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Chapter 1

Introduction

In the 20th century, particle physics experiments havegmarucial for our understand-
ing of nature. Particle accelerators like the Large Hadroltider (LHC) boost subatomic

particles to nearly the speed of light, before letting theflide. The extreme energy den-
sities in these collisions are similar to those that exigigtlafter the Big Bang, when the
universe was created. Hence, the LHC results may give sgis lon the understanding
of the early stages of the Universe.

The particles that are created in the collisions are dedduyea particle detector.
These detectors are extraordinarily complex, requiriregyef research and development.
The work of the present "tesina” is related to one of the galrmrrpose LHC experiments,
ATLAS, and in particular, it is about the calibration of thguid Argon Electromagnetic
Calorimeter using cosmic muon data.

The EM calorimeter is installed in the ATLAS cavern sinceeinel of 2006. Before
the LHC start, the main challenge is to operate coherersthy it 70000 channels, which
implies the commission of the associated electronics, ¢éberchination of the calibration
constants, the reconstruction of the signal amplitude feodigital filtering technique
(Optimal Filtering Method) and the development of automratlgorithms among other
tasks.

Many of the physics process to be measured in ATLAS from prgimton collision
will have electrons or photons in the final stateiggs — yy, Higgs — ee efe™ or
Z' — ete  are some examples among them. The measurement of the endrdiyection
of these final state particles put strict requirements inctivestruction and calibration of
the Electromagnetic Calorimeter. In particular a very gemphal reconstruction, at the
level of 1%, is demanded.

The signal reconstruction method, adopted for the ATLAS Eteanagnetic Calorime-
ter, is based on an accurate knowledge of the calorimetky pedperties and the elec-
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tronic chain characteristics [l11]. It has been checked aneld in the past using electrons
beams of known energy for the Electromagnetic Barrel (EMBJo@meter [12[14]. In
this "tesina” the signal reconstruction method is appliedthe first time to the End-Cap
Electromagnetic Calorimeter (EMEC) and tested using cosmion data.

At present, cosmic muons are the only possible real datadéfie starting of the
LHC. They have been used recently for doing some uniforntitgies and timing per-
formance in the EMB Calorimeter [IL5]. Other sub-detectqrerational in the ATLAS
pit can be used as trigger for these muons. In particulahamptresent work the trigger
was defined by the Hadronic Tile Calorimeter (TileCal), wh&urrounds the EMB and
EMEC calorimeters. In contrast to the EMB calorimeter, theoms entering the EMEC
are not projective to the nominal ATLAS center (or nominaénmaction point). As a con-
sequence only muon events with high energy deposits, ftanos those which radiate a
bremsstrahlung photon in their way through the calorimeterduce a detectable signal
in the EMEC. The photon generates an electromagnetic castaalcertain location in-
side the calorimeter with enough energy deposition for thpgse of the present studies.
The number of such muons is however a small fraction of thed toggered by the Tile-
Cal. These events are selected and analysed in both partsaaMBEMEC for the first
time.

The EMEC, much less tested so far, will have the main focukiganalysis. How-
ever, a detailed comparison between EMEC and EMB is alsagedywhich is particu-
larly important as:(i) the same reconstruction scheme will be applied for the bane
the end-cap partsii ) the geometry of the latter is more complicated than the fomit
the consequence that most electrical parameters vary bst@ 2 3 over the end-cap
n-coverage, whereas they are almost constant in the bamtel fais requires intensive
cross-checks to avoid any systematic bias.

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

The outline of this "tesina” is as follows. In Chapfdr 2 an mwew of the ATLAS
experiment is given. Chaptér 3 recalls the main charatiesiand specificities of the EM
calorimeter. Chaptéd 4 describes the algorithms used tett@nstruction of the signal in
the EM calorimeter. Chapt€l 5 details the inputs neededhfsignal reconstruction and
estimates the calibration bias and the noise reductioredirit the method. In Chaptédr 6
some generalities about cosmic muons and the ATLAS setujnéomuon tests are cov-
ered. Chaptdi7 gives the results of the quality checks padd with the cosmic muon
data. Finally, Chaptdid 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 maiocalerator complex.
It is currently under construction in the same tunnel thas wsed for LEP accelerator,
which was decommissioned in 2000. The LHC will accelerate ¢aunter-rotating pro-
tons beams to an energy of 7 TeV, which will collide head-dioat points along the ring.
The resulting interactions have an unprecedented centeas$ energy of 14 TeV, which
will allow physicist to study new field of physics. The startis scheduled for summer
2008.

The acceleration of the protons starts at a dedicated lawzmlerator (linac), which
accelerates bunches of #@rotons to an energy of 50 Mev. These bunches are then
transferred to the PS Booster (PSB), where the energy isased to ¥4 GeV. The energy
is further increased to 26 GeV by the Proton Synchrotron.(F8¢ protons are then
injected into the Super Proton Synchrotron (SPS) wheredhewnccelerated to 450 GeV.
Finally, the SPS injects the protons clockwise and coucitakwise into the LHC ring,
where they are accelerated to their final energy of 7 TeV. Nlwaia 1200 dipole magnets
are installed along the LHC ring to keep the protons on tracthe ring. The dipoles
provide a magnetic field of up to 9 Tesla. The main parametietiseoLHC accelerator
are given in tablE211.

Like its center of mass energy, the luminosity of the LHC soalnprecedented for
a proton collider. The luminosity is defined as the numberrofgns that pass by, per unit
area, per unit time. The higher the luminosity, the more@rgiroton interactions per
second will occur. At the LHC design luminosity of cm~2s~1, on average about 27
interaction will occur per bunch crossing, with a bunch spgof 25 ns. Thus the number
of proton-proton interactions per second will be around. 18uch high luminosity is

7
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needed because many interesting physics processes at endétgy have very small
cross section, 1 pb or less (1 pb=£0cn?).

| 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
K

Helium temperature 1.9
Coil aperture 56 mm
Distance between apertures 194 mm
Luminosity 103 [ cm?st
Luminosity lifetime 10 h
Bunch spacing 25 ns

Particles per bunch 10t
Bunches per beam 2808

Table 2.1:Main LHC parameters

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

The LHCDb experiment is dedicated to the study of CP-viotatiothe B-system,it
is therefore optimized for the detection of B-mesons. LHEsus low luminosity beam
of about 162 cm—2s~1, by defocusing the proton beams near the interaction p®inis
is needed because the production and decay vertices of thesBns are difficult to re-
construct if there is more than one interaction per bunchsing.

The ALICE experiment focus on the study of the quark-gluaspia, by measur-
ing the particles that are produced in heavy ion collisiofise quark-gluon plasma is a
hadronic state where quarks and gluons are not in boundlg&ggrotons anymore, but
move freely in the plasma. It is expected that the extremeggraensities in the heavy
ion collision is sufficient to create this state of matterddraction of a second.



2.2. THE ATLAS EXPERIMENT 9

2.2 The ATLAS experiment

The ATLAS detector is currently under assembly at 'pointii& interaction point near the
CERN Meyrin site. Like most colliding beam experiments i lagproximate cylindrical
symmetry. The detector is organized in a central barrel wllee detection elements
form cylindrical layers around the beam pipe, and two erusaaganized in cylindrical
wheels. Figur€2Z]1 gives an overall view of the detector.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
Figure 2.1:0verview of the ATLAS detector. The various subsystemdiesveindicated

The cylindrical symmetry makes a polar coordinate systesfulisThe direction of
the proton beams is the z-axis, being zero the ATLAS centaporinal interaction point
and positivez values corresponds to the side where the End-Cap A is locatedorigin
for the azimuthal angle®) points to the center of the LHC ring-axis), while the origin
of the polar angl® is the positivez-axis. Instead of the polar angdethe pseudorapidity
n = —log(tan(6/2)) is used. The pseudorapidity is a convenient quantity becthes
particle multiplicity is approximately constant as a fuootof ). The name comes from

the fact that the pseudorapidity of a particle in the masdiest is equal to the rapidity

_1 E+p;
y= IogE_pz.

ATLAS consist of three subsystems. The inner-most systetimeisnner detector,

which detects the track of changed particles. The enerdyeobarticles and jets are mea-
sured by the calorimeters, which are built around the ine&zator. And in the outer-most
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part, the muon spectrometer to detect the muons, which sbhapalorimeters. ATLAS is
45 meters long and 22 meters high, which makes its volumeder of magnitude larger
than previous collider experiments. This is a direct conseqge of the 14 TeV center
of mass energy of the LHC beams. The large volume give th&draa long level arm,
which improve the momentum resolution, particularly athigomenta. Thick calorime-
ters are required to fully contain the shower in the calotemeand reduce the amount of
punch-through into the muon chambers to a minimum. Fastrel@cs are required to
"keep up” with the bunch crossing rate, which is also highantin previous experiments.

A large number of particles is expected to be produced in téop collisions.
Many of those particles are grouped into jets. Since jesnoftave a large boost, the
particles in a jet are nearly collinear. A detector with fimargularity is required to dis-
tinguish particles within a jets. Since the particle flux dases as a% the requirement
of granularity become less important for the detector el@mhat are further away from
the interaction point.

The basic design criteria of the ATLAS detector are:

e \Very good electromagnetic calorimeter for electron andt@hadentification and
energy measurement, complemented by full-coverage hedcalorimetry for ac-
curate jet and missing traverse-energy measurements;

e High-precision muon momentum measurements, with the dayatf guarantee
accurate measurements at high luminosity using the externan spectrometer;

e Efficient tracking at high luminosity for momentum measuegrnof highpr lep-
tons, electron identification;lepton and heavy-flavor identification, and full event-
reconstruction capability.

e Large acceptance in pseudo-rapidity with almost full azhmtiangle coverage ev-
erywhere.

e Triggering and measurements of particles at lpywthreshold, providing high effi-
cient for most physics processes at LHC.

2.2.1 Inner Detector

The Inner Detector(ID) systerhi[2] covers the acceptancgeary] < 2.5, matching that

of the rest of the ATLAS sub-detectors for precision physidse 1D, thanks to the tracks
bending provided by the solenoid magnet, is responsiblestasure the momentum of the
charged particles coming from the interaction point. Thgetwith the electromagnetic
calorimeter, it provides the identification of electronsl gotons. Its tracking capability
allows to reconstruct secondary vertex from the decayl@btons and b-flavored hadrons.
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Barrel SCT

Pixel Detectors
Figure 2.2:Tridimensional cut-away view of the ATLAS inner detectstesy

The ATLAS ID tracking system (figured.2) is composed of thdééerent subde-
tectors layers:

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

e The Semiconductor Tracker (SCT)is a silicon detector located in the radial range
between 22 and 5ém It is divided in barrel and end-cap parts. The barrel uses 4
layers of silicon micro-strips to provide precision poiimtspace.

e 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 argagire Xe/CO,/Os.
The straws are interleaved with polypropylene foils for ithentification of elec-
trons through the transition radiation effect.

2.2.2 The calorimeters

The calorimetry system in the ATLAS detector identifies anelasures the energy of
particles (both charged and neutral) and jets. It also teteissing transverse energy by
summing all the measured energy depd&i*sS= /(5 Ercosp)? + (3 Ersing)2, where
Et = Eceil COYBcel)-
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The calorimeters contain dense materials (absorber) had@ase an incoming par-
ticle to initiate a shower. Particles that are created is shiower are detected in the active
material, which is interleaved with the absorbers. Thel wgmnal in the active material
is proportional to the energy of the incoming particle. ATRAises two types of active
material: liquid argon (LAr) and scintillating plastic. @tged particles that traverse the
liquid argon create charge by ionization, which is colldote readout electrodes. The
scintillating plastic is doped with fluorescent dye molesylwhich emit light when the
atoms in the plastic are excited by the crossing of a chargdct|e. This light is detected
and amplified by photomultiplier tubes. For the absorbeverse different types of mate-
rial are used, depending on factors like space constramdtease of manufacturing: lead,
iron, copper and tungsten. The location of the calorimateshown in figurd—2]3. The
pseudorapidity coverage by the whole calorimetry systejm|is: 4.9.

