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Kurzfassung

Das ATLAS-Experiment wurde entwickelt um die Proton-Prokkllisionen am Large Hadron
Collider (LHC) zu studieren. Es ist in mehrere Subdetektorgerteilt, um die Eigenschaften
aller Teilchen, die in den Proton-Proton Kollisionen proéut werden, zu messen. In den
letzten drei Jahren wurden rund 2.0 solcher Kollisionen mit Schwerpunktsenergien von
7 TeV und 8 TeV aufgezeichnet.

Die Energiemessung erfolgt in einemiiBsig-Edelgas-Kalorimeter mit Bleiabsorbern, das in
vier hinterinanderliegenden Schichten segmentiert ist. Gegensatz dazu misst der innere
Spurendetektor den Impuls von geladenen Teilchen.

Das Hauptthema dieser Arbeit war die absolute Energiemgsdes elektromagnetischen
Kalorimeters und die Verbesserung der Messgenauigkeit. dimEnergieskala des elek-
tromagnetischen Kalorimeters zu extrahieren, wurde eie¢hbtle entwickelt, die sich das
Verhaltnis der gemessenen Energie im elektromagnetischerriai®r zur Impulsskala des
inneren Spurendetektors zu Nutze macht.

Mehrere Effekte, die zu einer wesentlichen Verbesserunfyléssgenauigkeit der extrahierten
Energieskala beitragen, wurden untersucht. Mit dem voetjesn Kalibrationsverfahren konn-
te die Lineari&t des Kalorimeters zum ersten Mal in ATLAS gemessen werleargieverlust
auf Grund von Material vor dem Kalorimeter wurde untersudbér Unterschied in der Ent-
wicklung des elektromagnetischen Schauers zwischen Moat® Simulationen und Kolli-
sionsdaten wurde gezeigt. Die Uniforatider Energiemessung im gesamten Detektorvolumen
als Funktion der Anzahl von gleichzeitiger Kollisionen meter Teilchen und ihrer zeitlichen
Entwicklung wurde gemessen. Die Messgenauigkeit der kgsdgla relativ zu den in den
verschieden Schichten gemessenen Energien wurde abtgsch

Eine der physikalisch wichtigsten, grundlegendsten Megen im Standardmodell der
Teilchenphysik ist die Bestimmung der Masse WéBosonen. Um die Masse dég-Bosons

zu messen, ist eine Lineatittin der Messung der Elektronenenergie in einem Bereich Gon 2
bis 80 GeV entscheidend. Der Einfluss der Energieskala untidearitat abgeleitet aus den
Ergebnissen der Kalibration auf die Messung der Mass&\d@osons wurde untersucht. Das
Ziel war es Messunsicherheiten zu bestimmen, die eine Mgsser\W-Boson Masse mit einer
Genauigkeit kleiner als.02% erndglichen.






Abstract

The ATLAS experiment is designed to study the proton-prailfisions produced at the Large
Hadron Collider (LHC) at CERN. It is made up of various sub-detecto measure the prop-
erties of all the particles produced at the proton-protdtision. Over the last three years of
running around 2& 10 collisions of proton data have been recorded.

Liquid argon (LAr) sampling calorimeters are used for allattomagnetic calorimetry and for
hadronic calorimetry in the end-caps. The Inner Detectorthe other hand, measures the
transverse momentum of charged particles down to a momeoitons GeV/c.

This thesis deals with the absolute measurement of the giretige electromagnetic calorime-
ter and the improvement of the systematic uncertainties efhod using the ratio of the energy
E in the calorimeter and the momentum measurenpantthe Inner DetectorE/p) was used
to extract the energy scale of the electromagnetic LAr aaleter for electrons and positrons.
To investigate and further reduce the systematic unceéigaiof the extracted energy scale cor-
rection, several effects were studied. The calorimeter&sakity had to be measured - for the
firsttime in ATLAS - in five regions of the detector. Energydafue to material effects upstream
of the calorimeter had to be investigated. Differences enghower development between MC
simulation and data, along with its energy dependence, sleoe/n. The uniformity of the
energy response was measured with respect to time, piledigetector geometry. The uncer-
tainties on the energy scale relative to the different sarg@nergies in the calorimeter had to
be estimated.

One very important, fundamental measurement within thedatad Model of particle physics is
the measurement of the mass of tidoson. To measure the mass of tdoson the linearity
of the electron energy measurement in a region from 20 to 80i&erucial. Using the derived
energy scale and linearity from tHe/p ratio the impact on th&/ mass measurement was
shown. The goal was to estimate uncertainties for this measent, which aims to reach an
accuracy smaller than 0.02%.
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Introduction

As of March 2010 the ATLAS experiment at the LHC at CERN has beeonnding collisions
of protons at unprecedented energies. The broad physigggmoranges from Standard
Model precision measurements, to the test of models beyen8tandard Model and to model
independent searches for unknown particles and phenomena.

High energy physics is investigating very short lived et that eventually decay to light
leptons or hadronic final states. They are produced in paxtalisions and recorded by large
detectors. Most of these particles decay even before theyntaract with the detector. In
order to analyze them they need to be identified by their dpcaglucts. Actual hits in the
detector are caused by baryons and mesons, by myongi (), photons y), electrons )
and positronsg+)!. To examine any particle or process, a precise identificaifdhese decay
products is imperative. Physics analyses extensivelyaelihe three last-mentiongd y and

e and sprays of collimated particles, so-called jets.

In many physics analyses the electromagnetic (EM) caldrinmays an important role. Many
processes manifest themselves through photons and eleatrthe final states, where the en-
ergy and position of electrons, photons and jets, as well iasing energy of the event are
measured. The Higgs discovery channels sudH as yy, H — 4e, as well as possible discov-
ery of exotic particles, such & orW' and precision measurements (é/g.boson mass) put
the most stringent constraints on the EM calorimeter:

e The electromagnetic energy scale, which determines tHe beaween the deposited en-
ergy measured in the EM calorimeter and the initial energthefpenetrating particle,
must be controlled at the level of 0.05% for many standard ehateasurements. A
competitiveW mass measurement needs an even smaller scale uncertaimyOa01%
level.

¢ Invariant mass resolution at the 1% level for particles giegainto 2y or 2e.

In order to achieve this performance the description of #lerameter in Monte Carlo has to be
extremely accurate and many effects need to be understabcdoarected at the per mill level.
This thesis addresses this necessary understanding offtb&@SAelectromagnetic calorimeter
through several studies that are outlined in the text.

1For reasons of simplicity the term electron stands from navios electrons and positrons, unless explicitly
stated otherwise.



The thesis starts with a very brief introduction of the LHC Ghapter L and the ATLAS
detector describing its sub-detectors and its physicsramagChaptel]2). This introduction
will be followed by a general overview of the data distrilautiand datasets used in this thesis
(Chapter B). After describing the complex electron recamsion process (Chaptér 4), the
calibration strategy for the LAr electromagnetic calorigrenill be outlined in Chapter] 5.

Results for the calibration of the LAr electromagnetic cah@ter using the 2011 and 2012
Run 1 datasets will be presented:

e Electron Energy Calibration in Chapfdr 6

Uniformity of the energy response inandg in Chaptef¥

Linearity of the energy measurement in Chapter 8

Leakage out of the reconstructed cluster in Chégter 9

Material determination in front and inside the calorimete€haptef 1D

Sampling layer inter-calibration in Chapterd 11

Chaptef IR concludes on the final energy scale correctiordlmasthe findings described in the
previous chapters. In the final chapter, Chaptér 13, the itrgfabe obtained electron energy
calibration and its linearity on th& mass measurement will be presented.



Chapter 1
The ATLAS Experiment at the LHC

The Large Hadron Collider (LHC), located on the French-Swisedér near Geneva, the
world’s most powerful particle accelerator, is designeddiide either protons, of up to 7 TeV
per nucleon, or lead nuclei, of up to 2.76 TeV per nucleon i6.& Rm ring of superconducting
magnets. The LHC started operation with proton beams aufjiduccessfully in November
2009. The actual collisions take place at four interactiomys along the ring. Four giant
particle detectors sit on each point and two smaller onesedby. Among those the largest is
the ATLAS (A Toroidal LHC Apparatu$experiment.

Material taken for this chapter comes from various TecHni@asign Reports and Papers.
References to this material are stated in the beginning df saction or within a paragraph
using the square shaped brackets.

1.1 The Large Hadron Collider

The LHC [1] is a proton-proton accelerator and collider atisd in a tunnel approximately
100 m under the surface. The accelerator consists of eightard eight straight sections
of superconducting magnets. The operation of two beams wdllgcharged particles, one
clockwise, the other counter-clockwise, necessitates dpjgosite magnetic dipole fields to
bend the particles on a circular path. For the LHC, a designbeas realised where both
beams circulate in two adjacent pipes. The collider has lbesigned for a center of mass
energy of 14 TeV. To reach this energy, protons are accelkrat a number of successive
accelerators with increasing energy until they are ingeatéo the LHC ring at 450 GeV. The
LHC has been designed to reach an instantaneous luminddity=dl0®**cm~2s1. This high
luminosity is delivered to the two multi-purpose experingeTLAS and CMS. There is also a
low luminosity experiment LHCb, dedicated to B-physics ansigieed forL = 103?cm—2s7L.
The LHC is also capable of colliding lead ions at a designgnef /s= 2.76 TeV. These
collisions are recorded by the two multi-purpose deteaarsthe ALICE experiment, designed
specifically for the analysis of Pb-Pb collisions and inthtb study the quark-gluon-plasma.

