beam

The end-cap stand consisted of six MDT chambers of both Small and Large types
two EI, two EM and two EO also fully equipped. The end-cap trigger chambers were

also tested by installing one triplet and two doublets of TGC chambers
Track bending in the MS stand was possible by two magnets, called MBPL and

MBPS2, also visible in Fig.4.3. The first one was located before the MS stand and
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the second one between the EI and EM chambers. Both magnets were able to create
a ranging magnetic field with maximum bending power of [Bdl = 3.54 Tm.
Finally, triggering in the C'TB was provided primarily by two scintillator config-
urations, although in some of the runs trigger chambers themselves were used. The
first setup consisted of two small area scintillators, 10 x 10 ¢m?, positioned at the
very centre of the beam line and in front of the MBPL magnet. The second larger
one, also called hodoscope trigger, was made up by two planes of six scintillator

slabs of 10 x 100 em? each, placed right before the muon chamber barrel stand.

4.1.3 The Barrel Inner Small MDT muon tracking chamber

The Barrel Inner Small, BIS, muon tracking chamber which was used in the current
study at the H8 testbeam, is one of the 130 BIS chambers that were constructed
by the collaboration of three greek universities; the University of Athens which
performed the tube assembly [31], the National Technical University of Athens which
performed the quality assurance and quality control of the tubes [32, 33] and the
Aristotle University of Thessaloniki where the chambers were assembled [34, 35].
The BIS are the innermost MDT muon chambers located in the small sectors of
the inner station, between the Tile Calorimeter and the barrel toroid coil cryostats
and have dimensions of 1 m in z-coordinate and 1.7 m in azimuthal direction. They
consist of 2 multi-layers of tubes of 4 layers each and the 2 multi-layers are separated
from each other by a 6 mm spacer. The position of the tubes in the chambers during

construction was controlled well within the requirements, to better than 10 —15 um.

4.1.4 The special experimental setup with the BIS chamber

During the summer of 2004 a special experimental setup was used in H8. One BIS
type muon chamber was installed in front of the calorimeters, right after the TRT
detector. It was actually mounted on a the calorimeter platform in not exactly
perpendicular position with respect to the beam but rotated around the z-axis by
approximately 11.5 degrees. This setup ensured that the position of BIS with respect
to the beam followed the movements of the calorimeters and the rotations and

translations of the table exposed BIS at different beam incident angles. In the
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photograph of Fig.4.4 the BIS chamber installation position is visible with respect
to the TRT and the LArEM calorimeter.

Figure 4.4: Photograph of the BIS chamber mounted on the calorimeter
platform in the H8 testbeam - Also visible on the photograph is the ID magnet
and the TRT right after it.

This setup provided the opportunity for studies on the performance of the cham-
ber in an environment that included muon and positron beams. Note that this setup
also provided the means for studies on specific LArEM calorimeter properties. The
reconstruction of track segments under these conditions and their correlation with

the calorimeter cluster barycentre is discussed in the following sections.

4.2 Track segment reconstruction with BIS

4.2.1 Runs with positron and muon beam

Table 4.1 lists the CTB runs that are used here to study the track segment recon-

struction potential of the BIS chamber, in the special experimental setup and the
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correlation of this track with the calorimeter cluster barycentre. There are seven
runs with positron beam of £ = 180 GeV and one run with muons of £ = 350 GeV.
The positron runs vary in steps of 0.1 in 7, covering the range 0.1 < n < 0.7. The
incremental rise of the pseudo-rapidity allows to test the reconstruction of track seg-
ments and their correlation with the calorimeter cluster barycentre at steep beam

incident angles. The calorimeter platform position in the muon run is n = 0.55.

Run Number Beam Type Beam E [GeV] Table n

2102459 Positrons 180 0.1
2102470 Positrons 180 0.2
2102478 Positrons 180 0.3
2102488 Positrons 180 0.4
2102511 Positrons 180 0.5
2102537 Positrons 180 0.6
2102523 Positrons 180 0.7
2102731 Muons 350 0.55

Table 4.1: Runs used for analysis with the BIS chamber in H8 CTB.

4.2.2 The BIS muon chamber in ATHENA testbeam recon-

struction

As it has already mentioned before, in order to perform track segment reconstruc-
tion, pattern recognition algorithms require information on the distance between the
tube’s wire and the actual particle’s trajectory inside the tube, the drift radius (see
Fig.3.13(b)). The TDC’s located on the mezzanine cards that equip an MDT cham-
ber, record the drift time of each hit and then this time is transformed into distance
by the r —t relation. These steps occur inside the ATHENA framework by dedicated
software packages and services. In the CTB the drift time of the individual tube is

calculated by the formula:

tdm‘ft:(A—B—FC—to)XD
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where A is the number of TDC counts from the readout mezzanine card of the
muon chamber. The trigger time B, is the time when the muon passed the trigger
scintillators and in C'TB this information was provided by a dedicated trigger mez-
zanine card located in the vicinity of the EOL chamber. Parameter C is an offset
particular to the H8 muon stand configuration which ensured that the time window
in which data from the MDT chambers were searched for, took into consideration
all the chambers in H8. The ¢y term corresponds to the time offset of each elec-
tronic channel and is calculated from the TDC spectrum at approximately half rise
of it. Finally, D = 0.78 is the transformation factor from TDC counts to nsec. In
the CTB, files containing t, values were extracted for each chamber and each tube.
These files were accessed by ATHENA services during run time and were used as
input for the 4,4 calculation based on equation 4.1.

For the BIS chamber, it was necessary to produce new {t files that would be used
during reconstruction run time in ATHENA . Values of ¢, are extracted from fitting

to the drift time spectrum the following empirical 3-parameter sigmoid function:

fla) = ——

— to—T
lde s

The fit was performed to the drift time spectrum of the tube that was most
illuminated by the beam in each layer. Since the beam was impinging BIS at a fixed
point, the beam spread was such that it illuminated, providing sufficient statistics,
only one or two tubes in each layer. This is also seen in the a typical beam profile
of the BIS chamber which is given in Fig.4.5(a) for all layers and in Fig.4.5(c) for
one layer. An example of a fit, using equation 4.2, to the drift time spectrum of the
most illuminated tube of BIS is shown in Fig.4.5(b). Note that the r — ¢ relation
used for the BIS was the r — t relation used by the rest of the muon chambers in
CTB.

Track segment reconstruction was performed inside ATHENA using Muonboy re-
construction software package, which was especially configured to account for the
geometry of the CTB and in particular the position of the BIS chamber. During
reconstruction, Muonboy receives the required information about the drift radius
and its error, computed for any hit in the muon chamber, which is provided on

request by a devoted ATHENA service (MdtCalibService). With the information on
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Figure 4.5: Examples of beam profile in BIS chamber and fit to drift time

spectrum for extraction of t; values.

the drift radius Muonboy tries to fit the best tangential line, the track segment, to
the drift circles. Details on the reconstruction algorithm followed in Muonboy can

be found in references [17] and [36].
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4.2.3 Selection of reconstructed track segments

The initial attempt to reconstruct track segments was not successful. The problem
is illustrated in Fig.4.6 where the drift time distribution of hits that constitute the
reconstructed track segments is shown. There is a clear shift of the distribution of
roughly 200 nsec which means that the drift radius passed to the reconstruction
algorithm from the calibration service was incorrect. Given the special position of
the BIS chamber, which was about 25 m away from the MS stand, in equation
4.1 the offset C had to be modified in order to account for the position of the BIS
chamber also. Therefore, a correction for this shift was applied in order to bring the

drift time distributions start at zero.
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Figure 4.6: Drift time distribution of hits in selected track segments - The
observed shift of ~ 200 nsec is due to the wrong offset used in the calculation of the
drift time. The distribution is obtained from hits of selected track segments (see

text)

In Fig.4.7(a) the energy deposited in the Tile calorimeter is plotted with respect
to the energy deposited in the LArEM calorimeter, for each event. The figure
corresponds to the positron run number 2102511 and similar plots are obtained from
the rest of the runs. The first step towards reconstructing track segments is to select
the events that exhibit an energy loss in the calorimeters that indeed corresponds
to positrons because as it can be seen in the figure there is also contamination from

other particles whose energy deposition signature is compatible with muons and
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pions. Muons are expected to leave very little energy in the calorimeters while pions
leave significant amounts of energy in both calorimeters. Positrons on the other
hand, are expected to deposit all their energy in the LArEM. Therefore, a first
selection of events is done requiring the total energy deposited in the LArEM to be
greater than 160 GeV and in the TileCal to be less than 3 GeV. The same type of
plot is given in Fig.4.7(b) for the muon run. Here events with muons are selected

by requiring the total energy deposited in the LArEM to be less than 3 GeV and in
the TileCal to be less than 5 GeV'.
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ergy in LArEM calorimeter in positron run  in LArEM calorimeter in muon run.
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Figure 4.7: Energy deposited in TileCal versus energy deposited in LArEM

calorimeter from positron and muon runs.

After selecting events which the energy deposition in the calorimeters is compat-
ible with positrons or muons, the reconstructed track segments in the BIS chamber
are analysed. In the plots of Fig.4.8 the number of reconstructed segments per event
and the number of hits on the segment is shown for all runs with positron beam.
The striking feature of these distributions is the large tail above 1 in the number
of segments reconstructed per event while the number of hits is below 5 on most
of the segments. An explanation of this feature lies in the fact that positrons are

likely to produce secondary photons through bremsstrahlung as they pass through
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the material of the muon chamber itself but also in the material of the ID before
reaching BIS, therefore giving rise to showers of particles. These showers of particles
produce a big number of hits on the BIS chamber in each event and the excessive hit
multiplicity finally results in an increase of the possible combinations which form a

track segment. This is also justified by the plots in Fig.4.9 that follow.
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Figure 4.8: Number of reconstructed track segments and hits on segment

in BIS. Positron runs.

The number of hits per event in the BIS chamber is given in the histograms
of Fig.4.9 and indeed large tails above 10 hits per event can be observed. Note
that these histograms are not extracted from all the tubes of the BIS chamber, the
number of which is: 8 layers x 36 tubes = 288 tubes. Different incident angles of
the beam on the BIS chamber means that the calorimeter platform performs shifts
along the z-axis (apart from the rotation around y-axis), which in turn implies that

the beam is not impinging on the BIS chamber at the centre in each run but it is
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possible that the beam hits the side areas of the chamber. As a result BIS is not
uniformly illuminated, therefore, to obtain a reliable calculation of number of hits
per event, only hits of the most illuminated tube plus 2 tubes on each side of the
latter, in each layer are taken into account. The choice of 5 tubes in each layer is
dictated by the beam profile of BIS (an example is given in Fig.4.5(c)) where 5 tubes
correspond to the RMS of the profile.
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| Hitsfevent in most illum. tube +/- 2 tubes - 1=0.5 | [ Hits/event in mostillum. tube +/- 2 tubes - 1=0.6 |
Entries 12690 Entries 12192
1400~ 8001~
L Mean  15.23 - Mean  18.64
1200 T00F
F 600
1000 RMS 6918 F RMS 7524
- 500(—
800~ o
s 400f-
600 E
s 300
400:* 200 }
200 100
G:‘ R N S P O T S R BT
0 50 60 70 8 90 100 0 60 70 8 9 100
Number of hits Number of hits
(e) Positron run at n = 0.5 (f) Positron run at n = 0.6

[ Hits/event in mostillum. tube +/- 2 tubes - n=0.7 |
1000 Entries 6478

800 B Mean 16.35

RMS  6.998

600—

400—

200—

el b b b b
50 60 70 8 9 100
Number of hits

(g) Positron run at n = 0.7

Figure 4.9: Number of hits per event in the BIS chamber for positron runs

from the hits in the most illuminated tube +2 tubes.