Heod Tiles

NI

i
_

Barrel
cryasiat =I

Figure 2.3:Right side’s schematic view of the calorimeter systems LoAST

The electromagnetic calorimeter

The electromagnetic calorimetér [3] identifies electrond photons and measures their
energy. It consists of a barrel €Q|n| < 1.475) and two end-caps @75< |n| < 3.2). It
uses liquid argon as the active medium and lead absorb&smatthe passive medium.
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The lead plates are folded into an accordion shape. Thisguoation prevents cracks
along @, which would degrade the energy resolution. The readoutrelées, made of
copper and kapton, are installed between the lead plates.

The electrodes are separated from the lead by spacer m@steegemaining space
is filled with liquid argon. The argon is cooled by a cryostatem; the barrel part shares
the same cryostat vessel with the solenoid magnet. Thel laaend-cap modules are di-
vided into three longitudinal compartments (samplingsle Tront compartment is finely
segmented ifn|, which makes a goog/ p ande/tseparation possible. The middle com-
partment is the deepest, hence contains most of the shoeryyegenerated by incident
electrons or photons. The last compartment is used to cdenble energy measurement
of showers for higher energies and for estimations of leakshind the calorimeter. In
the following chapter is given a detailed description of lthe Calorimeter.

The hadronic calorimeter

The hadronic calorimetef][4] is built around the electrometa calorimeter. It will
measure the energy and direction of jets of particles, fdrimg the hadronization of
qguarks and gluons, and by hadronically decayirdeptons. The barrel part, called the
tile calorimeter, consists of a central barrel<{0n| < 1.0) and two extended barrels
(0.8 < |n| < 1.7). The tile calorimeter uses iron plates as the absorbachwdiso serve
as the return yoke for the solenoid magnet. The active meduormed by scintillator
plastic tiles, which are read out on both sides by opticar$éib@&he tiles are placed radi-
ally, normal to the beam line, and are staggered in depths @s# formed by grouping
tiles together. The calorimeter has three compartmentsiopbngs in depth read out
independently. The readout cells are approximately ptwgdto the interaction point,
and have a granularity @n x 6@ = 0.1x 0.1 (0.2 x 0.1 in the third sampling). The total
number of channels is about MO.

The end-cap hadronic calorimeter uses liquid argon teclgypbecause of its higher
radiation tolerance. It uses 25 and 50 mm copper plates abdweber material, arranged
in a parallel-plate geometry. The 8.5 mm gaps between thperqpates have three par-
allel electrodes, thus dividing the gap into four 1.8 mmtdsffaces. Smaller drift spaces
require a lower voltage (typically 2 kV instead of 4 kV) whicbduces the risk of ion
build-up and discharge currents. Hadronic showers are hongjer than electromagnetic
showers, and also much wider. Therefore the hadronic caéter needs to be much
thicker than the electro-magnetic calorimeter. The tdtalkiness of the calorimeters is
more than 18, whereA is the interaction length (the mean free path of a hadron be-
tween two interactions). This is sufficient to stop almoktled particles that are created
in the shower, except muon and neutrinos. However, the ioadtoers produce a large
background for the muon detector, that consists mainly @ftfalized slow neutrons and
low-energy photons from the hadronic shower. The Hadromd-Eap calorimeter is
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segmented longitudinally in 4 compartments.

The forward calorimeter

The forward calorimeter (FCAL) is a copper-tungsten cahatier. It covers the region
3.1 < |n| < 4.9. Itis split longitudinally into an electromagnetic comjpaent, and two

hadronic compartments. The copper and tungsten have aregud of holes that hold
the tube- and rod-shaped electrodes. The space betwearbt#eand rods is filled with
liquid argon. The FCAL is integrated in the same cryostatheseiectromagnetic and
hadronic end-cap calorimeters.

2.2.3 The muon spectrometer

The muon systeni [5] is by far the largest subdetector in ATLABh—pr muons are
a signature of interesting physics, therefore the muomgérn@nd reconstruction is very
important. The muon system is designed to achieve a momeamtswiution of 10% for 1
TeV muons. FigZ}4 gives an overview of the detector layout.

- Cathode strip
Resistive plate chambers

chambers

Thin gap
chambers

Monitored drift tube
chambers

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

The magnet system in the muon detector is completely indbgerirom the inner
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detector. It consists of eight superconducting coils inktheel, and one eight coils each
toroid per end-cap. The magnet is an air-core magnet sysenthe space between the
coils is left open. Filling this space with iron would enharthe field strength and would
also make the field more uniform, but it would also induce ipldtscattering that would
degrade the momentum resolution. The air-core system haseaage field strength of
0.5 T. Four types of detection chambers are used in the musieray Monitored Drift
Tube (MDT) chambers, Resistive Plate Chambers (RPCs), Gamjm Chambers (TGCs)
and Cathode Strip Chambers (CSCs). The MDT chambers prpugdése muon tracking
and momentum measurement. The chambers consist of alumtnhes with a 30 mm
diameter and a central wire.A muon that crosses a tube waitlyore ionization clusters in
the gas Ar/COy), which will drift to the wire. The distance between the mwomd the
wire is determined by measuring the drift time of the firststéur that reaches the wire
and passes over a threshold. The resolution on the dritirtistis around 8Qm In the
inner-most ring of the inner-most end-cap layer, CSCs agd usstead of MDT chambers
because of their finer granularity and faster operation.yTre multiwire proportional
chambers. The precision coordinate is read out with catbtyges, the second coordinate
is read out using strips which are parallel to the anode wWoghogonal to the cathode
strips). The spatial resolution on the precision coordinataround 6Qum The RPCs
and TGCs are the muon trigger chambers in ATLAS. Their tasige to identify the
bunch crossing to which a trigger belongs. Their adequaséipo resolution (about 1
cm) and excellent time resolution (about 2 ns) make them sweted for this task. The
TGCs are multiwire proportional chambers. The positionsneament in these chambers
is obtained from the strips and the wires, which are arramggdoups of 4 to 20 wires.
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Chapter 3

ATLAS Electromagnetic calorimeter

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

3.1 Performance requirements

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

e Rapidity coverage Searches for rare processes require an excellent covarage i
pseudorapidity, as well as the measurement of the missang\erse energy of the
event and the reconstruction of jets.

e Excellent energy resolutionTo achieve a 1% mass resolution for tHe— yy and
H — 2et2e in the range 114 my < 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%.

e Electron reconstruction capability from 1GeVto 5TeV. The lower limit comes
from the need of reconstructing electrons frompuark decay. The upper one is set
by heavy gauge boson decays.

e Excellenty/jet, e/jet, 1/jet separation which requires again high transverse
granularity and longitudinal segmentation.

e Accurate measurement of the shower position The photon direction must be
accurately reconstructed for the invariant mass measuramie — yy decay. This

17
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implies a very good transverse and longitudinal segmeze]1|t5;);}s)llwq'1itkzJI a measurement
AR : ra

of the shower direction i@ with an angular resolution of JEGeV)

e Small impact of NoiseThe impact of noise on the calorimeter performance must
be as small as possible. At LHC, contributions to the caletenresolution from
noise arise from pile-up and from the electronic noise ofrdelout chain. These
contributions are particularly important at low enerdyy € 20 GeV) where they
can dominate the accuracy of the calorimeter energy andigosneasurements.
Minimization of the pile-up noise requires fast detect@p@nse and fast electron-
ics; minimization of the electronic noise requires highocaheter granularity and
high-performance electronics.

e Resistance to radiationThe EM calorimeters will have to withstand neutron flu-
encies of up to 18 # and radiation doses of up to 200 kGy (integrated over ten
years of operation).

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

e Linearity Itis necessary to obtain a linearity better thahog.

In order to fulfill these requirements precise optimal fitigrcoefficients (OFC)
must be determined, which imply an accurate knowledge optlige shape response of
every calorimeter channel. This will be discussed in negjptérs.

3.2 Generalities of the EM calorimeter

The electromagnetic (EM) calorimeter is a sampling caletan with lead as absorber
or passive material and Liquid ARgon (LAR) as an active makgi6]. An accordion
shape is given to all plates in order to avoid crack regiorestdicables and boards of the
readout. For the sake of clarity a photograph of the accarsi@pe corresponding to the
EMEC inner wheel can be seen in figlirtel 3.1. Particles woulddidént from left to right
on the figure.

The LAR ionization is collected by electrodes (at high vgéasituated in between
two absorbers (at ground); see Figlird 3.2. To keep the etiin the right place, honey-
comb spacers are located in between the absorber and thr@dédence, the calorime-
ter is stacked as a sandwich of absorber, spacer, elecspdeer, (next absorber), re-
peated along the azimuthal direction up to complete the evboverage.

The EM Calorimeter covers the whole range along the azinhgalirection and
between -3.2 and 3.2 along thedirection. It is divided in one barreH1.475< n <
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Figure 3.1: Accordion shape in EMEC inner wheel

Figure 3.2: Stacked layer. The electrode is placed in betwee absorbers.

19
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it)
Electrode

Figure 3.3: Picture of an EMEC electrode. The thin electrbde 3 layers separated
by Kapton isolation: two HV layers on the sides and one sidpgr inbetween which
capture the ionization signal by capacitance coupling..

1.475) [17] and two end-caps-B.2 < n < —1.375, 1.375< n < 3.2) [18] and is seg-

mented in depth in three compartments (see fifude 3.5). Theiso a thin presampler
detector in front of the calorimeter covering the reginph< 1.8, which task is to correct
for the energy losses of electrons and photons in the upstnezterial.

The Argon is kept liquid at a temperature f89°K through a cryogenic system,
being the EM barrel and end-cap calorimeters inside thepaetive cryostat vessels.

3.3 End-cap specifities

There are two EMEC cylinders in ATLAS located inside the Eag- Cryostat ar ~
+350 cm of the nominal interaction point. A picture of one EMBSide the End-Cap
cryostat can be seen in figurel3.4. Since the EMEC is a cytiabiwheel, the amplitude
of the accordion waves decreases wheancreases (when the radious decreases). Due to
mechanical constraints demanded by this accordion shageoad independent wheel is
needed to extend the coveraga)te- 3.2. Hence, there are two wheels, the outer wheel
from n = 1.375 ton = 2.5 and the inner wheel from = 2.5 ton = 3.2. The lead is
cladded by 0.2 mm thick steel to give it enough rigidity. Hoe buter wheel, the thickness
of the lead plates is 1.7 mm while the LAR gap thickness betvibe absorber and the
electrode decreases continuously from 2.8 mm(at 1.375) to 0.9 mm (af) = 2.5)
whenn increases. For the inner wheel, the thickness of the ledd9ia 2.2 mm while
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the LAR gap thickness between the absorber and the eleatlecteases continuously
from 3.1 mm (an = 2.5) to 1.8 mm (at) = 3.2) whenn increases.

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

To facilitate handling and logistics the EMEC cylinder igided into 8 octants or
modules (see figule=3.6). The 16 modules have been stackiee erPMI and uAME
clean rooms.

One module consists of 96 (32) layers for the outer (innegelktacked one on top
of each other. Each layer is a sandwich of absorber, spaapy), (@lectrode, spacer (gap).
The design is symmetrical ip and projective to the interaction pointin In particular
the cells drawn in the electrodes point to the nominal ATLA&Ifaction point.

