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Abstract

ATLAS is ageneral-purposdetectorthatis beingbuilt for the Large HadronCollider
(LHC) at CERN. The precisiontracking devices of the ATLAS Muon Spectrometer
arehigh pressureMonitored Drift Tube(MDT) chambers.The LHC physicsdiscov-
ery potentialsetsstringentrequirement®n the performancenf thesechambersThey
shouldbe ableto achieve a momentunresolutionof ~ 10% for muonswith a trans-
versemomentunof pr = 1 TeV. In orderto accomplishthis goal,the MDT chambers
shouldbe constructedvith 20 xm mechanicabccurag (r.m.sof therelatve distance
betweerthewires of thedrift tubes).

Thepresentvork describesawire calibrationmethodfor theMDT chambersyith-
out the useof ary externalreferencesystem. The succes®f the methodin finding
wire displacements thedirectionperpendiculato the muontrackswasverifieddur-
ing two testbeamperiods: first the displacementsf 12 tubeswere measuredvhile
the chambemvasfilled with theold baselinegasAr/N,/CH, (91/4/5),andlaterwhile
the new baselinggaswasused(Ar/CO. (93/7)),wire displacementsf 52 tubeswere
calculated. The resultsof the methodwere comparedwith thosegiven by the X-ray
tomographat CERN, revealinganaccurag of the methodbetterthan10 ym.

Simulationstudiesof the applicationof the methodalongthe full width of acham-
ber, were performedand were focussedon its systematicand statisticaleffects. It
turnedout that even when Gaussiadistributed time offsetsof 200 and 300 ps are
addedto the drift time spectraof thetubes,the local uncertaintyremainsin the order
of 10 um. By combiningthelocalinformationfor thewire displacementtheabsolute
wire positionswithin the whole chambemwith respecto the first centralwires within
eachmultilayerareacquired.In this case the globalaccurag of the methodis in the
orderof 20 um. Moreover, consideringlandomanduncorrelatedvire displacements
thisaccurag improvesto 10 ym.

This work also presentsstudiesrelevant to the ATLAS SupersymmetrfSUSY)
discovery potential. SUSY is consideredisavery motivatedextensionof the Standard
Model by mary theorists.If it existsit will leadto discoveriesat LHC over mostof its
parametespace.Within the Minimal Supegravity Model (INSUGRA)of SUSY, five
parameterare usedin orderto determinethe massesandcouplingsof the particles.
Six combinationsof theseparametersselectedby the LHC Committeeandthe AT-
LAS Collaborationfor detailedstudies,definerepresentate pointsof the mMSUGRA
parametespace The decaychannelyd — X9/~ throughavirtual Z* wasstudiedat
the fourth point of mMSUGRA.Two versionsof PYTHIA werecomparedoy studying
thedifferencesn theinvariantmasddistributionsof opposite-sigrsame-flaour lepton
pairs. The nevestversionof the two, includesthe spin-areragedmatrix elementin
sparticledecaysthustakinginto accountthe spin of the neutralinosandthe propag-
tor. Theeffect of this inclusionis profoundin mostof the caseswhile studyingthis
specificchannein differentpointsof themSUGRAparametespace.






Zusammenfassung

ATLAS ist ein Universal&periment,dasfir den Large Hadron Collider (LHC) am CERN

gebautwird. HochdruckdriftronfMDT) Kammernwerdenim ATLAS Myonspektrometerur

Prazisionsmessungon Spurenwerwendet. Das EntdeckungsermbgendesLHC fur Physik

setzthohe Anforderungenan die LeistungdieserKammern. Sie sollenfahig sein eine Im-

pulsaufdsungvon 10% fur Myonen zu erreichen die einenTrans\ersalimpulsvon pr = 1

TeV haben. Um diesesZiel zu erreichen,sollten die MDT Kammernmit einer mechanis-
chenGenauigleit von 20 um (die Standardabweichundesrelativen Abstandegwischenden

Drahtender Driftrohre) gebautwerden.

Die vorliegendeArbeit beschreibkeineKalibrationsmethod&ir die MDT Kammern,ohne
BenutzungeinesexternenReferenzsystemsDer Erfolg dieserMethodeim Auffinden der
Drahtwersetzungsenkrechzu den Myonspurenwurdewahrend zweierTeststrahlperioden
Uberpiift: zuerstwurdendie Versetzungermnon 12 Rohrengemessemwahrenddererdie Kam-
mer mit dem alten baselineGas Ar/Ny/CH, (91/4/5) und spater mit demneuen(Ar/CO2
(93/7)) aufgetillt war, die Drahtversetzungenon 52 Rohrenwurdenberechnet.Die Ergeb-
nisse dieser Methodewurden mit denendes X-ray Tomographam CERN verglichen und
zeigteneineGenauiglkit besserals 10 um.

Simulationsstudiefiir die AnwendungderMethodeentlangdervollen BreitederKammer
wurdenausgeifihrt und konzentriertersich auf die systematischennd statistischerkffekte.
Esstelltesichherausdaauchbei GaulischverteiltenAbweichungerdesDriftzeitnullpunkts
von 200und 300 ps, die lokale Ungenauigkit in der GroRenordnungon 10 pm bleibt. Beim
Vemgleichderlokaleninformationfirr die Drahtwersetzungemwerdendie absoluterDrahtposi-
tionenin derganzerKammerim Vergleichzu denersterzentralerDrahtenin jedemMultilayer
berbtigt. In diesenfall ist die globaleGenauiglkit derMethodein derGroRenordnungom 20
pm. Ferner mit Rucksichtauf die zufalligenundunkorreliertenDrahtversetzungenerbessert
sichdie Genauigleit zu 10 um.

Die vorliegendeArbeit beinhaltetauchStudienzumATLAS Supersymmetri€SUSY)Ent-
deckungsermidgen. SUSY wird von vielen Theoretilern als gut motivierte Erweiterungdes
StandardModels angesehen.Falls SUSY existiert wiirde es bei LHC entdecktwerdenfir
dengrofdtenTeil desmdglichenParameterbereichsim Minimalen Supegravitations Model
(mSUGRA) von SUSY, werden5 Parameterbenutztum die Massenund Kopplungender
Teilchenzu ermitteln. SechKombinationerdieserParametedefiniererreprasentatre Punkte
desmSUGRA ParameteiRaumesgdie vom LHC Komiteeund der ATLAS Kollaborationfiir
detaillierteStudienausgavahltwurden.Der Zerfallskanaly — x311~ durchdenAustausch
einesvirtuellenZ* BosonswvurdeuntersuchamPunktvier vonmSUGRA.Zwei Versionervon
PYTHIA wurdenverglichenindemdie Unterschieden deninvarianteMasserteilungenfur
Leptonpaarenit entggengesetzterdorzeicherundgleichemFlavour untersuchtvurden.Die
neuerdrassunglerbeidenVersionererfasstdie spin-areragedviatrixelementen ZerfallenSu-
persymmetrischéFeilchenindemderSpindesNeutralinosunddesPropagtorsberiicksichtigt
wurde. In denmeistenFallen,in denendie spezifischerKanalein denverschiedeneRunkten
desmSUGRAParameteRaumesuntersuchtverden,ist ein klarer Unterschiedzwischenden
beidenVersionen.
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Chapter 1

Intr oduction

For thousand®f yearsthe unceasingand curioushumanmind hasbeentrying to ex-
plaintheworld we live in anddefineits basicunderlyingreality. The simplequestion
'what is theworld madeof?’ hasnot beenfully answeredset.

The notion that matteris madeup of small, indivisible particlesgoesbackto the
ancientGreeks. The greatphilosopherand scientistDemocritusof Abdera(460-370
BC) developedthe atomichypothesisandcanbe considereasthefirst particlephysi-
cist. Accordingto him, the mattercanbe subdvided only to a certainpoint at which
only atoms,whosetiny size cannot be diminished,remain. This hypothesisis still
valid but of courseit hasbeenrevisedandproven experimentally It wasthenin 1897
when Thomsondiscoveredthe first tiny particles,the electronswhenmodernparti-
cle physicswasborn. Sincethosedaysthe particlephysicsdomainexperiencednuch
more discoveriesof new particlesandtheir interactions. The tremendousuccessn
sciencethe lastalmosthundredyearsresultedin the formationof an effective theory
thatdescribe®urworld; the StandardModel (SM).

Accordingto this theorythe whole world is madeup of threegenerationf el-
ementaryparticles,eachcontainingtwo leptonsand two quarks,and twelve gauge
bosonswhich mediatethe electromagneticyweak and strongforces. The SM has
provento beextraordinarilysuccessfuhndits predictionshave beentestedandverified
to anunprecedenteprecision.Neverthelessit cannotbeconsideredo betheultimate
theoryof Naturebecausét cannot provide answergo mary questionsThereforat is
awork in progressandwill have to be extendedto describephysicsat arbitrarily high
enegies.

ThesocalledGrandUnified TheoriedGUT) setthemselesthetaskto solve prob-
lemsthat the SM cannot solve. A very motivated GUT theoryis Supersymmetry
(SUSY).It is apurelytheoreticainventionthatgeneralizeshe space-timesymmetries
of quantuntield theoryby transformingfermionsinto bosonsandvice versa.Thatis,
every known elementaryparticlehasa supersymmetripartney or superpartnemhich
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2 CHAPTER1. INTRODUCTION

is like it in all respectsexceptfor its spin. Spin-% fermions,leptonsandquarkshave
spin superpartnersyhile spin-1 bosonslik e the photon,have spin-% superpartners.
But SUSY is notanexactsymmetryof nature ptherwisethe superpartnergiould have
the samemassastheir partnersandthey would have beendetectedeasilylong time
ago. Thus,SUSY mustbe a broken symmetry Therearedifferenttheoreticalmod-
elsthatdescribethe breakingof SUSY andoneof themis the Minimal Supegravity
model(mMSUGRA).

Largeinternationalkollaborationsarededicatedo constructhe next generatiorof
particledetectorsat the Large HadronCollider (LHC) at the Europeariaboratoryfor
particle physics CERN, one of the world’s leadinglaboratories.The goal of the two
(ATLAS andCMS) out of thefour experimentdn total atthe LHC, is not only to dis-
covertheHiggspatrticle(the only undiscoveredparticleof the SM) but alsoto prove if
Supersymmetrgxistsor not. If Naturehasreally choserto be supersymmetriat will
berelatively easyto verify it at LHC. Themasse®f the superpartnerareexpectedo
bein the orderof 1 TeV, thustheir discovery potentialat LHC, wherethe centerof-
masseneqgy in theparticlecollisionsis 14 TeV, is very large.

The subjectof the presentthesisis relevantto the ATLAS Experimentand more
specificallyto the wire calibrationof the Monitored Drift Tube (MDT) Chamberof
the ATLAS Muon Spectrometeandto thepotentialof the ATLAS detectoiin detecting
SUSY throughthe next-to lightestneutralinoproductionanddecay The neutralinos
arethe superpartneref the SM gaugebosons.

The thesisis structuredin the following way: after this introduction, chapter2
describesriefly the Atlas detectorat the LHC andpresentsts physicsdiscovery po-
tential,aswell asits requirementsChapter3 focusesonthedescriptionof the ATLAS
Muon Spectrometeandits MDT chambersChapter4 presentghe quality assurance
of the MDT chambers.In chapter5, a new wire calibrationmethodfor the MDT
chamberswithout the useof ary externalreferencesystemis presentedChapter6 is
devotedto the simulationstudiesof this calibrationmethodandrevealsits statistical
andsystematieffects. Chapter7 providesashortintroductionto SUSY anddescribes
the simulationstudiesof the next-to lightestneutralinodecayat differentpointsof the
MSUGRA parametespaceat the LHC, usingthe ATLAS detector The lastchapter
chapter8, providesa summaryof the presenthesis.



Chapter 2

The ATLAS Detector:
An Experiment at the LHC

In theyear2006theoperationof the LargeHadronCollider (LHC), apowerful particle
accelerators scheduledo start.

The LHC is the next stepin a voyageof discovery which began a centuryago.
Backthen,scientistshadjust discoveredall kinds of mysteriougays, X-rays,cathode
rays,alphaandbetarays. Marny questionshave beenansweredaboutthe origin and
propertieof theseraysgiving usamuchgreatemunderstandingf theUniverse.At the
dawn of the 21stcentury we facenew questionsn elementaryparticle physicswhich
LHC is designedo address.

In this chapterthe physics potential of the collider aswell asits impacton the
designof the ATLAS experimentarebriefly given.

2.1 The LargeHadron Collider

TheLHC will bea proton-protoncollider with a centerof-massenegy /s of 2
x 7 =14 TeV. It will beinstalledin the existing 27 km of circumferencdunnelat
CERNIin Gene&rawhich hashousedill Novemberof 2000the Large ElectronPositron
Collider (LEP). Thedesignluminosityof LHC is 10** cm~2 s~!. Two bunchesof 10!
protonseach,will collide every 25 ns. Theseprotonswill be preparedoy CERN’s
existing acceleratochain(seeFigure2.1) beforebeinginjectedinto thetwo LHC sep-
aratebeamlinesthatwill hostthetwo protonbeams.

The high luminosity in combinationwith the very high centerof-massenegy of
the acceleratowill allow the explorationof particle physicsup to enegiesthatdom-

inatedthe universejust 10-12 s afterthe 'Big Bang’ whenthe temperaturevasabout
10'6 K.
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At theinteractionpoints(four in totalalongthetunnel)wherethetwo protonbeams
meet,the trans\ersebunchradiuswill be 15 um andthe bunchlengthwill be 30 cm.
Thismeanghatthepositionof thevertex will have aratherargespreadalongthebeam
direction;the effective spreadof the distribution of the vertex positionis expectedto
be5.5cm (r.m.s)alongthe beamdirection.

CERN Accelerators

y CMS
ALEPH  OPAL
LEP/LHC
{‘3
L3 \ S¥DELPHI
ALICE | 7 HeB

West Area
—

&S
; South Area
.
P Pbions

LEP: Lage Electron Positron collider LPI: Lep Pre-Injector

SPS: Super Proton Synchrotron EPA: Electron Positroccumulator
AAC: AntiprotonAccumulator Complex LIL: Lep Injector Linac

ISOLDE: Isotope Separator OnLine DEvice LINAC: LINear ACcelerator

PSB: Proton Synchrotron Booster LEAR: Low Enegy Antiproton Ring

PS: Proton Synchrotron

Figure2.1: Shematicview of the CERNacceleator complex.
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2.2 Particle Production rates

In Figure2.2 thetotal proton-protorcross-sectiomogethemwith the productioncross-
sectiondor somecharacteristigprocessesasa function of the p-p centre-of-masgn-
ergy areshowvn. Thetotal crosssectionis estimatedo bebetweerf0and130mb. This
will resultin about20 interactiongper bunchcrossing(i.e every 25 ns) at the design
luminosityof 10** cm=2 s~!. At thisluminositythecollisionratewill be 10° collisions
persecondandthetotal integratediuminosityis expectedto be 10° pb~! peryear
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CERN l LHCl
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— ) Gjet —>
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4 R B
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Figure2.2: Thecross-sectiof somecharacteristicprocesseat LHC asa functionof
thep-p cente-of-masenegy [DEN9Q].
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2.3 Physicsat LHC and Detector Requirements

Oneof themaingoalsof LHC is to studythe actualmechanisnof symmetrybreaking
in the electraveak sector(SU(2) x U(1)) of the StandardModel (SM). This mech-
anismis associatedvith the Higgs Boson. Thereforethe Higgs searchis usedasa
benchmarkor detectoroptimization.

The high enegy and luminosity of the LHC offers a large rangeof physicsop-
portunities,from the precisemeasurementsf the propertiesof known objectsto the
exploration of the high enegy frontier. Thereforebesideshe Higgs search several
otherprocessesvill be usedasbenchmarkdgor the detectordesign. All theseexam-
ples of physicsat LHC aswell asthe stringentdetectorrequirementghey set, are
discussedh this sectionbriefly.

2.3.1 HiggsPhysics

Thelastunobseredparticlefrom the StandardModelis theHiggsboson.Its discovery
would allow oneto completethe SM paradigmand confirm the mechanisnof spon-
taneoussymmetrybreaking. On the contrary the absencef the Higgs bosonwould
awake doubtsaboutthewhole pictureandwould requirenew conceptsThereforeone
of themaintopicsin LHC studieswill bethe searchor the SM Higgsboson.

Thetotal Higgs productioncrosssectionat LHC is predictedto rangebetweerD.1
pb and 100 pb dependingon the Higgs mass. The dominantproductionmechanisms
are gluon-gluonfusion, WW fusion and ZZ fusion while lessimportantproduction
processesre tt fusion and Higgs bremsstrahlungrom W or Z. Only a few decay
channelsof the Higgs bosonare accessibldo experimentalobsenation at LHC be-
causeeitherthedecaychanneldave smallbranchingatiosor thedecaysareobscured
by alarge backgroundf eventsthatcarrythesignatureof the Higgs. Hencethe differ-
entHiggs decaychannelsdescribedelow, for the Higgs massrangingfrom 80 GeV
to 1 TeV arethemostprominentoenchmarkprocessefor thedetectorslesignat LHC.

The currentHiggs masslower limit is setto 114.1GeV. It hasbeenderived by
direct searchest LEP, which hadto stopin November2000 asthe acceleratomwas
switchedoff giving its placeto the LHC [LEPO1].

Figure 2.3 shaws the branchingratios of Higgs decaychannelsdependingon the
Higgsmass:

e 80GeV< my < 120GeV.
Below the WW or ZZ thresholdthe largestHiggs decaybranchingratio will
be H — bb. Sincethis decaychannelis obscuredby QCD backgroundthe
reconstructiorandtaggingof b-jetswith high efficiency is a crucial elementin
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the detectomperformance Another promising channel in this massrangeis
H — ~~ althoughit suffersfrom very large backgroundFor suchdetectionsan
electromagneticalorimeterwith high resolutionand excellent photon/jetand
photon/electromliscriminationis required.

e 120GeV < my < 180GeV
In this massregion the decayH — ZZ* — 4l* (wherel = e, p) providesa
very cleansignature Very goodleptonenegy/momentunresolutionis required
(aboutl%).

e 180GeV < my < 800GeV:
ThedecayH — ZZ — 4l is consideredo bethemostreliablediscorery channel
sincethe expectedsignalratesarelarge andthe backgroundgsmall.

e my > 800 GeV.
For this heary Higgs bosonthe decayH — ZZ — [*l~vv is relevantandit is
six timesmorefrequentthantheH — ZZ — 4i. This signaturds characterized
by the high missingtrans\erseenepgy dueto the escapingheutrinosandby two
chaged high p leptons. Another promisingchannelin this massrangeis H
— W*TW~ — lvjj (j denotesjet).

—
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Figure2.3: Brandiing ratios of the Higgs.

2.3.2 SuperSymmetric Particles

In the Minimal Supersymmetri@xtensionof the SM (MSSM) thereis a family of
Higgs bosons:a chaged bosonpair(H*) andthreeneutralbosons(h, H°, A). More
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aboutthis extensionof the SM can be found in chapter7. For the searchof these
bosonsefficient secondaryertex detectionfor 7 leptonsandb quarksaswell ashigh

resolutioncalorimetryfor jetsandmissingtrans\erseenegy areessentialThe search
of thelightestsupersymmetriparticle(LSP),whichis stable(assumindR-parity con-

senation) and escapesletection,setsstringentrequirementdor the hermeticityand

missingtrans\erseenegy of thedetectors.

2.3.3 Heavy Quark Physics

An importantchapterof LHC physicswill bethe studyof heary quarksystems.Al-
readyat initial lower luminosity the LHC will be a high rate beautyandtop quark
factory LHC hasa greatpotentialfor performinghigh precisiontop physics mea-
surementsvith abouteightmillion tt pairsexpectedto be producedor anintegrated
luminosityof 10fb~!. It would allow notonly for the precisemeasurementf thetop
guarkmass(with precisionof ~ 2 GeV) but alsothe detailedstudyof its properties.
The main emphasisn B physicsstudieswill be givento the precisemeasurementf
CP-violationin the By systemand the determinationof the anglesin the Cabibbo-
Kobayashi-Maskaa unitarity triangle.In addition,investigationsof BB mixing in the
B? systemareB decaysandgeneralspectroscop of stateswith b quarkswill be of
greatinterest.

Precisesecondaryertex determinationfull reconstructiorof final stateswith rel-
atively low-py particlesandlow-pr leptonfirst level trigger aswell assecondevel
tracktriggeringcapabilityarenecessaryequirementgor the LHC experiments.

2.3.4 Other Searches

MaybeNaturehasnot choserthe Higgs mechanisnasthe mechanismesponsibldor
theelectraveaksymmetrybreaking.Thereforeat LHC searche$or signature®f tech-
nicolor models,which could replacethe Higgs bosonsof the SM or MSSM, will be
performed.

Therearealsootherpossibilitiesfor new physicsthatarenot necessarilyelatedto
the scaleof electraveaksymmetrybreaking.Therecould be for examplenew neutral
or chagedgaugebosonsvith massesargerthanthoseof theZ andW bosons Several
extensionsof the StandardViodel postulatethe existenceof suchheary gaugebosons
(' andW’). They couldbeaccessiblat LHC for massesip to 5-6 TeV. Considering
their leptonic decays high resolutionlepton measurementand chage identification
areneededcbvenin apr rangeupto afew TeV.

The LHC experimentsfinally will alsobe ableto performnew physicssearches
for leptoquarksquark and lepton compositenesspagneticmonopolesand massve
neutrinos.
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2.4 Detectorsfor the LHC

To exploit the full discovery potentialof LHC two general-purposproton-protonex-
periments(ATLAS and CMS) andtwo specialisedexperiments(ALICE and LHCDb)
will beinstalledatthebeamcrossings.