The above considerations are also justified by the corresponding plots in the
muon run case, shown in Fig.4.10. Here most of the times only one segment is
reconstructed in each event, and the hits on track has a clear peak at 8 which is
expected from an 8-layer chamber like BIS. The energy loss due to bremsstrahlung
scales as 1/m? therefore muons are significantly less probable to radiate in the
material of the ID or the muon chamber itself than the positrons. A comparison
between Fig.4.10(c) where the tail in number of hits per event is small and the
distributions of Fig.4.9 of the positron runs, manifests the cleaner hit environment

in which track segments are reconstructed in the muon run.
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Figure 4.10: Number of reconstructed track segments 4.10(a), hits on seg-
ment 4.10(b) and hits in most illuminated tube +2 tubes in BIS 4.10(c).
Muon run at n = 0.55.

Variables of Fig.4.8 are not representative of the chamber’s performance. A
quantitative estimate of the latter can be obtained by studying the residuals of the
track segment hits, that is the difference between the fitted track and the actual drift
radius. For this reason and also since the aim is to correlate the track reconstructed
on the BIS chamber with the cluster barycentre of the LArEM calorimeter, it is

necessary to select segments that fulfill some qualitative criteria, hereafter called
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7good segments”. On the basis of the number of hits per track segment in BIS, a
good segment is selected requiring at least 7 hits. In case there are more than one
segments with more than 7 hits, the segment with the maximum number of hits is
retained. The distribution of residuals for the positron and muon runs are given in

Fig.4.11. Fig.4.11(h) corresponds to the muon run.
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Figure 4.11: Residual distributions of reconstructed track segments.

Fig.4.12 summarizes the values of RMS from each residual distribution of the
positron runs. For positrons, the RMS values vary between 200 pum and 150 um
while in the muon case the value is 166.8 pm. These values are compatible with the
expectations in the H8 CTB. No n dependence of the residuals is observed while the
relative large residuals and their variation with 7 point to non fully calibrated r —¢
relations, which is in fact the case since the calibration constants were provided by

a different chamber and no temperature corrections were applied.
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Figure 4.12: RMS of residual distributions in positron runs

4.2.4 Correlation between the track segment in BIS and the

LArEM calorimeter cluster barycentre

The selected track segments through the procedure described in the previous sec-
tion, provide the z-coordinate of the track on the BIS chamber. This coordinate
is compared to the n of the cluster barycentre which is reconstructed in the front
sampling of the LArTEM calorimeter. The clustering algorithm used to obtain the
cluster barycenter n is called "sliding window” algorithm and is based on summing
cells within a fixed-size rectangular window. More information about the sliding

window clustering algorithm can be found in reference [37].

The correlation plot obtained from all positron runs is given in Fig.4.13 and
indeed correlation is evident between the precision coordinate of the track segment
on BIS and the 7 of the cluster barycentre, although the correspondence is not
exactly 1:1. In order to translate a coordinate parallel to the cryostat into an 7
and ¢ position one needs to know until where to extrapolate the track inside the
calorimeter. In order to compare with an  measured by the calorimeter, one has to
extrapolate until the depth where the barycenter of the shower lies. This is different
for each shower, and only accessible by simulation. However, simulation provides
only an average shower depth, which has precision of 1 ¢m approximately. Therefore

the precision of the correlation is limited and this is why 1:1 correspondence is not
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Figure 4.13: Correlation between the z-coordinate of the track segment in
BIS and the cluster calorimeter barycentre at the front sampling of the

LArEM - All positron runs are superimposed on the plot

observed in this case [38]. A zoom-in view at n = 0.4 is given as an example in

Fig.4.14

4.3 Summary

During the summer of 2004 in a special experimental setup at the H8 CTB, a BIS
muon chamber was tested. The chamber was installed in front of the calorimeter
in order to study the performance of the chamber with both muon and positron
beams. In the case of positron beams the reconstruction was even more challenging
because of the nature of positrons and the processes that lead to multiple hits per
event in the muon chamber.

The analysis included the selection of reconstructed track segments according to
calorimetric criteria in order to select events with positrons or muons and recon-
struction criteria in order to select ”"good” track segments. It has been proven that
the pattern recognition algorithm performs well and track segment reconstruction
is possible even in the presence of multiple hits, at steep beam incident angles and

different illumination conditions.

83




CHAPTER 4. BIS MUON CHAMBER AND LAREM CALORIMETER
COMBINED RECONSTRUCTION IN THE H8 TESTBEAM

[ Eta e/m cluster versus track Z ]

I
IS

0.398

ycentre n

0.396

0.394

Cluster bar

0.392
0.39

0.388

0.386

{
|

0.384

0.382

+

M

0.38

-785 -780 =775 -770 -765 -760
Segment z-coordinate [mm]

Figure 4.14: Zoom-in view of the cluster barycentre 7 versus the z-
coordinate of the reconstructed track segment on BIS, from positron

run at =04

The RMS of the residual distribution of the reconstructed track segments in
BIS was found to vary between 200 pm and 150 pgm which is compatible with the
expectations at the H8 CTB, given that this result is obtained without using a
dedicated r — t relation extracted from the particular muon chamber.

Tracks reconstructed in the BIS chamber were shown to be correlated to the

calorimeter cluster barycentre n for various beam incident angles.
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Catastrophic muon energy loss in

testbeam data

5.1 Muon energy loss in ATLAS

In the ATLAS Muon Spectrometer, muons will be measured in a rather clean envi-
ronment. This is because, as already discussed in chapter 3, the calorimetric system
which precedes the MS, applies a material barrier of the order of approximately
100 Xy, resulting in the absorption of any other charged particle except muons be-
fore the MS. However, muons will also lose energy in the material before the MS,
therefore the resolution of their momentum measurement depends on the processes
that take place inside the calorimetric volume. These effects should be taken into
account by muon reconstruction algorithms in order for the latter to reach the re-
quired momentum resolution. In ATLAS muon reconstruction algorithms, this is
achieved by sophisticated techniques which use either direct measurements in the
calorimeters or alternatively, parametrizations of the energy loss in order to correct
for the amount of energy lost downstream the MS. In references [39, 40, 41] these
issues are discussed in great detail.

In this chapter a study of 350 GeV muons which deposit a large fraction of
their energy, the so-called catastrophic energy loss, in the ATLAS calorimeters, is
presented. Analysis is performed on 2004 data taken at the H8 Combined Test-
beam setup described in chapter 4, and includes combination of muon tracks recon-

structed in the MS system with their corresponding energy deposition signature in
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the calorimeters. This is done in order to reject pion contamination of the muon
beam in CTB and study the catastrophic muon energy losses by directly measuring

the response of the calorimeter.

In the next section a brief theoretical introduction is given on the physics of the
muon energy loss in matter and focus is given on the mechanisms that contribute
and increase the probability of a muon to lose a large fraction of its energy while
interacting with matter. In sections 5.3 and 5.4 the analysis procedure on identi-
fying muons with catastrophic energy loss and results from CTB and MC data are

presented respectively.

5.2 Passage of muons through matter

The physical processes that describe how muons lose energy when they interact
with matter are represented in a ”condensed” form by the solid curve in Fig.5.1,
which corresponds to the mean rate of energy loss of muons on copper versus the
muon momentum or 7 term, where § = v/c and v = l/m is the Lorentz
factor. There are four distinct regions visible on this plot, classified according to the
momentum of the muon. The first two regions up to gy ~ 0.5, which correspond
to muons with momentum of <10 MeV, are called Lindhard-Schaff and Anderson-
Ziegler regions. In the Lindhard-Schaff region the energy loss is proportional to 3,
as described by the Lindhard theory [42, 43], but this behaviour is not sufficient to
explain the Anderson-Ziegler region where only the name-part approximations exist

[44] to give a fair description of the energy loss mechanisms.

The other two regions which extent from (v ~ 0.5 onwards, are of great interest
for ATLAS because muon momenta are expected to lie within these boundaries. Up
to roughly (B~ = 800, which is the region called Bethe-Bloch , muons lose energy
proportionally to 1/4% mainly due to ionization and atomic excitation. Finally, the
region above Bethe-Bloch is called Radiative because radiative mechanisms start
contributing to the energy loss and they are responsible for the rise of the curve in
Fig.5.1. In the following sections the various energy loss mechanisms are described

in more detail.
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Figure 5.1: Mean energy loss rate for muons on copper as a function of
B~ = p/Mec - The momentum extents over nine orders of magnitude. Boundaries of

different regions discussed in the text are represented by the vertical bands.

5.2.1 Ionization

[onization is the dominant energy loss mechanism for muons of moderate momentum
of the order of few MeV up to ~ 80 GeV. The energy loss in this region is described
by the famous Bethe-Block formula given in equation 5.1. The term K is a constant
equal to 4TNarim.c?, where N, is Avogadro’s number, r, is the classical radius
of the electron and m, is the electron mass. [ is the mean excitation energy of
the absorber which in turn depends on the Z of the material. The kinetic energy
that can be transfered from the muon to the absorber material in a single collision
is represented by T,., in the Bethe-Bloch equation and its definition is given by
equation 5.2 [10].

dE Z 1 [1, 2m.c?B%9*T, ipy) C
e O St e il mar gz 00 5.1
dr A |2 IE b 2 Z 5.1
2m..c? 322
Tonae = 5.2
T+ 2yme/M + (/M2 5.2

As it can be seen in equation 5.1, the mean energy loss per unit length depends

through the I, Z and A terms on the material that the muon passes from and the
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velocity of the muon. In the low [ region the mean energy loss rate decreases
quickly with increasing [, reaching a minimum rate at §y ~ 3. A muon (and any
other charged particle) with energy that corresponds to the point at which dF/dx
reaches a minimum is called Minimum Ionising Particle (MIP). For low energies
equation 5.1 is necessary to include the term C'/Z, the so-called shell correction, to
correctly account for the contribution of the atomic binding energies which is of the
order of 1% at 3y = 0.3. The correction is only significant in low energies because
as energy grows C'/Z decreases rapidly.

On the other hand, as [ increases further from the MIP point, the energy loss
starts increasing slowly, and the dependence becomes logarithmic In3v. In this case,
the Bethe-Bloch formula has to include also the correction term §(/5v)/2 which is
called density effect correction. The density effect occurs when the particle’s energy
increases and its electric field flattens and extends resulting in distant collisions

contribution to rise logarithmically as (ng~v [10].

5.2.2 Energy loss at high energies

As it is indicated in Fig.5.1, when the energy of the muon increases significantly,
radiative processes start contributing to the energy loss and eventually dominate over
ionization losses. In Fig.5.1 this is represented by the rapid increase of the mean
energy loss rate with increasing momentum of the muon in the radiative region.
There are three basic radiative energy loss mechanisms the cross-sections of which

can be found in reference [45]:
e Bremsstrahlung
e Pair production
e Photonuclear interactions

The average rate of muon energy loss is written as:

dE
= a(E) + b(E)E

where the a(F) term comes in from the ionization contribution and the sum of

the radiative processes is given by b(FE). In principle, the cross-sections of these
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processes are small, they have rather hard spectra and induce large fluctuations in
the energy loss. The contribution of each of the above mechanisms to the b(E) term
is shown in Fig.5.2 as a function of the energy of muon. The behaviour of b(F) in the
high energy regime can be approximated as constant and since a(F) has negligible

contribution of the order of 1073, radiative mechanisms dominate at high energies.
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Figure 5.2: Contribution to the term b(F) from radiative energy loss mech-

anisms as a function of muon energy - From reference [45].

