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In tro duction

Particle physics

Experimental particle physics studies matter at the sub-atomic scale. The world at
thesedistancescaleshas its own laws of Nature. Whereasclassicalmechanics explains
the paths and interactions betweenmacroscopicbilliard balls on the table, processesat
the sub-atomic scaleare described by relativistic quantum �eld theory. Over the past
decades,an elegant relativistic quantum �eld theory known as the Standard Model has
beendeveloped, describing the building blocks of matter and their interactions at the
most fundamental level [1].

The Standard Mo del

All chemical elements consistsof atoms, that build up molecules. An atom consists
of a tiny nucleus,surroundedby one or more electrons. In turn, the nucleusconsists
of protons and neutrons. Theseprotons and neutrons consistof even smaller particles
called quarks: a number of up-type quarks and a number of down-type quarks.

The building blocks for ordinary matter around us are: up-quarks (u), down-quarks
(d) and electrons (e). In addition, the electronhasa partner, the electron neutrino (� e).
These four particles build up the �rst generation of matter particles of the Standard
Model, seeFigure 1.

The secondand third generationcontain the heavier versionsof the �rst generation
particles,which have the sameproperties(quantum numbers)exceptfor their mass.The
secondgenerationpartner of the electron is the muon (� ), which is approximately 200
times heavier than the electron. The muon is, asall the heavy particles from the higher
generations,unstable and decays into lighter particles, in this casethe electron. The
third generationpartner of the electron is the tau lepton (� ), which in turn is heavier
than the muon. The muon neutrino (� � ) and the tau neutrino (� � ) are the secondand
third generationneutrino partners of the leptonsrespectively. The secondgenerationof
quarks consistof the charm (c) quark and the strange (s) quark. The third generation
consist of the top (t) quark and the bottom (b) quark. The top quark is by far the
heaviest particle of the Standard Model, approximately 3:5 � 105 times as heavy as the
electron.

All theseparticles obey the Pauli exclusionprinciple as they have spin 1/2 ~ and
are called fermions. Where as all daily matter around us consistof the stable fermions
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Figure 1: The Standard Model of elementary particles.

from the �rst generation,heavier particles are produced in high-energeticprocessesof
the cosmos,or are producedin particle physicslaboratories.

The Standard Model not only describes the fermions, it describes the interactions
between theseparticles as well. The interaction between the fermions, occurs via the
exchange of gaugebosonsthat have spin 1. The Standard Model incorporates three
fundamental forces:

� The Electromagneticforce is mediatedby photons (
 ).

� The Weak force is mediatedby the massive gaugebosonsW + , W � and Z 0.

� The Strong force is mediatedby gluons(g)

Gravit y is not incorporated in the Standard Model. However, its strength it is many
ordersof magnitude smaller than the other fundamental forcesat the sub-atomicscale
and can thereforesafelybe neglectedat particle accelerators.

All fermions interact via the weak force, i.e. they feel the presenceof W and Z 0

bosons. All the charged fermions, henceall matter particles except the neutrinos, in-
teract in addition via the electromagneticforce. On top of that, the quarks carry color
charge and henceinteract also via the strong force. It turns out that quarks do not

2
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Figure 2: Electroweak global �t to the Higgs mass.

occur freely in nature but are con�ned to bound states that are color neutral. Such
states consist of either three quarks, called baryons (from which the proton and neu-
trons are examples),or a combination of a quark and an anti-quark, called mesons.
With theserules, many combinations of quarks can be built, and have beenidenti�ed
experimentally. For example the J= is a bound state of a charm and a anticharm
quark.

In over twenty yearsof experimenting, the predictions of the Standard Model have
beenextensively tested and shown to accurately match the experimental observations,
often to astounding precision. However, successfulas the Standard Model is, it is not
complete and a number of questions remain unanswered. Apart from the fact that
gravit y is not included, the model is unable to predict the massof particles in a direct
manner.

The Higgs boson

Particle massesare introduced into the Standard Model by the mechanism of sponta-
neoussymmetry breaking. This mechanismwasproposedin 1964by Higgs,Englert and
Brout [2] [3]. In the simplest form, a new �eld with non-zeroexpectation value is intro-
duced. This �eld is assumedto interact with all particles of the Standard Model. The
massesof the particles appear as a consequenceof their interactions with the ground
state of this socalledHiggs�eld . The quantum mechanical excitation of the Higgs�eld
correspondsto a massive scalarparticle calledthe Higgsboson. The massof this particle
turns out to be a free parameterof the model.