ATLAS

The ATLAS (A Toroidal LHC Apparatis) detectorhasa characteristianagnetcon-
figuration: a) a superconductingsolenoidwill beinstalledaroundthe Inner Detector
cavity andb) large superconductingair-coretoroids consistingof independentoils
will bearrangedutsidethe calorimetry This conceptoffers almostno constrainson
calorimetryandInner Detectorallowing non-compromisedechnologicakolutions,a
high-resolution]arge acceptancandrobustMuon Spectrometewith excellentstand-
alonecapabilities.The ATLAS detectoris goingto be 22 m high, 44 m longandhave
aweightof about6000tons.

The subjectof this thesisis focussedn this detector In the next sectiona more
detaileddescriptionof this experimentwill begiven.

CMS

Themaindifferencebetweerthe CMS (CompactM uon Solenoid)andthe ATLAS de-
tectorslies in their magnetconfigurationdor muonspectroscop The CMS is based
on a single, large and superconductingolenoidalmagnet(14 m long and 3 m inner
radius)generatinga uniform magneticfield of 4 T. This detectoris going to have a
heightof 14 m anda lengthof 20 m, whereasts weightis going to be about12000
tons.

ALICE

ALICE (A Lamge lon Collider Experiment)will convertthetill recentlyexisting L3
detectorinto a heavy-ion dedicatedexperimentthat will investigate Pb-Pbcollisions
at centre-of-masenegies at the PeV scale. Its aim will be to createand studythe
so called Quark Gluon Plasma(QGP), the stateof matterwherequarksand gluons
aredeconfined.This stateis believedto have existedshortly afterthe Big Bangwhen
the temperaturef the Universewasextremely high. In addition ALICE will search
for qualitatve andquantitatve differencedetweerproton-protorandnucleus-nucleus
collisions.

LHCDb

The LHCb will be dedicatedo B physicsandit is going to be built in the DELPHI
pit. It is an open-geometryorward collider detector The large Lorentzboostof the
producedB mesonswill allow precisedecaytime measurementsyhich arecomple-
mentedby excellentparticleidentificationandefficient muontriggers.
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For more detailedinformation aboutthe four detectoramentionedabove, seethe
respectre technicalproposalsof the experiments;[ATL94], [CMS94], [ALI95] and
[LHCDb98g].

2.5 The ATLAS Detector

The ATLAS Collaborationproposedo built a general-purposproton-protordetector
whichis designedo exploit thefull discovery potentialof theLHC. The Collaboration
submitteda Letter of Intentin 1992, a TechnicalProposalin 1994 and sincethen
several TechnicalDesignReports(TDRs) for eachsubsystemncluding mostof the
final specificationshave beenpublished. The constructionphasehasalreadystarted
for mostof the detectorcomponent@andthe experimentis scheduledo be readyfor

the startof LHC in summer2006. The overall layoutof the ATLAS detectoris shavn

in Figure2.4.

Muon Detectors Electromagnetic Calorimeters
\\

A \
VA \\
AR 1\ :
/ Y A\ Forward Calorimeters
\ L\ /
\
\ \ /

End Cap Toroid

iy

] I \
i Inner Detector ieldi
i Hadronic Calorimeters il 2lrg

Figure2.4: Ovenall Layoutof the ATLASdetector
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The obsenable cross-sectiongor most of the processesre small over a large part
of massrange. Thereforean importantdesignconsiderations to operatein high lu-
minosity andto maximisethe detectablegatesabove background$y high-resolution
measurements.

Thebasicdesignconsiderationgrethefollowing:

¢ Very good electromagneticalorimetryfor electronand photonidentification
andmeasurementspmplementedy full-coveragehadroniccalorimetryfor ac-
curatejet andmissingtrans\erseenegy (Em***) measurements.

¢ High-precisionmuonmomentummeasurementsyith the capabilityto guaran-
tee accuratemeasurementat the highestluminosity using the external muon
spectrometealone.

e Efficient tracking at high luminosity for highpr lepton-momentunmmeasure-
ments electronandphotonidentification,r-leptonandheary-flavour identifica-
tion andfull eventreconstructiorcapabilityatlower luminosity.

e Large acceptancen pseudorapidity(n) with almostfull azimuthalangle (¢)
coverageeverywhere. The azimuthalangleis measuredroundthe beam-axis,
whereaspseudorapidityrelatesto the polar angle (6) with n = —In tan(8/2)
whered is theanglefrom the z-direction(alongthe beamline).

e Triggeringandmeasurementsf particlesat low-pz thresholdsproviding high
efficienciesfor mostphysicsprocessesf interestat LHC.

2.5.1 The Magnet System

The ATLAS superconductingnagnetsystem[ATLm97] is an arrangementf a cen-
tral thin solenoid(CS) [ATLc97] providing the Inner Detectorwith magneticfield,

surroundedy a systemof threelarge air-coretoroidsconsistingof independentoils
arrangedwith an eight-fold symmetrythat generatehe magneticfield for the muon
spectrometefThe overall dimensionf the magnetsystemare26 m in diameter The
two end-captoroids(ECT) [ATLe97] areinsertedin the barreltoroid (BT) [ATLb97]

ateachendandline up with the CS.The CS providesa centralfield of 2 T while the
threeair-coretoroids provide an averagetoroidal field of 0.5 T in the muonsystem.
The magnetsare indirectly cooledby forcedflow of heliumat 4.5 K throughtubes
weldedon the casingof thewindings.

2.5.2 The lnner Detector

The Inner Detector[ATLi97a] (seeFigure 2.5) combineshigh-resolutiondetectorsat
theinnerradii with continuoudrackingelementsatthe outerradii, all containedn the
Central Solenoid. The momentumand vertex resolutionrequirementgrom physics
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call for high-precisiormeasurement® be madewith fine-granularitydetectorsgiven
theenormougrack densityexpectedatthe LHC.

Barrel SCT

Pixel Detectors

Figure2.5: Three-dimensionatutawayview of the ATLASInner Detectorconsisting
of the Pixel Vertex Detector the SemiConductorTracker (SCT)and the Transition
RadiationTradcker (TRT).

Thereforethe Inner Detectorconsistof threeparts:

e ThePixel Vertex Detector[ATLp98] whichwill provideaveryhigh-granularity
andhigh-precisiorsetof measurementgery closeto theinteractionpoint. The
140 millions of pixels form threebarrelsat averageradii of 4, 10 and 13 cm
andfive diskson eachside of the systembetweenradii of 11 and20 cm. The
pixelsshouldnotonly have tiny dimensiong50 um x 300xm) in orderto fulfill
therequiredtaskof patternrecognitionin the crovdedernvironmentof the LHC
but also shouldbe radiationhardenedo withstandover 300 kGy of ionising
radiationandover 5 x 10 neutronsper cm? over tenyearsof operation.The
spatialresolutionin the azimuthaldirection R¢ (the bendingdirection of the

solenoid)will be 12 um while alongthe z direction(the directionof the beam)
will be70 um.

e The SemiConductor Tracker (SCT) [ATLi97b] which will consistof silicon
microstrip detectordorming four completebarrelsat radial distancedetween
30 and52 cm. Eachsilicon detectomwill be 6.36 x 6.40cm? with 768 readout
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strips of 80 um pitch. The SCT systemis designedo provide four precision
measuremenigertrackin theintermediatgadialrangecontributing to themea-
suremenbf momentumjmpactparameteandvertex position. The resolution
will be16 umin Ry and580um in z direction.

e The Transition Radiation Tracker (TRT) [ATLi97b] which will consistof
straw detectorof 4 mmin diameterandequippedwith a 30 um diametergold-
platedW-Re wire. The stravs will befilled with a Xe/CF,/CO, gasmixture.
The barrelregion will containabout50000straws in axial orientationwhile the
end-capwheelswill contain320000in radial orientation. Eachstrav channel
providesadrift-time measuremer(giving aresolutionof 170 zm perstrav) and
two independenthresholds. In this way the discriminationbetweentracking
hits, which passthe lower threshold,and transition-radiatiorhits, which pass
alsothe higheronewill bepossible.

2.5.3 Calorimetry

The ATLAS calorimetrysystem[ATLcl96] is shavn in Figure2.6. It consistsof an
electromagnetidEM) calorimetercovering the pseudorapidityregion || < 3.2, a
hadronicbarrel calorimetercovering |n| < 1.7, hadronicend-capcalorimeterscov-
ering1.5< |n| < 3.2andforward calorimetercovering3.1< |n| < 4.9.

The ElectromagneticCalorimeter (EM)

The EM CalorimeterfATLI96] is a lead/liquid-agon (LAr) detectorwith accordion-
shapedapton electrodesand lead absorberplatesover its full coverage. The total
thicknessof the EM calorimeteris larger than24 radiationlengths(X,) in the barrel
andlargerthan26 X, in theend-capsA granularityof Anp x A¢ = 0.025x 0.025is
aimingfor anenegy resolutionof AE/E = 10%+/E(GeV) andanangularresolution

of 50 mrad,/E(GeV).

The Hadronic Calorimeter

ThebarrelhadroniccalorimetefATLI96, ATLt96] is asamplingcalorimeteusingiron
asanabsorbeandscintillatingtiles astheactive material.lt coversthe pseudorapidity
region |n| < 1.7 andextendsradially from aninnerradiusof 2.28m to anouterradius
of 4.25m. Overtherangel.5< |n| < 4.9, LAr calorimetersareused:the hadronic
end-capcalorimeterextendsto || < 3.2andis acopperLAr detectorandtheforward
calorimeterghat coverstheregion 3.2 < |n| < 4.9 andarebasedon rodsfilled with
LAr in acopperandtungstemmatrix. Theenegy resolutionof thehadroniccalorimeter
will be AE/E = 50%+/E(GeV) for |n| < 3andAE/E = 10006+/E(GeV) for 3 <
In| < 4.9.
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ATLAS Calorimetry EM Accordion

Calorimeters

Hadronic Tile
Calorimeters

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters

Figure2.6: Three-dimensiondhyoutof the ATLAScalorimetrysystem.

2.5.4 The Muon Spectrometer

The ATLAS Muon Spectrometerthe outerlayer of the ATLAS detectorwill be de-
scribedin moredetailin the next chapter

2.5.5 The ATLAS Trigger Scheme

The taskof the trigger systemis to identify bunch crossinggshat containinteresting
physicsevents.Startingfrom aninitial bunch-crossingateof 40 MHz (corresponding
to 10° collisions/s) therateof selectedeventswill bereducedo ~ 100Hz for perma-
nentstorage Thetriggerschemas basedon threelevelsof onlineeventselection:

e The Level-1 trigger (LVL1) makesthe initial selectionof interestingbunch-
crossingsusingreduced-granularitinformationfrom a subsebf detectorsThe
LVL1 lateny (time takento form anddistribute the LVL1 decision)will be 2
us. After theLVL1 theeventratewill bereducedo 75 kHz (upgradablé¢o 100
kHz).
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e The Level-2trigger (LVL2) is designedo reducetheLVL1 triggerrateto ~ 1
kHz by usingfull-granularity andfull-precisiondatafrom mostof the detectors.
LVL2 processings restrictedo 'Regionsof Interest’'(Rol)providedby theLVL1
trigger lts lateny is variablefrom eventto eventandit is expectedto bein the

rangel-10ms.

e The Level-3trigger (LVL3) performsthelaststageof theonlineselectiorusing
the full eventdata. Eventsthat satisfy the final criteria are storedfor off-line
analysis.Theoutputeventrateis finally reducedo ~ 100Hz.






Chapter 3
The ATLAS Muon Spectrometer

High-momentumfinal-statemuonsare amongstthe most promisingand robust sig-

naturesof physicsatthe LHC. To exploit this potential,the ATLAS Collaborationhas
designedxhigh-resolutiormuonspectrometefFigure3.1) with stand-alondriggering

and momentummeasurementapability over a wide rangeof trans\ersemomentum,
pseudorapiditiandazimuthalangle.

Thelayoutof the spectrometeis basedon the magneticdeflectionof muontracks
in a systemof threelarge superconductingir-core toroid magnets(Figure 3.2) (in
orderto avoid resolutiondeterioratiorby multiple scatteringn amassve core)instru-
mentedwith separate-functiotriggerandhigh-precisiortrackingchambers.

Resistive plate chambers
MDT chambers

. Barrel toroid
_ coils

Calorimeters
O ﬁ\

Figure3.1: Transveseview of the ATLASMuon Spectometer

17
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Figure 3.2: Three-dimensionaView of the supeconductingair-core toroid magnet
system(consistingof a barrel and two end-caps).Theright-handend-capmagnetis
shownretractedfromits operating position.

In the pseudorapidityange|n| < 1.0, magneticbendingis provided by alarge barrel
magnetconstructedrom eight coils surroundingthe hadroncalorimeter For 1.4 <

In| < 2.7,muontracksarebentin two smallerend-capmagnetsnsertednto bothends
of the barreltoroid. In theinterval 1.0 < |n| < 1.4 referredto astransitionregion,
magnetiadeflectionis provided by a combinationof barrelandend-cagields.

3.1 Muon Spectrometer layout

The layout of the muonchambersn the ATLAS detectorcanbe seenin Figure 3.3
wherethedifferentregionscoveredby four differentchambetechnologiesareshowvn.
Thechambersarearrangeduchthatparticlesfrom theinteractionpoint traversethree
stationsof chambers.

More specificallyin the barrelregion the chamberdorm threecylindrical layers
(‘stations’)concentriavith thebeamaxis. In thisregiontheparticlesaremeasureear
theinnerandouterfield boundariesandinsidethefield volume,in orderto determine
the momentumfrom the sagittaof thetrajectory The end-capchambersarearranged
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in four disksconcentricwith the beamaxis. Over mostof the pseudorapidityange,
a precisionmeasurementf the track coordinatesn the principal bendingdirection
of the magneticfield is performedby Monitored Drift Tube (MDT) chambergsee
Section3.3.2). At large pseudorapiditieandcloseto the interactionpoint wherethe
particlefluxesarevery high, insteadof MDTs, CathodeStrip ChambergCSCs)are
employed.

Cathode strip

Resistive plate chambers

chambers

Thin gap
chambers

Monitored drift tube
chambers

Figure3.3: Three-dimensionatliew of themuonspectometerinstrumentationndicat-
ing theareascovered by thefour differentchambertechnologies.

Thetriggersystenmcoversthepseudorapidityange|n| < 2.4.In thebarrelthetrig-
gerfunctionis provided by threestationsof Resistve PlateChambergRPCs). They
arelocatedon both sidesof the middle MDT stationandeitherdirectly above or di-
rectly belowv theouterMDT station.In the end-capsthetriggeris performedby three
stationsof Thin GapChambergTGCs)locatednearthemiddle MDT station.Both of
the RPCsandTGCsalsoprovide the’secondcoordinate’measuremertf track coor
dinatesorthogonalo the precisionmeasurementn a directionapproximatelyparallel
to themagnetidield lines.
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3.2 Background conditions

While the particlesin the Inner Detectorcomemainly from the primary proton-proton
interactiontheparticleflux in themuonspectrometeis theresultfrom achainof com-
plex interactionsin the calorimetryand shieldingandis thereforeaffectedby much
largeruncertainties.

Thehigh level of particlefluxesin the spectrometeplaysanimportantrole for the
designof its instrumentatiorand definesthe specificationdor rate capability gran-
ularity, ageingpropertiesandfinally radiationhardness.Trigger and reconstruction
algorithmsalsomustbe carefully optimizedto dealwith the demandingoackground
conditions.
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Figure3.4: Expectednclusivecross-sectiorior primary collision products]CHE93:
(a) asa functionof the transvesemomentunpr, integratedover || < 2.7and(b) as
a functionof therapidity, integratedover 3 < pr < 50GeV.

Therearetwo cateyoriesof backgroundsources:

1. Primary collision productsthatare correlatedn time to the primary p-p col-
lision andthey penetratanto the muonspectrometethroughthe calorimeters.
Sourcesf thiskind of backgroundaremuonsproducedn the decay<of:

e heayy-flavourhadrongc,b,t — uX);

e gaugebosongW, Z, v* — uX);

e light hadrongn flight (h — pX) in theinnertracker cavity;

e hadronicdebrisproducedn the calorimetershovers(shaver muons),
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andfinally asmallfractionof hadronsnteractingateor notatall in thecalorime-
tersandthereforepenetratento the muonspectrometethadronpunch-through)
(Figure3.4a).

Muonswith momentumlessthanabout3 GeV will not reachthe muoncham-
bers.For trans\ersemomentgpr > 10 GeV theinclusve muoncross-sections
dominatedoy charmandbeautydecays.At larger pr > 30 GeV, top andZ de-
caysalsogive a sizeablecontrikbution. If we comparethoughthe prompt-muon
(i.e. correlatedin time to the primary p-p collision) and hadroniccomponents
thatreachthe muonchambersye reachthe conclusionthatthe calorimetersys-
tem hasenoughabsorptve power to suppresadronicdebriswell below the
irreduciblelevel of thepromptmuons.Thetotal countingratefrom primarycol-
lision productss dominatedy low-p; pionandkaondecaysn theinnertracker
cavity (Figure3.4b)

Radiation background, which consistamostlyof low-enegy (1 MeV) neutrons
andphotonsandis producedby secondarynteractionsn theforward calorime-
ter, shieldingmaterial the beampipe andmachineelements(Figure3.5a). This
kind of backgrounddueto frequentrescatterings not ary longercorrelatedn

time to the primary p-p interaction. Although the photonand neutronsensi-
tivities of the MDTs areonly 0.45% and0.1% respectrely [BAR94, CHL93],

countingratesup to 100Hz/cn¥ areexpected(Figure3.5b).
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Figure3.5: (a) The expectedphotonflux as a function of photonenegy in different
pseudoapidity regionsof the spectometer (b) pseudoapidity dependencef thetotal
countingratein thethreeprecisionchamberstations.
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The ATLAS collaborationdecidedto designthe muonsystemfor a five times
higherbackgroundhanexpectedasthe backgroundateshave anuncertaintyof

a factorfive dueto the superpositiorof differentcontributions: First thereare
the uncertaintie®f the total p-p cross-sectiorandof the multiplicity produced
in the primary collisions(factor1.3). Furthermorehe chambersensitvities are
uncertainby a factorup to 1.5. And lastly the limited knowledgeof the shaw-

ering processef the absorbemandof the (n, ) cross-sectionandthe ensuing
neutronand photonproductionhasbeenassumedo contritute by a factor2.5.

However, recentwork [GSCO0Q hasshavn thatthis uncertaintyresultingfrom

theshawer processesanbereducedo afactorl.2.

The effects of the high-rateradiation backgroundon drift chamberoperation
werestudiedat a test-beanexperimentwith a stronggammasourceDEIOQ].

3.3 Muon PrecisionDrift Chambers

Over most of the pseudorapidityrangeof the muon spectrometethe technologyof
the Monitored Drift Tube ChamberqdMDT) is usedas precisionchambergseealso
[HES9]). Themuonmomentan the spectrometewill bereconstructedrom a mea-
suremenbf the sagittain threemuon precision-chambestations. To achieve there-
quiredmomentunresolutionat high momenta(the sagittafor a1 TeV muonis about
500 xm) themuoninstrumentatiorhasto provide a positionmeasuremerdccurag of
about50 pym perstation.

In this sectionwe describan somedetailthis kind of chamberstartingwith their
constituents.

3.3.1 Description and Operation Principle of the SingleDrift Tube

The basicdetectionelementsof the MDT chambersare cylindrical aluminium drift
tubeswith adiameterof 3 cmand400 um wall thicknesshaving a centralW-Re sense
wire of 50 um diameterthat is connectedo positive high voltage. The tubesare
operatedvith non-flammablegasmixture at 3 bar absolutepressureandareclosedat
both endsby end-plugs.Theseend-plugsprovide the fixation of the centralwire and
its electricalcontact. They alsocontainthe gassealsfor eachtubeaswell asthe gas
connectorgo thegasmanifold. Thetubelengthsvary from 1 to 6 m.

The principle of operationis shovn in Figure3.6. Whena muontraversesa drift
tube, it interactselectromagneticallgausingionization of the detectorgas and pro-
ducingclustersof electronsalongits track. Sincethe collisionswith the gasatomsare
random thenumberof ionizationclustergerunit of tracklengthis Poissordistributed
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Figure3.6: Principle of the SingleTubeOperation. Theelection drift timeis measued
andcorvertedto a distancevia a space-timeelationship(rt-relation).

[BLU94]. An effective descriptionof theionizationleft by the chagedparticlealong
its trajectoryis provided by the so calledclustersizedistribution (the numberof elec-
tronsin aionizationcluster).In Figure3.7theclustersizedistributionfor Ar/N,/CH,
(91/4/5)simulatedwith HEED [SMI97] is presentedRIE97]. HEEDis aprogramthat
computesn detailtheenepy lossof fastchagedparticlesin gaseslIf weignoreclus-
tersabove 500 electronghe meannumberof electronger clusteris about3.

Probability

1 10 10
Number of electrons per cluster

Figure3.7: Clustersizedistribution for Ar/N,/CH, (91/4/5)at 3 bar absolutepres-
sure simulatedwith HEED.

The clustersof electrongproducedalongthetrajectoryof the muon,drift towardsthe
anodewire guidedby theradialelectricfield

Vv

E(r)= —r
)= s

(3.1)
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wherea is thewire radius,b theinnercathodeadiusandV the high voltageappliedto
theanode.As the chage approacheghewire, it is multiplied in anavalancheprocess
creatingnew electron-ionpairs[SAU77]. The anodevoltageis chosensuchthatthe
avalancheamplificationfactor (gasgain) is 2 x 10*. Typically this voltageis about
3 kV. The positive ion cloud movesfrom the avalanchezonetowardsthe cathode|n-
ducinga currentsignalin the anodewire, which is readout on the side of the tube,
amplified,shapedcandpresentedinally to a discriminator Thedrifting electronsalso
inducea signal which is thoughnegligible comparedo the ion signal. The logical
outputpulseof thediscriminatoris givento a Time-to-Digital-Cowerter(TDC) which
measureshetime differencebetweenthe muonpulseanda trigger signal. This time
differences thedrift time of theelectronglusa constanbffsetdueto thesignalprop-
acationtime in theelectronics Subsequentlyhedrift timeis corvertedinto theradius
(r) of closestapproactof the track usingthe space-timeelationship(r-t relationship
or rt relation)obtainedoy anautocalibratiomprocedurd CRE97, DEIOO, VIE96]. Ac-
cordingto the ATLAS specificationshesingle-tubespatialresolutionshouldbe80 um
or better Thedetailedanalysisof the contritutionsto the spatialresolutionthatcanbe
obtainedwith suchadrift tubeis discussedn [RIE97].