1Centre de Physique des Particules de Marseille
2Universidad Autbnoma de Madrid
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Figure 3.5:Schematic view of an accordion calorimeter piece. A repreg®n 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 stagkieime of the UAM clean
room.
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3.4 Barrel specifities

The barrel electromagnetic calorimeter (EMB) is made ofthaif-barrels, centered around
the z-axis. One half-barrel covers the region @ < 1.475 and the other one the region
—1.475< n < 0. The length of each half-barrel is 3.2 m, their inner ane&pditameters
are 2.8 m and 4 m respectively.

__—— CRYOGENIC SERVICES

ATLAS LAr EM CALORIMETER
( barrel )

SIGNAL CHANELS =~ 10°

__——FARADAY CAGE

uii;g”ﬂ COLD—TO—WARM CABLE
'
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= ’,4 i .

PATCH PANNEL

ACCORDION

ELECTRODES SIGNAL CABLE

MOTHER BOARD
CALIBRATION

PRESAMPLER

SOLENOID
FEEDTHROUGH

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

Figure[3Y shows a diagram of one half-barrel. The direafdhe accordion waves
is indicated pointing to the axis as well as the calorimeter cells which points to the AT-
LAS center or nominal interaction point. The calorimeteiniside the cryostat vessel
which has two walls, warm and cold, separated with a vacuymf@aemperature isola-
tion purposes. The cables pass from inside to outside ofrflusitat vessel using special
feedthrough connectors which keeps the temperatureimoldn the "warm” part (out-
side the cryostat) crates are connected to the feedthrpowdich contains some electron-
ics boards: Front End Boards (FEB) and Calibration Boardsan also be seen in figure
B4 a tube on top of the cryostat through which the cryogeystesn injects the liquid
Argon.

The size of the LAR gap on each side of the electrode is 2.1 nimchrcorresponds
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to a total drift time of about 450 ns for an operation voltage2000 V. For ease of
construction, each half-barrel has been divided into 16 utes] each covering AQ =
22.5°. A picture of one EMB module is shown in figure13.8.

Figure 3.8: Picture of an EMB module.

3.5 Segmentation

The EM Calorimeter is segmented into cells along the two kmglirections,n and @,
and the longitudinal direction (calorimeter depth). Alotig calorimeter depth three
compartments are defined, by reading out three regions oflétrode independently,
namely: Front or S1, readout from the calorimeter front sMeldle or S2 and Back or
S3, both readout from the calorimeter back side (see flgie 3.

The granularity along) is also defined in the electrodes as copper strips using kap-
ton as electrical isolator between two strips. The size ohsirips depends on the com-
partment, being smallest in the S1 to allow for the sepamatifothe two photons from
the decay of a. A picture of an EMEC electrode (outer wheel) is shown in fefBD.

The angular variablg increases from right to left of the picture. The copper stape
clearly seen defining the granularity along thalirection. The three compartments in
depth, S1, S2 and S3, can be clearly distinguished as tha widhe strips changes from
one compartment to another.

The granularity along the azimuthaldirection is defined by connecting summing
boards to the electrode connectors, hence grouping thalsigg. For example, for the
S2 compartment of the EMEC, three consecutive electrosdesamected (are summed)
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Figure 3.9: Picture of an EMEC electrode of the outer whelke $egmentation alony
and the three compartments in depth, S1,S2 and S3, areyceari.

to obtain the desired granularity &fp= 0.025 radians, while 12 electrodes are connected
for the S1 compartment of the EMEC given a granularithef= 0.1 radians in this com-
partment. Figurd—3-10 shows some summing boards pluggée ieléctrode connectors
for the S1 compartment of an EMEC module. Tgdirection goes from bottom to top
of the picture, while the direction increases from left to right. The electrode catioes
can be distinguished in black between two absorbers. Thensugrboards grouped the
signals of 12 electrodes together in this example.

The electromagnetic calorimeter granularity is detailedable[3]l. In total the
number of cells or channels in the electromagnetic caldemie ~ 170000 (101760 in
barrel, 62208 in end-caps and 9344 in presampler).

3.6 High Voltage

The High Voltage (HV) between the electrodes and absorkegsnerated by some spe-
cial HV units outside the cryostat. The HV thin cables passugh some dedicated
cryostat feedthroughs to reach the HV boards on the caltenm& picture of one EMEC
HV board is shown in figure=311. It is plugged into some dedidaonnectors of the
electrodes. The direction goes from left to right angl increases from top to bottom in
the figure. There is one column of HV boards algmdirection per high voltage value
(per high voltage region).

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

| | | Front(S1) | Middle (S2) | Back (S3) |
In| <1.35 0.025/8 x 0.1 | 0.025x 0.025| 0.050x% 0.025
Barrel || 1.35<|n| <14 0.025/8 x 0.1 | 0.025x% 0.025 —
1.4<|n| <1475 |0.025x0.025| 0.075x 0.025 -
1.375< |n| < 1.425| 0.050x 0.1 | 0.050x 0.025 -
1.425<|n| <15 0.025x 0.1 | 0.025x 0.025 -

15<|n/< 1.8 0.025/8 x 0.1 | 0.025x 0.025 | 0.050% 0.025
End-caps| 1.8 < |n| < 2.0 0.025/6 x 0.1 | 0.025x 0.025 | 0.050% 0.025
20<|n| <24 0.025/4x 0.1 | 0.025x 0.025 | 0.050x 0.025
24<n| <25 0.025x 0.1 | 0.025x 0.025| 0.050x 0.025
25<|n| <3.2 0.1x0.1 0.1x0.1 -

Table 3.1:Granularity An x Agfor 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 thidsbetween absorber and
electrode) decreases continuously wimemcreases. The relation between the energy
collected by the calorimeteE] and the liquid Argon gap thicknesg)(is [6]:

fs

E~ gl+b

ub (3.1)

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

The decrease of the liquid Argon gap thickness wheincreases implies an in-
crease of the measured energy wjthlhis growth may be compensated by decrealing
continuously whem increases. For practical reasons a decreasing stepwiskoiumor
U is chosen defining seven HV sectors for the outer wheel andgséstors for the inner
wheel. The growth of the measured energy wijtlnside a HV sector is corrected by
software in the reconstruction phase of the signal, keethiag the required uniformity
of the calorimeter signal response.

In contrast, for the EM Barrel Calorimeter this problem does occur and, as a
consequence, the High Voltage between electrodes andoansas kept constant, being
the nominal value 2000 \olts.

The High-Voltage sector definitions, consequence of theaapdgeometry, is given
in Table[32.

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

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

n 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| 2.3-25| 2.5-2.8| 2.8-3.2

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

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

3.7 Electronics

The electric signal from the ionization of the Liquid Argoroduced by a charged particle
has a triangular shape, when representing the intensisyseime, with typical duration

of several hundreds nano-seconds. This signal pass thtbegtlectrode readout paths
to the Summing Boards and the Mother Boards on top of themglcables connect the
Mother Boards to the electronics outside the cryostat. Aupécof the Summing Boards
can be seen in figute-3110 and of the Mother Boards in figure 3.12
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Figure 3.12: Picture of one Mother Board of the front sidenaf EMEC.

A simplified schematic view of the calorimeter readout isvehon figure[3.1B.
The detector cell is represented by a capacit@heehere a triangular ionization signal
(Iif’,?ys(t)) is generated by the detected particle. Also linked to a tbelte appears an
inductancd. due to the electrode, the Summing-Board and a small porfitredVother-
Board. The signal travels through a28Bable in case of a middle or a back cell and &50
cable in case of a front cell. Immediately after the feedilgioof the cryostat the signal
enters a Front-End-Board (FEB) and pass through a threeshaiper with gain factors
1, 9.3 and 93 corresponding to low, medium and high gain ctsedy. The measured
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shaped signaj®™t) is sampled by a Switch Capacitor Array (SCA) located in th& FE
at a frequency of 40 MHz (equivalent to a period of 25 ns), thdahe nominal bunch
crossing frequency of LHC beams. The samples are digitixedMdCs located in the
FEB and the numbers are transmitted to the miniROD and the E#@puting system in
the control room (see figufe_3114).
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Figure 3.13: Diagram of the EM calorimeter readout insidedhtector.

~ Adiagram of one calibration line is also shown in figlire B AB.exponential signal
(Iiﬁj}“(t)) is generated in the Calibration Board playing the role efttiengular ionization

signal (p) of physics events. The signlﬁj‘“ pass the feedthrough to get into the cryostat
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and travels through a long cable up to the Mother-Board. Htbration signal sees the
detector cell as a capacitance and an inductance as indliodigure[3.IB. The response
to this injection signal continues through the same realiloeias the ionization signal to
reach the SCA. The output is again seven samples of the skapedg®(t) after being
digitized by the ADC.

The calibration boards allow to set the amplitude of injdcrterrentli‘ﬁf}” numer-
ically. A DAC unit, included in the calibration board, trdaems this number into an
analog amplitude. We will refer to this number as DAC valuée Talibration board is
equipped with a delay unit, which allows to delay the injextirom 0 to 24 ns in steps of
1 ns with respect to the leading edge of the 40 MHz cldgk4). The calibration pulse
g°@i(t) is obtained by representing the sample heights as a funotitay. B. These
delay runs were taken inbetween cosmic runs. Delay runsgin fmedium, low) gain
with a DAC value of 500 (4000,40000) units are consideredHersignal reconstruction

studies.

3.8 Some differences between EMEC and EMB

Some differences between EMEC and EMB relevant to the stfidyi® document are
summarized in table3.3.

| | Barrel | End-caps (outer wheel)
Gap (absorber-electrode) (mm 2.1 3.1t00.9
Bending angle9) 7010 90 60 to 120
Drift time (ns) 470 600 to 200
dE/dX sampling fraction (%) 25 or 28 30to 14
HV (V) 2000 2500 to 1000
S2 Cell inductancé (nH) 25t0 35 50to 20
S2 Cell Capacitance at col(pF) | 1400 or 1900 1200 to 600

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

4Every sample height is an average over 100 events taken foea delay
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Chapter 4

Signal Reconstruction Algorithms

The ATLAS Liquid Argon electromagnetic calorimeter usedgitdl filtering technique,
called Optimal Filtering Method, to reconstruct the sigaalplitude from samplings of
the ionization pulse. Some weights, optimal filtering coaffits, are determined from
the pulse shape and its derivative, such that the weighting &f the samplings gives
the amplitude of the signal per cell. Each read-out charerebe calibrated by means of
electronic pulses that mimic the ionization signal prodlicg an electromagnetic shower.
The calibration and the ionization signal are different e (exponential/triangular,
respectively) and injection point (outside/inside theed#tr). It is necessary to know the
electrical parameters of every cell in the detector to dedhe ionization signal using the
calibration signal.

This chapter gives a brief description of the Optimal FiltgriMethod, the detector
model, the prediction of the ionization signal from the loedtion signal and an algorithm
to determine the electrical parameters of the calorimedibr ¢

4.1 Optimal filtering method

The LAr EMC signal is generated by the drift of the ionizatelectrons in the electric
field provided by the High Voltage (HV) in the LAr gap. The cemt versus time has
a triangular shape, being the peak proportional to the gngegosited by the electro-
magnetic shower. The ionization signal is pre-amplified #reth shaped by @R— RC?

bipolar filter at the end of the readout chain. The bipolanaigs sampled every 25 ns
(the LHC bunch crossing period) and 5 samples are digitinedused in the signal re-
construction procedure. For special runs more than 5 samnapéedigitized and recorded
(typically 25 or 32). Figur€&4l1 shows a comparison betwaerotiginal triangular signal
generated inside the LAr gap and the output signal afternipgsise readout electronics.

