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Abstract

Modelswith gaugemediatedsupersymmetrjpreaking(GMSB) provide a possiblemechanisnto
mediatesupersymmetrpreakingto the electraveakscale.Iln thesemodelsthelightest-supersymmetri
particleis thegravitino, while the next-to-lightestsupersymmetriparticleis eitherthelightestneutralino
or a slepton. In the former case nal stateswith large missingtranserseenegy from the gravitinos,
multiple jetsandtwo hardphotonsareexpectedn pp-collisionsatthe LHC. Dependingon thelifetime
of the neutralinothe photonsmight not point backto the interactionvertex, which requiresdedicated
searchstratgies. Additionally, thisfeaturecanbeusedtio measuréheneutralindifetime usingeitherthe
timing informationfrom the electromagneticalorimeterr thereconstructegphotondirection. Together
with the measurementsf kinematicendpointdn invariantmassdistributions, the lifetime canbe used
asinputfor ts of the GMSB modelandfor the determinatiorof theunderlyingparameters.

Thesignalselectiorandthediscovery potentialfor GMSB modelswith photonsin the nal stateare
discussedisingsimulateddataof the ATLAS detector In addition,the measuremerdf supersymmetric
particlemassesindof theneutralindifetime aswell astheresultsof theglobal GMSB ts arepresented.






Zusammenfassung

Supersymmetriebrechukg@nndurchdie EichwechseatlirkungendesStandardmodellgur elektro-
schwachenSkalavermitteltwerden.In diesensogenannte®MSB Modellenist dasGravitino dasleich-
testesupersymmetrisch&eilchen,wahrenddaszweit leichtestesupersymmetrisch&eilchenentweder
dasleichtesteNeutralinooderein Sleptonist. Im Falle desleichtesterNeutralinoserwartetmanin pp-
Kollisionenam LHC Endzusandemit hohenWertender fehlendenTrans\ersalenagie, Jetsmit hoher
Multiplizitat und zwei hartePhotonen.In Abhangigleit der Neutralinolebensdau weisendiesePho-
tonenmdglicherweisenicht zum Primanertex, was entsprechendptimierte Suchstratgien erfordert.
AuRerdenkanndieseEigenschaftierPhotonemgenutztverdenumdie Neutralinolebensd&umit Hilfe
der Zeitmessungleselektromagnetischealorimetersoder der rekonstruierterPhotonenrichtungu
bestimmen.Zusammermit Messungervon Endpunktenin VerteilungeninvarianterMassenkanndie
gemessenéebensdaueals Obsenrable fir eine AnpassungeinesGMSB Modells an die Messungen
verwendetwerden,umdie zugrundeligendenParametedesModells zu bestimmen.

Die SignalselektiomnddasEntdeckungspotentiabn ATLAS fur GMSB Modelle mit Photonenm
Endzustandverdenunter VerwendungsimulierterDatendesATLAS Detektorsdiskutiert. AuRerdem
werdensavohl die Bestimmungder Massensupersymmetrischereilchenund der Neutralinolebens-
daueralsauchdie Resultateder Modellanpassungorgestellt.
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Chapter 1

Intr oduction

The StandardModel of elementaryparticle physicsis very successfuin describingthe fundamental
constituentof matterandtheir interactions.Neverthelesstherearetheoreticalaswell asexperimental
dif culties thatpointtowardsanextensionof the StandardModelto amoregeneratheory Supersymme-
try hasbeenproven outstandinglyinterestingfor the solutionof mary problemsof the StandardModel
andis amongthe mostfavouredandmoststudiedextensions.

Sincesupersymmetritheoriespredicta partnerparticlefor every StandardModel particleandsince
noneof theseparticleshave beenobsered sofar, supersymmetrasto be broken on the electraveak
scale.This breakingusuallytakesplaceat a high enegy scale suchasthe Planckscale,in somekind of
hiddensectorandhasto be mediatedo theelectraveakscalevia somemechanismSereralmodelshave
beenproposedamongthemgravity, gaugeandanomalymediation.Theresultingcollider phenomenol-
ogyis largely determinedy thesemechanismsn particularby thenatureof thelightestsupersymmetric
particle(LSP),whichis stableif R-parityis assumedo be consered, aswell asthe next-to-lightestsu-
persymmetri@article(NLSP).

It is oneof the main physicsgoalsof the ATLAS experimentat the CERN Large HadronCollider
to searchfor signatureof supersymmetriprocessessincethe LHC will be ableto copiouslyproduce
supersymmetriparticleswith masseaip to several TeV, if they exist. Oncefound, it is importantto
investigatethe propertiesof the producedparticles,suchas massescouplingsand lifetimes. Mainly,
this hasbeendonein theframeavork of minimal supegravity (MSUGRA),wherethe LSPis usuallythe
lightestneutralinoleadingto nal statescharacterisethy multiple high enegetic jetsandlarge missing
trans\erseenengy.

However, supersymmetrimodelsexistwhichpredict nal statesiotcoveredbythegenerianSUGRA
searchstratgiesandfor which thesestratgies might not be optimal. New stratgjieshave to be devel-
oped. One exampleof suchmodels,as studiedin this thesis,is the GaugeMediatedSupersymmetry
Breaking(GMSB) model,in which the LSP is the gravitino andthe NLSP is the lightest neutralino.
Thisresultsin nal statescontaininghigh enegetic photonswhich mightbe producedn theinteraction
vertex (promptphoton$ or somevherein theinnerdetector(non-pointingphotony, if thelifetime of the
NLSPis nite. In thelattercasea measuremendf thelifetime of the neutralinoallows oneto gainaddi-
tionalinformationaboutthe underlyingsupersymmetrienodel. Additionally, the nal statephotonscan
beusedto determinesomeof theinvolved supersymmetriparticlemassesisingkinematicendpoints.

In this thesisthe discorery potentialof the ATLAS experimentfor promptandnon-pointingphoton
signaturess investigated.A full detectorsimulationis usedfor singlebenchmarkstudiesaswell asa
fastsimulationfor a parametescan.In addition,the possibilityto measuresomeof the supersymmetric
particlemassesvith afew fb 1 of datais studiedusingkinematicendpointsn invariantmassdistribu-
tions, in which sereral combinationsof photons Jeptonsandjets areused.In comparisorto studiesin
MSUGRAIt turnsout thatadditionalinformationcanbe gaineddueto the decayindightestneutralino.
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2 1 Introduction

Furthermorethreemethodsare presentedor the measurementf the neutralinolifetime using (i) the
arrival time of the photonclusterin the electromagneticalorimeter (ii) the directionalinformationof
the photonclustermeasuredy the calorimeterand (iii) additionalkinematicconstraintsn eventswith
additionalleptons,which partially incorporatethe massmeasurementsThe measuremerf the neu-
tralino lifetime is particularlyinteresting(aswell aschallenging) sincetheinitial statein pp-collisions
is unknavn and no assumption®n the neutralinoboostand decayvertex canbe made. Insteadonly
informationprovided by thecalorimetercanbe used sinceall particlesinvolvedin thedecayprocessare
neutralandno tracksor secondaryerticescanbemeasured.

Oncesomeobsenrablesor particlepropertieshave beenmeasureda modelcanbe tted to thedata.
In thisthesistheendpointandlifetime measurementsill beusedin the t to determineatleastsomeof
theunderlyingparameterer combinationf them. In the caseof long-lived neutralinoghis offersthe
possibilityto measurehe underlyingsupersymmetripreakingscale.

Thework is organizedasfollows. After a descriptionof the StandardModel andtheideaof super
symmetryandits gaugemediatedoreakingin chapter2, the LHC andthe ATLAS detectoraredescribed
in chapter3. Theeventgeneratioranddetectorsimulationtechniqguesswell asthe particlereconstruc-
tion andidenti cation methodsare presentedn chapterd and chapters, respectiely, followed by the
discussiorof the discovery potentialof ATLAS for GMSB modelsin chapter6. Afterwards,the mea-
suremenmethodsfor the determinatiorof supersymmetriparticle massesndthe neutralinolifetime
arediscussedn chapter7 andthe nal GMSB t is presentedn chapter8. A summaryandconclusions
aregivenin chapte.



Chapter 2

The Standard Model and supersymmetric
extensions

Thecurrentknowledgeaboutthe fundamentatonstituent®f matterandtheir interactiongexceptgrav-
ity) is summarizedn the StandardViodel of elementaryparticle physics[1,[2,3]. This modelis very
successfuln describingmostof the experimentalphysicaldataavailable and hasbeentestedto very
high precision.Neverthelesstherearetheoreticalandexperimentalif culties, suchasthe existanceof
dark matterandneutrinomasseswhich point to an extensionof the modelto a moregeneraltheoryin
whichthestandardnodelcanbeembeddedSuchanextensioncouldbaseontheideaof supersymmetry
which hasthe potentialof solvingall known theoreticaproblems.

This chaptergives a brief introductionto the StandardViodel and describeghe main ingredients,
aswell asthe main problems. The theoreticalbasisof supersymmetrys discussedand the minimal
supersymmetriextensionof the Standardviodel is introduced. As a resultof the problemof broken
supersymmetrythe possibility of mediatingsupersymmetripreakingvia gaugeinteractiongo theelec-
troweakscaleis presented.

2.1 The Standard Model

2.1.1 Main building blocks

The StandardModel of particle physicsdescribesll known elementaryparticlesandtheir interactions,
exceptgravity. It is basedon a relatiistic quantum eld theory which is usually formulatedwithin

the Lagrangianformalism using the LagrangiandensityL . The model containsthe following main
ingredients:

Matteris describedy fermion elds.
Theinteractionsaremediatedvia vectorbosons.

Massesandparticlemixingsareintroducedvia the Higgsmechanism.

Fermions

Fermionsare particlesthat carry half-integer spin. In the StandardModel all fermionshave spin % and
they canbe divided into two groups: the quarksandleptons. Leptons,which canbe subdvided into
electricallychagedleptonsandunchagedneutrinosonly participatein electraveakinteractionswhile
the quarksadditionallyinteractstrongly All fermionsappeaiin threefamilies: eachfamiliy consistsof
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2 The Standardvlodel andsupersymmetriextensions

Leptons Quarks
masgMeV] chagele] masgMeV] chagele]
Ne <510° 0 up 1.5-3 +2/3
electron 0.511 -1 down 3-7 -1/3
Nm < 0:27 0 charm 1270 +2/3
muon 105.7 -1 strange 104 -1/3
n; <31 0 top 171200 +2/3
tauon 1777 -1 bottom 4200 -1/3

Table2.1: Massand electricchage of the fundamentafermions. The quarkmassesre given in the
MS-schemd], exceptof thetop-masswhich canbe measurediirectly.

a leptonandthe correspondingeutrino,aswell asan up- anda down-type quark. The masse®f the
particlesrangefrom afew eV or lessof theelectron-neutrinaip to morethan170GeV of thetop-quark.
They cannotbecalculatedvithin the Standardodelandhave to bedeterminedrom experiments Since
fermionsarespinorialobjects they appeain aleft-handedandaright-handedrersion,exceptneutrinos,
whichin the StandardVodel areassumedo exist asleft-handedoarticlesonly. The currentknowledge
of thefermionmassesndelectricalchagesis summarizedn Tah 271

Interactions

Theinteractionsbetweenthe particlescanbe derived mathematicallyfrom the principle of local gauge
invariance.The underlyingsymmetrygroupis

VE)c VL UDy: (2.1)

This groupdescribeswo differentpartsof the StandardModel interactions:

D (3) ¢ describeshestronginteractiondy couplingthe quarks(with colorchageC) to themass-
lessU (3) c-octettgluonsin theframeavork of quantumchromodynamic$QCD).

(2. U(Dy is the symmetrygroup of electraveak interactions. The correspondingyauge
bosonsmix to form the masslesphotonandthe massie W andz°. They couplevia the weak
isospinTs andtheweakhyperchageY to all fermions.

Theelectricchage of a particleis thengivenby therelation

Y

= T3+ =

Q=Ts 5
FromtheelectraveaksymmetryagaugebosonSU(2), tripletandaU(1) singletarise.Thesearedenoted
Wnlq'z’3 and B, respectiely, andare masslesselds. After electraveak symmetrybreakingthe mass

eigenstatesyhich representhe physicallyobserable elds, arerotationsof theweakeigenstates:

2.2)

Wy, 1 1 1 W}

w, P31 1 w? (2:3)
Z%  cosgy  singy W3 (2.9)
An  singw cosgw Bm '

wheretheangleqy parametrizeshemixing of the elds andits valuesin?qy  0:231is obtainedrom
experiments.Ap, representshe masslesphoton eld known from quantumelectrodynamicswhile the
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T Y Q
Ne Nm n; +1=2 1 1
e | m t L 1=2 1 0

u C t +1=2 +1=3 +2=3
L B 1=2 +1-3 1=3
€r ny Ir 0 -2 -1
NgRr NmR n:r 0 0 0
UR Cr R 0 +4/3 +2/3
dg K b% 0 -2/3 -1/3

Table2.2: 9J(2). doubletsandsingletsandelectraveak quantumnumberswith resultingelectromag-
neticchage.

other elds coupleto theHiggs eld andaquiremassterms.TheSJ(2), U(1)y theoryincludestwo
couplingconstantswhich parametrizehe strengthof theinteractionsandaredenotedy andg® They are
connectedo the electricchage via themixing angleby

e= gsingw = g’singw: (2.5)

Thefermionsthat coupleto the gaugebosonsaregroupedinto multipletsof the Standardviodel gauge
group. Theleft-handediermionsof eachfamily areweak-isospirdoubletswhile the right-handednes
aresingletsandthusdo not coupleto theW bosons.TablelZ2 summarizeshe electraveak fermion
multipletsandthe correspondingjuanturmumbers.

In additionto the weak gaugebosonmixing the masseigenstatesf the quarksarenot identicalto
their weak eigenstatesThis canbe modelledby introducingtwo complex 3 3 matricesY ¢, which
arisein the Yukava couplingsof thequarks:

Lv= YJQuifds; YiQuief urj+ hc: (2.6)

wheref istheHiggs eld, i; j aregenerationabelsande is theanti-symmetri@ 2 tensor Q, areleft-
handedjuarkdoubletsanddg andug aretheright-handealovn- andup-typequarksingletsrespectiely.
The quark masseigenstatesanbe obtainedby diagonalisingy “*d by four unitary matricesVL“;;S. The
generatiommixing leadsto a vor conservingand a vor changingchagedcurrent(W ) interactionswith
couplingsgivenby the Cabbibo-kKobayashi-Maskwva (CKM) matrix

0 1
dt Vud Vus Vub

Vekm VIV = @vyg Ves Voo (2.7)
Via Ms Mo

Onthe otherhand, a vor changingneutralcurrentsare supressedThis matrix canbe parametrizedby
threeanglesanda comple phasewhich is the only sourceof CP violation in the StandardModel [5].
Generatiommixing is in principal also possiblein the lepton sectorand recentresultsfrom neutrino
experimentsshav that neutrinomixing in factoccurs[lg]. Althoughin the standardormulationof the
StandardModel neutrinosaremasslesshis shavs thatthey arein factmassie andthe investigationof
this phenomenois anactive researcheld.

The Higgs mechanism

An importantdif culty in the StandardModel is that simple masstermsfor the weak gaugebosons
andthe fermionsbreaklocal gaugeinvariance. For the weak gaugebosonsthe necessityfor a mass
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term alreadyfollows from considerationsboutthe rangeof the forcesthat hasto be small enoughto

t with the experimentalobserations. Furthermorethe masse®f the gaugebosonsaswell asof the
fermions,have beenmeasuredn experimentsshaving thatmasstermsareneededThe solutionto this
problemis to generatenasse# agaugenvariantdynamicalway by theinteractionof the particleswith
ascalareld. Thisis known astheHiggsmedanism whichis basedntheideaof spontaneouSU (2)
symmetrybreaking:

VE)ec V@)L U@Dy! VEc U@Dem (2.8)
TheHiggs eld is acomple scalarisospindoublet

1 fi+ifp _ f*

P=P5 forify, = 0 (2.9)
with four degreesof freedom.The (Klein-Gordon)Lagrangiardensityreadsas

L= 3 T (1) V() (2.10)
with the SJ (2). symmetricpotential

V(f)= nffTf+ 1 (FTF)2% (2.11)
Thereal parametel hasto be positive to ensurethatV ! ¥ whenf ! ¥. As canbe seenfrom

Eq. @D, the minimum of the potentialis no longerat f = 0, if n? is chosernto be negative. Instead,
theminimumlies at

r—

- n?

jfoj = - =V (2.12)

With this parametesettingthe potentialV itself is still 3J(2) . symmetricwhile every possibleground

statebreaksthe U (2) . symmetry Thisis known asspontaneousymmetnbreaking Now onechoses

aspeci c groundstatewith f1 = f, = f4 = 0 andexpandshe eld aroundthe minimum:

_ 1 xi(¥)+ ixa(X)

" V5 v+ h(X)+ixa(x) (2.13)

with h(x) and X1;2;3|§X) beingreal scalar elds. In the resultingLagrangiandensitya masstermfor h
appearsvith m, = ° 2m while the other elds remainmasslesslueto the vanishingderivativesin the
tangentiadirectionsof the potential. Thecorrespondingeld quantaarecalledGoldstonébosons|f one
requireslocal gaugeinvariance,the x1.2.3(xX) elds coupleto the gaugebosonsand createmassterms.
Thekinetic termsof the x1.2.3(X) elds vanishin the unitarity gauge shaving thatthey do notappearas
independenphysicalparticles. The groundstateis chosensuchthatthe photonremainsmasslesand
themassesiregivenby:

1
my = Egv (2.14)
p
M= v @ g (2.15)
mg = O: (2.16)

Dueto thegaugebosonmixing, the masse®f theW andZ arenotindependenandaregivenby

My = Mz COSGw: (2.17)
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Figure2.1: Dc? asa functionof my for (a) the standad andfor (b) the completet of the electraveak
obsenrables. The solid (dashed)ine givestheresultswhenincluding (ignoring) theoreticalerrors. The

minimum ¢? of the t includingtheoreticakerrorsis usedfor both curvesto obtainthe offset-corrected
Dc? [].

Fromthisandfrom Eq. (235 follows thatall effectsof W andZ exchangeprocessesanbedescribedy
thethreeparameters, gy andmz. Sincemy, my andsingy have alreadybeenmeasuredh experiments,
thevaccumexpectationvaluev canbe calculatedo be

vV 246GeV: (2.18)

TheHiggsmechanisnalsoallows for masstermsfor all fermions.Thesearegivenby Yukawva coupling
termsin the Lagrangianwhile the couplingconstantd ¢ arefree parametersf themodel:

my = /fp"—é: (2.19)

Importantto noteis that thereis no fundamentareasonwhy all fermionsshouldcoupleto the same
Higgs eld. For instancejn supersymmetritheoriesoneneedsat leasttwo Higgsdoubletsto assigna
masgto every fermion.