There are three smaller experiments, namely TOTEM whichsaonmeasure total cross
sections, elastic scattering, and diffractive procedsd€;f, which intends to measure neutral
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pions to help explaining the origin of ultra-high-energyisoc rays and MoEDAL (in planning
phase).

The LHC operated at 3.5 TeV per beam in 2010 and 2011 and at $8&ebeam in 2012. It op-

erated for two months in 2013 colliding protons with leadleudOn February 14, 2013 it went
into shutdown for upgrades to increase the beam energy ed.per beam, with start of oper-
ation planned for early 2015. A summary of different LHC a&sf@iments is shown in Takle 1.1
and an overview of the different pre-accelerators and tlateat the LHC is given in Figute 1.1.

Run 1 Run 2 Run 3
year 2010 2011 2012 | 2015-2017| 2019 - 2021
Center of mass energy's (TeV) 7 7 8 13-14 14
LuminosityL (cm2s 1) 2-10%2 | 35.10% | 7.6-10% 1-10% 2.2-10%
Luminosity (integrated.in; (fo=1) 0.48 5.2 20.7 75-100 300
Bunch spacing (ns) 150 75/50 50 25 25

Table 1.1:Summary of LHC achievements in proton-proton runs andéytuwgram. Currently,
between Run 1 and Run 2, a maintenance shutdown (LS 1) is og-gbaring the break
between Run 2 and Run 3 another shutdown (LS 2) is foreseen ih ainiew linear collider
will replace a LHC pre-accelerator.
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27 km
3.5 TeV protons I H ‘
2.76 TeV/nucleon ions

7 km
P 450 GeV protons
177 GeV/nucleon ions

4x25m 628 m
1.4 GeV protons 26 GeV protons
5.9 GeV/nucleon ions

From LINAC2: 50 MeV protons
From LINAC3: 3.2 MeV/nucleon ions

7.8 m
72.2 MeV/nucleon ions

Figure 1.1:Cut-away view of the LHC and its pre-acceleration steps. Tdiken Ref. [2].
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1.2 The ATLAS Detector

The ATLAS [3] experiment has been designed to record thagbestproduced in the proton-
proton (or heavy ion) collisions delivered by the LHC. A cwiey view of the detector is given

in Figure[1.2.

Tile
. Calorimeter L
Toroid Solenoid Detector Liquid Argon
Calorimeter

Barrel Inner

RPCs

End-cap
Toroid

Figure 1.2:Cut-away view of the ATLAS detector. Taken from REef. [2].

It is assembled in several layers around the nominal intierapoint and symmetric in forward
and backward direction along the beam pipe w.r.t. the iotema point. The inner detector
consists of three tracking sub-systems and is embeddedupeaconducting solenoid magnet
that produces a magnetic field Bf~ 2 T. The combination of magnetic field and tracking
system allows for the momentum measurement of chargedlesttiAround it, the calorimeter
system is built as a cylindrical barrel with two end-capss Idivided into an electromagnetic
(EM) and a hadronic calorimeter part, designed accordinthéir purpose of providing a
high resolution measurement of electrons and photons ghrelectromagnetic showers and
an adequate resolution measurement for hadronic parti¢les detector is completed by the
muon spectrometer, consisting of another magnetic systiémavbarrel and two end-cap toroid
magnets, producing a field &~ 0.2to 35 T respectively, and a number of different muon
chambers made of drift tubes assembled inside and arourtdrtids. In order to record the
collisions, the event rate has to be reduced from 40 MHz ta&b@0 Hz. This is achieved by
a three-level trigger system.

The nominal interaction point is taken as the origin of a tdiganded coordinate system with
the z-axis defined by the beam direction. Perpendicular to it éxtly plane, with thex-axis
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pointing towards the center of the LHC ring and traxis pointing upwards. With that, the
azimuth and polar angleg and 8 are measured from the positixeaxis counter-clockwise in
thex-y-plane and from the-axis, respectively. Throughout this thesis, further dities will be
used repeatedly: the pseudorapidjtydefined as

n=-In [tan(%) |, (1.1)

and the distance in pseudorapidity-azimuth-angle-spéte

AR = \/An2 + A¢?. (1.2)

The observabl@r is the component of momentum in the transversg) (plane

pT = p-sin(0) (1.3)
The transverse energiZf) is defined as
Er = E-sin(0) (1.4)

whereE is the (calorimeter cell) energy and agd#lrnis the angle between the beam direction
and the direction of the vector pointing from the interacti@rtex to the calorimeter (cell).

In accelerator physics, luminosity ) is the ratio of the number of events detect®& (n a
certain time () to the interaction cross sectioa

_ 1dN
odt’
It has the dimension of events per time per area, and is yseigiressed in units of cnd - st.
L depends on the beam parameters, such as beam width andep#oticrate, as well as the

target properties. A related quantity is integrated lursityo(Li,;), which is the integral of the
luminosity with respect to time:

(1.5)

um:/Lm. (1.6)

The luminosity and integrated luminosity are useful valteesharacterize the performance of
a particle accelerator. In particular, all collider expsgnts aim to maximize their integrated
luminosities, as the higher the integrated luminosity,tiege data is available to analyze.

In high energy physics the unit barn (symilis used to express cross sections of scattering
processes and as a measure of the probability of interdotittimeen particles. A barn is a unit
of area and defined as 1€ m? and is approximately the cross sectional area of a uranium
nucleus. The “inverse femtobarn” (fb) [4] is a measurement of particle collision events per
femtobarn of target cross section, and is the conventiomialfor time-integrated luminosity.

In a particle accelerator two streams of particles, withssrgectional areas measured in
femtobarns, are directed to collide over a period of time.e T¢tal number of collisions is
directly proportional to the integrated luminosity of thellisions measured over this time.
Therefore, the collision count can be calculated by muylimg the integrated luminosity by the
sum of the cross section for those collision processes. ddust is then expressed as inverse
femtobarns for the time period (e.g. 100 fbin two months). Inverse femtobarns are often
guoted as an indication of particle collider productivity.
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1.2.1 The Inner Detector

The Inner Detector (ID)._|5] is designed for high resolutioeasurements of the momentum
of charged particles and the reconstruction of primary awbsdary vertices. It consists of
three independent but complementary sub-detectors: thed Betector, the Semiconductor
Tracker (SCT) and the Transition Radiation Tracker (TRT). diifierent parts are depicted in
Figure[1.3.

i i = 1.0 =15
Solenoid Co|loﬁ 2 o

NERR X

2 N -

Radius [mm]

1000
X
\o
5
\o
\
\
A

7797777777777 H o H 00—
=11 I Y ccv |
# ﬂ]/ﬂ:‘ !:)( I>X<[fi/u—\ [—0 Beam-pipe

O (L B B B S B S B B I B B B B E B B B B B B B T T T T T T T

Figure 1.3:Sketch of the inner detector. Taken from Ref. [2].

The Pixel detector comes in three cylindrical silicon layand three end-cap discs on each
side. The nominal pixel size is 50400um?. It constitutes the sub-detector with the highest
spatial resolution and the highest number of readout chanfide layer closest to the beam
pipe is referred to as the b-layer since through its proyirtotthe beam pipe it reaches the
highest resolution and plays an important role in the idieation of jets fromb-quarks. The
SCT consists of a barrel part of four layers and a total of nilsesdin the end-cap region,
again on each side, with silicon strip detectors. For a tdieeensional measurement of the
trajectory of a particle each layer has two silicon strife tire oriented under a 40 mrad angle.
Both systems are commonly referred to as silicon trackergy Bpan a pseudorapidity range
of [n| < 2.5. Beyond that no track reconstruction is possible. Withbatgossibility of track
reconstruction, electrons cannot reliably be distingedsfiom photons above a pseudorapidity
of [n| > 2.5.

The third part of the inner detector is the TRT, a combinatidriracking and transition
radiation detector. It consists of straw drift tubes, 4 mndimmeter, that are interleaved with
polyimide fibres in the barrel and foils in the end-cap as aditaon radiation element. The
straws are filled with a xenon-based gas mixture. A tungstes i& used as an anode for the
drift tube. The barrel straws are divided in two in the middte) = 0. They are read out at
each end and in the center. The TRT front-end electronicdsmiminate between signals
from tracking hits from minimume-ionising particles andrsition radiation hits (that yield
higher signal amplitudes) by using separate low and higestiolds. It covers a range of up to
In| < 2.0 with a gap for the readout &ay| < 0.1. The tubes are aligned parallel to the beam
pipe in the barrel and radially in the end-caps. The TRT hag lonited resolution inn but
measures the importagtcoordinate accurately.
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The amount of material a particle has to pass in order to pmeethe inner detector and
reach the electromagnetic calorimeter is given in Figudid.units of radiation length. In
addition to the ID material, it has to traverse the solenoabnet and the cryostat walls to
reach the Electromagnetic Calorimeters. Figuré 1.4 incldde solenoid. By passing through
the material, electrons lose a considerable fraction af #r@ergy by Bremsstrahlung; large
fractions of photons convert to electron-positron pairgedming a background for genuine
electrons.

w
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Il Before presampler
------- Extra material
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I TRT
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[ 1Beam-pipe
--- Extra material
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Figure 1.4: Amount of material, in units of radiation lengthyXraversed by a particle as a
function ofn: (left) material in front of the Presampler detector and B! calorimeter, and
(right) material up to the ID boundaries. The contributiooisthe different detector elements,
including the services and thermal enclosures, are showaraggy by filled color areas. The
primary vertex position has been smeared along the beanlaie=n from Ref| [6].

