
UNIVERSIDAD AUTÓNOMA DE MADRID (UAM)
DEPARTAMENTO DEFÍSICA TEÓRICA
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Chapter 1

Introduction

In the 20th century, particle physics experiments have proven crucial for our understand-
ing of nature. Particle accelerators like the Large Hadron Collider (LHC) boost subatomic
particles to nearly the speed of light, before letting them collide. The extreme energy den-
sities in these collisions are similar to those that existedjust after the Big Bang, when the
universe was created. Hence, the LHC results may give some lights on the understanding
of the early stages of the Universe.

The particles that are created in the collisions are detected by a particle detector.
These detectors are extraordinarily complex, requiring years of research and development.
The work of the present ”tesina” is related to one of the general purpose LHC experiments,
ATLAS, and in particular, it is about the calibration of the liquid Argon Electromagnetic
Calorimeter using cosmic muon data.

The EM calorimeter is installed in the ATLAS cavern since theend of 2006. Before
the LHC start, the main challenge is to operate coherently its∼ 170000 channels, which
implies the commission of the associated electronics, the determination of the calibration
constants, the reconstruction of the signal amplitude froma digital filtering technique
(Optimal Filtering Method) and the development of automation algorithms among other
tasks.

Many of the physics process to be measured in ATLAS from proton-proton collision
will have electrons or photons in the final state.Higgs→ γγ, Higgs→ e+e−e+e− or
Z′ → e+e− are some examples among them. The measurement of the energy and direction
of these final state particles put strict requirements in theconstruction and calibration of
the Electromagnetic Calorimeter. In particular a very goodsignal reconstruction, at the
level of 1%, is demanded.

The signal reconstruction method, adopted for the ATLAS Electromagnetic Calorime-
ter, is based on an accurate knowledge of the calorimeter cells properties and the elec-
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6 CHAPTER 1. INTRODUCTION

tronic chain characteristics [11]. It has been checked and tuned in the past using electrons
beams of known energy for the Electromagnetic Barrel (EMB) Calorimeter [12, 14]. In
this ”tesina” the signal reconstruction method is applied for the first time to the End-Cap
Electromagnetic Calorimeter (EMEC) and tested using cosmic muon data.

At present, cosmic muons are the only possible real data before the starting of the
LHC. They have been used recently for doing some uniformity studies and timing per-
formance in the EMB Calorimeter [15]. Other sub-detectors operational in the ATLAS
pit can be used as trigger for these muons. In particular, in the present work the trigger
was defined by the Hadronic Tile Calorimeter (TileCal), which surrounds the EMB and
EMEC calorimeters. In contrast to the EMB calorimeter, the muons entering the EMEC
are not projective to the nominal ATLAS center (or nominal interaction point). As a con-
sequence only muon events with high energy deposits, for instance those which radiate a
bremsstrahlung photon in their way through the calorimeter, produce a detectable signal
in the EMEC. The photon generates an electromagnetic cascade at a certain location in-
side the calorimeter with enough energy deposition for the purpose of the present studies.
The number of such muons is however a small fraction of the total triggered by the Tile-
Cal. These events are selected and analysed in both parts EMBand EMEC for the first
time.

The EMEC, much less tested so far, will have the main focus in this analysis. How-
ever, a detailed comparison between EMEC and EMB is also provided, which is particu-
larly important as:(i) the same reconstruction scheme will be applied for the barrel and
the end-cap parts;(ii) the geometry of the latter is more complicated than the former with
the consequence that most electrical parameters vary by a factor 2−3 over the end-cap
η-coverage, whereas they are almost constant in the barrel part. This requires intensive
cross-checks to avoid any systematic bias.

Although the emphasis in this document will be put in the analysis of the cosmic
muon data to check the signal reconstruction method in the EMEC, the work has also
involved the production of all calibration constants for the EMEC, for its more than 60,000
cells or channels. In particular all the predicted physics pulse shape and Optimal Filtering
Coefficients have been computed and recorded in the Conditional Data Base for use in
any physics analysis by any member of ATLAS.

The outline of this ”tesina” is as follows. In Chapter 2 an overview of the ATLAS
experiment is given. Chapter 3 recalls the main characteristics and specificities of the EM
calorimeter. Chapter 4 describes the algorithms used to thereconstruction of the signal in
the EM calorimeter. Chapter 5 details the inputs needed for the signal reconstruction and
estimates the calibration bias and the noise reduction linked to the method. In Chapter 6
some generalities about cosmic muons and the ATLAS setup forthe muon tests are cov-
ered. Chapter 7 gives the results of the quality checks performed with the cosmic muon
data. Finally, Chapter 8 is dedicated to conclusions.



Chapter 2

LHC machine and ATLAS detector

2.1 LHC

The Large Hadron Collider(LHC) [1] will become CERN’s main accelerator complex.
It is currently under construction in the same tunnel that was used for LEP accelerator,
which was decommissioned in 2000. The LHC will accelerate two counter-rotating pro-
tons beams to an energy of 7 TeV, which will collide head-on atfour points along the ring.
The resulting interactions have an unprecedented center ofmass energy of 14 TeV, which
will allow physicist to study new field of physics. The startup is scheduled for summer
2008.

The acceleration of the protons starts at a dedicated linearaccelerator (linac), which
accelerates bunches of 1011 protons to an energy of 50 Mev. These bunches are then
transferred to the PS Booster (PSB), where the energy is increased to 1.4 GeV. The energy
is further increased to 26 GeV by the Proton Synchrotron (PS). The protons are then
injected into the Super Proton Synchrotron (SPS) where theyare accelerated to 450 GeV.
Finally, the SPS injects the protons clockwise and counter-clockwise into the LHC ring,
where they are accelerated to their final energy of 7 TeV. Morethan 1200 dipole magnets
are installed along the LHC ring to keep the protons on track in the ring. The dipoles
provide a magnetic field of up to 9 Tesla. The main parameters of the LHC accelerator
are given in table 2.1.

Like its center of mass energy, the luminosity of the LHC is also unprecedented for
a proton collider. The luminosity is defined as the number of protons that pass by, per unit
area, per unit time. The higher the luminosity, the more proton-proton interactions per
second will occur. At the LHC design luminosity of 1034 cm−2s−1, on average about 27
interaction will occur per bunch crossing, with a bunch spacing of 25 ns. Thus the number
of proton-proton interactions per second will be around 109. Such high luminosity is
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8 CHAPTER 2. LHC MACHINE AND ATLAS DETECTOR

needed because many interesting physics processes at the LHC energy have very small
cross section, 1 pb or less (1 pb=10−36 cm2).

Parameter Value Unit

Circumference 26659 m
Beam energy 7 TeV

Injection energy 0.45 TeV
Dipole field at 450 GeV 0.535 T

Dipole field at 7 TeV 8.33 T
Helium temperature 1.9 K

Coil aperture 56 mm
Distance between apertures194 mm

Luminosity 1034 cm−2s−1

Luminosity lifetime 10 h
Bunch spacing 25 ns

Particles per bunch 1011

Bunches per beam 2808

Table 2.1:Main LHC parameters

Four detectors are under construction at the points where the beams collide: ALICE,
ATLAS,CMS and LHCb. ATLAS and CMS are general purpose detectors, i.e. they are
designed to cover a wide range of physics. Their primary taskwill be to discover the
Higgs particle (if it exist), but they will also explore the physics beyond the Standard
model, like supersymmetry, extra dimension, and even mini black holes. The ATLAS
experiment is described in more detail in the next section.

The LHCb experiment is dedicated to the study of CP-violation in the B-system,it
is therefore optimized for the detection of B-mesons. LHC uses a low luminosity beam
of about 1032 cm−2s−1, by defocusing the proton beams near the interaction point.This
is needed because the production and decay vertices of the B-mesons are difficult to re-
construct if there is more than one interaction per bunch crossing.

The ALICE experiment focus on the study of the quark-gluon plasma, by measur-
ing the particles that are produced in heavy ion collisions.The quark-gluon plasma is a
hadronic state where quarks and gluons are not in bound statelike protons anymore, but
move freely in the plasma. It is expected that the extreme energy densities in the heavy
ion collision is sufficient to create this state of matter fora fraction of a second.
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2.2 The ATLAS experiment

The ATLAS detector is currently under assembly at ’point 1’,the interaction point near the
CERN Meyrin site. Like most colliding beam experiments it has approximate cylindrical
symmetry. The detector is organized in a central barrel where the detection elements
form cylindrical layers around the beam pipe, and two end-caps organized in cylindrical
wheels. Figure 2.1 gives an overall view of the detector.

Figure 2.1:Overview of the ATLAS detector. The various subsystems havebeen indicated

The cylindrical symmetry makes a polar coordinate system useful. The direction of
the proton beams is the z-axis, being zero the ATLAS center ornominal interaction point
and positivez values corresponds to the side where the End-Cap A is located. The origin
for the azimuthal angle (Φ) points to the center of the LHC ring (x-axis), while the origin
of the polar angleθ is the positivez-axis. Instead of the polar angleθ, the pseudorapidity
η = −log(tan(θ/2)) is used. The pseudorapidity is a convenient quantity because the
particle multiplicity is approximately constant as a function of η. The name comes from
the fact that the pseudorapidity of a particle in the massless limit is equal to the rapidity
y = 1

2logE+pz
E−pz

.

ATLAS consist of three subsystems. The inner-most system isthe inner detector,
which detects the track of changed particles. The energy of the particles and jets are mea-
sured by the calorimeters, which are built around the inner detector. And in the outer-most
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part, the muon spectrometer to detect the muons, which scapethe calorimeters. ATLAS is
45 meters long and 22 meters high, which makes its volume an order of magnitude larger
than previous collider experiments. This is a direct consequence of the 14 TeV center
of mass energy of the LHC beams. The large volume give the trackers a long level arm,
which improve the momentum resolution, particularly at high momenta. Thick calorime-
ters are required to fully contain the shower in the calorimeter, and reduce the amount of
punch-through into the muon chambers to a minimum. Fast electronics are required to
”keep up” with the bunch crossing rate, which is also higher than in previous experiments.

A large number of particles is expected to be produced in the proton collisions.
Many of those particles are grouped into jets. Since jets often have a large boost, the
particles in a jet are nearly collinear. A detector with fine granularity is required to dis-
tinguish particles within a jets. Since the particle flux decreases as a1R2 , the requirement
of granularity become less important for the detector elements that are further away from
the interaction point.

The basic design criteria of the ATLAS detector are:

• Very good electromagnetic calorimeter for electron and photon identification and
energy measurement, complemented by full-coverage hadronic calorimetry for ac-
curate jet and missing traverse-energy measurements;

• High-precision muon momentum measurements, with the capability of guarantee
accurate measurements at high luminosity using the external muon spectrometer;

• Efficient tracking at high luminosity for momentum measurement of highpT lep-
tons, electron identification,τ-lepton and heavy-flavor identification, and full event-
reconstruction capability.

• Large acceptance in pseudo-rapidity with almost full azimuthal angle coverage ev-
erywhere.

• Triggering and measurements of particles at low-pT threshold, providing high effi-
cient for most physics processes at LHC.

2.2.1 Inner Detector

The Inner Detector(ID) system [2] covers the acceptance range |η| < 2.5, matching that
of the rest of the ATLAS sub-detectors for precision physics. The ID, thanks to the tracks
bending provided by the solenoid magnet, is responsible to measure the momentum of the
charged particles coming from the interaction point. Together with the electromagnetic
calorimeter, it provides the identification of electrons and photons. Its tracking capability
allows to reconstruct secondary vertex from the decay ofτ leptons and b-flavored hadrons.
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Figure 2.2:Tridimensional cut-away view of the ATLAS inner detector system

The ATLAS ID tracking system (figure 2.2) is composed of threedifferent subde-
tectors layers:

• The Pixel Detector (PD)is a finely segmented silicon detector located in the ra-
dial range between 4 and 22cm from the beam line. The PD is composed of 3
different layers, located at increasing radio and designedto give 3 space points per
track. The first pixel layer gives a substantial contribution to the secondary vertex
measurements, and is designed to be replaceable due to the very hostile radiation
environment.

• The Semiconductor Tracker (SCT)is a silicon detector located in the radial range
between 22 and 56cm. It is divided in barrel and end-cap parts. The barrel uses 4
layers of silicon micro-strips to provide precision pointsin space.

• Transition Radiation Tracker(TRT) is based on the use of straw tubes that can
operate at very high rate. The straw tubes are filled with a gasmixtureXe/CO2/O2.
The straws are interleaved with polypropylene foils for theidentification of elec-
trons through the transition radiation effect.