3.3.2 Monitor ed Drift Tube Chambers(MDTS)

The MDT chambersonsistof two multilayersof tubesgluedon eithersideof arigid
spaceistructure(Figure 3.8).

&
NF
W

Cross plate

Multilayer y
In-plane alignment
Longitudinal beam

z

Figure3.8: An MDT chamberconsistsof three (as shownin thefigure) or four layers
of aluminumtubeswhich are gluedon eithersideof the spacerstructure.
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The multilayersof the chambersn the middle and outer stationhave threelayersof
tubeswhile thoseof thechambersn theinnerstationhave four layersin orderto make
the patternrecognitionin thesehigh backgroundegions morereliable. The support
frame(consistedf threecross-platesindtwo long beams)provide the positioningof
the two multilayerswith respecto eachotherandmechanicalntegrity undereffects
of temperaturechangeand gravity. It also supportsmostof the componentf the
alignmentsystem(seesection3.5).

Theaccurateositioningof thedrift tubesis provided by the assemblyprocedure.
Thetubesaregluedtogetherafter positioning. This chamberassemblyandconstruc-
tion designwas chosenfor guaranteeindhe reliability and the stability of the con-
structionand operationfor the anticipatedifetime of the experimentin anirradiated
ervironment:5 yearsof storageollowedby final assemblyand10 yearsof running.

Dependingon their sizesand positionin the muon spectrometerthere are sev-
eralkinds of MDT ChambersuchasBOS (Barrel Outer Small),BOL (Barrel Outer
Large),BIS (BarrellnnerSmall) etc.

The MDT projectis on the scaleof a very large industrial project. The taskin
numbersis impressve: the total numberof MDTs is 1194 covering an areaof 5500
m? while the total numberof readoutchannelds 371488andthe total length of the
tubesis 1141km. The chamberswill be built in 16 Institutesspreadover the world
with CERN coordinationandcontrol. A Quality Assurancé’lanwasestablishedsee
chapter4).

3.4 Muon Spectrometer Performance Requirements

A comparisorbetweermostspectrometers high enegy physicsexperimentgo date
andthe ATLAS muonspectrometeyieldsthatthe latteris uniquein several aspects.
It is designedto maintainhigh performancen termsof momentumresolutionand
reconstructiorefficiengy.

3.4.1 Momentum Resolution

Themuonspectrometeinstrumentationntendsto achiaze a momentunresolutionof

Apr/pr <1 x 107 x p/GeV for pr > 300 GeV. Thereforeits resolutionfor the

mostenegeticmuonsthatareexpectedat LHC (1 TeV) will beabout10%. Figure3.9

shavstheindividual contributionsto themomentunresolution;single-wireresolution,
chambemisalignmentmultiple scatteringandenegy-lossfluctuations.It is obvious
thatfor low enegy muonsthe momentunresolutionis limited by multiple scattering
of the muonsin the spectrometematerial. For high enegetic muonsthe momentum
resolutionis limited by alignmenterrorsandMDT resolutionwhich wasassumedo

be 80 pum for this simulation.
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Figure 3.9: Contributionsto the momentunresolutionas a functionof p;, aveiaged
over|n| < 1.5.

3.4.2 ReconstructionEfficiency

The reconstruction(or pattern-recognitiongfficiency is definedas the efficiency to
reconstructmuontrackscorrectly Thehigh backgroundevelsresultin largechamber
occupanciegup to 20% for a maximumdrift time of 700 ns) and hit rates(up to
300kHz pertube)andput severerequirement®n the single-tubeefficiency andrate
capability Thefractionof timewheretheMDT is occupiedby aneventi.e. theMDT is
notableto measureamuontrackis definedasoccupanyg. Thefactthattheoccupanyg
influencesthe reconstructiorefficiency consiststhe main agumentfor using a fast
drift gas. In Figure3.10the reconstructiorefficiency andthe fake track rate(number
of wrongly reconstructedracks)for differentbackgroundevels andlayout schemes
areshavn [ATL94]. The resultsin this figure derived from a simulationwherethe
maximumdrift time wasassumedo be480ns. ThebaselinggasAr/CO, (93/7)hasa
longermaximumdrift time (seesection5.2.1).
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Figure 3.10: Badkground level dependencef the reconstructionefiiciency and the
fake-track rate A badkgroundlevel of five refeis to a safetyfactor of five on top of
the nominalbadkgroundrate as hasbeenderivedfrom simulation. '444’ indicatesa
chamberconfiguation with four layers of tubesper multilayerwhile 333’ indicatesa
configuation with threelayers.

3.5 Alignment

A majorchallengés thelargeactive surfacearea(5500m?) coveredby the1194MDT
chambergogetherwith the requiredmeasuremenprecision. This imposesstringent
requirement®n theprecisionof eachindividual drift tube,its alignmentrelative to the
othertubesin the chamberandthe alignmentof chamberselative to eachother Due
to the large scaleof the spectrometeandthe big numberof chambersjt would be
extremelydifficult to keepthe geometryof the chambersandtheir positionsstableon
the scaleof therequiredtrackingaccurag of 50 um. Thereforea differentapproach
waschoserfor alignmentithechambersvill bepositionedonly with a precisionof the
millimeter scale.Thenthechambemovementsaanddeformationswill be controlledto
a precisionof betterthan20 um by an elaboratedsystemof optical alignmentbeams
which will be monitoredconstantlyto apply the requiredcorrectionsto the position
measurementThis is the reasorthatthe chambersare called ‘Monitored Drift Tube
Chambers{MDT).

Owingto geometricatonstraintsdifferentalignmentschemesreusedto monitor
chambeipositionsin the barrel (projectve alignment),in the end-capandthe defor
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mationsof large chambergin-planealignment). All alignmentsystemsarebasedon

optical straightnessnonitors. Optical beamswhich traversethe active areaof these
opticalmonitorsplacedon their trajectoriesandmountedon the elementof themuon
spectrometemreusedfor thealignmentmonitoring.

A vital ingredientto reachtherequiredprecisionfor large detectorsurfacess also
the developmentof reliableonline monitoringandcalibrationproceduresThis aspect
constitutesa major partof this thesisandit is describedn subsequenthapters.



Chapter 4

Quality Assuranceof the
MDT Chambers

The stringentrequirementdor the chamberconstructionare derived from the per
formancerequirementgliscussedn the previous chapter(section3.4). Herewe are
summarisingherequirementgor the productionof the MDT precisionchamberghat
arenecessaryo reachthe desiredprecisionof the momentunresolution:

e Thewire of asingletubehasto bepositionedo 10 um r.m.s(in projection)with
respecto areferencesurfaceon the endplugof thetube.

e Theleakratefor asingletubemustbe < 10~8 barl/s.
e Thewire tension(350g) musthave anr.m.sof < 7 g.

e The chamberanustbe constructedvith 20 um mechanicabccurag (r.m.sof
therelative distancebetweerthewiresof thedrift tubes).

¢ The maximumallowed dark currentwhenthe tubeis operatedat a gasgain of
2 x 10%, shouldbe 2 nA/m of tubelength.

e Thesagof the wires mustbe controllablewithin 10 um up to a wire lengthof
4 m.

e Thedistancebetweerthetubecentreandthewire hasto belessthan100um over
thewholetubelengthto limit thedeviationsfrom theidealrt-relation. Therefore
the spacesstructureof thechambersnustguidethe multilayersalongthe wires’
length.

e The internal optical alignmentsystemmountedon the spacerstructuremust
monitorthe displacemenof themiddle cross-platelueto temperaturgradients
atthefew micronlevel.
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Before the startof the seriesproductionof the MDT chambergn 2000, several
MDT prototypeshad beenconstructedoy different ATLAS institutes. Theseproto-
typeswere testedin dedicatedtest beamsat CERN in orderto assurethe required
performance Oneof theseprototypega BOS chamber)wvasbuilt in 1998at the Max
Planckinstitutein Munichasacommoneffort of several ATLAS muoninstitutes(MPI
Munich, LMU Munich and Freikurg University). The chamberhasa tubelength of
3800mm andawidth of 2160mm, the largestchambemidth in the barrelpartof the
ATLAS muonspectrometerlt contains432 drift tubesarrangedn two triple layers
(multilayers).Eachlayercontains/2 tubes.

In the following sectionsof this chapterwe will introducethe quality assurance
proceduresndtestfacilities usedfor the evaluationof this prototypechamber These
same(with maybeminor variations)testingmethodsarecurrentlyusedfor the quality
assurancef theMDT chambers.

4.1 Quality Control for the SingleDrift Tubes

Beforethe assemblyof the drift tubesin a chamberextensve quality assuranceests
of the tubesare required[ATL97]; oncea drift tubeis a part of an MDT chamber
a replacemenbecomesmpossible. The quality of the individual tubeshasa direct
impacton the chamberperformance.Thereforea careful validation of the tube per

formanceis anintegral partof the chamberconstruction At the Ludwig-Maximilians
University (LMU) in Munich we have developeda testfacility which providesa fast
responsealuringdrift tubefabricationwhethereachindividual tubecorrespondso the
specificationgoncerningwire tension,leak rate, wire location, noiserate andsignal
responseln afirst stepthis facility providedfeed-backor a productionof about500
drift tubes,which werefabricatedby the Max-Planck-Institut§ MPI) in Munich, and
for thedevelopmentof tubemassproduction.

Themostcritical item of a drift tubearetheend-plugs.They provide theelectrical
contactto the wire andhold the mechanicalwire tension. The wire tensionmustbe
known in orderto calculatethe wire positionin betweenthe wire locatorregions,as
the wire hasa sagalongits lengthin the tubedueto gravity effects. A corventional
methodverifying the wire tension(T) is to measurehe oscillation frequeng (f) of
the groundmodewire vibrationandto usethe standardexpressiorrelatingthesetwo
quantitiesto thewire density(p), thewire length(L) andthewire diameter(D) :

T ~ p D*L2f? (4.1)

The wire tensionwas measuredy usinga commercialCAEN tensionmeter It was
foundto beequal(~ 3509) for all tubeswithin 1% rms.
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Thewire positionsof thetubeshave beenmeasuredisinga pair of X-Ray sources
anda pair CCDsfor imagerecording. Thetubeis positionedrigidly into a V-groove
beingsupportedandsucled at 4 positions. The wire locationcanthenbe calculated
from the projectedwire imagesobsened from two differentangles,asillustratedin
Figure4.1,afterthecomparisorbetweertheshadaevs of thetubewire andthoseof the
fiducials. During thefirst productionphasethe measuregbositioningaccurag of this
facility wasbetterthan5 ym. Beforeabsolutewire positionscanbe determinedthe
set-upwascarefully calibratedwith measurementsn a drift tubemountedat several
(8-16) equidistantazimuthalorientationsnto the V-groove.

Suction
Cup

lPump

Figure4.1: Shematicillustration of thewire location measuementset-up.

Themeasuredlisplacementsf thewires (Ay and Ax) areshown in Figure4.2. The
redcircleshave aradiusof 10,20, 30, 40 and50 um. In Figure4.3the projectionsof

the sameresultson they andx axis of thereferencdrameareshovn. SideA corre-
sponddo the high voltagesideof thetubeandsideB correspondso its oppositeside.
Thestandardieviationsof Gaussiarfits to thewire coordinatedistributionsfrom these
X-ray measuremenisre10-12 m, compatiblewith the specification®f Atlas.

Theleakrateof thetubeswasmeasuredavhile they werefilled with a gasmixture
Ar/CH,4 (90/10)at3 barabsolutgressureA smallvesselolume(0.17) wasmounted
aroundeachtube endplug. This vesselvolumewasevacuatedusinga vacuumpump
for about30 - 40 minutes.Thenafterclosingthe valve betweerthe pumpandtheves-
sel,the pressurancreaseasa function of time wasrecordedandthe leakageratewas
calculated. The maximumacceptedeak rate accordingto the Atlas specificationss



32

CHAPTER4. QUALITY ASSURANCEOF THE

Ay in um

-50

-50 -40 -30 -20 -10 0 10 20 30 40 50
AX in pm

MDT CHAMBERS
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Figure4.3: Wire coordinatesAx and Ay for sideA andB of thetubes.
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105 mbarl s ! pertube. Thesignalrespons®f thetubeswasalsotested While the
tube wasfilled with gasat 3 bar absolutepressurethe naturalradiationbackground
(cosmics)countrate aswell asthe countrate usinga radioactve Americium source
(10 nCi) weremeasuredDuring this testtheleakagecurrent(dark current)of thetube
waslessthan5 nA, compatiblewith the specifications.

In the phaseof final prototypesbeforethe start-upof the chambemproduction,the
testfacility wasalsousedfor samplef tubesfrom otherinstitutesparticipatingin the
productionof MDT chamberge.g.the MDT chambeifrom Frascati,ltalyf CHO98).
Beforethe formal decisionof the collaborationfor the final end-plugdesign,mechan-
ical acceptancéestswith tubesthat had differentend-plugswere performedat this
facility atLMU asthewire positionmeasuremenisingthe X-Ray set-upwastheonly
facility of the collaborationin Europe. Besidesthe normaltestsforeseerduring the
productionstage we alsomeasureaperationakharacteristicandthe leakagetight-
nessof eachtube after repeatedchangesf the gas pressureand the environmental
temperatureof the tubesand after inducing vibrationson the wire, thus simulating
conditionsduringthelifetime of atubeandduringtransportsTheresultsof thesetests
weretakeninto accounty the ATLAS Collaborationfor the end-plugdecision.

4.2 Quality assuranceof the MDT chambers

A detaileddescriptiorof thechamberonstructions presentedh [ATL97] and[BOS99.
After theassemblyf achambeextensve validationtestsareperformedo assurdoth
its mechanicaprecisionandits operationaktability.

The chambershouldbe gastight. Its leak rateis measuredndit shouldbe less
or equalto 10~° mbarl/s pertube. After the front-endelectronicsis mounted high
voltageis appliedto verify the functionality of the electronics.At this phasethe dark
currentis alsomeasuredIn additionthe correctbehaiour of the in-planealignment
systemis assured.

As it hasalreadybeenmentionedtheanodewiresareplacedveryaccuratelywithin
thechamber(20 um r.m.s). This demandingprecisionis anessentiaingredientof the
MDT conceptand needsto be continuouslyconfirmedduring the productionphase
after eachchamberassembly A very elegantway to verify wire positionsinside an
assembled¢hambeiis theuseof alarge X-Ray tomographplacedat CERN. This high
precisiondevice (betterthan5 pm) wasspeciallydesignedgconstructecandupgraded
by the ATLAS CollaborationBER9S.
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Figure4.4: Photayraphof thelarge X-ray tomayraph.

Figure4.4 shavs thelarge X-Ray tomographnstalledin a cleanroom,which pro-
videshigh mechanicaktability andwell-controlledervironment(seealso[DRA97]).
The X-ray tomographconsistof:

e A fixed3.5m longiron portico, equippedwith a precisemotorizedcartrolling
alongthex-axis (alongthedirectionof thewires).

¢ Two collimatedX-Raybeamgositionedirmly ontherolling cartatabout+31°
with respecto the z-axis(the coordinatan thechambeiplane,perpendiculato
thewires). Thetwo beamshave a cross-sectiof about30 ym x 8 mm anda
divergenceof about60 prad.

e Four high precisionlaserinterferometersvhich monitor the movementsof the
X-RaysourcesThey recordthelineardisplacemenalongthez-axis,thevertical
straightness$n the y-axis (the coordinateperpendiculato the chamberplane),
the pitch angle(rotation aroundthe x-axis) andthe roll angle(rotationaround
thez-axis).

o A referencerame madeof two rulersinstalledabore and underthe chamber
Therulersaremadeof two layersof a precisepatternconsistingof 60 x 30 um
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goldenstripsput on ceramicplatesandmountedon a carbonfibre support.
e A rolling cartwhich supportsaandalign thechambeto be measured.

¢ Onesmallmoving cartenslaedto the X-Ray cart, supportingtwo scintillators
(Nal crystals)following the beams.

The precisesynchronizatiorof the differentpartsof the X-ray tomographduring
scanningaswell asthe analysisof the resultsof the scansare performedin an au-
tomatedway. Critical problemsof automation(automaticalignmentof the chambey
finding positionsof thescansalongthechamberquality checkingof themeasurements
etc) arestill underdevelopmentaimingin afully robotizedoperationof the X-ray to-
mograph.

The operationalprincipal of the tomographis basedon the enhancedbsorption
of afine, collinear X-Ray beamin the tungstenwires asopposedo the aluminium
of the tubewalls andthe gas. The chambeito be measureds placedbetweerthe X-
ray sourcesandthe X-Ray detector(scintillators)that recordsthe absorptionprofile
during scanningalong the multilayer cross-sectiorof the chamber Scanningunder
two differentbeamangleswith respecto the chambeiplane(two X-ray sources)ro-
videsa stereomeasuremerguchthata two-dimensionamapof wire positionscanbe
reconstructedpassve method). Every chamberis scannedn a few positionsalong
thetubelength. Using the externalreferencdrameof the X-Ray tomographathree-
dimensionamapcanfinally beconstructedllowing to measurg¢hewire sagalongthe
tubes. After the analysisthe resultsarestoredin a databaseroviding the full list of
thewire positionandaccurag.

SeveralMDT prototypesaswell aschambergrom the seriesproductionhave been
testedat the X-ray tomograph Oneof themwasthe BOS prototypementionecearlier
in this chapterandthe analysisof thesedatais describedxtensvely in [KROO0O]. It is
plannedthatthe X-ray tomographwill scanl10 - 15% of the ATLAS MDT chambers
settingup a data-basevith their wire positions.

At the productionsitesof the ATLAS collaboration,cosmic-rayset-upsoffer the
possibilityof afull functionalitytestandcalibrationof thechambersisingcosmicrays.
Suchateststandwashbuilt in 2001 by the Ludwig-MaximiliansUniversity (LMU) in
Munich. It is devotedto the quality controlof 88 BOSchamberdgor the ATLAS muon
spectrometethatarebeingbuilt at MPI Munich.

The cosmicray muonteststandconsistsof a permanenpartandchamberdo be
tested. The permanenpart consistsof two MDT referencechambersmeasuredat
the X-ray tomographat CERN. Below the lower MDT referencechambetthereis an
absorberconsistingof a layer of solid iron 34 cm thick. Below thatiron absorbeiis



36 CHAPTER4. QUALITY ASSURANCEOF THE MDT CHAMBERS

a hodoscopevith atime resolutionbetterthan800 pswith the countersorientedper
pendicularto the MDT tubes. Below the hodoscopas one layer of streameitubes,
giving a spatialresolutionof about5 mm with tubesorientedparallelto the MDT
tubesandplacedaboutl m belov the absorberAbove thetop MDT referencecham-
beris anotherhodoscopemadeof scintillatorsthat are orientedperpendiculato the
MDT tubes. The chamberdo be testedare positionedin betweenthe two reference
chambersThe set-upoffersthefollowing possibilities:

¢ Testof asinglechambewmith anangle0!(possiblyalso22.50r 67.5degrees;j.e.
in thepositionthe BOS chambersvill be mountedn ATLAS).

e Testof severalchambersimultaneoushat O degree.

Apart from the determinatiorof gasleak ratesandleakagecurrents several very
importantperformanceparameter®f the chamberswill be testedsuchasefficiency,
noiseanddrift-time spectraor eachtube. It is furthermoreplannedto assureghe me-
chanicalprecisionof the chamberdy measuringhe positionof their wires relatve
to thoseof the two referencechambers.The expectedprecisionin the determination
of wire positions,asderived from speciallydesignedsimulationprogramg K OR00]
is 10 - 15 um in the z-coordinatefor chamberdying flat. It is expectedto measure
the wire positionsrelative to the referencechambersn the y-coordinatethoughwith
lower precision(50 um) (seeFigure3.8for the definition of the coordinateaxes).

Moreover, muchhasbeenlearnedaboutthe performancef chambersvhich have
beenoperatedn testbeamsat CERN. Theseactvities have beenfocusedon basic
guality parametersuchasreconstructiorefficiency andspatialresolutionof precision
chambersefficiengy andtiming of trigger chambersand the high-ratebehaiour of
all muondetectorsThe experienceandoutcomeobtainedduringtheseactvities have
directly influencedthe chamberconstruction. The main ATLAS testbeamfacility is
the CERNH8 beamline At this testbeamthe BOS prototypewastestedn summerof
1998andautumnof 1999(seechapter5b).

It is obviousthata lot of effort is beingput from the ATLAS Collaborationinto
theassurancef therequiredmechanicahccurag of the MDT chambersThe present
thesiscontritutesin this effort, asit will bedescribedn the subsequenthapters.

li.e. thetubelayersof the chambeiareplacedparallelto the groundplane.



