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Introductio n n 
GenerationsGenerations come and generations go, 

butbut the earth remains forever. 

Ecclesiastess 1:4 

Inn the past decades a set of theories has emerged, that describes all of the known elementary parti-
clee interactions except gravity. This 'Standard Model' [1] incorporates the Glashow-Weinberg-
Salamm theory of electro-weak processes and quantum chromodynamics (QCD), the theory of 
strongg interactions. Until now it has met every experimental test. Moreover, it has an attractive 
aestheticc feature: all fundamental interactions derive from a single general principle, the require-
mentt of local gauge invariance. 

Inn the Standard Model's view, all matter is made of two kinds of elementary particles: leptons and 
quarks.. Interactions between these particles occur via the exchange of force mediator particles. 
Thee matter particles are fermions with half-integer spin (S = Vih.), whereas the force mediators are 
bosonss with integer spin (S = h). 

Thee matter particles are ordered in generations as shown in figure 1. Each generation consists of 
twoo quarks and two leptons. Within a generation, the particles are classified according to their 
electricc charge q (measured in units of the absolute charge of the electron) and colour (red, green, 
blue)) as indicated in the same figure. The only differences between the corresponding particles in 
thee three generations are their masses, which range from less than 3 eV/c2 for the electron-neutri-
noo to an astonishing 174 GeV/c2 for the top-quark1. Al l of these matter particles have been ob-
servedd in experiments2. In 1898 Thompson recognised the first particle: the electron. The last two 
particless observed are the top quark in 1995 at the pp Tevatron collider at FNAL (Chicago) [4], 
andd the tau-neutrino in 2000, also at FNAL [5]. Each particle shown in figure 1 has a correspond-
ingg anti-particle with opposite electric and colour charge. The first anti-particle observed experi-
mentallyy was the positron discovered in 1931 by Anderson in a Wilson chamber. The positron (e+) 
iss the anti-particle corresponding to the electron (e~). 

Everyy type of interaction has its force mediator particle: the photon y for the electromagnetic 
force,, the charged W+ and W~ bosons and the neutral ZP boson for the weak force, and the eight 
gluonss ga (a = 1 - 8) for the strong force. The photon and the gluons are massless. The mass of the 
WW  bosons is 9 GeV/c2 and the mass of the Z° boson is 1 GeV/c2. Al l 
off  the force mediator particles have been observed in experiments, the last two being the W  and 

1.. All particle properties in this chapter are taken from the Particle Data Group ([2]) unless indicated 
otherwise. . 

2.. For a historical overview of the observations of elementary particles, see for example reference [3]. 
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Figur ee 1 Matter particles of the Standard Model. The electron (e~), muon (u~), tau (x-) and their 
respectivee neutrinos (ve, v vT) are 'leptons'. The up, down, charm, strange, top and bottom 
'quarks'' come in three colours (red, green, blue) and are denoted by their first letter. Particles in 
thee same row have the same charge q. Particles in the same column belong to the same genera-
tion. . 

Z°Z° bosons in 1983 at the pp SppS collider at CERN (Geneva) [6]. The electromagnetic and strong 
interactionn couplings have a vector character. The weak interaction couplings are a mixture of vec-
torr and axial-vector character. The electro-weak theory is the result of the unification of the elec-
tromagneticc and the weak interactions. This is an achievement of similar importance as Maxwell's 
unificationn of the electric and the magnetic interactions in the 19th century. It relates the charge 
dependencee of the vector part of the ZP boson couplings to the ratio of the W* boson and ZP boson 
massess via the electro-weak mixing angle. The exact nature of the various couplings has been de-
terminedd with high precision and is based on many experiments, in particular on the experiments 
performedd at the e+e~ LEP collider operated at CERN in the 1989-2000 era. 

Withh the assumption of massless neutrinos, the 'old' Standard Model requires a total of 18 input 
parameters:: Nine matter particle masses (me, rau, mv mu, md, mc, ms, mt and mb), three coupling 
strengthss for the three types (electromagnetic, weak and strong) of interactions, and four not yet 
full yy determined parameters to describe the mismatch between the quark mass eigenstates and the 
eigenstatess of the weak interaction. This mismatch is described with the so-called CKM-matrix 
[7] ,, and describes e.g. the experimentally observed phenomenon of K -K oscillations. In con-
trastt to the massless photon and gluons, the W  and ZP bosons are massive. In the Standard Model 
thesee particle masses are generated through the mechanism of spontaneous symmetry breaking1. 
Inn its simplest form the realisation of symmetry breaking requires two additional parameters: one 
forr the non-zero vacuum expectation value of a new hypothetical field and one for the mass of the 
particlee corresponding to the only observable degree of freedom of this field. The particle itself 
hass zero spin and is coined the Higgs particle, after one of the people proposing this mechanism 
[8].. This brings the total number of parameters to 18. Conventionally, instead of the vacuum ex-
pectationn value and the weak interaction coupling strength, the masses of the W  and ZP bosons, 