2.2.2 The calorimeters

The calorimetry system in the ATLAS detector identifies and measures the energy of
particles (both charged and neutral) and jets. It also detects missing transverse energy by
summing all the measured energy deposit:Emiss

T =
√

(∑ETcosφ)2+(∑ETsinφ)2, where
ET = Ecell cos(θcell).
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The calorimeters contain dense materials (absorber), which cause an incoming par-
ticle to initiate a shower. Particles that are created in this shower are detected in the active
material, which is interleaved with the absorbers. The total signal in the active material
is proportional to the energy of the incoming particle. ATLAS uses two types of active
material: liquid argon (LAr) and scintillating plastic. Charged particles that traverse the
liquid argon create charge by ionization, which is collected on readout electrodes. The
scintillating plastic is doped with fluorescent dye molecules, which emit light when the
atoms in the plastic are excited by the crossing of a charged particle. This light is detected
and amplified by photomultiplier tubes. For the absorbers several different types of mate-
rial are used, depending on factors like space constraints and ease of manufacturing: lead,
iron, copper and tungsten. The location of the calorimetersis shown in figure 2.3. The
pseudorapidity coverage by the whole calorimetry system is|η| ≤ 4.9.

Figure 2.3:Right side’s schematic view of the calorimeter systems in ATLAS.

The electromagnetic calorimeter

The electromagnetic calorimeter [3] identifies electrons and photons and measures their
energy. It consists of a barrel (0< |η| < 1.475) and two end-caps (1.375< |η| < 3.2 ). It
uses liquid argon as the active medium and lead absorber plates as the passive medium.
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The lead plates are folded into an accordion shape. This configuration prevents cracks
alongφ, which would degrade the energy resolution. The readout electrodes, made of
copper and kapton, are installed between the lead plates.

The electrodes are separated from the lead by spacer meshes.The remaining space
is filled with liquid argon. The argon is cooled by a cryostat system; the barrel part shares
the same cryostat vessel with the solenoid magnet. The barrel and end-cap modules are di-
vided into three longitudinal compartments (samplings). The front compartment is finely
segmented in|η|, which makes a goodγ/π0 ande/π separation possible. The middle com-
partment is the deepest, hence contains most of the shower energy generated by incident
electrons or photons. The last compartment is used to complete the energy measurement
of showers for higher energies and for estimations of leakage behind the calorimeter. In
the following chapter is given a detailed description of theLAr Calorimeter.

The hadronic calorimeter

The hadronic calorimeter [4] is built around the electromagnetic calorimeter. It will
measure the energy and direction of jets of particles, formed by the hadronization of
quarks and gluons, and by hadronically decayingτ−leptons. The barrel part, called the
tile calorimeter, consists of a central barrel (0< |η| < 1.0) and two extended barrels
(0.8 < |η| < 1.7). The tile calorimeter uses iron plates as the absorber, which also serve
as the return yoke for the solenoid magnet. The active mediumis formed by scintillator
plastic tiles, which are read out on both sides by optical fibers. The tiles are placed radi-
ally, normal to the beam line, and are staggered in depth. Cells are formed by grouping
tiles together. The calorimeter has three compartments or samplings in depth read out
independently. The readout cells are approximately projective to the interaction point,
and have a granularity ofδη×δφ = 0.1×0.1 ( 0.2×0.1 in the third sampling). The total
number of channels is about 10,000.

The end-cap hadronic calorimeter uses liquid argon technology, because of its higher
radiation tolerance. It uses 25 and 50 mm copper plates as theabsorber material, arranged
in a parallel-plate geometry. The 8.5 mm gaps between the copper plates have three par-
allel electrodes, thus dividing the gap into four 1.8 mm drift spaces. Smaller drift spaces
require a lower voltage (typically 2 kV instead of 4 kV) whichreduces the risk of ion
build-up and discharge currents. Hadronic showers are muchlonger than electromagnetic
showers, and also much wider. Therefore the hadronic calorimeter needs to be much
thicker than the electro-magnetic calorimeter. The total thickness of the calorimeters is
more than 10λ, whereλ is the interaction length (the mean free path of a hadron be-
tween two interactions). This is sufficient to stop almost all the particles that are created
in the shower, except muon and neutrinos. However, the calorimeters produce a large
background for the muon detector, that consists mainly of thermalized slow neutrons and
low-energy photons from the hadronic shower. The Hadronic End-Cap calorimeter is
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segmented longitudinally in 4 compartments.

The forward calorimeter

The forward calorimeter (FCAL) is a copper-tungsten calorimeter. It covers the region
3.1 < |η| < 4.9. It is split longitudinally into an electromagnetic compartment, and two
hadronic compartments. The copper and tungsten have a regular grid of holes that hold
the tube- and rod-shaped electrodes. The space between the tubes and rods is filled with
liquid argon. The FCAL is integrated in the same cryostat as the electromagnetic and
hadronic end-cap calorimeters.

2.2.3 The muon spectrometer

The muon system [5] is by far the largest subdetector in ATLAS. High−pT muons are
a signature of interesting physics, therefore the muon trigger and reconstruction is very
important. The muon system is designed to achieve a momentumresolution of 10% for 1
TeV muons. Fig 2.4 gives an overview of the detector layout.

chambers
chambers

chambers

chambers

Cathode strip
Resistive plate

Thin gap

Monitored drift tube

Figure 2.4:Three-dimensional view of the ATLAS muon spectrometer

The magnet system in the muon detector is completely independent from the inner
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detector. It consists of eight superconducting coils in thebarrel, and one eight coils each
toroid per end-cap. The magnet is an air-core magnet system,i.e. the space between the
coils is left open. Filling this space with iron would enhance the field strength and would
also make the field more uniform, but it would also induce multiple scattering that would
degrade the momentum resolution. The air-core system has anaverage field strength of
0.5 T. Four types of detection chambers are used in the muon system: Monitored Drift
Tube (MDT) chambers, Resistive Plate Chambers (RPCs), ThinGap Chambers (TGCs)
and Cathode Strip Chambers (CSCs). The MDT chambers provideprecise muon tracking
and momentum measurement. The chambers consist of aluminium tubes with a 30 mm
diameter and a central wire.A muon that crosses a tube will produce ionization clusters in
the gas (Ar/CO2), which will drift to the wire. The distance between the muonand the
wire is determined by measuring the drift time of the first cluster that reaches the wire
and passes over a threshold. The resolution on the drift distance is around 80µm. In the
inner-most ring of the inner-most end-cap layer, CSCs are used instead of MDT chambers
because of their finer granularity and faster operation. They are multiwire proportional
chambers. The precision coordinate is read out with cathodestrips, the second coordinate
is read out using strips which are parallel to the anode wires(orthogonal to the cathode
strips). The spatial resolution on the precision coordinate is around 60µm. The RPCs
and TGCs are the muon trigger chambers in ATLAS. Their task isalso to identify the
bunch crossing to which a trigger belongs. Their adequate position resolution (about 1
cm) and excellent time resolution (about 2 ns) make them wellsuited for this task. The
TGCs are multiwire proportional chambers. The position measurement in these chambers
is obtained from the strips and the wires, which are arrangedin groups of 4 to 20 wires.
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Chapter 3

ATLAS Electromagnetic calorimeter

In this chapter an overview of the main characteristics of the Electromagnetic (EM)
Calorimeter is given, specially those relevant to the research work of this document.

3.1 Performance requirements

For electromagnetic calorimetry some of the general requirements to fulfill the physics
program are:

• Rapidity coverage Searches for rare processes require an excellent coverage in
pseudorapidity, as well as the measurement of the missing transverse energy of the
event and the reconstruction of jets.

• Excellent energy resolutionTo achieve a 1% mass resolution for theH → γγ and
H → 2e+2e− in the range 114< mH < 219 for the standard model Higgs, the sam-
pling term should be at the level of 10%/

√

E[GeV] and the constant term should
be below 0.7%.

• Electron reconstruction capability from 1GeV to 5TeV. The lower limit comes
from the need of reconstructing electrons fromb quark decay. The upper one is set
by heavy gauge boson decays.

• Excellent γ/ jet, e/ jet, τ/ jet separation, which requires again high transverse
granularity and longitudinal segmentation.

• Accurate measurement of the shower position. The photon direction must be
accurately reconstructed for the invariant mass measurement in H → γγ decay. This

17
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implies a very good transverse and longitudinal segmentation, with a measurement
of the shower direction inθ with an angular resolution of∼ 50mrad√

E(GeV)
.

• Small impact of NoiseThe impact of noise on the calorimeter performance must
be as small as possible. At LHC, contributions to the calorimeter resolution from
noise arise from pile-up and from the electronic noise of thereadout chain. These
contributions are particularly important at low energy (E < 20 GeV) where they
can dominate the accuracy of the calorimeter energy and position measurements.
Minimization of the pile-up noise requires fast detector response and fast electron-
ics; minimization of the electronic noise requires high calorimeter granularity and
high-performance electronics.

• Resistance to radiationThe EM calorimeters will have to withstand neutron flu-
encies of up to 1015 n

cm2 and radiation doses of up to 200 kGy (integrated over ten
years of operation).

• Time resolution The time resolution should be around 100 ps for background re-
jection and for the identification of some decay modes with non-pointing photons.

• Linearity It is necessary to obtain a linearity better than 0.1%.

In order to fulfill these requirements precise optimal filtering coefficients (OFC)
must be determined, which imply an accurate knowledge of thepulse shape response of
every calorimeter channel. This will be discussed in next chapters.

3.2 Generalities of the EM calorimeter

The electromagnetic (EM) calorimeter is a sampling calorimeter with lead as absorber
or passive material and Liquid ARgon (LAR) as an active material [16]. An accordion
shape is given to all plates in order to avoid crack regions due to cables and boards of the
readout. For the sake of clarity a photograph of the accordion shape corresponding to the
EMEC inner wheel can be seen in figure 3.1. Particles would be incident from left to right
on the figure.

The LAR ionization is collected by electrodes (at high voltage) situated in between
two absorbers (at ground); see Figure 3.2. To keep the electrode in the right place, honey-
comb spacers are located in between the absorber and the electrode. Hence, the calorime-
ter is stacked as a sandwich of absorber, spacer, electrode,spacer, (next absorber), re-
peated along the azimuthal direction up to complete the whole coverage.

The EM Calorimeter covers the whole range along the azimuthal (φ) direction and
between -3.2 and 3.2 along theη direction. It is divided in one barrel (−1.475< η <



3.2. GENERALITIES OF THE EM CALORIMETER 19

Figure 3.1: Accordion shape in EMEC inner wheel

Figure 3.2: Stacked layer. The electrode is placed in between two absorbers.
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Figure 3.3: Picture of an EMEC electrode. The thin electrodehas 3 layers separated
by Kapton isolation: two HV layers on the sides and one signallayer inbetween which
capture the ionization signal by capacitance coupling..

1.475) [17] and two end-caps (−3.2 < η < −1.375 , 1.375< η < 3.2) [18] and is seg-
mented in depth in three compartments (see figure 3.5). Thereis also a thin presampler
detector in front of the calorimeter covering the region|η| < 1.8, which task is to correct
for the energy losses of electrons and photons in the upstream material.

The Argon is kept liquid at a temperature of∼ 89oK through a cryogenic system,
being the EM barrel and end-cap calorimeters inside their respective cryostat vessels.

3.3 End-cap specifities

There are two EMEC cylinders in ATLAS located inside the End-cap Cryostat atz∼
±350 cm of the nominal interaction point. A picture of one EMECinside the End-Cap
cryostat can be seen in figure 3.4. Since the EMEC is a cylindrical wheel, the amplitude
of the accordion waves decreases whenη increases (when the radious decreases). Due to
mechanical constraints demanded by this accordion shape, asecond independent wheel is
needed to extend the coverage toη = 3.2. Hence, there are two wheels, the outer wheel
from η = 1.375 toη = 2.5 and the inner wheel fromη = 2.5 to η = 3.2. The lead is
cladded by 0.2 mm thick steel to give it enough rigidity. For the outer wheel, the thickness
of the lead plates is 1.7 mm while the LAR gap thickness between the absorber and the
electrode decreases continuously from 2.8 mm (atη = 1.375) to 0.9 mm (atη = 2.5)
whenη increases. For the inner wheel, the thickness of the lead plates is 2.2 mm while
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the LAR gap thickness between the absorber and the electrodedecreases continuously
from 3.1 mm (atη = 2.5) to 1.8 mm (atη = 3.2) whenη increases.

Figure 3.4: Picture of an EMEC wheel inside the End-Cap Cryostat.

To facilitate handling and logistics the EMEC cylinder is divided into 8 octants or
modules (see figure 3.6). The 16 modules have been stacked in the CPPM1 and UAM 2

clean rooms.