Chapter 5

Calibration of the wir e positionsof a
BOS Chamber

The studiesin this chapterrefer to the datataken with the full scaleprototypeMDT
chambementionedn chapter4. The chamberasa lengthof 3800mm, a width of
2160 mm and consistsof two triple layers(multilayers)of drift tubes. It wastrans-
portedto CERNandwasscannedy the ATLAS X-ray tomograph(section4.2). The
resultsof thetomograplrevealedthatthechambefulfills thespecificationgmechani-
calaccurag of 20 um). After thescan carefulevaluationof thechambeiperformance
wascarriedoutin August1998andSeptembet 999atahighenegeticmuontestbeam
at CERN. It is necessaryo emphasizehefactthatduringthe 1998teststhe chamber
wasfilled with Ar/N,/CH, (91/4/5)whereagduring the 1999testsit wasfilled with
Ar/CO, (93/7). Thereasorfor this changewill be givenin a following section. In
this chapterthe experimentalset-upsusedfor this evaluationaswell asa methodto
calibratethe positionsof the wires of this BOS chamberwithout usingary external
referencerame are described.The correctnes®f our resultshasbeenverified by a
comparisorwith the resultsgiven by the X-ray tomograph.This comparisons also
presentedn this chapter

5.1 Set-upfor the Ar/N,/CH, Measurements

The first evaluationand extensve testsof the above mentionedfirst BOS prototype
took placein August1998in the H8 muontestbeamat CERN. The enegy of the
muonbeamwas180GeV. Theexperimentaket-upis shavn in Figure5.1. Thecham-
berwasinstalledwith thetubesin verticalposition.A 10 x 10cm? scintillatortrigger;
placedat the centerof the beamprofile, wasusedproviding the referenceime of the
MDT tubes. ‘ODYSSEUS’ [DEI99], asshavn in the samefigure, is a Silicon Mi-
crostrip Tracker which wasusedas externalreferencesystem.lIt is a beamtelescope
thatcanperformreliablemeasurementsf drift time tuberesolutionandefficiengy and
canverify unambiguouslyeconstructedracksthroughchamberprototypes.The six
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silicon microstripdetectorg5.1 x 5.1 cn?) thatconsistODYSSEUShave aresolution
of 7 um each.Four out of the six planesmeasurehe precisioncoordinateperpendicu-
lar to the MDT wires, the othertwo detectorgive usthe ‘second’coordinateparallel
to thewires.

The chambemwasfilled with Ar/N,/CH, (91/4/5)at 3 bar absolutepressure.lts
tubeswere operatedn proportionalmodeat 3270 Volts in orderto accomplishthe
requiredgasgain of 2 x 10*. Theread-outelectronicsusedwere BNL preamplifiers
[BNL73], shapergwith a peakingtime of 15 ns)anddiscriminatorgwith aneffective
thresholdof 25 primaryelectronsand TMC TDCs[KEK] with abin width of 781 ps.

BOS

10X10 trigger
scintillator

ODYSSEUS

BEAM HH m

1st 2nd
Multilayer

Figure5.1: Experimentaket-upin August1998with Ar/N,/CH,. ODYSSEUSvas
placedat the position indicated only whenit was usedfor the measuementof the
chamberresolutionandthert-relationfor the specificgasmixture.
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5.1.1 Aligning the Drift Time Spectra

A crucial parameteto determinethe hit positionin spacegrom thetime measuredy
the TDC is the offsett, of eachindividual tube,i.e. the TDC responsdor a null drift
path. Thetime ¢, is differentfor eachchannelandis determinedy the delaysof the
signalcablesandthefront-endelectronics.

Thetime t, canbe measuredor eachtubeby analyzingthe raw time distribution
of thehits (drift time spectrum)In Figure5.2atypical drift time spectrunwhile using
the Ar/N,/CH, gasmixtureis shovn. Theleadingedgeof sucha distribution canbe
determinedy fitting thewhole spectrumwith thefollowing function[CRE97:

1+ exp(Bt)] - [L+ exp(22)]

Py [1+ Py exp(75)]
t

N(t) = P, + (5.1)

Events
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Figure5.2: Thedrift time spectrunfor a typical tubefor the Ar/N, /CH, (91/4/5)gas
mixture. Thefittedfunctioncurveis alsovisible

where N(t) is the numberof hits in eachtime interval and P; (i=1,..,8) arethe pa-
rameterdhatarefitted for eachtube. P, and P, representhe amountsof the constant
uncorrelatedbackgroundcomingmainly from the electronicnoiseandof the true hit
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distribution. P3 and P5; describethe non-uniformpeakof the distribution whereasPy
and P, correspondo the minimum andmaximumdrift time respectrely. Finally the
parameter$> and P; describethe shapeof the leadingandtrailing edges.

Oncethe parametergareobtainedfrom thefit, the ¢, is definedasthe valueof the
parameterPs. This value correspondgo the point wherethe Fermi function of the
numeratotin (5.1), thatis fitted at the leadingedge changesunature.Finally this ¢y
valueis usedasa correctionfor thedrift time of eachhit thatthe TDC gives.

5.1.2 The Least-SquarsTrack ReconstructionTechnique

As it wasdescribedn Section3.3.1,the drift time of the electronsfrom the track of
themuon,whichtraverseghedrift tube,to thewire is corvertedinto aradius(r) of the
impactcircle usingthe space-timeelationship(rt relation). A muontrack canthenbe
reconstructedhroughboth multilayersof the MDT chamberby fitting a straightline
to theimpactcircles. For our analysisthis wasdoneby minimizationof thefollowing
function:

Nhits ) _ e (fi)]2
X2 — Z — [T(tz) T ] (52)

2
O’.
i=1 v

where N,;;, = 6 asonly trackswith six hits (onehit on eachof the six layersof the
chamber)were usedando; is the singlewire resolutionof the i tube at the radius
r;f#), asmeasuredvith an external referencesystem. The hit radii 7(¢;) definethe
impactcircles (calculatedirom the rt-relation)andr; /) is the shortestdistancebe-
tweenthe reconstructedracky = m - z + ¢ andthe 7** wire representedby a point
with coordinategz;, v;) (Figure5.3),thatis :

(fit) _ Im - 2 + ¢ — yi
N g 3)

A quantitythatwill be usedextensvely in thefollowing sectionss the ‘residual’.
Asit isdemonstrateth Figure5.4,thedifferencebetweerthefitted muontrack(r; (/%))
andthemeasuredadius(r(t;)) is definedas‘residual’:

Residual = r;¥% — r(t;) (5.4)
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r(ty)

fit
A0

Figure5.3: Cornventionalfit of a straightline to theimpactcircles. Only onemultilayer
of drift tubesis shownin this figure. Themeasueddrift timesare first cornvertedinto
radii, thenthe x? function (5.2) is minimizedwith respecto the track parametes m

andc.

Muon Track

r measured

Residual

Figure 5.4: The differencebetweerthe fitted track (r;/*)) and the measued radius
(r(t;)) is definedas‘residual’. Thebold circle is thetubecircumfeenceandthe dotin
its centeris the sensawire (anode).
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5.1.3 Description of the wir e calibration method

In Figure 5.5 the coordinateframe of our setup at the muontestbeamis given. As
the chamberwas placedvertically to the muon beam,the position of eachwire is
definedby two coordinatesvhich areperpendiculato thewire: they coordinatethat

is perpendiculato the tracks’ directionandthe z coordinatewhich is parallelto the
tracks’direction.

0.0

Figure5.5: Thecoorinateframeof the set-upin the muontestbeam. Thesolid blue
line correspondg$o a muontraveisingthetwo multilayeis of the chamber Thedashed
line indicatesthe origin (0.0) of the z axis of therefelenceframe

Whenthe wire of a tubeis displacedwith respecto its nominalpositionusedin
thetrackfit, thedistribution of the residualsversusthedrift distancefor trackswhich
traversethe tube right from its wire is not symmetricwith the onefor trackswhich
traversethe tube left from its wire. In Figure 5.6(a), the residualsversusthe drift
distancefor onetubeis shavn. In orderto illustratebetterthe asymmetrybetweerthe
two residualbranchesye divide the drift distancein 30 bins (1mm of width each),
fit a Gaussiardistribution to the residualsn eachbin andthenplot the meanvalues
of thesedistributionsasrectanglesn Figure5.6(b). The residualdeft from the wire
arecalled’residualdeft’ (resi.;) andtheresidualsight from thewire 'residualsight’
(resnight). Betweenthe two branchedhereis a distanced. For the determinationof
therelative wire positions the positionsof two tubes(oneon eachmultilayer) arekept
fixed (Figure5.7), while they coordinate®f the twelve surroundingubesaremoved
till thedistributionsof theirresidualdeft andright from theirwiresbecomesymmetric
thatis till thefunctionF whichis definedas

14 N 2 2
. ((respight)ji — (7"681ef1t)jz')2 (Tesright)ji (TeSleft)ji
F=3%> 5 + +

2 P 2 2
o1 =1 rii T Oiji T i Tiji

(5.5)
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is minimized.Theo, ando; arethestandardleviationsof thedistribution of theresid-
ualsright andleft from thetubewire respectrely. Thefirst sumis overthegroupof the
14tubeswhichis called’a flower pair’ while theseconds overall theresidualsr/alues
(N) of thebranchesThelasttwo termsof theabove functionoffer extra constraintso
thatthewidth of theresidualswhenthey areprojectedon they axisof Figure5.6b,is

minimumandcenteredat zero.
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Figure 5.6: (a) Residualsdistribution versusthe drift distancein a tube while the
chamberwasfilled with Ar/N,/CH, (91/4/5). (b) Residualdistribution asymmetry
for tradkstraversingthewire fromleft andright. Theerror bars which are very small
to bevisiblein mostof the pointsexpressthe standad error of themeanvaluein eath
bin. Thedistancebetweerthetwo branchesof theresidualss indicated(d).

It is worthwhile mentioningthatin this procedurene do not take into accountthe
residualsthat are closerthan2 mm to the wire andcloserthan1 mm to the wall. It
is alsoobviousin Figure5.6 thatthereis a larger spreadof the residualscloseto the
wire. Very closeto the wire the spatialresolutionof the tubeworsensas a result of
electronclusterpositionfluctuationgDEI98] andchage fluctuations.Moreover near
thewall theMDT startsbecomingnefficient [RIE97a]. Thereasorfor thatis thefact
that nearthe wall the track lengthwithin the gasvolumebecomesshortandin some
casegheprimaryionizationis too smallfor obtaininga pulsegreateithanthediscrim-
inatorthreshold.

After finding the new wire positionsthe asymmetryof the residualdeft andright
of thewire disappeargFigure5.8).
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A flower pair

Figure5.7: A crosssectionof the chamberis shown. Thetubesindicatedin blue are
the two central tubes(one on ead multilayer) whosewire positionsare kept fixed.
Thesurroundingtubesindicatedin red, are the oneswhosewire positionsare varied
simultaneouslyill theasymmetrpftheresidualdeft andright of thewiresdisappeas.
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Figure5.8: Afterfindingthenew wire positionstheasymmetryf theresidualdeft and
right of thewire disappeas. Theblad rectanglesare theresidualsbefore findingthe
wire positionsandtheredtrianglescorrespondo theresidualsafterthecalibration of
thewire positions.

It shouldbepointedoutthatthisfinal form of the minimizationfunction (5.5)was
obtainedafter several stepsof optimization. Initially we wereminimizing the rms of
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theresidualdistributionsleft andright from thewire together Laterwe usedonly the
first termof the (5.5). Thesetwo approachesesultedin a not so stableminimization
proceduremainly becauseof the presenceof the half illuminated tubes,thatis the
tubeswithin the flower pair thatare’illuminated’ with tracksonly alonghalf of their
diameter Thesetubeshave only oneresidualbranchandnot two asit will be shovn
more detailedin section6.1.1. Thereforethe absencef the lasttwo termsin (5.5)
could not provide the necessaryonstraintsin orderto incorporatefully thesehalf
illuminatedtubesinto the minimizationprocedure.

5.1.4 Resultsand Comparisonwith the X-ray Tomograph

Thert-relationthatwe usedn ouranalysisor the1998datawastheonefor Ar/N,/CH,4
(91/4/5)thatwascalculated by autocalibratiorandthe useof externalreferencesys-
tem) during testbeammeasurements the previous years[ALE99a] (seealso Fig-
ure5.14(a)).

As thetriggerusedin our set-upwasquite small (10x 10 cnm?), thewire calibration
methodwasdevelopedwhile analysinghedatatakenby only asmallgroupof 14tubes
(oneflower pair). Thetotal numberof six-hit tracksthatwereusedin this flower pair
wasabout60000.After applyingthe methodto this flower pair, we measuredhewire
displacementsn they directionwith respectto the ideal grid to have a distribution
with anrms of ~19 um (Figure5.9). This resultis in agreementwith the required
mechanicahccurayg of 20 um with which the chambemwasbuilt.
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Figure5.9: Wire displacements they directionwith respecto theideal wire grid for
the 12 tubesof oneflower pair (data1998). Therms of the distribution (19 pm) s in
agreementvith therequired medanicalaccumacy of the chamber(20 um).
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Thenext stepin orderto verify thereliability of the method,wasto comparethese
resultswith thoseprovidedby the X-ray tomograph.ThetomographscannedheBOS
chambein severalpositionsalongits full length.As thebeampositionduringourtests
traversedthe chambeiin its middle,thetomographscanthatwe usedfor our compari-
sonwasthe onethatwasperformedn the middle of thechambet. Figure5.10shows
the shift mapof this scanin the X-ray tomographreferencdrame.

The comparisorbetweenour resultsandthoseof the tomographrevealeda nice
correlation(Figure 5.11) and shoved that the accurag of the methodis betterthan
10pm (Figure5.12).
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Figure 5.10: The X-ray tomayraph shift map of the scanmun98_3 r4_16. Thedis-
placementsre shownin directionand amplitudefor ead wire of the BOSprototype
chamber All valuesare in mm.Manywiresare hiddenby the chambercrossplates.

1Accordingto the X-ray tomographabbreiation this scanwas namedas mun98_3_r4_16, where
3 indicatesthat the scanwasin the middle of the chamberr4 indicatesthat the chambemwasturned
by 180 aroundvertical axis (original orientation)and 16 is just the consequenhumberof scanduring
measurements.
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Figure5.11: Thedisplacementsf the y coordinatesof the wire positionsfrom their
nominalpositionsfor the 12 tubesof theflowerpair measuedbythe X-Raytomagraph
(Ayzrey) Versusthe correspondingdisplacement$Ay.q.m) found with the method
discussed.Theerror bars for the tomayraph points are equalto 5 um while those

of the calibration methodare 9 um (as shownin the Figure 5.12 both resultsagree
within 10 gm).
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Figure5.12: TheRMSof 10 um of the distribution of the difference Ayeam-AYzray
showsthatthe accuracy of the methods betterthan 10 pm.
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5.2 Set-upfor the Ar/CO, Measurements

After the successf the calibrationmethodto find the wire displacementsn they
directionfor twelve tubes,it wasdecidedthatdatafrom a biggerareaof the chamber
shouldbe taken in orderto testthe validity of the methodfor a completechamber
This planwascarriedout during the 1999testbeamperiod. The experimentalset-up
is shavnin Figure 5.13. Thebeamenegy was300GeV.

Hodoscope BOS
Trigger

|

BEAM ODYSSEUS

[l

1st 2nd
Multilayer

Figure5.13: TheExperimentaket-upin Septembet999with Ar/COs,.

A large hodoscopdrigger (1 x 1 m?) consistingof 12 scintillatorswasused.The
chamberwasfilled with Ar/CO, (93/7) at 3 bar absolutepressure. Its tubeswere
operatedn proportionalmodeat 3080 Volts correspondindo a gasgain of 2 x 10%.
Theread-outelectronicausedwereagain BNL preamplifiersshapergwith a peaking
time of 15 ns)anddiscriminatorgwith aneffective thresholdof 25 primaryelectrons).
TDCsof theKLOE Experimen{VEN95] with 1.042nsbinswereusedfor thehit-time
measurement.

5.2.1 The Gaschoice

The gaschoiceis oneof the mostcritical issuesfor the MDT system. The favourite
gasmixture candidateuntil the summerof 1998wasthe Ar/N,/CH, (91/4/5).1t was
chosendueto its very linear rt relation (seeFigure 5.14(a)),the high drift velocity
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(maximumdrift time of 480 ns)andthe goodspatialresolutionof typically 80 um.

Oneof the biggestconcernss the possibledegradationof the drift chamberper
formancedue to organic depositson the electrodeswhich are createdby processes
catalyzedoy ionization. The strengthof theseprocessefasbeenfoundto be propor
tionalto thechage depositontheanode Operatingata gasgain of 2 x 10* thechage
depositwill be0.6 C/cmin 10yearsATLAS operation.This chage depositcaneither
reducethe MDT performanceor even completelydestry a tube. It hasbeenfound
in extensve agingstudiesthatgasmixturescontainingorganiccompoundge.g. CH,)
producethin depositson thewire andon the cathodewhich affect the performance.

The formerbaselinegasmixture Ar /N, /CH, (91/4/5)shaved strongagingdam-
age(decreasef the pulseheight,high countrates)at alreadyl/5to 1/2 of the chage
depositwhich is expectedduring ten yearsof ATLAS operation [SPE98. The new
baselinegasAr/CO, (93/7)shavedno ageingbut is slower (maximumdrift time 680
ns) andrathernon-linear(Figure5.14(b)). Its drift velocity dependsstrongly on the
reducecelectricfield, £, whereFE is the electricfield insidethe tubeandp is the gas
density Dueto this strongdependenceslight ervironmentalchangeqi.e. tempera-
ture, pressureandvoltage)thatinfluenceeitherthe E or the p, affectthedrift velocity
in atubeandconsequentlyhert relation. Thereforenon-lineardrift gasesshow lower
operationaktability thanthe lineardrift gases.
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Figure5.14: Measuedrt relations(a) for Ar/Ny/CH, (91/4/5)and (b) for Ar/CO,
(93/7) at magneticfield B=0 anda gasgainof 2 x 10*.
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5.2.2 Spatial Resolutionof the chamber

The spatialresolutionof the chamberis alsodifferentfor the two differentgas mix-
tures(theformerandthe presenbaselinggas). The spatialresolutionasa function of
thedrift distancer is definedasthe width of theresidualdistribution in discreteslices
in » [ALE99a]. The residualdistributionsare obtainedby comparingthe track posi-
tion rpredicted, Predictedby thereferencesystem(ODYSSEUS)andthe track position
T (tmeasured), Measuredvith the drift tube. In Figure5.15the resolutionasa function
of the distancer from the wire is given for both gases:(a) for Ar/N,/CH, (91/4/5)
[ALE99b] measuredn 1997and(b) for Ar/CO, (93/7) measuredn 1999 [KOR99.
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Figure 5.15: Resolutionas a function of the drift distancefrom the wire: (a) for
Ar/Ny/CH,4 (91/4/5)(b) for Ar/CO, (93/7).

Themainreasorfor the qualitatively differentradialdependencef theresolution
for thetwo gasess thehigherdiffusionin Ar/N,/CH, which causeshedeterioration
for r > 4 mm[RIE99]. The averagetuberesolution< ¢ > is givenby quadratically
averagingthelocalresolution(o) asafunctionof thedrift distancethatis:

1 [ )
<o >= \/ﬁ /lmm[a(r)] dr (5.6)

whereR is thedrift distance Accordingto the ATLAS corvention,thefirst millimeter
is excludedfrom the averagebecausaearthewire theresolutionis sobadthathitsin
thisrangewill oftennot betakeninto accountoy trackfits throughanMDT chamber
Moreover, thequadraticaveragewould bedominatedoy thelargeo(r) in thissmallin-
terval andwould notbearepresentatie number Theaverageresolution(for operation
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without radiationbackgroundpsdefinedin equation(5.6) for Ar/N,/CH, (91/4/5)is
80 um, whereador Ar/CO, (93/7)is 69 pum.

5.2.3 Resultsand Comparisonwith the X-ray Tomograph

Usingthe silicon strip detectortelescopgODY SSEUS)asexternalreferencesystem,
the r-t relationshipwas determined.It was compatiblewith previous testbeanmea-
surementgseesection5.2.1)andwe usedit for analysingthe datafrom 6 flower pairs
(51 tubesin total). This time the adjustmenbf only the ¢, parameterasit wasde-
scribedin section 5.1.1,wasnotenough.Moreover thet, couldnotbe measuredvith

thesameaccuray for all tubescoveredby the large hodoscopérigger As thedimen-
sionsof the beamwere7 x 7 cn? (Gaussiarprofile), the tubesthatwerecloseto the
centerof thebeamhadmorehits sotheirt, wasdeterminedvith higheraccurag than
thetubesthatwereplacedfurtherfrom this position.

In orderto interpretour datain the bestpossibleway andbeingable at the same
time to measurehe positionsof the wires, in a first approachwe usedfor eachtube
a differentr-t relationshipby applyingthe corventionalautocalibratiorproceduresi-
multaneouslyfor eachtube. During this autocalibratiorwe could only usetracksper
pendicularto the chambersincewe did not have datasetswherethe tracksformed
differentangleswith thechamber(asrequiredfor the autocalibratiorprocedure).