1.2.2 Calorimeters
Electromagnetic Calorimeter

The calorimeters cover a rangg < 4.9 using different techniques for the measurement of the
energy of electrons, photons, and jets. An overview is gimdfigure[1.5. The electromagnetic
calorimeter [[7/] (EM) is a lead-liquid-argon calorimeterdaprovides a three-dimensional
subdivision (granularity).

It is designed for a high-resolution measurement of thegnef electrons and photons. It
is divided into a barrel and two end-cap parts, covefimg< 1.475 and 1375< |n| < 3.2,
respectively. The cells consist of alternating layers abadion-shaped lead absorbers, readout
electrodes and liquid argon as a sampling material. Therdimostructure provides symmetry
in @ without azimuth cracks. The calorimeter is made up of theewitudinal layers in
the barrel and end-cap$n( < 2.5) and two for|n| > 2.5 with different granularity. The
distribution of material in front of the EM calorimeter is@hkn in Figurd 1.4. This amount of
material, the way it is distributed in space, and the presaia magnetic field, combine to
require a Presampler, in order to correct for the energyitosont of the calorimeter.
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Figure 1.5:Cut-away view of the calorimeter system. Taken from Ref. [2].

The barrel (end-cap) Presampler feature a 1 cm (5 mm) liqgodraactive layer instrumented
with electrodes roughly perpendicular (parallel) to thareaxis. In the transition region

between barrel and end-cap, around= 1.4, the situation is particularly critical, and a scin-
tillator layer, between the two cryostats, is used to recavainly the jet energy measurement.
This also improves the electron and photon measurement. nBeggseudorapidity of 1.8,

the Presampler is no longer necessary given the more liraitezlint of dead material and the
higher energy of particles for a givey.

The front layer, also called strip layer, has a very fine giauity in n and only very limited
resolution ing. The size of the cells i&n x Agp = 0.0031x 0.1 for |n| < 1.8 and coarser
beyond that. The middle layer amounts to the largest patiefthole system and has almost
equal granularity im and¢ with cells of sizeAn x Ag = 0.025x 0.025. The electromagnetic
calorimeter is completed by the back layer that has the saareitarity as the middle layer in

@, but only half the granularity im. All three accordion layers and the Presampler are summed
toAn x Ap =0.1x 0.1 trigger towers used for the L1 calorimeter trigger.

Hadronic Calorimeter

Hadronic showers usually penetrate the material furthdraae absorbed in the consecutive
hadronic calorimeter, which surrounds the electromagreatiorimeter. The ATLAS hadronic
calorimeter is a sampling calorimeter, too. In the barrgioe it is made of steel absorbers and
scintillating tiles. In the end-caps it consists of two ipdadent wheels per end-cap of copper
plates that are interleaved with liquid-argon gaps.
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Forward Calorimeter

The forward region is covered by the Forward Calorimeter (FLiAlthe pseudorapidity range
of 3.1< |n|<4.9. As already mentioned, electrons outside the acceptahtiee dracking
system are not discussed in this thesis. The forward cagbeintontributes to the measurement
of the missing transverse energy MET.

The FCAL is, again, a liquid argon sampling calorimeter cstirsg of three layers, the first
with copper, and the other two with tungsten as the absorbésnmal.

1.2.3 Muon Spectrometer

The muon spectrometer | [8] forms the outer shell of the ATLASedtor and occupies by far
the largest part of its volume. It is located on the outsid#hefcalorimeter modules and covers
the space between approximately 4.5 m and 11 m in radius andri@ir@3 m longitudinally on
both sides of the interaction point. The total volume is agjmately 16 000 ri. A 3D view

of the ATLAS detector in the underground cavern (Figure $l&ws the arrangement of the
muon chambers around the magnet. The magnet creates aatdreld in air with field values
of typically 0.5-2 Tesla.

In the barrel region || < 1) the field is provided by eight superconducting coils fargni
the barrel toroid (BT). Each of these coils is 25.6 m long an@mas from 5 m to 10 m in
radius. In the forward region (4 < |n| < 2.7) the field is generated by the end-cap toroids
(ECT), inserted on both ends into the inner bore of the BT. Ea&Ch Eonsists of eight coils
and is contained in a single 10.7 m diameter cryostat. The BITEQIT coils are rotated in the
azimuthal direction by 25° with respect to each other. In the intermediate pseudatgpid
range (10 < |n| < 1.4) the magnetic field is a superposition of the barrel and titeaap
fields.

In the barrel the muon chambers are arranged in three caieylinders around the beam
axis. The end-cap chambers form four disks on each side ahteeaction point, concentric
around the beam axis (Figurel.7).

The chambers are placed such that particles which origiaiatiee interaction point traverse
three chamber stations. The position of these stationsdes dhosen to take optimum advan-
tage of the magnetic field configuration. Wherever possibke chambers measure the sagitta
of the curved tracks in three positions: at the inner fieldrialawy, close to the field maximum,
and at the outer field boundary. In the end-cap regjgn ¥ 1.4) this is not possible since
the magnetic volume is almost completely enclosed in the EiSTead, the deflections of the
tracks that have traversed the ECT are measured taking adeaot a large lever arm between
the two outer measurement stations. Two separate systamdigtinct functionality are used:

e Trigger: Resistive Plate Chambers (RPC) in the barrel regionTémad Gap Chambers
(TGC) for the end-caps covering the spectrometer acceptgnt® n| = 2.4. Both types
of chambers generate fast signals with a time resolutionfefvananoseconds which are
used for level-1 triggering and bunch crossing identifaorati A spatial resolution of 5-



12 The ATLAS Experiment at the LHC

Figure 1.6:3-D view of the ATLAS detector in the underground hall. Themahambers (only
partly shown) are arranged in three layers around the inndedtr and the calorimeter in the
space between 5 and 10 m in radius and 7 and 23 m distance fromténaction point. Taken
from Ref. [8].

20 mm is adequate for these chambers. It is used in the pagtswgnition algorithm and
provides the only measurement of the track coordinate imtimebending plane.

e Precision measurement: Monitored Drift Tube chambers (MfoF 99.5% of the area
and Cathode Strip Chambers (CSC) for the remaining very smallafor area where
particle fluxes are highest. Although small in physical sihés area covers a large range
in pseudorapidity|f)| = 2— 2.7). The precision chambers measure the track coordinates
in the bending plane with high precision. For the MDTs no infation on the non-
bending coordinate and on the bunch crossing time is aveaildlhe CSCs, however, do
measure both quantities.
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Figure 1.7:3-D view of the muon system, indicating where the differeatd¥er technologies
are used. Taken from Ref| [8].
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1.2.4 Trigger and Data Acquisition

At nominal operating conditions, bunches of 1011 protons€each other at 40 MHz, resulting

in ~25 proton-proton interactions per bunch crossing (eveit#)e center of ATLAS. Never-
theless, only a small fraction of thisl GHz event rate results in interesting physics processes.
The Trigger and Data Acquisition (TDAQ) system of ATLAS! [9dto select a manageable
rate of such events for permanent storage and further asalyse amount of information to be
recorded is about 1.6 MB per event and keepi0 events/s. To reduce thel0 MHz event
rate a three-level trigger system was developed where chtlegel, different selection criteria
are applied. If an event gets accepted - meaning passingedihtee levels - the complete de-
tector information is read out and data are sent for local Q3£orage to the Sub-Farm Output
(SFO) nodes. From there, the data are transmitted to theatemtss storage facility at CERN

(see Figuré 118).

Trigger  Data Acquisition

High-Level Data Flow

~200 Hz

(~1.6 MB/event)

___________

CERN Data Storage

____________

Fi
n
Boards

Detector Rea

Figure 1.8:The schematic data flow of the ATLAS detector. Taken froni@}gef.

First Level Trigger

The first level trigger L1 looks for higkt objects, large missing transverse energy and total
transverse energy. It uses only a subset of the detectoredticed granularity and simplified
algorithms. These are used to define one or more Regions oéshigols) inn x @ that are
passed to the higher level triggers. At this stage the ewatis reduced te- 75 kHz.
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Second Level Trigger

At second level, L2, the Rols are further analyzed, usingetictor sub-systems at full granu-
larity but, again, with simplified algorithms. The eventer#é reduced toe- 3.5 kHz.

Event Filter

For an event that passed L2 the full information is passebdddst trigger level, a processing
farm called event filter (EF). At EF level, offline-like aldgtthms as given in Chaptér 4 are used,
further reducing the event rate to the designated 300 Hz eVéat filter processing uses farms
of processors acting on the full-event data. The complécatdection criteria of the off-line
analysis will be used in a real-time environment.

Examples of trigger algorithms - for electrons in that caaes-given in Chaptérd 3, along with
an explanation of their important role.
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1.3 Physics Program

This section will describe the physics goals set by the ATlds8aboration for Run 1. The
major physics discoveries for each program will be statelde Work presented in this thesis
was important for several of these discoveries, moreoweokltained results will be used in the
future Run 2 data taking phase to further improve the pretigfdhese analyses.

1.3.1 Higgs Searches

The Standard Model (SM) of particle physics|[10, 11] has bested by many experiments
over the last four decades and has been shown to succesdégityibe high energy particle
interactions. However, the mechanism that breaks eleettkvgeymmetry in the SM had not
been verified experimentally for a long time, prior to thetstdthe LHC.

This mechanism| [12] which gives mass to massive elementaticles, implies the existence
of a scalar particle, the SM Higgs boson. The search for tlgg$iboson, its discovery and
measuring its properties such as couplings to other pestigtas an important part of the Large
Hadron Collider![13] (LHC) physics program during the lasethyears.