If we define the fractional energy loss of a muon with initial energy F as v =
FEjoss/ E then the cross-section for bremsstrahlung scales as v~! and the cross-section
for pair production as v to v=2 [10]. Photonuclear interactions are related to
the process of inelastic scattering of muons from the nucleons or nucleus of the
material. Their cross-section rises with muon energy and they contribute to the
energy loss mainly when v is very large. They have almost the same shape as the
bremsstrahlung cross section at high v, but they are about an order of magnitude
lower. In Fig.5.3 the cross-sections of the energy loss mechanisms are shown as a
function of v, for muons of various momenta. Although pair production dominates
the radiative contributions to the mean energy loss, bremsstrahlung dominates at
high v and since the cross-section of the latter scales as v~ !, hard or ”catastrophic”

energy losses are therefore more probable in bremsstrahlung. In any case, when
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radiative processes start to play the leading role in the energy loss, ”catastrophic”
loss is more likely to occur. The question which rises then is which is the threshold
that one should start taking these effects into account. A convenient answer to this

is given by introducing the critical energy.

5.2.3 The muon critical energy

A very useful quantity that can be indicative of the point where radiative mecha-
nisms become important is the "muon critical energy” Eﬁm, which is defined as the
point where ionization and radiative losses become equal. The muon critical energy
can be calculated by solving E7* = a(ES™)/b(ES™). In Fig.5.1 this point is the
intersection of the dotted and semi-dotted lines. The critical energy depends on the
atomic number Z and this dependence is presented in Fig.5.4. The fact that the
critical energy of muons is higher for gases than for solids and liquids is because of
the smaller density-effect correction for gases [45].

Some typical values of the muon critical energy which are interesting for ATLAS
and in particular for the calorimetric system are the ones for iron, lead and liquid
argon. These values can be calculated from the tabulated data of reference [45].
In iron the muon critical energy is 347 GeV, in lead 141 GeV and in liquid argon
485 GeV. These values imply that radiative mechanisms of energy loss for muons
become important at lower energies in the LArEM calorimeter than in the TileCal.
Therefore, ”catastrophic” energy losses of high momentum muons should also be
searched for in the LArEM and in the TileCal systems. In the next sections,these
considerations are taken into account when ”catastrophic” energy losses of 350 GeV

muons are studied in CTB data.

5.2.4 Fluctuations in muon energy loss

The number of energy loss interactions and the energy transfer of muons in each col-
lision with the traversed material are both statistical processes which are determined
by probability distributions. The number of collisions per unit length of material is
determined by a Gaussian distribution whereas the energy lost by a muon crossing

a path of thickness x has an energy distribution called energy straggling function.
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Figure 5.3: Differential cross section of all energy loss mechanisms as a
function of the fractional energy transfer for muons on iron - From reference
[45].

The probability function describing the distribution of energy loss in this case is

called Landau distribution and its most probable value is given by equation 5.4.

2By 1S 4 s(5)

N ;

In the above equation & = (K/2)(Z/A)(x/3?) is the mean energy loss in MeV
and 7 = 0.2. This is a distribution with a characteristic asymmetric long tail which
extends up to high values of the energy loss and is caused in rather rare collisions
where the energy transfer is high. While dF/dx is independent of the thickness x,

A, /x scales as alnz+b [10]. The Landau distribution describes well the energy loss
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Figure 5.4: Muon critical energy as a function of the atomic number Z in

gases and solids - From reference [10].

of a muon through materials of moderate thickness and also very thick absorbers
[46], but in the latter case the distribution is less asymmetric. However this does not
mean that it approaches a Gaussian. The shape of an example Landau distribution

which has mean 3.5 and o = 1.0 is given in Fig.5.5.
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Figure 5.5: Example of a Landau pdf - The mean of the pdf is 3.5 and ¢ = 1.0.
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5.3 Analysis

Identifying muons that have suffered catastrophic energy loss in the calorimeters in
testbeam data exhibits one main difficulty. Muon beams at the CTB are not exactly
100% pure but there is also a fraction of pions contaminating them. Muons which
pass through the calorimeters and deposit large amounts of energy in the calorimeter
layers, hereafter called catastrophic muons, are possible to reproduce the behaviour
of pions which also deposit all or most of their energy there. If the pions are stopped
inside the calorimeter volume, then a requirement of a track reconstructed in the MS
is enough to reject these events. However, there is a fraction of pions that will either
leak through the calorimeter, the so-called punch-through pions, giving a track in the
MS or they will decay to muons which will in turn produce a track in the MS. The
aim of the analysis procedure is the appropriate combination of the reconstructed
track in the MS and the energy deposition information in the calorimeters in order
to classify events as non catastrophic muons, catastrophic muons and pions. This
is explained in section 5.3.4. In sections 5.3.2 and 5.3.3 the selection of the tracks
reconstructed in the MS stand and the measurement of the calorimeter response are

respectively described.

5.3.1 Data samples

Listed below are the data samples used in the analysis. Both real and MC data
include information from the calorimetric system and the muon chambers and will

be hereafter referred to as ‘combined runs’.

e Real data - 20,000 events of a combined run with muon beam of £ = 350 GeV
which is hitting the calorimeters at n = 0.55.

e MC data - 10,000 events of a combined run with muon beam of E = 350 GeV
which is hitting the calorimeters at n = 0.55.

5.3.2 Muon track selection

Track pattern recognition in the Muon System is provided by Muonboy reconstruc-

tion package, properly configured to perform reconstruction in the particular test-
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beam geometry. Details on the performance of Muonboy package in the CTB setup

can be found in reference [47].
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Figure 5.6: Number of hits on reconstructed track and number of chambers

with at least N-1 hits - Note that N is the number of layers.

In order to identify an event as muon it is important to select events with one
track reconstructed in the MS which fulfills some quality criteria. A ”good track”
is defined as a track which has a minimum of 12 hits in the muon chambers and
at least one barrel muon chamber is required to be involved. From the six muon
stations that potentially have hits on the track, as described in section 4.1.2, BIL
and EIL chambers have 8 layers of drift tubes and the rest of the chambers in the
barrel, as well as in the end-cap stands, have 6 layers of tubes. This means that the
total number of hits in the ideal case should be 40. The distribution of the total
number of hits on track in the six MDT chambers is given in Fig.5.6(a). The peak
in this plot is at 34 hits while the in majority of events the number of hits on track
exceeds 20, which is compatible at least three MDT stations. With 12 hits per track
there are at least two chambers involved in the reconstruction.

The request for two chambers with at least 12 hits on the track instead of three
is because in the 2004 HS8 setup, the beam at the BML stand was crossing the

boundary point, along the z-axis, between the two chambers causing inefficiencies
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in the track reconstruction [47]. Therefore this requirement ensures that a track
reconstructed only in the barrel MDTs will not be rejected because the muon is

"missing” the BML stand. For events with one good reconstructed track in the MS,
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Figure 5.7: Number of hits on track per muon chamber for tracks with at

least 12 hits on track.

the number of track hits in each chamber is given in Fig.5.7. The number of hits
per good track for each chamber type is presented separately for the 8-layer 5.7(a)
and 6-layer chambers 5.7(b).

In fact, the majority of the selected tracks with the 12 hit requirement have more
than two chambers with N or N-1 number of hits, where N is the number of layers
of the chamber. This is demonstrated in Fig.5.6(b), where it is evident that in most

cases the number of chambers with at least N-1 hits is more than three.

5.3.3 Calorimeter response

LArEM Calorimeter

The LArEM calorimeter is longitudinally segmented in three samplings. A measure-
ment of the muon signal in the LArEM calorimeter is difficult because the signal-
to-noise ratio is small in the three compartments, therefore one has to eliminate as

much as possible the noise contribution to the total measured energy by taking into
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account only cells illuminated by the beam. For this reason, a special reconstruction
algorithm needs to be deployed in the layers of the LArEM.

The energy deposits of muons in the middle LArEM sampling are usually con-
tained in one cell but some times charge can be shared by two adjacent cells. Since
the calorimeter platform position was fixed with respect to the beam at n = 0.55,
the cell with the maximum energy in the middle LArEM layer is found in the track
path within the range n = 0.55 4+ 0.05. From the neighbour cells in 1 and ¢ only
those that have energy above 100 MeV are taken into account. The noise per cell
in the middle layer is around 20-30 MeV [9] therefore the 100 MeV cut is used to
minimize the noise contribution to the measured energy.

The contribution of the cells in the front compartment to the total noise is large,
therefore only one cell behind the most illuminated one in the middle sampling layer
is added to the total from this layer. Finally, from the back compartment where the

granularity is bigger, only the cell illuminated by the beam is taken into account.
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Figure 5.8: Total energy deposited in the LArEM in CTB and MC data.

In Fig.5.8 the distribution of the total energy deposited in the LArEM calorimeter
is illustrated for both CTB and MC data. As it is clearly seen in the figure, there is
a systematic shift of the MC distribution with respect to the one from CTB data.
This effect has also been observed and is discussed in reference [48]. It rises from
the fact that in the simulation with the Geant version v4.7 which is used here, the
energy reconstruction in the LArEM used an incorrect sampling fraction, leading to

an overestimation of the measured energy by 10% in all LArEM cells. Therefore for

96




5.3. ANALYSIS

the current study values of the MC are scaled down by 10%.

Tile Calorimeter

The Tile calorimeter is longitudinally segmented in three compartments, A, BC and
D. Given the narrow beam profile, the fixed position of the calorimeter platform with
respect to the beam and the large granularity of the tile compartments, An x A¢ =
0.1 x0.1in A and BC and 0.2 x 0.1 in D , there was only one cell illuminated by the
beam in each compartment, hence the energy is obtained from the cell illuminated
by the beam from each TileCal compartment. Again, in order to suppress noise
contributions to the measured energy, only if the cell energy exceeds 50 MeV is

taken into account. The expected noise per cell in the TileCal is roughly 15 MeV .
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Figure 5.9: Total energy deposited in the TileCal in CTB and MC data.

In Fig.5.9 the distribution of the total energy deposited in the TileCal is illus-
trated for both CTB and MC data. As it is clearly seen in the figure the shapes of
the distributions between data and simulation are different and there is also a small
shift of the MC distribution with respect to the one from CTB data. As in the case
of LArEM, this discrepancy in the measured muon signal between data and MC
simulation has been observed also in reference [48] where it has been shown to be of
the order of ~ 5% for 350 GeV muons. The difference is attributed to the fact that
the simulation did not include light attenuation effects in the tiles. Therefore, in
what follows the MC energy distributions in the TileCal are artificially scaled down
by ~ 5% in order to match the CTB data.
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5.3.4 Event classification

The energy measured in the LArEM and TileCal calorimeters, as described in the
previous section, is shown in the correlation plot of Fig.5.10(a) for CTB data and
in Fig.5.10(b) for MC data. There is an event population that exhibits significant
energy deposit in both calorimetric systems in the CTB data plot. This behaviour
is compatible with pions of similar momentum to muons, which indeed contaminate
the beam in the CTB. The pion contamination is also justified by Fig.5.10(b) where
the pure muon MC simulation sample is shown. The population of events with big
energy deposition in both calorimetric systems is absent here as expected. It can be
also noted that significant fraction of the energy of the muon can be deposited in
the LArEM calorimeter as expected by the fact that the muon critical energy in the
LArEM is less than in the TileCal, implying that radiative losses start contributing
to the energy loss earlier in the LArEM.