The wire displacementsbtainedin this way were consistentwith the X-Ray to-
mographmeasurementd.his approachthoughraisedtheimportantquestionwhether
theuseof anindividualr-t relationshipfor eachtubeis really necessary

Furtherstudiesshaved however, that the tubescould be treatedwith a common
rt relationandthat the only parametershat hadto be adjustedindividually for each
tubewerea time offset and a scaleparameter More preciselywe fitted eachone of
the above rt relationsto the oneof the silicon telescopgdODY SSEUS)usinga linear
transformation.In Figure5.16thert relationof oneof our tubes,beforeandafterthe
fit, is plottedtogetherwith thert relationmeasuredy ODYSSEUS.By dividing the
area2 mm< r < 13mminto 60 bins,we obtaintheinitial time valuefor eachoneof
them(t;y;). Consequentlyve minimizedthefollowing function:

N
X2 = Z — (tmz - tcorr)2 (57)

i=1

wheret.., = atoays + b, toays IS the time value of the specificbin given by the rt
relationdeterminedby the silicon telescopeand N is the numberof bins between2
and13 mm. After thisfitting procedurehetwo parameters (scaleparameterandb
(time offset) are defined. The adjustmenbf thesetwo parametergorrespondso an
adjustmenbf the t, parametetoo. Thereforethe t, wasfinally determinedwith the
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above proceduravith anaccurag of about300 ps (asderived from simulationstudies
thatwill be describedn the next chapter).Figure 5.17 shavs how the asymmetryof

theresidualdeft andright of the wire of oneof the tubesdisappearsfter calibrating
thewire positions.
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Figure5.16: Thedashedine is thert relation measued with ODYSSEUSThesolid
line is thert relationfor oneof the tubesbefor the fit. Thedot-dashedine is thert

relationof thesametubeafter thefit andit is notveryvisibleasit almostoverlayswith
thesolidline.
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Figure5.17: Residualdeft and right of the wire versusthe drift distancefor a tube
while the chamberwasfilled with the baselinegas Ar/CO, (93/7). Thebladk rectan-
glesaretheresidualdefor findingthewire positionsandtheredtrianglescorrespond
to theresidualsafter the calibration of the wire positions.
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Thedistribution of thewire displacementfundwith thisadjustmenhasanrmsof
16 um (compatibleagain with themechanicahccurag of thechamber)Figure5.18).
It shouldbe mentionedalsothatthesewire displacementare the sameasthoseob-
tainedwhile eachtube hadits own rt relation. Comparisorwith the X-ray measure-
mentsof the new wire coordinateshaws again a good correlation(Figure5.19)and
agreementvithin 10 um rms(Figure5.20) [CHOOQ.
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Figure5.18: Wire displacement# they directionwith respecto the ideal wire grid
for the 51 tubesof six flower pairs (data1999). Therms of thedistribution (16 ym) is
againin agreementith therequired medanicalaccumacy of the chamber(20 um).
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Figure5.19: Thedisplacementsf the y coordinatesof the wire positionsfrom their
nominal positionsfor the 51 tubesmeasued by the X-Raytomagraph (Ay,,q,) VEr
susthe correspondinglisplacement§Ay;eq.,) foundwith the methoddiscussedThe
error bars are thesamdike thosein Figure5.11.
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Figure5.20: Thedistribution of the differenceAy;peam-AYzray- Thermsof the distri-
butionis about11 pm.

5.3 Summary

Using the datataken with oneof thefirst full scaleMDT prototypesduringthe 1998
testbeanperiod, while the chamberwasfilled with the former ATLAS baselinegas
Ar /Ny /CH,4 (91/4/5), the relative wire positions(in the y direction)for a group of
twelve tubeswere found usinga wire calibrationmethodthat needsno externalref-
erenceframe. The accurag of the methodwasbetterthan10 yum asderived from a
comparisorof theseresultswith thoseof the X-ray tomographat CERN. The success
of thesestudieswasrepeatedhefollowing yearby finding the wire positionsof fifty-
onetubesof the sameprototypechamber;this time the chambemwasfilled with the
new baselinggasAr/CO, (93/7).

Having proventhe succes®f thewire calibrationmethodfor moretubes the sim-
ulation studiesin orderto identify its statisticaland systematiceffects, whenapplied
alongthe full width of a chamberwasthefinal stepandl amdiscussinghemin the
next chapter



Chapter 6

Simulation studiesof the calibration
method

After the successfulesultsof the wire calibrationmethoddescribedn the previous
chapteysimulationstudiesof its applicationalongthe wholewidth of achambemere
performed. Moreover the combinationof the informationfrom the individual flower
pairs,asit will be describedn this chaptey canprovide a more completetestingof
the mechanicahccurag of the chamber The systematicandstatisticaleffectsof the
methodthatareintroducedby differentfactorsarealsopresented.

6.1 Simulation for individual flower pairs of achamber

For a simulatedchamberfilled with Ar/CO, (93/7) and having wire displacements
of 20 um rmsin they direction(Figure6.1), muontracksperpendiculato the cham-
berusinga GEANT [GEA93] basedsimulationprogram(MTGEANT [KORO(Q) were
produced.GEANT is a systemof detectordescriptionand simulationtools that help
particle physiciststo designand optimize the particle detectorsdevelop andtestthe
reconstructiorandanalysigorogramsandinterprettheir experimentabdata. Theenegy
of themuonsproducedvas180GeV.

Along thewholewidth of thechambe(72tubesperlayer)thereare70overlapping
groupsof 14tubeg(flower pairs).Fromthemary thousandsnuontracksproducediur-
ing the simulationwe used25000for eachflower pair. After applyingthe methodto
all of these70 flower pairs,the local displacementghatis therelatve displacements
of thewireswithin aflower pair, weremeasured.

At this pointit is necessaryo describenow the comparisorbetweerthe displace-
mentsof the wiresfound with this methodandthe generate®neswasmade.In Fig-
ure6.2thereferencdrame(y,z) of thesimulatedoerfectgrid of thewiresof oneflower
pair of thechambeiis shovn. Thenominalpositionsof thetubewiresarerepresented

55
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asblackpoints. Perfectgrid meanghatall they pitches(separatiorbetweenwo suc-
cessve wires in the y direction) are equalto 30.036mm while all the z pitchesare
equalto 26.054mm. The distancebetweenthe two middle layersof the chamberis
399.07mm. Thedistancesn this Figurearenotin scale.
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Figure6.1: The genemteddisplacementsvith an rms of about20 ym of all the 432
wiresof a wholechamber

In the wire calibrationmethodthe wire positionsof the two centraltubesin the
two middle layersare kept fixed (assuminghat they coincidewith the positionsof
the perfectgrid). Thedisplacementsf the surroundingwiresthatarefound, express
the relative positionsof thesewires with respectto the real positionsof the central
ones.By keepingthetwo centralwiresfixed (whosepositionsin reality arenot those
of the perfectgrid asassumed they arealsodisplaced)wve definea new local refer
enceframewithin every flower pair. Thereforethe displacement# the perfectgrid
referencdrameshouldbetransformednto displacements thelocal flowerreference
frame. After this transformatiorthe comparisorbetweerthe (transformedpenerated
andmeasuredlisplacementsanbe performed.

Comingbackto Figure6.2, we illustrate a simple exampleof the transformation
betweenthe two referencéramesmentioned(usingnumbersfor clarification). Sup-
posethatonly thewire of oneof thetwo centraltubes(tube?) is displacedoy 30 um
in they direction. Theline thatconnectghetwo centralwiresdefinesthe directionof
thez’ axisof therotatedocal flower referencdrame. Theaxesof therotatedframey’
andz’ arealsoindicated.Becausdahedisplacemenof tube?2 is sosmall(in the order
of microns)theanglef is alsovery small(§ = 0.75:1075 ° ~ 0 ©).



6.1. SIMULATION FORINDIVIDUAL FLOWERPAIRS OFA CHAMBER 57

y’ y(mm)

displaced
. position

T T T Z(mm)
0 399.07 425.082

Figure6.2: The perfectgrid refelenceframe(y,z) and the rotatedlocal flower frame
(y’,2"). Theblad pointsare the nominal positionsof the wiresof oneflower pair in
the (y,z) frame Theblue point closeto wire 2 indicatesits displacedpositionin they
direction.

Given that the coordinatesf tubes2 and 3 are (y», z2) and (ys, z3) respectrely,
their correspondingoordinatesy;, z;) (i = 2, 3) in the rotatedframeby angled will
be:

/ /

Yy = —2981nb + yscosh, Y3 = —235tnd + yscosl (6.1)

2y = 29c080 + ya51nb, 24 = z3c080 + y3sind (6.2)

By replacingsind = 6, co¥) =1 (6 ~ 0°), 2z, = 399,07mm, y, = 0.03mm, z3 =
425.082mm andy; = 15.018mm (asdefinedby the perfectgrid) we find:

yp = —0.03 + 0.03 = 0 mm, ys = —0.032 + 15.018 = 14.986 mm  (6.3)

25 ™ 2o 25 ™ 23 (6.4)

Equation6.4 denoteghat AB canbe consideredarallelto they axis. As they pitch
Is equalto 30.036mm, thedistancebetweerwire 2 andwire 3 is:

Ypiteh _ 30.036

=15.01 .
5 5 5.018 mm (6.5)
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Fromthesecondequationin 6.3,it is obviousthatthewire 3 will bedisplacedromits
nominalpositionin therotatedframeby

AB = 14.986 — 15.018 = —0.032 mm (6.6)

Theminussignin theabove equatiordenoteghatthewire 3 is closerthanthenominal
distanceto the wire 2. In reality the wire 3 hasgeneratedlisplacemen&qualto zero
but wire 2 hasgeneratedlisplacemenéqualto 0.030mm. Our methodmeasureshe
realrelative positionsbetweerthe fixed tubesandthe surroundingones.Thereforeas
we keepthewire 2 fixedat positiony = 0.0wewill measurehatthewire 3is displaced
andis closerto the wire 2 by about0.032mm. The displacementhatis found with
themethod shouldbe comparedvith thedisplacemenfAB of thewire 3 in therotated
frame.

After thecorrespondendeetweereachreferencdlower frameof thewholecham-
berandtheperfectgrid oneis found, thedisplacementsf thewire positionsmeasured
with our methodwere comparedo the generateanes(Figure6.3(a)). This compar
ison revealeda local accurag of the methodin the orderof 5 um (Figure 6.3(b)).
Statisticalandsystematiccomponent®f this accurag will beinvestigatedin thefol-
lowing sections.
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Figure6.3: (a) Thegenerateddisplacementsf they coordinatesof the wire positions
fromtheir nominalpositionsfor thetubesof onesimulatedchamber(Ay,.,,) versusthe
correspondinglisplacement§Ay,...) recalculatedwith the methoddiscussed(b) The
distribution of the differenceAy,...-Ayg.,, for fixedt,=0 ps. Thele are doubleentries
for all tubesof the chamberasthe flowerpairs measuedare overlaid.

(No of entries= (70flowerpairs) x (12 measuedwires)= 840). Thedistribution has
a o of about5 pm.
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This precisionis by afactortwo betterthanthe onewe obtainedusingthetestbeam
data. The reasonis thatthe ¢, parametemwas kept equalto zeroin the simulation.
In reality this is not the case. This parametecanbe determinedwith anaccurag of
200-300psfor individual tubes[RAUO1]. Therefore we introducedto the drift time
spectraof thetubes,Gaussiardistributedt, offsetsof anrmsof 200and300psasit
will bedescribedn the next section.

6.1.1 Systematicsdueto i

After introducingto the drift time spectraof all the tubesof the simulatedchambey
Gaussiardistributedt, offsetsof anrmsof 200 psthe local uncertaintyincreasedo
8 um (Figure 6.4a). Whentheseoffsetshad an rms of 300psthe local uncertainty
becamed ym. In Figure6.4bthelocal accurag dependencen the spreadof the ¢,
valuesis presented.
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Figure6.4: (a) Thedistribution of the differenceAy, .- Ay, Whenthet, hasa Gaus-
sian distribution with a width of 200 ps, (b) the local accuracy dependencen the
spreadof .

The mainreasorfor this effectis the presencef the half illuminatedtubesin the
two middle layersfor eachflower pair. For thesehalf illuminatedtubeswe useonly
tracksthatpasseitherright or left from their wires,sothedistribution of theirresiduals
versusthedrift distancehasonly onebranchandnottwo (Figure6.5).

Whenthe ¢, changeghe two branchesf the fully illuminatedtubesare moved
togethereitherup or down. Thedistancebetweernthemthoughstaysthe same.In the
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caseof the half illuminatedtubes their onebranchagain is movedup or down but we
do not have ary informationfor the secondoranch.We cannot determinethedistance
betweerthetwo branchesor thesgubesandconsequentlyheinformationfor thewire
displacementhatis expressedvith thedistancebetweerthetwo branchess inevitably
partly lost. Accordingto our methodthe singlebranchef the half illuminatedtubes
arejust alignedalongthe line that correspondso residualvaluesequalto O (seethe
two lasttermsof the minimizationfunctionin equations.5).

A flower

Fully illuminated
Tube A

€
c A
(79}
o
ol Half illuminated
Tube B
15 0 15
«  —> r (mm)

Figure6.5: On the left, a flower pair of tubesis shown;d indicatesthe areawhose
tradks we usefor this flower pair. This hasas a resultthat four tubes(indicatedn

blue)in theflower pair are half illuminatedwith tracks. On theright of thefigure the
residualsversusthe drift distancefor the fully illuminatedtube (A) aswell asfor the
half illuminatedone(B) are shown.ThetubeA hastwo residualbranchesbut thetube
B hasonlyone
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6.1.2 Statistical effects

As it was previously mentioned,for the studiesin sections6.1 and 6.1.1, we used
25000muontracksperflower pair. In orderto separatestatisticalandsystematigre-
cisionof our method,it wasnecessaryo examineits local accurag by usingdifferent
numberof tracks. The local accurag dependencen the numberof tracksusedis
showvn in Figure6.6for the casethatthet, waskeptequalto O andwhenit hadGaus-
siandistributedvalueswith awidth of 200 ps. The errorbarsof the pointsexpressthe
standarderror of the meanvalue of the accurag that was obtainedby repeatingthe
analysiswith severalsubsamplesf thespecificnumberof tracks.It is obviousthatfor
morethan 10000tracksa plateauis reachedwhile for smallernumbersof tracksthe
local accurag startsto deteriorateandreachesl1l pm and13 pm for 1000tracksfor
to=0 andaspreadf ¢ty equalto 200 psrespectiely.
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Figure6.6: Thelocal accutacy dependencen the numberof tracks usedper flower
pair. Thecirclescorrespondo the casewhele the t, waskeptequalto O whereasthe
trianglesrepresenthe caseof ¢, spreadwith a width of 200 ps. Theerror barsvisible
in this Figure are lessthan 0.5 um whereasfor the other pointsthey are too smallto
berepresented.

We canconcludethatin orderto usethefull potentialof the methodatotalnumber
of morethan10000tracksshouldbeusedperflower pair. Suchanumberof trackscan
be obtainedn realLHC conditionsin about2-3 hoursof run.
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6.2 Combining information from all flower pairs

Thenext stepwasto combinetheinformationof the 70 flower pairsacquiringthewire
positionsnot within aflower pair but within thewhole chamberWe tried threediffer-
entwaysof combinations.The moresuccessfubne,aswell asits laterimprovement,
aredescribedelow.

We startcombiningfrom thefirst centralwire (in themiddle layerof a multilayer)
ontheleft sideof thechamberasshovn in Figure6.7. We assumehatthiswire (1) is
fixedatits nominalpositionof the perfectgrid referencdrameof the chamberUsing
thelocalinformationof thefirst two overlappingflowers,we averagehetwo measured
distancedetweernthewire 1 andthewire 2. For examplethe distancedy; of thewire
2 from thewire 1is:
dy, + dys

2
wherey,;.., is thenominaly pitch anddy;, is the displacemenbof the wire 2 from its
nominalpositionasmeasuredn the greenflower anddys is the samedisplacemenas
measuredn the magentdlower. In this way the positionof thewire 2 with respecto
thewire 1 is calculated.Subsequentlyve useagain the local informationof the next
overlappingpair of flowersfinding the positionof thewire 3 with respecto thewire 2.
Repeatinghis procedurealongthe full width of thechambemve obtainat afirst stage
all thewire positionsof themiddlelayerof the multilayer

da1 = Ypiten + (6.7)

Figure 6.7: Part of one multilayer of the chamberis shown. The first overlapping
floweris indicatedwith a greencircle while the secondonewith a magentaone In a
first stepwhile combiningthelocal information,the positionsof thewires(2, 3, 4, etc)
of the middlelayer with respecto thefirst wire (1) are found. Themeasuringof the
positionsof the wiresA and B follows. Iteration of this procedue along the chamber
resultsin the calculationof the absolutepositionsof all wireswith respecto thefirst
one

The positionof thewires A andB (shown in the sameFigure)with respecto the
wire 1 arefound by averagingagain the local information given by the first pair of
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overlappingflowers. Iteratingalongthe whole chambeiwe obtainthe absoluteposi-
tionsof all thewireswith respecto thefirst centralwire (yeor).

Duringthisiterationof combininglocal measurementée problemwhich arisess
the fact that the errorsare addedup alongthe chamber Thereforethe furtheris one
tubefrom thefirst centraltube,the worseits positionaccurag gets.We tried to solve
this problemby minimizing the following function G:

N

G = Z(yfzt-b - ynomi)27 (68)

=1

whereyy;, = a1 - Yeor; + a2, While N is the numberof the wiresin one multilayer,

Ynom; 1S thenominalpositionof thewire (perfectgrid), a; is acorrectionparametethat
scalegheaveragedistancebetweertwo successie wiresanda, is asecondorrection
parametethat accountdor the shift of onemultilayer The absolutepositionsof the
wires with respecto the whole chamberthat we acquiredwith this proceduren the
casewherethe drift time spectrahad Gaussiardistributedt, offsetsof anrmsof 200
psareshovn in Figure6.8;theglobalaccurag is in the orderof 20 um.

Assumingrandomanduncorrelatedvire displacementsto getthe absolutewire
positionswith respecto the whole chamberonly a smallsurroundingof eachwire is
neededThereforewe selectanareaof 33 tubes(10 flowers)aroundeachwire andwe
determinethe shift andscaleparameterga,, as) for this specificwire by minimizing
this function:

33
G =) Writ, — Ynom:)%, (6.9)

=1

The globalaccurag now improvesto 10 um ascanbeenseenin Figure6.9a(where
o(to)= 200 ps). Theresultsobtainedfor the global accurag while usingdifferentt,

offsetsare presentedn Figure 6.9h This local determinationof the shift and scale
parameters justifiedif onewantsto testwhetherindividual tubesareattheir nominal
positionwith respecto the surroundingubes.
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Figure6.8: Determinationof theabsolutewire positiondistribution with respecto the
wholechamberfor a ¢, spreadof 200ps.
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Figure 6.9: (a) Whena small surrounding of the wire to be measued is used,the
global accuracyimprovesto 10 um for a ¢y, spreadof 200 ps, (b) the global accuracy
dependencenthespreadof ¢.
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6.2.1 Statistical effects

Theglobalaccurag dependencenthenumberof tracksusedperflowerpairassuming
randomand uncorrelatedwvire displacementgfit function of equation6.9) was also

studied(for ;=0 andspreadf t, equalto 200ps)andis presentedh Figure6.10.The

plateauof constanglobalaccurag is reachedagain for about10000tracksperflower

pair.
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Figure6.10: Theglobal accuacydependencen the numberof tracksusedper flower
pair. Thecirclescorrespondto the casewhere the t, was kept equalto 0 wheras
the trianglesrepresentthe caseof ¢, spreadwith a width of 200 ps. Theerror bars
expressagain the standad error of the meanvalueof the accuracy that wasobtained
by repeatingthe analysiswith several subsamplesf the specificnumberof tracks. At
the pointswhetle the standad error of the meanis too small (lessthan 0.2 um), no
error bars are plotted.

6.3 Summary

Simulationstudiesof the applicationof the wire calibrationmethodalongthe whole
width of an MDT chamberin orderto identify its systematicand statisticaleffects
wereperformed.Thechamberonsistof 70 overlappingflower pairs. By using25000
tracksper flower pair andkeepingthe ¢, for all the tubesequalto 0, the accurag of
themethodin measuringvire displacements they directionwithin eachflower pair
(local accurag) is 5 um. By introducingGaussiardistributedt, offsetsof anrms of
200and300psto thedrift time spectraof thetubes this local uncertaintyincreaseso
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8 and9um respectirely.

By combiningtheinformationof the 70 flower pairswe acquiredtheabsolutewvire
positionswithin thewhole chambemwith respecto thefirst centralwires within each
multilayer Theseabsolutewire positionsthatwe obtainedin the casewherethe drift
time spectrahad Gaussiardistributedt, offsetsof anrms of 200 ps, weremeasured
with anaccurag of 20 um (globalaccurag). Assumingthoughrandomanduncorre-
latedwire displacementdp getthe absolutewire positionswith respecto the whole
chamberonly asmallsurroundingof eachwire is neededThereforeby slightly mod-
ifying thecombinationprocedureof all the 70 flowerstheglobalaccurag improvesto
10 um (o (tg) = 200ps).

Application of the methodon the 70 overlappingflower pairsof onechamberus-
ing differentnumberof tracksshovedthatin orderto exploit the full potentialof the
methoda total numberof morethan10000tracksperflower pair shouldbe used.

The simulationstudiesproved that the wire calibrationmethodcanbe usedsuc-
cessfullyin muontestbeamconditionswherethe muonshave anenegy of 180 GeV
or more. Using this methodwe can performa very accuratetest of the mechanical
accurag of MDT chambers.Moreover, wiresthat have large displacementandthat
couldspoilthetrackingprocedurecanbevery well identifiedandcalibrated.

Anotherapplicationof themethodwill beits usein thedataanalysisof the ATLAS
cosmicray set-upslik e the onethathasalreadybeenbuilt at LMU in Munich for the
commissioningandcalibrationof the chambeproductionat MPI Munich. Of course
morestudieswould be neededn this caseasthe enepgy of thecosmicraysis different
thanthis of thetestbeamresultingin multiple scatteringof the muonsin the chamber
materialthatcouldbealimiting factoron the performancef themethod.

Thewire calibrationmethoddescribedn thelasttwo chapterscould offer a pos-
sibility for online calibrationof the wire positionsof the MDT chambersn the final
set-upof the ATLAS detector An extensionof the methodcouldrevealits potentialin
finding wire displacementslsoin the z direction. For suchstudies tracksthatform
ananglewith thechambershouldbe used.



Chapter 7

Neutralino Decaysin ATLAS

The Standardviodel (SM) describesuccessfullythe fundamentainteractiongelec-

tromagneticyveakandstrong)of elementaryarticlesatthesmallesscalesandhighest
enegiesaccessibléo currentexperiments Neverthelessit cannotbe consideredo be

the ultimate theory of Naturebecauset cannot provide answerdo mary questions.
The SM is a work in progressandwill have to be extendedto describephysics at

arbitrarily high enepies. In this chapter one of the bestmotivatedextensionsof the

SM (Supersymmetrpr SUSY)is briefly presentedThelightestsupersymmetriparti-

clein themostfavourablesupersymmetrynodelss thelightestneutralino.Simulation
studiesof thenext-to lightestneutralinodecaysn ATLAS in certainareasof theSUSY

parametephasespacewill be describedMoreover, the effect of the very resentsim-

ulationimplementation®f the spin-averagednatrix elementin thethree-bodydecays
of thesecondheutralinowill bediscussed.