In the past, indirect limits on the SM Higgs boson massf< 158 GeV at 95% confidence
level (CL) have been set using global fits to precision eleatak results. Direct searches at
LEP [14], the Tevatron|[15, 16, 17] and the LHC |[18 19] hadvpesly excluded, at 95%
CL, a SM Higgs boson with mass below 600 GeV, apart from somes megons between
116 GeV and 127 GeV.

Both, the ATLAS and CMS collaborations reported excessesaritavn their 2011 datasets of
proton-proton (pp) collisions at center of mass energyattiC, which were compatible with
SM Higgs boson production and decay in the mass region 1B45E¥ with significances of
2.9 [18] and 3.1/[19] standard deviatiors)(

Searches for the Standard Model Higgs boson have been pedon theH — ZZ(x) — 4,

H — yy, andH — WW(x) — evuv channels with the ATLAS experiment at the LHC using
5.8-5.9 fb Lof pp collision data recorded during April to June 2012 at mteeof mass energy
of 8 TeV. These results are combined with earlier result§ jdBich are based on an integrated
luminosity of 4.6-4.8 folrecorded in 2011 at a center of mass energy of 7 TeV, exceftidor

H — ZZ(x) — 4l Figure[1.9 anH — yy Figure[1.10 channels, which have been updated with
the improved analyses [20].

The Standard Model Higgs boson is excluded at 95% CL in the magge 111-559 GeV
except for the narrow region 122-131 GeV' In this region, &acess of events with signif-
icance 5.90 is observed. The excess is driven by the two channels withigdjgest mass
resolution,H — ZZ(x) — 41 and H — yy, and the equally sensitive but low-resolution
H — WW(x) — Ivlv . Taking into account the entire mass range of the search6QQ@GeV
the global significance of the excess is 5.1
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Figure 1.9:The distribution of the four-lepton invariant massy/nfor the selected candidates,
compared to the background expectation in 80250 GeVmass range, for the combination
of the\/s=7 TeVand,/s= 8 TeV data. The signal expectation for a SM Higgs with m
125 GeVis also shown. Taken from Ref. [20].
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Figure 1.10: The distributions of the invariant mass of diphotons aftkrsalections for the
combined 7 TeV and 8 TeV data sample. Top: The result of a fitetaata of the sum of
a signal component fixed togn= 1265 GeV and a background component described by a
fourth-order (Bernstein) polynomial is superimposed. t8ot The residual of the data with
respect to the respective fitted background componentpsaghed. Taken from Ref. [20].

The obtained results provide conclusive evidence for teeadiery of a new particle with mass
1260 £+ 0.4 (stat)+ 0.4 (syst) GeV|[20], showing properties consistent with thexgeected for
the SM Higgs. In recognition for this discovery the Nobelz@rin Physics 2013 was awarded
to the physicists who described this mechanism of symmeteaking in 1964, Francois
Englert and Peter Higgs.
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1.3.2 Supersymmetry

Many extensions of the Standard Model of particle physiesliot the presence of strongly

interacting particles on the TeV scale that decay to weaklgracting descendants. In the
context of R-parity-conserving supersymmetry (SUSY) thergjly interacting parent particles

are the partners of the quarks (squarks) and gluons (gluinogg~) and are produced in pairs.

The lightest supersymmetric particle (LSP) is stable, jgiog a candidate that can contribute
to the relic dark matter density in the universe. If they drefnatically accessible, the squarks
and gluinos could be produced in the proton-proton intevastat the Large Hadron Collider

(LHC).

Events would be characterised by significant missing trarsgymomentum from the unob-
served weakly interacting descendants, and by a large nuohes from emissions of quarks
and/or gluons.

A search - presented irﬂZl] - for new particles decaying t@danumbers (seven or
greater) of jets, missing transverse momentum and no e&blatectrons or muons are
done in various SUSY analyses. The results were interpretethe context of vari-

ous simplified supersymmetry-inspired models where gki@e pair produced, as well as a
MSUGRA/CMSSM model. No evidence is found for physics beyoedtandard Model so far.

A summary of the achieved results for SUSY searches can el fiourigure 1. 111.
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Figure 1.11:Mass reach of ATLAS searches for Supersymmetry. Only aseqEgive selection
of the available results is shown. Taken from Ref. [22].
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1.3.3 Standard Model

The ATLAS detector was not just built to discover new phydias also to perform precise
measurements of the Standard Model.

The mass of the top quark is a fundamental parameter of thed&té Model of particle
physics. One of the latest public results|[23] measuresdpegtiark mass in dileptonic top
quark pair decays ipp collisions at\/s= 7 TeV. This event topology is characterised by the
presence of two charged leptons, at least two neutrinosersta jets, two of which originate
from bottom quarks. The top quark mass is measured to be A #3M64 (stat)}t+ 1.50 (syst)
GeV.

Another important aspect for the Standard Model Physicgmaro in ATLAS is the com-
parison of existing event generators and the predictionpesfurbative QCD calculations
at next-to-next-to-leading order with the measured datasuf®e of such a comparison are
presented in_[24]. High-mass Drell-Yan differential crgsstion in proton-proton collisions at
a center of mass energy of 7 TeV were measured. Based on aratetduminosity of 4.9
fb—1, the differential cross section in te— yx to e e~ channel is measured with the ATLAS
detector as a function of the invariant mabky, in the range 116 Mege < 1500 GeV, for a
region in which both the electron and the positron have traris& momentunpy > 25 GeV
and pseudorapidity < 2.5.

Figure[1.12 shows a summary of several Standard Model tovalugtion cross section mea-
surements compared to the corresponding theoretical &tpets. The W and Z vector-boson
inclusive cross sections were measured with 35ptif integrated luminosity from the 2010
dataset. All other measurements were performed using thé @8taset or the 2012 dataset.
The top quark pair production cross section at 7 TeV is bagea statistical combination of
measurements in the single-lepton, dilepton and all-lddrchannels using up to 1.0th of
data.
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Figure 1.12:Summary of several Standard Model total production cros@e measurements.
Theoretical expectations were calculated at NLO or highee [Timinosity used for each mea-
surement is indicated close to the data point. Taken from[R2}t
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1.3.4 Exotics

Also for Exotic Physics searches ATLAS has a designatedramg A recent public paper
[@] presents the search for microscopic black holes in a-dign dimuon final state in

proton-proton collisions ay/s=

8 TeV. The data correspond to an integrated luminosity & 20.

fb—1. Using a high track multiplicity requirement,@+ 0.2 background events from Standard
Model processes are predicted and none observed. This iesutierpreted in the context of

low-scale gravity models and 95% CL lower
for different model assumptions.

limits on microscdpack hole masses are set

A summary of the achieved results for exotic physics searcha be found in Figufe 1.1.3.
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1.3.5 Heavy lons

During heavy ion runs at the end of the year 2011 and 2012 wdisens have been made of a
centrality-dependent dijet asymmetry in the collisionkeafl ions at the Large Hadron Collider.
In a sample of lead-lead events with a per-nucleon centeragkrenergy of 2.76 TeV, selected
with a minimum bias trigger, jets are reconstructed in fingirged, longitudinally segmented
electromagnetic and hadronic calorimeters. The tranevergrgies of dijets in opposite
hemispheres were observed to become systematically mbadamted with increasing event
centrality leading to a large number of events which contaghly asymmetric dijets (see

Figure[1.14. This was the first observation of an enhanceuofestents with such large dijet

asymmetries, not observed in proton-proton collisiondctvimay point to an interpretation in

terms of strong jet energy loss in a hot, dense medium [26].

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

- ATLAS

2
3543

Figure 1.14:Event display of a highly asymmetric dijet event, with onevjét Er > 100GeV
and no evident recoiling jet, and with high energy calorimetell deposits distributed over
a wide azimuthal region. By selecting tracks with p 2.6 GeV and applying cell thresholds
in the calorimeters (E > 700 MeV in the electromagnetic calorimeter, and>E1 GeV in
the h&(‘jsronic calorimeter) the recoil can be seen dispersatkelyiover azimuth. Taken from
Ref. [26].
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Chapter 2
The ATLAS Liquid Argon Calorimeter

2.1 Overview

This chapter explains general concepts of calorimetry inleno high energy physics, such as
the physics behind the calorimetric measurement, the pbnakdesign ideas and requirements
for an experiment at a hadron collider. All these aspectslveilused to further explain the
ATLAS Liquid Argon Calorimeters in the addition to the intnaction in Chaptelll.

2.2 Electromagnetic Calorimetry

The essential concept of calorimetry|[27] is to measuredtad €nergy of electrons and photons
via total absorption. Two basic principles are used:

e Incoming patrticles interact with the calorimeter mateaiatl produce secondary and ter-
tiary particles, called particle showers. The shower casitpm and dimension depend
on the particle type and the detector material

e The energy of the particle traversing the calorimeter isodépd in form of heat, ioniza-
tion or excitation of atoms (e.g. scintillation such Chemnkght)

The ATLAS electromagnetic calorimeter is built to measune energy of electrons and
photons, part of the energy of jets and contribute to the oreasent of missinger.

The next two section will describe the interaction of chadrgarticles (Section 2.2.1) and pho-
tons (Section 2.212) with matter.