The Higgs particleitself hasnot beendiscoreredyet andits massis a free parameteof the model.
Direct searche$rom the LEP experimentd[/] have seta lower limit of my = 1144 GeV on the Higgs
masswhile the direct searche$rom the TeVatron[lg] excludetheregion my = [160 170 GeV at 95%
CL. Sincetheradiatve correctionof the self enegy of theweakgaugebosondepend®nly logarithmi-
cally ontheHiggsmassno precisemeasuremertdf my couldbedone?] Neverthelessits mostprobable
valuecanbe determinedn aglobal t of theelectraveakobserables[10,11]. FigurelZ.I{a)shavs the
Dc2= c? c¢2. asafunctionof theHiggsmassof thestandad t, de nedasthe t to theelectraveak
precisionobsenrables,excludingthe direct Higgs searchesThe resultingestimateof the Higgs massis
thenmy = 83"3(3’Ge\/, while the2s and3s intervalsare[42,158]GeV and[28,211]GeV, respectiely.
Whenthe directsearchresultsareincludedin the t (completet), thebestestimateof the Higgsmass
ismy = 1163" }536 GeV, while the 2s intenal is reducedto [114,145]GeV. The correspondingDc 2

distribution is shavn in Fig.[Z.I{b}

DThisis in contrasto the top masswhich hasbeenpredictedfrom the LEP experimentdd], sincethe radiative correction
of theselfenegy of theweakgaugebosonsdependgjuadraticallyon thetop mass.
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Renormalization

Anotherimportantissuefor a successfuandconsistenmodelfor particlephysicsarisesfrom a calcula-
tional pointof view. Calculationsn quantumeld theoriesareoftenperformedby Taylor expandingthe
Lagrangianinto a power seriesof the couplingconstants.Every term canbe representedy Feynman
diagrams.Diagramsthat containparticleloopstendto be divergentandhencethe scatteringamplitude
is alsodivergent. To make senseof the resultsof the computation®nehasto copewith thesein nities
anda procedurenasbeendevelopedto do so[[12,[13], whichis calledrenormalization Every divergent
diagramcanbecorrectedy acountertermif atheoryis renormalizableThisis thecasefor the Standard
Model, but e.g. the naive quantizatiorof generarelatvity failsto berenormalizable.

Quantum Chromodynamics

Thequantumeld theoryof the stronginteractionds called QuantumChromodynamic§14] (QCD). It
is basednthegaugegroupJ (3) c anddescribesheinteractiondbetweergluonsandquarks.As in the
caseof theelectraveaktheory the gluonsarethe gaugebosonsandenterthe theoryafterlocalizationof
thegaugegroup. They aremasslesandarenot affectedby the breakingof J (2) . Thechageof QCD
is calledcolor anddueto the non-abeliarcharacteiof 3J(3) ¢ not only the quarks,but alsothe gluons
arecolored. Thegluonscarrya color andananti-coloreachandof the nine possiblecombinationnly
the 3J (3)¢ octetis realizedin nature.Leptonsarecolor singletsandthereforedo not participatein the
stronginteraction.

The value of the strong coupling constantas dependson the momentumtransferQ?, asdo the
couplingconstant®f 3J(2), U(1)y. Dueto thenon-abeliargaugegroupas is large atlow valuesof
Q? andapproachesgerofor very large Q2. This leadsto the phenomenonf asymptotidreedon{15,[1E]
andthe con nementof coloredobjects.Quarksarecon ned to hadronicboundstatesandcanappeaias
baryonsor mesongonsistingof threequarksor aquarkandananti-quark respectiely.

The protonis the mostimportantbaryonandin the mostsimplepictureit is madeof two up-quarks
and one down- quark (valencequarks)suchthat the electricchage is 1. A betterdescriptionis that
the protonis madeof partons,namelyquarksandgluons. It turnsout experimentally thatin addition
to the valencequarksseaquarksandgluonsarepresent.The seaquarksarisefrom gluonssplitting up
into a quark-antiquarkpair. All quarksand gluonstogethercarry the total momentumof the proton.
The momentumfraction of eachpartoncanbe investigatedexperimentallyby deepinelasticscattering
(DIS) of electronsand protons. This hasbeendonewith the experimentshuilt at the HERA electron-
protonacceleratgmwhich have preciselymeasuredhe so-calledParton DensityFunctions(PDFs). Two
mainvariablesareusedto describghe PDFs:the partonmomentunx asthefractionof thetotal proton
momentumandthe momenturntransferQ? from the electronto the interactingparton. As anexample,
Fig.2Z.d shavs thecombinedresultsfrom theZEUS andH1 experimentsor the valencequarks(xu, and
xd,), thegluons(xg) andseaquarks(x atamomentuntransferQ? = 10Ge\2.

Thedetailedknowledgeof the protonstructureis essentiafor the analysisof LHC data.Especially
thesearctstratgjiesfor physicsbeyondthe Standardvodel areoptimizedusingsimulatedvionte Carlo
events,wherea precisepredictionof the protoninteractionsis necessaryAt the LHC processesvill
beinvestigatedwhich differ in their crosssectionsover morethan10 ordersof magnitudeasshavn in
Fig.Z3 For comparisonthetotal productioncrosssectionof atypical supersymmetriscenaricstudied
with ATLAS is of the orderof 10 2nb [I§. It shouldbe notedthat dueto the partonicstructureof
the protonthe effective centerof massenegy atthe LHC is muchbelov 14TeV andlies around2 TeV,
dependingn the scatteringprocessandthe involved partons.
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Figure 2.2: Partondensity functionsof the valencequarksu,, dy, the gluonsg and seaquarksS as
obtainedrom the combinedresultsof theZEUSandH1 collaborationg17].

2.1.2 Problemsof the Standard Model

Althoughthe StandardModel describeghe fundamentaparticlesandtheir interactionswith greatsuc-
cess,thereare someunsohed problemsthat point towardsan extensionof the model. Someof them
areintrinsic problems,somearisefrom cosmologicaimeasurementand somehave a puretheoretical
nature:

General: Thereis no explanationfor the obsered multiplet structureandmasshierarchy

Uni cation: The quark-to-leptonchage relationis puzzling andthereis no uni cation of the
couplingconstantatahigh scale.

Astrophysical: Thereis anunexplainedmatterantimatterasymmetryin theuniverseandthemat-
teris mainly madeof unknavn darkmatter

Intrinsic: Thestability of the Higgs masscannotbe understoodn a naturalway.
Theoretical: Gravity is notincludedin the StandardModel.

The rst item expressepartof thefactthatthe StandaraModelincludesmary ad-hocassumptiongand
free parametershatcannotbejusti ed or calculatedwithin the modelitself. This leadsto the hopethat
thereis a morefundamentalinderlyingtheorythat overcomeshis problem. Attemptshave beenmade
by de ning GrandUni ed Theories(GUTSs)[20], which have a simplergaugegroup(suchasSU(5) or
SO(10))andthushave fewer couplingconstantanda simplermultiplet structure.Within suchmodels
alsothe quark-to-leptornchage relation can be calculated,but other problems,suchasthe instability
of the proton, requirenew ideas. Anotherproblemrelatedto GUTsis the uni cation of the coupling
constantsyhich cannotbe achiezed within the StandardModel. This canbe solved by the formulation
of supersymmetritheorieq21,22,23], wherethe runningcouplingscorverge in onepointatthe GUT
scaleasdepictedn Fig.[2Z.4 Also the protonis stableenoughin supersymmetriGUTS.
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Figure2.3: Crosssectionsfor hardproton- (anti)protonscatteringasa function of the centerof mass
enegy. The total productioncrosssectionfor a typical supersymmetrienodel at the LHC is about
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StandardModel (dashedines) andin the minimal supersymmetri@xtensionof the Standardviodel
(solidlines)asa functionof theenegy scale[l23)].

---- ---- H ’

_— e - - - - -

(a) (b)
Figure2.5: Loop correctiongo m3 from (a) afermion f with massm; and(b) of aheary complex scalar
with masamg [23).

Thethird item touchegthe problemof CP violation. The comple phaseof the CKM matrix is the
only sourceof CPviolationin the Standardviodel, but it is not sufcient to explain the cosmologically
obsered matterantimatterasymmetryin the universe[24,125,2€]. Supersymmetriextensionsof the
StandardVodel containthe possibilityto have up to 43 additionalcomplex phase$27]. Anotherimpor-
tantcosmologicabbsenration is the fact thatthe matterdescribedoy the StandardModel accountgor
only 4% of the contentof the universe. Around 76% is madeof dark enegy, which is responsibldor
theaccelerate@xpansionof the universe while around20%is madeof darkmatter[[2§]. If darkmatter
is madeof particlesthatcanbe describedy particlephysics thentheseparticlesmustonly interactvia
theweakinteractionsand/orgravitational interactions.The only candidatén the StandardModel is the
neutrinowhichis excludedto betheonly sourceof the obsered gravitational effectsof darkmatterdue
to its very smallmass.Again, supersymmetritheoriesprovide goodpossibilitiesto solve this problem.
Dependingon the modelthey have a variety of candidateparticlesthat could accountfor the obsered
amountof dark matter suchasthelightestneutralinosor the gravitinos.

Thefourthitem hasto do with the Higgs mechanismthathasbeeninventedto solve the problemof
symmetrybreakingin the Standardviodel, but causesew problemsitself [29,130,31,37]. The Higgs
masssquaredmy, recevesenormougjuantumcorrectiongrom loop effectsof every particlecouplingto
the Higgs. FigurelZ3 shaws a correctiongo mg from a fermion f with massmg. If the couplingreads
as | ¢Hff, thenthecontritutionto theHiggsmassis

-I -2
D, = % L2, emeIn(Luy=me)+ 10 (2.20)



12 2 The Standardvlodel andsupersymmetriextensions

wherelL yy is an ultraviolet momentumcutof. If this cutoff is chosento be at the Planckscale,then

D, is about30 ordersof magnitudesargerthanthe true valueof around(100GeV)?. Thisresultsin a

netuning of the cutof in every orderof perturbatiortheoryandthe possibleinterpretatiorof the cutoff

asanaturalscalefor new physics.Thisis known asthehierarchy problem As anexamplefor asolution

to this problem,Fig.[Z.8 shavs the contrilution of a heary complex scalarwith massms anda coupling
I gHj?jS2. Thecontritution of s scalargo the Higgsmasss then

DM, = 1C—c; L2, sniIn(Lyy=me)+ 10 ; (2.21)
which can cancela fermion contrikution due to the minus sign. Supersymmetri¢heoriesprovide a
variety of heary chagedscalarparticlesto cancelthe fermion contritutionsfrom the Standardviodel,
in particularin the MSSM thereis onepartnerscalarparticleto eachStandardviodel particlecancelling
its contritution to the Higgsmass.

Finally, the StandardModel cannotbe the nal descriptionof nature,sinceit doesnotincorporate
gravitationalinteractions.The gravitational force is weakenoughto be negglectedin elementaryparticle
interactionsatthe electraveakscale but at enegiesup to the Planckscalegravity becomessstrongas
the StandardModel forces. Theextensionof the Standardviodel to atheoryof gravity posedargetheo-
reticaldif culties (renormalizability) but againsupersymmetris a popularcandidatdor anelegantso-
lution. If supersymmetris treatedasalocalgaugesymmetryasis donewith 3J(3)¢ U (2). U(D)y
in the Standardviodel, it becomesautomaticallya theory of gravity, sincea supersymmetricransfor
mationalsoincludesa space-timdransformationThisis utilizedin supegravity theories.Thequestion
is then,if it is possibleto formulatea perturbatiely nite theoryof gravity andthe hopeis thataddi-
tional symmetriegsuchassupersymmetrnjimposeenoughconstraintdo cancelll divergencieslt turns
out, thatnot only supersymmetristring theoriesare nite, but alsoin four dimensionakupersymmet-
ric quantumeld theoriesit might be possibleto cancelall divergenciesin every orderof perturbation
theory[33.

2.2 Supersymmetry

As discussedh sectioriZ1.2 supersymmetritheoriesprovide elegantsolutionsto avarietyof problems
of the StandardVodel. In the following, the basicprinciplesandphysicalconsequencesf supersym-
metrywill bediscussedbrie y. Theminimal supersymmetriextensionof the Standardviodel (MSSM)
will beintroducedandits particlecontentandotherpropertieswill be summarizedSincesupersymme-
try hasto be broken at the electraveak scale,someof the breakingmechanismsvill be introducedand
thespecialcaseof gaugemediatedsupersymmetripreaking(GMSB) will bediscussedn somedetail.

2.2.1 Intr oduction and theoretical basis

Everyrelatvistic quantumeld theoryis invariantunderthePoincaé groupP andmostoftenalsounder
aninternalsymmetrygroupG, i.e. underP ~ G. Thegenerator®f the corresponding.ie-algebraare
P™ M™ andT,, suchthat[P™T,] = [M™;Ty] = 0. An interestingquestionis, if a group exists that
containsP andG assubgroupsij.e. if a groupexistswith [M™;T;] 6 0. Dueto the no-gotheorem
of COLEMAN and MANDULA [I34] sucha group cannotbe generatedy Lorentz-tensors A possible
way out is a symmetrywith spinorialchagesratherthantensorialchages. The correspondinglgebra
is calleda Lie-supealgebra andthe correspondingheoremfor supersymmetritheoriesis the HAAG-

LOPUSZANSKI-SOHNIUS theorem[35].
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is closedthroughanti-commutatorsQ, canbe expressedn termsof a Weyl spinorQa, with A= 1;2:
Qa = (Qa; QY with Q% = (Qa) . Togetherwith the generatorf the Poincaé groupthey form the
following algebrd22):

[M™;Qal= 3(S™)d'Q (2.22)
[Qa;P™ =0 (2.23)
fQa; Q9= 2(9")anPm (2.24)

whereg™is givenby f g™, ¢"g= 2g™ andS"" = 'i[g’"; 9”]13:)] Fromtheserelationstwo very fundamental
consequencearise:

Theparticlesin a supermultiplehave the samemass but differ in their spin by half a unit.

Thereis the samenumberof fermionicandbosonicdegreesof freedomin everyirreduciblerepre-
sentatiorof supersymmetry

Hence,in supersymmetritheoriesevery bosonhasa fermionicpartnemparticlewith the samemassand
vice versa. In particular the supermultipletsare chosensuchthat every Standardviodel particle with
spin O, % 1, 2 hasa partnerwith spin % 0, % % respectiely. The correspondingnultipletsareoften

calledchiral, vectorandgravity supermultiplet:

chiral chiral vector gravity
SM particlespin 0 2 1 2
SUSY particlespin | 3 0 z 3

For the constructionof supersymmetrienodelsso-calledsuper eldsare used,which arereducible
representationsf the supersymmetralgebraandcontaina variety of componentelds. Supersymmet-
ric conditionsareimposedto projectout the respectie irreduciblerepresentationsThe corresponding
super eldsarethencalledchiral or vectorsuper elds,which are usedto describethe matteror gauge
contentof the theory respectiely. The supersymmetrizersionof a Lagrangianis easily derived by
simply applyingthe samerulesasfor the originalmodel.

Thereis an additionalcontinoussymmetrycalled R-symmetryJ (1) g underwhich the minimal su-
persymmetriextensionof the StandardModelis invariant[37]. Sincethis symmetryactschirally onthe
gluinos the partnerparticlesof the gluons,andwould constrainthemto be masslesgvenaftersponta-
neoussupersymmetrypreaking,it hasto be brokenB) In mostof the supersymmetriecnodelsa discrete
Z, remnanbf the continoussymmetryremains calledR-parity[38,39], whichis givenby

RP: ( 1)3(B L)+ 2S (225)

andis closelyconnectedo the baryonnumberB, leptonnumberL andthespinS. It is a multiplicative
guantumnumber which is + 1 for all StandardViodel particlesand 1 for all supersymmetripartner
particles.If R-parityis assumedo beconseredin asupersymmetricmodelno baryonor leptonnumber
violation occurs.Two of the mostimportantconsequenced R-parityconserationare:

2 0nly the caseof asinglegenerato(N = 1) will be discussedhere. Theorieswith extendedsupersymmetryN > 1) have
anextendedalgebraanextendedparticlecontentpermultipletandareusuallynot consideredn simulationstudiesn ATLAS.

3 FromEq. 23 it canbeseerthatasupersymmetrjransformationincludesspace-timéransformationslf supersymmetry
is treatedasalocal gaugesymmetry thetransformationincludelocal space-timeransformationsyhich meanghatthetheory
is atheoryof gravity.

4 Masslesgluinoswould leadto relatively light R-hadons madeof quarks,antiquarksandgluinos, which have not been
obsered.
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At colliderssupersymmetriparticlescanonly be producedn pairs.
Thelightestsupersymmetriparticle(LSP)is stable.

The rst itemensureshatasupersymmetriparticlealwaysdecaysnto anotheisupersymmetriparticle
andthattherearealwaystwo decaychainsof (unstablesupersymmetriparticlesin eachsupersymmet-
ric eventat colliders. The seconditem hascosmologicakonsequencesincethe LSP could sene as
a candidatefor the yet unknavn dark matter if therearelarge remnantf themin the universe. This
alsomeansn turnthatthe LSP cannotcarryanelectromagnetior color chage andthatit only interacts
weakly sinceotherwisethey would have beenobsered in astrophysicaéxperiments.Anotherconse-
guencas thatthe LSPonly interactsveaklywith aparticledetectormandthuscannoteobsereddirectly,
but leadsto the signatureof missingenegy.

If R-parityis violatedadditionalB andL violatingtermsappeain theLagrangianwhichhasavariety
of phenomenologicatonsequence®neinterestingexampleis the mostgeneralLagrangianwhereall
B andL violating termsareallowed. In sucha modelthe protonis unstableanddecaysrapidly. This
canbe avoidedby settingat leastoneof the couplingconstantgo zero[3§]. The breakingof R-parity
canbedoneby introducingappropriatéermsin the Lagrangiaror by usinga mechanisnof spontaneous
R-parity breaking[4G,141]. Also in ATLAS R-parity violating modelsare studied,but throughoutthis
thesisR-parity conserationwill beassumed.

2.2.2 The MSSM
Model and particle content

Theminimal supersymmetriextensionof the StandardModel (MSSM) is thesimplestandmostgeneral
supersymmetrimodelbasedntheStandardModel Lagrangiar4Z]. Thismeanghatthe eld contents
oneof vectorsupermultipletassociatedavith thegaugesymmetryJ (3)c U (2). U(1)y coupling
to chiral supermultipletscontainingthe matterparticlesof the Standardviodel. The partnerparticles
of the gaugebosonsare calledgauginos while the partnersof the StandardModel fermionsare called
squarksandsleptons In particular the gauginosarethe winos zinosandphotinos TablelZ-3 shavs the
particlecontentandthe correspondingjuantumnumbersof the MSSM for onegeneration.The D- and
F- elds denoteauxiliary elds.%

Besideghe 19 parameter®sf the Standardviodel the mostgeneralMSSM contains105 additional
parametersamongthem 43 CP violating phasesand 21 masses. The numberof parametersan be
constrainedy requiringunderlyingphysicssuchas GrandUni cation, family symmetriesetc. As an
example,the minimal supegravity modelcontainsonly ve additionalparameterswhile the minimal
GMSB modelincludessix parameterbesideshoseof the Standardviodel.