7.1 Motivation for extendingthe Standard Model

The StandardModel [SM61] is basedon a gaugeprincipal accordingto which all the
forcesof Naturearemediatedoy anexchangeof the gaugefieldsof the corresponding
local symmetrygroup. The symmetrygroupof the SM is

SUcolour(3) b2 SUleft(2) ® UY(]') (71)

The SU.oi0ur(3) is the groupof color symmetryof the stronginteractionsthe quarks
comein threecolors). The remainingpart of equation(7.1) expresseshe symmetry
group of the electraveak interactionswherethe SU,.;(2) part couplesonly to left
handedermionsandthe Uy (1) partcouplesto left andright handedermions.

In the minimal versionof the SM thereis one doubletof complex scalarHiggs

fields,whichis introducedn orderto give masses$o quarks Jeptonsandtheintermedi-
ateweakbosonsvia the spontaneoubreakingof the electraveakSUjeg(2) symmetry

67
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The SM hasbeenextraordinarily successfulthe achieved accurag of its predic-
tions correspondso experimentaldatawithin 5% [PDGO0Q. All the particles,except
for the Higgs boson,have beendiscoreredexperimentally However, the SM hasits
naturaldravbacksand unsohed problems. The answerto theseproblems(someof
themarelisted below) lies beyondthe SM andis the taskof the GrandUnified Theo-
ries (GUTs) [LAN8L1]. In GUTsthe known electromagneticweakandstrongforces
are combinedinto a singletheory Therefore,at very high enegies (Mqyr ~ 10
GeV)all forcesareequallystrong.

Amongthe problemsthatthe GUTsareaddressetb solve arethefollowing:
e Whatis theorigin of massandtheorigin of matter?
e Whatis theorigin of the MatterAntimatterAsymmetryin our universe?

e Whatis the origin of dark matter which seemgo provide the majority of mass
in ouruniverse?

e Why aretheresomary free parameterg the SM?

e Themechanisnof electraveaksymmetrybreakingis still unclear
e Why aretherethreeindependensymmetrygroups?

¢ Why aretherethreegeneration®f quarksandleptons?

¢ Why is theweakscalesosmallcomparedvith the GUT scale,i.e why is
My ~ Mgyr1071?

e The fine-tuningproblem: radiatve correctionsto the Higgs massesand gauge
bosonmasse$ave quadraticdivergences.The correctiongo the Higgs masses
aremary ordersof magnituddargerthanthe masseshemseles,sincethey are
expectedo beof theorderof theelectraveakgaugebosonmassesThisrequires
extremelyunnaturafine-tuningin the parametersf the Higgs potential.

Thetwo directly testablepredictionsof the simplestGUT theory namely
e thefinite lifetime of the proton

¢ andtheunificationof thethreecouplingconstant®f the electraveakandstrong
forcesathigh enepgies

turnedout to be a disasterfor simpleGUTSs. The protonwasfoundto be muchmore
stablethanpredictedandfrom the preciselymeasuredouplingconstantsat the LEP
collider at CERNin Genea, onehadto concludethatthe couplingsdid not unify, if

extrapolatedo highenegies[ELL91].
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However, it was shown later, that by introducinga symmetry called Supersym-
metry (SUSY) [SUS71],into the StandardModel, both problemsdisappearedunifi-
cationwasobtainedandthe predictionof the protonlife time could be pushedabove
the presenexperimentallower limit! In the next sectionsthe main characteristicef
SUSY aswell asits theoreticalachiezementsarepresented.

7.2 What is SUSY?

Supersymmetrys a purely theoreticalinventionandoneof the bestmotivatedexten-
sionsof the SM. It hasnotyetbeenobseredin Nature.lIts validity in particlephysics
follows from the commonbeliefin the unificationof theforces.

SUSY is a generalizatiorof the space-timesymmetriesof quantumfield theory
thattransformdermionsinto bosonsandvice versa.Thatis, every known elementary
particle hasa supersymmetripartner or superpartnemwhich is like it in all respects
exceptfor its spin. Spin% fermions, leptonsand quarkshave spin{ superpartners,
while spin-1 bosonslik e the photon,have spin—; superpartners.

If Qisageneratoof SUSY algebrathen

Q|boson > = |fermion >, Q|fermion > = |boson > (7.2)

Hence startingwith a stateof spin2 (graviton) andactingby SUSY generatorsve get
thefollowing chainof states:

spin2— spin3/2 — spinl— spinl/2— spinO.

Thefactthat SUSY relatesparticleswith the samemassandotherquantumnumbers
differing by +£1/2 unit of spinresultsfrom its supersymmetri@algebra. Attemptsto

unify all four forcesof Naturewithin the samealgebrafacea problemasthe gravi-

ton hasspin 2 while the othergaugebosons(photon,gluons,W andZ bosonshave

spin 1 [COL67]. The supersymetri@lgebrasolvesthis problem. Thus SUSY pro-

videsa promisingingredientto the unificationof particle physicsandgravity, which

is governedby the Planckscale(~ 10 GeV), the enegy scalewherethe gravita-

tional interactionsof elementaryparticlesbecomecomparabléo their gaugeinterac-
tions (electraveakandstrong).

As it hasalreadybeenmentioned,an importantmotivation for SUSY is related
with the unificationtheory Accordingto this theoryall known interactionsare dif-
ferentbranche®f a uniqueinteractionassociatedavith a simplegaugegroup. At first
sightthisis impossibledueto a big differencein thevaluesof the couplingsof strong,
weakandelectromagnetiinteractions.However thisis not so. The crucial point here
Is the fact thatthesecouplingconstantsare ’'running’. This meanghatthe couplings
arefunctionsof the distanceor the enegy scale.This dependences describedy the
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renormalizatiorgroupequation§RGE).

Assumingthat the SM is valid up to the unification scale,one canthenusethe
RGE for the threecouplings. Theresultis demonstratedh Figure7.1ashowving the
evolution of theinverseof the couplingsasa functionof thelogarithmof enegy. This
Figureclearly demonstratethat within the SM the couplingconstantunificationat a
singlepointis impossible. Thisweaknes®f the SM canbe overcomeby SUSY. In the
SUSY case the slopesof the renormalizatiorgroupevolution curvesare modifiedso
thatthey meetfinally at a single point (Figure 7.1b). This perfectunificationcanbe
obtainedf themasse®f the sparticlesareof anorderof Mgy sy ~ 1 TeV[AMA91].

S E =3 E
S 60 1/ S 60 [t
SM MSSM
50 £ 50 E
a0 ¢ 174 20 ¢ 1,
30 - 30 - o
20 | 20 -
10 | 7 10 7
E 1/as E Liog
0 E\ - J J - O E\ - Il L J
0 5 10 0 5 10

15 15
Vog Q/1GeV Yog Q/1GeV

@) (b)

Figure7.1: (a) Evolutionof theinverseof thethreecouplingconstantsn the Standad
Modeland (b) in the supesymmetriextensionof it (MSSM,seesection7.3). Onlyin
thelatter caseunificationis obtained.

SUSY offersalsoa possibleexplanationof the socalledhierarcly problem.Thereare
two aspectf this problem. Thefirst oneis the factthatthe electraveakscale(My)
andthe unificationscale(Mqy ) aresodifferent. Theratio betweenthesetwo scales
is extremelysmall:

My

=101 7.3
Meur (7.:3)

SUSY providesthe fine tuning thatis neededn orderto getsucha small numberin
anaturalway: large radiatve correctionsrom the top-quarkYukawa couplingto the
Higgs sectordrive one of the Higgs massesquarednegative, thus triggering elec-
troweaksymmetrybreaking.Sinceradiative correctionsarelogarithmicin enegy, this
automaticallyleadsto alarge hierarcly betweerthe scales.



7.3. MINIMAL SUPERSYMMETRICSTANDARD MODEL (MSSM) 71

The secondaspecbf the hierarcly problemis connectedvith the preseration of
agivenhierarcly. Evenif we choosehehierarcly like equation7.3,theradiatve cor-
rectionswill destry it. In orderto illustratethis effect, let us considerthe radiatve
correctionsto the light Higgs massdueto a heary particle. Thesecorrectionsturn
outto bein the orderof the Mgy scaleandobviously they spoil or even cancelthe
hierarcly. A very accuratecancellationof theselarge correctionswith a precisionof
~ 10~ is needed.The only known way of achiezing this kind of cancellation(also
known ascancellatiorof thequadratiadivergencies)s supersymmetryin SUSYthese
loop correctionscontainboth fermionsandbosonswhich accordingto the Feynman
rules contribute with an oppositesign. Thereforethe contrikution from bosonloops
cancelghosefrom the fermionones.This cancellations truein the caseof unbrolen
supersymmetrandit is true up to the SUSY breakingscale(Msysy), which should
not bevery large to make thefine-tuningnatural.

For all the above possibleanswerghat SUSY can offer to our presentquestions
we have to paythe price of the doublingof the numberof elementaryparticles,since
SUSY presupposea symmetrybetweerfermionsandbosons.This symmetrythough
IS not an exactsymmetryof Nature. If it was,thenthe superpartnersiould have the
samemassastheir partnersandthey would have beendetectedeasilylong time ago.
But this is not the case. No supersymmetrigarticle hasyet beendetected. Thus,
supersymmetrymust be a dynamic symmetrynot manifestin the obsened ground
statesof Natureatlow enegy densitiesj.e. a’broken’ symmetry More detailsabout
SUSY breakingwill be givenin the next two sections. But SUSY particles,if they
exist, shouldbe obserable in the next generationof acceleratorssincetheir mass
estimatesasit hasbeenearliermentionedarein the TeV region.

7.3 Minimal SupersymmetricStandard Model (MSSM)

The Minimal SupersymmetricStandardModel (MSSM) is the supersymmetriex-
tensionof the Standardviodel with the leastnumberof additionalnew particlesand
R-parity conseration. R-parityis a multiplicative quantumnumberdefinedas

R= (_1)3(BfL)+2S (74)

whereB, L andS arethe baryonnumber leptonnumberandspin respectiely. This
formulaimpliesthatall ordinary SM particleshave even R-parity (R = +1), whereas
the correspondingUSY partnershave odd R-parity (R = -1). The conseration of
R-parityin scatteringanddecayprocessebasa crucialimpacton the supersymmetric
phenomenologySUSY particlesmustbe producedn pairsandthatthelightestSUSY
particle(LSP)is absolutelystable.

Theparticlespectrumn theMSSM consistf two kindsof supermultipletsvector
supermultipletdor the gaugebosonsandchiral supermultipletdor the matterfields.
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Thesesupermultipletarelistedin tables7.1and 7.2.

| Names | spin0 | spin1/2 |

squarks, quarks (ﬁLJL) (urdr)
(x 3 families) Up Up
dg dy

sleptons, leptons | (¥ér,) (ver)

(x 3 families) €n er

Higgs, higgsinos | (H} HY) | (H} HD)

(HYH7) | (HYHY)

Table7.1: Chiral supermultipletsn theMSSM.Thesquarksandleptonscomein three
geneations.

| Names | spin1/2 | spinl |
gluino, gluon g g
winos,W bosons| W+ W?° | w* Ww°
bino, B boson B B

Table7.2: Vectorsupermultipletsn the MSSM.

The namesfor the spin-0 partnersof the quarksand leptonsare constructedoy
prependingan ‘s’, which is shortfor scalar Thusthey are called squarksand slep-
tons. The symbolsfor the squarksandsleptonsarethe sameasfor the corresponding
fermion, but with a tilde usedto denotethe superpartneof a Standardviodel parti-
cle. For example,the superpartnersf the left-handedandright-handedpartsof the
electronDiracfield arecalledleft- andright-handedselectronandaredenoted;, and
€g. It isimportantto mentionthatthe subscriptsl or R heredo not denotehelicity,
sincethe squarksandsleptonshave no spin. Theselabelsjust indicatein analogyto
thenon-SUSYpatrticles whetherthey are SU(2) doubletsor singlets.While the chiral
fermionsof the SM musthave the samemassby Lorentzinvariance their superpart-
nersare scalarswith separatanassestheir masseigenstatesre mixturesof the left
andright weakinteractionstates. This mixing is strongerin the third generationof
particles,thusgiving riseto the following masseigenstatesEl,Q,Bl,g, T1,2. In the SM
the neutrinosarealwaysleft-handedsothe sneutrinosaredenotedoy 7, with a possi-
ble subscriptndicatingwhich leptonflavor they carry (7, 7,,, ;).

The namesfor the spin-1/2partnersof the SM gaugebosonsare constructedy
appending-ino’ to the nameof the SM particle. For example,the fermionic partners
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of the Higgs scalarsare calledHiggsinos. The symbolsof the gauginosarethe same
asfor the correspondingyaugeboson,but again with atilde (e.g. H is the symbolfor
Higgsino).

The Higgssectorof the MSSM containstwo doubletsof comple fields:

H HY
( HO ) and (Hd‘ )

Hencethereare eight degreesof freedom. As in the caseof the SM, 3 degreesof

freedomcausethe masse®f the Z andW+ bosonswhile the remainingfive give rise

to five physicalHiggsbosons:a chagedbosonpair (H*), two CP-evenneutralbosons
(H°, h) andoneCP-oddneutralboson(A).

7.3.1 SUSYbreaking

SUSY mustof coursebe broken, sincesuperpartnerbave not beenobsenred. In the
generalMSSM, supersymmetrpreakingis accomplishedy hand,thatis by includ-
ing in the Lagrangianthe mostgeneralrenormalizablesoft-supersymmetripreaking
termsconsistenwith the SU(3) x SU(2) x U(1) gaugesymmetryandR-Parity invari-
ance. Thesesoft termsare masstermsof all superpartnerand Higgs-squark-squark
and Higgs-slepton-sleptotrilinear interactionterms (theseare the so-called‘A pa-
rameters’).This effect resultsin the introductionof mary new free parametersvhich
actuallyparametrizeour ignoranceof the fundamentamechanisnof supersymmetry
breaking.Thereareatotal of 105new parameter# additionto the SM ones thusthe
total numberof truly independenparametershatthe MSSM possesseis 124. Elec-
troweaksymmetrycannotbebrokenby handin asimilarway, sincethiswould destry
gaugeinvariance.In the SM masseganbeintroducedonly by spontaneousymmetry
breakingusingthe Higgs mechanism.

The addition of so mary nev parametersn the MSSM Langragianmentioned
above, cannot be arbitrary For a betterand more completeunderstandingf this,
it is necessaryo considemodelsin which SUSY is spontaneousliprokenandthenit
Is transmittedo the MSSM by somemechanism.

Sincenoneof the fields of the MSSM candevelop non zerovacuumexpectation
valueto breakSUSY without spoiling the gaugeinvariance,it is supposedhat spon-
taneoussupersymmetrpreakingtakesplacevia someotherfields. Accordingto the
mostcommonscenaridor producinglow enegy supersymmetrypreaking thereexist
two sectors:a’hidden’ sectorconsistingof particles which leadto breakingof SUSY
andarecompletelyneutralwith respecto the SM gaugegroup,anda 'visible’ sector
consistingof the particlesof the MSSM. SUSY breakingis assumedo occurin the
hiddensectorandasthesetwo sectoranteractwith eachotherby exchangeof some
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fields calledmessengershe SUSY breakingis mediatedirom the hiddento the vis-
ible sector Theremight be varioustypesof messengerfelds: gravity, gauge,etc.
Thereforethereexist differentscenarioof SUSY breaking. The scenariowherethe
messengeis gravity (nSUGRA)is discussedh section7.4.

7.3.2 Neutralinos and charginos

OnceSUSY andelectraveak symmetryarebroken, particleswith the samequantum
numberswill in generalmix. Gauginogwinosandbino) andHiggsinosmix to form:

e two pairsof chagedspin-1/2 particlesthechaginosx;* (i = 1, 2)
e four neutralspin-1/2 particlestheneutralinosy® (i = 1,2, 3, 4)*

Thechagino massmatrixis:

M. V2My sinf
M(c) — 2 w -
[ V2Myycosf3 M (73)

This matrix hastwo chagino eigenstategi ,* with masseigevalues:

1
M3, = 3 M2 + 1> + 2M3, + \/ (M2 — u2)? 4+ AM,cos228 + AM2, (M2 + p? + 2Mopusin2(3)

Theneutralinomassmatrixis:

M, 0 —MycosfBsinby  Mzsinf(sinfy
O 0 M, MzcosfBcosby  —Mzsinfcosby
—MycosfBsinfy  MycoscosOy 0 — i
Mzsinfsinfy  —MzsinfcosOy — 0
(7.6)

The physicalneutralinomassegMy0) areobtainedaseigervaluesof this matrix after
diagonalization.In the abore massmatrixestan = us/u; is theratio of two Higgs
vacuumexpectationvalues @y is theweakmixing angle,u is the Higgsinomasspa-
rameterandM;, M, thewino (W) andbino (B) massesespectiely. It is worthwhile
mentioningthatthe third gauginomasss this of the gluino (M3).

It is difficult to quoterigorousexperimentallower masslimits for the supersym-
metric particlesbecausehey are extremelymodeldependentThe LEP experiments
andSLD at SLAC excludedessentiallyall visible supersymmetriparticlesup to about
half the massof the Z boson.Currentlower masdimits for thelightestneutralino(x?)
is about42 GeV. A lower masdimit for thelightestchagino () of approximatelyt5s

Thenumberingof the x;° is ascendingvith theirmass.
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GeV, independenof thefield compositionandof the decaymode,hasbeenobtained
by the LEP experimentdrom the analysisof the Z width anddecaydPDGO0(Q.

In the MSSM framework, the lightestsupersymmetriparticleis the lightestneu-
tralino (x9). Sincethis neutralinais neutralandcolorlessjnteractingonly weaklywith
matter is anidealcandidatdor colddarkmatter Thefactthatsupersymmetrprovides
cold darkmatteris oneof its major successesAccordingto theinflationarytheoryof
the Big Bang,the dark mattermakesup about90% of the total massin the universe
andit hasto benon-baryonicThemostimpressve evidencefor thedarkmattercomes
from the so-calledflat galaxyrotationcurves[PRI88]. If neutralinoLSPsreally make
up the cold dark matter thentheir massdensityin our neighborhoodughtto be at
leastabout0.1 GeV/cn? in orderto explain the rotationcurves of galaxies. In prin-
ciple, they shouldbe detectablehroughtheir weakinteractionswith ordinary matter
or by their ongoingannihilations(in the galactichalo andin the centerof the Earth
andthe Sun). An ambitiousapproachis being madeby the Alpha Magnetic Spec-
trometerExperiment(AMS) [BAT98]. In November2004,the AMS detectowill be
transportedy the SpaceShuttleto the InternationalSpaceStation. Oneof the goals
of this experimentis the detectionof neutralinoLSP annihilationproducts(positrons,
antiprotonsand~ rays).

7.4 Minimal Supergravity Model (INSUGRA)

As mentionedn section 7.3.1,the Minimal Supegravity Model [IBA82, ELL83] is
a SUSY breakingscenario.In this case the two sectorghiddenandvisible) interact
with eachothervia gravity.

The mSUGRA model assumeghat at the GUT scaleall scalars(squarks,slep-
tonsand Higgs bosons)have a commonmassmy, all gauginosand Higgsinoshave
acommonmassm, , andall thetrilinear Higgs-sfermion-sfermioouplingshave a
commonvalue Ay. The26 renormalisatiorgroupequationfRGE)[OHM94] arethen
solvediteratiely startingfrom the GUT scaledown to the weakscale.Becausef the
specificform of the RGEthattake into accountadiative correctionsthe squarednass
of the Higgsfield is driven negative so thatthe Higgs potentialdevelopsa nontrivial
minimum. This is the effect of the large top (and bottom) Yukava couplingsin the
RGE. At this minimum the electraveak symmetryhappengo be spontaneouslyro-
kenwhile the color and electromagnetiinteractionsareleft unbrolen. The vacuum
expectationf the Higgsfieldsacquirenonzerovaluesandprovide masseso quarks,
leptonsandgaugebosonsandadditionalmasseso their superpartnersthus,contrary
to the SM, whereonehasto choosethe negative sign of the Higgs masssquaredby
hand’,in the MSSM the effect of spontaneousymmetrybreakingis triggeredby the
radiative corrections.
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In the mSUGRAapproachthe MSSM-124parametefreedomis sharplyreduced
to 23: 18 of them(excludingthe Higgs mass)arethe Standardviodel parameterand
theremainingfive arethefollowing:

e mo thecommonscalamass,

my /2 the commongauginosandHiggsinosmass,

Aq thetrilinear Higgs-sfermion-sfermiogouplings,

tang theratio of thetwo Higgsvacuumexpectationvalues,

sign(u) thesignof the Higgsinomassparameter

Themasse®sf thetwo lightestneutralinosandthelightestchagino aredetermined
by the m;,,. The sleptonmassesare determinedoy m, andm;,,. Hence,within
MSUGRAthefollowing relationsarevalid [INO82]:

Mg ~ Mgz ~ 2Mzo ~ (0.25 — 0.35) M; ~ 0.9 my 2 (7.7)
MI-QL = mg + 0.52 m%/2 — 0.5(1 — 2sin?fy ) m3 cos23 (7.8)
MZ2R =mj +0.15 mf/2 — sin®fw m3 cos2f3 (7.9)

whereM denoteshemassf thecorrespondingarticlewhichis indicatedasanindex.

7.4.1 mSUGRA parameter spacepoints at LHC

The massesmixings anddecaysof all SUSY andHiggs particlesare determinedn
termsof the five mMSUGRA parametersnentionedn the lastsection.Somerepresen-
tative massesreshovn in Figure7.2. The shadedegionsin thefiguresareexcluded
by theoryor experiment.Thedotsrepresenthefive mSUGRAparametespacepoints
selectedy the LHC Committeg(LHCC) in 1996for detailedstudyby the ATLAS and
CMS CollaborationsThe parametersf thefive LHCC pointsarelistedin Table7.3.