33
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It corresponds to a cell of th® compartment for medium gain of the bipolar shaper. The
maximum has been normalized to 1. The bipolar shaper is mlegiguch that the max-
imum of the triangular signal corresponds to the maximunhefdhaped pulse. Hence,
the maximum amplitude of the shaped pulse is proportion#theoenergy deposited by
the electromagnetic shower in tttcell. The dots correspond to the samples eacts25
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Figure 4.1: The triangle shape corresponds to the signaffascéion of time just after
the electrode, and the bell shape corresponds to the sifjeateossing the shaper. Dots
represent the recorded amplitudes separated by 25 ns.

From these samples two relevant quantities are deduceay asdigital filtering
technique, namely the signal maximum amplituég,{y), which is proportional to the
energy deposited in the cell, and the time shiit)(of the signal maximum amplitude
with respect to a reference value. The Optimal Filtering)@®Ethod is a digital filtering
technique to determine such quantities. The inputs to thiedeare: i) the covariance
or autocorrelation matrix of the samples, which contaimsittfiormation of the noise, ii)
the pulse shapgP"9, its maximum normalized to one, ii) and its derivatidgR"s/dt).
The outputs of the method are some weights or coefficienty; i =1,...,n, wherenis
the number of samples, such that:

n
Amax= Z&S (4.1)
>t biS
A =="— 4.2
Amax (4-2)

beingS i =1,...,nthe measured samples (pedestal or zero is subtracted).
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The Optimal Filtering coefficients (OFC, bj i = 1,...,n, are calculated by the
method with the condition to minimize the noise contribatto the signall[19].

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

e Thermal (or electronic) noise

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

e Pile-up (or physics) noise

The minimum bias or soft scattering events will be superisggto the hard scat-
tering process. It is expected to have about 27 minimum hiaste per bunch
crossing at nominal LHC luminosity. In addition, events ofé\ypous bunch cross-
ings will affect the signal of the present crossing, sineeitimization time constant
of the liquid Argon is several hundred nano-seconds. Theathveffect is a small

signal in the cells, fluctuating from event to event, whiclm ¢e considered as
a noise superimposed to the hard process physics eventeoésit The level of
pileup noise depends therefore on the luminosity of the macind on the size of
the calorimeter cells.

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

In ATLAS, where the bunch crossings and the readout clocksgnehronous the
pulses get always sampled at the same position and one sEis3ufficient. However,
in the cosmic test environment this is not the case sincedtimic signal is asynchronous
to the readout clock. Depending on the phase shift betweerltdtk and the particle
arrival, a different fraction of the pulse is sampled. Toeayth this situation, multiple
sets of OF coefficients are calculated dividing the2®gion between two ADC samples
in bins of At -~ 1 ns For the present analysis, a set(af,b;),i = 1,...,n coefficients
for each time phase has been calculated, up to a total of 5§epha hs steps and for
high gain. Medium and low gains are not used since most of thesideposit an energy
lower than 20 GeV in the EM Calorimeter. The fact of duplingtthe number of phases
in the analysis, 50 instead of 25, allows to perform crossekh at different timings and
guarantees to cover completely then&%egion of interest.

4.1.1 Prediction of physics pulse

As seen in the previous section, the pulse shape of the toozgor physics) signal is
needed to determine the Optimal Filtering Coefficients &mtecalorimeter cell. However
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Figure 4.2:Schematic electrical model of a LAr cell with its readoutichend calibration
network. Shapes of calibration and ionization signals duestrated, as well as the output
pulse.

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

Although the readout path and electronics is the same fosiptyand calibration
inputs, there are two differences at the injection pointnely:

¢ the physics input signal is produced inside a gap of the tlateshile the calibra-
tion input is generated outside the cryostat in a calibraboard connected on a
Front End Crate. This difference makes the calibration see&lorimeter cell as a
differentrLC circuit.

¢ the physics input signal has a triangular shape when repessas a function of
time, while the calibration charge injection has an exptiaéshape.

In figure[4.2 a simplified diagram of the electrical model fdrAs cell is shown.
The calorimeter cell is seen as doC circuit: the capacitanc€ of the LAr gap, an
inductanced. which has two contributions, one from the electrode patiwveen the gap
and the Summing Board and the other one from the path insed8uimming Board itself
added to a small portion of Mother Board, and a small resigtarof the total path.
The injection point of the ionization (physics) and caliwa signals is indicated as well.
Clearly these signals see the aglC circuit in a different wayrL in parallel withC for
physics injection signal and in serial in the case of catibra The different shapes of
the injection current between physics and calibratiorugular and exponential) is also
shown.
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The ionization electrons drift in the electric field insidetLAr gap, producing a
current with amplitude proportional to the released eneidyis current has the typical
ionization-chamber triangular shape, with a rise time efdhder of 1 ns followed by a
linear decay for the duration of the maximum drift timags;. Such a signal at the input
of the cell capacitor in time domain is given by:

t

310 = 18R (tarre — ) (1

inj

(4.3)

wheref is theHeavysiddunction and )™is the amplitude of the ionization current. The
drift time tg,if¢ in @ 2 mm gap under a voltage of 2000 V is close to 400 ns. This isa
function of the pseudorapidity for the EMEC due to the changie LAr gap and in the
voltage, taking values in the range 200-600 ns.

The output physics signal can be written as:

+00
o™ = [ Kt =)

whereKp contains the information of the readout circuitry.
In the Laplace domain (applying the “Convolution Theoremv find:

gP™Ys) = 1PV(9)Kp(s)

where:

e Kp(S) can be written as the product of a fackf®!(s), which contains the electron-
ics characteristics related to a detector cellq circuit), and a factoH adou(s),
which takes into account the readout chain (common for gisyand calibration
signals);

o 1P™s) is the injected ionization signB[3.3 in the Laplace frequyedomain, that

linj
IS:

1 1 — g tariftS

|.phy5(s> — phys .
. 2 2
tariftS tdrifts

inj

Hence, the output physics signal can be written as:

gphyS(S> _ IiﬁTyS( s)H det(s> 4 read out( 9)
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The calibration charge injection aims to mimic the ioniaatsignal, in order to be
able to measure the actual gain and properties of each dnfwuseassuring the proper
cell equalization. An exponential signal with decay timg; is generated by the cali-
bration boards (see sectibnl3.7), whose pulser is based arcadiit (see figurd_313).

The values of th&®y andLo components are selected such that to obtain the proper expo-
nential decay constamggi, which has been chosen similar to the ionization signalyleca
slope. The non-ideal inductantg of the calibration board pulser circuit has a resistive
componentg that modifies the baseline of the exponentigld, parameter below). This
exponential injection current can be written as:

1621() = 186 (t) (fateprt (1~ farepe /) (4.4)

Wherelgali is the amplitude of the injected curret) is the Heavysidestep function,
fstep(between 0 and 1) is the fraction

o
fo+ %

fstep:

andTtcg is the effective exponential decay constant (which valuapisroximately 360
ns)

Lo
Teali = — R,
ro+ >

Similarly to the the ionization physics signal, the caliia signal at the output of
the readout chain can be written in the Laplace frequencyadioas:

gcali (S) _ Ii%a}” (S) H detcali(s> H readout(s)

where

o Hdecdli(s) js the detector part of the electronics circuit as seen byc#tieration
injection signal;

. Ii%‘"’j‘”(s) is the Laplace transform of the calibration injection sighd, namely:

' i Teali(1— fstep  fste
|.caI| S) — |caI| ca P p
inj ( ) 0 ( 1+Tcali5 s )

Dividing gP™¥(s) andg@(s) the common park®29°U(s) cancels out and we ob-
tain:
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g?Vs) _ I5° Hi(s)
gcali(s> - |8ali Hdetcali(s)

Hence, the physics signal or physics pulse shape can bedtuiai the calibration
pulse shape through the following expression in the Lapispiency domain:

cali Iiﬁhys(s) HdEt(s)
gphyS(S> =g | (s) |.C‘J’1”(S) Hdetcali(s)

inj

Or in the time domain as:

cali — Iiﬁhys(s> — Hae!
gPt) = [9 "L 1<|.cén(s>> XL 1<WT§“S(>5)>] . )

inj

wherex means convolution.

The second and third factors in the convolution take int@aantthe differences in
the injection signal and injection point respectively beén the physics and the calibra-
tion signals.

4.2 Computation ofgPhys

For computational purposes the relatiod 4.5 can be writsen a

I R () IR G S I

Starift ( fstep+ Stcali) 14 2LC+srC
— [gcali > gexp%tri > gMBHdet] (t) (4.6)

where the two different time-domain convolutions are:

gexp—>tri (t) = 3(t) + |:1_7fstepe—fsteptcta” _ 1_7f5tep <e—fsteprﬁ _ 1)} B(t)

Tcali fstep

1—f ¢ Ularift
+ step (e ftep oy ) B(t—Tqy)
fstep




40 CHAPTER 4. SIGNAL RECONSTRUCTION ALGORITHMS

gMB—det ) — T_za eltr/ (ZT%))te(t)

wheret, = rC andtg = LC.

The procedure requires the knowledge of the calibratiosguf?!! (see chapters
B and[¥) and of a set of five parameters, namely two relatedecalibration board,
Tcali and fstep two related to the cell electrical propertigg,andt;, and one related to
the ionizationty,is;. Their values may depend on the detector conditions, temoey,
radiation dose, etc, hence itis important to monitor thera oegular basis. The parameter
tarift has been measured at the beam tests, while the other foungtara can be extracted
either from direct measurements or from the calibratiors@uising the algorithm called
Response Transformation Method (RTM)

4.3 Parameter extraction algorithm (RTM)

The RTM method was developed by the Milan Atlas group to bdiegpo the Barrel EM
calorimeter[[1I]. The method consists in the following. Vé&d seen that the response
to a calibration injection pulse can be expressed in thedcgplrequency domain as:

g(:ali (S) _ |icr;]a}li (S) H detcali(s> H readout(s)

The functiorH9®t@li(s) describes the effects of the detector cell properties oimthe
jected calibration signag?'(s), while H™a4°!(s) is the readout (line+preamplifier+shaper)
transfer function.

Let a generic current pulsé;(s) be injected on the system at the Mother Board
level, as it is actually done with the real calibration puﬁ"’fﬁ‘(s). The respons®@/i(s) of
the system to this signal would be:

: Yin: : :
Wout(S) _ Yinj(5> Hdetcall(s> Hreadout(s) _ lé’;h((z)) |i%e}ll(s> Hdetcall(s> Hreadout(s) _
inj

_ Yinj(s)

18l

gCali (S)

or, in the time domain:
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The dependence on the circuit parameters has cancels ooihpn@mains the ratio
between the different injection functions.

The RTM bases its strategy to retrieve parameters on the a@atign and analysis
of what would be the response to a signal different from thegdmential” calibration
injection signal. The system response can in fact be seadii a particular injected
waveform, the output showing in some cases easily recopleizdnaracteristics. In the
following steps, waveforms will be sought that minimize gignal tail ofWe(t). For
this purpose, 2-like quantity is built by summing the squares of the value®gy(t)
along the tail, that is:

Q= 3 Wi

the tail being defined as the signal portion after the tiyge

In particular, to obtain the calibration board parameteyg; and fsep a step func-
tion will be chosen forYjyj(t), and to extractg a cosine function foiYjyj(t) is more
Suitable.

Extraction of the calibration boards parameters: Tcqi and fstep

To obtain the calibration pulse parametegg; and fsiepa step functionyiy(t) = 6(t),

is used with unit amplitude. The Laplace transform of th@ $tection isYiyj(s) = 1/s.