One module consists of 96 (32) layers for the outer (inner) wheel stacked one on top
of each other. Each layer is a sandwich of absorber, spacer (gap), electrode, spacer (gap).
The design is symmetrical inφ and projective to the interaction point inη. In particular
the cells drawn in the electrodes point to the nominal ATLAS interaction point.

1Centre de Physique des Particules de Marseille
2Universidad Autónoma de Madrid
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Figure 3.5:Schematic view of an accordion calorimeter piece. A representation of the 3
compartments in depth is shown as well as some dimensions.

Figure 3.6: Picture of an EMEC module or octant at the stacking frame of the UAM clean
room.
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3.4 Barrel specifities

The barrel electromagnetic calorimeter (EMB) is made of twohalf-barrels, centered around
the z-axis. One half-barrel covers the region 0< η < 1.475 and the other one the region
−1.475< η < 0. The length of each half-barrel is 3.2 m, their inner and outer diameters
are 2.8 m and 4 m respectively.

Figure 3.7: Diagram of a half of the EM Barrel.

Figure 3.7 shows a diagram of one half-barrel. The directionof the accordion waves
is indicated pointing to thez axis as well as the calorimeter cells which points to the AT-
LAS center or nominal interaction point. The calorimeter isinside the cryostat vessel
which has two walls, warm and cold, separated with a vacuum gap for temperature isola-
tion purposes. The cables pass from inside to outside of the cryostat vessel using special
feedthrough connectors which keeps the temperature isolation. In the ”warm” part (out-
side the cryostat) crates are connected to the feedthroughs, which contains some electron-
ics boards: Front End Boards (FEB) and Calibration Boards. It can also be seen in figure
3.7 a tube on top of the cryostat through which the cryogenic system injects the liquid
Argon.

The size of the LAR gap on each side of the electrode is 2.1 mm, which corresponds
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to a total drift time of about 450 ns for an operation voltage of 2000 V. For ease of
construction, each half-barrel has been divided into 16 modules, each covering a∆φ =
22.5o. A picture of one EMB module is shown in figure 3.8.

Figure 3.8: Picture of an EMB module.

3.5 Segmentation

The EM Calorimeter is segmented into cells along the two angular directions,η andφ,
and the longitudinal direction (calorimeter depth). Alongthe calorimeter depth three
compartments are defined, by reading out three regions of theelectrode independently,
namely: Front or S1, readout from the calorimeter front side, Middle or S2 and Back or
S3, both readout from the calorimeter back side (see figure 3.5).

The granularity alongη is also defined in the electrodes as copper strips using kap-
ton as electrical isolator between two strips. The size of such strips depends on the com-
partment, being smallest in the S1 to allow for the separation of the two photons from
the decay of aπ0. A picture of an EMEC electrode (outer wheel) is shown in figure 3.9.
The angular variableη increases from right to left of the picture. The copper strips are
clearly seen defining the granularity along theη direction. The three compartments in
depth, S1, S2 and S3, can be clearly distinguished as the width of the strips changes from
one compartment to another.

The granularity along the azimuthalφ direction is defined by connecting summing
boards to the electrode connectors, hence grouping the signal in φ. For example, for the
S2 compartment of the EMEC, three consecutive electrodes are connected (are summed)
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Figure 3.9: Picture of an EMEC electrode of the outer wheel. The segmentation alongη
and the three compartments in depth, S1,S2 and S3, are clearly seen.

to obtain the desired granularity of∆φ = 0.025 radians, while 12 electrodes are connected
for the S1 compartment of the EMEC given a granularity of∆φ = 0.1 radians in this com-
partment. Figure 3.10 shows some summing boards plugged in the electrode connectors
for the S1 compartment of an EMEC module. Theφ direction goes from bottom to top
of the picture, while theη direction increases from left to right. The electrode connectors
can be distinguished in black between two absorbers. The summing boards grouped the
signals of 12 electrodes together in this example.

The electromagnetic calorimeter granularity is detailed in Table 3.1. In total the
number of cells or channels in the electromagnetic calorimeter is∼ 170000 (101760 in
barrel, 62208 in end-caps and 9344 in presampler).

3.6 High Voltage

The High Voltage (HV) between the electrodes and absorbers is generated by some spe-
cial HV units outside the cryostat. The HV thin cables pass through some dedicated
cryostat feedthroughs to reach the HV boards on the calorimeter. A picture of one EMEC
HV board is shown in figure 3.11. It is plugged into some dedicated connectors of the
electrodes. Theφ direction goes from left to right andη increases from top to bottom in
the figure. There is one column of HV boards alongφ-direction per high voltage value
(per high voltage region).

The condition of projectivity to the nominal ATLAS interaction point in the con-
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Figure 3.10: Picture the summing boards plugged in the frontface of an EMEC module.

Front (S1) Middle (S2) Back (S3)

|η| ≤ 1.35 0.025/8×0.1 0.025×0.025 0.050×0.025
Barrel 1.35≤ |η| ≤ 1.4 0.025/8×0.1 0.025×0.025 –

1.4≤ |η| ≤ 1.475 0.025×0.025 0.075×0.025 –

1.375≤ |η| ≤ 1.425 0.050×0.1 0.050×0.025 –
1.425≤ |η| ≤ 1.5 0.025×0.1 0.025×0.025 –
1.5≤ |η| ≤ 1.8 0.025/8×0.1 0.025×0.025 0.050×0.025

End-caps 1.8≤ |η| ≤ 2.0 0.025/6×0.1 0.025×0.025 0.050×0.025
2.0≤ |η| ≤ 2.4 0.025/4×0.1 0.025×0.025 0.050×0.025
2.4≤ |η| ≤ 2.5 0.025×0.1 0.025×0.025 0.050×0.025
2.5≤ |η| ≤ 3.2 0.1×0.1 0.1×0.1 –

Table 3.1:Granularity∆η×∆φ for each calorimeter sampling (Front, Middle and Back).
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Figure 3.11: Picture of an EMEC HV board

struction of the EMEC makes that the Liquid Argon gap thickness (between absorber and
electrode) decreases continuously whenη increases. The relation between the energy
collected by the calorimeter (E) and the liquid Argon gap thickness (g) is [6]:

E ∼ fs
g1+bUb (3.1)

whereU is the High Voltage applied on the gaps andfs the sampling fraction3 (which is
a function of the gap thickness).

The decrease of the liquid Argon gap thickness whenη increases implies an in-
crease of the measured energy withη. This growth may be compensated by decreasingU
continuously whenη increases. For practical reasons a decreasing stepwise function for
U is chosen defining seven HV sectors for the outer wheel and twosectors for the inner
wheel. The growth of the measured energy withη inside a HV sector is corrected by
software in the reconstruction phase of the signal, keepingthen the required uniformity
of the calorimeter signal response.

In contrast, for the EM Barrel Calorimeter this problem doesnot occur and, as a
consequence, the High Voltage between electrodes and absorbers is kept constant, being
the nominal value 2000 Volts.

The High-Voltage sector definitions, consequence of the end-cap geometry, is given
in Table 3.2.

3The sampling fraction is defined as the energy deposited in the LAR divided by the sum of the energy
deposited in the Absorbers and the LAR.
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Barrel End-cap Outer W. End-cap Inner W.

HV region 0 1 2 3 4 5 6 7 8 9

η range 0-1.475 1.375-1.5 1.5-1.6 1.6-1.8 1.8-2.0 2.0-2.1 2.1-2.3 2.3-2.5 2.5-2.8 2.8-3.2

HV values 2000 V 2500 V 2300 V 2100 V 1700 V 1500 V 1250 V 1000 V 2300 V 1800 V

Table 3.2:The high voltage regions of the EM calorimeter.

3.7 Electronics

The electric signal from the ionization of the Liquid Argon produced by a charged particle
has a triangular shape, when representing the intensity versus time, with typical duration
of several hundreds nano-seconds. This signal pass throughthe electrode readout paths
to the Summing Boards and the Mother Boards on top of them. Long cables connect the
Mother Boards to the electronics outside the cryostat. A picture of the Summing Boards
can be seen in figure 3.10 and of the Mother Boards in figure 3.12.

Figure 3.12: Picture of one Mother Board of the front side of the EMEC.

A simplified schematic view of the calorimeter readout is shown in figure 3.13.
The detector cell is represented by a capacitanceC where a triangular ionization signal
(I phys

in j (t)) is generated by the detected particle. Also linked to a cellthere appears an
inductanceL due to the electrode, the Summing-Board and a small portion of the Mother-
Board. The signal travels through a 25Ω cable in case of a middle or a back cell and a 50Ω
cable in case of a front cell. Immediately after the feedthrough of the cryostat the signal
enters a Front-End-Board (FEB) and pass through a three gainshaper with gain factors
1, 9.3 and 93 corresponding to low, medium and high gain respectively. The measured
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shaped signalgphys(t) is sampled by a Switch Capacitor Array (SCA) located in the FEB
at a frequency of 40 MHz (equivalent to a period of 25 ns), thatis the nominal bunch
crossing frequency of LHC beams. The samples are digitized by ADCs located in the
FEB and the numbers are transmitted to the miniROD and the DAQcomputing system in
the control room (see figure 3.14).

Figure 3.13: Diagram of the EM calorimeter readout inside the detector.

A diagram of one calibration line is also shown in figure 3.13.An exponential signal
(I cali

in j (t)) is generated in the Calibration Board playing the role of the triangular ionization

signal (Ip) of physics events. The signalI cali
in j pass the feedthrough to get into the cryostat
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and travels through a long cable up to the Mother-Board. The calibration signal sees the
detector cell as a capacitance and an inductance as indicated in figure 3.13. The response
to this injection signal continues through the same readoutline as the ionization signal to
reach the SCA. The output is again seven samples of the shapedsignalgcali(t) after being
digitized by the ADC.

The calibration boards allow to set the amplitude of injected currentI cali
in j numer-

ically. A DAC unit, included in the calibration board, transforms this number into an
analog amplitude. We will refer to this number as DAC value. The calibration board is
equipped with a delay unit, which allows to delay the injection from 0 to 24 ns in steps of
1 ns with respect to the leading edge of the 40 MHz clock (tdelay). The calibration pulse
gcali(t) is obtained by representing the sample heights as a functionof tdelay. 4. These
delay runs were taken inbetween cosmic runs. Delay runs in high (medium, low) gain
with a DAC value of 500 (4000,40000) units are considered forthe signal reconstruction
studies.

3.8 Some differences between EMEC and EMB

Some differences between EMEC and EMB relevant to the study of this document are
summarized in table 3.3.

Barrel End-caps (outer wheel)

Gap (absorber-electrode) (mm) 2.1 3.1 to 0.9
Bending angle (◦) 70 to 90 60 to 120

Drift time (ns) 470 600 to 200
dE/dX sampling fraction (%) 25 or 28 30 to 14

HV (V) 2000 2500 to 1000

S2 Cell inductanceL (nH) 25 to 35 50 to 20
S2 Cell Capacitance at coldC (pF) 1400 or 1900 1200 to 600

Table 3.3:Some geometrical and electrical characteristics of the barrel and end-cap outer
wheel EM calorimeter. In the former case, parameters may vary at |η|= 0.8. In the latter
case, the variation is smooth and given for increasing|η| from 0 to 2.5.

4Every sample height is an average over 100 events taken for a given delay



3.8. SOME DIFFERENCES BETWEEN EMEC AND EMB 31

Figure 3.14: Diagram of the EM calorimeter readout
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Chapter 4

Signal Reconstruction Algorithms

The ATLAS Liquid Argon electromagnetic calorimeter uses a digital filtering technique,
called Optimal Filtering Method, to reconstruct the signalamplitude from samplings of
the ionization pulse. Some weights, optimal filtering coefficients, are determined from
the pulse shape and its derivative, such that the weighting sum of the samplings gives
the amplitude of the signal per cell. Each read-out channel can be calibrated by means of
electronic pulses that mimic the ionization signal produced by an electromagnetic shower.
The calibration and the ionization signal are different in shape (exponential/triangular,
respectively) and injection point (outside/inside the detector). It is necessary to know the
electrical parameters of every cell in the detector to deduce the ionization signal using the
calibration signal.

This chapter gives a brief description of the Optimal Filtering Method, the detector
model, the prediction of the ionization signal from the calibration signal and an algorithm
to determine the electrical parameters of the calorimeter cell.