Muons produce a track in the MS, therefore requesting a good track in the
MS should have been enough to separate between pions and muons. However the
possibility to have a pion penetrating through the ~ 10\ of material of the ATLAS
calorimeters and reach the MS, should be also taken into account especially since
in the CTB runs analysed here, the dump between the calorimeters and the MS
had been removed, which means that it is also possible that pion tracks can be
reconstructed in the MS. In addition, some pions can decay to muons which will
again produce a track in the MS.

Because of the above reasons, certain criteria have to be fulfilled in order to
identify muons with catastrophic energy loss and classify events in two mutually ex-
clusive categories; muons and pions. This is achieved exploiting the way muons and
pions lose energy in the LArTEM and in each one of the three TileCal compartments,
complemented with the reconstruction or not of a track in the MS. The selection
criteria are described in the following;:

Muons
Two basic requirements need to be fulfilled so that an event is classified as a muon.
First, one good track reconstructed in the MS should exist and secondly, the cor-
responding energy deposition in the calorimeter volume should be compatible with

a MIP particle. The latter means that MIP energy depositions should exist in the

98




5.3. ANALYSIS
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Figure 5.10: Energy in LArEM versus energy in Tile calorimeters from
CTB and MC data - Red points correspond to CTB data while the solid curve
to the Landau fit.

LArEM and each of the three TileCal compartments. Since the material contribution
of the LATEM (~ 25Xj) is of the same order with one TileCal compartment, in the
following the LArEM will be treated as one compartment. The MIP energy threshold
values for all compartments are extracted from CTB data and the energy distribu-
tions in each of them are illustrated in Fig.5.11. The distributions are fitted with
a Landau and the MIP energy threshold is calculated as Eyrp >~ M PV 4 5010ndau
where M PV is the Most Probable Value of the Landau fit. The values obtained
through this method are 0.6 GeV, 0.8 GeV', 2.2 GeV and 1 GeV for the LArEM,
A, BC and D compartments respectively.

In addition, events can be also classified as muons if they are required to have a
good reconstructed track in the MS and energy deposition greater than one MIP in
only one calorimeter compartment. This category includes the catastrophic muon

candidates.
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Figure 5.11: Emnergy deposited in the calorimeter compartments before

selection criteria.

The requirement for more than one MIP deposition in only one compartment or
MIP in all compartments, has good discriminating power between muons and pions
because the latter are expected to shower throughout their path in the calorimeters,
depositing energy well above the MIP zone in more than one compartments. This is
justified by the plots of Fig.5.12(a), 5.12(b) and 5.12(c), 5.12(d) where the correla-
tion between the energy deposited in the LArEM and TileCal A compartment and
between the TileCal A and BC compartments are shown for pions and muons from

MC data. Note that the pion sample used here is of the same energy as muons and
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impinge on the calorimeter at the same 7 point. As it can be seen, pions deposit a
large amount of their energy in more that one compartment and their shower starts

already in the LArEM calorimeter.
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Figure 5.12: Correlation plots of the energy deposited in the calorimeter

compartments for pions and muons in MC simulation event samples.

On the other hand muon showers are very localized around the muon track and

are contained in only one calorimeter compartment. This is also seen in the figures
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Event MS track By - B4, - EBC - ED. CTB % MC %
Muons Yes <MIP in all or >MIP in one 77.0£09 77.2+1.2
Pions Yes >MIP in at least first 3 25+0.2 16402
Not passing cuts 20.5 21.2

Table 5.1: Summary of the selection criteria for tagging events as muons

or pions.

where no correlation between the deposited energy in two consecutive compartments
is observed. Therefore, events with energy deposition above one MIP in only one
compartment are classified as muons and are therefore candidates for catastrophic
energy loss.

Pions
Events that have a good reconstructed track in the MS and energy deposited more
than one MIP in at least the first three calorimeter compartments, are classified
as pions. This category consists of both pions reaching the MS and muons coming
from the decay of pions.

The selection criteria described above and the fraction of events in each event
category after the selection is applied, are all summarized in Table 5.1. The bottom
row of the table corresponds to events that do not fulfill the selection criteria and
therefore cannot be identified either as muons or as pions. They are classified as
events not passing the cuts and indicate the selection criteria inefficiency. This
fraction of events is of the order of ~ 20% for CTB and MC data.

Finally, the fraction of events classified as pions, which in the MC case is 1.6%,
indicates the misidentification probability because of the MIP definition. In the case
of CTB data, there is a contribution to this fraction (2.5%) which indeed corresponds

to pion contamination in the beam, in addition to the misidentification probability

(1.6%).

5.4 Results

The corresponding plot to Fig.5.10(a), after the classification of the events based on

the selection criteria, is given in Fig.5.13. The blue points, which represent pions, lie
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indeed in the area where significant energy deposition is seen in both calorimeters
compatible with pion behaviour. The red points represent muons and lie in the
sides of the plot. It should be noted that apart from the muons that are obviously
catastrophic in the TileCal, there is also a number of muons that lose large amounts

of energy in the LArEM calorimeter.
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Figure 5.13: Energy in the LArEM versus energy in the TileCal for events
passing the selection criteria - Events are classified as muons or pions based on

the selection criteria described in the text.

The total energy distribution for the events classified as muons, either MIP
muons or muons with catastrophic energy loss, is shown in Fig.5.14. CTB data
are compared to data from simulation and the distributions are normalized to the
same number of events. There is no indication of pion contamination in the sample
which would have been visible at higher energies. The agreement is good in the low
energies and within errors in the higher energies where statistical fluctuations are
bigger.

The fraction of events or probability for 350 GeV muons to lose a large amount
of their energy in the calorimeters is shown in Fig.5.15. The vertical axis gives
the fraction of events with a total energy loss greater than a threshold value of the
horizontal axis. The calculation is done for both CTB and MC data over a wide

range of threshold values and good agreement with MC simulation expectations is
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Figure 5.14: Total energy deposited in the calorimeters of selected muons,
in CTB and MC data. - Distributions are normalized to the same number of

events.

observed. Results are summarized in Table 5.2. Note that the event fraction in
both CTB and MC data are referred to the total number of reconstructed muons

and they do not contain the events which do not pass the cuts (see Table 5.1).

| Fraction of events with E,,_ >Eyyesnoid |

< 10
. * Data
g
3 * MC
kS
s 1 !
5
o
[T
01
0.01 20 30 20 50 60, 70 80
Eprs [GeV]

Figure 5.15: Probability for catastrophic muon energy loss in the calorime-
ters versus the energy threshold, for CTB and MC data - Errors shown here

are statistical only.
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Eipreshora [GeV]  Event fraction [%] - CTB  Event fraction [%] - MC

15 1.17+£0.09 1.26 £0.13
20 0.80 £ 0.08 0.84 +0.10
30 0.42 + 0.06 0.43 £ 0.07
20 0.24 £0.04 0.30 = 0.06
80 0.11+0.03 0.14 £0.04

Table 5.2: Fraction of events with E,.; > Einresnoiq for CTB and MC data.

5.5 Summary

In a 350 GeV muon beam at H8, using the information of the Muon System (barrel
and end-cap) to reconstruct the track and the energy deposited in LArEM and
TileCal, muons were identified and the ones with catastrophic energy losses were
selected. The requirements on the reconstructed track quality and the criteria for
the energy deposited in the LArEM and the TileCal compartments, assured a ”pion-
free” muon sample. The muon energy loss distribution in LArEM and TileCal of
350 GeV muons was compared to Monte Carlo simulation and found to be in good
agreement.

Events of 350 GeV muons with catastrophic energy loss were identified exploiting
the way muons lose energy in the calorimeter compartments. The fraction of muons
exhibiting a total energy loss above 15, 20, 30, 50 and 80 GeV in the calorimeters
was computed and results were found to be consistent with expectations from MC

simulation.
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Muon energy deposition and isolation

measurement i the calorimeters

The direct measurement of the calorimeter response when a muon traverses the
calorimetric volume is an integral part of muon reconstruction, the ultimate goal of
which is the refit of the muon track with calorimeter information as well. In addition,
the measurement of the energy deposited in the calorimeters by the muon itself and
by other particles which might exist around its trajectory, enriches the information
of the final muon object, providing the possibility to exploit the additional piece of
information in offline physics analysis. To this end, an accurate method of energy
deposition measurement in the calorimeters is developed under the software package
name TrackInCaloTools [49], which is part of the official ATLAS software. Under
the ATHENA framework scope, TrackInCaloTools is a tool that can be used by
reconstruction algorithms many times in each event, as already mentioned in section

3.3.

Measuring the response of the calorimeters, when a muon penetrates the CS, is
imperative for reasons discussed in the next section 6.1. The principle of the method
is described in detail in section 6.2, while results from the application of the method
on single muon events of various momenta and muons from ¢t — 4¢ + X events are

presented in section 6.3.
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6.1 The importance of the muon energy loss measure-

ment

The passage of muons from the calorimeters and the measurement of the calorimeter
response addresses important issues that rise during reconstruction. The muon
momentum, measured by the MS, is necessary to be complemented by the energy loss
in the calorimeters, in order for the correct momentum information to be assigned to
the final reconstructed muon object. On the one hand, the energy lost by muons in
the calorimeters can be estimated by parametrizations but, on the other hand, this
is not always sufficient to account accurately for the energy loss, especially in the
case of muons with catastrophic energy loss because as seen in the previous chapter,
there is not one formula to account for all energy loss mechanisms. This is the
reason why reconstruction algorithms include techniques that try to determine for
each muon candidate, which is the suitable information regarding the energy loss,
the energy loss given by the parametrization or the one given by the measurement.

A measurement of the response of the calorimeters, when a muon traverses their
material, also provides valuable information on the isolation of the muon candidate.
Muons do not always reach the calorimeters alone, but are often accompanied by
more particles that deposit energy in the area around the muon trajectory and
interfere with the energy loss measurement of the muon itself. For example, a muon
can emerge within a jet of hadrons created from quark decays but it can as well be
isolated in cases like the leptonic decays of Z or W bosons. It is therefore essential
to define isolation criteria for the candidate muons and correctly define their energy
loss. Isolation is a corner-stone property of particles that can be exploited in physics
analysis as a discriminant feature between different physics processes. An example
will be given in chapter 7, where isolation is one of the variables used in the analysis
of ZZ — 40 to reject background processes that exhibit non-isolated leptons in the
final state.

Finally, the energy deposition measurement in the calorimeters is the base of
muon tagging algorithms that use only calorimetric criteria to determine the ” flavour”
of the candidate. An example was already presented in chapter 5 where the energy

measurement in the LArEM and the TileCal was used to separate muons from pions
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in the H8 testbeam setup. In ATLAS, muon tagging is attained using the LArEM

calorimeter, the TileCal or both. Related algorithms already exist and their princi-

ple and performance is presented in reference [41].

6.2 Measurement principle

The most commonly used method for measuring the isolation and energy loss of

muons in the calorimeters is based on the formation of the so-called calorimeter

tower assuming that the trajectory of the muon is straight. The calorimeter tower

is a collection of cells that lie within the boundaries of a cone with radius AR =

V An? + A¢? opened around the muon trajectory. However, the muon trajectory is
not exactly straight but is subject to deviations from the straight line approximation

because of multiple scattering from the detector material and also effects due to the

magnetic field.

- - -

Extrapolated Track

£\
-

Figure 6.1: Illustration of the track update method - Information on the track

is obtained at each layer of the calorimeter. The orange points represent the centres

of the cones which open in order to form the local cell tower.