On the other hand, the expression Ifi’ﬁﬂ“(s), seen in previous section, can be written, for
unit amplitude, as:

|.cali(s> _ T::alis'i‘ fs/tep
" S(1+ TeaiS)

Hence, the ratio between both injection signals is:

Yinj (S) 1+ st/

_ cali

cali T op! /
Ii'(s)  STeait fstep

andWgt can be obtained as:

1+ STeq cali )

Wout(S) = %7 —
STeaii T Tstep

It can be shown that, for the correct valugs;; = Tcaii and fgep= fstep Of the
calibration board parametefdf:(t) has the property of going to zero in the tail very
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rapidly. This is due to the fact that bokh?et and H"€adout fynctions contain only short
time constants and do not give rise to a long tail in the wawefo

This null-tail property of the step-response can be usedt@rthine both calibration
board parameters by minimizing the following quantity:

Q2<T£:ali; fétep) = Z Wozut(t;T/caIi; fétep)
t>Tail

The minimization procedure may in principle depend on tietarting point value
tiail- A robust choice ofiy; is given byt = tmin+ 100ns, wheretyn is the minimum
of the negative lobe of the shaped sigﬂal Using this criterion the systematic error
introduced byt in the RTM procedure is small.

Extraction of the detector parameters: 19 and 1,

To extracttyp, or equivalentlyuy = 1/10, the response to a monochromatic cosine pulse
Yinj(t) = B(t)cog wt) is studied, which, in the Laplace frequency domain, hasdhaf

S

il =g

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

Yinj(s) S s(1+Stcai)

Ii%"’}“(s) P+ 6P STeaii+ fstep

andWgt can be obtained as:

_ S S(1+Slcali) cali (g
%+ &7 STeali + fstep

Wout(S)

It turns out that the smallest amplitude for this functiomitained whemw = wy,
hence this parameter is obtain by minimizing the followinguqtity:

(1 + (wtsh)z)3
t>Tail (Wish)?

10One can look at figufe4.1 to see the negative lobe of the sligpal salthough the pulse shape corre-
sponds to a ionization signal instead of a calibration steyetion
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where the last term introduces a shaper correction in ttge,cdue to the fact that the
shaper acts as a band-pass filter suppressing the highfi@gecemponents of the injected
signals.

Finally the parametet; can be extracted by injecting,; = Ii%‘"]-‘“, however at the

physics injection point. This introduces a correction dadh the output signal, which
depends on; as follows:

1
1+ st; + %15

Hence,

AL

Wout(S) = 727
o 14 st} 4+ 1

If 15 # To or Ty # T, the functionWet(t) will have an oscillating behavior on the
tail. We can assume thag has been obtained before by the RTM method, as described in
previous subsection, or by direct measurements. Hencgutngity to minimize in order
to obtaint, is defined as:

QA= 5 Moultity) —g™'(t))?

t>tail
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Chapter 5

Signal reconstruction in the end-caps

The first section of this chapter synthesizes the presentliedge of the input parameters
needed to compute the optimal filtering coefficients for thd-eaps. As a first cross-
check, and wherever it is relevant, these inputs are cordparé¢he EM barrel ones.
The outputs of the methode. the predicted physics pulse shapes, the optimal filtering
coefficients, the calibration bias and the noise reductomdiscussed in sectibnb.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 emeuighown in Figure .1 (left)
for the three EMEC layers. The differences between shapmesxlained by the elec-
trical characteristics of each layer. Notice that, in thelfirsegmented part of the front
sampling, 15 < n < 2.4, the crosstalk between neighbor cells is important, betv@and
5% [21], and has been taken into account by adding the twdwheiing cell shapes to the
pulsed one. As a global sanity check, the dispersion apoigthe maximum amplitude
of all calibration shapes is shown to be the same for all Egad exhibits no dependency
as a function of (Figure[&1, right).

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

5.1.2 Calibration board parameters

To obtain an efficient calibration, the input signal shouddds similar as possible to the
ionization triangular pulse. Two main parameteis,; and fsiep are needed to describe
this calibration input pulse:

i - _t
|i%é}“(t> = |8ah 0(t) - |(1— fstepe Teali + fstep (5.1)

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

These two parameters need to be known for every calibrabandochannel. They
can be extracted from measurements in the production lay@a[22] or can be inferred
from the cell response to a calibration pulse using the Respdransformation Method
(RTM) [LT]. Figure[®2 shows a comparison between the twdous for both parame-
ters of one calibration board. Relative systematic shifts % and+15% using RTM
compared to the measured values are observed for extragiednd fsiep respectively,
which is as expected in very good agreement with what waa@dyreeported for the bar-
rel. This is probably because RTM gives effective paransetabsorbing for instance
attenuation effects [28, 24]. As not all calibration boardasurements were available,
the RTM extracted parameters are chosen to be consistetiteNoat choosing the RTM
extracted parameters impacts only the absolute energy, sdaich can not be tested very
precisely with cosmic data.
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Figure 5.2:Comparison oficy; (left) and ftep (right) extracted by RTM (open symbols)
and measured directly (closed symbols) for the 128 chamielse calibration board.

5.1.3 lon drift time in liquid argon gap

The ion drift time in liquid argon gaggrift, can be expressed in terms of applied high
voltageU and gap thickness[26]:

b+1

g g
~ 2 5.2
Varise  UP (52)

tarife =

whereb ~ 0.4 is a parameter first determined with specific measurem@gisahd then

crosschecked with beam tedisl[27] 28, 29]. As indicatedétied3.2, the complicated
EMEC geometry implies a variation of the gap thickness alpnghich induces a vary-
ing drift time despite the change in the high voltage. Thia major difference with the
barrel part, for which the drift time is almost constant ard4 70 ns fotJ = 2000 V.

The drift time can be computed using Equatibnl(5.2) or ex¢aérom a fit to the
physic pulse shapes recorded with test- bear’rﬁim with a precision estimated around
10%. Figuredlal3 shows the measutggk:, averaged ovey, as a function ofy for all
EMEC Iayers@ They are in good agreement with the predictions extractaa Equa-
tion (5.2). Notice that any change on HV setting conditionplies a change of the drift
time in the corresponding region.

LAt the beam tests, as events are asynchronous with respiet ttock, the 5 sample physics pulse in
a cell can be averaged within a 1 ns bin by using the phase bfeamnt.
2No measurement was available in the regioh< |n| < 1.6, in which the prediction is therefore taken.
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5.1.4 Electronic chain characteristics

A thorough program of measurements was carried out at colllaells of the EMEC
calorimeter before installation of the front end electosrio measure their electrical prop-
erties as precisely as possible. By means of a Network Aea|?%], a frequency scan
was performed to extract precisely the resonance frequafrihg cell circuitwy = 21vg =

1/10 = 1/+/LC and the product, = rC. In both cases, the most precise measurements
were obtained in the second layer (first layer in the innerelh&here capacitances are
higher. Results are more difficult or impossible to extradhie first and third layers, and
the approximatiorig = 1, = 0 is therefore used in the following for these samplings.

Resonance frequency

Typical examples of end-cap S2 cell responses to a frequsrarywith a Network
Analyser are shown in Figute™.4 (top). The resonance freqyuis clearly visible on the
left-hand plot, and is obtained by fitting a parabola arourermhinimum. The determi-
nation of the resonance frequency can be complicated byrdsepce of reflections near
the peak, as illustrated in the second column of Figurk ®d)(tThis situation is even
more pronounced when the resonance frequency is higkethe capacitance and the
inductance are low, as for example at higlin the EMEC outer wheel (fourth column
of Figure[54 top). In the last two cases, the resonance éregyuis inferred by fitting
the edges of the two minima with straight lines and compultiregntercept point of both
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lines. To partly overcome this problemy is not measured for every cells but averaged
over@at everyn. Results are shown in Figureb.5 (closed symbols). Tireiependency,
gualitatively reproduced by individual measurements ahdC [30], reflects the decrease
of L andC as a function of]. This has to be compared to the barrel case, witly &ary-

ing only between 0.13 and 0.19 GHZz]22].
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Figure 5.4:Typical S2 cell responses in the 100-300 MHz frequency ratige= 1.6 (first
row), n = 1.7 (second row)n = 1.8 (third row) andn = 2.2 (fourth row), as measured
with a network analyser (top) and with the RTM method (boftom

Because of the uncertainties in the resonance frequencgureaent described
above, it is desirable to extrag with an alternative method,e. RTM in this case. The
corresponding output functioBsare illustrated for the same cells as for the measurements
in Figure[&.# (bottom). In all cases, comparable resulth wieasurements are obtained,
apart in the third column where the resonance frequencydsZgher. Figur€hl5 shows
RTM and measurement results as a functiomah S2. The agreement is good in the
regions with high capacitancesg & 1.7 andn > 2.5), close to the barrel situatiflr The
situation worsens in the regions with lower capacitancesl.7 < n < 2.5, where the
disagreement between RTM and measurements can reach upl&d.0To study the
systematic effect on energy measurement linked to thigyteement, the two different
wy sets are considered in the following. Results are presentetails in sectiof 7.2.3.

3The resonance frequency corresponds to the minimum of tieiéun.
4The agreement between measurements and RTM extracted &loembined test-beam was1%
for S2, well compatible with the precision requirédi[14].
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Figure 5.5:Cell resonance frequenayy obtained with network analyser measurements
(closed symbols) and extracted with RTM (open dots), asaitumofn for S2 cells (S1
in inner wheel). All points have been averaged aper

rC measurement

The productt, = rC can be determined by measuringndC separately. The
values can be extracted from the frequency scan measureimgiwoking at the pulse
amplitude at the resonance frequencyl [22], whe@a=n be taken from direct mea-
surements performed after EMEC module stacking [30]. &6 shows the, values
obtained by this method as a functionmpfAs for the resonance frequency, it is desirable
to compare these measurements with the values extracte@iMy R large disagreement
is obtained, with measurements lower than RTM values bytarfac5 (Figurdh5.b). This
is because RTM gives effective parameters,absorb some additional effects not con-
sidered in the LAr readout modé&l]25]. Similar observatiarssmade in the barrel, with a
factor between RTM and measurements-d? — 3 [32]. However, the impact on the am-
plitude determination is very small]l11], and the measumsean not be used to predict
the physics shapes, as it generates residual oscillatidhs itails [25]. This is illustrated
in Figure[5.Y in the end-cap case, and is similar for the baAe a consequence, RTM
extracted values will be used in the following.
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5.1.5 Summary of the inputs

Excepttqrift, all input parameters for signal reconstruction in the eads have been ei-
ther directly measured or inferred from calibration systémough RTM method. The
choice made between both has been discussed in the preeictiens. The situation is
very similar to the barrel case for the calibration boardp@etersfsie pandtc)i, as well as
for t,. Itis different forwy in the regions with a high resonance frequency &.n < 2.5),
which renders the measurement difficult. To estimate theaohpf a mismeasurement of
this parameter, two sets of input parameters are considefgdh can further serve to
estimate the related systematic uncertainties on signahstruction (section 7.2.3). Ta-
ble[21 summarizes the origin of the input parameters usededict the physics pulse
shapes in the end-caps. Ttwg set coming from direct measurements will serve as refer-
ence in the following, and therefore used unless otherwated

Outer Wheel Inner Wheel
Parameter S1 | s2 | s3 S1 | s2
fstep RTM | RTM | RTM | RTM | RTM
Teali RTM | RTM | RTM | RTM | RTM
tarift meas.| meas.| meas.| meas.| meas.
Tr 0 RTM 0 RTM 0
wp - Reference 0 meas., O meas., O
wp - Set 2 0 RTM 0 RTM 0

Table 5.1: Origin of input parameters used for signal reconstructiontihe end-caps.
RTM refers to the Response Transformation Method [11], vinifers the parameters
from the cell response to a calibration pulse. Meas. refergxtensive measurements
performed before the installation of the front end eleciten The twowy sets will be
used to compute the two sets of optimal filtering coefficitnies tested in the cosmic
muon run analysis (sectidnh 7).
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5.2 Outputs of the method

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

All input parameters discussed in secfiod 5.1 enter diyéctEquation[4.B) to predict the
physics pulse shape of each EMEC cell. Typical shapes cagenais Figur€ 18 (left) for
the three EMEC layers. As a first check on the quality of thedpstion, the dispersion
along @ of the maximum amplitude is shown as a functionnofor the three layers in
Figure[L.B (right). It is roughly constant below 0.1% for $I&3 in the precision region
(L5 < |n| < 2.5). It decreases with in S2, following thetq variation. Notice that
the same results are obtained with the tpinput sets of TablEBl1. More quantitative
checks of the quality of these predicted shapes are proposedtio Z.ZI]2 using cosmic

data.
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Figure 5.8:Left: Typical predicted physics shaperpt 1.8 in high gain. Right: Disper-
sion overg of the maximum amplitude of all physics shapes in high gaima, function of
n. Front, middle and back cells are represented with red domangles, black squares

and blue up triangles.