At the LHC the crosssectionfor gluino andsquarkproductionis muchlargerthanfor electraveak
gauginoproductionjf thecorrespondingarticlemassese in thereachof theLHC. FigurelZ8shavsthe
tree-level Feynmandiagramdor theproductionof squarksandgluinosvia gluon-gluonandquark-gluon
fusion,while Fig.Z-4 shavs the productionvia quark-antiquarkannihilationandquark-quarkscattering.

The Higgs sector

As in the Standardviodel the gaugesymmetryof the MSSM is broken spontaneouslipy a Higgsmech-
anism. In the StandardVodel a single Higgs doubletis usedin orderto give massto all fermions.

STheauxiliary elds areneededo closethe supersymmetnalgebraoff-shell, sincethe numbersof fermionicandbosonic
degreesof freedomhave to beequal. They canbe usedfor spontaneousupersymmetrpreaking.
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SU(2) U1y particlecontent(weakeigenstates
triplet 1 W3, |2 D2
singlet 0 Bn!,D
doublet 1 nooone o Fm)
e ' & ' F(a)
singlet 2 €r, €r, F (€r)
1 u 0 F(w)
doublet 3 d ' 4’ F(d)
singlet 3 U, Ur, F (UR)
singlet z dr, dr, F (dr)
HY  H? FHY
doublet -1 H, |_~|1 " F H,
+ H+ F H+
doublet 1 H, 2 2

HY * HY ' F HY
SU@R) | SU(2)L U(1)y | particlecontent(weakeigenstates
octet singlet g, g%, b2

Table2.3: Particle contentand quantumnumbersof the MSSM particlesfor onegeneration.Thelatin
indizesare a vor indizes,while the greekonesdenotecolorindizes[22,47].
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Figure2.6: Diagramsfor squarkandgluino productionat the LHC from gluon-gluonandgluon-quark
fusion.
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Figure2.7: Diagramsfor squarkandgluino productionat the LHC from strongquark-antiquarlannihi-
lation andquark-quarkscattering.

Therefore isospininvariantcombinationof the Higgs eld with the left-handedfermion doubletsare
constructed:

fr i;t = flyw+flya;
(2.26)
fle ));;t = fiya  fayu;
where )‘\;lL andf = ;l arealeft-handedermiondoubletandthe Higgs doublet respectiely, and
2L 2
e= 01 (1) . Thecouplingto theright-handedermionsthenallows transitiondik e

yu ! yrtfa (2.27)

If one examinesthe weak hyperchagesof the quarkdoubletsand singletsin Tah 23, it is clearthat
bothcouplingsin Eq. (228 (hyperchageY = % andyY = %) areneededn orderto consere theweak
hyperchagein processebke (223 andto assigna masso the up-typeaswell asthedown-typequarks.
In the MSSMthisimposesa problem,sinceeitheronly left- or right-chiralsuper eldscanbeusedin
the constructiorof the Lagrangianandsincethe hermitianconjugateof a left-chiral super eldis right-
chiral andvice versa,the couplingto a hermitianconjugatedHiggs super eld s forbidden. This leads
to theusageof two Higgssuper elds,onefor the up-typequarksandonefor the down-typequarks,and
ve physicalHiggs bosons With thetwo Higgssuper eldsa quadraticermusingthe Higgs elds only
canbeformedandaddedo the superpotentialFromthis termthe additionalHiggs massparametemis
introducedwhich playsanimportantrole in thegauginomixing. Thecorrespondingacuumexpectation
valuesof the Higgs elds aredenotedv; andv, andtheirratiotanb = % is animportantparameteof
supersymmetrimodels.

2.3 Supersymmetrybreaking

Asdiscusse@bore, thesupersymmetriparticleshave thesamemassesastheir StandardModel partners,
alsoafterspontaneou8UJ (2) . symmetrybreakingvia the HiggsmechanismHowever, sincenoneof the
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supersymmetriparticleshave beenobseredsofar, supersymmetriasto bebroken. In this sectionthe
introductionof soft-breakingermsandthe resultinggauginomixing is discussedaswell asthegeneral
theoreticaddescriptionof supersymmetripreakingandthe exampleof gaugemediation.

2.3.1 Soft-breaking and gauginomixing

For the generatiorof additionalmassedor the supersymmetriparticlesadditionalmasstermshave to
be introducedin the Lagrangianwhich thenis no longersupersymmetricin the generalMSSM one
parametrizethe underlyingbreakingmechanisnby so-calledsoft-beakingterms[i22,142):
1 1 1
Lsot= =M1/l =Myl 32 ZM3§?G® + hc:
soft 2 1 2 2 2 3979
MHH1 ABH Hy A HiHo+ b et f
f

P om, P S, ) (2.28)
V—ZAquqLGR"' " AgH 16 dr + hic:
p_
+ 3meAeH1I~|_éR+ h:c;
1

whereH;  HYH; andH,  Hy;HY . A, Aq andA. aretrilinear scalarcouplingconstantswhile
the other parametersare explicit masstermsfor the gauginos,Higgs particlesand sfermions. In the
following the gauginomasstermswill be discussedn somedetail, sincethey play a crucialrole in the
phenomenologpf supersymmetryFirst, themixing of thechagedgauginoswith thechagedHiggsinos
will bediscussedfollowedby a discussiorof the neutralgaugino-higgsinanixing.

In the soft-breakingerm (228 only the U (2) triplet super eld containswo chagedgauginogin
analogyto the StandardModel W bosons)

I :pl—éll il?; (2.29)

i.e. only thetermwith M, entershe chagedgauginomixing:

1 1
Lsot= =Ml 1 Myl T 2.
soft 2 2 2 2 ( 30)
Additionally, a Higgsino-gauginanixing termandthe Higgsmassterm
P ~ P I
L gy = 2mycosbH, | * 2mysinbH; | ; (2.31)
Ly,..= MmHH (2.32)

enter wheremyy is theW bosonmass.Fromtheseequationnecanconstrucia masserm
p+ 7
Lem= g+ Xab g (2.33)
2
thatcontainghe massmatrix

M, P 2my, cosb

Xap= P 2my sinb m

(2.34)

Xap canbediagonalizedy two comple unitary2 2 - matricedJ mn andVmp:

UmaXabenl: mg, Oy (2.35)
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wherethe eigewvaluesaregivenby the particlemasses

1. .
M, = 5 in*+ M3+ 2mf D : (2.36)
Thequantity
a 2
Dc= M2 jnj2 “+ 4mg,cof2b + 4mG, M2+ jnj2 + 8mgMyjnjsin2b cos m; (2.37)

wheref ;,, denoteghe complex phaseof the Higgsinomassparametem determineshe masddifference
of thetwo physicalmasseigenstates

+
&= 8 and § - f?; Li= 12 (2.38)
| |

thatareconstructedrom thefour Weyl-spinorsand

v (2.39)

Py N B

U

+

IR
I'or
Iy
la

T.— I.—

1
N
+ (2.40)
2

N

¢ and¢, arecalledcharginos

A similar procedurecanbe performedor the neutralgauginosandHiggsinos.In principalthe same
termscontritute asin the caseof the chaginos, but they look different. From Eq. (228 the U (2),
singletandtriplet super eldsenter while the neutralgauginoof thelatteris denoted °. Thetermsare

L soft = :—2LM1I I %le 00, (2.41)
L gy = mzcosbcosgwHYl °+ mzcosbHsingw! ; (2.42)

+ mysinb cosgwHSI ©  mz sinb singwHYI ; (2.43)
Finess = MHTH; (2.44)

wheregqy is the Standardvlodel mixing angleandmy is theZ bosonmass.Again,amasserm

0 1 0o 1
Pt T

L nm = 1 IO§Y IO§ (2.45)
NM — 2 ij ab ij .
HY HY
canbe constructedvith the symmetricmixing matrix

1
My O mz singwcosb  mzsingw sinb

_ M, mgzcosgy cosb Mz cosgy Sinb
Y&b - 0 m
0

(2.46)

Yap canbediagonalizedy acomplex unitary4 4 - matrix Nj;:

NiaYaoNJ\ = Mgodi; (2.47)



2.3 Supersymmetrpreaking 19

‘/E\ } A Rl &
(@) (b) (©)

Figure 2.8: Couplingsof gauginos(solid plus wavy) to (a) gaugebosons(wavy) and (b,c) sfermions
(dashedpandfermions(solid).

wherethe eigewvaluesrepresenthe masse®f themasseigenstates

80 = ;: Ci= 14 (2.48)
where
0 1 0 1
1 |
/2§ _ / 0§ .
K =N oA (2.49)
l4 HY

6i° arecalledneutrlinos Togetherwith the chaginosthey are also called gauginos.asthe unmixed
states. This terminologywill be usedfrom nowv on. The couplingsof the gauginosto otherparticles
aredeterminedby the couplingsof their individual componentsi,e thewino, zino, photinoor Higgsino
fraction. Thegenerakouplingsto sfermionsfermionsandgaugebosonsaredepictedn Fig. 28

2.3.2 Generaltheoretical description

Supersymmetrpreakings achieved,if thephysicalvacuumstatejOi is notinvariantundersupersymme-
try transformationsThis is the samerequirementsin the StandardModel andelectraveaksymmetry
breaking.Equivalently jOi shouldnotbeannihilatedby all supersymmetrgenerators:

Qpj0i 6 0 or

Q%joi 6 O:
FromEq. (229 follows thatwhensupersymmetris unbrolenin thevacuumstatethis statehaszeroen-
emgy andin thespontaneousliproken caset haspositive enegy. Thereforewheneer asupersymmetric
vacuumstateexists asa local minimum of the effective potential,it is alsothe global minimum. If the
physicalvacuumshallnot be supersymmetridt is thereforenecessaryor the effective potentialvﬁ to
possesso supersymmetrieninimum. Figurel2Z.9 shavs genericforms of the potentialfor broken and
unbrolen supersymmetrySupersymmetrpreakingarisesfrom a eld in the modelhaving a non-zero
vacuumexpectationvalue. One caneitheruseone of the F- or D-auxiliary elds of chiral or vector

super elds,respectiely, but only the so-calledF-term supesymmetrybreakingwill be discussedere
dueto theconnectiorto gaugemediationmodels.Hence thecriterionfor supersymmetrpreakingis

(2.50)

HOjRjoi 6 0 (2.51)

for oneof theauxiliary elds F.

8 The effective potentialis givenby V = FiTFi for Lagrangiandor chiral super elds,whereF; arethe auxiliary component
elds of thesuper eld.
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Figure2.9: Genericforms of the effective potentialV asa functionof somevacuumexpectationvalue
for (a) unbrolensupersymmetrand(b) brokensupersymmetry

Thesimplestmodelof F-termbreakingis the O' RAIFEARTAIGH model[i43], which hasthreechiral
super eldsF 1, F » andF 3 with thesuperpotential

W=1F; F3 M2 + nF,Fg; (2.52)

wherel/ > 0,M 6 0 andmé& 0 areparametersf the model. The absoluteminimum of this potentialis
at

FF=IM% F'=F=0 (2.53)
and
V=12t 0 (2.54)

Thesupersymmetrbpreakingscalecanbede nied astheexpectationvalueof the F-termresponsibldor
supersymmetripreaking.

In analogyto the StandardModel, wheremassles§&oldstonebosonsappeaafterspontaneoubreak-
ing of theglobalgaugesymmetryamassles§oldstondermionwith spin % is expectedn brokenglobal
supersymmetrysincethe supersymmetrgeneratorarefermionic. The spinory; of thesuper eldF; to
which F, belongswill bethe Goldstonegermion.

The Goldstonefermion might be a problemfor globally supersymmetrienodels,but the models
studiedin theliteraturearemostlylocally supersymmetrichensupersymmetris localizedin analogy
to thelocalizationof the Standardviodel gaugegroupby the Noetherprocedurethena gaugeeld for
supersymmetrappearsn thetheory Dueto the fermionic characteof supersymmetnanddueto the
preseration of the Lorentz structure,the gauge eld is describedby a RARITA-SCHWINGER vector
spinorY ,with spin% [44], alsocalledgravitino. Its free eld equationsimply reads

e ™ oY, =0 (2.55)

with e®123= 1 andits partnereld in thesupermultiplets aspin2 eld, calledgraviton After thebreak-
ing of localsupersymmetrihe Goldstondermionis absorbedy thegravitino, becomingts longitudinal
componenandgiving massto thegravitino [45,146):

hFi

M=) M—p’ (2.56)
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wherehFi is avacuumexpectationvalueandMp is the Planckscale . Hence thegravitino masscanvary
over mary ordersof magnitude dependingon the scaleof supersymmetrpreaking. In particular its
masscanbealmostzeroin modelsof gaugemediatedsupersymmetrpreaking.

A problemin constructingtheorieswith spontaneousupersymmetrpreakingis that thereis no
candidategaugesingletin the MSSM whoseF-term could develop a vacuumexpectationvalue [[23).
Additionally, it is very dif cult to mediatesupersymmetrpreakingto the MSSM elds by including
renormalizablenteractionsat treelevel only, evenif the modelhasbeenextendedby additionalsuper

elds. ThereforepneexpectsthattheMSSM masserms(ZZ8 ariseradiatively andthatsupersymmetry
breakingoccursin a hiddensector which doesnot or only weakly coupledirectly to the MSSM sector

Therearetwo mainmechanismsf mediatingsupersymmetripreakingto theMSSM scale.The rst
oneassumeshatthe mediationis dueto gravitationalinteractionsandthe MSSM masstermsaregiven

by

HFi

For masse®f afew 100GeV onethereforeexpectsa supersymmetrpreakingscaleof about

PE 10tGev (2.58)

This mechanisnis calledminimalsupegravity  MSUGRA)[147,148,14S,60,51] andthegravitino masss
of theorderof afew 100GeV. The secondpossibility assumeshatthe mediationis dueto the ordinary
electraveakandQCD gaugeinteractions.The MSSM massesregivenby
HFi
Mpssm M—; (2.59)
mess

whereMpessiS the massscaleof anintermediatesectorof messengr particles.The expectedsupersym-
metrybreakingscalecanthenbeaslow as

P F 10*°GeV (2.60)

to assigrtheright massto the MSSM particles. Thesemodelsarecalledgauge mediatedsupesymmetry
breakingmodelg52,53/54,55] or GMSBmodelsandwill bediscusseih somedetailin thenext section.

2.3.3 Gaugemediatedsupersymmetrybreaking
Generalmodel

In GMSB modelsa messengesectorof chiral supermultipletss introducedwhich couplegso the sector
of supersymmetrpreakingandtransformsunderthe StandardModel gaugegroup. Thesemessenger
particlesthencoupleindirectly to the MSSM particlesthroughordinarygaugeandgauginointeractions.
As in the caseof supegravity modelsthereis alsogravitationalinteractionbetweerthe supersymmetry
breakingsectorandthe MSSM, but this effect is relatvely unimportantcomparedo the gaugeinter-
actioneffects. GMSB canthenbe understoodn termsof loop effectsin a renormalizabldramevork
in contrastto gravity mediation. In the simplestmodelthe messengerelds canbe choserto be chiral
supermultiplets), g, | andl transformingunderthe StandardModel gaugegroupin the sameway asthe
MSSM quarkandleptonsupermultiplet§seeTah [Z33). The particlecontentof thesesupermultipletdhias
to aquirelarge massessinceit hasnotbeendiscoveredsofar. Thereforethey coupleto agauge-singlet
chiral supermultipleSthroughthe superpotential

Whess= Y19 |+ Y2500 (2.61)
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Figure2.10: 1-loop contritutionsfrom messengescalars , \

(dashed)and messengefermions(solid) to the MSSM
gauginomasses.

Figure2.11:2-loopcontritutionsfrom messengescalarddashed)messengeiermions(solid), Standard
Model gaugebosons(wavy) and MSSM gauginos(solid plus wavy) to the MSSM scalarmassesn
GMSB models[23].

wherey; andy, are coupling constants.Supersymmetrypreakingcanbe accomplishedy e.g. using
Sin an O' RAIFEARTAIGH modelandthe scalarcomponenbf Sandits F-termauxiliary eld acquire
vacuumexpectationvalueshS andhFi, respectiely. Thisleadsto masstermsanda masssplitting of
eachmessengesupermultiplet:

Ll MBrmions= iVihSi % MBeaars= Jy2MSi 2 jyihFsii; (2.62)

a:q: mfzermions: jy2hSj 2; mgcalars: jy2Sj 2 Jy2hFsij; (2.63)

wherethe breakingorder parametefFs felt by the messengermay not coincidewith the underlying
breakingparameteF. A dimensionlesparameteCqya,  1isintroducedyelatingF andFs by

Hencethesupersymmetripreakingin the messengesectoris duethe F-termvacuumexpectationvalue
andis communicatedo the MSSM sectorvia radiative corrections.The overall messengemassscale
isdenotedMmess  Y1:2NS . The MSSM gauginosobtaintheir masse$rom 1-loopcorrectionsshavn in

Fig.2Z10 while the MSSM scalaroobtainmassesit the 2-looplevel, shavn in Fig. 2211

Messengersransformingunderthe ordinary Standardviodel gaugegroup might imposeproblems
for the gaugecoupling uni cation, if their massesrefar belov the GUT scale. This canbe avoided
by requiringthatthe messengersonsistof N5 multipletstransformingundera U (5) groupcontaining
the StandardViodel grou Thisis calledthe minimal GMSB(mGMSB) modell N5 may not betoo
large,in orderto avoid thatthe runninggaugecouplingsdiverge beforeunifying atthe GUT scale.For
instanceoneneedsNs 4 for messengemasse®f order 10° GeV. The masse®f the gauginosand

") This restrictionis not necessargndmoregeneraimodelshave beenidenti ed, which arenot particularlymoreunnatural
thanthe minimal model[5€].

8 ThemGMSB modelachieresgaugecouplinguni cation at1-looplevel. However, at 2-looplevel theuni cation fails and
themodelhasto be extendedto a modelwith larger U (5) representationfa.
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Figure2.12: GoldstinoG couplingto superpartnepairs(a) (f ;) and(b) (/ ;A).