SUGRA phenomenologyor tan > 10is morecomplicatedbecausef the need
to include additional Yukava couplingsand mixingsin the b and 7 sectors.For this
technicalreasonthe five LHCC mSUGRA pointswere selectedo have tan < 10.
Thereis, however, no reasonto disfavour larger valuesof tan3. Therefore,a sixth
pointwith large tan wasaddedaterby the ATLAS experimentfor detailedstudies.
This point was selectedso that the only two-bodygauginodecaysare ¥y — 7,7 and
XE — #v; thesedecayghereforedominateandgive signaturesnvolving 7's.
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Figure 7.2: (a) Contouss showinggluino and squarkmasesin the mg, m;/, plane
for Ay = 0 and representativevaluesof tang in the mSUGRAmModel. The bricked
regionsat smallm, are excludedby the requirrmentthat ¥? be the LSP. Thebricked
regionsat large my andtang are excludedin ISAJET7.22by havingno electoweak
symmetnfpreaking Thecross-hatbedregionswetre excludedby experimentat thetime
of Ref [BAE9]. Thedotsrepresenthefive mSUGRApointsselectedythe LHCC.
(b) Contouss showingwino andsleptonmassesn the sameparameterplanefor again
Ag = 0 andrepresentativevaluesof tan in themSUGRAmodel.

Point | mo(GeV) | my/5(GeV) || Ag(GeV) | tanf | signu
1 400 400 0 2 +
2 400 400 0 10 +
3 200 100 0 2 -
4 800 200 0 10 +
5 100 300 300 2.1 +
6 200 200 0 45 -

Table7.3: ThemSUGR Aparameterspacepointsstudiedat LHC anda sixthpointwith
large tan addedlater by ATLAS.

For the mSUGRA parameterchoicesof points1 and 2, the SUSY patrticlesare
ratherheary, with massesangingfrom myo ~ 170GeV for theLSPR to Mgt ~ 325
GeV for thelightestchagino, to ~ 500 Geror left- handedsleptonsandto ~ 1000
GeVfor thefirst two familiesof squarksandthegluino. Thesewo pointsweremainly
chosernbecausef the large productionof h bosonsthroughcascadelecaysof g and
g involving Y9 — ¥Jh decays.Theresultingh — bb decaysandthe enhancediecay
branchingratiosof gluinosto heary-flavour quarksandsquarkdeadto a large multi-
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plicity of b-jetsin thefinal state. This lastfeature,combinedwith the more standard
featuresof large trans\ersemissingenegy from escapingy!s, aresuficient, despite
the rathersmall productioncross-sectiongp reducethe SM backgroundwell belov
the SUSY signal. At thesetwo points,SUSY decaymodesnvolving leptonsarerather
rare. The hadronicdecaymodesof the chaginos and neutralinosare dominant. In
particularthechannely — %%h is openwhereashe 3 — ¥ is closedandthethree-
bodydecayy — x%*1~ hasanegligible branchingratio. Finally, the sleptonsareall
ratherheavy for points1 and2, andthereforethe only significantsourceof leptonsin
thefinal statesof SUSY particlecascadelecayss semi-leptonidV decayswherethe
W bosonsareproduceddominantlyin b; — t; W andxi — 39W decays.

Themaindifferencedetweerpointsl and2,in theSUSY sectorarefor themasses
of the squarksof the third family. Anothermajor differencebetweenpoints1 and?2,
arising from the differentvaluesof tanf (tanfs = 2 and 10 respectrely), is in the
Higgssector ThelightestHiggsmasss ~ 95 GeV atpoint1 and~ 115GeV at point
2. TheotherHiggsbosonmassesreall degenerateandvery large (~ 1050GeV for
point1 and~ 740GeV for point2) andthereforemostlikely notobserableabore the
backgroundatthe LHC.

Point 3 is the ‘comparisonpoint’, selectedso that otherexisting or proposedac-
celeratorscould find something. This point is alreadyruled out: LEP would have
discoveredthe light Higgs with a massof 68 GeV. Points1 and5 have light Higgs
massesvhich were alreadyexcluded by the preliminary limits of the LEP experi-
ments[LEP99. In all threecaseghe Higgs masscanbe increasedy increasingthe
tan3 to aboutthree.For point 3 it mightalsobenecessaryo increasen, andm, /; SO
thatthechaginosarein amassregion which couldhave beenexploredby LEP. As an
example,themSUGRApoint

mo = 250GeV myi/2 = 125GeV Ay =0 tCI,’I'LBZS n < 0

hasa superparticlespectrumgenerallysimilar to Point 3 but a light Higgs massof
98.6 GeV. The gluino massis 350 GeV andit hasa high probability to decayvia
d — bib — ¥9bb; the 3 — %I~ branchingratio is smallerbut still large enough
to beobsenable. ThusPoint3 remainsusefuleventhoughit is ruled out by the Higgs
search.

Theprominentfeaturef this pointare: (a) themassof thegluino andthe squarks
arerelatively small,around300GeV, resultingin anextremelylarge SUSY crosssec-
tion (1.3 mb) andin thedirect productionof the SUSY particlesbeingdominatedoy
gluino and squarkproduction;(b) if the producedsquarkis heavier thanthe gluino,
it decaysfrequentlyinto gluino, thereforein a large fraction of the eventsthereis a
gluino pair, andin the majority of the eventsthereis at leastone gluino in the final
state; (c) the gluino in its turn decayspredominantlyinto a b-quarkanda by,, with
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the latterdecayingvia by, — f(ﬁq, b, wherei = 1,2,3,4;(d) the chaginosandneu-
tralinosdecaywith a sizeableoranchingfractioninto electronsandmuons.Therefore
anunambiguousignatureof SUSY canbeobtainedn the multi-lepton/multi-b-quark
channels.

Point4 waschosento be nearthe boundaryfor electraveak symmetrybreaking,
implying thatu is smallsothatthereis quite strongmixing betweergauginosandHig-
gsinosin equationg7.5)and (7.6). Thisboundarnjturnsoutto be quitesensitve to the
detailsof how electraveaksymmetrybreakingis implemented At point4 the gluino
is relatively light (smallgauginomassm, ;) andthetotal SUSY cross-sectiois ~ 32
pb. Furthermoresquarksandsleptonsareheavy (largescalamassmn,) atpoint4. As a
consequencehe seconcheutralino(x)) canonly decayinto Z*x9, asdiscussedn the
next section.In particular the channelyd — %%h, whichis the dominantdecaymode
of the secondneutralinoat points 1,2 and5, andwhich hasbeenshown to be a very
usefulhandleto selectcleanSUSY samplesis closed.Point4 is outsidethe reachof
LEP2andTevatronunlike point 3.

Point 5 was motivated by cosmology As it hasalreadybeenmentioned, there
is strongevidencefor non-baryoniccold dark matterin the universe. Thereis the
possibility that a part of this cold dark matteris madeup of the ‘relic’ neutralino
densityfrom the very early universe. The requirementof a relic neutralinodensity
consistenwith theoreticalprejudicesandastroplysical obsenations,putsconstraints
on therateof annihilationof thelightestneutralinos.Theratedepend®n the masses
of the virtual sparticleswhich are exchangedn the annihilation. In particular the
main annihilationchannelfor neutralinosin mostof the parameteispaceis the one
via exchangeof sleptonswhich arethereforerequiredto be relatively light, in order
to provide therequiredannihilationrate. Indeed,at point 5 the sleptonsarerelatively
light (small value of m,), whereashe squarksand gluinosarein the middle of the
rangeaccessibléo LHC experimentation.
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7.5 Neutralino DecayStudiesin mSUGRA

The Monte Carlo generatorsusedfor the study presentecherewas PYTHIA 6.158
and PYTHIA 6.160. The supersymmetricxtensionof PYTHIA, which is called
SPYTHIA [SPY94 andcansimulateparticleproductionanddecayin mSUGRA (ap-
proximately),is implementedalreadyin the abore mentionedversionsof PYTHIA.

The weak point of the version6.158 (and of courseof all the older ones),arises
from thepurephase-spaceeatmenbdf SUSY particledecaysandfrom notaccounting
for spincorrelationsneitherat productionnotfor decayslt is assumedhatthe matrix
elementfor thesedecayss relatively flat in phasespaceandcouldthusbe treatedas
aconstantln July 2001,the version6.160wasreleasedThe spin-areragedmnatrix el-
ementis now includedin the SUSY particlesdecaysthustakinginto accounthespin
of the neutralinosaswell asthe propagtor (Z*) in three-bodydecays.A numberof
approximationsverealthoughmade.Thedecaychainis really treatedn independent
stepsjnsteadof includingthe possibility of correlations For example,in the decayof
thegluino (g — qqyx?3), gluinospinsareaveragecver; so,if therewasary polarization
in the productionprocessit is ignored.Next, the x5 spinsaresummecdbver, soagain,
ary polarizationof the x9 is lostin this summation.Finally, whenthe %3 is decayed
(x5 — x3*17), thex) spinsareaveragedver, andthex? spinsaresummedMREOQ1].

In the presenthesis,thefirst studiesfor the secondheutralinodecayat point 4 of
MSUGRA usingthe improved codeof PYTHIA (PYTHIA 6.160)are presented.A
comparisorbetweernthe resultsof the two versionsof PYTHIA is madeoffering the
possibility of distinguishingbetweena spin-areragedmatrix neutralinodecayanda
purephasespaceone.

7.5.1 Main Characteristics of the fourth point

Thepoint4 is characterisetly thefollowing valuesof theparameters the5-dimensional
MSUGRAspace:

my = 800GeV
mi2 = 200GeV
A() - 0

tanf = 10
sign(p) =+

The particlemassspectrunfor this specificpointis givenin Table7.4. Amongthe
SUSY processesyhich have large cross-sectionat Point4 at the LHC, gluino pair
productiondominategsincethe gluinois light) followed by g production.Sincethe
squarksareheavy in this point, g productionhasa muchsmallercross-sectiorfTa-
ble 7.5). Figure7.3shaws processesf gluonfusion,quark-antiquarlandquark-gluon
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scatteringhatproducegg andgg.

At point4 thegluinomasss smallerthanthe squarkmassthereforehegluinocan
notdecayto qq pairsasit doesattheotherfourmSUGRApoints.Insteadjt undegoes
three-bodydecaydnto aqqg pair plusagaugino(seeTable7.6).

Particle | Mass(GeV) || Particle | Mass(GeV)
g 563 X 80
q 896 % 152
th 542 % 384
to 767 X 397
b 740 X 151
by 882 5 399
! 809 h 111

Table7.4: Sparticlesmasseat Point 4 of MSUGRAas givenby PYTHIA6.160. For
the masse®f the squarksof the first two genertionsand of the sleptonsan average
betweertheleft-handedandtheright handedhelicity stateshasbeentaken.

Process o(pb) PYTHIA 6.160
dg 14.80

Gg 10.00

qq 1.00

X=X 3.40

XiXT X X3 X1 X3 1.70

tt 0.44

°x° 0.03

Other 0.88

Total 32.25

Table 7.5: Productioncross-sectiongor somemain SUSYprocessesat Point 4, as
givenby PYTHIAG.160.

Gluino | Decaychannel| BR (%)
G- qq X1 51.18
q9 %8 31.23

qq 17.32

qdxz 0.12

a9 X3 0.12

qa%3 0.01

Table7.6: Gluinodecaymodesandbrandingratios(BR),asgivenby PYTHIAG6.160.
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Figure 7.3: Processesesponsiblgor gluino pair productionas well as for squark-
gluino productionat LHC.

At point 4 leptonsaremainly producedn the chagino andneutralinodecaysshavn

in Table7.7. Thelight chaginos and neutralinoshave no two-body decaysat this

MSUGRApoint. Thesecondeutralinodecaysnto thefirst neutralinoandtwo leptons
in a three-bodydecaythat occursthrougha virtual Z*. The branchingratio of this

decay consideringonly electronsand muons,is about5%. The study of this decay
channeis the subjectof thefollowing sections.

Decay Branchingratio perleptonfamily (%)
X9 — Xyt 2.58
xi — il 10.9
X = X1 ZwithZ — 171 1.0

Table7.7: Decaysof gauginosthat produceleptonsat point4 (I= e, u, 7).

7.5.2 Dilepton invariant massdistrib ution

The three-bodydecayof the next-to lightestneutralino(x9) givesan interestingsig-
naturefor point 4, which shouldallow not only the obsenationof a SUSY signal,but
alsothemeasuremertaf someparametersf thetheorysuchasthe masdifferencebe-
tweenthe secondightestandthe lightestneutralino. The relevant Feynmandiagram
is shovn in Figure7.4.
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Figure7.4: Thesecondheutralino decaythrougha virtual Z* at point4 (I, 1~ = lep-
tons).

For our studies,SUSY signal eventsfor point 4 were generatedusing PYTHIA
6.158and PYTHIA 6.160. All SUSY processesvere switchedon at the sametime
(MSEL=39in SPYTHIA). The total numberof eventsproducedfor eachversionof
PYTHIA was3 -10°. Subsequentlytheseproducedeventswere passedhroughthe
standardfast detectorsimulationand physics analysisprogramATLFAST [ATL9S§].
ATLFAST is muchfasterthanthe existing full simulationprogramsof ATLAS asit
Is basedon a parametrizedletectorresponséo the physicsreactions.It includesthe
mostcrucial detectoreffects suchasjet reconstructionin the calorimetersof the de-
tector momentumandenegy smearingf leptonsandphotonsmagnetidield effects,
missingtrans\erseenegy andtrigger simulation. Its reliability hasbeenextensvely
testedfor mary processeby comparingt with thefull simulationresults.

The main potentialStandardviodel backgroundsarett production,W andZ pair
production(WW, ZZ), Z +jets,W + jetsandfinally WZ. We produce® - 10° tt events
(0 = 399 pb) and8 - 10° eventsof the remainingprocesse¢c = 2300pb). These
eventswere alsoprocessednroughATLFAST. A cut of pr >100 GeV of the hard-
scatteringprocessvasappliedatthe generatiorievel.

FeaturegliscriminatingSUSY eventsfrom SM processesrethe large trans\erse
missingenegy, dueto the presencef two Isin thefinal state,andlarge multiplicity
of high-pr jets and/orleptons,sincethe producedsparticlesare usually heary and
decaythroughcascadelecays.Thereforejn orderto selectacleanSUSY sampleand
eliminateasmuchaspossiblethe SM backgroundthefollowing selectioncriteriaare
applied:

¢ Two opposite-sigrsame-flaour (OS-SF)isolated leptons(electronsor muons)
arerequired.

2A leptonis labelled as ‘isolated’ if the trans\erse enegy containedin a cone of size AR =
v/ A2%n + A2¢ = 0.2 aroundthe leptondirectionis smallerthan 10 GeV andthe leptonis seperated
from calorimeterclustersoy AR > 0.4 (then and¢ areexplainedlaterin thetext).
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e Themostenepeticleptonof thetwo shouldhave atrans\ersemomentunp,; >
20 GeV while the lessenepetic shouldhave p;» > 10 GeV. Both shouldhave
pseudorapidityn| < 2.5.

e Themissingtrans\erseenegy E7**¢ in our eventsshouldbe Ess > 200GeV
to accountfor thelightestneutralinosy escapinghe detector

e At leastfour jets with transversemomentap, > 100, 55, 55 and 55 GeV re-
spectvely and pseudorapidityn| < 3.2 arerequiredto accountfor gluino pair
productionasprimary productionmechanism.

The beamdirectiondefinesthe z-axisandthe x-y planeis the planetrans\erseto
the beamdirection. The positive x-axis is definedas pointing from the interaction
point to the centreof the LHC ring andthe positive y-axisis pointing upwards. The
azimuthalangle¢ is measurecroundthe beamaxisandthe polaranglef is theangle
from thebeamaxis. The pseudorapiditys definedas:

n = —Intan(6/2) (7.10)

The trans\ersemomentump, andthe trans\erseenegy Er, aswell asthe missing
trans\erseenegy Em*s andothertrans\ersevariables,are definedin the x-y plane.
The presencef the E** is revealedby summingthe trans\ersemomenteof all the
obseredpatrticles.If thesumis notzero,asrequiredby momentunconsenration,the
missingtrans\erseenegy canonly be dueto particlesthatescapedietection(neutri-
nos,neutralinosetc). Thereasorthatwe areusingthesetrans\ersequantitiess thatat
the LHC we have no longitudinalmomentumbalanceasthe collision is goingto take
placebetweerthe constituentf the protons,which carry only a fraction of the total
enegy of theproton.

After selectingthe opposite-sigrsame-flaour leptons which satisfytheabove se-
lection cuts, we reconstructedheir invariantmass. This dilepton massdistribution
wasthennormalisedor anintegratedluminosity of 3 - 10* pb~! (threeyearsof LHC
runningat low luminosity). The dominantremainingSM backgrounds from tt pro-
ductionandit wasalsonormalisedfor the sameintegratedluminosity asthe SUSY
reconstructedvents. The otherSM background§WW, WZ, ZZ, Z+jetsandW+jets)
are completelysuppressedby the jet multiplicity cut andthe E**s cut. Figure7.5
shaws the dileptonmasddistribution for bothversionsof PYTHIA used.In bothcases
around6500SUSY events(OS-SF)remainwhile the SM tt backgrounds reducedo
only 250 events. The main backgroundeft comesfrom other SUSY processeg.g.
chagino decayqSUSY background).

An excesof dileptonswith thespecificshapeof thedileptonmassspectrunshovn
in this Figure,canbe usedasevidencefor discovery of SUSY throughy$ production.
The endpointof the distribution measureghe massdifferencebetweenthe second
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lightestandthelightestneutralinoM;> = My — My ~ 72GeV (samefor bothver
sions). It is obviousthattheinclusionof the spin-areragedmatrix elementn the sec-
ond neutralinodecaymodifiesthe shapeof the dileptonmassspectrum(Figure 7.5b),
which peakscloseto the endpoint,indicating more apparentlythat the decaytakes
placethrougha virtual Z andnot an slepton(which is heary at this mSUGRA point
arnyway).

3 3
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Figure7.5: Expectedlileptoninvariant massdistributionsfor SUSYeventscontaining
opposite-sigrsame-flavouteptonpairs at Point 4 (full histogram)andfor thett back-

ground(dashedbladk histagram), for an integratedluminosityof 3 - 10* pb! for (a)

PYTHIA6.158(phasespaceneutalino decay),and(b) PYTHIA6.160(spin-aveaged

matrix elementincludedin the sparticlesdecays). In both Figuresthe SUSYback-

groundconsistingof opposite-sigrsame-flavouteptonpairsis alsoindicated(dashed
grey histagram). Thedashedistogramrepresentghe combinatorialbadkgroundcon-

sistingof opposite-sigropposite-flavouteptonpairs.

It shouldbe pointedoutthatthedileptonmassdistribution of PYHTIA 6.158(Fig-
ure7.5a),differsabit from theonepresentecatthe[ATL99] and [FAB97]. Themain
differenceis the absenceof a peakat around90 GeV in our results. This structure
concentrate@roundthe Z masswhile usingolderversionsof PYTHIA, indicatedthe
productionof Z bosonsn SUSY cascadelecays.This Z peakwasmainly dueto the
productionof thesecondchagino xi in thegluino decay(g — qd' x5) with abranch-
ing ratio of 6%, followedby thedecayy;y — Zx7. In theversionsof PYTHIA thatwe
usedin the presenstudy the branchingratio for this gluino decayis only 0.12%, thus
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theZ peakalmostvanishes.

Thecombinatoriabackgroundtontribution from otherSUSY processesanbees-
timatedby usinga sampleof eventsselectedvith the samecutsasalreadydescribed
earlierin this section,exceptthat the two leptonsare requiredto have oppositesign
and oppositeflavour (OS-OF),i.e. e u~ or e ut. About 3300sucheventsare ex-
pectedfrom SUSY productionat Point4 for anintegratedluminosity of 3 - 10* pb~!.
Figure7.5shawvsthedileptoninvariantmassdistribution for the OS-OFSUSY sample
(bothPYTHIA versions) superimposetb the OS-SFSUSY andbackgroundlistribu-
tions. The distribution of this combinatorialbackgrounds very similar to the SUSY
backgroundgiven by the simulationandis thereforea powerful tool to estimatethe
SUSY backgroundn realconditionsat LHC.

A morequantitatve comparisorbetweertheinvariantmassspectraf thetwo PYTHIA
versionsis madeby fitting the two distributionswith the samefunctionandcompare
its parametersAfter several attemptswe obtainedthe following fitting function:

z—P2

(E—Pz)_e 3

F(z)=p1-e »s +P (7.11)

wherep; (i = 1,2,3)arethe parametergeterminedy thefit, while P is afixedpolyno-
mial of 6th degreethatfits the combinatoriadistribution andis treatedasa constanin
thefit usingthe function F(x). The parametep; senesasanormalisatiorparameter
for the size of the distribution, the p, is the peakpositionandfinally p; characterizes
the width of the distribution. The result obtainedafter we performedthe fit on the
dileptonmassdistributionsshowvn in Figure7.5,is presentedn Figure7.6.
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Figure7.6: Thedilep(?cgninvariant masddistributionsof Figure 7.é?|)ttedwith thefunc-
tion (7.11)for (a) PYTHIA6.158and(b) PYTHIA6.160.Thefittedfunctionis plotted
asasolidline in themassregion usedin thefit.
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It is obvious,asindicatedalsoby thevaluesof the parameteps, thatthe massdis-
tributionwhereonly the phasespaceneutralinadecayis takeninto accounthasalarger
width thanthe distribution wherethe spin-averagedmatrix elements includedin the
sparticledecayyqps ~ 14and~ 8 GeVfor PYTHIA versions.158and6.160respec-
tively). The peakof thedistribution for PYTHIA 6.160is shiftedmoreto higherener
giesandis expressedy thevalueof the parametep, ~ 62 GeV, while for PYTHIA
6.158is p; ~ 52. Thereforeat Point4 the effectsof the matrix elementinclusionare
profound.