From these physics pulse shapes and their derivativespaldiitering coefficients
(OFC) g andb; are computed per cell for each gain and for 50 phases by 1 psEtes
has been done with 5 or 25 samples and using one of the two pgrameter sets of
Table[5.1. Unless otherwise stated, the case with 5 sampda®terence input set is used
in the following.

51t was checked that using = 1, = 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 shapesestadifferent response ampli-
tude to a normalized input signal. The resulting bias mugaken into account in order
to correctly convert ADC counts into energy. This is achéelag using the ratio between
the maximum amplitudes of physics and calibration pulsa&eat'n%gf. It is shown in

Figurel5.9 as a function af for the 3 EMEC layers in high gaﬁ1 The decreasing behav-
ior with n reflects at first order the cell inductance variation [30] ifrhavisible for S2),
and at second order the drift time variation (visible for il &3 where the inductance is
assumed to be zergg = 1, = 0).
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Figure 5.9:Bias in the signal reconstruction methcl\,{'ﬁ?c”h—lyiS in front (red down triangles),
middle (black squares) and back (blue up triangles? EMEGsceAll points have been
averaged ove@. High gain and the reference input set of Tabld 5.1 are used.

A comparison with'\,\/',thly_S values obtained with 2001-2002 test beam analysis [13]
is proposed in FigurES]lcﬁl(left). The differences are quntportant, at the level of
5—8% in the region B < n < 2.4, reflecting the different conditions of both analyses
and data takings : cable lengths, optimal filtering coeffitikomputations, calibration
and front-end electronics, etc. As a systematic check,iiteyesting to make the same
comparison between the tve) input sets of TablEGl1. The agreement is at the percent
level, as shown in Figufe 5110 (right). Finally, notice ttrag prediction of this bias on the
signal reconstruction method can hardly be checked withneisgioning data, since the

absolute muon energy scale is only known-a@% [15]. The uncertainties o'k/')l%f ratio

81t was checked that the gain has no impact on the ratio.
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will later be absorbed in the inter-calibration coefficepktracted with electrons froih

decay[[31].
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Figure 5.10:Ratios of>>
2001-2002 test beam analysE_[28] (left) and between thewyimput sets of TablEH.1

(right).

5.2.3 Noise reduction with optimal filtering technique

The computation of the optimal filtering coefficients (OF€performed to minimize the
noise contribution to the signal reconstruction. To chédkmoise reduction, the OFC are
applied to pedestal runs for different number of sample® fidise level obtained using
5 samples in high gain, averaged owgris shown in Figuré 511 for the three EMEC
layers as a function af. In the precision region.h < n < 2.5, weak variations are ob-
served along) and average noise values of 14, 32 and 27 MeV are measurdgkfthree
samplings, respectively. This agrees nicely with the medest-beam results [27].

The noise reduction obtained with optimal filtering techuggncreases with the
number of samples used, as more signal information is dlai&nd the noise correlation
between samples is better accounted for. This is illustramté-igure[5.IP at) = 1.8 for
the three layers. Reduction factors of 1.5 (1.4) and 2.4 @€ obtained in the second
(first) layer using 25 samples compared to 5 and 1, respéctiMeese results are slightly
lower than those obtained in the barrell.8 (1.8) and~2.9 (2.6) [15] because of lower
capacitances in the end-cap. Figureb.13 shows the noigetiead in S2 as a function of
n using 5 (left) and 25 (right) samples with respect to onelsisgmple. Smooth behav-
iors are observed in the regiondXk n < 2.5 and 25 < n < 3.2. The more pronounced
variation for 25 samples is at first order a consequence odltifictime variation (Fig-
ure[&B) : a lower drift time gives a shorter waveform. As asmmjuence, the number

in S2 between the present analysis with the reference set and
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Figure 5.11:Total noise computed with 5 samples OFC in high gain, avetayer¢pand
as a function ofy, for front (red down triangles), middle (black squares) datk (blue
up triangles) EMEC cells.

of meaningful samples decreases withdegrading the reduction factor brought by the
optimal filtering technique.

It is interesting to notice that these results on noise cavesas a benchmark to
check the computation of the physics OFC, and can also pmeninrong latency setting
of the read-out[33]. They therefore give confidence on thaityuof the data taking set-
up and of the autocorrelation matrix and OFC computations &tows to go further, and
perform an analysis of the small signals deposited by cosmuions over the complete
calorimeter coverage,Q n < 3.2. This is the subject of the next section.
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Chapter 6

Cosmic runs

6.1 Origin of cosmic muons

Cosmic rays are energetic particles originating from splaaeimpinge on Earth’s atmo-
sphere. Almost 90% of all the incoming cosmic ray particles@otons, about 9% are
helium nuclei and about 1% are electrons. The sources al®uthggalactic objects like
neutron stars, supernovas, etc, and extragalactic objgosmic rays can have energies
of over 18 TeV, far higher than the eV of the LHC.

When cosmic ray particles enter the Earth’s atmospherectbiggie with molecules,
mainly oxygen and nitrogen, to produce a cascade of lighaetiges, a so-called air
shower. The general idea is shown in figlird 6.1 which showsmitoray shower pro-
duced by a high energy proton of cosmic ray origin strikingagmospheric molecule.
The figure is a simplified picture of an air shower for the sakearity.

All of the produced particles stay within about one degrethefprimary particle’s
path. Typical particles produced in such collisions areg@bd mesons, pions and kaons,
which may decay into muons. Since muons interact weakly thighatmosphere, they
may reach the Earth ground, hence they can be used for deteditwration studies as in
the present work. The energy spectrum of cosmics muons versimofigure[6.2.

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

6.2 Energy loss due to ionization

Let us consider a heavy particle, with chaagemasaM and velocityv traversing a block
of matter. Let us assume that at a distahad the incident particle direction an atomic
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Top of the atmosphere

Proton collides with an
atmosphere molecule,

Figure 6.1: Interaction of a cosmic proton with an air molecu
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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 approxamassuming the electron to be
free and at rest during the time the interaction takes pl&see usually further assumes
that the direction of the incident particle is not changedt a much heavier than the
atomic electron.

General case: the Bethe-Bloch formula

Within these approximations, Bohr obtained expressionariergy loss of heavy particles
(a particles of heavy nuclei), which were found to properlyatise experimental data.
For lighter particles like protons a disagreement with expent was found, because
guantum effects were not taken into account. The correctignamechanical calculation
was first performed by Bethe and Bloch, obtaining this fonul

(G o = 2rdmp’ 2 [in (21 7))

where:

E: incident particle energy

X:  path length

Na: Avogadro’s number (6.022 10?°mol—1)

re: classical electron radius (2.8420 13cm)

me: electron mass

p: density of absorbing material

A: atomic weight of absorbing material

Z: atomic number of absorbing material

z:  charge of incident particle in units ef

B: v/coftheincident particle

y: 1/v(1-B)

Whax: maximum energy transfer in a single collision

mean excitation potential

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

dE
— —)ioniz = ZT[Nargmeczp

Z 72 { (2”19V2V2Wmax 4
( — In{| ————
dx

AR E )—282—6—22] (6.1)

where:



62 CHAPTER 6. COSMIC RUNS

e O: density effect correction, which arises from the fact tinat electric field of the
particle also tends to polarize the atoms along its path.

e (: shell effect correction, which accounts for effects whes telocity of the inci-
dent particle is comparable or smaller than the orbital sigjaof the bound elec-

trons.
101
8 |
@ -
dy °I
MeV
glom?
3 =
2 -
1 | | | |
0.1 | 10 100 1000
by=pe/m

Figure 6.3: lonization energy loss per unit of length in ldjbydrogen, gaseous helium,
carbon, iron and lead.

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

W 2MeC(BY)?
14 2s\/1+ (By)?+ <
with s=mg/M.
A semi-empirical formula can be used for the excitation ptiéd, namely:
7 =12+Zev Z<13

=0.76+588Z7 11%yV Z>13

NI—
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which gives a reasonable approximation for most cases.

The energy loss per unit length depends on the energy of ¢ciaeint particle. It ex-
hibits a sharp fall off, proportional to/B? for low B values, it reaches a minimum known
as the ionization minimum (arourly = 3), and finally shows a logarithmic increase (rel-
ativistic rise) leading to a plateathé Fermi platealy see figur€ 6]3. For energies bigger
than the ionization minimum, each particle shows a charigtitecurve. It can be used to
identify particles in this energy range.

Cosmic muons lose energy in the EM calorimeter primarilptigh ionization. The
mean energy los€( is given by equatioh @l 1, hené&eis proportional to the path length
(x) crossed by the muon. Event by event this energy is subjéatgdchastic fluctuations
described by a Landau distribution. This function is not Byetric exhibiting a charac-
teristic tail at high energy losses, hence the mean valueedistribution differs from the
Most Probable Value (MPV). In practice, the MPV is more ral@than the mean value,
for example for calibration studies, since the tail is oftificult to define with enough
precision. It can be shown that the MPV is related to the patlyth through an relation
of the typeMPV ~ x(a+ Inx), although the logarithm is usually much smaller than the
terma, hence may be neglected in those cases. In addition, tloewatl PV, wherew is
the full width at half maximum of the Landau distribution cdeases wherincreases.

6.3 Energy loss by radiation: Bremsstrahlung

If a charged particle is decelerated in the Coulomb field olieleus a fraction of its

kinetic energy will be emitted in form of real photons (brestnahlung). The electron and
positron are the only particles for which energy loss by ks®imahlung is significantly
important, see figurle 8.4 for a diagrammatic representation

In fact the semi-classical calculation for the bremsstraglcross-section for any
given particle of masM reads|[[8]:

o) 9 pa eyt (MY
dk ) .4 hc Mv/) K Kk

with k the energy of the produced photon.

It can be seen that the dependence of the previous crosers&dth the particle
massM is (neglecting the logarithm term):

(5),on
dk rad

Thus, the bremsstrahlung cross-section for a mn=105.7 MeV, is approxi-
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Electran lowar
in energy

Bremsstraniung
[Roentgen guantum)

Figure 6.4: Feynman diagram for bremsstrahlung.

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

We can also note in the formula that the cross-section isqutiomal toZ?, i.e. to
the atomic number squared of the traversed material. Tipkams the use of higi
materials ( Fe, Cu, Pb, U) as absorbers in sampling caloersein order to get a bigger
energy loss by radiation. Finally, the cross-section bexorrery large as the radiated
photon becomes very sok yery small).

Up to now we have only dealt with the interaction of the incidparticle with the
nuclear Coulomb field. One has to take into account the sergeifffect due to the atomic
electrons, which changes the cross section formula sjigh#tails can be found in[]9].