MSSM scalarscanbe computedo be

da
Ma= —LNs; 2.65
a 4p 5, ( )
S . ay 2
mg = 2L°Ns 8 Ca(i) — (2.66)

ap

a=1

whereC,(i) arenumericalconstant®f order 1and

Fs
L= 2.67
Mmess ( )
is calledthe effectivevisible sectorbreakingparameter With this parameteF canbewrittenas
F=Cga L Mmess (2.68)

GMSB modelspredictthat the gravitino G is the LSP and that all MSSM sparticleswill decay
to nal statesincludingit. One might think that thesedecaysare very slow due to the gravitational
couplingof the gravitino, but sinceits longitudinalcomponenis the Goldstino,alsonon-graitational
couplingsare present.Only the Goldstinocomponenplaysa role in collider phenomenologyandthe
denotationgsoldstinoandgravitino canbeusednterchangeablyin GMSB modelseachStandardviodel
particleis coupledto its supersymmetripartnemarticlethroughthe (:‘uoldstinowith astrengthinversely
proportionalto F, asdepictedin Fig.[ZI2 In particular a sparticleX candecayto its Standardviodel
partnerX anda Goldstinowith a decayrateof

!

‘4

.
X! X6 =—2%X 1 X . 2.
G G 16pF? m>2< ; (2.69)
wherek is a mixing parameter For sleptondecaysk = 1, while for a pureU(1)y bino decayto a
photonanda Goldstinok = cos gy, whereqy is the electraveakmixing angle. The decayrate (Z.69
correspond$o adecaylengthof
! I
—_ 4 4
. < 100m  100Gev ° CF m

t X1 X6 = 1 ™ 2.70
¢ k my 100TeV me (2.70)

In summarythe minimal GMSB modelis describedy thefollowing 6 parameters:

L is the effective visible sectorsupersymmetnpreakingparametemiven by Eqp(lm. The
MSSM superpartnemassescalelinearly with L, whichis of theorder 100TeV="Ns.

Ns is the numberof SJ (5) mess%ngemultiplets. The gauginomassesscalelinearly with Ns,

while the scalarmassescalelike = Ns. For low valuesa neutralino&? is the NLSP, while for
largervaluesaright-handedsleptonl is the NLSP.
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MnmessiS theoverall massscaleof themessengesector All sparticlemasseslependonly logarith-
mically on Mmess While thelifetime of the NLSP dependgjuadraticallyon Mmess Mmess™> L is
requiredto avoid color andchage breakingin the messengesector

tanb is theratio of the vacuumexpectationvaluesof the Higgs elds andliesin theregion 1.5 <
tanb < 60. Thelower limit leadsto alight CP-evenHiggs scalarbelown the LEP exclusionlimit,
while large valuesof tanb leadsto f sleptonthatis signi cantly lighter thanthe othersleptons.

sign(m) is the signof the Higgs massparametemappearingn the gauginomixing matrices.

Cyra is the scalefactor of the Goldstinocoupling. It canbe usedto control the NLSP lifetime,

whichscaledike CZ,,.

General phenomenology

Thephenomenologpf GMSBis largely determinedy the natureof the NLSPleadingto differenttypes
of nal stateparticles,suchasleptonsor photons.Sincethe scalarshave a differentdependencen the
model parameterasthe gauginosthe natureof the NLSP alsodependsn the parametersEspecially
thevalueof N5 hasa big in uence, asdiscussedbove, but alsotanb, which determineghe mixing in
thef sectorandthusthemassof thelighter .

FigureZ.T3(a@)shavs the massdifferencemy  myin theL  tanb planefor sign(m) = 1,Cgyra = 1,
Mmess= 250TeV andNs = 3. For low valuesof tanb the selectronssmuonsandstausare degenerate
andtheregionis calledco-NLSPregion. Forincreasing/aluesof tanb thedifferencebetweerthemasses
of thetwo stausbecomedargerandthe lighter stauis the NLSP. The lightestneutralinois heavier than
the sleptonsanddoes(mostoften) notdecaydirectly to the gravitino. In this partof the parametespace
oneexpectsleptonsfrom thei'! |G decayin the nal state,while the gravitino escapesletectiondue
to theweakinteractionwith the detectommaterial. This canleadto alarge amountof missingtrans\erse
enepy. If thelifetime of the NLSPis large, suchthatthe decayoccursoutsidethe detectoroneexpects
heavily ionising heary chaged particlesin the detectordeadingto very interestingsignaturegsee[[1§]
for ATLAS studiesand[5g] for searchesatthe TeVatronexperiments).

FiguregZ.I3(b)shavs themasdifferencem; Mzo intheL tanb planefor sign(m) = 1,Cgyra, = 1,
Mmess= 500TeV andNs = 1. Thelightestneutralinois now the NLSP for smallvaluesof tanb dueto
thelow valueof Ns. For largervaluesof tanb the staumasssplitting is againlarge enoughto renderthe
lighteststautheNLSP In thisregion of theparametespaceoneexpectsphotonsfromthe 9! gG decay
in the nal state sincethelightestneutralinois almosta purebinoin theminimal GMSB modelandthus
thebranchingatioto photonadominatesAgain, oneexpectsalargeamountof missingtranserseenegy
dueto the escapinggravitino. If the lifetime of the neutralinois large, suchthatit decaysoutsidethe
detectorit might becomedif cult to distinguishthis signaturefrom thosearisingin mSUGRAmModels
wheretheneutralinois theLSPandalsoescapesetectionIn thisthesisthefocuslieson GMSB models
with aneutralinoNLSP decayingto a photonanda gravitino.

2.3.4 Experimental results

Searchegor signaturesrisingfrom GMSB, especiallywith photonsin the nal state,have beenper

formedat a variety of experimentg59], including the LEP experimentsALEPH [l6(], L3 [61], DEL-

PHI [62] andOPFAL [63] andthe TeVatronexperimentO0 [64,/65/6€] andCDF [64/6€]. Also combined
TeVatronanalysishave beenpresented69,70,[71], but no evidencefor a GMSB signalhasbeenfound
sofar. The currentbestlimit is derived from the TeVatronexperimentsdueto the large centerof-mass
enegy in pp collisions.
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Figure2.13: Massdifferencega)my  my-and(b) my Mzo in GeVintheL tanb planefor sign(m = 1,
Cygra = 1 and(a) Mmess= 250TeV, Ns = 3 and(b) Mmess= 500TeV, Ns = 1. Region A is theoretically
excluded dueto theexistenceof tachyonicstatesBelow thems  mzo = Oline aneutralinois theNLSP
decayingo a photonanda gravitino.

As anexample,the CDF collaboratiorhassearchedor neutralinodecaygo photonsandgravitinos
in the two photonsplus missingtranserseenegy E'sS channel[71]. Therequirementhiave beentwo
isolatedphotonsg;-» W|th transerseenegy Et > 1BGeVeach Df (qi; ) < p 0:15,Hy > 200Ge\P)
andEMsSsigni canc@9 of largerthanthree.Theserequirementsiave beenoptimizedin orderto obtain
thelargestpossmleslgm cancefor the GMSB signalandadditionalrequirementfiave beenimposedo
reducenon-collisionbackgroundAfter all selectionsa singleeventremainedbeingconsistentvith the
expectedbackgroundf 0:62 0:29 events.FigurelZ.I4shavs thederived exclusionlimits asafunction
of the neutralinomassand lifetime. For a vanishingneutralinolifetime the massbelov 138GeV is
excludedat 95% C.L.. Basedon theseresultsand experiencesearchstratgies have beendeveloped
for the LHC experimentsanalysingseveral benchmarlpointsandtrying to identify reasonableearch
strat@ies.

GMSB modelshave alsobeeninvestigatedn the cosmologicakontet of the WMAP dataandthe
constrainingdf warmdarkmattercandidate§72[73/74/75]. Usuallydarkmattercandidatesreclassi ed
accordingo their velocity dispersiorwhich de nesa free-streamindength. For cold dark matterthisis
by de nition sosmallthatit is irrelevant for cosmologicaktructureformation. In the caseof hot dark
matterthe free-streamindengthis so large thatit smoothesut uctuationsin the total matterdensity
even on galaxy clusterscales. Strong constraintson the massof hot dark matter candidatesan be
derived. Warmdarkmatteris in theregion betweerthesetwo alternatvesandit is foundthatgravitinos
arisingin GMSB modelsmightlie within thisregion andthat GMSB modelswith gravitino LSPscannot
beexcludedcosmologicallyin generalsincethelimits onthe GMSB parameterslependstronglyonthe

9YHy is thescalarsumpr of all identi ed objectsin theevent.
19 Thesigni canceis calculatedby performingpseudo-gperimentsor eacheventandit is de nedas log(P ), whereP is

theprobabilityfor the EsS drawn from the expectedmis-measure&"sS distribution to beequalto or largerthanthe obsered
EmISS
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Figure2.14: Exclusionlimits for GMSB signaturesvith photonsn the nal statederivedfrom the CDF
searchessa functionof the neutralinomassandlifetime [[77].

cosmologicabssumptionssuchasthedetailsof in ation or leptogenesi§/6,[/ 4,79



Chapter 3

The LHC andthe ATLAS detector

TheLargeHadronCollider (LHC) [[79] is aproton-protorcolliderwith acenterof massnegy of 14TeV.

For the investigationof the productsof the collisions, four large experimentshave beenbuilt. ATLAS

(A ToroidalLHC ApparatuS)s oneof two generapurposedetectorshuilt to detect nal stateparticles
producedwith the LHC. CMS (CompactMuon Solenoid)is the othergeneralpurposedetectorandthe
remainingtwo experimentsare ALICE (A Large lon Collider Experiment),a dedicateddetectorfor

heary ion collisions,andLHCb (Large HadronCollider beauty) which investigateghe decayproducts
of B-hadrons.In this chapterthe LHC will be describedorie y andthe several subcomponentsf the
ATLAS detectomwill bepresented.

3.1 The LargeHadron Collider

TheLHC is aring acceleratoof 27km circumferencewhich hasbeenbuilt by the EuropearOrganiza-
tion for NuclearReseacl{CERN), basednearGenea. It is locatedin the former LEP tunnelbetween
70m and140m undeground.Proton-protorcollisions,aswell asheary ion collisionswill be provided,
but only the proton-protoncollisionsarerelevantin this thesis. The main operationmodestartsin the
endof 2009with a centerof massenegy of 10TeV, whichwill be increasedater The layoutandthe
positionof the experimentsareshavn in Fig

The nominal centerof massenegy is = s= 14TeV with 7TeV enegy per beam. The protons
are pre-acceleratetly differentsystemsjncluding the ProtonSynchrotron(PS) andthe SuperProton
Synchrotror(SPS).Theinjectioninto the LHC is doneby the SPSatabeamenegy of 450GeV andthe
protonsneedapproximatel\20 minutesto reachthedesignenegy in theLHC. Theenegy is providedby
superconduote radiofrequeng cavities, while the protonsarekepton trackby magneticelds. These
areprovided by 1232superconducte dipole magnetswith alengthof 15m eachwhich arecon gured
suchthatboth protonbeamsn both directionsarede ectedcorrectly With a radiusof r yc = 4298m
amagneticeld of B= 8:33T is needed Additional magnetsareusedfor focussingandcorrectingthe
beamsIn total 9300superconduocte magnetoperateat atemperaturef 1.7K.

The interactionrate N is proportionalto the crosssections of a speci ¢ processandthe propor
tionality factoris calledthe instantaneoutuminosity L . It canbe expresseddy the colliders beam
con guration:

_f kniny

= Rf; 3.1
apses, 3.1

wheren; andn; arethe numbersof particlesin eachof thek bunchesn eachbeam,s, andsy give the
extensionsof the bunchesperpendiculato the beamdirection, f is the revolution frequeng andRy is
aluminosity reductionfactordueto the non-vanishingLHC beamcrossingangle. In eachbunchthere

27
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Figure3.1: Layoutof the LHC andthe positionof theexperiments.

areabout1:15 10 protonsandin the whole collider 2808 bunchesare circulating. The revolution
frequeny is x edto f = 11:25kHz andthebunchcrossingateis 40MHz leadingto a bunchspacingof
25ns. Thetotal numberof eventsis given by

N=L s; (3.2)
wherelL is theintegratedluminosity
z
L= dtL : (3.3)

For the running of the LHC several differentluminosity phasesare planned. The rst phasewill be
ataroundL = 10%1cm 2s 1 andwill be usedfor commissioningof the collider andfor rst physics
results. Thenthe luminosity will beincreasedo L = 10%3cm 2s ! andlatertoL = 10%cm 2s 1,
which is the designluminosity This designphaseis intendedto last several yearsand an integrated
luminosity of some100fb ! of datawill be collected.For thefar future additionalluminosity upgrades
areplannedandarediscussedinderthe nameSLHC (SupefLHC).

The total inelasticproton-protoncrosssectionis around99mb [[19] at a centerof massenegy of
14TeV. Thereforearound23 proton-protorinteractionsareexpectedperbunchcrossingat aluminosity
ofL = 10*cm 2s 1, while oneof thesenteractionds ahardscatteringorocessHowever, theoverlap
of thesepile-up eventsimposesa greatchallengefor the dataanalysisin orderto assignall nal state
particlesto the correctinteraction. The detectorcomponentsalsohave to dealwith the high radiation
level andespeciallythecomponent®f the ATLAS detectothave beenbuilt in thisrespect.

3.2 The ATLAS detector

ATLAS is oneof thefour LHC experimentsandoneof two multipurposeletectorswhich have beenbuilt
to coverabroadrangeof physicstopicsexpectedatthe LHC. It is designedo measurelectronsmuons,
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Figure3.2: Schematiwiew of the ATLAS detectof80).

photonsandhadronicparticleswith high precisionandhigh acceptanceThereforeit hasanonion-like
structureandis built aroundthebeampipe,asshavn in Fig.B:2 ATLAS is forwardbackwardsymmetric
andcanbedividedinto threeparts,the barrelandtwo endcapsTheinnermosipartof the detectoris the
trackingsystemwherethe momentaof chaged particlesare measuredvith high precision. It consists
of the pixel detector the silicon microstrip tracker (SCT) and the transitionradiationtracker (TRT)
andis surroundedy a superconducte solenoidwith a magneticeld of 2T. The electromagnetiand
hadroniccalorimetersarebuilt behindthe trackingsystemto measureéhe enegy of electromagnetically
andstronglyinteractingparticles. The outermostsystemis the muonspectrometewith the barreland
endcaporoid magnetproviding a eld of 0.5T and1T, respectrely. In total ATLAS is 44m long and
25m high andweightsaround7000tonnes.Table[31 lists someof theimportantperformanceyoalsfor
the ATLAS detector

3.2.1 The coordinate system

Thenominalinteractionpointis in thecenterof theATLAS coordinatesystemandis locatedn thecenter
of thedetector The x-axisis pointingtowardsthe centerof the acceleratgrwhile the y-axisis pointing
upwards. To de ne a right-handedcoordinatesystemthe z-axis is chosento point counterclockwise
alongthebeamdirection. The polarangleq is measureavith respecto the positive z-axis suchthatthe
pseudo-rapiditganbede ned as

h= Intan g : (3.4)
This re ects the problem of the unknavn initial boostalong the z-axis at hadroncolliders as Dh is

invariantunderLorentz boosts. For masslesparticlesh is the sameasthe rapidity The coverageof
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Detectorcomponent Requiredresolution h coverage
Measurement Trigger
Tracking Spr=pr = 0:09%pr 1% 2.5
EM calorimetry se=E= 10%= E 0:7% 32 2.5
Had. calorimetry D
barrelandendcap | sg=E=50%.E 3% 3.2 3.2
forward sg=E = 100% E 10% | 3:1< jhj< 49| 3:1< jhj< 49
Muon Spectrometer Spr=pr = 10% 2.7 2:4
atpr = 1TeV

Table3.1: Performancegoalsof the ATLAS detector The muon-spectrometqrerformances indepen-
dentof theinnertrackingsystemfor high enegetic muong[i8Q].

eachdetectocomponenin h is listedin Tah B Thex-axisandy-axisde ne theazimuthalanglef by
tanf = ¥ which varieshetween p andp. Thedistanceof two particlescanbe de nedin termsof h
andf as

q
DR= (Dh)?+ (Df)% (3.5)

q
Thetransersemomentumpr = p2+ p§ of aparticleandthe missingtranserseenepgy arealsomea-
suredin the x-y-planeandareLorentz-irvariantalongthe z-axis.

3.2.2 The magnetsystem

The ATLAS magnetsystemprovides the magnetic elds
neededo measureghe particlemomentan thetrackingsys-
tem. It consistsof four superconducte parts,onesolenoid
andthreetoroids(onebarrelandtwo endcapsandis 22min
diameterand26m long. Figurel3:3 shavs a drawing of the
geometryof the magnetwindings and the tile calorimeter
steel.In total the magnetsstoreanenegy of 1.6GJ.

Thesolenoidprovidesanaxial eld of 2T, which bends
theparticletracksin theinnertrackingsystem t is designed
suchthatit minimizesthe amountof materialin front of the
electromagneticalorimeterto ensurea good enegy reso-
lution. In total it contrilutesaround0.66 radiationlengths. Figure 3.3: Layout of the ATLAS mag-
The inner and outer radiusof the solenoidare2.46 m and net system. The eight barreland endcap
2.56m andits axial lengthis 5.8 m. toroid coils and their relative positionto

The barrel (endcap)toroids deliver a toroidal eld of thetile calorimetersteelareshavn. The
0.5T (1T) to measurghe momentaof the muonstravers- solenoidwindingslie insidethecalorime-
ing the muonspectrometerEachof the toroids consistsof  ter [80].
eightcoils assembledadially andsymmetricallyaroundthe
beamaxis. Theendcapsrerotatedby 22.5 with respecto
thebarrelsystemto provide overlapandoptimizethe bendingpower at theinterfaceof the systems.
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Figure3.4: Schematicview of a quarterof the ATLAS inner detector Eachof the major elementds
shavn with the active dimensiong[8(].

3.2.3 Inner detector

The purposeof theinnerdetectoris to measurghe momentunof chagedparticlesaspreciselyaspos-
sible. Additionally, secondaryerticescanbe measuredo determinethe lifetime of chaged particles,
reconstrucphotonconversionsor allow b-tagging. The momentunmandthe signof thechage aredeter
minedby measuringhe bendingof thetrackin therf -planeby the Lorentzforcein the magneticeld.
Sincethe solenoidaleld is parallelto the z-axis, only the trans\ersemomentumcanbe measuredThe
hits neededor tting thetracksareprovidedby all threesubcomponentsf theinnerdetector To opti-
mizetheaccurag of the momentunmmeasuremeranehasto choosea high magneticeld, alonglever
armonthetrack,a maximalsinglehit positionresolutionandonehasto useasmary hits aspossible.