Within this context, the principle of TrackInCaloTools resides in the update of
the track position information at each calorimeter layer taking into account these
effects. The new position information in n and ¢ is then used as the centre of the
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cone which now opens at each calorimeter layer forming a kind of local cell tower.
Fig.6.1 illustrates schematically this concept.

There are two basic pieces of information that TrackInCaloTools package pro-
vides. The first one is the energy or transverse energy deposited in a cone around the
muon track in each or all the calorimeter layers. The second one is the calorimeter
cell collection that exists inside a cone, again around the muon track. Both these
outputs are passed to another tool (MuonIsolationTool) which uses them as input
to provide the calorimeter muon isolation transverse energy and the cell cluster that
is written to AOD and accompanies the muon object at this level.

Apart from the above functionality though, one can use TrackInCaloTools in-
side any algorithm or tool that needs information on the energy deposited in the
calorimeters around a reconstructed track. The inputs, algorithmic flow and outputs

of the method are described in the following.

6.2.1 Inputs, outputs and algorithmic flow

There are two basic and several optional inputs that TrackInCaloTools needs in

order to perform an energy measurement. These comprise of:

e a track reconstructed either in the ID or the MS represented in software terms

by an object of the Trk: :TrackParameters or Trk::Track class.

e the cone radius AR that will be opened around the track to collect the energy
from the cells that lie within the formed tower. There is also the possibility
that not only one cone size is passed as input but instead, a list of cone sizes

can be given. In that case the output corresponds to each cone size.
The outputs one can retrieve from TrackInCaloTools are:

e The energy or transverse energy deposited in the cone on each calorimeter
layer, or in each calorimeter technology (LArEM, TileCal, HEC) or in the

calorimeter in total.

e The cells that are contained in the cone-tower at the same layer(s).
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The collection of cells on track. This cell collection consists only from the ones
that the track went through which means that one cell per calorimeter layer

is collected.

The general concept of the program flow can be summarized in the following

steps:

1.

A track and the AR of the cone are given as input. The n coordinate of the
track is retrieved from the corresponding TrackParameters set. Based on this
and the pseudo-rapidity coverage of the first calorimeter layer, it is decided
the region on the calorimeter, barrel or end-cap, to be used as the destination

surface of the track extrapolation.

. Extrapolation of the track is provided by the standard ATLAS Extrapolator

tool. Effects due to multiple scattering and bending from the magnetic field
are handled internally by the Extrapolator package. Details about the im-
plementation of the track extrapolation facility in the ATLAS software can be
found in reference [50]. The result of the extrapolation process is another set

of TrackParameters which is now given on the target calorimeter layer.

. From the new calorimeter layer the extrapolation is repeated towards the next

calorimeter layer using the latest TrackParameters set. In this way, a collec-

tion of track impact points is formed.

. The impact points on the calorimeter are passed to the method that performs

the measurement and using the coordinates 1 and ¢ of the track on each
calorimeter layer, a cone is opened around the track with radius AR. Note
that in case an extrapolation has failed on one layer because, for example, the
track is pointing in the crack regions of the calorimeter, the n and ¢ set of the

last successful extrapolation is used as the cone opening point.

. After cells are selected with the geometrical criteria described in the previ-

ous step, a second selection step is taken to suppress the noise contribution
to the measured energy. The RMS of the noise of each cell, provided by

CaloNoiseTool [51], is retrieved and the cell is retained if:

Ecell > N x RMSnoise
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The total energy deposition is then given by the sum of the energy of the
selected cells. Note that N is a value which can be defined through job options
and by default is set to 3.4.

6. The cell collection that participates in the energy deposition measurement
and which is finally written as a calorimeter cluster at the AOD stage, is also
formed at this step. The only difference from the previous step is that since
the motivation of having cells in the AOD is the possibility to redo isolation in
offline physics analysis, the cells are selected here applying a less strict noise

cut according to:

‘Ecell| > N x RMSnoise

where N here is by default set to 2.0 and can be defined through job options.
The size of the cone from which the cell cluster is created, is subject to con-
strains on the AOD object size which should be kept below the MB order.
Therefore, by default a medium size cone of AR = 0.45 is chosen to collect

the calorimeter cells in the official ATHENA release versions.

6.3 Energy measurement in physics events

6.3.1 Measurement with single muon events

In Fig.6.2 and 6.3, a comparison between the measured transverse energy from
TrackInCaloTools and the true transverse energy loss is shown. The radius of the
cone used for the measurement is 0.2 around the muon trajectory and single muon
events of momentum 10, 50, 100, 300, 500 and 1000 GeV were used. The average
transverse energy loss is shown as a function of 1 . In the same 7 bins the average
true transverse energy lost between the interaction point and the entrance of the
Muon Spectrometer is shown as this is obtained from the GEANT4 ATLAS full
simulation. The noise correction used in the measurement of the energy loss is on
the cell level, according to equation 6.1.

The discrepancy between the measured and true transverse energy loss can be
attributed to the energy loss in the inert material between the beam pipe and the

entrance of the muon spectrometer. Indeed adding the parametrized energy loss
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Figure 6.2: Measured transverse energy distributions compared to the true
transverse energy loss, as a function of 1 for muons of momentum 10, 50,
100 and 300 GeV - The cone size used for the measurement of the energy loss is

AR =0.2.

correction for the dead material has shown that it accounts for the discrepancy to
very good agreement. The reason why this amount of energy loss is not included in

the total transverse energy loss here or in TrackInCaloTools, is the fact that adding
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Figure 6.3: Measured E; distributions compared to the true E; loss, as a
function of n for muons of momentum 500 and 1000 GeV - The cone size

used is AR = 0.2.

a muon energy loss parametrization term in the result, goes beyond the scope of a
direct measurement in the calorimeters and the isolation concept.

The region around |n| = 1 corresponds to the crack in the TileCal and that is
why the measurement is even lower than the energy loss in that region. The larger
discrepancy that is seen in |n| > 1.5 is attributed to the high noise level of the HEC
calorimeter. A typical value of the RMS of the noise distribution in the HEC on the
cell level, is roughly 200 - 400 MeV [9].

6.3.2 Measurement with tt — 4/ + X events

A quantitative example of the facilities that TrackInCaloTools provides at the
AOD, is illustrated well with t# — 4¢ + X event sample. In this process both t-
quarks decay to a W boson and a b-quark. The leptonic decays of the W which
are forced here, give two high-pr isolated leptons in the final state. The other two

leptons that emerge from the decays of the b-quarks are softer and non-isolated.

Using the measurement method on muon tracks reconstructed by the STACO
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algorithm [2], the transverse energy in five cone sizes, opened around the muon
track, are obtained. Muons are separated to the isolated ones from the W decays
and to the non-isolated ones and the corresponding plots for the two categories of

muons are shown in figures 6.4(a) and 6.4(b).
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Figure 6.4: Isolation Er of muons in tf events measured in 5 cone sizes -

Collected cells are required to have E > 3.40,isc.

In the case of muons from W decay the mean of the transverse energy collected
rises almost linearly with the cone size and does not exceed 12 GeV even for the
biggest cone. This is expected since the environment around the muon trajectory
is rather clean and increasing the size of the cone, in principle adds only noise to
the total measured Er. However it should be stressed that it is possible that as the
cone size increases, a jet near the muon track could interfere in the measurement.

In the non-isolated muons case, where it is anticipated that large amounts of
energy will be deposited in the calorimeters because of the jet activity, the increase
in the mean value of the transverse energy is indeed evident. The energy collected
in the biggest cone has a mean value which is bigger by a factor of 4-5 with respect
to the isolated muons case.

The mean values for the different cone sizes in each case are summarized in the

plots of Fig.6.5. Note that the cells collected here are subject to equation 6.1.
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Figure 6.5: Average isolation E7 of muons in tf events measured in 5 cone
sizes for muons coming from the decays of W’'s and any other muon. -

Noise suppression is performed on the cell level according to equation 6.1.

6.3.3 Number of cells involved in the £ measurement

It is interesting to look at the number of cells that are involved in the measurement
of the isolation Er in both cases of muons. As it has been mentioned before, the in-
formation of the cells that are related to the isolation F7 measurement of the muons,
as calculated in TrackInCaloTools, is present in the latest versions of ATHENA , at
the AOD level. Therefore, this offers the possibility to exploit this additional piece

of information for offline physics analysis.

In order to get a reliable estimate on the number of cells that become involved in
a measurement, it is important to confine the measurement in such a pseudo-rapidity
range that the cell granularity stays the same for each calorimeter layer. Because of
this reason, here the following results are confined for muons reconstructed in the

range |n| < 0.8.

In Fig. 6.6(a) the number of cells that participate in the E7 measurement around
the muon trajectory is shown for different cone sizes. Both muon cases are super-

imposed here. Muons from W’s and muons coming from any other process. Note
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that for each cone size, the core cone of AR = 0.1 has been subtracted since this
includes mainly the contribution of the cells that muons deposit their energy. The

mean values from each distribution are gathered in Fig.6.6(b).
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Figure 6.6: Number of cells and average number of cells involved in the
isolation Fr measurement of muons in ¢t events, measured in 4 cone sizes
- The 75 of all muon tracks is within |n| < 0.8. Noise suppression is performed on

the cell level according to equation 6.1.

The number of cells involved in the measurement of the transverse energy loss,
shows a remarkable behaviour in the case of isolated muons compared to the be-
haviour of the non isolated ones. The mean value of the largest cone size of the
isolated muons is already below the mean value of the smalled cone size in the non-
isolated case and well below the corresponding cone size. It is therefore possible to
exploit this information in offline physics analysis as another discriminating variable
between signal and background processes and a complementary criterion for the

isolation of muons.
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6.4 Summary

TrackInCaloTools is a software package developed in the context of this thesis
which is integrated in the ATLAS software framework. It is used by MuonIsolationTool
to provide the muon energy deposition measurements needed by the latter to create
the isolation related variables. It also provides the calorimeter cells, that are asso-
ciated with the measurement of the transverse energy in a cone around the muon
track, which are thereafter used to produce a muon calorimeter cluster at the AOD
data analysis level.

The energy lost by muons in the calorimeters has been proven that it is well
estimated by the measurement method, performed in TrackInCaloTools, in the
limit that corrections for the energy loss in the inert material are not taken into
account. It also provides reliable estimation on the isolation E7; measurement and
the calorimeter cells associated with this measurement for the muon candidate.

The isolation Ep in the calorimeters in various cones around the muon track has
been measured in ¢t events for muons coming from the decay of W and for muons
emerging from other processes. The mean measured Er rises with the cone size
for both isolated and non isolated muons but differ significantly in their values as
expected.

The average number of cells, above noise threshold, associated with the isolation
E7 measurement also varies with the cone size and striking difference has been
observed between the average number of cells involved in the measurement of the
isolation Ep of isolated and non isolated muons. The mean number of cells even in
the biggest cone for the isolated muons, is smaller than the mean number of cells of
the non-isolated in the smallest size cone. This indicates that the number of cells
associated with the isolation Ep measurement could be used as a discriminating

variable in physics analysis.
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Studies of Z boson pair production with

the ATLAS detector

7.1 Diboson production at the LHC

The production of vector boson pairs predicted by the electroweak interactions sector
of the Standard Model is, in many respects, an issue of great importance for the
physics searches at the LHC. Diboson production, exploiting the 14 TeV centre-
of-mass energy available at the LHC, provides a unique probe to the accuracy of
the Standard Model and the non-Abelian gauge symmetry at high energy. The self
interactions of vector bosons are expected to the O(10™*) within the SM theoretical
framework and consequently, any deviation from the SM values would signal the
existence of new physics which could manifest as anomalous couplings or new heavy
particles that decay to vector boson pairs.