4.1 Optimal filtering method

The LAr EMC signal is generated by the drift of the ionizationelectrons in the electric
field provided by the High Voltage (HV) in the LAr gap. The current versus time has
a triangular shape, being the peak proportional to the energy deposited by the electro-
magnetic shower. The ionization signal is pre-amplified andthen shaped by aCR−RC2

bipolar filter at the end of the readout chain. The bipolar signal is sampled every 25 ns
(the LHC bunch crossing period) and 5 samples are digitized and used in the signal re-
construction procedure. For special runs more than 5 samples are digitized and recorded
(typically 25 or 32). Figure 4.1 shows a comparison between the original triangular signal
generated inside the LAr gap and the output signal after passing the readout electronics.

33
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It corresponds to a cell of theS2 compartment for medium gain of the bipolar shaper. The
maximum has been normalized to 1. The bipolar shaper is designed such that the max-
imum of the triangular signal corresponds to the maximum of the shaped pulse. Hence,
the maximum amplitude of the shaped pulse is proportional tothe energy deposited by
the electromagnetic shower in thatS2 cell. The dots correspond to the samples each 25ns.

Figure 4.1: The triangle shape corresponds to the signal as afunction of time just after
the electrode, and the bell shape corresponds to the signal after crossing the shaper. Dots
represent the recorded amplitudes separated by 25 ns.

From these samples two relevant quantities are deduced, using a digital filtering
technique, namely the signal maximum amplitude (Amax), which is proportional to the
energy deposited in the cell, and the time shift (∆t) of the signal maximum amplitude
with respect to a reference value. The Optimal Filtering (OF) method is a digital filtering
technique to determine such quantities. The inputs to the method are: i) the covariance
or autocorrelation matrix of the samples, which contains the information of the noise, ii)
the pulse shape (gphys), its maximum normalized to one, ii) and its derivative (dgphys/dt).
The outputs of the method are some weights or coefficients,ai, bi i = 1, . . . ,n, wheren is
the number of samples, such that:

Amax=
n

∑
i=1

aiSi (4.1)

∆t =
∑n

i=1biSi

Amax
(4.2)

beingSi i = 1, . . . ,n the measured samples (pedestal or zero is subtracted).
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The Optimal Filtering coefficients (OFC),ai , bi i = 1, . . . ,n, are calculated by the
method with the condition to minimize the noise contribution to the signal [19].

Two sources of noise are foreseen in the calorimeter during operation at LHC:

• Thermal (or electronic) noise

The amplitude of the thermal noise depends only upon the characteristics of the
detector and the signal processing circuitry.

• Pile-up (or physics) noise

The minimum bias or soft scattering events will be superimposed to the hard scat-
tering process. It is expected to have about 27 minimum bias events per bunch
crossing at nominal LHC luminosity. In addition, events of previous bunch cross-
ings will affect the signal of the present crossing, since the ionization time constant
of the liquid Argon is several hundred nano-seconds. The overall effect is a small
signal in the cells, fluctuating from event to event, which can be considered as
a noise superimposed to the hard process physics event of interest. The level of
pileup noise depends therefore on the luminosity of the machine and on the size of
the calorimeter cells.

Since the present work refers to cosmics muon data, only the first source of noise
enters in the analysis. In future, for the analysis of the LHCdata we will need to take the
pile-up noise contribution into account as well.

In ATLAS, where the bunch crossings and the readout clock aresynchronous the
pulses get always sampled at the same position and one set of OFC is sufficient. However,
in the cosmic test environment this is not the case since the cosmic signal is asynchronous
to the readout clock. Depending on the phase shift between the clock and the particle
arrival, a different fraction of the pulse is sampled. To cope with this situation, multiple
sets of OF coefficients are calculated dividing the 25nsregion between two ADC samples
in bins of ∆t ∽ 1 ns. For the present analysis, a set of(ai ,bi), i = 1, . . . ,n coefficients
for each time phase has been calculated, up to a total of 50 phases in 1ns steps and for
high gain. Medium and low gains are not used since most of the muons deposit an energy
lower than 20 GeV in the EM Calorimeter. The fact of duplicating the number of phases
in the analysis, 50 instead of 25, allows to perform cross-checks at different timings and
guarantees to cover completely the 25nsregion of interest.

4.1.1 Prediction of physics pulse

As seen in the previous section, the pulse shape of the ionization (or physics) signal is
needed to determine the Optimal Filtering Coefficients for each calorimeter cell. However
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Figure 4.2:Schematic electrical model of a LAr cell with its readout chain and calibration
network. Shapes of calibration and ionization signals are illustrated, as well as the output
pulse.

this shape is unknown and must be predicted either by a complete description of the
readout chain or from the corresponding calibration pulse shape and a few parameters
(due to the differences between the ionization signal and the calibration signal). The
second procedure has been adopted in this work.

Although the readout path and electronics is the same for physics and calibration
inputs, there are two differences at the injection point, namely:

• the physics input signal is produced inside a gap of the detector, while the calibra-
tion input is generated outside the cryostat in a calibration board connected on a
Front End Crate. This difference makes the calibration see the calorimeter cell as a
differentrLC circuit.

• the physics input signal has a triangular shape when represented as a function of
time, while the calibration charge injection has an exponential shape.

In figure 4.2 a simplified diagram of the electrical model for aLAr cell is shown.
The calorimeter cell is seen as anrLC circuit: the capacitanceC of the LAr gap, an
inductanceL which has two contributions, one from the electrode path between the gap
and the Summing Board and the other one from the path inside the Summing Board itself
added to a small portion of Mother Board, and a small resistance r of the total path.
The injection point of the ionization (physics) and calibration signals is indicated as well.
Clearly these signals see the cellrLC circuit in a different way,rL in parallel withC for
physics injection signal and in serial in the case of calibration. The different shapes of
the injection current between physics and calibration (triangular and exponential) is also
shown.
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The ionization electrons drift in the electric field inside the LAr gap, producing a
current with amplitude proportional to the released energy. This current has the typical
ionization-chamber triangular shape, with a rise time of the order of 1 ns followed by a
linear decay for the duration of the maximum drift timetdri f t . Such a signal at the input
of the cell capacitor in time domain is given by:

I phys
in j (t) = I phys

0 θ(t)θ(tdri f t − t)(1− t
tdri f t

) (4.3)

whereθ is theHeavysidefunction andI phys
0 is the amplitude of the ionization current. The

drift time tdri f t in a 2 mm gap under a voltage of 2000 V is close to 400 ns. This time is a
function of the pseudorapidity for the EMEC due to the changein the LAr gap and in the
voltage, taking values in the range 200-600 ns.

The output physics signal can be written as:

gphys(t) =

Z +∞

−∞
Kp(t− t ′)I phys

in j (t ′)dt′

whereKp contains the information of the readout circuitry.

In the Laplace domain (applying the “Convolution Theorem”), we find:

gphys(s) = I phys
in j (s)Kp(s)

where:

• Kp(s) can be written as the product of a factorHdet(s), which contains the electron-
ics characteristics related to a detector cell (rLC circuit), and a factorHreadout(s),
which takes into account the readout chain (common for physics and calibration
signals);

• I phys
in j (s) is the injected ionization signal 4.3 in the Laplace frequency domain, that

is:

I phys
in j (s) = I phys

0 (
1

tdri f ts
− 1−e−tdri f t s

t2
dri f t s

2
)

Hence, the output physics signal can be written as:

gphys(s) = I phys
in j (s)Hdet(s)Hreadout(s)
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The calibration charge injection aims to mimic the ionization signal, in order to be
able to measure the actual gain and properties of each channel thus assuring the proper
cell equalization. An exponential signal with decay timeτcali is generated by the cali-
bration boards (see section 3.7), whose pulser is based on a RL-circuit (see figure 3.13).
The values of theR0 andL0 components are selected such that to obtain the proper expo-
nential decay constantτcali, which has been chosen similar to the ionization signal decay
slope. The non-ideal inductanceL0 of the calibration board pulser circuit has a resistive
componentr0 that modifies the baseline of the exponential (fstepparameter below). This
exponential injection current can be written as:

I cali
in j (t) = I cali

0 θ(t)( fstep+(1− fstep)e
−t/τcali) (4.4)

whereI cali
0 is the amplitude of the injected current,θ(t) is theHeavysidestep function,

fstep(between 0 and 1) is the fraction

fstep=
r0

r0+ R0
2

andτcali is the effective exponential decay constant (which value isapproximately 360
ns)

τcali =
L0

r0 + R0
2

Similarly to the the ionization physics signal, the calibration signal at the output of
the readout chain can be written in the Laplace frequency domain as:

gcali(s) = I cali
in j (s)Hdetcali(s)Hreadout(s)

where

• Hdetcali(s) is the detector part of the electronics circuit as seen by thecalibration
injection signal;

• I cali
in j (s) is the Laplace transform of the calibration injection signal 4.4, namely:

I cali
in j (s) = I cali

0 (
τcali(1− fstep)

1+ τcalis
+

fstep

s
)

Dividing gphys(s) andgcali(s) the common partHreadout(s) cancels out and we ob-
tain:
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gphys(s)
gcali(s)

=
I phys
0

I cali
0

Hdet(s)
Hdetcali(s)

Hence, the physics signal or physics pulse shape can be obtain from the calibration
pulse shape through the following expression in the Laplacefrequency domain:

gphys(s) = gcali(s)
I phys
in j (s)

I cali
in j (s)

Hdet(s)
Hdetcali(s)

Or in the time domain as:

gphys(t) =

[

gcali ×L
−1

(

I phys
in j (s)

I cali
in j (s)

)

×L
−1
(

Hdet(s)

Hdetcali(s)

)

]

(t) (4.5)

where× means convolution.

The second and third factors in the convolution take into account the differences in
the injection signal and injection point respectively between the physics and the calibra-
tion signals.

4.2 Computation ofgphys

For computational purposes the relation 4.5 can be written as:

gphys(t) =

[

gcali ×L
−1
(

(1+sτcali)(stdri f t −1+e−stdri f t )

stdri f t ( fstep+sτcali)

)

×L
−1
(

1
1+s2LC+srC

)]

(t)

=
[

gcali×gexp→tri ×gMB→det
]

(t) (4.6)

where the two different time-domain convolutions are:

gexp→tri(t) = δ(t)+

[

1− fstep

τcali
e
− fstep

t
τcali − 1− fstep

fstep

(

e
− fstep

t
τcali −1

)

]

θ(t)

+
1− fstep

fstep

(

e
− fstep

t−tdri f t
τcali

)

θ(t −Td)
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gMB→det(t) =
2
τa

e(τr/(2τ2
0))tθ(t)

whereτr = rC andτ0 = LC.

The procedure requires the knowledge of the calibration pulsegcali (see chapters
3 and 7) and of a set of five parameters, namely two related to the calibration board,
τcali and fstep, two related to the cell electrical properties,τ0 andτr , and one related to
the ionization,tdri f t . Their values may depend on the detector conditions, temperature,
radiation dose, etc, hence it is important to monitor them ona regular basis. The parameter
tdri f t has been measured at the beam tests, while the other four parameters can be extracted
either from direct measurements or from the calibration pulse using the algorithm called
Response Transformation Method (RTM)

4.3 Parameter extraction algorithm (RTM)

The RTM method was developed by the Milan Atlas group to be applied to the Barrel EM
calorimeter [11]. The method consists in the following. We have seen that the response
to a calibration injection pulse can be expressed in the Laplace frequency domain as:

gcali(s) = I cali
in j (s)Hdetcali(s)Hreadout(s)

The functionHdetcali(s) describes the effects of the detector cell properties on thein-
jected calibration signalI cali

in j (s), whileHreadout(s) is the readout (line+preamplifier+shaper)
transfer function.

Let a generic current pulseYin j(s) be injected on the system at the Mother Board
level, as it is actually done with the real calibration pulseI cali

in j (s). The responseWout(s) of
the system to this signal would be:

Wout(s) = Yin j(s) Hdetcali(s) Hreadout(s) =
Yin j(s)

I cali
in j (s)

I cali
in j (s) Hdetcali(s) Hreadout(s) =

=
Yin j(s)

I cali
in j (s)

gcali(s)

or, in the time domain:

Wout(t) =

[

gcali×L
−1

(

Yin j(s)

I cali
in j (s)

)]

(t)
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The dependence on the circuit parameters has cancels out andonly remains the ratio
between the different injection functions.

The RTM bases its strategy to retrieve parameters on the computation and analysis
of what would be the response to a signal different from the ”exponential” calibration
injection signal. The system response can in fact be sensitive to a particular injected
waveform, the output showing in some cases easily recognizable characteristics. In the
following steps, waveforms will be sought that minimize thesignal tail ofWout(t). For
this purpose, aχ2-like quantity is built by summing the squares of the values of Wout(t)
along the tail, that is:

Q2 = ∑
t>ttail

W2
out(t)

the tail being defined as the signal portion after the timettail .