2.2.1 Interaction of Charged Particles with Matter

When a charged particle enters a medium it will interact whi ¢lectrons and nuclei in the
medium and will lose energy as it penetrates into the meditm.interaction can be generally
thought of as collisions between the charged particle aacatbmic electron or the nucleus.
Two main processes are responsible for electromagnetigefess of high energetic charged
particles when passing through matter:
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e lonization: The incoming particle interacts with the atomthe media and transfers
enough energy to produce a free electron.

e Bremsstrahlung: The incoming particle is decelerated bgramting with the (mostly
nuclear) Coulomb field and radiates photons
The total energy loss can modelled by:

dE) (dE) (dE)
= = — Y (2.1)
(dX tot dx ion dx brem

In many materials, at energies above 100 MeV the principailcgoof energy loss of electrons
is Bremsstrahlung (see Figurel2.1).
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Figure 2.1:Energy Ioséé—')f of electrons and positrons versus Energy (MeV) in lead.

The characteristic length for the energy loss of high ertergdarged particles is defined as
the radiation lengttXy: an electron passing ong has only Ye of it's primary energy left (i.e.
~37%). The energy loss through Bremsstrahlung can be catclulating Equatioh 2.2, [28]
and [29]:

dE z2, 183 E
—— =4aNpa—r¢-EIn— =
ax AR Te =TT =
with
A (2.2)

= 2
4aNp% 13 -EIn 183
Z3

—E= Eoe*X/XO
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whereZ is the atomic numberA the atomic mass of the matter that is transverdéd,s
Avogadro’s numben = m%ch the classical electron radius and= 1/137 is the fine structure
constant.

The critical energye. is defined where the ionization process and Bremsstrahlengcpral:

dE dE
(&)ion N (&) brem (2.3)

An approximate formula foE. is given by

1600mec?
E. ~ — (2.4)

The radiation lengttXy is often approximated by the following formula:

7164A )

ST 9C
Z(Z+1)In\ﬁ

Xo= (2.5)

Another quantity used to describe the transverse developofian electromagnetic shower in a
material is the Mokre radius. It is defined such that a cylinder of a radius etguile Moliere
radius contains on average 90% of the shower energy and cealddated by the following
expression:

Ruv ~ Es- ? (2.6)
C

in which Es - the scale energy - is definedmsc?,/47/a. Since the Moliere radius can be ap-
proximated by the ratio of the radiation length and theaitenergy, th& dependence cancels
out in a first approximation. As a consequence shower denedapin different materials can
have non-intuitive differences in the longitudina} and lateral Ry) shower development.
Comparing copper (Z=29) with lead (Z=82): the radiation arfgetween those 2 materials dif-
fers by a factor of three (compare Tablel2.1) whereas thedvioliadii are similar. This means
that it takes three times as much copper as lead to contagitiveer but the lateral development
In copper is even narrower.
A listing of materials and their critical enerdy as well as their radiation leng, and their
Moliére radius) can be found in Table 2.1. Cu, Pb and Ar are materials useddaliborbers
and electrodes in the ATLAS electromagnetic calorimetee Sectioh 2]3).

2.2.2 Interaction of Photons with Matter

In contrast to the interaction of charged particles in mapéotons are totally absorbed or
scattered at relatively large angles. The following eBatscribe the interactions in different
energy ranges (compare different cross sections in Figdie 2

e Photoelectric effect: photon is absorbed liberating amat@lectron

e Compton effect: interaction of the photon with a quasi-fremsrac electron
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material Ec [MeV] | Xo[cm] | Ry [cm]
Cu 24.8 1.43 1.5
Pb 9.51 0.56 1.6
Ar (liquid) 30.5 14.2 9.5
Fe 21 1.76 1.7
air 102 30050 -
plastic 100 42.9 -
water 92 36.1 10.6

Table 2.1:E;, Xo and Ry for different materials.

e Pair creation: this process corresponds to an absorpti@npdioton (in the nuclear or
electron field) producing @ e~ pair.

As seen in Figure 212 the dominant process at high energiegriproduction. The cross section
can be approximated by [29]

_TA
9% Na
which means that a high energy photonNieV) interacts, on average, after passing a length of
%Xo through matterA is the atomic massg the radiation length anda Avogardo’s number).
The probability of converting into a™ e~ pair after%Xo is 1—1/e and the probability of not
converting is Ye.

o

2.7)

[ I | \ I |

Lead (Z£=82
8%, ea ( )
o — experimental o

Gcnherent
1kb[—

Cross section, barns/atom

1bj—

£

10 eV 1 keV 1 MeV 1GeV 100 GeV
Photon Energy

Figure 2.2: Total cross section of photons in lead for different photaergies: oo, for the
coherent Rayleigh scatterir@,con for Compton scattering and,kke for the pair production
in a nuclear (n) and electron (e) field. Taken from Ref| [30]
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2.2.3 Physics of the Electromagnetic Cascade

As described in Sectidn 2.2.1 and Section 2.2.2 at high erefgbove a few MeV already) pho-
tons interact with matter primarily via pair production amgh-energy electrons and positrons
primarily emit photons via Bremsstrahlung. The radiatiamgkl Xg is the characteristic rela-
tion between energy loss and length of traversed matteofabsmaterial) for these effects. It
was shown that it is the mean distance over which a high-gredegtron loses all but/e of its
energy by Bremsstrahlung and% of the mean free path for pair production by a high energy
photon.

High-energy electrons, positrons or photons cause a cascédpair production and
Bremsstrahlung when penetrating a block of material, as al@imeter. This process is called
the electromagnetic cascade or shower (see Figure 2.3).

<fD<('D('D<!'D(‘D(‘D+<fD‘fD('D<('D

=
4 %<

gy

X=T %=2 X,=3 X=4 X=5

Figure 2.3:The electromagnetic shower development for a high-energkgctron in radiation
length X. The shower development for incoming photons is very sinfigden from Ref| [31].

As demonstrated in the previous sections, the shower daveot is governed by the radiation
length. The "shower depth” can be approximated by
In(Eo/Ec)

whereX is the radiation length of the matter, aBglis the critical energy. The shower depth in-

creases logarithmically with the energy. The mean longiidorofile of the energy deposition
in electromagnetic cascades is reasonably well descripacdhamma distribution [32]:

dE b tafl —bt

9= _gp2t

dt r(a)
wheret = X/Xp, Ep is the initial energy ané andb are parameters to be fitted with Monte
Carlo or experimental data.

(2.9)
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2.3 The ATLAS Electromagnetic Calorimeter

The calorimeter plays a central role in ATLAS. In the diffichigh luminosity LHC envi-
ronment, the calorimeter is designed to trigger on and twigeoprecision measurements of
electrons, photons, tau leptons, jets, and missing energy.

In the following Sections the The ATLAS Electromagnetic (E®hlorimeter will be discussed
based on the JINST detector paﬂﬂ [33].

The Liquid Argon sampling calorimeter technique, with aclon-shaped electrodes, is used
for all electromagnetic calorimetry covering the pseugatiy interval|n| < 3.2. The overall
layout inside the cryostat is shown in Figlre]2.4.

LAr hadronic
end-cap (HEC) |

LAr elecfroma’gneﬁc
end-cap (EMEC)

LAr electror’nclgneﬁc
barrel

l LAr forward (FCal) h%w

Figure 2.4:Perspective view of the LAr Calorimeter showing the four difieparts it consists
of. Taken from Ref[[?].

The central cryostat contains the barrel electromagnatarieneter and the 2 T superconducting
solenoid. Each end-cap cryostat houses an electromagmetitwo hadronic wheels, and one
forward calorimeter. The central cryostat, which housedthcking system in its inner cavity,

Is supported by the barrel Tile calorimeter. In the exterodel tile calorimeters support each
of the two end-cap cryostats. The design of calorimeterésgmted in Sectidn 2.3.1 The Tile
calorimeter is not a subject of this chapter and thesis ireggrbut was briefly discussed in

Chaptef 1.

2.3.1 General Design

The ATLAS Liquid Argon (LAr) ﬂ] calorimeter is a sampling lsimeter using liquid argon as
the active material and lead, copper or tungsten as thevpasssorber. The energy is measured
in three different longitudinal layers (samplings) andns-pampled in an extra layer to account
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for energy loss in the material in front of the calorimetemeTLAr calorimeter, as seen in
Figure2.4, consists of four parts:

e electromagnetic Barrel (EMB), electromagnetic Endcap (EMEC)
e hadronic Endcap (HEC) and the forward calorimeter (FCal)

It covers an overall pseudorapidity region|gf < 4.9 using over 182 000 read-out channels. A
special accordion structure for the absorber material Wwasen to ensure uniformity i@ (no
cracks) as shown in Figure 2.5. This geometry also allowsdl@imeters to have several active
layers in depth. The absorbers are emerged in a Liquid Argtimdt an operating temperature
of 88K (-185C).

Towers in Sampling 3
ApxAn = 0.02450.05

r /4.3)(0

.Bmm(4
=l47_3m”

N

N0

guare towers in
Sampling 2

q) T ~—

An =005 1

trip towers in Sampling 1

37.5mm/8 < 4.69

3
(%))

n

Figure 2.5:Sketch of the accordion structure of the EM calorimeter. ike of the 3 sampling
layers (Strips - Middle - Back) and their granularity inand ¢. Taken from Refl [7].
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2.3.2 Barrel Calorimeter

A cross section of the the barrel calorimeter system in §sstat is shown in Figurie 2.6. The
full cryostat is 6.8 m long, with an outer radius of 2.25 m, amdinner radius of 1.15 m. The
vessels are made of aluminum with vacuum insulation. Thensad, sharing the vacuum
insulation, has 44 mm thickness and amounts to 83

Inside the liquid argon vessel, the calorimeter consistsvof identical half-barrels, with a
gap of a few millimetres in between. Each half-barrel cassid 1024 lead-stain-less-steel
absorbers with copper-polyimide multilayer readout etat#s in between. To the interaction
point pointing readout cells are definedjnEach calorimeter half-barrel had been divided into
16 modules for fabrication and connection purposes.