The importance of vector boson pair production is also realized as source of
background to many interesting physics signals the prominent of which is the Higgs
boson production. If the Higgs is heavy enough it will mainly decay through ZZ
or WW pairs as it is illustrated in Fig.2.6. The ZZ channel in particular, which
is studied in detail in the following sections, is very interesting because the process
of H — ZZ with the subsequent decay of the two Z bosons to lepton pairs — the
so-called ”gold-plated channel” for Higgs discovery at the LHC — although it has a
very clean signature with four isolated leptons in the final state, will suffer from the

irreducible background which ¢q¢ — ZZ — (000 production constitutes. The latter
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is also a background to SUSY physics processes that include four leptons in the final
state. It is therefore crucial to measure and control the ZZ channel already with
the first data of LHC and as it will be shown in the next sections, this is indeed
feasible with as little as 1 fb~! of data.

7.2 Theoretical framework

The ZZ production mechanism is allowed in the SM and proceeds through the t
and u-channel ¢q scattering shown in the Feynman diagrams of Fig.7.1(a) and
Fig.7.1(b) respectively. The s-channel diagram in Fig.7.1(c) includes the neutral
triple gauge coupling vertex which is not allowed at tree level in the SM. However,

computation of the one-loop corrections introduces a contribution of this diagram

at the O(107%) [52].

Zly

q——— Z q—— Z q z
(\a/)\M/ (b) (c)
Figure 7.1: Tree level Feynman diagrams of ¢q¢ — ZZ production - Diagrams
(a) and (b) show the t-channel and u-channel contribution, allowed in the Standard
Model. Self interactions of Z bosons are included in (c) through the s-channel ¢

annihilation.

The cross-section at tree-level was calculated almost thirty years ago in reference
[53] and includes all polarization states of the ZZ pair. The cross section in this

reference is given as:

T T R

do  2ma? av “ 4 ga “ 4 6gv ngA 2 t wu 4M%S 4 (1 1
— = — - M 7.1
dt 52 et 8 u ot + d .

where s, t, u are the Mandelstam variables and i corresponds to quark flavour. Higher
order QCD corrections were computed in references [54, 55, 56]. Later calculations of

the pp — ZZ production cross section at /s = 14 TeV are performed in references
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oro [pb] onzo [pb] Kp

CTEQS 12.9 (11.8) 17.2 (15.8) 1.33 (1.34)
MRST 122 (11.4) 16.3 (15.2) 1.34 (1.33)
CTEQ6 9.6 14.7 1.35

Table 7.1: Summary of pp — ZZ production cross-section values for dif-
ferent PDF's - Values not in parentheses are taken from Ref.[57], whereas val-
ues in parentheses from Ref.[58]. The NLO cross-section in the CTEQ6 PDF
case is calculated by McC@QNLO generator and the LO from PYTHIA requiring
70 < m(Z/v*) < 110 GeV in both cases. Note that Kr = 1.35 is an average

value since there is a dependence on the 4 lepton’s invariant mass.

[57, 58]. The PDF's that are used in the references are the CTEQ5 and MRST and

their results are summarized in Table 7.1.

In the bottom row of this table, the corresponding predictions for the CTEQ6G
PDF [59] are of interest because this PDF is used by PYTHIA (v6.3) to generate
the pp — ZZ — 0000 signal Monte Carlo samples at LO, which are used here.
The cross-section at LO in the CTEQ6 case is 9.6 pb, requiring that Z/~* are on-
mass-shell. Relaxing this requirement to include also off-mass-shell Z boson with

m(Z/v*) > 12 GeV gives a cross-section of 11.2 pb.

The NLO calculations give higher pro- Zuhf*
duction cross-sections with a k-factor (K), g ~aans - A
defined as Ky = o(NLO)/o(LO), of 1.35
when both Z bosons are on-mass-shell. Nev- v A
ertheless, it is important to stress that the Zuh’*
Ky is not constant but is highly correlated g ~haR > VAN~

to the four lepton invariant mass with an u,d,s,c,b,t
average value of 1.35, while it varies in the

mass range 115—405 GeV from 1.15 to 1.52. Figure 7.2: Feynman diagram of 77

This dependence is evaluated using MCFM production via gluon-gluon fusion -

MC calculations [60].

The contribution to the cross-section by

) o  this diagram is around 20%.
There is also a significant NNLO contri-
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bution in the production cross-section of the order of ~ 20% from gluon-gluon fusion
process [61], which is illustrated in the Feynman diagram of Fig.7.2, but this is not

included in the MC simulation here.

7.3 Event generation

7.3.1 Signal

The qq — ZZ — (000 signal has a very clean signature with four isolated and high-
pr leptons in the final state. The event topologies that are studied here are the
pwrpmptu , eteete” and ptuete” . Two "filter” cuts are used at generation
level in order to keep only events with leptons which have pr > 5 and lie in the
rapidity region |n| < 2.7. The reasons for imposing these filters are related to
detector design constrains and the need to increase the available statistics of the
simulated samples used for analysis, since the acceptance of the MS is |n| < 2.7 and
the ID’s || < 2.5. The overall "filter” efficiency on the ¢q¢ — ZZ — ¢£¢¢ production
in PYTHIA is € e, = 21.9%.

The Z/v* interference terms are included in PyTHIA . With the mass cut on
the dileptons decay from Z/~4* at 12 GeV, the production cross section times the
branching ratio of Z — ¢T¢~ decay for three flavours ¢ = p,e, 7 is 159 fb. Note
that the branching ratio of 7 — ¢ is accounted for in the "filter” efficiency since
events with hadronic decays of 7’s are not kept at generation level. The fraction of
each event topology in the total number of generated events is given in Table 7.2.
In this table the contribution of the leptonic decays of 7’s is also given, however
the event topologies 3elp and 3ule which arise from at least one Z boson decaying
to a 7 pair are not studied here. These events constitute the 3.32% of the total
number of ZZ — 4{ events. It is important to note that for completeness it would
have been more precise to include the contribution of the 7 leptonic decay to the
other three event configurations when calculating efficiencies, however as it will be
explained in section 7.4.3, applying a mass constrain to the Z bosons, reduces the
number of events with a Z decaying to 7’s, to negligible levels. It is therefore not

included in efficiency calculations in the following sections. The basic properties of
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Channel Fraction in ZZ — 4¢ [%] | Channel 7 — e, i contribution [%]
27 — au 23.41 27 — 4u 117
47 — 4de 22.70 27 — 4e 0.97
47 — 2u2e 46.56 47 — 2u2e 1.87
47 — 2120 7.33 27 — 3ule 1.76
27 — 1ude 1.56
Total 100.0 Total 7.33

Table 7.2: The composition of the ZZ — 4/ sample according to the fi-
nal state configuration and the contribution to the five possible event

topologies from the 7 leptonic decays of the Z’s.

the PYTHIA signal sample used in the analysis are illustrated in the first column of
Table 7.3. In total 43000 events are analysed corresponding to luminosity of:

N 43000

L — fnd
0 X BR X €gjper 159 x 0.219

= 1234.9 fvo !

Before going to details on the analysis, it is meaningful to look at the four lepton
invariant mass distributions of the ZZ — 4/ topology in the PYTHIA generated data,
to validate the shape of the distributions and identify the different mass regions.
In Fig.7.3(a) the MC invariant mass distributions of the four leptons for the cases
uwrpmptpT etemete , utpuTete are shown. Two striking regions can be observed.
The first one with the clear peak around 200 GeV corresponds to the region where
both Z bosons are on-mass-shell. The second one lies below 200 GeV and exhibits
two structures which correspond to the cases that one or both Z’s are off-mass-shell.
This classification is nicely illustrated in Fig.7.3(b) where the correlation between
the masses of the two Z’s is shown. Note that the distributions of Fig.7.3(a) are
drawn before any cut is applied.

From the distributions of Fig.7.3(a) it is easy to classify each event to three
categories, ZZ, ZZ* and Z*Z*, according to either the on-mass-shell definition of
the Z or the invariant mass of the ZZ pair. The fraction of events is shown in Table
7.4 where in the first column the on-mass-shell window lies between 70 — 110 GeV/,

while in the second column the window is My 4+ 5I'; , given that values for the
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Figure 7.3: Monte Carlo four lepton invariant mass distributions and mass

correlations of the two Z bosons.

mass and the width of the Z are taken from reference [10] as Mz = 91.19 GeV and
'y ~ 2.5 GeV. In the third column the ZZ window opens above 2M; while the
Z7* and Z*Z* lie in the regions 100 — 2M 5 and < 100 GeV respectively.

Process pp — 27 — 4l pp — Zbb — 40 pp — tt — 4L
opb] 11.2 52 833
Filter | n|< 2.7, pr >5GeV  Zbb — (LL/ tt — 000l

€ filter 0.219 0.00942 0.00728
K-factor 1.35 1.42 -
Events 43000 313689 152701
LIfo Y 1234.9 640 25.2

Table 7.3: Basic properties of signal and background samples.

In the analysis sections that follow, two different mass regions are adopted as

constrain on one or both Z mass. The region, characterized hereafter as ”tight”, re-

quires both Z’s to have reconstructed invariant mass between 70 and 110 GeV. This
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70 < myg < 110[%] my + 5XP2[%] Myz > 2Mz[%]

47 72.9 69.1 80.0
47 234 26.4 17.6
AV 3.7 4.5 24

Table 7.4: Fraction of events Z®*Z® in the PyTHIA sample classified ac-

cording different mass regions.

corresponds to Z’s with generated mass £50 around the mass value and therefore
represents ~ 70% of the PyYTHIA sample. The second mass region, characterized
hereafter as "loose”, requires one Z between 70 GeV and 110 GeV and the sec-
ond Z invariant mass to be greater than 20 GeV/. This corresponds to 89% of the
PYTHIA sample. It is important to define the mass region using the constrain on
the Z mass (one or both) instead of the reconstructed four lepton invariant mass
in order to eliminate combinatorials and background events as it will be shown in
section 7.4.

Since the transverse momentum of the leptons is a variable that is used later
in the analysis as a signal to background discriminating observable, the leptons pr
distributions in the MC PyTHIA sample, of each ZZ™) decay topology studied here,

are shown in Fig.7.4. Note that each plot corresponds to different lepton flavour.

7.3.2 Background

Any process containing four leptons in the final state is a possible source of back-

ground to the ZZ — 4¢ channel. The main backgrounds are:

o pp — tt — WW bb
The production of ¢t pairs will be dominant at the LHC because of the huge
production cross section of 833 pb at NLO [62] resulting in 8 x 10° events per
year at low luminosity. For ZZ — 4/, the decay of the ¢t pair is a source
of background when both W bosons decay leptonically and the other two
leptons come from the semileptonic decay of the two b-quarks. The large

production cross section necessitates the use of four lepton final state ”filter”
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Figure 7.4: Lepton MC p; distributions for the ptpu ptpu~

wp~ete” event topologies.

‘ Electron P, distributions in MC 4e events |
700

600

500

400

300

200

100

= s x10°
100 120 140 160 180 200
P, (MeVic)

0

60 80

o
oF
o
N
S

(b) Ordered pr distributions of the 4 electrons

in ete~eTe™ events.

Electron P, distributions in MC 2p2e events

1000

800

600

400

200

x10°
180 200
p, (Mevic)

PRI IR AR B

0 20 40 60 80 100 120 140 160

(d) Ordered pr distributions of the 2 electrons

in uTpu~ete” events.