In particular, to obtain the calibration board parameters,τcali and fstep, a step func-
tion will be chosen forYin j(t), and to extractτ0 a cosine function forYin j(t) is more
suitable.

Extraction of the calibration boards parameters: τcali and fstep

To obtain the calibration pulse parametersτcali and fstep a step function,Yin j(t) = θ(t),
is used with unit amplitude. The Laplace transform of the step function isYin j(s) = 1/s.
On the other hand, the expression forI cali

in j (s), seen in previous section, can be written, for
unit amplitude, as:

I cali
in j (s) =

τ′calis+ f ′step

s(1+ τ′calis)

Hence, the ratio between both injection signals is:

Yin j(s)

I cali
in j (s)

==
1+sτ′cali

sτ′cali + f ′step

andWout can be obtained as:

Wout(s) =
1+sτ′cali

sτ′cali + f ′step
gcali(s)

It can be shown that, for the correct valuesτ′cali = τcali and f ′step= fstep of the
calibration board parameters,Wout(t) has the property of going to zero in the tail very
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rapidly. This is due to the fact that bothHdet andHreadout functions contain only short
time constants and do not give rise to a long tail in the waveform.

This null-tail property of the step-response can be used to determine both calibration
board parameters by minimizing the following quantity:

Q2(τ′cali; f ′step) = ∑
t>ttail

W2
out(t;τ′cali; f ′step)

The minimization procedure may in principle depend on the tail starting point value
ttail . A robust choice ofttail is given byttail = tmin+ 100ns, wheretmin is the minimum
of the negative lobe of the shaped signal1. Using this criterion the systematic error
introduced byttail in the RTM procedure is small.

Extraction of the detector parameters: τ0 and τr

To extractτ0, or equivalentlyω0 = 1/τ0, the response to a monochromatic cosine pulse
Yin j(t) = θ(t)cos(ωt) is studied, which, in the Laplace frequency domain, has the form:

Yin j(s) =
s

s2+ω2

The ratio between both ”cosine-type” and calibration injection signals is:

Yin j(s)

I cali
in j (s)

==
s

s2+ω2

s(1+sτcali)

sτcali + fstep

andWout can be obtained as:

Wout(s) =
s

s2+ω2

s(1+sτcali)

sτcali + fstep
gcali(s)

It turns out that the smallest amplitude for this function isobtained whenω = ω0,
hence this parameter is obtain by minimizing the following quantity:

Q2(ω) = ∑
t>ttail

W2
out(t;ω)× (1+(ωτsh)

2)3

(ωτsh)2

1One can look at figure 4.1 to see the negative lobe of the shape signal, although the pulse shape corre-
sponds to a ionization signal instead of a calibration step function
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where the last term introduces a shaper correction in this case, due to the fact that the
shaper acts as a band-pass filter suppressing the high frequency components of the injected
signals.

Finally the parameterτr can be extracted by injectingYin j = I cali
in j , however at the

physics injection point. This introduces a correction factor in the output signal, which
depends onτ′r as follows:

1
1+sτ′r +s2τ′0

Hence,

Wout(s) =
1

1+sτ′r +s2τ′0
gcali(s)

If τ′0 6= τ0 or τ′r 6= τr the functionWout(t) will have an oscillating behavior on the
tail. We can assume thatτ0 has been obtained before by the RTM method, as described in
previous subsection, or by direct measurements. Hence, thequantity to minimize in order
to obtainτr is defined as:

Q2(τ′r) = ∑
t>ttail

(Wout(t;τ′r)−gcali(t))2
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Chapter 5

Signal reconstruction in the end-caps

The first section of this chapter synthesizes the present knowledge of the input parameters
needed to compute the optimal filtering coefficients for the end-caps. As a first cross-
check, and wherever it is relevant, these inputs are compared to the EM barrel ones.
The outputs of the method,i.e. the predicted physics pulse shapes, the optimal filtering
coefficients, the calibration bias and the noise reduction,are discussed in section 5.2.

5.1 Inputs for the end-caps

5.1.1 Cell response to a calibration signal

Typical shapes of cell responses to a same calibration inputare shown in Figure 5.1 (left)
for the three EMEC layers. The differences between shapes are explained by the elec-
trical characteristics of each layer. Notice that, in the finely segmented part of the front
sampling, 1.5< η < 2.4, the crosstalk between neighbor cells is important, between 3 and
5% [21], and has been taken into account by adding the two neighboring cell shapes to the
pulsed one. As a global sanity check, the dispersion alongφ of the maximum amplitude
of all calibration shapes is shown to be the same for all layers and exhibits no dependency
as a function ofη (Figure 5.1, right).

45
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Figure 5.1:Left: Typical calibration pulse shapes atη = 1.8 for an input of 500 DAC
units in high gain. Right: Dispersion overφ of the maximum amplitude of all calibration
shapes in high gain, as a function ofη. Front, middle and back cells are represented with
red down triangles, black squares and blue up triangles, respectively.

5.1.2 Calibration board parameters

To obtain an efficient calibration, the input signal should be as similar as possible to the
ionization triangular pulse. Two main parameters,τcali and fstep, are needed to describe
this calibration input pulse:

I cali
in j (t) = I cali

0 ·θ(t) ·
[

(1− fstep)e
− t

τcali + fstep

]

(5.1)

whereθ(t) is the unit step function. The exponential decay timeτcali is chosen to mimic
the decay slope of the ionization signal, whilefstep is related to the resistive component
of the inductance in the calibration board [11].

These two parameters need to be known for every calibration board channel. They
can be extracted from measurements in the production laboratories [22] or can be inferred
from the cell response to a calibration pulse using the Response Transformation Method
(RTM) [11]. Figure 5.2 shows a comparison between the two methods for both parame-
ters of one calibration board. Relative systematic shifts of −7% and+15% using RTM
compared to the measured values are observed for extractedτcali and fstep, respectively,
which is as expected in very good agreement with what was already reported for the bar-
rel. This is probably because RTM gives effective parameters, absorbing for instance
attenuation effects [23, 24]. As not all calibration board measurements were available,
the RTM extracted parameters are chosen to be consistent. Notice that choosing the RTM
extracted parameters impacts only the absolute energy scale, which can not be tested very
precisely with cosmic data.
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Figure 5.2:Comparison ofτcali (left) and fstep (right) extracted by RTM (open symbols)
and measured directly (closed symbols) for the 128 channelsof one calibration board.

5.1.3 Ion drift time in liquid argon gap

The ion drift time in liquid argon gap,tdri f t , can be expressed in terms of applied high
voltageU and gap thicknessg [26]:

tdri f t =
g

Vdri f t
∼ gb+1

Ub (5.2)

whereb∼ 0.4 is a parameter first determined with specific measurements [26] and then
crosschecked with beam tests [27, 28, 29]. As indicated in section 3.2, the complicated
EMEC geometry implies a variation of the gap thickness alongη, which induces a vary-
ing drift time despite the change in the high voltage. This isa major difference with the
barrel part, for which the drift time is almost constant around 470 ns forU = 2000 V.

The drift time can be computed using Equation (5.2) or extracted from a fit to the
physic pulse shapes recorded with test-beam data1 [28], with a precision estimated around
10%. Figure 5.3 shows the measuredtdri f t , averaged overφ, as a function ofη for all
EMEC layers2. They are in good agreement with the predictions extracted from Equa-
tion (5.2). Notice that any change on HV setting conditions implies a change of the drift
time in the corresponding region.

1At the beam tests, as events are asynchronous with respect tothe clock, the 5 sample physics pulse in
a cell can be averaged within a 1 ns bin by using the phase of each event.

2No measurement was available in the region 1.4< |η|< 1.6, in which the prediction is therefore taken.
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Figure 5.3: Drift time as a function ofη for front (red down triangles), middle (black
squares) and back (blue up triangles) end-cap layers. All points have been averaged over
φ.

5.1.4 Electronic chain characteristics

A thorough program of measurements was carried out at cold onall cells of the EMEC
calorimeter before installation of the front end electronics to measure their electrical prop-
erties as precisely as possible. By means of a Network Analyser [22], a frequency scan
was performed to extract precisely the resonance frequencyof the cell circuitω0 = 2πν0 =
1/τ0 = 1/

√
LC and the productτr = rC. In both cases, the most precise measurements

were obtained in the second layer (first layer in the inner wheel), where capacitances are
higher. Results are more difficult or impossible to extract in the first and third layers, and
the approximationτ0 = τr = 0 is therefore used in the following for these samplings.

Resonance frequency

Typical examples of end-cap S2 cell responses to a frequencyscan with a Network
Analyser are shown in Figure 5.4 (top). The resonance frequency is clearly visible on the
left-hand plot, and is obtained by fitting a parabola around the minimum. The determi-
nation of the resonance frequency can be complicated by the presence of reflections near
the peak, as illustrated in the second column of Figure 5.4 (top). This situation is even
more pronounced when the resonance frequency is higher,i.e. the capacitance and the
inductance are low, as for example at highη in the EMEC outer wheel (fourth column
of Figure 5.4 top). In the last two cases, the resonance frequency is inferred by fitting
the edges of the two minima with straight lines and computingthe intercept point of both
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lines. To partly overcome this problem,ω0 is not measured for every cells but averaged
overφ at everyη. Results are shown in Figure 5.5 (closed symbols). Theirη-dependency,
qualitatively reproduced by individual measurements ofL andC [30], reflects the decrease
of L andC as a function ofη. This has to be compared to the barrel case, with aω0 vary-
ing only between 0.13 and 0.19 GHz [22].
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Figure 5.4:Typical S2 cell responses in the 100-300 MHz frequency rangeat η = 1.6 (first
row), η = 1.7 (second row),η = 1.8 (third row) andη = 2.2 (fourth row), as measured
with a network analyser (top) and with the RTM method (bottom).

Because of the uncertainties in the resonance frequency measurement described
above, it is desirable to extractω0 with an alternative method,i.e. RTM in this case. The
corresponding output functions3 are illustrated for the same cells as for the measurements
in Figure 5.4 (bottom). In all cases, comparable results with measurements are obtained,
apart in the third column where the resonance frequency is 20% higher. Figure 5.5 shows
RTM and measurement results as a function ofη in S2. The agreement is good in the
regions with high capacitances (η < 1.7 andη > 2.5), close to the barrel situation4. The
situation worsens in the regions with lower capacitances,i.e. 1.7 < η < 2.5, where the
disagreement between RTM and measurements can reach up to 10-15%. To study the
systematic effect on energy measurement linked to this disagreement, the two different
ω0 sets are considered in the following. Results are presentedin details in section 7.2.3.

3The resonance frequency corresponds to the minimum of the function.
4The agreement between measurements and RTM extracted values at combined test-beam was∼ 1%

for S2, well compatible with the precision required [14].
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Figure 5.5:Cell resonance frequencyω0 obtained with network analyser measurements
(closed symbols) and extracted with RTM (open dots), as a function ofη for S2 cells (S1
in inner wheel). All points have been averaged overφ.

rC measurement

The productτr = rC can be determined by measuringr andC separately. Ther
values can be extracted from the frequency scan measurements by looking at the pulse
amplitude at the resonance frequency [22], whereasC can be taken from direct mea-
surements performed after EMEC module stacking [30]. Figure 5.6 shows theτr values
obtained by this method as a function ofη. As for the resonance frequency, it is desirable
to compare these measurements with the values extracted by RTM : a large disagreement
is obtained, with measurements lower than RTM values by a factor∼ 5 (Figure 5.6). This
is because RTM gives effective parameters,i.e. absorb some additional effects not con-
sidered in the LAr readout model [25]. Similar observationsare made in the barrel, with a
factor between RTM and measurements of∼ 2−3 [32]. However, the impact on the am-
plitude determination is very small [11], and the measurements can not be used to predict
the physics shapes, as it generates residual oscillations in the tails [25]. This is illustrated
in Figure 5.7 in the end-cap case, and is similar for the barrel. As a consequence, RTM
extracted values will be used in the following.
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(open symbols) and extracted with RTM (closed symbols), as afunction ofη for S2 cells
(S1 in inner wheel). All points have been averaged overφ.
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Figure 5.7:Typical predicted physics pulse shape computed with measuredτr (left) and
RTMτr (right) at η = 1.8.
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5.1.5 Summary of the inputs

Excepttdri f t , all input parameters for signal reconstruction in the end-caps have been ei-
ther directly measured or inferred from calibration systemthrough RTM method. The
choice made between both has been discussed in the previous sections. The situation is
very similar to the barrel case for the calibration board parametersfstepandτcali, as well as
for τr . It is different forω0 in the regions with a high resonance frequency (1.7< η < 2.5),
which renders the measurement difficult. To estimate the impact of a mismeasurement of
this parameter, two sets of input parameters are considered, which can further serve to
estimate the related systematic uncertainties on signal reconstruction (section 7.2.3). Ta-
ble 5.1 summarizes the origin of the input parameters used topredict the physics pulse
shapes in the end-caps. Theω0 set coming from direct measurements will serve as refer-
ence in the following, and therefore used unless otherwise stated.