The barrel calorimeter system covers the pseudorapiditye@0 < |n| < 1.3.

2.3.3 End-cap Calorimeter

As for the barrel, the end-cap cryostats are built out of @&wm, and are vacuum insu-
lated. The outer radius of the cylindrical warm shell is thens as the barrel (2.25 m), and
the length of one cryostat is 3.17 m. Figlrel 2.6 shows a petispeview of an end-cap cryostat.

In the end-caps, the amplitude of the accordion waves sedltbsthe radius. Given the
practical limitations in fabrication of the absorber platéhey are arranged like the spokes
of a wheel. Each end-cap wheel consists of two concentriceishé¢he large one spanning
the pseudorapidity interval from 1.4 to 2.5, and the sma#l om 2.5 to 3.2. The boundary
between the two wheels is located at = 2.5 and matches the boundary of the rapidity range
covered by the tracking system| < 2.5. The corresponding gap is 3 mm wide and mainly
filled with low density material. There are 768 plates in thegé wheel (3 consecutive planes
are grouped together to form a readout cell of 0.02%)iand 256 in the small wheel. The total
pseudorapidity coverage is3/5< |n| < 3.2.
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Figure 2.6:Perspective view of one half of the barrel cryostat and thi@ap cryostat. Taken
from Ref. [EV].
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2.3.4 Presampler

As one can see in Figufe1.4, the amount of material in frorthefcalorimeter necessitates
a Presampler (PS) device to correct for energy loss in thesiya material. The Presampler
isa 1 cm (5 mm) liquid argon active layer instrumented wittrciodes roughly perpendicular
(parallel) to the beam axis up to a pseudorapitijty< 1.37. Due to the impact of more material
in front of the calorimeter in the transition region betweba two cryostats, of .B7 < [n| <
1.52, the Presampler plays a very important role. Abpye= 1.8 , the Presampler is no
longer necessary given the limited amount of dead matemiitiae higher energy of particles
for a givenpr. The Presampler is made of 32 sectorginand two sectors are fixed to one
calorimeter module.

2.3.5 Accordion, Absorber and Cryogenic System

The absorbers in thigarrel have an accordion shape (see Fidguré 2.7).

Figure 2.7: The copper electrode is sitting on top of three lead (+ stdsl steel) absorbers
separated by light kapton spacers. Taken from Ref. [7].

The absorber material is a lead/steel sandwich of about P2tmckness per absorber and
46 kg (the overall weight per half-barrel is about 55 tonsyoTead thicknesses (1.53 mm for
0.0<n <038, 1.13 mm for B < n < 1.4) have been chosen to ensure a depth of at least
22 Xg 1. The decrease in lead thickness after= 0.8 limits the decrease of the sampling
fraction at highern. The folding angles decrease with increasing radius, iremtd leave
an approximately constant gap between two neighbours (#4%. rithree read-out electrode,
made out of copper, are centered in this gap separated hykigiton honeycomb spacers.
This defines the two liquid argon gaps of 2.1 mm. High volta2@00 V) is applied on the
read-out electrodes which creates an electric field in tlyeges. The currents induced by
lonizing electrons passing these gaps are then read-oate Hne three compartments (layers)
in depth. Strips in the front compartment are read from thatfface, whereas the middle and
back compartments are read from the back face.

LIncluding the material in front
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As in the barrel, in theend-capthe absorbers and electrodes are accordion-shaped. The
absorbers are made of lead plates cladded with two layer26frim thick stainless steel to
ensure absorber rigidity and smooth surface for high veltddne lead plates are 1.7 mm thick
in the outer wheel and 2.2 mm in the inner wheel. The totavadtiickness of an end-cap
calorimeter is larger than 24y, except for|n| < 1.475. It increases from 24 to 3& when

In| runs from 1.475 to 2.5, and from 26 to 3@ for 2.5 < |n| < 3.2. The readout electrodes
are flexible large size printed boards and consist of threeluctive layers (copper) insulated
by polyimide sheets (kapton). The two outer layers hold 4 Wgltage potential to drift the
ionization charge created by charged particles in thedigugon gap between the absorbers
and electrodes. Contrary to the barrel part, the drift gapianstant, but is a function of the
radius (R). In the outer wheel it varies from 2.8 mm at R=200 c®amm at R=60 cm. In the
inner wheel it varies from 3.1 mm at R = 70 cm to 1.8 mm at R = 30 €ime detector signal

is proportional to the sampling fraction and the drift vetgcand inversely proportional to the
liquid argon gap thickness.

The temperature of the liquid argon between the absorbeiselattrodes has to be held
constant at approximately 88.5 K. The purity has to be guasghwell below 2 ppm (volume)
of oxygen equivalent. The three liquid argon cryostats gexated by a cryogenic system. Itis
also used for cooling down and warming up the cryostats.
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2.3.6 Granularity of the Samplings

The middle layer (second sampling) absorbs most of thegieigtienergy. The energy in the
barrel is measured in quadratic cells (squares) of 0.02%tih pseudorapidity; and azimuth
@ (2 /256). The first sampling is a set of narrow strip towers of anglarity of 0.025/8
(0.003125) (in the barrel, in the end-cap 0.003125 - 0.%).iMhe third sampling is arranged
in larger towers of 0.050 (in barrel and end-cap)imnd 00025 in¢. The fine granularity in
n enables a measurement of the angle of the incoming particldhance the primary vertex.
The high granularity of the first calorimeter layer conttdsito the high jet rejection capability
needed to obtain a very puyey spectrum.

The number of samplings and the granularity in each of thepags are summarized in
Table[2.2 and visualized in Figure 2.5.

The depth of the first sampling ends up to b¥g(including dead material and Presampler).
The end of the second (main) sampling isX¥ The depth of the back sampling varies from 2
to 12X, (for n less than about 0.6 the depth of the second sampling is tret@2X,, in order

to have at least X in the third sampling).

[n| region Otol1l.4 14t01.8 1.8t02.0
Presampler 0.025x 0.1 0.025x 0.1
Sampling 1 (Layer 1) (Strips) || 0.003125x 0.1 | 0.003125x 0.1 | 0.004x 0.1
Sampling 2 (Layer 2) (Middle)| 0.025x 0.025 | 0.025x 0.025 | 0.025x 0.025
Sampling 3 (Layer 3) (Back) || 0.050x 0.025 | 0.050x 0.025 | 0.050x 0.025
Readout channels 110 208 25600 12 288

[n| region 20t025 | 25t03.2

Presampler

Sampling 1 (Layer 1) (Strips) || 0.006x 0.1 | 0.1x 0.1

Sampling 2 (Layer 2) (Middle)| 0.025x 0.025| 0.1x 0.1

Sampling 3 (Layer 3) (Back) || 0.050x 0.025

Readout channels 24 064 1792

Table 2.2:Granularity for the different samplings in the liquid argealorimeter in pseudora-
pidity and azimuth direction x ).

2.3.7 From the Energy Deposit to the Signal

Electrodes are grouped to readout cells inside the cryoStaxial cables bring the signals of
the cells (signal, monitoring, calibration) from the liguargon cold volume to the front-end
crates located outside of the barrel and end-cap cryostatsom temperature (signal feed-
through) [33].

Crates, housing the front-end electronics, are mountedhe#&eed-throughs containing several
electronic boards:

e The calibration board: injecting known pulses through f@iea resistors on the mother
boards inside the cryostat to simulate as accurately ashp@snergy deposits in the
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calorimeters.
e Front-end boards (FEB) process the raw calorimeter sigmalsl@itise them.

e Tower-builder boards: signals are time aligned and sumrpedta trigger towers4n x
Ap=0.1x0.1) sent to the L1 trigger processor

e Front-end crate-controller boards receive the LHC clobk, lt1 trigger accept signal to
synchronize the front-end electronics

¢ Additional boards process information from sensors suchequid argon temperature

58 front-end crates are used in the LAr calorimeter systgmto®8 FEBs and two calibration
boards, trigger-tower builder and front-end crate coferdboard. Each FEB processes up to
128 calorimeter channels, and a total of 1524 FEBs are usezhtbaut the 182.468 channels
of LAr calorimetry.

The incident electrons create EM showers in the lead absarukthe active liquid argon gaps.
The secondary electrons create electron/ion pairs in dgfugdliargon. lonized electrons and the
ions drift in the electric field (2 kV for 2 mm gaps in barrel)damduce a signal (current) of
triangular shape with a drift time of about 450 ns propomico the energy deposited. These
signals are summed up per cell and passed via 114 feed-tigdaghe front-end electronics
outside of the cryostat. After amplification, shaping (iplg the signal into three overlapping
linear gain scales in ratios 1/10/100 to optimize the signmaloise ratio) and sampling (every
25 ns) in the front-end boards, the signals are stored in actage array pipeline and are
prepared for the trigger inputs (see Figlrel 2.8). Furthemotte tower builder boards, the
analogue signals are time aligned and kept in a pipelin@egérThey are only digitized after
being accepted a L1 trigger which operates at a read-out 40ttMHz in 12 bit. Further
explanation on the calibration of the the cell energy willgdeen in Section 5J2.
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Figure 2.8:Working principle from the energy depostion to the final aigheft: Signal induced
due to drift of ions and electrons in LAr gaps between the atioarshaped absorbers. Right:
Amplitude versus time for triangular pulse of the currentihAr barrel electromagnetic cell
and of the FEB output signal after shaping. Also indicatesltiie sampling points every 25 ns.
Taken from Ref| [33].