6.4 Calorimeters setup for cosmic runs

In 2006, ATLAS entered the "in situ” commissioning phase.eTgrimary goal of this
phase is to verify the detector operation and performancgw®smic muons. All AT-
LAS sub-detectors are presently in the last stage of irdgtaf in the cavern at Point
1 of the LHC accelerator. After the installation of each sidbector, extensive testing
(commissioning) has been performed.
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In the first phase of the commissioning, the proper functignef the detectors has
been verified in a stand-alone mode. In the next phase, tfeatit sub-detectors were
integrated into the common data acquisition, monitorirggedtor control and safety AT-
LAS system frameworks. The process of integrating more am@ sub-systems has been
ongoing since summer 2006 when the first common partitiowdsen the Liquid Argon
(LAr) barrel electromagnetic (EMB) calorimeter and the ileaic Tile barrel calorime-
ter was created. At the beginning of 2007, the End-Cap A melew@gnetic calorimeter
(EMEC A) and the extended barrel part aB& n < 1.7 for the Tile calorimeter (see
chapter[R) were incorporated to this partition.

The analysis of cosmic muon events is the only way to test Mec&8orimeter in
situ with physics signals before LHC collisions. During ghenmer 2007, the situation
for Barrel and End-Cap-A liquid Argon calorimeters was &amnd the cosmic data were
taken nearly every weekend. An example of a cosmic muon ewessing the barrel
ATLAS calorimeters is given in figure8.5. The energy depasbin the Hadronic Tile
Calorimeter (in blue) and the Electromagnetic Calorimétewhite) can be well distin-
guished. There is a clear matching of the different cellhweergy deposits, being a
projective muon crossing the center of the ATLAS detector.
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Figure 6.5: Display of a cosmic muon crossing the ATLAS Bla@alorimeters, obtain
using the Atlantis display program. The Hadronic Tile Cedaater is represented in blue,
while the Electromagnetic Calorimeter appears in whiteicol

A dedicated trigger using only Tile calorimeter signals wasfigured to detect cos-
mic muons in the electromagnetic calorimeter. In the foltyvchapter, the data taking
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conditions for cosmic runs used in this analysis will be exptd in more detailed. How-
ever, it is important to understand the complicated situefor the end-cap part respect
to the barrel one. Figuie®.6 shows the Tile toviktisat were included in the trigger for
the data taking. The Hadronic Tile Calorimeter is represgirt green in the figure, while
the Electromagnetic Calorimeter (Barrel + two End-Caps & @his in brown. The best
trigger situation for detecting muons in the end-cap A sidell be using EBA top and
bottom as a trigger. However these muons are not projeditieet ATLAS center, which
means they do not cross the EMEC cells along the cell deptitehne average energy
deposited by ionization is too tiny to be detected. Only lanfluctuations could make
a small fraction of events to leave a measurable signalulgafthe analysis. On the
other hand, bremsstrahlung photons, of sufficient enemjitted by cosmic muons can
be detected since the photon initiates an electromagnasicacde in the EMEC, "light-
ing” several cells in the same event. As seen in previousaedhe probability for the
bremsstrahlung process in muons is tiny, due to its largs nkéence the number of muon
events selected for calibration of the EMEC is small. Onéheke events can be seen in
the Atlantis display of figur&®&l7. Both top and bottom EBAe€Tibwers are triggered
and a small spot in the EMEC is seen, which corresponds tontfadl glectromagnetic
cascade created by the bremsstrahlung photon.

-* i
ant = Fiieil

15 BH ‘OR’ of bottom modules ‘

Figure 6.6: Tile trigger setup and logic of the top-bottonincalence. The extended
barrel part EBC was not available for the runs analysed sdhalysis.

LOne trigger tower is the sum of all Tile cells in a region\wf x Ap= 0.1 x 0.1



6.4. CALORIMETERS SETUP FOR COSMIC RUNS 67

Figure 6.7: Cosmic muon event displayed using the Atlambgram crossing the EMEC-
A wheel. The Hadronic Calorimeter is in red, while the Eleotagnetic Calorimeter is
in green. The muon cross from top to bottom depositing enerdppth 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
In| < 3.2 with cosmic data

The first cosmic muon data were registered in the ATLAS cauedugust 2006 by the
EM barrel calorimeter, in the regions equipped with fronttelectronics. First studies
focused on these regions (6% of the barrel) and concentaatgatojective muon sam-
ples [15]. Since March 2007, one end-cap wibahd the whole barrel are fully oper-
ational and take data regularly. Focusing on some dediaaschic muon runs (taken
during 'muon” weeks called M3 and M4 afterwards), it is tHere possible to perform a
first study on the almost complete calorimeter covera@el < n < 3.2. This is particu-
larly suitable to perform am situtest of the signal reconstruction presented in chdpter 5.
Even with the limited available statistics 150000 triggered events), the selection of the
few % of events with catastrophic high energy deposits i@elt]) represents a unique
opportunity to perform a first check of the signal recongtacquality in a coherent way
for both barrel and end-cap parts (secfiod 7.2). Finallgtise[ZZB estimates the im-
pact of the resonance frequency uncertainties on the sggnplitude reconstruction in
the end-cap.

7.1 Selection of high energy deposits

Selecting projective muons imposes by default a barreticgsd analysis. However, con-
sidering only events where a hard enough bremsstrahlungpliposits its energy in
the EM calorimeter can allow to perform an analysis in the plete coveragé| < 3.2 :

in this case, the photon induces an electromagnetic shale&scted more easily and

1Thez > 0 side, called ECA wheel. The other side, called ECC wheelpesintegrated in the analyses
since M5 periodi.e. beginning of November.

69
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independently of the incident muon projectivity. Moreqviitis selects "electron-like”
energies, of the order of the GeV, which are well suited tottes signal reconstruction
procedure.

7.1.1 Conditions of data taking

Since the ATLAS muon trigger was not available on the full@@ge (especially in the
end-caps) at the time of data taking, a dedicated triggergumly Tile calorimeter sig-
nals, was configured to detect cosmic muons. The availalidet@ivers,An x AQ =
0.1 x 0.1, were asked for a top-bottom coincidenicée [34] to form tiumer for each data
taking period, as shown in Figute5.6. The compromise beatwegkse and a too low
trigger rate results in a 1 GeV threshold per tower and~a50% muon purity of the
triggered events$ [15].

The main concern in the present analysis is related to th&ablastatistics. This
issue is strongly correlated with the trigger set-up. Tioeee even if data are taken
nearly every week-end over the whole calorimeter sincengD07, only runs with sta-
ble enough data taking conditions are selected for this/aisa{Tabld_Z11). 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 openatéer nominal HV but used a
reduced value of 1600 V to be better protected from unstaiiditions in the cavern. As
a consequence, the optimal filtering coefficients were reded and the factor convert-
ing ADC to MeV was divided by 0.919715].

Date # of runs Tile Trigger Triggered | # of cells with E> 500 MeV
in 2007 (Run #) (Figure[6.6) | Evts (x10°) (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 I 17 | - [ 1489 | 3051 (44%)] 1456 (86%) |

Table 7.1: Characteristics of cosmic runs used in the analysis: runrigger set-up,
statistics and number of cells with=E500 MeV (see text for more details). For technical
reasons (castor access) and lower statistical limitatiomsly half of the statistics has
been reanalysed for the barrel, whereas almost the comptatistics has been analysed
for the end-cap.
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7.1.2 Selection criteria

Unless stated otherwise, the energy is reconstructed wstmiples OF@. The conver-
sion factor from ADC counts to MeV, presented in Figurd 7slamputed by factorising
the cell gain,'\,\/',l‘;';f, the injected current from the calibration and the sampiiagtion. A

good agreement is obtained with the foreseen valués [35].
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Figure 7.1: ADC to MeV conversion factor, F(ADC-MeV), as a functiomdior front
(red down triangles), middle (black squares) and back (bipériangles) cells. All points
have been averaged over High gain and the reference input set of Tabld 5.1 are used.

To minimize the fluctuations in the signal reconstructidre énergy deposited per
cell should be well above the noise. On the contrary, foistiaal reasons, the present
analysis can not be performed if the threshold on the ensrtpoihigh, and a good com-
promise is found by requiring > 500 MeV. At this stage, the OFC phase of each cell
should be knowni.e. the iterative process to determifiein Equation [4Z.R) should have
converged|At| < 1ns). Thanks to the "high” energy cut, more than 99% of this ceffill
this condition. Failing cases are mainly due to a badly ddfuktency (maximum of the
pulse in the first sample).

One of the main difficulty of this analysis is to reject thelsebrongly selected
as high energetic cells due to high noise or incorrect patisabtraction. A simple and
robust criterion to tag this fake cells is to impose that &gigell is selected only once per
run, reflecting the very low probability that randomly preéd bremsstrahlung photons
deposit their energy in the same cell twice per run. As onfjhigain is available, cells

2The same calibration constants (pedestal, autocorrelatadrix, ramp) are used for all runs.
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with more than 2500 ADC counBsafter pedestal subtraction are also rejected to avoid
saturation effects. After this selection 1500 cells are selected in the end-cap a3@00
in the barrel (TablEZ11).

7.1.3 Map of selected cells

The mapping of the selected cells is presented in Figulen/tBd front-end electronic
boards (FEB) coordinates, and Figlrd 7.3 infhe@ plane for each layer. In both barrel
and end-cap, the statistics is almost equally spread inE&Bhslot corresponding to the

second Iaye[ﬂ. The increase in top and bottom regiﬂnsﬂue to the down-going cosmic
direction, is clearly visible.
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Figure 7.2:FEB slot - Feedthrough (FT) number mapping of high energatits in the
barrel C (left), A (middle) and end-cap A (right). Crossedigates the unplugged elec-
tronics in the barrel and empty slots or HEC/FCAL slots in &mel-cap.

The energy distribution of the selected cells is shown iruFé§Z4 for the three
layers of the barrel (left) and the end-cap (right). In therdla80% of the statistics is
concentrated in S2, the rest being shared between S1 anchSBe end-cap, S2 cells
represent only 2/8 of the statistics, because of the non-projective situatioa photon
sees the cell size in thg— @ plane and not the cell depth). The average energies of all
distributions are around 1.5 GeV. It can be noticed thagmihe smalh size of S1 cells,

3This corresponds roughly to 6 GeV in S1, 35 GeV in S2 and 17 ®eSBi. (CHECK)

4FEB slot> 11(10) in the barrel (standard end-cap) crates. In special (HE@RdET 2, 9, 15, 21 (3,
10, 16, 22) it corresponds to slot number 3, 4, 10, 11, 14, 15 (2

SFT 5-10 (4-8) and 21-26 (17-20) for top and bottom in the d4eed-cap).
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Figure 7.3:n — @ map of high energetic cells in S1 (left), S2 (middle) and &h{) for
In| < 3.2. Crosses indicates the unplugged electronics in the bamel empty slots or
HEC/FCAL slots in the end-cap.

the selection generally involves a group of cells per evexther than isolated cells like
in S2 or S3, as seen in Figurel7.3. This is illustrated in OB, where a high energetic
shower (E> 200 GeV) illuminates more than 50 S1 cellgjat- 1.8.

7.2 Comparison of predicted physics pulse shapes with
data

This section presents the first check of the signal recoctstruperformed over the full
calorimeter coverage. The method is first explained, angbtitee shape predictions are
then systematically and quantitatively compared to thentoslata. 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 (normalizedd) with the data for
all selected cells, the first step is to multiply the preaistby the maximum amplitude
computed for each cell. Because of different FEB timingsasyhchronous muon arrival
times, a global time shift is then determined for each celiiiyimizing the followingx?
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Figure 7.4: Energy distribution of selected cells in the barrel (leffjdain the end-cap
(right). S1, S2 and S3 cells are represented with red dotikdtk full and blue dashed
histograms.