Therefore the discovery of the Higgs bosonand determination of its properties will
justify this picture and provides deep insight in the origin of particle massesin the
Standard Model.

Earlier experiments at particle acceleratorssearched for the Higgsboson. The Large

3
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Figure 3: Branching ratios of the Standard Model Higgs boson.

Electron Positron collider (LEP) at CERN has establisheda lower limit for the Higgs
bosonmassof 114GeV1 at a 95%con�dence level [4]. The combined data of CDF and
D; at the Tevatron in Fermilab have excludeda Higgs bosonmassbetween 160 GeV
and 170GeV at 95%con�dence level [5] [6]. Indirectly, high precisionelectroweak data
constrain the massof the Higgsbosonvia their sensitivity to loop corrections. Figure 2
shows the � 2 curve of a global �t to precisionelectroweak data as function of the Higgs
bosonmass[7]. In this �gure the excludedmassesfrom LEP and Tevatron are shown
as the darkly shadedareas. The associated bands in the plots represents the estimate
of the theoretical uncertainty. Clearly, a massof the Higgsbosonbetween114GeV and
160GeV is favored in this picture.

Figure 3 shows the branching ratios of the possibledecay channels of the Higgs
bosonasfunction of the Higgsbosonmass.For low masses,the H 0 ! b�b decay channel
is most abundant. Experimentally, this channel proves challenging to detect due to
large backgrounds in proton-proton collisions. The H 0 ! 
 
 decay channel has a
lower branching ratio, but a more controlled background and givesgood prospectsfor a
detectablesignal at the LHC.

For highermassHiggsbosons,the H 0 ! W + W � andH 0 ! Z 0Z 0 channelsdominate
the decay modes. The escapingneutrinos from the W boson decays will make the
precisionof the masspeak measurement more di�cult than the Z 0 bosondecay. The
decay of Z 0 bosonsinto leptonsprovidesa cleansignalwith low background. The golden
channel H 0 ! Z 0Z 0 ! � + � � � + � � givesan especially cleanexperimental signature.

1In this thesis, natural units are used. In these units, c = 1 and particle massesare expressedin
units of GeV.
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Proton collisions

To produceand discover the Higgs boson,particle collisionswith a very high center of
massenergy are needed. In addition, Higgs bosonproduction crosssectionsare very
small, thus large number of collisionsare needed.The LargeHadron Collider (LHC) at
CERN providesproton-proton (pp) collisionsat an unprecedented center of massenergy
of 14 TeV and an exceptional high luminosity of 1034 cm� 2s� 1. With this rate and
energy, rare physicsprocesseswith small crosssectionswill be studied. Figure 4 shows
the Higgsbosonproduction crosssectionasfunction of the Higgsbosonmassat 14 TeV
center of massenergy[8]. At this energy, Higgsbosonswill be predominantly produced
by gluon-gluonfusion.

Figure 5 shows the (pp) cross sections for several processesas a function of the
center of massenergy. On the right hand side of the �gure, the event rate is shown
given an instantaneousluminosity of 1034 cm� 2s� 1. The dotted line indicatesthe center
of massenergyat which the LHC will operate. The production rate of Higgsbosonsat
this energyis around nine ordersof magnitude smaller than the total pp collision rate.
Identifying theserare Higgs events in the vast amount of collisions is one of the main
experimental challengesto be facedat the LHC.
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The muon roadmap to the Higgs boson

As mentioned, a Higgs boson decaying into four muons is a promising signal for its
discovery. From an experimental point of view, muons give a clear signature in the
detector. These leptons are capableof traversing the calorimeters and create hits in
the outer layers of the detector wherethe Muon Spectrometer is placed. One needsan
excellent muon reconstructionperformancein order to detect Higgs bosonsthis way.

Thus one needsto understand the detector and optimize muon reconstruction in
order successfullydetect the Higgs boson, if it exists. In practice this is done by �rst
studying other, known muon processesin the detector.