Outer Wheel Inner Wheel
Parameter S1 S2 S3 S1 S2

fstep RTM RTM RTM RTM RTM
τcali RTM RTM RTM RTM RTM
tdri f t meas. meas. meas. meas. meas.

τr 0 RTM 0 RTM 0
ω0 - Reference 0 meas. 0 meas. 0

ω0 - Set 2 0 RTM 0 RTM 0

Table 5.1: Origin of input parameters used for signal reconstruction in the end-caps.
RTM refers to the Response Transformation Method [11], which infers the parameters
from the cell response to a calibration pulse. Meas. refers to extensive measurements
performed before the installation of the front end electronics. The twoω0 sets will be
used to compute the two sets of optimal filtering coefficientslater tested in the cosmic
muon run analysis (section 7).
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5.2 Outputs of the method

5.2.1 Computation of the pulse shapes and optimal filtering coeffi-
cients for physics

All input parameters discussed in section 5.1 enter directly in Equation (4.6) to predict the
physics pulse shape of each EMEC cell. Typical shapes can be seen in Figure 5.8 (left) for
the three EMEC layers. As a first check on the quality of this prediction, the dispersion
alongφ of the maximum amplitude is shown as a function ofη for the three layers in
Figure 5.8 (right). It is roughly constant below 0.1% for S1 and S3 in the precision region
(1.5 < |η| < 2.5). It decreases withη in S2, following theτ0 variation5. Notice that
the same results are obtained with the twoω0 input sets of Table 5.1. More quantitative
checks of the quality of these predicted shapes are proposedin section 7.2.2 using cosmic
data.
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Figure 5.8:Left: Typical predicted physics shape atη = 1.8 in high gain. Right: Disper-
sion overφ of the maximum amplitude of all physics shapes in high gain, as a function of
η. Front, middle and back cells are represented with red down triangles, black squares
and blue up triangles.

From these physics pulse shapes and their derivatives, optimal filtering coefficients
(OFC)ai andbi are computed per cell for each gain and for 50 phases by 1 ns step. This
has been done with 5 or 25 samples and using one of the two inputparameter sets of
Table 5.1. Unless otherwise stated, the case with 5 samples and reference input set is used
in the following.

5It was checked that usingτ0 = τr = 0 in S2, results become similar to S1 and S3.
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5.2.2 Estimation of the calibration bias

The difference between physics and calibration shapes induces a different response ampli-
tude to a normalized input signal. The resulting bias must betaken into account in order
to correctly convert ADC counts into energy. This is achieved by using the ratio between
the maximum amplitudes of physics and calibration pulses, called

Mphys
Mcali

. It is shown in

Figure 5.9 as a function ofη for the 3 EMEC layers in high gain6. The decreasing behav-
ior with η reflects at first order the cell inductance variation [30] (mainly visible for S2),
and at second order the drift time variation (visible for S1 and S3 where the inductance is
assumed to be zero,τ0 = τr = 0).
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Figure 5.9:Bias in the signal reconstruction method
Mphys
Mcali

in front (red down triangles),
middle (black squares) and back (blue up triangles) EMEC cells. All points have been
averaged overφ. High gain and the reference input set of Table 5.1 are used.

A comparison with
Mphys
Mcali

values obtained with 2001-2002 test beam analysis [13]
is proposed in Figure 5.10 (left). The differences are quiteimportant, at the level of
5−8% in the region 1.5 < η < 2.4, reflecting the different conditions of both analyses
and data takings : cable lengths, optimal filtering coefficient computations, calibration
and front-end electronics, etc. As a systematic check, it isinteresting to make the same
comparison between the twoω0 input sets of Table 5.1. The agreement is at the percent
level, as shown in Figure 5.10 (right). Finally, notice thatthe prediction of this bias on the
signal reconstruction method can hardly be checked with commissioning data, since the
absolute muon energy scale is only known at∼ 5% [15]. The uncertainties on

Mphys
Mcali

ratio

6It was checked that the gain has no impact on the ratio.



5.2. OUTPUTS OF THE METHOD 55

will later be absorbed in the inter-calibration coefficients extracted with electrons fromZ
decay [31].
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Figure 5.10:Ratios of
Mphys
Mcali

in S2 between the present analysis with the reference set and
2001-2002 test beam analysis [28] (left) and between the twoω0 input sets of Table 5.1
(right).

5.2.3 Noise reduction with optimal filtering technique

The computation of the optimal filtering coefficients (OFC) is performed to minimize the
noise contribution to the signal reconstruction. To check this noise reduction, the OFC are
applied to pedestal runs for different number of samples. The noise level obtained using
5 samples in high gain, averaged overφ, is shown in Figure 5.11 for the three EMEC
layers as a function ofη. In the precision region 1.5 < η < 2.5, weak variations are ob-
served alongη and average noise values of 14, 32 and 27 MeV are measured for the three
samplings, respectively. This agrees nicely with the module test-beam results [27].

The noise reduction obtained with optimal filtering technique increases with the
number of samples used, as more signal information is available and the noise correlation
between samples is better accounted for. This is illustrated in Figure 5.12 atη = 1.8 for
the three layers. Reduction factors of 1.5 (1.4) and 2.4 (2.2) are obtained in the second
(first) layer using 25 samples compared to 5 and 1, respectively. These results are slightly
lower than those obtained in the barrel,∼1.8 (1.8) and∼2.9 (2.6) [15] because of lower
capacitances in the end-cap. Figure 5.13 shows the noise reduction in S2 as a function of
η using 5 (left) and 25 (right) samples with respect to one single sample. Smooth behav-
iors are observed in the regions 1.5 < η < 2.5 and 2.5 < η < 3.2. The more pronounced
variation for 25 samples is at first order a consequence of thedrift time variation (Fig-
ure 5.3) : a lower drift time gives a shorter waveform. As a consequence, the number
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Figure 5.11:Total noise computed with 5 samples OFC in high gain, averaged overφ and
as a function ofη, for front (red down triangles), middle (black squares) andback (blue
up triangles) EMEC cells.

of meaningful samples decreases withη, degrading the reduction factor brought by the
optimal filtering technique.

It is interesting to notice that these results on noise can serve as a benchmark to
check the computation of the physics OFC, and can also point to a wrong latency setting
of the read-out [33]. They therefore give confidence on the quality of the data taking set-
up and of the autocorrelation matrix and OFC computation. This allows to go further, and
perform an analysis of the small signals deposited by cosmicmuons over the complete
calorimeter coverage, 0< η < 3.2. This is the subject of the next section.
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Figure 5.12:Noise as a function of the number of samples used by optimal filtering for the
three EMEC layers in high gain atη = 1.8. Front, middle and back cells are represented
with red down triangles, black squares and blue up triangles.
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Chapter 6

Cosmic runs

6.1 Origin of cosmic muons

Cosmic rays are energetic particles originating from spacethat impinge on Earth’s atmo-
sphere. Almost 90% of all the incoming cosmic ray particles are protons, about 9% are
helium nuclei and about 1% are electrons. The sources are theSun, galactic objects like
neutron stars, supernovas, etc, and extragalactic objects. Cosmic rays can have energies
of over 108TeV, far higher than the 7TeV of the LHC.

When cosmic ray particles enter the Earth’s atmosphere theycollide with molecules,
mainly oxygen and nitrogen, to produce a cascade of lighter particles, a so-called air
shower. The general idea is shown in figure 6.1 which shows a cosmic ray shower pro-
duced by a high energy proton of cosmic ray origin striking anatmospheric molecule.
The figure is a simplified picture of an air shower for the sake of clarity.

All of the produced particles stay within about one degree ofthe primary particle’s
path. Typical particles produced in such collisions are charged mesons, pions and kaons,
which may decay into muons. Since muons interact weakly withthe atmosphere, they
may reach the Earth ground, hence they can be used for detector calibration studies as in
the present work. The energy spectrum of cosmics muons is shown in figure 6.2.

The rest of the particles of the air shower are, sooner or later, absorbed by the
atmosphere.

6.2 Energy loss due to ionization

Let us consider a heavy particle, with chargeze, massM and velocityv traversing a block
of matter. Let us assume that at a distanceb of the incident particle direction an atomic
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Figure 6.1: Interaction of a cosmic proton with an air molecule.

Figure 6.2: Muon flux as a function of the muon energy
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electron is found. One can use a semi-classical approximation assuming the electron to be
free and at rest during the time the interaction takes place.One usually further assumes
that the direction of the incident particle is not changed asit is much heavier than the
atomic electron.

General case: the Bethe-Bloch formula

Within these approximations, Bohr obtained expressions for energy loss of heavy particles
(α particles of heavy nuclei), which were found to properly describe experimental data.
For lighter particles like protons a disagreement with experiment was found, because
quantum effects were not taken into account. The correct quantum-mechanical calculation
was first performed by Bethe and Bloch, obtaining this formula:

−(
dE
dx

)ioniz = 2πNar2
emec

2ρ
Z
A

z2

β2

[

ln

(

2meγ2v2Wmax

I2

)

−2β2
]

where:

E : incident particle energy
x : path length
Na : Avogadro’s number (6.022×1023mol−1)
re : classical electron radius (2.817×10−13cm)
me : electron mass
ρ : density of absorbing material
A : atomic weight of absorbing material
Z : atomic number of absorbing material
z : charge of incident particle in units ofe
β : v/c of the incident particle

γ : 1/
√

(1−β)
Wmax : maximum energy transfer in a single collision
I : mean excitation potential

In practice, two more corrections are needed, the so called density effect and the
shell effect [7]:

− (
dE
dx

)ioniz = 2πNar2
emec

2ρ
Z
A

z2

β2

[

ln

(

2meγ2v2Wmax

I2

)

−2β2−δ−2
ζ
Z

]

(6.1)

where:
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• δ: density effect correction, which arises from the fact thatthe electric field of the
particle also tends to polarize the atoms along its path.

• ζ: shell effect correction, which accounts for effects when the velocity of the inci-
dent particle is comparable or smaller than the orbital velocity of the bound elec-
trons.

Figure 6.3: Ionization energy loss per unit of length in liquid hydrogen, gaseous helium,
carbon, iron and lead.

The maximum energy transfer occurs in head on collisions between the incident
particle and the atomic electron has the expression:

Wmax=
2mec2(βγ)2

1+2s
√

1+(βγ)2+s2

with s= me/M.

A semi-empirical formula can be used for the excitation potential, namely:
I
Z = 12+ 7

ZeV Z< 13
I
Z = 9.76+58.8 Z−1.19eV Z≥ 13
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which gives a reasonable approximation for most cases.

The energy loss per unit length depends on the energy of the incident particle. It ex-
hibits a sharp fall off, proportional to 1/β2 for low β values, it reaches a minimum known
as the ionization minimum (aroundβγ = 3), and finally shows a logarithmic increase (rel-
ativistic rise) leading to a plateau (the Fermi plateau), see figure 6.3. For energies bigger
than the ionization minimum, each particle shows a characteristic curve. It can be used to
identify particles in this energy range.

Cosmic muons lose energy in the EM calorimeter primarily through ionization. The
mean energy loss (E) is given by equation 6.1, henceE is proportional to the path length
(x) crossed by the muon. Event by event this energy is subjectedto stochastic fluctuations
described by a Landau distribution. This function is not symmetric exhibiting a charac-
teristic tail at high energy losses, hence the mean value of the distribution differs from the
Most Probable Value (MPV). In practice, the MPV is more relevant than the mean value,
for example for calibration studies, since the tail is oftendifficult to define with enough
precision. It can be shown that the MPV is related to the path length through an relation
of the typeMPV ∼ x(a+ lnx), although the logarithm is usually much smaller than the
terma, hence may be neglected in those cases. In addition, the ratio ω/MPV, whereω is
the full width at half maximum of the Landau distribution, decreases whenx increases.

6.3 Energy loss by radiation: Bremsstrahlung

If a charged particle is decelerated in the Coulomb field of a nucleus a fraction of its
kinetic energy will be emitted in form of real photons (bremsstrahlung). The electron and
positron are the only particles for which energy loss by bremsstrahlung is significantly
important, see figure 6.4 for a diagrammatic representation.