Fortheanalysisof photon nal statesn GMSB modelsthetracler playsanimportantrole. Although
photongdo nothave atrack,they have to bedistinguishedrom electronsandthemostimportantcriterion
is the electrontrack. A high ef ciency reduceghe numberof electronsmisidenti ed asphotons. Ad-
ditionally, photoncorversionscanbereconstructedavith innerdetectorinformation. On the otherhand,
the selectionof signaleventsrequiresa goodunderstandingf jetsandmissingtranserseenegy. The
jet enegy measuremerttanbe enhancedby agoodunderstandingf the chagedfractionof ajet, which
in turn leadsto a betterestimateof the missingtranserseeneny.

Fig. B4 shavs a schematicview of a quarterof the inner detectorwith all relevant subsystems.
The outerradiusis 115cm, given by the dimensionof the cryostat,which containgthe electromagnetic
calorimeter Thetotallengthis 7 m, againgivenby thepositionof theendcajcalorimeter Theacceptance
in pseudo-rapiditys jhj < 2:5. In thefollowing the threesubsystemaredescribed.

The pixel detector

Thepixel detectoiis theinnermospartof theinnerdetector It is designedo provide exactmeasurements
of the primary vertex, aswell asthe startingpoint of ary chagedtrack. This is necessaryor anexact
reconstructiorof all tracks. With this ability the pixel detectorcandistinguishsecondaryerticesfrom
the primaryvertex, whichis neededor theidenti cation of heary quarkdecayssuchasbottomquarks.
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Also in somesupersymmetriscenariogong-lived heary chagedparticlesmight decayinsidethe pixel
detectorallowing their lifetime to be measuredThe suppressiomf pile-up eventsis anotherimportant
issue,sincetheseeventsdo not originatefrom the hard scatteringprocessand often have a different
vertex.

The pixel detectomprovidesthreeprecisionmeasurementsf hits over the full acceptanceegion, as
canbeseenn Fig.3.4 Thebarrelpartconsistof threecylindrical layers,while threediscson eachside
areusedfor the endcapsThe systemconsistf approximatelyl500identicalbarrelmodulesand1000
discmoduleswhile themoduleshemseleshave morethan60000pixel elementf size50 400mm?.
Thisstructureallows for aspatialresolutionof 10mmintheR f -planeand115nmmin z-direction.Each
layerhasathicknessof around1% of a radiationlength. Thetotal numberof readoutchannelsamounts
to 80.4million, whichis around90% of thetotal numberof readoutthannelof the ATLAS detector

Thelifetime of the pixel detectoiis limited by radiationdamageandneedgo bereplacedafterafew
yearsof data-takingdependingn the luminosity

The semiconductortracker

Sincethenumberof hitsis limited to threein the pixel detectorthe semiconductotracker (SCT)extends
theinnerdetectorsystemin theintermediateadialrangewith abarrelpartandtwo endcapsilt provides
additionalfour high precisionmeasurementgertrack and contains63m? of silicon detectors.Eachof

thesesilicon detectorshasa surfaceof 6:36  6:40cm? with 768 readoutstripseachwith 80 nm pitch.
In the barreltwo detectorsarewire-bondedogetherto form 12.8cmlong stripsof which two areglued
togetherback-to-backat a 40mradstereo-angléo form a module. The forward modules,7 and12cm

long, aresimilar in constructionput usetaperedstrips. In total the SCT consistsof 4088 moduleswith

6.2 million readoutchannelswhile the spatialresolutionis 17 nm in Rf -directionand580mm in z-

direction.Trackscanbedistinguishedif they areseparatethy morethan200nm. Thefull lengthof the
SCTis almost6 m, while the outerradiusis at50cm.

The transition radiation tracker

To furtherextendtheradiusof thetrackingdetectorthetransitionradiationtracker (TRT) is addedo the
structureoutsidethe SCT. It is a drift chambemwith about370000 strav tubescontaining70% Xenon,
27%CO, and3% Oxygen.Eachstrav tubehasa diameterof 4 mm.

The barrelpart consistsof 50000 stravs, which have alengthof 144cm andcover theradialrange
from 56to 107cm. For theeaseof constructiorandmaintainancd is built of threeringsof 32individual
moduleswith 329 to 793 axial stravs each. The straws are equippedwith 31 mm diametertungsten
wires platedwith 0.5-0.7mm gold asanodesandaluminiumcasedcoatsascathodes.The readoutis at
eachend of the tubes. The endcapsontain320000 radial stravs, which are organizedin 20 wheels
each,asdepictedin Fig.B4 The rst 12 wheelsnearthe interactionpoint contain8 successie strav
layersspaced mm apart. The last 8 wheelsalsocontain8 strav layers,but with a spacingof 15mm.
Eachlayerscontains768 stravs of 37cm length, while the readoutis at the outerradius. The TRT
contains420000 electronicchannelsn total, which alsoprovide a drift-time measuremenb determine
the distanceof the track from the readoutwire. This resultsin a spatialresolutionof 130mm in Rf -
direction.

An additionalfeatureof the TRT is its electronidenti cation capabilitydueto thetransitionradiation
bres thatareinterleaved betweerthe stravs. Low enegy transitionradiationphotonsareabsorbedn
the Xenongasandgive largersignalamplitudegshanminimum-ionisingchagedparticles.Low andhigh
thresholdsareusedto distinguishbetweertransitionradiationsignalsandnormaltrack signalsfor each
strawv providing discriminationpower betweenelectronsandchaged pions. Also for theidenti cation
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Figure3.5: Schematioview of theinnerdetectorshawing a particle(h = 0:3) traversingthe threepixel
layers,thefour SCT layersandabout36 strav tubesin the TRT [&(].

of heary stablechagedparticleswhichappearlsoin GMSB modelsthe TRT canbeused.Fromtime-
overthresholdmeasurementthe particle b canbe determinedwhich canbe usedto selectthe signal
andmeasurdghe particlemass.

Figurel3:3 shaws a particle (h = 0:3) traversingthe completeinner detector After having passed
the beampipe, it traversesthe threepixel layers,the four cylindrical doublelayersof the SCT andap-
proximately36 axial strav tubesin the TRT. The overall performancef the trackingsystemhasbeen
studiedin [[1§] for the reconstructiorof muons,electronsandpions. The muonmomentunresolution
for 1=pr hasbeenfoundto be0.34TeV 1 in the barrelandthe resolutionof the transerseimpactpa-
rametelis 10 mm. Themuonandelectronchage canbe measuredor particleswith pr upto 1 TeV with
misidenti cation ratesof a few percent.In the barrelmuonscanbeidenti ed with anefciency of al-
most100%,while theelectronandpionidenti cation suffersfrom materialeffectsandarereconstructed
with ef ciencies between70% and95%. The rateof pionsmisidenti ed aselectronss of the orderof
afew percentfor anelectronef ciency of 90%at pt = 25GeV. Primaryandsecondaryerticescanbe
identi ed with high efciency ( 99%)in the presencef low-luminosity pile-up. The performanceof
the corversionreconstructioris discussedn Sect5.2

3.2.4 Calorimetry

Calorimetersareusedio measureéheenegy of the nal stateparticles.While theinnerdetectorcontains
aslittle materialaspossibleo notdisturbthe pathof thetraversingparticle theprinciple of acalorimeter
isto fully absorktheparticleby usingmaterialof severalradiationlengths.The particleinteractswith the
absorbematerialandproducesecondaryarticleswhichin turninteractwith thematerial. Theresultis
ashawer of particleswhoseenegy canbemeasuredThe ATLAS calorimetelis a samplingcalorimeter
consistingof layersof active, aswell aspassie absorbers.The latter causeghe shaver development,
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Figure3.6: Drawing of the ATLAS calorimetersysten{80].

while the formeris mainly meantfor the measurementf the depositedenegy. Also neutralparticles
canbe measuredn the calorimeteraslong asthey areelectromagneticallpr hadronicallyinteracting.
Only weakly interactingparticlesescapehe calorimetercompletelyand cannotbe measuredvith the
detectoratall. If the calorimeteris designedyranularly a positionmeasurementf the deposednegy
is possibleanda geometricamatchingwith thetrackingsystemcanbe performed Also the shapeof the
shaver canbe determinedandusedfor particlediscrimination.In particular the separatiorof pionsand
photonshasto bedonewith the calorimeter

ATLAS containsfour systemsfor calorimetry: the electromagneticalorimeter the hadronictile
calorimeteyr the hadronicendcapcalorimeterandthe forward calorimeter Figuref3.8 shavs a draving
of the completesystem. One canseethe barrelandendcappartsof the electromagnetiandhadronic
calorimetersaswell asthe extensionof the hadronictile barrelandthe forward calorimeter For the
studyof supersymmetrieventsall subsystemarecrucial: the electromagnetipartfor theidenti cation
andmeasurementf photonsandleptonsandthe hadronicpartfor jets andmissingtranserseenegy.
For the precisedeterminatiorof the latter the completesystemmustcover as muchof the h- andf -
directionsaspossibleto measurghe completetranserseenegy of the event. All subsystemsvill be
describedn thefollowing.

The electromagneticcalorimeter

The ATLAS electromagneticalorimeter(ECal) is a lead-liquid-Agon (LAr) detectorwith accordion
geometry The maintaskis the measuremerdndidenti cation of electronsand photonsover a broad
enegy range.lt is thereforeparticularlyimportantfor the studyof GMSB eventsin thisthesis.Thelead
layerssene asabsorbersandtheliquid argonis theactve materialfor detection.TheECalis dividedinto
abarrelpart(jhj < 1:475)andtwo endcapg1:375< jhj < 3:2). Thecentralsolenoidpositionis in front
of the ECaldemandingan optimizationof the materialin orderto achieve the desiredperformanceThe
calorimetethasto bethick enoughin termsof radiationlengthsin orderto limit the punch-througtinto
othersystems.The ECalthereforehasa total thicknessof morethan22 radiationlengthsin the barrel
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Figure3.7: Sketchof a moduleof the electromagnetibarrelcalorimeter The differentcompartements
with theaccordiorshapeandthe correspondingranularitiesn f - andh-directionsareshavn [180].

andmorethan24 radiationlengthsin theendcapsin theregionjhj < 1:8 a LAr-presamplers installed
to correctfor theenepgy lossef electronsandphotonsn theinnerdetectoraswell asthecryostatsand
thesolenoid.

The barrel part consistsof two identical half-barrelsof 3.2m length, separatedy a small gap of
4mmatz= 0. Also theendcapsredividedinto two parts:anouterwheelcoveringtheregion 1:375<
jhj < 2.5 andaninnerwheelcoveringtheregion 2.5 < jhj < 3:2. Theaccordionshapedyeometrywith
the kaptonelectrodeprovidesa completef uniformity without azimuthalcracks,asshavn in Fig. B4
One can also seethe sggmentationinto three samplingsfor the region jhj < 2:5 usedfor precision
measurementsThe endcapinner wheelis segmentedinto two samplingsin depthandhasa coarser
granularitythanfor the restof the acceptancewhich is sufcient to measurget enegiesandmissing
trans\erseenegy preciselyenough.

The rst samplingof the precisionregion is equippedwith very ne stripsallowing for a precise
determinatiorof the h positionof a particleandthereforethe distinctionfrom e.g. two photonscoming
from a neutralpion decay This is importantto separatesingle photonsor electronsfrom jets andfor
thereconstructiorof t leptons.The secondsamplingis thelongestoneandabsorbsnostof theenegy
with cubiccellsof sizeDh Df = 0:025 0:025. Theresolutionin f directionis betterthanin the rst
samplingandallows for the determinatiorof the f positionof a particle. The h directionof a photonis
determinedrom the h positionof the clusterin the rst andsecondayer The determinatiorof the f
directionis hardly possibledueto theinsufcient f resolutionin the rst sampling.Thethird sampling
is usedto estimatethe leakageinto the hadroniccalorimeter The valuesfor the rapidity coverage the
granularityandthelongitudinalsegmentatiorof the ATLAS ECalsubsystematrelistedin Tah B2

As an example,the enegy of an electronin eachlayer, Eq for the presampleandE;, E; andEj
for the differentsamplingsjs the sumof the enegiesin eachselectectell in the cluster The clusteris
constructedrst in the secondsampling,wherecells within a squarewindow of 3 3 cellsaroundthe
cell with the highestenegy areclusteredogether Thetotal enegy is givenby

E = offset+ wg Ep+ wp; P EoE1+ | (E1+ E,+ E3) +ws Es; (36)

wherewp,o1.3 and/ aredifferentcorrectionfactorsdependingntheelectronenegy andh. Theenegy
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Barrel \ Endcap
Numberof layersandh coverage
Presampler 1 jhj< 1.52 1 1.5< jhj< 1.8
Calorimeter 3 jhj< 1:35 2 1:375< jhj< 1.5
2 1:35< jhj< 1:475| 3 15< jhj< 25
2 1:5< jhj< 25
GranularityDh  Df versughj
Presampler 0.025 0.1 jhj < 1:52 0.025 0.1 1.5< jhj< 1.8
Calorimeterlstlayer | 0.025/8 0.1 jhj< 140 0.050 0.1 1:375< jhj < 1425
0.025 0.025 1:40< jhj< 1:475| 0.025 0.1 1:425< jhj< 1.5
0.025/8 0.1 1.5< jhj< 18
0.025/6 0.1 1:8< jhj< 2.0
0.025/4 0.1 2.0< jhj< 24
0.025 0.1 2.4< jhj< 25
0.1 0.1 25< jhj< 32
Calorimeterndlayer | 0.025 0.1 jhj < 1:40 0.050 0.025 1:375< jhj < 1:425
0.075 0.025 1:40< jhj< 1:475| 0.025 0.025 1:425< jhj< 25
0.1 0.1 25< jhj< 32
Calorimeter3rdlayer | 0.050 0.025 jhj< 1:35 0.050 0.025 15< jhj< 25
Numberof readouichannels
Presampler 7808 1536(bothsides)
Calorimeter 101760 62208(bothsides)

Table3.2: Main parametersf the ATLAS electromagneticalorimeterandits subsystemg8(Q).

resolutionhasbeenstudiedin testbeammeasuremen@ndsimulationandcanbe parametrize@s[|81]

s(e)_, a

E " EGeV)

wherea= 10%

15GeVto 180GeVtheenepy responsés linearwithin - 0:1%.

Thetile calorimeter

3.7)

GeV is astochastitermandb = 0:17%is a constanterm. In the enegy rangefrom

The maintaskof the ATLAS hadroniccalorimeter(HCal) is the measurementf jet enegiesandthe
reconstructiorof missingtranswerseenegy togetherwith the ECal. This is particularlyimportantfor
studiesof supersymmetrievents,sincemultiple jetsandmissingtranserseenegy from weakly inter
actingneutralinosor gravitinos is expectedn mary models.

Thebarrelpartof the HCal usessteelasabsorbematerialandscintillating tiles for detection.Fig-
urel3.d shavs the constructiorprincipleandarrangemenaf thesteelplatesandtiles. It is placeddirectly
outsidethe ECal envelopeand coverstheregion jhj < 1:7. The barrelpartcoversjhj < 1.0 andhas
alengthof 5.8m, while the two extendedbarrelscover 0:8 < jhj < 1.7 andhave alengthof 2.6m, as
canbeseenin Fig.[3.8 Radially it reachedrom aninnerradiusof 2.28m to anouterradiusof 4.25m
andis dividedinto threelayers. Azimuthally, eachbarrelconsistsof 64 modulesof sizeDf  0:1; the
layoutandprinciple aredepictedn Fig.B.2 Thegranularityof thecalorimeteiisDh Df = 0:1 0:1
(0:2 0:1inthelastlayer). Therapidity coverageandgranularityof thetile calorimeteraresummarized
in TableZ3
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Figure3.9: Sgmentatiorin depthandh of thetile calorimeterin the central(left) andextended(right)

barreld[80].

Barrel Extendedbarrel
jhj coverage jhj< 10| 0:8<jhj< 17
Numberof layers 3 3
GranularityDh Df | 0:1 0:1 01 01
Lastlayer 02 01 02 01
Readouthannels 5760 | 4092(bothsides)

Table3.3: Main parametersf the ATLAS tile calorimete{80].
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Figure 3.10: Schematicview of the three FCal modulesandtheir positionrelative to the EMEC and
HEC. Theblackregionsarepartsof the cryostat{igQ)].

Systematicstudiesof the enepgy resolutionhave beenperformedwith beamsof isolatedpions[i8Q.
The fractionalenegy resolutions (E)=E hasbeenmodelledwith Eq. (84 andthebestt yieldsa=
(564 0:4)%andb= (55 0:1)%.

LAr hadronic endcapand forward calorimeter

For the measuremertf jets (andmissingtranserseenegy) in theregion 1.5 < jhj < 3:2 two hadronic
endcapcalorimetergHEC) have beenbuilt. Due to the higherradiationexposurethe intrinsically ra-
diation hard LAr technologyhasbeenchosen. Parallely arrangedcopperplatesare usedas absorber
material. The HEC consistf two wheelsin eachendcap:a front anda rearwheelwith anouterradius
of 2030mm, eachcontainingtwo longitudinalsections.The systemhasa total lengthof 1818mm and
thesizeof theindividualreadoutellsisDh Df = 0:1 0:1forjhj< 25andDh Df = 0:2 0:2for
largervaluesof h.

For theregion 3:1 < jhj < 4:9 the forward calorimeter(FCal) hasbeenbuilt at a distanceof 4.7m
from theinteractionpoint. Theactive materialis againliquid argon,while two differentabsorbemateri-
alshave beenchosen.The rst of thethreemodulesfeaturescopperfor electromagneticmeasurements,
while tungsteris usedfor hadronicmeasurements the othertwo layers. Eachmodulehasa lengthof
45cm, asshawvn in Fig.B.I0 Onecanclearly seethe relative position of the electromagnetiendcap
(EMEC),the HEC andthe FCal.

3.2.5 The muon spectrometer

Muonsarevery importantfor the searchfor newv physics. In mary modelsheary particlesdecayinto
high enegeticmuonsyielding importantinformationon particlemassesndcouplings.The muonspec-
trometerof the ATLAS detectorenablesa very goodidenti cation andreconstructiorof thesemuons.
Additionally, heary stablechagedparticlesarepredictecby somesupersymmetricnodels whichleave
atrackin theinnerdetectorbut cannotbe stoppedby the calorimeters. Someof the propertiesof these
particles suchasmassandvelocity, canalsobe measuredvith amuondetectorf[1g].
Themuonsystemis theoutermospartof ATLAS. Sincemuonsareminimal ionising particles they
traversethe inner detectorand the calorimetergelatvely undisturbedanda track canbe measuredn
the muonsystem. The magnetic eld for the bendingof the tracksis generatedy the toroid magnet
system.In theregionjhj < 1.4 the bendingis provided by the barrelpart of the magnetsystem,while
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Figure3.11: Cut-avay view of the ATLAS muonsystemandits individual componentsMDTs, CSCs,
TGCsandRPCg[80].

in theregion 1:6 < jhj < 2:7 theendcaporoidsprovide themagneticeld. In thetransitionregion both
systemaareused.The elds aremostlyorthogonato the muontrajectories.