BeforeLHC operation starts, muons from cosmicrays provide an excellent meanto
commissionthe detector. Detecting thesemuons is the �rst step in understandingthe
detector and to test the muon reconstruction.

When LHC will produceits �rst collisions,standardphysicsprocessesprovide means
to further understand the detector performanceand validate the muon reconstruction.
During the start of the experiment, the detector performanceis far from optimal. Sev-
eral components needto be calibrated and aligned and detector channelsmay be non
functional. Furthermore, the detector energy and momentum scalesare not yet fully
understood in the beginning.

Standard physics processeswith muon �nal states will give deep insight into the
detector performance. The J= mesonsthat decay into two muons is such a physics
process. Due to its large crosssection, these particles will be produced copiously at
the LHC. This processrepresents oneof the �rst physicsprocessesthat will be studied
when the LHC has �rst collisions. Measuring theseparticles when the data quality is

6



not optimal will contribute to the reconstructione�ciency measurements for all future
measurements at the LHC.

A heavier known particle with a di-muon end state is the Z 0 boson. As the prop-
erties of this particle are well known, measuringits mass,its width and decay modes
can be exploited to measurethe detector momentum scale, its resolution and lepton
identi�cation e�ciency .

An important physicschannelduring the early days of data taking at the LHC is the
production of top quarks. At start-up, it is expected that the top quark signal can be
separatedfrom the background, even with an imperfectly calibrated detector. The �rst
measurement of the top quark masswill provide feedback on the detector performance
such that they can be usedto understandand calibrate the detector.Furthermore, top
quark events are background processesto other physicsprocessesand thereforea good
understandingof top quark physics is essential.

Outline of the thesis

In this thesis,a newmuon reconstructionalgorithm is introduced,calledMuTagIMO. This
algorithm provides robust and e�cien t muon reconstruction. The reader is introduced
to the ATLAS experiment, the ATLAS software framework and then to the ATLAS
reconstruction software. Furthermore, the performanceof the new muon tagging algo-
rithm is comparedto existing muon reconstructionpackageson both cosmicray muons
and simulated physicsprocesses.

The outline of this thesis is as follows. In Chapter 1 the ATLAS experiment is
discussed.Chapter 2 coversthe software framework deployed by the ATLAS experiment
and explains the generation of simulated events used in the studies throughout this
thesis. The reconstruction of tracks is explained in Chapter 3, where the reader is
introducedto the notion of a track, toolsfor tracking and the setsof muon reconstruction
algorithmsavailable in the ATLAS software. Chapter 4 introducesthe newmuon tagging
algorithm MuTagIMOand discussesthe algorithm in detail. Chapter 5 focuseson the
hardware commissioningand performanceof part of the ATLAS Muon Spectrometer,
the muon stations constructedat the Nikhef institute in Amsterdam. In Chapter 6, the
muon taggingperformanceof the MuTagIMOalgorithm on cosmicray muonsis discussed,
whereasin Chapter 7, the performanceon simulated physicsevents is presented.

7
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Chapter 1

The LHC and the ATLAS detector

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [9] is a proton-proton collider that will operate at
the highest center of massenergiesever achieved, 14 TeV.

The LHC acceleratoris located at the CERN laboratory near Geneva at the Swiss-
French border. Protons are pre-acceleratedusing a linac to an energyof 50 MeV before
being injected in the Proton Synchrotron booster in which they are acceleratedto an
energyof 1.4 GeV, seeFigure 1.1. The next accelerationstep is the Proton Synchrotron
(PS) giving the protons an energy of 26 GeV. The Super Proton Synchrotron (SPS)
increasesthe beamenergyto 450GeV which is the energyof the protons when injected
in the LHC wherean ultimate beam energyof 7 TeV is reached. The LHC is built in
the tunnel of the former accelerator,the Large Electron Proton accelerator(LEP). The
main parametersof the LHC acceleratorare given in table 1.1.

The LHC consistsof two counter rotating proton beamscrossingat four di�erent
points along the ring. More than 1200superconductingdipole magnetswith magnetic
�elds up to 9 T areusedto steerthe proton beams,consistingof 2808bunchesof protons
with 1011 protons per bunch. The bunchesare inter spacedwith a 25 ns time interval,
giving rise to 40 million bunch crossingsper secondat each crossingpoint.