In fact the semi-classical calculation for the bremsstrahlung cross-section for any
given particle of massM reads [8]:

(

dσ
dk

)

rad
≃ 5e2

~c
z4Z2

(mec
Mv

)2 r2
e

k
ln

(

Mv2γ2

k

)

with k the energy of the produced photon.

It can be seen that the dependence of the previous cross section with the particle
massM is (neglecting the logarithm term):

(

dσ
dk

)

rad
∝ M−2

Thus, the bremsstrahlung cross-section for a muon,Mµ =105.7 MeV, is approxi-
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Figure 6.4: Feynman diagram for bremsstrahlung.

mately 44000 times smaller than that for an electron,me =0.51 MeV. Despite of this fact
bremsstrahlung of muons has been observed in the ATLAS EM calorimeter; actually these
are the type of events mostly used in the present analysis.

We can also note in the formula that the cross-section is proportional toZ2, i.e. to
the atomic number squared of the traversed material. This explains the use of highZ
materials ( Fe, Cu, Pb, U) as absorbers in sampling calorimeters, in order to get a bigger
energy loss by radiation. Finally, the cross-section becomes very large as the radiated
photon becomes very soft (k very small).

Up to now we have only dealt with the interaction of the incident particle with the
nuclear Coulomb field. One has to take into account the screening effect due to the atomic
electrons, which changes the cross section formula slightly. Details can be found in [9].

6.4 Calorimeters setup for cosmic runs

In 2006, ATLAS entered the ”in situ” commissioning phase. The primary goal of this
phase is to verify the detector operation and performance using cosmic muons. All AT-
LAS sub-detectors are presently in the last stage of installation in the cavern at Point
1 of the LHC accelerator. After the installation of each sub-detector, extensive testing
(commissioning) has been performed.
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In the first phase of the commissioning, the proper functionality of the detectors has
been verified in a stand-alone mode. In the next phase, the different sub-detectors were
integrated into the common data acquisition, monitoring, detector control and safety AT-
LAS system frameworks. The process of integrating more and more sub-systems has been
ongoing since summer 2006 when the first common partition between the Liquid Argon
(LAr) barrel electromagnetic (EMB) calorimeter and the hadronic Tile barrel calorime-
ter was created. At the beginning of 2007, the End-Cap A electromagnetic calorimeter
(EMEC A) and the extended barrel part at 0.8 < η < 1.7 for the Tile calorimeter (see
chapter 2) were incorporated to this partition.

The analysis of cosmic muon events is the only way to test the EM calorimeter in
situ with physics signals before LHC collisions. During thesummer 2007, the situation
for Barrel and End-Cap-A liquid Argon calorimeters was stable and the cosmic data were
taken nearly every weekend. An example of a cosmic muon eventcrossing the barrel
ATLAS calorimeters is given in figure 6.5. The energy deposited in the Hadronic Tile
Calorimeter (in blue) and the Electromagnetic Calorimeter(in white) can be well distin-
guished. There is a clear matching of the different cells with energy deposits, being a
projective muon crossing the center of the ATLAS detector.

Figure 6.5: Display of a cosmic muon crossing the ATLAS Barrel Calorimeters, obtain
using the Atlantis display program. The Hadronic Tile Calorimeter is represented in blue,
while the Electromagnetic Calorimeter appears in white color.

A dedicated trigger using only Tile calorimeter signals wasconfigured to detect cos-
mic muons in the electromagnetic calorimeter. In the following chapter, the data taking
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conditions for cosmic runs used in this analysis will be explained in more detailed. How-
ever, it is important to understand the complicated situation for the end-cap part respect
to the barrel one. Figure 6.6 shows the Tile towers1 that were included in the trigger for
the data taking. The Hadronic Tile Calorimeter is represented in green in the figure, while
the Electromagnetic Calorimeter (Barrel + two End-Caps A and C) is in brown. The best
trigger situation for detecting muons in the end-cap A side would be using EBA top and
bottom as a trigger. However these muons are not projective to the ATLAS center, which
means they do not cross the EMEC cells along the cell depth, hence the average energy
deposited by ionization is too tiny to be detected. Only Landau fluctuations could make
a small fraction of events to leave a measurable signal, useful for the analysis. On the
other hand, bremsstrahlung photons, of sufficient energy, emitted by cosmic muons can
be detected since the photon initiates an electromagnetic cascade in the EMEC, ”light-
ing” several cells in the same event. As seen in previous section, the probability for the
bremsstrahlung process in muons is tiny, due to its large mass. Hence the number of muon
events selected for calibration of the EMEC is small. One of these events can be seen in
the Atlantis display of figure 6.7. Both top and bottom EBA Tile towers are triggered
and a small spot in the EMEC is seen, which corresponds to the small electromagnetic
cascade created by the bremsstrahlung photon.

Figure 6.6: Tile trigger setup and logic of the top-bottom coincidence. The extended
barrel part EBC was not available for the runs analysed in this analysis.

1One trigger tower is the sum of all Tile cells in a region of∆η×∆φ = 0.1×0.1
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Figure 6.7: Cosmic muon event displayed using the Atlantis program crossing the EMEC-
A wheel. The Hadronic Calorimeter is in red, while the Electromagnetic Calorimeter is
in green. The muon cross from top to bottom depositing energyin both top and bottom
EBA Tile towers and in the EMEC-A (small spot in grey).
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Chapter 7

Checking signal reconstruction in
|η| < 3.2 with cosmic data

The first cosmic muon data were registered in the ATLAS cavernin August 2006 by the
EM barrel calorimeter, in the regions equipped with front-end electronics. First studies
focused on these regions (6% of the barrel) and concentratedon projective muon sam-
ples [15]. Since March 2007, one end-cap wheel1 and the whole barrel are fully oper-
ational and take data regularly. Focusing on some dedicatedcosmic muon runs (taken
during ”muon” weeks called M3 and M4 afterwards), it is therefore possible to perform a
first study on the almost complete calorimeter coverage−1.4 < η < 3.2. This is particu-
larly suitable to perform anin situ test of the signal reconstruction presented in chapter 5.
Even with the limited available statistics (∼ 150000 triggered events), the selection of the
few % of events with catastrophic high energy deposits (section 7.1) represents a unique
opportunity to perform a first check of the signal reconstruction quality in a coherent way
for both barrel and end-cap parts (section 7.2). Finally, section 7.2.3 estimates the im-
pact of the resonance frequency uncertainties on the signalamplitude reconstruction in
the end-cap.

7.1 Selection of high energy deposits

Selecting projective muons imposes by default a barrel-restricted analysis. However, con-
sidering only events where a hard enough bremsstrahlung photon deposits its energy in
the EM calorimeter can allow to perform an analysis in the complete coverage|η| < 3.2 :
in this case, the photon induces an electromagnetic shower,detected more easily and

1Thez> 0 side, called ECA wheel. The other side, called ECC wheel, can be integrated in the analyses
since M5 period,i.e. beginning of November.

69
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independently of the incident muon projectivity. Moreover, this selects ”electron-like”
energies, of the order of the GeV, which are well suited to test the signal reconstruction
procedure.

7.1.1 Conditions of data taking

Since the ATLAS muon trigger was not available on the full coverage (especially in the
end-caps) at the time of data taking, a dedicated trigger, using only Tile calorimeter sig-
nals, was configured to detect cosmic muons. The available Tile towers,∆η × ∆φ =
0.1×0.1, were asked for a top-bottom coincidence [34] to form the trigger for each data
taking period, as shown in Figure 6.6. The compromise between noise and a too low
trigger rate results in a∼ 1 GeV threshold per tower and a∼ 50% muon purity of the
triggered events [15].

The main concern in the present analysis is related to the available statistics. This
issue is strongly correlated with the trigger set-up. Therefore, even if data are taken
nearly every week-end over the whole calorimeter since spring 2007, only runs with sta-
ble enough data taking conditions are selected for this analysis (Table 7.1). All data were
collected in high gain and∼ 150000 triggered events are available. It should be noticed
that, contrarily to the end-caps, the barrel did not operateunder nominal HV but used a
reduced value of 1600 V to be better protected from unstable conditions in the cavern. As
a consequence, the optimal filtering coefficients were recomputed and the factor convert-
ing ADC to MeV was divided by 0.919 [15].

Date # of runs Tile Trigger Triggered # of cells with E> 500 MeV
in 2007 (Run #) (Figure 6.6) Evts (×103) (Analysed evts)

Barrel End-cap

29/06-07/07 5 (14066→14848) EBA 11.2 0 (0%) 490 (100%)
06/10-09/10 6 (23381→24609) LBA, LBC, EBA 71.4 1276 (52%) 593 (100%)
14/10-16/10 6 (24847→24874) LBA, LBC, EBA 66.3 1775 (42%) 373 (68%)

Total 17 – 148.9 3051 (44%) 1456 (86%)

Table 7.1: Characteristics of cosmic runs used in the analysis: run #, trigger set-up,
statistics and number of cells with E> 500 MeV (see text for more details). For technical
reasons (castor access) and lower statistical limitations, only half of the statistics has
been reanalysed for the barrel, whereas almost the completestatistics has been analysed
for the end-cap.
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7.1.2 Selection criteria

Unless stated otherwise, the energy is reconstructed with 5samples OFC2. The conver-
sion factor from ADC counts to MeV, presented in Figure 7.1, is computed by factorising
the cell gain,

Mphys
Mcali

, the injected current from the calibration and the samplingfraction. A
good agreement is obtained with the foreseen values [35].
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Figure 7.1:ADC to MeV conversion factor, F(ADC-MeV), as a function ofη for front
(red down triangles), middle (black squares) and back (blueup triangles) cells. All points
have been averaged overφ. High gain and the reference input set of Table 5.1 are used.

To minimize the fluctuations in the signal reconstruction, the energy deposited per
cell should be well above the noise. On the contrary, for statistical reasons, the present
analysis can not be performed if the threshold on the energy is too high, and a good com-
promise is found by requiringE > 500 MeV. At this stage, the OFC phase of each cell
should be known,i.e. the iterative process to determine∆t in Equation (4.2) should have
converged (|∆t|< 1ns). Thanks to the ”high” energy cut, more than 99% of the cells fulfill
this condition. Failing cases are mainly due to a badly adjusted latency (maximum of the
pulse in the first sample).

One of the main difficulty of this analysis is to reject the cells wrongly selected
as high energetic cells due to high noise or incorrect pedestal subtraction. A simple and
robust criterion to tag this fake cells is to impose that a given cell is selected only once per
run, reflecting the very low probability that randomly produced bremsstrahlung photons
deposit their energy in the same cell twice per run. As only high gain is available, cells

2The same calibration constants (pedestal, autocorrelation matrix, ramp) are used for all runs.
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with more than 2500 ADC counts3 after pedestal subtraction are also rejected to avoid
saturation effects. After this selection,∼1500 cells are selected in the end-cap and∼3000
in the barrel (Table 7.1).

7.1.3 Map of selected cells

The mapping of the selected cells is presented in Figure 7.2 in the front-end electronic
boards (FEB) coordinates, and Figure 7.3 in theη−φ plane for each layer. In both barrel
and end-cap, the statistics is almost equally spread in eachFEB slot corresponding to the
second layer4. The increase in top and bottom regions5, due to the down-going cosmic
direction, is clearly visible.
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Figure 7.2:FEB slot - Feedthrough (FT) number mapping of high energeticcells in the
barrel C (left), A (middle) and end-cap A (right). Crosses indicates the unplugged elec-
tronics in the barrel and empty slots or HEC/FCAL slots in theend-cap.

The energy distribution of the selected cells is shown in Figure 7.4 for the three
layers of the barrel (left) and the end-cap (right). In the barrel, 80% of the statistics is
concentrated in S2, the rest being shared between S1 and S3. In the end-cap, S2 cells
represent only 2/3rd of the statistics, because of the non-projective situation(the photon
sees the cell size in theη−φ plane and not the cell depth). The average energies of all
distributions are around 1.5 GeV. It can be noticed that, given the smallη size of S1 cells,

3This corresponds roughly to 6 GeV in S1, 35 GeV in S2 and 17 GeV in S3. (CHECK)
4FEB slot≥ 11(10) in the barrel (standard end-cap) crates. In special (HEC) crate FT 2, 9, 15, 21 (3,

10, 16, 22) it corresponds to slot number 3, 4, 10, 11, 14, 15 (2).
5FT 5-10 (4-8) and 21-26 (17-20) for top and bottom in the barrel (end-cap).
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Figure 7.3:η−φ map of high energetic cells in S1 (left), S2 (middle) and S3 (right) for
|η| < 3.2. Crosses indicates the unplugged electronics in the barreland empty slots or
HEC/FCAL slots in the end-cap.

the selection generally involves a group of cells per event,rather than isolated cells like
in S2 or S3, as seen in Figure 7.3. This is illustrated in Figure 7.5, where a high energetic
shower (E> 200 GeV) illuminates more than 50 S1 cells atη ∼ 1.8.