, ete"ete” and

cuts at generation level in order to increase the statistics. In total, 152701 ¢t

events, generated with MC@QNLO generator [63], with full ATLAS simulation,

are analysed, corresponding to integrated luminosity of L = 25.2 fb~!, given

that the filter efficiency is 0.00728.

e pp — Z + jets
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The elimination of this background is more difficult since the topology includes
a genuine Z. The production of four leptons from this process proceeds when
the Z boson decays leptonically accompanied by leptons in heavy quark jets,
typically jets from b or ¢ quarks, or leptons in light quark jets or jets misiden-
tified as leptons. In the Zbb case which is studied here, the production LO
cross-section is 52 pb. In total 313689 Zbb events generated withPyTHIA and
interfaced with ACERMC [64] for the hadronization and underlying event pro-
cesses, are analysed and similarly to the tf case a four lepton ”filter” cut is
imposed at generation level with efficiency 0.00942. The corresponding inte-

grated luminosity is 640 fb—1.

e pp —WZ
This process is also a possible source of background when both W and Z
bosons decay leptonically and a fake reconstructed lepton is included as the
fourth component of the topology. Although the cross-section of this channel is
comparable to the Zbb case — the SM predicts the total W+ Z° production cross
section to be 29.4 pb and the W~ Z° production cross section to be 18.4 pb at
NLO [58, 65] and when multiplied by the branching ratio for the W2 — (vl
gives 441.7 fb and 276.4 fb respectively — the subsidiary requirement of a fake
lepton present, brings the overall contribution of this background process down
to insignificant values. This is because the expected fake rate for example
in muons is less than 2% per triggered event at low luminosity and can be
further suppressed requiring a combined muon track with py > 5 GeV' [9].
Fake electrons can be also suppressed, by similar £ requirements, to very low

levels. Therefore this background channel is not studied here.

The basic properties of the background samples are shown in the last two columns
of Table 7.3.

7.4 Event selection

Event selection and background rejection is mainly based on the requirement that
the experimental signature of ZZ production is high-py isolated muons and elec-

trons. At the same time the Zbb background is expected to have two high energetic
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leptons produced by the decay of the Z boson and another two softer leptons coming
from the two b-quarks. These last two leptons though are expected to be produced
within a jet of hadrons therefore they will not be isolated. This is also the picture
one can expect in the tf background where the lepton from the W decay is antic-
ipated to be isolated and more energetic than the non isolated leptons produced
from the hadronization of b-quarks into jets.

On the one hand, identification and observable quantities of muons are provided
by STACO reconstruction algorithm and on the other hand the reconstruction al-
gorithm which fills all electron related physical quantities is EGAMMA [66]. One
essential step before the main analysis procedure to select the ZZ®) candidates, is
to "clean up” for each event the objects identified as muons and/or electrons. For

muons these pre-selection criteria are:

1. pr > 6 GeV - This cut helps rejecting muons from the background processes,
fakes or muons coming from the spectator quarks of the collision. In principle,

these muons are much softer than the muons of the signal process.

2. |n| < 2.7 - This cut is imposed by the MS coverage which extents up to 2.7 in 7
and acts only as a precaution in case a reconstructed muon has been wrongly

assigned an 7 value outside the actual detector’s acceptance.

3. Muon tracks should be ”combined”, which means that STACO has successfully
associated a track reconstructed in the MS with a track reconstructed in the
ID. The combined track requirement is applied in the pseudo-rapidity range
—2.5 to 2.5. Note that this requirement applies up to the acceptance of the ID
system at n = 2.5. From that point, up to the limit of the MS acceptance at

n = 2.7 tracks are required to have been reconstructed by the MS stand-alone.

4. All track fits should have x?/ndf < 15 (where ndf is number of degrees of
freedom) and the matching of the associated MS and ID tracks should also
have x?/ndf < 15.

For electrons the set of pre-selection cuts is:

1. pr>6 GeV
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2. In| <25

3. 0.5 < E/P < 3.0, where F is the energy of the electron measured in the

calorimeter and P is the momentum of the associated electron track in the ID.

[ Muon Pt before pre-selection | [_Electron Pt before pre-selection |

Entries
T T TTT
Entries

10

10

10

10°

10?

=
1S
[

L L L L L 1x10 L L L - L UIx10°
50 100 150 200 250 0 50 100 150 200 250
Muon p; [MeV] Electron P, [MeV]

3

(a) Muon pp distribution in ZZ —4/¢ events. (b) Electron pp distribution in ZZ — 4¢
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events. events.
Figure 7.5: Reconstructed lepton initial p; distributions in signal and back-

ground events - Distributions in background are normalized to the same luminos-

ity.

In addition to the above cuts, the number of leptons in each event is required to
be at least four and their flavour should correspond to the three event topologies

wrpmptp  eteete” and ptpu~ete™ . Therefore events with four or more muons,
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four or more electrons and events with at least two or more leptons of each flavour
are retained. Note that after these pre-selection criteria the number of events that
appear in more than one topology is negligible. Nevertheless, in case such an event
exists, it is classified to the utu~eTe™ topology but does not survive the rest of the
cut flow which is described later. The initial pr distributions of the reconstructed
leptons for both signal and background are given in Fig.7.5.

Another two basic selection criteria are applied at this step. Leptons form pairs
of the same flavour and opposite charge in each topology. Pairs with both leptons
lying within a cone of radius AR < 0.2 are rejected because muons or electrons from
the Z decays have large opening angle. Each of the formed pairs is in fact one Z
candidate which combined in doublets forms one four lepton event candidate. The
total efficiency of the pre-selection cuts described above, is given later together with
the efficiency of the rest of the selection cuts that are used in the analysis, for both

signal and background.

7.4.1 Isolation cuts

[solation criteria are applied to each of the four leptons in all topology cases. For

muon isolation the variable I is defined as,

[= %—%4

T

where E%* is the transverse energy in a cone around the muon track of radius
AR = 0.4 and Ef is the transverse energy of the muon. A muon is considered
isolated if I < 0.2. Fig.7.6 shows the distribution of the muon isolation variable I for
each of the four muons in the p* =~ pt ™ topology, for both signal and background.
Note that distributions in each plot are normalized with respect to the same number
of events. It is evident that both backgrounds have distributions with a much bigger
tail towards higher values of I which is expected since leptons in the ¢t case are not

isolated and the leptons in the Zbb emerging from the b-quarks are also non-isolated.

In the electron case it was not possible to use the same variable I that was used
for muons because in the particular ATHENA release the isolation transverse energy

calculation was not reliable. Therefore for electron isolation, a series of cuts based
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Figure 7.6: Muon isolation variable [ for signal and background in the
4 muon final state case - Distributions are normalized to the same number of

events.

on the properties of the shower shape in different compartments of the calorimeter
is used. This information is contained in a condensed form in a 32-bit integer, the
so-called isEM flag [67]. If a cut is not passed, then a bit is set in the isEM flag.
An electron is considered isolated if the first four bits of the isEM flag are set, i.e
(sEM & 0xF) == 0. The first four bits represent cuts which are only calorimeter

based and in particular consist of:
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1. a rapidity range cut in the middle layer of the LArEM calorimeter
2. an 7 dependent cut on the hadronic leakage
3. n and Ep bin-dependent cut on the energy in the middle sampling layer.

4. n and Er bin-dependent cut on the energy in the first sampling layer.

7.4.2 Maximum pr cut

The striking difference in the pr distributions of the leptons in the ZZ signal and
the background processes, which can be exploited in background rejection, is the
much softer py distributions of leptons in the background processes. In the Zbb case
this is because two of the final state electrons or muons emerge from b-quark jets. In
the tt case, the final leptons are produced also from the decay of b-quarks in addition
with the leptons coming from the decay of the two W’s which are also softer that the
ones coming from the Z boson decay. Taking into account the above considerations,
at least one lepton in each pair candidate is required to have pyr > 20 GeV .

The pr distribution of the lepton with the highest py in each pair of electrons
and muons is shown in Fig.7.7. Fig.7.7(a) and 7.7(b) correspond to the ppu~pu*p~
and ete~eTe™ case respectively, while Fig.7.7(c) and 7.7(d) to the highest muon and
electron of the u™p~ete™ case.

The choice of the particular values of the cuts rests in the investigation of the
effect of a range of values on the maximization of the signal efficiency and the
coinstantaneous minimization of the background efficiency. Plots in Fig.7.8 show
the efficiency of the p7** and isolation cuts for the u*u~pu* ™ event topology, while
plots in Fig.7.9 show the pJ** cut efficiency also for the ete~eTe™ and ptpete”
final state cases. For a pr cut at 20 GeV, in all cases approximately 95% of the
signal is preserved while the background rejection is ~ 20% on the Zbb and ~ 35%
on the tt .

For isolation, in the case of the 44 topology the value I = 0.2 is a good compro-
mise between maintaining the selection of backgrounds at very low levels < 0.5%

and losing no more than ~ 18% of signal.
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7.4.3 7 mass cut

Although very powerful, the isolation and p7*** cuts do not eliminate all of the ¢t
and Zbb backgrounds. In addition, one important issue at this stage is the com-
binatorial background which is induced by the lepton quadruplet formation. Both
combinatorial and physics backgrounds can be further reduced by constraining the

reconstructed mass of the Z candidates in the ”tight” or "loose” mass regions de-
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scribed in section 7.3.1. However, even with this constrain it is still possible to
have more than one possible quadruplet combination in the end. In such cases the
quadruplet which contains the Z candidate with mass closer to the SM value of
91.19 GeV is retained.

The tight mass region requires both Z bosons in the range 70 GeV to 110 GeV
while the loose region requires one Z within 70-110 GeV and the second Z with a

mass greater than 20 GeV/. The events of this category constitute the irreducible
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background to the H — ZZ* — 4f and it is therefore important to measure its shape
and give an estimate on the expected number of signal events. Results presented in

the next section are given for both mass cases, tight and loose.

7.5 Cut efficiency

The cut flow described in the previous section and the efficiency of each of these
cuts for the three signal event topologies, is given in Table 7.5. The lepton pre-
selection efficiency is calculated with respect to the initial number of events in each
topology, while the efficiencies for each set of cuts are computed with respect to the
previous one. The product of the relative efficiencies agrees with the ratio of the
reconstructed events after all cuts to the generated ones. The errors in the last row

of this table are statistical only assuming to be gaussian.

135




9€T

Table 7.5: Signal selection cut efficiencies.

4p (%] 4e [%] 2u2e (%]
Lepton Preselection 70.67 62.27 65.40
Pair formation,AR 99.34 87.97 93.37
P 97.18 96.68 90.97
Isolation 83.47 60.64 64.94
Z Mass Tight Loose Tight Loose Tight Loose
72.68 91.99 76.09 93.47 77.81 95.19
Total 41.39+0.64 52.38£0.72 | 24.43£0.50 30.01 £0.56 | 28.07 = 0.37 34.34 £0.41

Table 7.6: Zbb background cut efficiencies.

A (%] de [%) 2pu2e [%)]
Lepton Preselection 6.33 10.70 18.36
Pair formation,AR 77.29 59.08 48.49
et 83.01 82.18 40.69
Isolation 1.55 5.20 1.60
Z Mass Tight Loose Tight Loose Tight Loose
2.03 24.87 2.24 25.59 8.79 69.76
Total(x1073) 1.284£0.64 15624223 | 6.06+£1.39 69.16 £4.70 | 5.10 £1.28 40.48 + 3.59

40123130 Svilv

JHL HLIM NOILDNAOYUd dIvd NOSO09 7 40 S31dNiLsS 2 ¥431dVHD



Table 7.7: tt background cut efficiencies.