The LHC started up on the 10th of September 2008,successfullysendingthe proton

Parameter Value Unit
Circumference 26659 m
Beam energy 7 TeV
Injection energy 0.45 TeV
Luminosity 1034 cm� 2s� 1

Luminosity lifetime 10 hours
Bunch spacing 25 ns
Particles per bunch 1011

Bunchesper beam 2808

Table 1.1: The main LHC parameters

9



The LHC and the ATLAS detector

Figure 1.1: An overview of the acceleratorcomplexat CERN.

beamsaround in the accelerator.A malfunction causedby a faulty electricalconnection
resulted in mechanical damageon the 19th of September that year [10]. A total of 53
of the superconductingdipole magnetshad to be removed from the tunnel for cleaning
and repairs. The scheduleat the time of writing this thesis foreseesthat the LHC will
restart late 2009.

The designluminosity of 1034 cm� 2s� 1 will be reached after a period of operating at
a lower luminosity of 1033 cm� 2s� 1. At restart, it is expected that the LHC will run at
a lower center of massenergyof 10 TeV.

Six detectors are designedand constructed to measurethe physics events at the
LHC. Two general-purposedetectors,ATLAS [11] and CMS [12] are designedto cover
a wide range of physics. The LHCb [13] experiment is dedicated to study B physics
and CP violation. ALICE [14] is designedto study physicsof the quark-gluon plasma
by studying collisions of heavy ions, Pb-Pb collisions at the LHC. TOTEM [15] will
measurethe total proton-proton cross-sectionand elastic scattering. LHCf [16] studies
the energydistributions of particles very closeto the beamline.

1.2 The ATLAS detector

The ATLAS experiment is one of the two general-purposedetectorsat the LHC. The
high interaction rates, radiation doses,particle energiesand multiplicities aswell as the
requirement of high precisionmeasurements hasset high standardsfor the designof the

10



1.2 The ATLAS detector

apparatus.
The search for the Standard Model Higgs boson has been used as benchmark to

establish the performanceof the subsystemsof ATLAS. This imposesthe following
requirements on the detector design:

� Fast and radiation hard electronicsand detector elements are neededin the high
luminosity environment.

� Large acceptance over the full polar and azimuthal angle, ensuring a hermetic
detection volume in which no high momentum particle is undetected.

� E�cient tracking for chargedparticles with high transversemomentum, together
with electronand photon identi�cation. In addition, secondaryvertex reconstruc-
tion is required for � -lepton, charm and bottom identi�cation.

� Muon reconstruction and identi�cation for muons over a large momentum range
and the abilit y to determinethe chargeof high transversemomentum muons.

� Excellent calorimetry with electromagneticcalorimeters for electron and photon
identi�cation and energymeasurements, complemented by full-coveragehadronic
calorimetry for accuratejet and missingtransverseenergymeasurements.

� Highly e�cient triggering on low transverse momentum objects with su�cien t
background rejection is a prerequisite to obtain an acceptabletrigger rate for
most physicsprocessesof interest.

To meet these requirements, ATLAS consistsof three subsystems,as indicated in
Figure 1.2. Closestto the interaction point, a high precisionInner Detector tracker is
deployed in a solenoidal�eld to track charged particles. The energiesof the particles
and jets aremeasuredin the calorimeters,which are built around the inner tracker. The
Muon Spectrometer is built around the calorimetry detectors,to achieve high precision
muon momentum measurements.

The ATLAS coordinate system

The ATLAS detector has an approximate cylindrical design. The detector is organized
in a central barrel part and two end caps. The interaction point de�nes the origin of
the global coordinate systemusedto describe the detector. The positive x axis points
from the interaction point to the center of the LHC ring. The z axis lies alongthe beam
line. The (positive) y-axis is perpendicular to the x and z axis and points upwards.
The direction of the positive z-axis is such that the coordinate systemdescribesa right-
handedsystem. The positive z-side of the detector is referred to as the A side of the
detector, the part on the negative z-axis as the C side. The radial distanceR is de�ned
as R =

p
x2 + y2. The azimuthal angle � is de�ned in the xy-plane. It is zero at the

positive x-axis and increasesclockwisewhen looking down the positive z-direction. The
polar angle� is the anglefrom the positive z-axis in the Rz-plane. The pseudo-rapidity
(� ) is often usedandde�ned as� = � ln(tan(� =2)). The transversemomentum is de�ned
in the xy-plane.
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Figure 1.2: Cut-away view of the ATLAS detector.