7.5.3 Modifying the parametersof MSUGRA

The next stepwasto identify the regionsin the parametespaceof mSUGRAwhere
the potentialof the specificchannelof the secondneutralinodecaycanbe explored.
Thesestudiesarepresentedhn this section.

Changingthe my and my /,

Our purposss to studythe changeof the shapeof the dileptonmassdistribution (and
not of the endpointpositionasalreadystudiedin [FAB97]) of thedecayyy — x9/ 1~
in differentpointsof the mSUGRAparametespace startingfrom the point4. There-
fore, we scannedhe mg, m,, spaceonly, while keepingthe valuesof the tanj3, the
sign(u) andthe Ay the sameasin Point4. We selectedhosepointsof the parameter
spacewherethe massdifferencebetweenthe next-to lightest and the lightest neu-
tralino is that of Point4 (Mg — My =~ 72 GeV). In pointswherethis requirement
is not fulfilled, the positionof the endpointof the invariantmassdistribution of the
OS-SFleptonpairswould change.Someof the pointswhere My — Myo ~ 72 GeV,
areshowvn in Figure7.7. The parametern, /, is almostcompletelyresponsibldor de-
terminingthe gluino mass,aswell asthe masse®f the two lightestneutralinos(see
equation?.7). Thereforethe massdifferencebetweeng andx?{ is not very sensitie
to the changeof the parametermn,.

N
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N
N
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16 200 400 600 800
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Figure7.7: Pointsin a region of themg, m1/, parameterspacewhete My — Mo ~
72GeV
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It is importantto mentionthatthe scanof the parametespacevasmadefor values
of my < 800GeVandm,,, > 200GeV. As it wasdemonstrateth Figure7.2a,for the
region aroundPoint4, valuesof my > 800GeV andm, , < 200areexcluded.From
the pointspresentedn the above Figure,we selectedhe oneslistedin Table7.8. We
namedhemasA, B, C andD for quick reference.

Point| mg | my
A | 600| 205.5
B |400| 210.5
C | 200| 2135
D 25 | 2155

Table7.8: Thefour pointsof the mSUGRAparameterspaceselectedor our studies.

For eachof thesescanpointswe reconstructedbr bothversionsof PYTHIA (6.158
and6.160),the invariantmassdistribution of opposite-sigrsame-flaour leptonpairs
andappliedthe sameselectioncutsasdescribedn section7.5.2. The dileptonmass
spectraobtainedfor pointsA, B and C are presentedn Figures7.8, 7.9and 7.10
respectrely. The combinatorialbackgroundcoming from other SUSY processess
alsoplotted.For point D, thebranchingationfor thedecayx) — 2"~ is negligible,
sothis channeis almostclosedandpracticallyno signaleventswereobsened.
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Figure7.8: Point A: Dileptoninvariant massdistributionsfor SUS Yeventscontaining
OS-SHeptonpairs (full histagram), OS-OFleptonpairs (dashedhistogram),andfor
tt eventscontainingOS-SHpairs (dashedlack histagram)for anintegratedluminosity
of 3- 10" pb~!, for (a) PYTHIA6.158and (b) PYTHIAG.160.
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Figure7.10: Sameasin Figure 7.8 but for point C.
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In orderto quantitatvely distinguishbetweenthe two PYTHIA versionsfor each
scanpoint, we fitted the massdistributionswith the function (7.11). Thefitted curve
is shavn in the Figures7.11,7.12 and 7.13 for the points A, B and C respectrely.
The valuesof the parameterg, andp; thatwereobtainedfrom thefit, aswell asthe
numberof OS-SFSUSY eventsin eachdistribution, aresummarizedn Table7.9.
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Figure7.11: Point A: Thedileptoninvariantmasgdistributionsof Figure 7.8fittedwith
thefunction (7.11)for (a) PYTHIA6.158and(b) PYTHIAG.160.
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Figure7.12: Point B: Thedileptoninvariantmasddistributionsof Figure 7.9fittedwith
thefunction (7.11)for (a) PYTHIA6.158and (b) PYTHIAG6.160.
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Figure 7.13: Point C: Thedileptoninvariant massdistributions of Figure 7.10fitted
with thefunction (7.11)for (a) PYTHIAG6.158and (b) PYTHIAG.160.

| | PYTHIA 6.158 I PYTHIA 6.160
| Point | No of events| p2(GeV) | ps(GeV) || Noof events| pa(GeV) | ps(GeV) |
4 6500 52 14 6500 62 8
A 7800 52 14 8000 63 8
B 9000 51 13 9500 63 8
C 5200 50 13 5000 47 15

Table7.9: Numberof OS-SFSUSYeventsandthe valuesof parametes p, andps, for
Point 4, aswell asfor the pointsA, B and C (for bothversionsof PYTHIA).

It is obvious that for points A and B, the two versionsof PYTHIA can be dis-
tinguished. The effect of the spin-averagedmatrix elementis profound,asthe mass
distribution obtainedusingthe newer version,is still steeperloseto the endpointpo-
sition andits width is smallerthanthe oneresultingfrom the useof the olderversion.
The shapeof the invariant massdistribution for signal events,is not very sensitve
to the changeof the parametern,; for the wide rangeof my = 800 GeV till my ~
400 GeV the shapeis very similar. At point C, the distributionsfor both versionsof
PYTHIA becomequite similar. The numberof OS-SFeventsfor both versionsstays

quitethesame.
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A noticeabledifferencebetweerthe invariantmassspectrafor differentvaluesof
my, IS theappearancef a peakaround90 GeV (seepointsB andC).

At point B, the Z peakis mainly dueto the productionof the secondchagino x,
in the decayb; — X, t with a branchingratio of 17%. At this mMSUGRA point the
squarkshave smallermasseg~ 600 GeV) thanthoseat Point4 sothe gg production
dominatesThe SUSY cross-sections larger (63.34pb). Moreover, thegluino decays
mainly asg — byb, byb (78% branchingratio). Sucha decaymodeof the gluino at
Point4 is impossibledueto thefactthatb, is heavier there.

At point C, the gg productionagain dominates. The gluino doesnot have three
body decaysat this point; instead,it decaysmainly to Gq. Subsequentlyhe squarks
decayproducingneutralinosandchaginos. The Z peakat this point comesfrom the
decayf thesechaginos. The SUSY crosssectionis evenlarger here(94.3pb). Al-
thoughat pointsB and C the Z peakis quite high, it still doesnot obscurethe mass
distributionsfor < 72 GeV thatwe areinterestedn.

As we move from point 4 towardspoint C, the masseof the sleptons(squarks)
decreasérom ~800GeV (~ 900GeV) down to ~250GeV (~500GeV).

Changingthe tan and sign(u)

A supplementargtepin our studieswasto explore the potentialuseof the channel
X3 — XAt in moreregions of the mMSUGRA parametesspacewhereexceptfrom
them, andm,/, parameterghevalueof tan andthe sign(u) werechangedThere-
fore we consideredhreemorecasesvherefirst the sign(u) wastakennegative (while
the remainingmSUGRA parametersvere the sameasthe onesat point 4), secondly
thevalueof thetan assumedo beequalto 2 (¢ > 0) andfinally tang = 2 with p <
0. For thesethreecasesaswell asfor the casewheretan = 10 andsign(u) > 0 (as
they arepoint 4), we first calculatedthe branchingratio of our decaychannelwhile
scanninghe parametespaceof (mg, m1,2) (Figure7.14).

In the following partof this section,studiesin afew selectegointswith different
valuesof mMSUGRAparametergrepresented.
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Figure 7.14: Branching ratios of the decayx) — x%*(~ in different regionsof the
mSUBRAparameterspace (a) tanf = 10 and sign(u) > 0, (b) tang = 10 and
sign(u) < 0, (c) tanf = 2 andsign(p) >0, (d) tanf = 2 andsign(u) < O.
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The dileptonmassdistribution of opposite-sigrsame-flaour lepton pairsfor the
point

mo = 800GeV my, =200GeV A;=0 tanf=10 p<O0

calledfor simplicity in this analysis point ‘minus’, is shavnin Figure7.15. Thesame
distribution but fitted with thefunction(7.11)is presentedn Figure7.16. It shouldbe
pointedout thatthis point differsfrom this of point4 only by the sign(u).

Thenumberof OS-SFSUSY eventsexpectedareabout6700for both versionsof
PYTHIA andfor anintegratedluminosity of 3 - 10* pb~!. The alreadywell known
effect of the spin-averagedmatrix elements again visible in theseFigures. The mass
distribution in Figure7.15bis very similar to the oneof point 4, aseventhe position
of the endpointdoesnot change.At point ‘minus’, the massdifferencebetweenthe
next-to lightestandthe lightestneutralinois still ~ 72 GeV. The SUSY crosssection
for this pointis quitethe samewith theoneat point4 (~ 32 pb).
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Figure7.15: Point ‘minus’: Dileptoninvariantmasdlistributionsfor SUS Yeventscon-
taining OS-SHeptonpairs (full histagram), OS-OFleptonpairs (dashechistagram),
and for tt eventscontainingOS-SFpairs (dashedbladk histogram), for an integrated
luminosityof 3 - 10* pb~!, for (a) PYTHIA6.158and (b) PYTHIA6.160. In both
Figuresagain, the SUSYbadground consistingof opposite-sigrsame-flavoutepton
pairsis indicated(dashedyrey histagram)
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Figure 7.16: Point ‘minus’:The dileptoninvariant massdistributions of Figure 7.15
fittedwith thefunction (7.11)for (a) PYTHIA6.158and(b) PYTHIA6.160.

Anotherpoint similar to thatof point 4 but differing only in thetan valueis the
following:

mo = 800GeV my,, =200GeV Ay=0 tanf=2 pu>0

At this pointthoughthebranchingatiofor thedecayyy — x}/*1 is negligible (ascan
beseeralsoin Figure7.14c).Thereforeno dileptonmasddistribution of OS-SHepton
pairscontaininga sufficient numberof puresignaleventscouldbereconstructed.

Trying to explore morethe parametespacewith this topology we changedalso
the value of the m, parameter Thereforethe modified point wherewe could finally
reconstructheinvariantmassspectrunof therelevantleptonpairsis:

mo = 300GeV m;;, =200GeV Ay=0 tanB=2 p>0

The resultsare shavn in Figures7.17 and 7.18 andthey are quite similar for both
versionsof PYTHIA. Thenumberof expectedOS-SFSUSY eventsis ~ 15000(inte-
grateduminosityof 3 - 10* pb~!). The SUSY crosssectionis aboutthreetimeslarger

thanthe oneat point 4 (~ 104 pb), g productiondominateswhile the massof the
sleptonds about300GeV.



96 CHAPTER7. NEUTRALINO DECAYS IN ATLAS

3 3
(O] — SUSYéeE, u' O 1500 — SUSYEeE,u' i
To] (signal and backgr.) [Te] (signal and backgr.)
) I SUSY backgr. D B SUSY backgr.
E 1000 [l SM backgr. E I SM backgr.
e | | L e SUSY €, e O N e SUsYép, ep
w w1000 :
500 ;
500- i = 1
% 50 100 _ 150 200 % 50 100 150 _ 200
M7 1) GeV M7 1) GeV
() (b)

Figure7.17: Point with tanf8 = 2, mq = 300GeV p > 0: Dileptoninvariant mass
distributionsfor SUSYeventscontainingOS-SHeptonpairs (full histagram), OS-OF
lepton pairs (dashedhistogram), and for tt eventscontaining OS-SFpairs (dashed
black histogram),for (a) PYTHIA6.158and(b) PYTHIA6.160.
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Figure7.18: Point with tanf = 2, my = 300GeV p > 0:Thedileptoninvariant mass

distributionsof Figure 7.17 fitted with the function (7.11)for (a) PYTHIA6.158and
(b) PYTHIAG.160.
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Finally the sign(u) waschangedo negative while tans = 2. As demonstrateéh
Figure7.14d,atthe point

mo = 800GeV my,, =200GeV Ay=0 tanB=2 pu<0

our decaychannehasvanishingbranchingatio, evenfor smallervaluesof m.

7.6 Summary

A very motivatedextensionof the Standardviodel(SM) is SupersymmetrySUSY).
A gravity-mediatedmodel of SUSY breakingis the Minimal Supegravity model
(MSUGRA).In themSUGRAapproachthe MSSM-124parametefreedomis sharply
reducedo 23: 18 of themarethe SM parameterandthe remainingfive arethe fol-

|0Wing: Mo, M1/2, Ag, tanﬁ andszgn(,u)

The LHC Committeeselectedn 1996five mSUGRApointsfor detailedstudies. A
sixth pointwith largetang valuewasaddedaterby ATLAS.

At point 4 of the MSUGRA parametespace the next-to lightestneutralino(x9)
hasthreebody decay(x9 — x°IT1~). This decay givesan interestingsignaturefor
point 4, which shouldallow not only the obsenation of a SUSY signal, but alsothe
measuremerdf someparametersf thetheorysuchasthemasdifferencebetweerthe
secondightestandthelightestneutralino.Sincethe sleptonsareheary atthis point of
MSUGRA thedecayof thex) occursthroughavirtual Z* with abranchingratio of 5%.

For our studies SUSY signaleventsfor point4 weregeneratedisingtwo versions
of the Monte Carlo generatoiPYTHIA (namelyPYTHIA 6.158and6.160). The su-
persymmetrie@xtensionof PYTHIA (SPYTHIA) thatcansimulateparticleproduction
anddecayin mSUGRA (approximately),s implementedalreadyin the above men-
tionedversionsof PYTHIA. In version6.158,the decaysof the sparticlesare purely
phasespacedreatedwhile in theversion6.160the spin-areragednatrix elements in-
cludedin thesedecaysthustakinginto accounthe spinof the neutralinosaswell as
the propagtor(Z*). Subsequentlyheseproducedaventspassedhroughthe standard
fastdetectorsimulationandphysicsanalysigprogramATLFAST.

Theinvariantmassof opposite-sigrsame-flaour leptonpairswasreconstructet
point 4. Theseeventsare requiredto fulfill stringenttrans\ersemissingenepgy and
large jet multiplicity selectioncriteriain orderto suppresshe SM background.The
specificshapeof this dileptonmassdistribution canbe usedasevidencefor discovery
of SUSYthroughy$ production.A comparisorbetweertheresultsof thetwo versions
of PYTHIA not only at point 4 but also at other points of the mSUGRA parameter
space shavedthatin generalt is possibleto distinguishbetweera phasespacelecay
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anda spin-averagedmatrix elementneutralinodecay The channely) — %1+~ can
be successfullyusedfor SUSY studiesin largeregionsof the parametespace.



Chapter 8

Summary

In orderto obtainthe requiredmomentunresolution(Apr /pr ~ 1 x 107* x p/GeV
for pr > 300 GeV), the ATLAS Muon Spectrometeshouldfulfill stringentrequire-
ments. One of the most crucial mechanicakequirementss the fact that the MDT
chambersnustbe constructedvith 20 yum mechanicabccurag (r.m.sof therelatve
distancebetweerthe wires of the drift tubes). This demandingprecisionis anessen
tial ingredientof theMDT concepiandneedgo be continuouslyconfirmedduringthe
productionphaseaftereachchambeassembly

We have developedawire calibrationmethodfor the ATLAS MDT chambersthat
needso externalreferencesystem.The mainprincipal of this methodis basednthe
factthatwhenatubewire is displacedthedistribution of theresidualsrersusthe drift
distancefor trackswhich traversethe tuberight from its wire is not symmetricwith
the onefor trackswhich traversethe tubeleft from its wire. For the determinatiorof
therelative wire positionsthe positionsof two tubes(oneon eachmultilayer) arekept
fixed, while the y coordinategperpendiculatto the tracks’ direction) of the twelve
surroundingubesaremovedtill thedistributionsof their residualdeft andright from
theirwiresbecomesymmetric.

This methodwasappliedfor thefirst time (1998)on a groupof 14 tubes( called
‘a flower pair’) of oneof thefirst full scaleprototypesof MDT chambersThe proto-
typewasconstructedit MPI, Munich andtestedat a high enegeticmuontestbeamat
CERNwhile it wasfilled with theformer ATLAS baselinegas Ar/N,/CH, (91/4/5).
Therelative wire positions(in the directionperpendiculato the muontracks)for the
tubesof this flower pair, werefound usingour calibrationmethod. The resultswere
comparedwith thosegiven by the X-ray tomograph(a very precisedevice placedat
CERN, dedicatedo scan10% of the MDT chambersyevealingan accurag of our
methodbetterthan 10 um. The succes®f thesestudieswasrepeatedhe following
yearby finding the wire positionsof fifty-one tubesof the sameprototypechamber;
this time thechambemvasfilled with the new baselinegasAr/CO, (93/7).

99
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Simulationstudiesof the applicationof the calibrationmethodalong the whole
width of a chamberwere performed. For a simulatedchamberfilled with Ar/CO,
(93/7) and having wire displacementsf 20 um rmsin they direction, muontracks
perpendiculato the chamberusinga GEANT basedsimulationprogramwere pro-
duced.The enepgy of the muonsproducedvas180GeV. It shouldbe mentionedhat
the chamberconsistsof 70 overlappingflower pairs. By using25000tracksper pair,
the accurag of the methodin measuringvire displacements they directionwithin
eachflower pair (local accurag) is 5 um. This precisionis by afactortwo betterthan
the onewe obtainedusingthe testbeandata. Thereasornis thatthe ¢, parametekvas
keptequalto zeroin the simulation. This parameteexpresseshe TDC responsdor
a null drift pathfor eachtube. It is differentfor eachchannelandis determinedby
the delaysof the signalcablesandthe front-endelectronics By introducingGaussian
distributedt, offsetsof anrmsof 200and300 psto thedrift time spectreof thetubes,
thelocal uncertaintyincreaseso 8 and9 um respectrely.

By combiningtheinformationof the 70 flower pairswe acquiredhe absolutewire
positionswithin the whole chambemith respecto the first centralwireswithin each
multilayer. Theseabsolutewire positionsthatwe obtainedin the casewherethe drift
time spectrahad Gaussiardistributedt, offsetsof anrms of 200 ps, weremeasured
with anaccurag of 20 um (globalaccurag). Assumingthoughrandomanduncorre-
latedwire displacementdp getthe absolutewire positionswith respecto the whole
chamberonly asmallsurroundingof eachwire is neededThereforeby slightly mod-
ifying thecombinationprocedureof all the 70 flowerstheglobalaccurag improvesto
10 um (o (tg) = 200 ps).

In orderto make full useof the potentialof this wire calibrationmethod,a total
numberof morethan 10000tracksper flower pair shouldbe used. This conclusion
derivedfrom the statisticalstudiesof the method.

The wire calibrationmethodcan be usedsuccessfullyin determiningwire dis-
placement®f chambergplacedin muontestbeamswherethe muonshave an enegy
of 180GeVor more. The methoddiscussed¢an provide a very accuratetestof the
mechanicabhccurag of MDT chamberspeingable at the sametime to identify and
correctthe positionsof wiresthathave large displacements.

Anotherapplicationof themethodwill beits usein thedataanalysisof the ATLAS
cosmicray set-upsthat have beenpreparedor the commissioningand calibrationof
the chamberproductionat differentATLAS productionsites. Finally, this calibration
methodcouldoffer apossibilityfor onlinecalibrationof thewire positionsof theMDT
chambersn thefinal set-upof the ATLAS detector

The SupersymmetrySUSY) discovery potentialof the ATLAS detectorthrough
the productionof the next-to lightestneutralino(x3) wasalsostudied.Within the Min-
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imal Supegravity model(MSUGRA) of SUSY, five parameterare usedin orderto

determinghe massesndthe couplingsof the particles:m, the commonscalarmass,
my /2 the commongauginosand Higgsinosmass, 4, the trilinear Higgs-sfermion-
sfermioncouplings,tanf the ratio of the two Higgs vacuumexpectationvaluesand
sign(u) thesignof the HiggsinomassparameterAt oneof thesix pointsof nSUGRA
selectedby the LHC Committeeandthe ATLAS Collaborationfor detailedstudies,
namelypoint4 characterizedy

mo = 800GeV my,, =200GeV Ay=0 tanf =10 pu>0,

the X3 hasathreebody decay(x — x%*1~) througha virtual Z* with a branching
ratio of 5%.

This decayandits potentialSUSY and SM backgroundsvere studied. Two ver-
sionsof theMonte CarlogeneratoPYTHIA wereused:PYTHIA 6.158andPYTHIA
6.160. In both of these the supersymmetriextensionof PYTHIA (SPYTHIA) that
canperformsimulationsin mSUGRAIs implemented.The main differencebetween
the two versionsis that althoughin 6.158the decaysof sparticlesare purely phase
spacetreated,n 6.160the spin-areragedmatrix elements includedin thesedecays,
thustakinginto accounthe spinof the neutralinosaswell asthe propagtor (Z*).

The generatedventswere passedhroughthe standardastsimulationof the AT-
LAS Collaboration ATLFAST. For anintegrateduminosityof 3 - 10* pb~!, werecon-
structedheinvariantmassof opposite-sigrsame-flaour (OS-SF)leptonpairsat point
4, aswell asat threeotherpointsof the (mg, m,/2) spacgwherethe massdifference
betweerthetwo lightestneutralinoss thesameasat point4, M = Mg — Mo =~
72 GeV). The sameprocedurevasfollowed for a few more points of the mSUGRA
parameteispacewherewe changedalsothe tang andthe sign(u). After applying
stringentselectioncriteriain the distributionsobtainedandcomparingthem,we con-
cludedthatin generalit is possibleto distinguishbetweena phasespacedecayand
a spin-averagedmatrix elementneutralinodecay The channelyd — x9/*I~ canbe
successfullyusedfor SUSY studiesin large regionsof the parametespace.
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