Four different gaseougdetectortechnologiesare used(Fig. 3.11): monitoreddrift tubes(MDT),
cathodestrip chambergCSC),thin-gapchambergTGC) andresistie platechambergRPC).Over most
of the h range,the MDTs are usedto provide precisionmeasurementsf the track coordinates.These
chambergonsistof threeto eightlayersof drift tubes(Fig. 3.12 Rnin is usedto measurahecoordinate)
thatmeasurahedrift time of anelectronproducedby theionizing muon. The maximaldrift time from
thewall to thewire is 700ns. Thetubesaremadeof aluminiumandpossessa diameterof 30mm, while
the gasin the tubesconsistsof 93% Ar and 7% CO,. This mixture is responsiblefor the long drift
time, but hasbeenchoserdueto goodagingproperties An averageresolutionof 80 nm is achiered per
tube,or around35 mm perchamber Thereare 1088MDT chambersn ATLAS with 18 maintypes. A
considerableumberof chamberawvith specialshapesave beenbuilt in orderto minimize acceptance
losses.

In the forward region 2:0 < jhj < 2:7 CSCsare usedin the innermosttrackinglayer They are
multiwire proportionakchambersvith cathodeplanesseggmentednto stripsin orthogonatirections.The
measurementriciple is differentfrom the MDTSs, sinceinduced-chaye distributionsaredeterminedo
measureéhetrackcoordinatesA resolutionof 40 nm is achievedwith eachchambein thebendingplane
and5mm in the transerseplane. The CSCshave a higherrate capabilityanda bettertime resolution
thanthe MDTs dueto the gasmixture of 30% Ar, 50% CO, and20% CF;.

An importantperformancegoal of the muon systemis the measuremendf a 1 TeV track with a
resolutionof 10%. To achieve this goal the position of the MDTs wires and the CSC strips have to
be known with a precisionof betterthan30mm. Therefore,a high precisionoptical alignmentsystem
monitoresthe positionsandinternaldeformationsf the system.

Anotherveryimportanttaskof the muonsystemis to triggeref ciently on muontracksandidentify
the correspondindunch-crossing.For this purposeadditionalfast trigger chambershave to be built
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Figure3.12: Crosssectionof anMDT tube[8(].
Chamberesolution(RMS)in | Measurements/tracks Numberof

Type | Function =R f time | barrel endcap chambers | channels
MDT | tracking | 35mm (2 - - 20 20 1088(1150) | 339k (354k)
CSC | tracking | 40mm(R) | 5mm 7ns - 4 32 30.7k
RPC | trigger | 10mm(2 | 10mm | 1.5ns 6 - 544(606) | 359k (373k)
TGC | trigger | 2-6mm(R) | 3-7mm | 4ns - 9 3588 318k

Table3.4: Main parametersf the ATLAS muonsysten]80Q].

to complementhe precisiontracking chambers. RPCshave beenchosenin the barrelregion jhj <

1:05, which have a time resolutionof 1.5ns. In the endcapregion 1:05< jhj < 2:4 TGCshave been
chosernwith atime resolutionof 4ns. The RPCsaregaseousletectorsyhich do not usea wire but two
resistve platesasparallelelectrodeswith a distanceof 2mm. Electronavalanchesare producedalong
theionizing track towardsthe anodedueto the electric eld of 4.9kvV/mm. The TGCsare multiwire
proportionakthamberswhichfunctionsimilarto the CSCs.To achiere abettertimeresolutionthey have
asmalleranodeo cathodalistanceanda differentgasmixture. In additionto thetime measurementhe
TGCsalsodeterminethe azimuthalcoordinateof a muontrackto complementhe measurementf the
MDTs. Theinnerlayerof the MDTs is complementedby two layersof TGCs,while the middle layer
is complementedhy seren TGC layers.Table 3.4 summarizeshe mainparametersf the ATLAS muon

system.

3.2.6 Trigger and data acquisition

Thehighinteractiorratein pp collisionsattheLHC is agreatchallengdor all experiments As described
in chapter3.1 around23 hardinteractiongper bunchcrossingat a bunchcrossingrate of 40MHz lead
to an approximatanteractionrate of 1 GHz at high luminosity This is opposedo the maximumrate
of about100Hz that canbe written to permanenstorage.This resultsin the needof a rejectionfactor
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Figure3.13: Organizationof the ATLAS triggeranddataacquisitionsysten 82].

of 10’. Therateof interestingeventsfor the searchfor new physicswill be muchlower thanthat. As

an example,for someof the studiedsupersymmetrienodelsin ATLAS around10 eventsper hourare
expected. Most of the rejectedeventsare minimum-biasprocessesywhich will alsobe studied,but do

not have priority to be stored. Thereforenot only a high rejectionis required,but alsoa high detection
ef ciency for rareandinterestingeventsis needed.The ATLAS trigger systemis designedo provide

sucha highrejection while accommodatingifferentandalsochangingequirement$or mary different
physicsanalysesincludingstandardnodelphysicsandnew physicssearches.

Theeventselections performedy threedifferentlevels,asshavnin Fig. 3.13 At eachlevel therate
is reducedoy afew ordersof magnitudeallowing for anincreasedlecisioncompleity, which requires
moretime, at eachlevel. The rst stepis doneby the Level-1 Trigger (L1), thatis basedon very fast
custom-madéardvwareandreducegherateto 75kHz. Everydecisiorhasto bemadein lessthan2.5ns.
ThelLevel-2Trigger(L2) is runon alarge computefarmandis solelybasedn software. It reduceghe
ratefurtherdown to aboutl kHz, while having around40 ms for eachdecision. The nal stepis done
by the EventFilter (EF) reducingtherateto approximatelylOOHz, while eachdecisioncantake upto a
few seconds.

Level-1Trigger

Thetaskof L1 isto searcHor high enegeticmuons glectronsphotonshadronicallydecayingt -leptons
andjets. Also eventswith large missingtrans\erseenegy andtotal transerseenegy areselected For

the searchfor muonsit usesdedicatedastmuontriggerchambersthe RPCsandTGCsasdiscussedn

section3.2.5 Electronsandphotonsareselectedby calorimeterinformation. SincelL 1 hasto provide
veryfastdecisionsareducedgranularityis used.

All theinformationfrom eachdetectorchannehasto be retainedwhile the L1 decisionis formed.
This is donein pipeline memories,which are containedin electronicsplacedphysically closeto the
detector About 1 s of the total decisiontime of 2.5ns is neededor pure cablepropagatiordelays.
Also thebunchcrossingidenti cation is animportanttaskfor L1, whichis challengingdueto the short
bunchcrossingintenal of 25ns. The size of the muonsystemaloneimplies that the time-of- ight of
particlesis largerthanthebunchcrossingntenal. Also thewidth of thecalorimetersignalsextendsover
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Figure3.14: Sketchof theelectronandphotontriggeralgorithm[80].

mary bunchcrossings.

Sincealsominimum-biaseventsor otherprocessewith averyhighcrosssectionwill beinvestigated,
it is necessaryo have the possibilityto prescaldriggeritemson L1. This allows the optimal useof the
bandwidthanda e xible physicsprogram.Theprescalesf eachitem canin principlebe changediuring
runtime to accountor thedecreasinguminosityin a certainrun or for otherchangingconditions.

For the study of GMSB eventsthe calorimetertriggeris of specialinterest. Both the standardsu-
persymmetnselectionbasedon missingtranserseenegy andmultiple jet triggers,aswell asa special
treatmentof GMSB eventswith photonsin the nal stateusethe calorimetertriggeritems. The L1
calorimetertrigger (L1Calo)is basedon triggertowersof size0:1 0:1in h f (in the centralregion
andlarger at higherjhj). Theresultis sentto the CTP 1.5ns after the eventoccurs. L1Calo consists
of threesubsystemstor the digitization of the calorimetersignalandthe bunchcrossingidenti cation
the pre-processais used. A look-uptableis usedfor the productionof the transerseenegy valuesof
eachobject. Thenthe ClusterProcesso(CP) identi es electronsphotonsandt -leptoncandidatesvith
transerseenegy above thegiventhresholdwhile the Jet/Enegy-sumProcessofJEP)identi es jetsand
calculategylobalsumsof (missing)transerseenegy from 0:2 0:2 triggerelementsn h  f.

The algorithmtriggering on electronsand photonsis shavn in Fig. 3.14 2 2 clustersof trigger
towersareidenti ed of which atleastoneof thefour possiblesumsof two towers,1 2or2 1exceeds
agiventhreshold.The 12 towerssurroundinghecore,aswell asthe2 2 hadronictower sumareused
for theisolationthreshold which is an absolutevalue ratherthan a ratio of isolationenepy to cluster
enegy. Thealgorithmsarerun over all possible4 4 windows andslidein stepsof 0.1in both h and
f . If anelectronor photoncandidates found,thelocationof the2 2 clusteris alsothelocationof the
region-of-interes{ROI) seedinghe L2 decision.

The overall L1 trigger decisionis madeby the centraltrigger processo(CTP). It combinesthe
informationfrom themuonsystenwith theinformationfrom thecalorimetersasshavnin Fig. 3.15 The
decisionis basednthemultiplicity of triggerobjects suchascalorimeterclustersandthecorresponding
enegy thresholdsTheinformationaboutthe locationof thetriggerobjectis retainedandsentasa ROI
to seedthe L2 decision. The trigger menuconsistsof up to 256triggeritems,while eachitemis some
combinationof requirementsn the input data. Thesetrigger items canbe programmedvith 4 to 16
transerseenegy thresholdsper objecttype. After the L1 selectionthe datafrom the detectorfront-
endis transferredover 1574 readoutlinks (ROLs) andreceved into the 1574 readoutbuffers (ROBS)
containedn thereadoutsystemunits (ROSs),whereit is temporarilystoredfor laterusage.
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Figure 3.15: Diagramof the ATLAS L1 trigger system. The trigger decisionis madeby the central
trigger processqrwhich recevesinput from the muontrigger chambersandthe calorimeters.The ROI
informationis transferredo L2 [80].

The High-Level Trigger

After the L1 decisionthe ROI datais passedo the High-Level trigger (HLT) systemwhich consistsof
L2 andthe EF andappliestrigger decisionsin a seriesof steps,eachre ning existing informationby
acquiringadditionaldatafrom moreandmoredetectorsubsystemskirst the L2 triggerrecevescoordi-
nate,enegy andsignatureypeinformationto reducetheamountof datathathasto bereadout from the
detectorsubsystemsThisis seededy the ROIs andaccountdor about2% of thetotal dataof anevent.
Every detectorsubsystenincluding the tracler is used. The ROI informationis provided over eight
dedicatedrOLs to the ROI builder, whichiis the rst subsystenof L2 andwherethe informationfrom
eachL1 subsysten{calorimeter muonsystemand CTP) is assembledo an integrateddatastructure.
Thenit is forwardedto the next L2 step,the L2 supervisorswhich assigneacheventto oneof the L2
processinginitsandreceve their resultsfrom analysinghe ROl datarequestedrom the corresponding
event. Theseresultsareforwardedto the data o w managefDFM), which manageshe eventbuilding
processAll datafrom the ROBsaretaken. The outcomeis a singleeventdatastructurewhichis given
to thethird level of thetriggersystemtheEF. In totaltheL2 processindarmprovidesaneventrejection
factorof about30.

At the EF level the completedetectorinformationfrom all subsystemsot constrainedo ROIs is
availableto make alastdecisionjf theeventis permanentlstoredontape.Additionally, theEF classi es
eacheventaccordingo aprede nedsetof eventstreamsandaddsthis informationto theeventstructure.
Selectedeventsaresentto the outputnodes(SFOs)of the dataacquisitionsystem while all eventdata
from rejectedeventsis removed from the system. Again the EF is a processingarm whereon each
processingiodea con gurablelist of tasksrecevesandprocessesvents. Unlike L2, thedecisionsare
basednstandardATLAS eventreconstructiomndanalysisapplications.Theresultsareobjectsthatare
closeto theonesin theof ine analysis:electron photon,muonor jet candidates.

In thecaseof GMSB eventswith photonsn the nal stateonecoulduseadedicateghotonsignature
to build a trigger chain. As anexample,on L1 onecouldlook for oneor moreisolatedclustersin the
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electromagneticalorimeterandre ne the selectionwith the HLT to have goodphotoncandidatesvith
acertaintranserseenegy thresholdn theend. It is alsopossibleto logically combinedifferenttrigger
chains. Especiallymultijet triggerscould be combinedwith triggersbasedon the selectionof missing
transerseenegy, whichis usedfor generakupersymmetrgearches.



Chapter 4

Monte Carlo generationand detector
simulation

Theresultsof a hugeexperimentlike the ATLAS detectorcannotbe interpretedwithout a detailedun-
derstandingf every singlesubcomponentlherefore the simulationof the detectoresponséo various
physicsprocessess necessaryn orderto optimize the whole setupand estimatethe performanceor
physicsstudies. Particle identi cation stratgies canbe developedin adwvanceandthe ef ciencies of
analysisalgorithmscanbetested.Also the preparatiorof searche$or new physicsneedsa detailedde-
tectorsimulationin orderto estimatehediscovery potentialandto nd methodsor measuringparticle
properties.Whenreal collision dataare available simulateddataare neededn orderto apply correc-
tionsto the real dataandto nd deviationsfrom the StandardModel. Figure 4.1 shavs a schematic
representationf the ATLAS eventsimulationprocedure.

Firstof all, theeventunderstudyhasto begeneratedby a Monte Carloeventgeneratoprogram| 84,
85], which deliversfour-vectorsof the nal stateparticles.Afterwardsthedetectorsimulation[86] is run
thatdeliversthehitsin thedetectorwhich have to bedigitizedandreconstructedThedigitized dataare
eqguvalentto realdata. Thereconstructedventsareusedasinput for the nal dataanalysisin theform
of AOD (AnalysisObjectData) les.

The completegeneration simulationand reconstructiorof an event cantake up to 15min in the
currentATLAS software[87]. A large fraction of this time is heededor the simulationof the shaver
developmentin the calorimeter For large scaleproductionsof event sampleghe ATLAS computing
grid resourcesre usedandthe productionis centrally organized. If large amountsof dataare needed
thatcannotbe producedcentrally a fastdetectorsimulation(ATLFAST [88]) canbe usedthattakesthe
generatedventsasinput andperformsthe simulationandreconstructionn a single,simpli ed step.In
this chapterall relevantcomputingstepsarebrie y discussed.

4.1 Generationof simulated events

Eventshave to begeneratedby a Monte Carlogeneratoto studythe physicsof agivenprocessn detail.

Sincecalculationsn quantummechanic®nly give the probability of anoutcomeof the experimentthe

eventgeneratousegpseudo)randomumberseventby eventto producearesult. A coupleof programs
exist which areusedby ATLAS, dependingon thetype of procesaunderstudy Thedifferentprograms
differ in theway they implementthe seseral substepsf eventgeneration:

Hard scattering: The primary parton-partorinteractionis determinedrom the matrix elements
calculatedusing perturbatre QCD (and electraveak theory). The PDFshave to be taken into
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Figure4.1: Schematioverview of the ATLAS simulationchain. Thesinglestepsareshavn (rectangles)
togethemith thecorrespondinglataformats(ellipses)[83].

accountin that step. Treelevel aswell as higher order matrix elementsare usedby different
generators.

Initial and nal state radiation: Radiatve correctionsfrom QCD andelectraveak theoryare
appliedby addinggluon and photonemissionfrom initial or nal stateparticles. This stepcan
be absorbedn the rst stepby usingthe correspondin@gmplitudesandcalculatingthe Feynman
diagramsorderby order It is possibleto go to quite high ordersof up to eightpartonsn the nal
state,if onesolely usestree-larel diagrams.This approachis very time consumingbut givesa
quiteaccurateestimateof the nal stateparticlemultiplicities whichis importante.g. for multijet
events. Soft and collinear partonscan betterbe describedby the parton showerapproacH 85,
which approximateghe full matrix elementsn a phenomenologicalvay by allowing the inital
or nal statepartonsto split up into pairsof otherpartons. Initial ( nal) stateradiationcanbe
modelledby so-calledspace-lile (time-like) partonshavers.

Hadronization: All partonsin the nal statehave to be combinedto colorlesshadrons. This
cannotbe describedrom rst principalswithin ary calculationaltechniqueand several models
have beenusedfor this step.In thestring fragmentatiorprocesg 89 two partonghatareproduced
in the primary interactionareconnectedsia a one-dimensionastring. As the partonsmove apart
the potentialenegy storedin the string increasesand the string can breakby the productionof
two new partongthatform colorsingletswith theinitial partons.Dependingontheinvariantmass
of the string piecesfurther string breaksmay occur This processcontinuesuntil only on-shell
hadrongremain. Finally the hadronamay decayevolving into hadronicshaversandleadingto a
realistic nal state.If long-lived particlesaregeneratedhatdecaysomevherein the detectorthe
eventgeneratohasto be connectedo a detectorsimulation,sinceinteractionswith the detector
materialmay happerbeforethe particledecays.

Multiple interactions: Sincetheprotonconsistof multiple partonsthereis someprobabilitythat
morethanonepartonis involved in a hardscatteringorocess.This is calledmultiple interactions
andmay not be confusedwith pile-up eventswhereseveral hadronsin the samebunch crossing
collide andwhichis not modelledby the eventgeneratof84]. The partsof the protonthatdo not
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Figure4.2: Schematiovervien of the computationaktepsof a Monte Carloeventgeneratof 96].

directly participatein the hardinteractionalso carry part of the total beamenegy andarecolor
connectedo therestof theinteraction.

Figure 4.2 schematicallyshavs the developmentof a hard proton-protoninteractionwith all involved

substepsSeveral multipurposegeneratorexist like PYTHIA [90], HERWIG [91], ALPGEN[92] and
MC@NLO [93] anda variety of specialisedjeneratorshatcanbe usedaspluginsfor theformerones.
To allow theinteroperabilityof differentgeneratorsspectrumcalculatord 94] anddetectorsimulations
several standard$iave beendeveloped,e.g. the SUSY LesHouchesAccord[95] allowing for the stan-
dardizedransferof massspectracouplingsandbranchingatiosto otherprograms.

Pythia

PYTHIA [90] is one of the mostcommonlyusedevent generators.It provides codefor all relevant
subprocessasf theeventgenerationasshavn in Fig. 4.2includingpartonshaveringandhadronization.
It providesalmostall 2! 1and2! 2andsome2! 3 StandardModel andsomebeyond Standard
Model leadingorderprocesseslt canbe usedasshavering andhadronizatiorprogramby otherevent
generatocodeghathave notimplementedhesealgorithmsthemseles. TheLesHouchesAccordPDFs
asdescribedn [97] canbe usedandlinked in easily The hadronizatioris implementedvia the Lund
string fragmentatiorframevork [89]. PYTHIA is writtenin FORTRAN until version6 andis currently
rewrittenin C++[98]. It is usedfor the generatiorof a broadspectrunof StandardVodel processe

ATLAS.