1.2.1 Inner Detector

The Inner Detector tracker (ID) is situated closestto the interaction point. It is designed
to track chargedparticles produced in the proton collisions. At designluminosity, the
number of charged particles in the tracker is of the order 1000per collision. For each
track, the momentum, direction and impact parameter are measured,as well as the
charge of the particle. The primary vertex and possibly secondaryvertices are also
reconstructed.The ID is embeddedin a 2 T solenoidalmagnetic �eld.

High granularit y and fast detectorsare required for this task. Silicon pixel and strip
trackers, usedin conjunction with straw tubes transition radiation trackers o�er these
features. Figure 1.3 shows the Inner Detector tracker consistingof three technologies
which are discussedbelow. Someparts have beenremoved to show the inner structure
of the detector.

Closestto the interaction point, high granularit y semiconductingsilicon pixel (Pixel)
detectorsprovides3-dimensionalmeasurements usedfor pattern recognitionand vertex
�nding. Around the pixel detector, the SemiconductorTracker (SCT) provides four
layers of spacemeasurements for improved pattern recognition. Finally, a transition
radiation straw tube tracker (TRT) provides measurements in the bending plane (R� -
plane) and electron identi�cation.

The silicon detectorshave an j� j coverageup until 2.5, the TRT has a coverageup
to j� j < 2. The Inner Detector will give a typical momentum resolution of � pT =pT =
0:04%� pT � 2% with pT in GeV and an impact parameter resolution of 15 � m in the
transverseplane.
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Figure 1.3: Cut-away view of the ATLAS Inner Detector. The threesubsystems,Pixel,
SCT and TRT are indicated.

The pixel detector

The pixel detector consistsof three concentric layers in the barrel and three discsper
end cap in the forward regions.The distancesof the three barrel layers to the beamline
are 5.05,8.85and 12.25cm respectively. A traversingchargedparticle liberatescharge
in the silicon sensorand a discriminator in the readout electronicsdeterminesis the
signal is above threshold. The time over threshold is written out and makesit possible
to reconstruct the amount of chargethat was deposited.

The pixels have an R� � z sizeof 50� 400 � m2. The spatial resolution is approx-
imately 12 � m in the R� -coordinate and 110 � m in the z-coordinate. The detector
contains approximately 80.4 million readout channels. Being closestto the interaction
point, the pixel detectordominatesthe impact parameterresolution. Becauseof its high
granularit y, the pixel detector plays an important role for pattern recognition aswell.

The SCT detector

The silicon strip detector is built in four concentric layersof SCT modulesin the barrel
region, with the strips arrangedaxially along the beamline. The strip pitch is around
80 � m and givesa 1-dimensionalmeasurement. Two strip modules are glued back-to-
back with a small stereoangle of 40 mrad, making it possibleto measurethe second
coordinate. The spatial resolution of the �rst coordinate is 23 � m and of the second
coordinate 800 � m.
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The end cap region of the SCT is constructed with 9 discsper end cap with SCT
modulesmounted in concentric circles. The strips are arrangedto point radially to the
beamline. Unlike the Pixel detector, the SCT readout is binary.

The total number of channelsin the SCT detector is more than 6 million. The de-
tector contributes to the resolution of the impact parameter,momentum and z-position
of the tracks. Due to the high granularit y, the SCT is important for pattern recognition.

The TR T detector

The transition radiation detector consistsof 4 mm diameter straws with a gold-plated
tungstenwire in the middle. The straws are �lled with a drift gasmixture of X e : CO2 :
O2 = 70 : 27 : 3. When a chargedparticle traversesthe straw, it ionizesthe drift gas,
causingthe ionization clustersto drift towards the central wire due to a large potential
di�erence betweenthe walls of the straw and the wire. From the time it takesto reach
the wire, the distanceof the track to the wire is measuredwith an accuracyof 130� m.