7.2 Comparison of predicted physics pulse shapes with
data

This section presents the first check of the signal reconstruction performed over the full
calorimeter coverage. The method is first explained, and thepulse shape predictions are
then systematically and quantitatively compared to the cosmic data. Finally, a focus is
made on the drift time impact.

7.2.1 Method to superimpose predictions and data

To compare the predicted physics pulse shapes (normalized to one) with the data for
all selected cells, the first step is to multiply the prediction by the maximum amplitude
computed for each cell. Because of different FEB timings andasynchronous muon arrival
times, a global time shift is then determined for each cell byminimizing the followingχ2
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through an iteration by steps of 25 ns :

χ2 =
n

∑
i=1

(

Adata
i −Amax∗gphys

i

σnoise

)2

(7.1)

wheren is the number of samples considered,Adata
i is the amplitude of each samplei in

ADC counts for data,Amax is the maximum amplitude defined in Equation (4.6) andgphys
i

the predicted physics pulse shape defined in Equation (4.2).Finally, σnoisecorresponds to
the noise for a single sample in ADC counts6.

After this time adjustment, data and predictions can be compared. Figure 7.6 shows
typical physics shapes for each sampling (S1, S2 and S3 from top to bottom) in the barrel
(left) and in the end-cap (right). For 5 sample pulse shapes,the predictions agree nicely
with the data in the raising and falling edges of the pulses. More quantitative conclusions
are drawn in section 7.2.2. For 25 samples, apart from the systematic bias observed around
the maximum, a fair agreement is visible in the falling edge and in the undershoot, except
for the highest sample numbers, which was already reported in [15]. A more quantitative
discussion on these points is proposed in section 7.2.4.

6Approximately, 9/3/6 ADC counts in S1/S2/S3 for|η|< 2.5 and 6/5 ADC counts in S1/S2 for|η|> 2.5.
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Figure 7.6:Typical cell response in high gain to high energy deposits inthe barrel (left)
and end-cap (right) layers (S1, S2 and S3 from top to bottom).The blue (resp. black)
curves correspond to the predicted pulse shapes using 5 (resp. 25) samples.



7.2. COMPARISON OF PREDICTED PHYSICS PULSE SHAPES WITH DATA77

7.2.2 Quality of the predicted pulse shapes

Theχ2 proposed in Equation (7.1) can also be used to perform a systematic quantitative
comparison between data and pulse shape predictions over the full η coverage. By con-
struction, this estimator of the prediction quality depends on the square of the energy.
To allow a comparison between barrel and end-cap, whose energy spectra per layer are
different (Figure 7.4), it is divided by the square of the reconstructed amplitude,Amax

2.
Moreover, only 5 samples (n= 5) are considered, as this is what will be used to reconstruct
the energy in ATLAS. The comparison with 25 samples will be presented in section 7.2.4.

Results for this estimator of the data/prediction comparison, χ2/Amax
2, are shown

in Figure 7.7 as a function of the energy for the three layers in the barrel (left) and in the
end-cap (right). It is fitted by the following simple function, which allows a very good
modeling in all layers of the barrel and end-cap parts :

χ2

nsamples×Amax
2 =

p0

E2 + p1 (7.2)

The first term, dominating at low energy, is due to the gaussian noise fluctuation for
each sample. It is hardly visible in S1, as the noise in this sampling is lower and already
negligible for a 500 MeV energy deposit. The second term, dominating at high energy
where the noise contribution can be neglected, reflects the quality of the predicted shape
as compared with the data. The results are only slightly better in the barrel compared to
the end-cap. This is the first proof of the quality of an ATLAS-like signal reconstruction
in the end-caps, despite its challenging aspect. This is also illustrated in Figure 7.8, which
shows the pulse shape prediction qualityχ2/Amax

2 as a function ofη between 0 and 3.2
for the three samplings7. These results are obtained by applying a lower energy cut (0.5,
1.5 and 1.2 GeV in S1, S2 and S3 respectively), to minimize thenoise contribution, and
an upper cut (2500 ADC counts) to avoid high gain saturation.Again, a smooth behavior
is obtained with only slight differences between barrel andend-cap. This assesses the
coherence of the signal reconstruction quality, using 5 samples as foreseen in ATLAS,
over the complete calorimeter coverage 0< η < 3.2.

It is finally worth mentioning that the computation of theχ2 proposed in Equa-
tion (7.1) will be performedon-lineabove a given energy threshold in the Read-Out Driver
modules [36], to control the quality of the signal reconstruction in all cells. This will be
useful to mask the most problematic channels, as it was done in this analysis : a few
cells exhibiting a too largeχ2 have been removed from Figures 7.7 and 7.8. The reasons
leading to these bad physics shape data will be investigated.

7The absolute values of the quality estimator depend on the injection resistors, which are different
between samplings.
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Figure 7.7:Estimatorχ2/Amax
2 of the quality of the predicted physics pulse shape as a

function of the energy for the barrel (left) and the end-cap (right) in S1, S2 and S3 (top to
bottom). 5 samples and high gain are used. The function used for the fit corresponds to
Equation (7.2).
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7.2.3 Main systematic uncertainty in the end-cap signal reconstruc-
tion

The main uncertainty from the input parameters concerns theresonance frequency values
ω0, for which the disagreement between different measurementmethods can reach up to
10-15% (section 5.1.4). To estimate quantitatively the impact of this uncertainty on the
energy reconstruction, two sets of optimal filtering coefficients have been built (reference
set and set 2 of Table 5.1). The relative difference between energies reconstructed with
these two sets is shown in Figure 7.9(a) as a function of the relativeω0 difference. A lin-
ear dependence is fitted, with an energy bias around 0.05% perpercent ofω0 variation8.
At maximum (15% uncertainty onω0), the related systematic uncertainty on the energy
is of the order of 0.5%.
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Figure 7.9:(Left): relative difference between energies reconstructed with the two sets of
optimal filtering coefficients, as a function of the relativedifference between their input
resonance frequencies. A linear fit is superimposed. (Right): Estimatorχ2/Amax

2 of the
quality of the predicted physics pulse shape for S2 in the end-cap, as a function of the
energy, for the two sets of optimal filtering coefficients (closed symbols for reference set
and open symbols for set 2). The fit is performed on the data from the second set.

Trying to use cosmic data to discriminate between both sets of OFC for the end-
caps, the study comparing data and pulse shape predictions presented in section 7.2.2
has been done using both sets ofω0 values. The estimator of the pulse shape predic-
tion quality,χ2/Amax

2, is shown for S2 in Figure 7.9(b) as a function of the energy for

8This is in good agreement with [11], which reported a∼ 0.05% amplitude variation for a 1%ω0

variation in the barrel.
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both sets. No significant differences are found within the available statistics, which is
too low to perform aη-dependent analysis. HighpT isolated electrons from LHC data
will be mandatory to go further and improve theω0 knowledge below 5%, reducing the
systematic error on the energy to less than 0.2%.

7.2.4 Influence of the ion drift time on the pulse shape description
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Figure 7.10:Typical S2 cell responses in high gain to high energy deposits in the end-cap
at differentη values. The black curves correspond to the predicted pulse shapes using 25
samples. For eachη, the ion drift time, reflected in the undershoot duration, isindicated.

The previous sections focused on the quality of the pulse shape prediction with 5
samples, that will be used to reconstruct the energy in ATLAS. The inspection of the pulse
part between the 5th and the 25th samples, including the negative undershoot, allows to
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go one step further, as it permits to investigate in more details the quality of the input
parameters needed to predict the shape. For instance, the undershoot duration is directly
linked to the drift time. This is illustrated in Figure 7.10,where typical cell responses are
superimposed to the 25 samples predicted pulse shapes. For increasingη, the reduction
of the undershoot duration due to the steep decrease of the ion drift time (Figure 5.3) is
clearly visible.

As a consequence, the description of the part of the pulse shape after the 5th sam-
ple is more difficult, especially in the end-cap. This is alsoclearly seen in Figure 7.10,
where the undershoot prediction is systematically below the data. This induces a bias
on the amplitude reconstruction when a large number of samples is used9. To quantify
this bias, Figure 7.11 (left) shows the relative differencebetween energies reconstructed
with 25 or 5 samples in the barrel (open symbols) and in the end-cap (closed symbols).
As expected, the bias is independent on the energy. It is around −3% in the barrel, in
good agreement with what has already been reported in [15]. This is almost double in the
end-cap, reflecting the difficulty to keep completely under control the steep variations of
the signal reconstruction input parameters over theη-coverage (section 5). This is also
seen in Figure 7.11 (right) that shows the bias from pulse shape residuals as a function of
η. Flat in the barrel, as expected, the bias is reduced for increasingη in the end-cap outer
and inner wheels. This reflects the decrease of the undershoot duration, which lowers its
impact on the reconstructed energy.

As discussed above, a precise determination of the drift time variation alongη could
improve the pulse pulse shape description between the 5th and the 25th samples. In the
end-cap, the previous measurements were obtained by fitting125 ns physics pulse shape
in electron beam tests with a∼ 10% precision (section 5.1.3). It is therefore interesting
to extract the drift time from cosmic data looking at the 800 ns shapes. This can be done
either by measuring the undershoot duration, or its relative height amplitude.

The undershoot duration is estimated by computing the difference between the time
of the first sample with negative amplitude (or the sample with absolute amplitude below
-2σ of the noise) and the first sample with positive amplitude after the undershoot (or
the sample with absolute amplitude above−2σ of the noise). The latter may not exist
for cells with high drift time values or for prediction with 25 samples (see Figure 7.6),
and 32 samples are therefore used for this exercise. However, the measurement with data
is spoiled by the low statistics of events with high enough energies and the associated
time jitter, preventing an accurate determination of the drift time. The latter can also be

9By construction, positive and negative areas of the pulse are equal.
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Figure 7.11:Relative energy difference between reconstruction with 25and 5 samples in
S2 as a function of the energy reconstructed with 25 samples (left) and as a function of
η (right). In the left plot, open (closed) symbols represent barrel (end-cap), and p0 is the
result of a fit with a constant value.

correlated to the relative height amplitude of the undershoot r :

r =

AOFC5s
max + |1n

n

∑
i=1

Ai
min|

AOFC5s
max

(7.3)

wheren = 5 is the number of samples used to estimate the average of the undershoot
height10. Figure 7.12 showsr as a function of the input drift time in the end-cap and
in the barrel, as obtained with data and with the predicted physics pulse shapes. The
barrelr value is higher than for the end-cap, reflecting the shape difference in the falling
edge (between the 5th and the 9th samples) observed in Figure 7.6, which is linked to
different capacitance values and signal cable lengths. In the end-cap, a linear behavior
betweenr and the input drift time is observed, both for data and predictions. Data derived
r values are systematically lower than those from the pulse shape prediction. This suggests
that the input drift time has been systematically underestimated, as already inferred from
Figure 7.10. However, the statistics is too poor to deconvolute all second order effects
(electric field variation withη, LC dependence, non-projectivity of energy deposits, . . . )
and extract an enough accurate measurement usable for the signal reconstruction.

10The sampleA1
min is located 50 ns after the first sample with negative amplitude.
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Chapter 8

Conclusions

As part of the calibration procedure of the ATLAS Electromagnetic Calorimeter, Optimal
Filtering Coefficients have been computed for all channels of the End-Cap Electromag-
netic Calorimeter (EMEC), to be used in any physics analysisto obtain the energy in
calorimeter cells. This computation needs the knowledge ofthe response pulse shape to
ionization (physics).

This shape has been predicted from the calibration pulse shape, using the RTM
method to determine some electrical properties of the calibration system and of the calorime-
ter cells. This is the first time this procedure is applied to the EMEC. The quality of the
prediction has been checked using cosmic muon data.

For the first time, a complete analysis of cosmic muons has been performed for the
whole EM Calorimeter, barrel and End-Caps, selecting thosemuons with high energy
deposits. A good agreement between the predicted pulses andthe muon data pulses have
been found for the 4500 cells analysed in the whole EM Calorimeter, almost 1500 of them
in the EMEC.

This is the first proof of the quality of an ATLAS-like signal reconstruction in the
end-caps, despite its challenging aspect (more complicated geometry andη-dependence
electrical parameters), and gives confidence that the energy reconstruction is in good con-
trol over the complete calorimeter coverage−3.2 < η < 3.2.
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