Herwig

HERWIG [9]] is a generalpurposeleadingorder event generatorfor the simulationof lepton-lepton,
lepton-hadrorand hadron-hadroreollisions. It providesa large rangeof hard scatteringprocessein-
cludinginitial and nal stateradiationusingangularorderedpartonshavers,hadronizatiorvia theclus-
ter hadionizationmodel[85] andunderlyingeventsimulation.Theclusterhadronizations basednthe
colorpre-con nemenpropertyof theangularorderedpartonshavers. After the partonshaver phaseall
partonscanbe uniquelyformedinto color singletclusters.Dueto thecolor pre-con nementhedistribu-
tion of the clustermassspectrumis stronglypealed atlow massesThe high massclustersaresplitinto
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low massclustersusingastring-like mechanisnwhich is followed by the decayof thelow massclusters
to the nal statehadrons.The programincludesa Les HouchesAccord interfacefor otherprogramso

allow usersthe implementatiorof additionalprocessesaswell asthe useof externalPDFs. A special
interfaceto ISAJET[99] existsto allow the transferof supersymmetricnassspectraandbranchingra-

tios. Additionally, a large rangeof MSSM processewith andwithout R-parity violation is includedin

HERWIG [100 andusedn ATLAS. HERWIG is writtenin FORTRAN, but acompletelynew eventgen-
eratorwrittenin C++ basedon the experiencegatheredvith the FORTRAN codeis underdevelopment
calledHERWIG++[101].

Alpgen

ALPGEN[92] is aneventgeneratodesignedor thegeneratiorof Standardviodel processe hadronic

collisionswith emphasison nal stateswith large jet multiplicities. It usesthe exact leadingorder

calculationdor partonicmatrix elementsn orderto provide accuratepredictionsfor nal stateparticle

multiplicities. No contrikutions from loop diagramsare used. The partonshaver approachis used

in additionto simulatethe emissionof soft/collineargluons. Therefore,interfacesto HERWIG and

PYTHIA areprovided usingthe Les Houchedormat. The codeis written in FORTRAN77 andis used

in ATLAS for the generatiorof StandardViodel backgroundorocesse$or studiesof supersymmetric
models.

MC@NLO

TheMC@NLO generatof93] includesthefull next-to-leadingorder(NLO) QCD matrixelementsn the
calculationsof hardsubprocesseandis thereforeableto provide sensibledescriptionf multiple soft
andcollinearemissions.It is written in FORTRAN andmakesuseof HERWIG for the shavering and
hadronizatiorsteps. Sincesoft emissionsare describediy the NLO matrix elementsdoublecounting
of radiatedpartonsdueto the shavering stephasto be avoided by a dedicatednechanism.Therefore
MC@NLO producesventswith negative weight, typically 15%of all events.

Supersymmetriceventsin ATLAS

In ATLAS the programISASUGRA, which is part of the ISAJET package,is usedto calculatethe
supersymmetrimassspectrumall branchingractionsandparticlewidthsin leadingorder Thisis used
asinputfor HERWIG/JIMMY [102] for the sparticlecascadelecayspartonshavers,hadronizatiorand
the simulationof the underlyingevent.

4.2 Detector Simulation

Althoughgeneratedventscanbe usedfor approximatestudiesof the propertieof e.g. supersymmetric
models,a detaileddetectorsimulationis neededn orderto estimatethe detectoresponsen all gener
atedobjects. Only with a detectorsimulationit is possibleto estimateef ciencies andto optimizethe
identi cation criteriafor nal stateparticles.

4.2.1 Full GEANT4 simulation

The GEometryANd Tracking(GEANT4) program[103 104 is atoolkit for the simulationof the pas-
sageof particlesthroughmatter In ATLAS it is usedfor severaltasks.First of all a detectomwhich has
not beenbuilt yet canbe designedand optimizedusinga detectorsimulationtoolkit. It alsosenesas
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atool for understandingx concretedetectorconceptandits interactionwith elementaryparticles. Ad-

ditionally, the reconstructiortools canbe testedaswell asassociatedystemdik e the triggeranddata
acquisition.In the end,all preciseanalysisstudiesarebasedon GEANT4in ATLAS aslongasnoreal
dataareavailable.Oncethisis thecase mary analysigesultsdependn anaccurataletectosimulation,
sincenotall effectsandef ciencies canbe estimatedrom the dataitself.

For a precisesimulationthe exactgeometryof all subsystemdescribedn Sec.3.2hasto beknown.
All physicaleffectsof theinteractionof the particlewith severalmaterialsareincludedaswell asthein-
teractionwith themagneticelds. Thetrajectoriesof particlespassinghroughthedetectorarerecorded
by GEANTA4 by simulatingthe enegy lossdueto materialinteractions.The positionsof theinteractions
arestoredandcalledhits. In thedigitization stepthe simulatedsignalsarecorvertedto a formatwhich
lookslike the outputof therealreadoutthannelof the varioussubsystemdnef ciencies andestimates
of internalnoisedueto de cient hardwarehave to betakeninto account.

Electron-positrorpairs and other particlesthat are producedin the interactionsare generatedy
GEANT4 andalsobremsstrahlungs taken into account. Especiallythe caseof photoncorversionsis
interestingfor this thesis,sinceGMSB modelswith photonsin the nal statearestudied.If long-lived
particleshave beengeneratedby theeventgeneratqrit is importantto simulatetheir passagéhroughthe
detectorbeforethey decay Thatmeansnotall nal stateparticlescanbe createdby the generatqgrbut
GEANT4 hasto take over this task. Therefore aninterfaceto the generatoiis usedin orderto transfer
therelevantinformationto the detectorsimulation,suchasthelifetime of the decayingparticleandthe
massesindcouplingsof the nal stateparticles.In thisthesislong-lived neutralinoglecayingo photons
andgravitinos arestudied which aregeneratedyy GEANTA4.

Theoutputdigits of thesimulationsene asinputfor thereconstructioralgorithmsthattry to identify
candidate®sf variousparticletypes. This stepis hecessaryor Monte Carlogenerated@ventsaswell as
for realdata. Thereconstructiorand nal identi cation of objectsrelevantfor this thesisarediscussed
in the next chapter Finally, a graphicalrepresentationf the simulatedeventsis availableto visualize
thedetectoresponse.

4.2.2 Fastsimulation approach

For analyseghatneedvery large amountsof data,suchasmultidimensionakupersymmetriparameter
scansthe applicationof a full detectorsimulationis not feasibledueto the enormousamountof CPU
time needed. Therefore,the fast simulationpackageATLFAST hasbeendeveloped,which hasbeen
extensvely usedin thecontext of the ATLAS PhysicsPerformancdechnicaDesignReportg 105106.
Sincea fastsimulationcan never be asaccurateasa full GEANT4 simulation,a careful validation of
the performancehasto be doneand eventually the resultshave to be tunedin orderto matchthe full
simulationresults[107]. It shouldbe notedthat critical issuedike the treatmentof convertedphotons
or the estimationof detectoref ciencies needto be studiedwith the full simulation,sincethey arenot
implementedn ATLFAST.

Principals of the fast simulation ATLFAST

Tokeepthe CPUtime pereventatareasonabléevel, no detailedsimulationof theinteractionof particles
with ary of the detectorcomponentss performed. Instead,the detectorresponsds parametrizedo
take the interactionsinto accountimplicitly. The reconstructegbarticlesare createddirectly from the
generategarticlesby trackingtheparticlethroughtheperfectmagneticeld andgeometricallynatching
the built calorimeterclustersto the true particle. No interactionof the particle with the tracker or the
muonsystemis simulatedandthusno enegy lossor bremsstrahlungs included. This hasto be taken
into accountin theenegy resolutionfunctions. The primary vertex is assumedo be at the centerof the
detectorandtheimpactpoint of ary stableparticlein the calorimetersurfaceis calculated.
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The calorimeteris a single entity without a separatiorbetweenelectromagnetiand hadronicpart.

Particleenegiesaredepositedn acalorimeteicell map,while theresponsef thecalorimetelis assumed
to beoneanduniformoverthefull detectoregion. Thecell maphasagranularityof Dh  Df = 0:1 0:1
forjhj< 3:2andDh Df = 0:2 0:2for 3:2< jhj< 5:0. Theentireenegy of the particleis deposited
in thehit cell,i.e. nolateralnorlongitudinalshaver developmenis simulatedandashaver ne structure
cannotbetakeninto account.The clustersarereconstructeavith a simpleseededaonealgorithm,while
otherwiseno reconstructiorbasedon the simulateddetectorinformationis implemented. The Monte
Carloinformationon generatotevel is usedfor this purpose.

Thereconstructiorprocedurdor the objectsrelevantin this thesisis thefollowing:

Clusters gre reconstructedrom the calorimetercell mapvia a conealgorithmwith a conesize
of DR= " DhZ2+ Df2 = 0:4 anda seedcell enegy aboe 1.5GeV. A particularcell canonly
be associatedo a single clusterthat hasto passan enegy thresholdof 5GeV. The clustersare
classi ed aselectronsphotonstausor jets,asdetailedin thefollowing.?

Electronsaresearchedby matchinga clusterwith a true electronwith a matchingradiusof DR =
0:15. An isolationcriterion canbe de ned to searchfor isolatedelectronsby requiringthatthe
differenceof the enegy in a coneof DR = 0:2 aroundthe electrondirection and the smeared
enegy needso bebelov 10GeV. Thereconstructe@lectronenegy is obtainedby smearinghe
true enegy with a resolutionfunction basedon testbeamstudies[81]. Slight modi cations to
Eq. (3.7) have to be applied,sinceenegy lossesdueto bremsstrahlungn the inner detectorare
not simulatedin the fastsimulationand have to be taken into accountin the calculationof the
enegy resolution.ldenti ed electronsarerecordedwith the h andf coordinate®of the electron
on generatotevel andthe associatedlusteris removedfrom thelist of clusters.

Photonsaretreatedn the sameway aselectronsconcerningsolation. Again Eq. (3.7) is usedas
the photonenegy resolutionfunction. In contrastto the electronenegy calculationit hasto be
consideredhatno enegy lossin theinner detectordueto bremsstrahlungs present.Corverted
anduncorvertedphotonsare not distinguished.Sincethe h directionof a photoncannotbe re-
constructedrom atrack asin the caseof electronsthe following smearingof the h directionis
applied:

s(q) = 6—%”? for jhj< 0:8
s(q) = S—Op”? for 0:8 jhj< L4 4.1)
40mrad

s(q):—pE— for 1.4 jhj

Muons arereconstructetdy applyinga pr, h andf dependentesolutionfunctionto thegenerated
muonmomentum. They are further classi ed asisolatedor non-isolatedoy applyingthe same
eneqgy isolationcriterionasfor electrons.If the muonliesinsidea DR= 0:4 coneof ajet, it is
addedo thejet andthejet momentunis changedaccordingly

Jets are constructedrom all clusterswith Er > 10GeV that have not beenassignedo a true
electronor photon. The jet enegy is taken to be the clusterenegy including muonsandis also
smearedvith theresolutionfunction(3.7). Thedirectionof thejet is thedirectionof the cluster

DSincet leptonsarenotusedin this study they will notbediscussedhere.
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Missing transverse momentum is calculatedfrom all reconstructedbjectsandthe remaining
clustersthatarenot associatedo ary object. Additionally, all cellsthathave notbeenassociated
to clustersarealsoincluded.Theirenegiesaresmearedvith thejet resolutionfunction.

In the reconstructiorprocesao detectoref ciency correctionsareapplied,exceptfor t leptonsandin
b-taggingprocedures.The appropriatecorrectionfactorshave to be takeninto accountin the analysis
andcanbetakenfrom the GEANT4-basedimulation.

4.3 Eventdata model

After the trigger selectionthe amountof dataproducedoy ATLAS is still solarge thatit is impossible
to distribute it completelyto the worldwide community It is thereforenecessaryo reducethe stored
amountof datain suchaway thatonly the analysisspeci ¢ informationremain. In ATLAS a chainof
dataformatsis usedthatincorporatesmallerandsmallerdataset$10§].

RAW dataareeventscomingfrom the bytestreamof the EF. At this stagethe dataarenot stored
in anobjectorientedrepresentationt re ects theformatin which thedataaredeliveredfrom the
detectorandthesizeof asingleeventis aboutl.6 MB.

ESD (Event SummaryData)arethe resultof the reconstructiorprocessandhave an alreadyre-
duceddatasesizecomparedo RAW data. The datacontentis sufcient for mostof the physics
analysis,suchthataccesso RAW datais not necessaryThe reconstructeabjectsare storedin

anobjectorientedway in POOLROQOT dataformat[109. Thesizeof aneventis currentlyabout
1MB, but aimingfor a sizeof 500kB.

AOD (AnalysisObjectData)are derived from the ESD and containphysicsobjectssuitablefor
analysis. The eventsizeis further reducedto about100kB comparedo the ESD. The AOD is
intendedo be generakenoughfor mosttypesof analyses.

DPD (DerivedPhysicsData)aremorespecializedcomparedo the AOD andareclassi edaccord-
ing to threestagesTheprimary DPD aresubdvidedinto performancedPD andphysicsDPD and
are alreadymadefor speci ¢ purposes.The datastructureis the sameasfor the AOD, but can
containadditionalESDinformation. Also thesecondanbPD arewrittenin the POOL formatand
areagainmorespeci ¢ thanthe primary DPD. The tertiary DPD are nally organizedin simple
ROQOT [11(Q treesandareintendedo bethe mostspecializedlataformatfor a givenanalysis An

analysisframeavork like EventV¥ew [111] canbe usedfor the production,which includesa very
modularsetof analysigools. In thisthesissuch at n-tuplesareused.






Chapter 5

Object reconstructionand identi cation

The discovery potentialof ATLAS for signatureswith photonsin the nal statearisingfrom GMSB
modelsreliesheaily onthephotonidenti cation performanceaswell asontheidenti cation of jetsand
the calculationof missingtranswerseenegy. Thesearethe mostimportantphysicsobjectsneededn the
analysisandthe discussiorof the ATLAS identi cation performancewill berestrictecto them.

In thefollowing theidenti cation of photonswill bedescribedn somedetail,startingwith thetrigger
selectionof photonsfollowed by the of ine reconstructiorandidenti cation procedure A few remarks
on electronidenti cation will be madeto comparewith the photoncriteria. Photoncorversionswill
brie y bediscussedsincea goodcorversionrecovery alsocontritutesto the discorvery potential. Non-
pointing photonsoccurin GMSB modelsfor non-vanishingCyra/, Whichimposesomeproblemsfor the
identi cation. Thesolutionadoptedn thisthesiswill bediscussedbrie y. Finally, thereconstructiorof
jetsaswell asthe calculationof missingtranswerseenegy will bedescribed.

5.1 Photonidenti cation

5.1.1 Trigger strategy

The L1 calorimeter(L1Calo) trigger algorithm hasbrie y beendescribedn Sec.3.2.6 Figure 3.14
shavs how thetriggertowersof sizeDh  Df 0:1 0:1 areusedto construcielectromagneticlusters
with asliding4 4 window. Thiswindow searche$or local maximainsidethe2 2 core,while the12
towerssurroundingthe coreare usedfor the isolationcriterion. For eachtower the enegy of all cells
of the full depthof the ECalaresummed.At leastone of the four possiblesumsof two towers,1 2
or2 1, mustexceeda giventhresholdin orderthatthe clusteris selectedby the L1 trigger Isolation
providesa goodhandleto reducethe jet backgroundate, which is typically needecat low transerse
enegy thresholds.

ThelL2 selectionis basedonthe L1 ROIs. The h andf positionaswell asenegy andobjecttype
informationare passedo L2 andbasedon this informationthe L2 clusterbuilding algorithmscanghe
cellsin thesecondayerof theECalandsearchefor the cell with thelargesttranserseenegy. A cluster
of sizeDh Df = 0:075 0:175is built aroundthis seedcell, wherethe larger clustersizein f is due
to the effect of the magnetic eld resultingin photonconversionsand electronbremsstrahlung.The
L2 photonselectioncutson the following four quantitiesin orderto separatgphotoncandidategrom
jets[18]:

Transerseenegy of the electromagneticluster (EEM): The jet crosssectiondecreasesvith
enegy andthusa cutonthis variableprovidesthe bestrejectionpower againsiet background.
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5 Objectreconstructiorandidenti cation
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Figure5.1: Distributionsof theL2 photonselectiornvariablesasdescribedn thetext foraH ! ggsignal
anddijet backgroundBoth distributionsarenormalizedo unity [18].

Transerseenegy in the rst layerof theHCal (EXAP): Photonsdeposittypically lessthan1% of
theirenegy in theHCal.

Shaver shapen h directionin the secondsamplingof the ECal (Rcore): Shaversfrom photons
are typically smallerin the planetranswerseto their directionthan shavers from jets. The cut
variableis theratio of theenegy depositedn 3 7 cellsandin 7 7 cells. For photongthis ratio
is typically largerthan80%.

Searchfor a secondmaximumin the rst samplingof the ECal (Rstrips): A p° decaysto two
photonsleaving very small hadronicactvity andcanbe separatedrom single photonswith the
ne granularityin h in the rst samplingof theECal. InaDh Df = 0:125 0:2 window the
ratio of the differencebetweenthe enegy depositedn the bin with highestenegy E14 andthe
enegy depositedn the bin with seconchightestenegy Eang divided by the sumof bothenegies
is calculated.For isolatedphotonsthis ratio tendsto be one,while for the backgroundt tendsto
bezero.

Figure5.1 shavs the distributions of the four variablesfor aH ! gg sample(dashedine) with my =
120GeV? andfor jet backgroundrom adijet sample(solid).

The EF selectionis basedon the of ine reconstructioralgorithmswith the differencethatthe EF

reconstructiorrunsonceover every L2 seedandthusonly usespartof the whole detectorinformation.
Comparedo L2 additionalshaver shapevariablesare usedaswell asleakageinto the HCal andthe

DThe photonselectioncriteria on trigger level andfor theof ine selectionhave beenoptimizeduseda sampleof H ! gg
decays.
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Clustertype || Np™V  Nj"dov [ ERresN[GeV] [ NI NP™ | Dhaypl, Df qupl |
Size 5 5 3 3 3 2 2 |

Table5.1: Window sizeandparameter$or theseed nding algorithmasdescribedn thetext.

transerseenegy of the cluster Togetherwith animproved calibrationthis leadsto a furtherreduction
of thetriggerrate.