In addition, the Xenon in the drift gas mixture is sensitive to transition radiation
photonsgeneratedin the radiator material betweenthe straws. Electronsproducemore
transition radiation photons than other particles, making the TRT suitable for electron
identi�cation.

The straws in the barrel are oriented axially in 73 concentric layers,giving measure-
ments in the bending plane R � � . The active length of the straw is 71.2 cm, covering
half a barrel. In the endcap, the strawsarealignedradially in 18discsper endcap. The
total number of channelsfor the TRT detector is over 350,000.The detector improves
the momentum resolution signi�cantly and provides electron identi�cation.

1.2.2 Calorimetry

The ATLAS calorimetersmeasureenergiesof jets over a regionup to j� j < 4:9. Particle
identi�cation is possible, photons are distinguished from electronsand from charged
pions by using tracks from the Inner Detector.

ATLAS has both electromagneticand hadronic calorimetry. Both calorimetersuse
samplingtechniquesin which layersof passive material and active material arearranged
alternately. The passive material (absorbers)make chargedparticles shower and the ac-
tive layersdetect the resulting particles. In the ATLAS calorimeter, liquid Argon (LAr)
and scintillating plastic tiles are used as active material. Several absorber materials
(lead, copper, steeland tungsten) are deployed in various regionsof the calorimeter.

The calorimetry systemis divided in four di�erent subsystems.Figure 1.4 shows an
overview of the ATLAS calorimetry systemwith the di�erent technologies.Parts of the
detector are removed to show the inner structure of the detector.

Electron/pion separation(e� =� � ) and photon/pion separation(
 =� 0) is done with
a samplinglayer in the electromagneticcalorimeter with �ne granularit y. Coarsergran-
ularit y over the rest of the calorimeters is su�cien t for the physics requirements for
energymeasurements, jet reconstructionand missingenergymeasurements.
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Figure 1.4: Cut-away view of the ATLAS calorimetry detectors.

The electromagnetic calorimeter

The electromagneticcalorimeter measuresthe energy of electronsand photons. It is
divided in a barrel part (j� j < 1:475) and two end caps (1:375 < j� j < 3:2). Lead is
usedas absorber with liquid Argon as active medium to measurethe signal. The lead
is folded in a typical accordion shape, seeFigure 1.5, ensuring that no cracks in the
R� plane are present. The �ner granularit y of �rst of the three sampling layersprovide
particle identi�cation for photons,electronsand pions.

The depth of the electromagneticcalorimeter is more than 24 radiation lengths1,
ensuringthat no electromagneticshowersgo undetected. Test beamresultshave shown
that an energyresolution of � E =E = 11:5%=

p
E � 0:5% (E in GeV) is obtained.

In the region of j� j < 1:8, a presamplerconsistingof a layer of liquid Argon is used
to correct for the energylost by electronsand photons upstreamof the calorimeter.

The hadronic calorimeter

The task of the hadronic calorimeter is to measurethe energyand direction of particle
jets from hadronizedquarks and gluonsand hadronically decaying particles. Hadronic
showers are longer and wider than their electromagneticcounterparts, with a broader

1One radiation length is the typical length over which an electronsenergy is reducedwith a factor
e (2.71).

15



The LHC and the ATLAS detector

Dj = 0.0245

Dh = 0.025
37.5mm/8 = 4.69 mm
Dh = 0.0031

Dj=0.0245x4
36.8mmx4
=147.3mm

Trigger Tower

TriggerTowerDj = 0.0982

Dh = 0.1

16X0

4.3X0

2X0

15
00

 m
m

47
0 

m
m

h

j

h = 0

Strip cells in Layer 1

Square cells in 

Layer 2

1.7X0

Cells in Layer 3

Dj´� Dh = 0.0245́ �0.05

Figure 1.5: A barrel module of the electromagneticcalorimeter. The granularit y of
the three di�erent sampling layers is shown.

variance. The minimum depth of the hadronic calorimeters is around 10 interaction
lengths2. This depth is su�cien t to reduce punch-through, i.e. unstopped hadronic
particles, well below the irreducible level of prompt muonsor muonsfrom decays.