2.3 The ATLAS Electromagnetic Calorimeter 37

2.3.8 Calorimeter Resolution

The calorimeter resolutioag (see Figuré 2]9) can be parametrized using the followin@equ
tion [34]: o
(0] a
—=—=6=6cC 2.10
wherea, b andc aren-dependent parameters:
e ais the sampling term which corresponds to the stochasticaat an EM shower,

e b is the noise term and describes the contribution of eletronise of the read out
electronics. It depends on the cluster size, typical vadme00 - 300 MeV.

e andc is the constant term arising from spatial inhomogeneitiethe LAr calorimeter
structure or of dead material.

The symbokp indicates that the two terms are added quadratically.
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Figure 2.9:The relative energy resolution for a particular cell of th&lAAS Barrel LAr elec-
tromagnetic calorimeter as a function of electron beam gnemeasured in the test beam.
Equation2.10 without the noise term is fitted to the obtaingdtg. The open squares indicate
the subtracted noise contribution. Taken from Ref. [34]
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Sampling Term

The sampling terma covers stochastic fluctuations of the electromagnetic atbesauring
energy deposition. It is the leading term in the resolutmniéw or medium energy electrons.
It can be measured using td¢y width whered/y¢ — e*e™ provides low energy electrons
whose energy measurement resolution is completely doadnby a. The sampling term
spreads mostly from 10% to 15% with

The sampling term depends on the choice of the material usetié absorber and the active
material as well as the thickness of the sampling layers. sEmepling fluctuations can be
reduced by increasing the sampling fractigmp

Eactive
f _ mip (2.11)
samp= Er?wcigve + Er?]ti)sorber '

WhereE;';‘]‘fS"e andEZhsee'denote the energy deposited by a minimum ionizing particihe
active and in the absorber material. This means that incrgdlse amount of active material
for the shower development reduces the sampling fractidrhance the sampling term. Most
calorimeters with a resolution better than 10¥E have a large sampling fraction exceeding
20%.

Example of the sampling term of the ATLAS calorimeter vergyisfor electrons and photons
as calculated in Monte Carlo Simulations can be seen in Figd&
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Figure 2.10:Sampling term of the ATLAS calorimeter verggifor electrons and photons as
calculated in MC simulations. Taken from Ref.|[22].
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Noise Term

This contribution to the energy resolution comes from tleetebnic noise of the readout chain
and depends on the detector technique and on the featuré® e€adout circuit (detector
capacitance, cables, etc.). Techniques like signal sbagmal optimal filtering are used to
optimize the signal to noise ratio in these detectors. Nbe&ss, a fundamental limitation
remains. This can be described by the relati@s- 4kT ROF (whereQ is the equivalent
noise chargek the Boltzmann constant, the temperatureRR the equivalent noise resistance
of the preamplifier andF the bandwidth), which shows that the noise increases when on
wants to operate at high rate. The noise contribution to tiegy resolution increases with
decreasing energy of the incident particles and at enefgpésv a few GeV may become
dominant. Therefore, the noise equivalent energy is uguedjuired to be much smaller than
100 MeV per channel. In sampling calorimeters the noise tambe decreased by increasing
the sampling fraction, because the larger the samplingidracthe larger the signal from the
active medium and therefore the higher the signal-to-n@aise.

Since the noise term (including pile-up noise ad elect®moise) can be measured with
pedestal runs and zero-bias triggers, Iig width can be used to compare the sampling term
in MC with the measured one.

Constant Term

The constant term includes contributions which do not ddpanthe energy of the patrticle.
Non-uniformities of the calorimeter response caused byrungental effects contribute an
additional smearing to the measured energy and manifestseiges in the constant term.
Non-uniformities can originate from the detector geoméfoy instance if the absorber and
active layers have irregular shapes), from imperfectionthé detector's mechanical structure
and readout system, from temperature gradients, from tiecte aging, from radiation
damage, etc. These non-uniformities can be cured (to a &xtgat) if they exhibit a periodic
pattern, as is the case if they are related to the detectongfep On the other hand, other
effects such as mechanical imperfections are randomlgitalistd and therefore more difficult
to correct. With the increasing energy of present accelesathe constant term becomes
more and more the dominant contribution to the energy résolat high particle energies
of electromagnetic calorimeters. Tight construction ahees are therefore imposed on
the mechanics and readout system of modern calorimetarsndtance LHC calorimeters.
Typically the constant term of an electromagnetic calotenshould be kept at the level of one
percent or smaller. This is particularly true for homogarseoalorimeters, because of their
small stochastic term.

The constant term of the ATLAS LAr calorimeter for both yeafl1l and 2012 will be dis-
cussed and further explained in Sectidn 7. For both yeafsehigonstant terms in data than
expected from MC simulations (Figure 2111) lead to preaisestigations of non-uniformities
of the energy response to uncover the problem.
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Figure 2.11:Constant term versug)| of the ATLAS calorimeter calculated with MC simula-
tions. Taken from Ref. [22].



Chapter 3

Reconstruction Software and Monte Carlo
Simulation

3.1 Overview

This chapter introduces the ATLAS Reconstruction SoftwafédHBNA which is used to
reconstruct raw data coming from the detector’s hardwareh(ss the energy deposited by an
electron in the LAr EM calorimeter) to a full event. Not onlatd produced in pp-collisions
Is processed with this software but also data from Monte Cantaulations - to test, predict,
correct and compare with “real” data. This is a very impartature for all physics and
calibration efforts (see Sectidn _B.5). Data from real oruated collisions are stored in
different data containers and distributed all over the dera the Worldwide LHC Computing
Grid (WLCG or simply just GRID).

Data taking conditions for both years will also be presei@edtior 3.4.

3.2 Reconstruction Software

ATHENA is the Atlas Control and Reconstruction Framework blase the common Gaudi
architecture/[35] and the data analysis framework RCOT.[36]

This software contains libraries and executables to devatal run physics applications, from
trigger selection, to event reconstruction, simulatiord analysis. It is organized in so-called
packages or services to manage the large amount of raw dadagad: a service to manage
time-varying conditions and detector data (store them iatalthse), a toolkit to simulate and
analyze the overlay of multiple collisions during the détesensitive time (pile-up). Athena
components are configured via python scripts. The scriptitegface allows to fully configure
any Athena component and modify its configuration.

A common - for all sub-detector and analysis groups - 4-mdommannterface is developed to
ensure easy maintenance over a long period of time and cutesbetween event reconstruction
and physics analysis - ATLAS Event Data Model (EDM). Moreo#®M allows the use of
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common software between on-line data processing and ofélicenstruction.

The EDM is defined by several hundred data objects, usuahyagwers of physics entities
such as cells, tracks or particles. To access these datetohjem ATHENA a service called
StoreGate is used. The full detector geometry and conditauring runs are stored in a
common database and are accessible through StoreGate.

The size of each data object depends on the container, asomeshbefore, stored inside the
object. To reduce the size of the objects and adapt themtaiceeeds, three different formats
are defined. These formats are again containers holdingdpget information per pp-collision
(event). The difference between the three formats is theuatraff information available inside
the container. Starting from a raw event with an average ¢izel.6MB the largest format
is the Event Summary Data (ESD) of a size~d500kb/event to Analysis Object Data (AOD)
of a size of~100kb/event. The last format is the Derived Physics Datad(DPof the size
of few kb/event - not containing any data objects anymoreabsét of predefined variables
and its values (chosen by the final user or analysis groupgyet, such as the basic electron
attributes for exampleel_cl_E, el_cl_eta el_cl_phi (reconstructed electron cluster energy,
and @ position) orel_trackpt, el_trackphi, el_tracketa(reconstructed track momentum,and

@ position). AODs are centrally produced by a given set ofcd&a criteria. The last step, the
DPD creation, is in the responsibility of a single user oraugr, see Figure 3.1.

T0 Central User/Group
Production Production

RAW | ——

! D%PD

el
o

b POOL.ROOT
o O DH\B Format
K,\ // ( j‘ 3/“\\"4 - )
I 2 = -~
= e

s, -l
DYPD

Figure 3.1:Data ending up in different containers and different st@apaces on the GRID.
The difference between the three containers is the amounfarhation available. Until step
4 data is handled central. Just for the last step the singér s analysis group is responsible.
Taken from Ref| [37].

To filter out unnecessary information the following techreq are used:
e Skimming: Selection of events, only selected events pgssrtain criteria are stored.
e Trimming: Removal of the data object’s container.

e Thinning: Removal of individual objects from a container.
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e Slimming: Removal of parts of a data object’s container.

To overcome network and storage limitations, the diffei@nttainers are distributed all over
the world to different computing centers, called Tier. Tdnesmputing centers are connected
with each other in a computing grid called the Worldwide LHCn@mting Grid (WLCG)
[38](see Figuré_3]2). The WLCG is the largest scientific conmgugrid in the world. It
involves over 170 computing centers in 36 countries.

200Hz - 400Hz Event Summary Data (ESD): ~| MB/evt
RAW: ~1.7-1.1MB/evt Analysis Object Data (AOD): ~100 kB/evt
) —3 derived data (dESD, JAOD, NTUP,..)
“ o e CERN Calibration distributed over the Grid
\\ 0
§ s, Analysis

W s Y

) Facility

Data Recording to tape
First Pass Processing

10Tier-1 centers
RAW data copy on tape
Analysis data on disk
Reprocessing

38Tier-2 centers
(~80 sites)
Analysis data on disk
User Analysis

Figure 3.2: Top left is the ATLAS detector showing the data distributieardhe grid to the
different Tier sites. On the top right the size per collisjewent; evt’) for the different container
can be seen. Taken from Ref.|[37].
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3.3 Monte Carlo Simulation in 2011 and 2012

The results presented in this dissertation are based onathetaken by ATLAS in 2011 and
2012 as well as the corresponding samples from Monte Carlalaiions. Several sources
of high-E1 and isolated electrons are exploited to quantify the absaoale, uniformity and
linearity of the EM calorimeter. The Z resonance is the prirtachnique used to extract the
EM calorimeter absolute scaM/* — e*v decays on the other hand provide a high number of
isolated electrons, and are exploited for the energy scdtaation as well as for uniformity
and linearity measurements.