Figure 7.5:n-¢ mapping of a high energy shower200 GeV) in S1 at) ~ 1.8. In this
event 56 cells are above 500 MeV and 18 above the saturatiesitbld (-6 GeV).
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through an iteration by steps of 25 ns :

data_ phys\ 2
A~ Amaxt g ) (7.1)

n
2 _
X i; ( Onoise

wheren is the number of samples considergéd@ s the amplitude of each samglén

ADC counts for datamaxis the maximum amplitude defined in Equatibnl4.6) ghd®
the predicted physics pulse shape defined in Equdiioh (Bir2lly, 0nise COrresponds to
the noise for a single sample in ADC couBlts

After this time adjustment, data and predictions can be @eth Figur€716 shows
typical physics shapes for each sampling (S1, S2 and S3 fspriotbottom) in the barrel
(left) and in the end-cap (right). For 5 sample pulse shapespredictions agree nicely
with the data in the raising and falling edges of the pulsestévjuantitative conclusions
are drawnin sectidn 7.3.2. For 25 samples, apart from themsic bias observed around
the maximum, a fair agreement is visible in the falling edge i the undershoot, except
for the highest sample numbers, which was already repamtfEj. A more quantitative
discussion on these points is proposed in se€fionl7.2.4.

6Approximately, 9/3/6 ADC counts in S1/S2/S3 fai < 2.5 and 6/5 ADC counts in S1/S2 foy| > 2.5.
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Figure 7.6:Typical cell response in high gain to high energy deposithebarrel (left)
and end-cap (right) layers (S1, S2 and S3 from top to bottobhe blue (resp. black)
curves correspond to the predicted pulse shapes using p. (B89 samples.
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7.2.2 Quality of the predicted pulse shapes

The x? proposed in Equatiofi{d.1) can also be used to perform arsgsitequantitative
comparison between data and pulse shape predictions @véultim coverage. By con-
struction, this estimator of the prediction quality depgmh the square of the energy.
To allow a comparison between barrel and end-cap, whosgespectra per layer are
different (Figurd_ZR), it is divided by the square of theawrstructed amplitudemay’.
Moreover, only 5 samplesi& 5) are considered, as this is what will be used to reconstruct
the energy in ATLAS. The comparison with 25 samples will besented in sectidn 7.2.4.

Results for this estimator of the data/prediction comparig?/Amay?, are shown
in Figure[Z.Y as a function of the energy for the three layetbé barrel (left) and in the
end-cap (right). It is fitted by the following simple funatipwhich allows a very good
modeling in all layers of the barrel and end-cap parts :

2
X Po
==+m (7.2)
Nsamples¥ Amald  E?

The first term, dominating at low energy, is due to the ganssaase fluctuation for
each sample. Itis hardly visible in S1, as the noise in thaspdimg is lower and already
negligible for a 500 MeV energy deposit. The second term,idating at high energy
where the noise contribution can be neglected, reflectsubbty of the predicted shape
as compared with the data. The results are only slightlebetitthe barrel compared to
the end-cap. This is the first proof of the quality of an ATLAI&: signal reconstruction
in the end-caps, despite its challenging aspect. Thisdsilflstrated in Figur&718, which
shows the pulse shape prediction quajify Amay as a function ofy between 0 and 3.2
for the three samplingﬂs These results are obtained by applying a lower energy cbit (O
1.5and 1.2 GeV in S1, S2 and S3 respectively), to minimizentige contribution, and
an upper cut (2500 ADC counts) to avoid high gain saturatdayain, a smooth behavior
is obtained with only slight differences between barrel and-cap. This assesses the
coherence of the signal reconstruction quality, using 5pdasnas foreseen in ATLAS,
over the complete calorimeter coverage @ < 3.2.

It is finally worth mentioning that the computation of tly proposed in Equa-
tion (Z1) will be performean-lineabove a given energy threshold in the Read-Out Driver
modules|[35], to control the quality of the signal reconstian in all cells. This will be
useful to mask the most problematic channels, as it was dotieis analysis : a few
cells exhibiting a too largg? have been removed from Figuigsl7.7 7.8. The reasons
leading to these bad physics shape data will be investigated

"The absolute values of the quality estimator depend on tfeetion resistors, which are different
between samplings.
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Figure 7.7:Estimatorx?/Amad of the quality of the predicted physics pulse shape as a
function of the energy for the barrel (left) and the end-caght) in S1, S2 and S3 (top to
bottom). 5 samples and high gain are used. The function usétid fit corresponds to

Equation [Z2R).
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7.2.3 Main systematic uncertainty in the end-cap signal remnstruc-
tion

The main uncertainty from the input parameters concernssgenance frequency values
wyp, for which the disagreement between different measuremetttods can reach up to
10-15% (sectioi©.1l4). To estimate quantitatively thedaoipf this uncertainty on the
energy reconstruction, two sets of optimal filtering coédfits have been built (reference
set and set 2 of Table.1). The relative difference betweengées reconstructed with
these two sets is shown in Figlire 7.9(a) as a function of fhaévwe vy difference. A lin-

ear dependence is fitted, with an energy bias around 0.05%epeent ofwyg variationd.

At maximum (15% uncertainty oay), the related systematic uncertainty on the energy
is of the order of 0.5%.

max
o
o

w X2/ ndf 6.749/8 X2/ ndf 3.3e+00/5
po 1.3e-04 £ 1.2e-05

pl 1.3e-04 £ 9.2e-06

2
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xA
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Figure 7.9:(Left): relative difference between energies reconstdetith the two sets of
optimal filtering coefficients, as a function of the relatdiéference between their input
resonance frequencies. A linear fit is superimposed. (Rigtstimatorx?/Amay? of the
quality of the predicted physics pulse shape for S2 in theoapd as a function of the
energy, for the two sets of optimal filtering coefficientegeld symbols for reference set
and open symbols for set 2). The fit is performed on the data fine second set.

Trying to use cosmic data to discriminate between both de®F& for the end-
caps, the study comparing data and pulse shape predictiessred in section 7.2.2
has been done using both setsumf values. The estimator of the pulse shape predic-
tion quality, X2/Amas, is shown for S2 in FigurE 7.9(b) as a function of the energy fo

8This is in good agreement witli [lL1], which reportec-ed.05% amplitude variation for a 1%y
variation in the barrel.
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both sets. No significant differences are found within thailable statistics, which is
too low to perform a)-dependent analysis. Higbr isolated electrons from LHC data
will be mandatory to go further and improve ttig 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 desgstion
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Figure 7.10:Typical S2 cell responses in high gain to high energy depasthe end-cap
at differentn values. The black curves correspond to the predicted phlgpes using 25
samples. For each, the ion drift time, reflected in the undershoot duratiorningicated.

The previous sections focused on the quality of the pulspespaediction with 5
samples, that will be used to reconstruct the energy in ATLRf inspection of the pulse
part between the®Sand the 28 samples, including the negative undershoot, allows to
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go one step further, as it permits to investigate in moreildetiae quality of the input
parameters needed to predict the shape. For instance, deestioot duration is directly
linked to the drift time. This is illustrated in Figute_Z] Mhere typical cell responses are
superimposed to the 25 samples predicted pulse shapesadreasingy, the reduction
of the undershoot duration due to the steep decrease ofihgrifo time (Figure[o.B) is
clearly visible.

As a consequence, the description of the part of the pulgeeshiter the % sam-
ple is more difficult, especially in the end-cap. This is attearly seen in Figure—Z10,
where the undershoot prediction is systematically belosvdhta. This induces a bias
on the amplitude reconstruction when a large number of mn'pluse. To quantify
this bias, Figur€Z11 (left) shows the relative differebeéwveen energies reconstructed
with 25 or 5 samples in the barrel (open symbols) and in thecapd(closed symbols).
As expected, the bias is independent on the energy. It i;mdre3% in the barrel, in
good agreement with what has already been reportédin [1#$.i3 almost double in the
end-cap, reflecting the difficulty to keep completely undamtool the steep variations of
the signal reconstruction input parameters ovenffmverage (sectiod 5). This is also
seen in Figur€Z11 (right) that shows the bias from pulspehaesiduals as a function of
n. Flatin the barrel, as expected, the bias is reduced foeasing in the end-cap outer
and inner wheels. This reflects the decrease of the unddrdbcation, which lowers its
impact on the reconstructed energy.

As discussed above, a precise determination of the drié tianiation along) could
improve the pulse pulse shape description between tthensl the 2% samples. In the
end-cap, the previous measurements were obtained by flifgs physics pulse shape
in electron beam tests with-a 10% precision (section5.1.3). It is therefore interesting
to extract the drift time from cosmic data looking at the 880shapes. This can be done
either by measuring the undershoot duration, or its reddieight amplitude.

The undershoot duration is estimated by computing theréiffee between the time
of the first sample with negative amplitude (or the sampléatisolute amplitude below
-20 of the noise) and the first sample with positive amplituderafbhe undershoot (or
the sample with absolute amplitude abov2o of the noise). The latter may not exist
for cells with high drift time values or for prediction wittb2amples (see Figute¥.6),
and 32 samples are therefore used for this exercise. Hoytheaneasurement with data
is spoiled by the low statistics of events with high enoughrgies and the associated
time jitter, preventing an accurate determination of th& dme. The latter can also be

9By construction, positive and negative areas of the pulsequal.
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Figure 7.11:Relative energy difference between reconstruction witarth5 samples in
S2 as a function of the energy reconstructed with 25 sam@é3} énd as a function of
n (right). In the left plot, open (closed) symbols represeartdd (end-cap), and @is the
result of a fit with a constant value.

correlated to the relative height amplitude of the undessho

n -
A%S%SH%ZAM
1=

r= OFCss
ax

(7.3)

wheren = 5 is the number of samples used to estimate the average ohtterahoot
heightld. Figure[ZZIR shows as a function of the input drift time in the end-cap and
in the barrel, as obtained with data and with the predictegsios pulse shapes. The
barrelr value is higher than for the end-cap, reflecting the shagerdiice in the falling
edge (between the5and the 8" samples) observed in Figutel7.6, which is linked to
different capacitance values and signal cable lengthshdrend-cap, a linear behavior
betweerr and the input drift time is observed, both for data and ptexhis. Data derived

r values are systematically lower than those from the pulapesprediction. This suggests
that the input drift time has been systematically undemestied, as already inferred from
Figure[ZID. However, the statistics is too poor to decarteosll second order effects
(electric field variation with, LC dependence, non-projectivity of energy deposits, .. .)
and extract an enough accurate measurement usable fogtta s@construction.

10The sample\l,,, is located 50 ns after the first sample with negative ampgitud
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Figure 7.12:Relative height amplitude of the undershoot r (see text) fametion of the

input drift time in S2 for the barrel and the end-cap. Valuesived from data and from
predicted physics pulse shapes are shown. To lower the oorggbution, an energy cut
E > 1 GeV (sectioi 7]2) is applied.



Chapter 8

Conclusions

As part of the calibration procedure of the ATLAS Electromatic Calorimeter, Optimal
Filtering Coefficients have been computed for all channéth® End-Cap Electromag-
netic Calorimeter (EMEC), to be used in any physics analisigbtain the energy in
calorimeter cells. This computation needs the knowledgb®fesponse pulse shape to
ionization (physics).

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

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

This is the first proof of the quality of an ATLAS-like signagonstruction in the
end-caps, despite its challenging aspect (more complicgggemetry andj-dependence
electrical parameters), and gives confidence that the ginecgnstruction is in good con-
trol over the complete calorimeter coverag@.2 < n < 3.2.
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