4 (%] de [%] 2pu2e [%)
Lepton Preselection 3.20 24.84 36.12
Pair formation,AR 62.69 53.59 43.59
T 63.40 75.17 65.70
I[solation 0.21 0.41 0.18
7 Mass Tight Loose Tight Loose Tight Loose
25.00 50.00 1.61 20.97 3.45 37.93

LET

Total(x107?)

0.66 =0.66 1.3140.93

0.66 +£0.66 8.51 = 2.36

<1.60£1.02 7.20£2.17
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For the tt and Zbb backgrounds Tables 7.6 and 7.7 provide the corresponding
efficiencies of the same cuts. The efficiency value of a cut refers to previous cut
in the row apart from the first one which refers to the total number of generated
background events. Errors here are also assumed gaussian. As already observer
in the individual efficiency plots of pr and isolation cuts, the vast majority of the
background in both processes is rejected by these two selection criteria where for
the ¢ the efficiency is of the order of < 0.5% and for the Zbb of the order of ~ 1%.
There is however a discrepancy in the efficiency of the isolation cut between the
41 and 4e topologies. This can be explained by the fact that for electron isolation
the criteria based only on the isEM flag are not as strict as the isolation variable [

defined for muons.

7.6 Expected signal and background

In Fig.7.10, 7.11 and 7.12 the invariant mass distributions of the four leptons in
the 4u,4e and 2u2e final state cases respectively, are given after all selection cuts
are applied. The figures include two kind of plots depending on the mass regions
defined for the Z bosons. Distributions for the tight mass region are shown on the
left plots while the ones for the loose mass region are shown on the right. Both
backgrounds, tt and Zbb are drawn on the same plots which are all normalized to
10 fb~'. The ZZ — 4/ signal and the Zbb background distributions also include the
k-factor contribution, with Ky = 1.35 for ZZ and Ky = 1.42 for the Zbb . Finally,
in Fig.7.13 the invariant mass of all 4-lepton cases is drawn, again for the two mass
regions.

It is evident, especially in the plots corresponding to the loose mass region,
that the Zbb and tt background have an impact on the low invariant mass regions,
which is very small though. In the topology 2u2e using the tight Z mass constrain,
there are no events left after all the cuts from the ¢t process and this is why this
contribution is missing from the corresponding plot.

The expected number of signal and background events for each of the three final
state configurations at 1 fb~! is given in Table 7.8 for the tight Z mass constrain

and in Table 7.9 for the loose Z mass constrain. Errors shown are statistical only.
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Figure 7.10: Invariant mass of 4u after all cuts, for signal and background.
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Figure 7.11: Invariant mass of 4e after all cuts, for signal and background.
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Figure 7.12: Invariant mass of 2;2e after all cuts, for signal and background.
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Figure 7.13: Invariant mass of 4/ after all cuts, for signal and background.
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4y events 4e events 2u2e events Total
Signal 4.53+0.06 2.58%0.05 6.18+0.07 13.29 £0.10
Zbb 0.009+0.004 0.0424+0.008  0.034£0.007  0.085+£0.012
tt 0.04£0.04 0.04£0.04 <0.097+0.062 <0.177£0.08

Backgr. total

0.049+0.040 0.082+0.041 <0.131£0.040 <0.26+0.08

Table 7.8: Expected signal and background events at L = 1fb~! using the

tight Z mass cut.

4 events  4de events  2u2e events Total
Signal 5.73+£0.07 3.18+0.05  7.56£0.08 16.47 £0.12
Zbb 0.11+0.01 0.48+0.03  0.2840.02  0.87£0.04
tt 0.08+£0.06 0.524+0.14  0.44+0.13 1.03£0.20
Backgr. total 0.19£0.06 1.00£0.15 0.72 £0.13  1.90+£0.21

Table 7.9: Expected signal and background events at L = 1fb~! using the

loose Z mass cut.

With 1 fb~! of data we expect a total of 13.3 and 16.5 signal events respectively in
the two mass regions, and < 0.26 and 1.90 background events. Note that in the ¢t
case and in particular the 2u2e topology, the number of events surviving the cuts is
zero. Here, the Poisson interval upper limit for zero mean is used at 90% confidence
level [68], therefore the expected number of events in this case normalized to 1 fb~!
is less than 0.097.

One can conclude that the backgrounds, both ¢ and Zbb are brought down to
negligible levels and although the limited available statistics does not allow extract-
ing a well defined shape for them, it is nevertheless possible to measure the ZZ®*)

production cross-section with as little as 1 fb—1.

7.7 Systematic uncertainties

The systematic uncertainties to the signal comprise of:

e The uncertainty in the luminosity which is estimated to 6.5% after the first
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0.3fb*
e The uncertainty from the PDF’s used to ~ 3%

e The scaling uncertainty for the NLO calculations or equivalently to the K to
~ 5%

e The uncertainty ~ 3% due to lepton identification, assumed the same for

electrons and muons.

e The background estimate systematic uncertainty which amounts to ~ 2% and

is driven by the cross-section uncertainties

Assuming gaussian distributions for all the above uncertainties, the total sys-
tematic uncertainty to the signal amounts to 9.2%. As seen from this analysis the
measurement of the ZZ and ZZ* cross-section is essentially background free but at
L = 1fb~! is dominated by statistical error. At L = 10fb~"! the statistical error will

drop to about 10% and systematic error will have a similar impact [69].

7.8 Summary

A complete study on the Z boson pair production through the decay process ZZ*) —
4¢ where ¢ = e, i has been performed using the ATLAS detector at the LHC. Anal-
ysis was done using full ATLAS simulation events for the signal and for the back-
ground processes pp — tt — 4¢ and pp — Zbb — 4¢. Kinematic and physics oriented
cuts were applied to both signal and background events and the cut efficiencies were
studied.

With only 1 fb=! of data, 13.3 signal events are expected requiring that both Z
bosons are on-mass-shell while 16.5 are expected in the ZZ®) case. Backgrounds
coming from the ¢t and Zbb cases were found to be negligible, contributing in total
less than 0.26 events in the ZZ and 1.9 events in the ZZ™ case where their effect

is concentrated mainly to the low mass regions.
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Conclusions

This thesis has presented two different aspects of important issues carried out to-
wards the preparation of the ATLAS experiment. The first aspect covered recon-
struction, identification and isolation studies of muons using the Muon Spectrometer
and the Calorimetric System of the ATLAS detector. The second aspect consisted
of simulations of physics processes in order to investigate the ability of ATLAS to
detect the Z boson pair production through the decay to four leptons.

For studies of physics processes that include muons in the final state it is im-
portant to understand the performance and reconstruction capability of the Muon
Spectrometer and in particular of the muon tracking chambers. To this end, the
performance of a BIS type muon chamber was studied using data from the HS test-
beam at CERN. It has been shown that even with different illuminating conditions,
that comprised of positron and muon beams, and at different particle incident an-
gles, the performance of the chamber and track reconstruction algorithm, remains
reliable. The use of dedicated calibration constants would improve the resolution of
the chamber even further.

Another crucial issue for studies of physics processes with muons in the final
state is the precise measurement of the muon momentum. For this, the Muon
Spectrometer is designed to achieve a resolution of the order of ~ 2% for muons of
100 GeV energy and 10% for 1 T'eV muons. The resolution depends on the energy
loss which occurs in the calorimeters and should be corrected for, but in the case of
catastrophic muon losses is difficult to estimate it analytically. The expectations that

muons of 350 GeV energy will suffer catastrophic energy loss in the calorimeters has
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been investigated in this thesis, using testbeam data from the H8 and comparison
with Monte Carlo simulation. The fraction of muons that deposit more than 20 GeV'
in the calorimeters has been measured to be of the order of ~ 1%, which is in good

agreement with the simulation.

Identification of muons with catastrophic energy losses was based on the mea-
surement of the deposited energy in each calorimeter compartment at H8. This
manifests the importance of the precise energy deposition measurement in each
calorimetric compartment, in ATLAS as well. However, in ATLAS the energy de-
position measurement addresses also imperative issues for track reconstruction and
isolation. Within the context of this thesis, a software package that performs en-
ergy deposition measurements in the ATLAS calorimeters has been developed and
is used in the ATHENA framework for filling isolation related variables at the AOD.
Physics analysis can also profit from the developed method since it provides at the
AOD, the selected calorimeter cells in a cone around the muon track allowing the
recalculation of isolation variables offline. In the current thesis, it has been also
shown using simulated ¢f events, that the information on the cells and the number
of those that participate in the transverse energy deposition measurement, can be
used as a discriminating variable between isolated and non isolated muons in the
barrel region of ATLAS, since the average number of cells between the two cases is
more than 4 times different in all cone sizes used. The suggested isolation variable is
independent of the actual response of the calorimeter and cell calibration constants.
Future work would involve studies on more physics processes and detector regions

and in the presense of pile up as well.

Finally, the study performed in this thesis on the observation potential with
the ATLAS detector of Z boson pair production through the decay of the pair to
electrons and/or muons has provided with quantitave expectations of observation
which amounts to 13.294-0.10 events for ZZ or 16.540.1 events for ZZ™) with 1 fb='.
Contributions from the background processes of Zbb and tt , although using limited
statistics, were found to be negligible compared to the signal and the total amount is
less than 0.26£0.08 and 1.904-0.21 events respectively. Summarizing, observation of
Z boson pair production at the LHC is possible with the ATLAS detector already in

the first years of operation. This study has also assisted understanding the effect of
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the total and irreducible backgrounds to the Higgs boson production observability
through its decay to four leptons which is expected if the Higgs mass lies in the
intermediate region, 120 < my < 600 GeV. It was shown that the backgrounds
affect mainly the low mass region. The next step to complement this analysis would
be to increase the Monte Carlo statistics of the background processes in order to

extract their shapes and develop methods to estimate them from real data.
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e Trigger and Physics Week, CERN, 5/6/2007, “Status of TrackInCaloTools”

e Reconstruction Integration Group(RIG), CERN, 30/1/2007, “A tool for en-

ergy loss measurement in the calorimeters”

e ATLAS Overview Week, CERN, 5/10/2006: “Results from Muon and Com-

bined Muon Testbeam activities”
e Muon Week, CERN, 5/9/2006: “Status of TrackInCaloTools”

e Muon Week, CERN, 11/4/2006: “Status of the tool for Muon Energy losses

in the Calorimeters”

e Software Week, CERN, 4/3/2006: ”Update on muon energy losses in the

calorimeters”

e ATLAS Week, CERN, 20/2/2006: ”A tool for muon energy losses in the

calorimeters”

e Physics Week, CERN, 27/10/2005: ”First look at BIS chamber data and low
energy runs with TileCal-MDT chambers”

e Muon week, CERN 20/4/2005: ”Study of the combined H8 2004 data using

the Tile-cal and Muon Spectrometer info”

e Testbeam Workshop, CERN 16/12/2004: ”t0 and maximum drift time results
of barrel MDTs”




Rutherford Appleton Laboratory, Oxford 15/7/2003: ”Time dependence of

Inter-Strip Capacitance”
e Many presentations within the Diboson working group meetings

e Some presentations within the Muon Combined Performance and Software

group meetings
e Some presentations within the H8 testbeam weekly meetings in summer 2004
Courses:

e European School of High Energy Physics in Aronsborg, Sweden, 18 June - 1
July 2006.
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