1.. As an aside, mathematical consistency requires also that the matter particle masses are incorporated 
viavia couplings of the matter fields to the Higgs field. However, this merely moves the arbitrariness of 
thee matter particle masses to the arbitrariness of the coupling strengths of the various matter fields 
too the Higgs field and therefore explains nothing. 
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whichh exhibit a known relation to the Standard Model parameters, are used since these at present 
aree known to a high precision. 

If,, as recent measurements on solar and atmospheric neutrinos indicate [9], neutrinos require a 
non-zeroo mass the 'new' Standard Model requires an additional seven parameters: three neutrino 
massess (mv , mv , mv ) and four1 parameters to describe the mismatch between the neutrino mass 
eigenstatess and trie eigenstates of the weak interaction. 

Withh these 18 (or 25 in the case of massive neutrinos) input parameters, the Standard Model suc-
cessfullyy describes a wealth of experimental results in particle physics. In some cases, the agree-
mentt between the experimental measurement and the theoretical prediction goes down to a few 
partss in a billion! Highlights range from low-energy results like the Lamb shift in atomic hydro-
gen,, the anomalous magnetic moment of the electron 1159652.1869  0.0041 x 10" and the anom-
alouss magnetic moment of the muon 1165916.0 +0.6 x 10" to the high-energy results from the 
recentlyy completed LEP e+e~ collider program at CERN. The latter allowed for a detailed meas-
urementt of W  and ZP boson masses, total decay widths, production cross sections, decay rates to 
specificc final states, angular correlations among and polarisations of the final state particles and 
thee generation independence of the couplings. Confronting the accurate LEP experimental results 
withh the predictions of the Standard Model allows an indirect determination of some not accurate-
lyy known input parameters of the Standard Model. This is best illustrated by the mass of the t-
quark,, which was unknown at the onset of the LEP program in 1989. Within the context of the 
Standardd Model, the first LEP results required a /-quark mass in the 150 - 200 GeV/c2 range. 
Shortlyy afterwards the f-quark was discovered and its mass measured to be 5 GeV/c2! Simi-
larly,, as long as the Higgs particle escapes experimental discovery, the best constraints on its mass 
stemm from the LEP program: 114 < mH < 196 GeV/c2 with 90% confidence level [10]. Finally the 
LEPP program also led to an accurate determination of the number of matter particle generations: 
2.984+0.0088 [10]. 

Notwithstandingg the enormous success of the Standard Model, a corner stone of this theoretical 
frameworkk remains untested: the mechanism of spontaneous symmetry breaking and thereby the 
mechanismm via which mass is incorporated in the Standard Model. Just as the experiments at lower 
centre-of-masss energy colliders, also the experiments at the LEP collider did not lead to the dis-
coveryy of the Higgs particle. High-energy pp and pp colliders provide the best opportunities to fi-
nallyy unravel the Higgs sector. Until 2007 this is the 2 TeV centre-of-mass energy pp Tevatron 
colliderr at FNAL. After 2007, the 14 TeV centre-of-mass energy LHC pp collider at CERN will be 
thee world's premier discovery machine. In comparison to e+e~ colliders, pp and pp colliders have 
too deal with the internal structure of the colliding particles. However, this only represents a calcu-
lationall  complexity since the exact quark and gluon content of high energy protons (and anti-pro-
tons)) is now well known from the e*p HERA collider at DESY in terms of structure functions. 
Thiss drawback is more than offset by the discovery potential of the LHC for particles up to masses 
off  a few TeV/c2, which is unlikely to be challenged by any e+e~ collider in the foreseeable future. 

Withh the Higgs particle the last missing member of the Standard Model particle family, the predic-
tivee power of the Standard Model can be used to optimise the Higgs discovery strategy at the LHC 
pppp collider. 

1.. For Dirac type neutrinos. 
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Forr any assumed Higgs particle mass value, the 
Standardd Model predicts the Higgs production 
cross-sectionn and the relative rate of the various 
Higgss decay channels! This is because the 
Higgss mass is the only unknown parameter rel-
evantt in these calculations. In the case of the 
LHCC collider, the Higgs is predominantly pro-
ducedd by the mechanisms depicted in the Feyn-
mann diagrams in figure 2. The Higgs 
productionn cross-sections for those mechanisms 
aree shown in figure 3 as a function of the hypo-
theticall  Higgs mass1. Across most of the Higgs 
masss range the gluon-gluon fusion process, 
ggg -> H, is the dominant one. Only for a light 
Higgss scenario (mH < 120 GeV/c2) will it be 
necessaryy to include other Higgs production 
mechanisms.. The cross-sections are such that in 
aa typical LHC running year numerous Higgs 
particless will be produced if the Higgs exists at 
all. . 

y y 
z,w w 

Figur ee 2 Feynman diagrams of the dominant 
Higgss production mechanisms at the LHC. 