W and Z production is simulated using tR&THIA [39] and POWHEG [4Q] event generators
interfaced withPHOTOS [41] for QED final state radiation. Interactions betweenfihal state
particles and the detector are simulated witiNT4 [42] and classified as nominal MC samples.
As these samples were produced ahead of the actual datg,tékensimulated level of pileup
(see Section_3.4.1), parametrized as the average numbeteofétions per bunch crossing,
< u >, only approximately matches that of the actual data. Theorsected by reweighting,
in each sample, the simulatedu > distribution to match the data. Similarly, the simulated
primary vertexz distribution was corrected to match the data. To investighé impact of
additional or lost material w.r.t. data during simulatitvete are samples where more material
in terms of X is added to different detector layers. These samples arerkias distorted
geometry samples. A summary of the samples used and condisgostatistics is given in
Sectior3.b.

3.4 Datain 2011 and 2012

The ATLAS detector recorded 5.2 fhof data from 7 TeV pp collisions, running from March
to October 2011 with a data taking efficiency of 89.9% for thwie detector and 96.9% for the
Liquid Argon Calorimeter. From April to December 2012, 21u3%of 8 TeV pp collision data
were recorded with an ATLAS overall efficiency of 95.5% whefrlcalorimeter efficiency
reached 99.1%. Figure 3.3 (a) shows the integrated luntjnegblution in 2011 and 2012.

The production cross sections " — etv andZ — eTe~ for both years, 2011 (7TeV) and
2012 (8TeV), can be found in Takle B.1.

[nb) 7TeV 8 TeV
oW —etv) 6.014-0.016(stat}0.072(sys) | 7.10+0.04(stat}-0.26(sys)0.31(lumi)
oW~ —ev) 4.144+0.014(stat}-0.057(sys) | 4.94+0.03(stat}0.19(sys}t0.22(lumi)
o(W* — e*v) || 10.207:0.021(stat}0.121(sys)| 12.04+0.05(stat¥-0.37(sys¥-0.53(lumi)
o(Z—ete) 0.93740.006(stat}-0.009(sys) | 1.10+0.02(stat}-0.05(sys)0.05(lumi)

Table 3.1:Latest W* — e"v and Z— ete™ inclusive production cross sections measurements.
Taken from Refl [43] and [44].
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Figure 3.3:(a) Cumulative luminosity versus time delivered to (greangl recorded by (yellow)
ATLAS during stable beams and for pp collisions in 20)&£ 7TeV) and 2012/s= 8TeV).
The delivered luminosity accounts for the luminosity aedd from the start of stable beams
until the LHC requests ATLAS to put the detector in a safeditgrmode to allow a beam
dump or beam studies. The recorded luminosity reflects th@ iDAfficiency. (b) Luminosity-
weighted distribution of the mean number of interactionsiperch crossing during 2011 and
2012 data taking. The integrated luminosities and the measmlues are given in the figure.
The mean number of interactions per bunch crossing cormdgpdo the mean of the poisson
distribution on the number of interactions per bunch crogsialculated for each bunch. Taken
from Ref. [45].
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3.4.1 Pile-up and Data Taking Conditions

Pile-up describes the fact that many soft underlying itismas are hiding below the hard in-
teraction, which usually fires the trigger of this event. lEatthese soft underlying events adds
additional particles to the event of interest. Due to finitiegration times in the sub detectors,
these additional events might even come from neighbounimgip crossings. As these have
different effects on the different sub detectors, thesatsvare subdivided into two classes:

¢ in-time pile-up means that the additional collisions hapgaring the same bunch cross-
ing as the hard scattering which triggers the event.

e out-of-time pile-up means that the additional collisionsne from other bunch crossings
than the hard scattering which triggers the event. Depgndinthe technology of the
subsystem, a different number of events before or after timetb crossing of the hard
scatter can contribute. The LAr EM calorimeter, for examiias longer integration
times (around 600 ns) relative to the bunch spacing (25 nsb@nak) and is therefore
more a affected by the out-of-time pile-up.

A typical pile-up interaction adds additional tracks to tieent, depending on transverse
momentum thresholds, quality requirements, etc. The abufypile-up is characterized by the
variable< u > which denotes the average number of pile-up events ovetlayer the hard
scatter.

From the electron energy calibration point of view, the majoallenge in 2012 was to cope
with high and heterogeneous pile-up conditions from runui@. rin 2012, pile-up rose by a
factor of ~ 3 w.r.t. to the preceding year. A comparison of the pile-igirdution in 2011 and
2012 data taking can be seen in Figuré 3.3 (b).

3.5 MC Simulation and Data Samples

Sectior 3.511 and 3.5.2 explain the data and MC samples osdéioefwork done in this thesis.
In order to get as many signal electrons as possible by negyomssible background, most of
the studies presented in this thesis follow the same eledetection criteria, which will be

explained in Section 3.5.3.

3.5.1 MC simulation samples

For 2011 three different sets of MC simulation samples weoglyced, namely MC11a,b,c.

To generate physics ever®’¥THIA and POWHEG were used, whereas in 2012 only one MC
simulation, namely MC12, was needed. A nominal geometry gardkion was used to
simulate the actual material as well as a distorted mateaafiguration. The difference in
percent of additionaKy compared nominal MC can be seen in Figure 3.4. For reasons of
simplicity the term “MC simulation” stands from now on foretfiull chain of MC simulation
(event generation - detector simulation and reconstragtioless explicitly stated otherwise.
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Figure 3.4:Difference in X of the nominal MC sample (green) to the distorted materiabgke
(Gr) inred. As seen, for aregiom | < 1.5 about 5% X was added in the inner detector and up
to 1.5 < |n| < 2.0 up until 30% X%. Taken from RefIEB].

The distorted geometry configuration G’ includes additlanaterial in front of the calorimeter
for the following layer: 5% of whole ID, 20% of pixel serviceg&0% of SCT services, +15%

at end of the SCT/TRT end-caps and +D&pat the ID endplate. The location of the additional
material is illustrated in Figurfe 3.5.

A summary of the events generated for both years can be fauAgpendix(D. The recon-
struction and simulation software is in constant develapraed published in releases. To link
a software releases with a given reconstruction or simarigirocess, so-called tags are used.
To track the tag history, tags are stored in a database. A suynof the tags used for the MC
production in 2011 and 2012 can be found in the Appehdix D|eTR2.
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Figure 3.5:Graphical representation of additional material in front the the EM calorimeter
in the distorted geometry MC sample. Parts where material wited are marked in blue.
Taken from Ref. [46].
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3.5.2 Data samples

The data taking of the ATLAS experiment is divided into da¢gaipds. Each period consists of
several runs of data taking which can last minutes up to dagseach run specific conditions
(eg the reconstruction software release) are stored inadds¢ and linked to the run number,
again, with tags. Moreover in th&'y calibration group dedicated mini n-tupleare used for
the calibration analyses. These mini n-tuples are bagiaadkt of variables inherited from the
official e/y DPD. An overview of the different data taking tags and calilam n-tuples versions
can be found in AppendixID, Takle D.3.

3.5.3 General Selection Cuts

The event selection passes several cuts adapted to the oiedesanalysis or studies. For
the calibration studies done within this thesis a genersfflow for electrons coming from
Z — ete” andW* — e*v can be given.

Z — eeevents are selected requiring exactly two oppositely dglectrons, satisfying the
medium (Chaptdrl4) identification criterioBf > 27 GeV, andn| < 2.47. The invariant mass
of the pair should be within 8& Mge < 100 GeV.

More subject to jet backgrounds thZndecays are electrons coming fraiit — e*v . The
electrons are required to pass tight identification requénat (more explanation will be given

in Chapter #). The reconstructed kinematics should saf§fy> 30 GeV and|n| < 2.47,
excluding the barrel-end-cap transition regioB7l< |n| < 1.52. Furthermore, the missing
transverse energy should satisE;rf“iSS> 30 GeV, and the transverse mass requirement is

Mr = /23 E'S{1— cosAp) > 60 GeV.

The selection process performs in two steps. Loose setectiberia are applied, when
selecting events from the official y DPD, to small calibration n-tuples, including the variable
most relevant for the calibration. On top of the calibratimseline cuts additional selection
cuts were applied, in order to reduce the background, clgath@ signal electrons and be
consistent with the current Standard Model analyses (s@edgix D, Tablé D.4 for electrons
coming fromwW=* — etv decays and Table D.5 for electrons coming frém» e e~ decays).

Most of the studies presented with 2011 data, if not inditaitherwise, are using the full
2011 dataset, which contains a total integrated luminasfi$.9 fo— and the official ATLAS
MC2011c simulation sample. For the 2012 results, a datadet fif 1 of total integrated lumi-
nosity is used. The number of Z and W events after applied estpresented in AppendiX D,
can be found in Table 3.2.

LA n-tuple is a matrix (with rows and columns) of numbers (or@Qobjects). Each row reflects one event of
a ppcollision. The columns contain observables such as thérefeenergy, momentum, charge or fired trigger.
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MC data

W+ — efv 2