In the barrel region,hadroniccalorimetry usesiron absorbersand scintillating plastic
tiles. The iron in the hadronic calorimeter functions as return yoke for the solenoidal
magnetic �eld of the Inner Detector. Two sidesof the scintillating tiles are read out by
wavelength shifting �b ers into two photomultiplier tubes. The readout cellsare pseudo
projective towards the interaction region in � . The central barrel covers j� j < 1:0, two
extendedTILE barrels have a coverageof 0:8 < j� j < 1:7.

In the end cap region, 1:5 < j� j < 3:2, liquid Argon is usedas active medium with
copper plates as absorber. High radiation levels dictate this choice of materials. The
energyresolutionof the hadroniccalorimetersis demonstratedto be � E =E = 56%=

p
E �

5:5% (E in GeV) [11].

The forw ard calorimeter

A forward calorimeter (FCal) is installed closeto the beamline to extend calorimetery
coverageto 3:1 < j� j < 4:9. The FCal reducesradiation background levels in the Muon
Spectrometer. In order to reducecavern background rates in the Inner Detector, the
front face of the FCal is placed 1.2 m in front of the EMCAL end cap front face. To

2An interaction length is the mean free path of a high-energyhadron.
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ensuresu�cien t interaction length depth of the FCal, a high density designis deployed.
The forward calorimeter is split longitudinally in three segments. The �rst segment

has a copper absorber for electromagneticmeasurements. The other two segments use
tungsten absorbers for hadronic measurements. The segments have a grid of holes
for positioning electrodes and contains liquid Argon as active medium. The energy
resolution of the FCal is demonstrated to be � E =E = 70%=

p
E � 3% for pions and

� E =E = 28:5%=
p

E � 3:5% for electrons[11].

1.2.3 Muon Spectrometer

The Muon Spectrometer forms the outermost layer of the ATLAS detector and is de-
signedto measurehigh transversemomentum muonswith high precision,independent of
the Inner Detector. The spectrometeris embeddedin a toroidal magnetic�eld (discussed
in section1.2.4)and providesat least 3 station measurements for a muon in most of the
acceptance.From the curvature of the muon track, its momentum is derived. The muon
systemis designedto achieve a momentum resolution of 10% for 1 TeV muons, which
corresponds to muon measurements with a precisionof 50 � m or better. Furthermore,
trigger detectorsin the muon systemprovide an independent muon trigger.

The Muon Spectrometer is arrangedin a barrel and two end caps,each with three
layersof detector stations. Figure 1.6shows the cross-sectionof the Muon Spectrometer
barrel in the non-bending plane, perpendicular to the beam axis. The cylinders are
positioned at radii of 5, 7.5 and 10 m and referred to as the inner, middle and outer
layer. Sixteensectionsin the xy-planeareidenti�ed, 8 with largeand 8 with small detec-
tor stations positioned in an overlapping structure to ensuretotal azimuthal coverage.
Figure 1.7 shows the cross-sectionof a quadrant of the spectrometerin the bendingRz-
plane,at an azimuthal anglesuch that the largemuon stations areshown. Each endcap
consistsof three wheelsat a distancez from the interaction point of approximately 7.4
m for the inner wheel,14 m for the middle wheeland 21.5m for the outer wheel. Extra
stations in the barrel-endcap transition region are positioned in a wheelat z =10.4 m,
called the extendedstations. The installation of parts of thesestations is staged.

The Muon Spectrometer deploys Monitored Drift Tube (MDT) chambers to make
precisionmeasurements in the region of j� j < 2:4. Very closeto the beam line at the
inner layer of the end cap, where very high particle rates are present, Cathode Strip
Chambers (CSC) are positioned becauseof their �ne granularit y and fast operation.
ResistivePlate Chambers (RPCs) serve as trigger detectorsin the barrel region where
as Thin Gap Chambers (TGCs) provide trigger measurements in the end cap.

A naming schemeis adoptedfor the MDT stations, accordingto the position of the
stations in the spectrometer. The �rst letter of the three-letter namestatesif the station
is in the barrel (B) or in the end cap (E). The secondletter refers to the layer of the
station which canbe inner (I), middle (M) or outer (O). The last letter is de�ned by the
sizeof the station, large (L) or small (S). Thus a BOL station is a large muon station
in the barrel outer layer. Somespecial stations that do not follow this naming scheme
are placed in regionswith low coverage,for instancein the regionsbetweenthe feet of
the barrel toroid.
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