Higg ss mas s (GeV/c ) 

Figur ee 3 Dominant Higgs production cross-sections at the LHC as a function of the Higgs mass. 

Inn figure 4 the various Higgs decay branching ratios are shown as a function of the hypothetical 
masss of the Higgs particle. The H -> Z°Z° decay channel is by far the cleanest experimentally. 
Thiss is because in the hostile LHC environment the leptonic Z° -> e+e~ and Z° -> |i+H~ decays 
combinedd with the Z° mass constraint offer a very clean signature. 

1.. Higgs production cross-sections and decay branching ratios are calculated with Pythia [11]. 
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Onlyy for a light Higgs scenario (mH < 120 GeV/c2) will it be necessary to resort to the more diffi -
cultt to analyse Higgs decay topologies, like the rare H-»yy channel or the proliferant H —> bb, 
whichh however suffers from an enormous background. 
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Figur ee 4 Most relevant Higgs decay branching 
fractionss as a function of the Higgs mass. 
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Figur ee 5 Standard Model prediction of the 
numberr of H -» ZPzP -> u+u-u+u - events for 
onee year of data taking at high luminosity LHC 
runningg as a function of the Higgs mass. 

Thiss thesis is devoted to that sub-detector system of one of the two general purpose LHC detec-
tors,, which will play a crucial role in the analysis of the H -> 7PZ° —> u+u-u+u- decay mode: the 
muonn spectrometer of the ATLAS experiment [12]. 

Figuree 5 shows the Standard Model prediction for the number of H -> Z°7P —> u+u-u+u- events as 
aa function of the hypothetical Higgs mass for one year of data taking at high luminosity 
(0.011 pb's-1) LHC running. Depending on the Higgs mass, up to a few hundred events are expect-
ed.. The LHC is expected to reach this luminosity after a few years of operation at a lower luminos-
ityy (0.001 pb-V1). 

Figuree 6 shows for a few Higgs particle masses in the 110 - 230 GeV/c2 range how the Higgs par-
ticlee could be discovered with the ATLAS detector using the H -> Z°Z°. —> u+u-u+u- decay channel 
afterr one year of data taking at high luminosity LHC running. The events are generated with Py-
thia,, and the 'Atlfast' program [13] is used to simulate the detector response and muon reconstruc-
tion.. Atlfast uses a parametrised (and therefore fast) detector response including the 
reconstruction,, that has been tuned to the full simulation of the ATLAS detector. In this example 
thee muon momenta are measured by the muon spectrometer alone. 

Figuree 7 shows how one H —> Z°ZP -> e+< 
amongg the debris of the colliding protons. 

decayy would stand out in the ATLAS detector 
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Figur ee 6 Expected Standard Model signal of the H ->  —> u+u~u+u" channel for several 
assumedd Higgs masses (110, 125, 140, 155, 170, 185, 200, 215, 230GeV/c2). The signals 
(gradess of grey) are shown on top of the ZPZP continuum background (white). All distributions cor-
respondd to one year of data taking at high luminosity LHC running. Muon momenta are measured 
byy the muon spectrometer alone. 

Inn chapter 1 of this thesis the global ATLAS detector concept is presented. Chapter 2 zooms in on 
thee design principles of the ATLAS muon spectrometer. Chapter 3 covers in detail how the me-
chanicall  precision of the detector technology, chosen for the precision measurement of a muon 
trackk segment in the ATLAS muon spectrometer, is certified using stereo X-ray tomography. 
Chapterr 4 presents in detail the operational aspects, the calibration and the muon track segment re-
constructionn performance of that same detector technology, using cosmic ray muons. Finally, in 
chapterr 5 the results are presented of a full-size test of the relative alignment of the precision muon 
detectorss using cosmic ray muons. 
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Figur ee 7 Simulated  e+e-\s,+\xr decay in the ATLAS detector with background from 
thee proton debris. Picture generated with Persint [14]. 

17 7 



PrecisionPrecision of the ATLAS muon spectrometer 

Figur ee 1 -1 Three dimensional view of the ATLAS experiment. Some parts have been removed to 
reveall the inner structure of the detector. The various sub-detectors and magnet systems are indi-
cated. . 
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