5.1.2 Cluster reconstruction

Beforean objectcanbe ultimately identi ed asa photonwith complicatedshaver shapevariablesthe
cellsin the ECal have to be clusteredtogethersuchthat thesevariablescanbe calculatedandthe total
amountof depositedenegy canbe measuredTwo clusteringalgorithmsareusedin ATLAS, which are
calledsliding-windowandtopolaical algorithm[112]. Only theformeroneis usedin this thesisbut it
shouldbenotedthatthelatteronealsopromisedo have advantagedor theidenti cation of non-pointing
photons?

As soonasaneventhaspassedhelLl requirementsthe analogsignalfrom the ECalis sampledand
digitizedandthe enegy depositedn eachcell is computedusingan optimal Itering algorithm[113).
The cell enegiesare correctedor effectscomingfrom the calorimeterdefects? The sliding-windav
algorithm usedfor photonidenti cation is subdvided into three steps: the tower building, the seed

nding andtheclusterformation

For thetower building procesghe ECalis dividedintoagrid of N, Nf = 200 256elementswith
thesizeDh Df = 0:025 0:025. Insideeachelementthe enegy of all cellsis summedup over all
longitudinallayersde ning the towerenengy. After the towershave beenbuilt, awindow of x edsize
Njindow — Nwindow i ynits of thetower sizein h  f is moved acrosseachelementof the tower grid. A
preclusterservingasa seedfor the clusterformationis formed,if the trans\erseenegy of the sumof
all towersinsidea window exceedsa given threshoIdE}hresh andis alocal maximum. The preclusters
positionis calculatedusingawindow of sizeNp*®  NFP°® asthe enegy-weightedbarycentenof all cells.
It mightbethatduplicatedoreclustersvith positionswithin Dhgup  Df qupi @ppeamandonly theonewith
thelargertranserseenegy is kept. Table5.1 summarizeshe window sizesandthresholdsisedfor the
seednding.

The nal electromagneticlusteris built by usingall cellswithin awindow of sizeNguster - Neluster
centeredaroundthe seedpositionthatdependon the layer. Firstthe middle layeris processedwhere
theseedpositionhpreci, f preci is takenfrom the preclusteibarycenterThe position hmiddie, f middie Of the
barycenterof the cellsin the middle layeris determinedwhich is usedasthe seedfor the strip layet
Finally, thepreshaver andbacklayersarecomputedusingthestriplayerbarycenteandthemiddlelayer
barycenterrespectiely. The sizesof the windows usedfor differentparticletypesaresummarizedn
Tah 5.2 Thesizesfor electronsandphotonsarechoserdifferently sincethe shaversfrom electronsare
wider in thebarreldueto bremsstrahlungndtheinteractionwith themagneticeld. All cellscollected
with thesealgorithmsaremeigedto a cluster thatsenesfor theidenti cation proceduref photongand
electrons).

2 Thetopologicalclusteringis basedn groupingcellsin clustersbasecbn their neighborrelationsandon thesigni canceof
their enegy contents.Theresultingclusterscanhave a differentnumberof cellsin contrasto the x edsizeclustersprovided
by the sliding-windav algorithm.

3)Suchcorrectionsarenot appliedin the detectorsimulationusedin this thesis.Insteadthe enegy of eachcell is scaledby
somerandomfactorin orderto simulatethe miscalibrations.
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Particletype Barrel | Endcap
Electron 3 7 5 5
CorvertedPhoton 3 7] 5 5
UncorvertedPhoton| 3 5 5 5

Table5.2: SizeNguster  Nelusterof the ECalclusterwindows for differentparticletypesin thebarreland
endcap.

5.1.3 Identi cation

Oncetheclustershave beende ned selectiorcriteriacanbeusedo ultimatelyidentify photonsandreject
backgroundrom jetsand p®s decayinginto two photons.In this thesisthe standardATLAS cut-based
identi cation method[18] is usedandwill bedescibedn thefollowing.

As describedor the caseof the L2 selectionnot only informationaboutthe enegy of a clusteris
used but variablesdescribinghe shapeof the electromagnetishaver areneededn orderto distinguish
real photonsfrom fake photons. The standardATLAS photonidenti cation is basedon the variables
from threesectionsof the calorimeter:the HCal andthe rst andsecondsamplinglayersof the ECal.
For eachvariablethereareup to 20 py andh dependentutvalues:

Hadronic cuts:

— HadronicleakaggHadEM)de ned astheratio of thetranserseenegy depositedn the rst
layer of the HCal in awindow Dh  Df = 0:024 0:024 andthe enegy depositedn the
ECal.

Secondsampling cuts: Most of the enegy of electromagnetishaversis depositedn the second
samplingof the ECal.

— R¢: Ratioof the uncalibratecenegy (sumof cells) of the secondsamplingin a window of
size3 3totheenegyina3 7rectangle.

— Ry: Ratioof theuncalibratecenegy (sumof cells) of the secondsamplingin a window of
size3 7totheenegyina?7 7 rectangle.The magneticeld increaseshe width of the
convertedphotoncontritutionsin thef directionandthusR is lessdiscriminatingthanRy,.

— The lateral shawver width in h directiogl calculatedin a window of 3 5 cells, usingthe
2
a(E ) 4k hd) :
= & TE: €2, whereEc istheenegy

depositedn eachcell andhc is the h positionof eachcell.

enegy weightedsumoverall cellswy =

First sampling cuts: Jetscontaininghigh enegy hadronsresultin broadshavers that canbe
rejectedwith cutson the secondsamplingand HCal variables. Jetscontainingneutralhadrons
have to be rejectedwith variablesfrom the rst samplingdueto the very ne granularityin h.
Therejectionpower is dueto theresolutionof substructuremsidejets. Thefraction f of thetotal
enegy depositedn the rst layeris requiredto beatleast0.5%.

— Thedecayp®! ggleadsto two enegy maximain the shaver andthusa secondnaximum
is searchedn awindow Dh  Df = 0:125 0:2 aroundthe cell with the highesttrans\erse
enegy:

DifferenceDEs = Emnax2 Emin Of the enegy associatedvith the secondmaximum
(Emax2) andthe enegy reconstructeth the strip with the minimal value (Ennin) between
the rst andsecondnaximum.
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Figure5.2: Distributionsof theof ine photonselectiorvariabledor trueandfake photonswith jhj < 0:7
and20< Er < 30GeV andnormalizecdo unity [18].

Rmaxe= Emaxz=(1+ 9(5) 10 3Er), with E thetranserseenegy of the clusterin the
ECalandthe constanwalue9(5) refersto low(high) luminosity

— FractionFsige= [E( 3) E( 1)]=E( 1) of enegy depositedbutsidethe shaver corein h
of threecentralstrips. E( n) is the enegy depositedn n stripsaroundthe strip with the
highestenegy.

— Shaverwidthwgs = &E (i imaY?=a E; usingthe threestripsi aroundthe oneimax
with themaximalenegy.

— Totalwidth wgo Over the stripsthatcover 2.5 cellsof the secondayet

Thedistributionsof eachvariablefor true photongcomingfrom a Higgsdecayingnto two photonsyand
fake photons(comingfrom a dijet sample)areshavn in Fig. 5.2for jhj < 0:7 and20< Er < 30GeV
including the cut values. The samecutsare appliedfor corvertedanduncorverted photons,however,
this might beimprovedin the future, sincecorvertedphotonsappearasa pair of electronsn the ECal
whichlooksdifferentto a singlephoton.

With the cuts on the shawver shapevariablesthe backgroundrom fake photonsis alreadygreatly
reducedIn addition,anisolationcriterionis imposedby requiringthatthe enegy depositedn aregion
of DR < 0:45 aroundthe photonclusterdoesnot exceed10GeV. The ef ciency of the calorimetercuts
de ned astheratio of thenumberof identi ed photonsandgenerategbhotonsasa functionof h andp
isshavnin Fig.5.3forH! ggphotonswith pt > 25GeVand0< jhj< 1:370r 1:52< jhj< 2:47.The
restrictionsin the h region aremadeto accountfor the crad region of the calorimeterwherethe barrel
andendcapoverlapandtheidenti cation of photonss insecure Threedifferentsamplef H!  gg de-
cayshave beenusedusinganidealdetectoigeometrywith andwithout pile-upanda misaligneddetector
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Figure5.3: Ef ciency of the photonidenti cation criteriaasa function of (a) h and(b) pr for three
differentsamplesof H! gg decaysusingan ideal detectorgeometrywith andwithout pile-up anda
misaligneddetectorgeometrywith pile-up[18§].

geometrywith pile-up. Theoverall photonidenti cation ef ciency is87.6  0:2% usingthenominalge-
ometrywithout pile-upeventsanddecreaset 83.6 0:2% with adistortedgeometnyjincluding pile-up.
Thefake ratede ned astheratio of all misidenti ed jetsin the dijet sampleandthetotal numberof jets
reconstructeth anormalizatiorsampleasafunctionof h is shavn in Fig. 5.4with andwithoutisolation
requirement.

5.1.4 Electron/photondiscrimination and electron identi cation

At this stagemost of the electronsare alsoidenti ed as photons,sincethey interactsimilarly in the
calorimeter Their shavers canjust be slightly wider in f directiondueto their interactionwith the
magneticeld. In this thesisthe discriminationbetweerelectronsand photonsis donevia a dedicated
electronidenti cation procedure After an electromagneticlusterhasbeenidenti ed asanelectron,it

is removed from the collectionof electron/photortandidatesandcanthusno longerbeidenti ed asa
photon.

Threesuccessi setsof electronidenti cation criteriaareusedin ATLAS: loose mediumandtight.
The looseelectronis identi ed only via the hadronicleakageand the shaver variablesin the second
compartmenbf the ECal. This de nition obviously allows for an excellentidenti cation ef ciency, but
with very low backgroundejection. The mediumelectronis selectedanalogouslyto the photonwith
cutson hadronicdeakageandthe shaver shapevariablesfrom the secondand rst layerof the ECaland
additionalquality criteriafor a track. Thesearea minimumnumberof hits in the pixel detector(at least
one),a minimum numberof hits in the pixel and SCT detectorgat least9) anda minimal trans\erse
impactparametef< 1 mm). Thetrackquality criteriaarere ned in thede nition of thetight electron.
Additional to the mediumelectroncriteria, isolationis required,aswell asa minimal numberof hitsin
thevertexing layeranda goodmatchingbetweerthetrackandthe cluster TRT variablesarealsoused,
suchasthe numberof hits in the TRT andthe ratio of the numberof high-thresholdhits to the total
numberof hits. Most of the criteriadependon h and pt andprovide a very goodelectronidenti cation
ef ciency with goodbackgroundejectionpower. Medium electronswill be usedin this thesisfor the
measuremerdf supersymmetriparticlemassesndthe neutralinalifetime.
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Figure5.4: Photonfake rateasa functionof h with andwithoutisolationcriterion[18§].
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Figureb.5: (a) Materialbudgetin theinnerdetectorand(b) resultingphotonconversionprobability[ 18].

5.2 Photoncorversions

Sincephotonscan corvert into an electron-positrorpair at ary point in the traclker in the presenceof

material,it is importantto develop ef cient algorithmsto reconstrucsuchcorversionsin ordernot to

misidentifythemaselectronsor jets. The probability of a conversionis proportionalto the amountand
densityof thematerialin thetrajectoryof a photon,whichis measuredh termsof radiationlengths.The
total amountof materialin theinner detectorasa functionof h is shavn in Fig. 5.5(a) Theresulting
dependencef the corversionprobability on h andthe distancefrom the interactionvertex is shavn

in Fig. 5.5(b) It canclearly be obsered thatthe overall corversionprobabilityin the inner detectoris

arounds0%andthatarecovery stratgy hasto bedeveloped.

Theability to reconstruca photoncorversiondepend®n thetype of trackingalgorithmthatis used
andthuson the coordinatesn the tracker wherethe corversionoccurs. Photonsthat convert within
300mm of the beamaxis canbereconstructedvith the ef cient standardsilicon-seededrackingalgo-
rithm (inside-outrading). Photonghatcorvertatalargerdistanceof thebeamaxisdo notleave enough
hits in the silicon tracker suchthat additionaltrackingalgorithmshave to be usedthat are seededrom
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TRT hits andmay or may not incorporatehits from the silicon tracker (outside-inand standaloneTRT
trading).

Inside-out tracking: Seedsare formed using three combinationsof space-pointsn the pixel
detectorand SCT by imposing some constraintssuch as the curvatureto limit the numberof
candidates Afterwardsa geometricatool is usedto identify detectorelementghataresearched
for additionalhits. A tting procedurds usedeverytime afteraddinga hit to thetrackandoutliers
areefciently eliminated.Around 10%of all seeddeadto afully reconstructedrack. Thetracks
aresubjectto quality criteriaandareranked accordinglyfor comparisonAfter asilicontrackhas
beenacceptedt is extrapolatednto the TRT andcombinedwith TRT hits. If the extendedtrack
hasa higherquality thantheoriginal silicon track,the extensionis kept,otherwiseonly thesilicon
trackis stored.Sincetheinside-outrackingalgorithmrequiresatleast7 silicon hitsit is inef cient
for late photoncorversions.

Outside-in tracking: TheTRT is dividedinto 24 slicesin h directionanda histogrammingech-
niqueis usedto scanfor straightline patternsthatare tted to extractthe track parameters A
minimal numberof hitsin thestrav tubesis required.Thereconstructed RT segmentsareextrap-
olatedinto thesilicon tracker wherespace-pointaresearchedgeededy thetrack parametersAt
least2 hitsin the SCTarerequiredwhich areselectedisingquality criteriasuchasthe cunature.
Onceasilicon extensionis found, it cansene asseedfor searchingnenvy TRT extensionsasin the
caseof theinside-outtracking. In orderto reducethetime neededor the procedureall TRT and
siliconhits areexcludedthatarealreadypartof aninside-outtrack. Themainimprovementof the
trackreconstructioref ciency dueto outside-intrackingis in theregion of 300mmto 450mmin
radialdistance.

StandaloneTRT tracking: All TRT sggmentshatarenotassigned silicon extensionare nally

transformednto tracksby resolvingremainingambiguities.No trackre tting is done. Thetotal
track reconstructioref ciency is improved in the region from 450mm in radial distanceto the
calorimetersurfacesigni cantly by the TRT tracks.

The total track reconstructioref ciency as a function of the corversionradiusis shavn in Fig. 5.6.
All threetrack collectionsare nally memgedinto a singletrack collectionthat senesasinput for the
following building of trackpairsandsecondaryertex tting procedureafteroverlapis removed[18§].

Trackpairsarebuilt by selectinga positively anda negatively chagedtrackandimposingselection
criteriaon thetracksandon the pair selectionin orderto reducethe numberof electrontracksandoth-
erwisewrongly selectedhairs. Cutsareimposedon the perigeethelongitudinaltrackimpactparameter
and on the minimum transersemomentum. Cutting on the ratio of high-thresholdTRT hits over the
total numberof TRT hits selectgracksfrom electrons.Additionally, the polaranglesof the two tracks
shouldbesmallaswell asthedistancebetweerthe rst hits of thetracks.

After having selectedrack pairsthe conversionvertex hasto be tted, whichis quitedifferentcom-
paredto the tting of ordinarytracksthatareassumedo comefrom the primaryinteractionvertex. The
masslessatureof the photoncanbe usedas additionalconstraintand a speci ¢ algorithm hasbeen
developed. A new track perigeeis calculatedusing an initially estimatedsecondaryertex candidate
andanew vertex is tted with afastKalman ltering methodusingthefull threedimensionainforma-
tion of there tted corversiontracks. Again, quality criteriaareimposedin orderto selectgoodvertex
candidates.

Finally, the corversiontrackshave to be matchedto an electromagneticlusterthat hasbeenre-
constructedvith the standardeconstructiormethoddiscussedbovre. Oncea track (not necessarilya
corversiontrack)is matchedo a cluster it is labeledaselectron-lile andis re-examinedin orderto de-
terminewhetheror notit originatesfrom a photonconversion. Two algorithmsareusedfor this purpose:
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Figure5.6: Totaltrackreconstructioref ciency for corvertedphotonswith pr = 20GeV. Theindividual
contrikutionsfrom inside-outplusoutside-intracking(“Si tracks”)andstandalond RT trackingarealso
shavn [18].

theangle-basednathing andthetrack-basedmatding. For thelatterthe conversiontrackcollectionis
searchedor candidateshat matchexactly with the best-matchracksassociatedvith the electron-lile
clusters.If thatis the case furtherquality checksareperformedn orderto avoid declaringanelectron
which emitscorverting bremsstrahlungsa corvertedphoton. In the angle-basednatchingthe h and
f coordinate®of the centerof the clusterare comparedwith the h andf coordinatesof the candidate
corversionvertices.If acandidatematchesa clusterwithin awindow of Dh = 0:048andDf = 0:048,it
is declaredasa corversionwith the correspondingag.

In somecasesot both of the tracksof a photonconversioncanbe reconstructeguccessfully For
instancethe photoncandecayso late in the traclker, thatthe trackscannotbe distinguishedrom each
other or the photondecaysasymmetricallysuchthat only one track hashigh enoughmomentum(>
500MeV) to bereconstructedThesesingletrad corversionscanbereconstructedby re-examiningthe
remainingtracksfrom the corversiontrack collectionthat could not be assignedo a corversion. The
effect of includingthesecorversionsinto the overall corversionreconstructioref ciency is signi cant.
Figure5.7 shavs the ef ciency asa functionof the corversionradius.As expectedtheef ciency of the
vertex reconstructiomropsfor radii largerthan300mm, while thesingletrackcorversionsoccurmainly
in theregion of the TRT. Identi ed corvertedphotonswill beincludedin the setof photonsusedin this
thesis.

5.3 Non-pointing photons

5.3.1 Identi cation

The standardphotonidenti cation asdiscussedibose hasbeenoptimizedfor the selectionof photons
comingfrom theprimaryinteractionvertex (promptphoton$ andleadsto inef ciencies for the selection
of non-pointingphotonsthat occur someavherein the inner detector Figure 5.8 shaws a sketch of a
delayedneutralinodecayto a gravitino anda non-pointingphoton.The shaver axisdoesnot pointback
to theinteractionvertex andthereforethe shawver of a non-pointingphotonseemdo bebroaderthanthat
of apromptphotonandthusit might not survive the cutson the shaver shapevariables.
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Figure5.8: Schematiwiew of a non-pointingphotoncomingfrom a delayedneutralinodecayusingthe
ATLAS eventdisplayATLANTIS [114].

Figure5.9shawvs theselectioref ciencies of thevariousshaver shapevariablesde ned asthenum-
ber of photonswith jhj < 2.5 and pt > 20GeV that passthe cut on the given variabledivided by the
numberof reconstructegphotonsasa functionof the zcomponenbf the neutralinodecaylength. A sig-
ni cant dependencen ve of theidenti cation variablescanbeobsered, namelyRy,, wo, Fsige, Wsz and
Wstot: Therelative effect of looseninghe cutsonthesevariablesonthe backgroundhasbeeninvestigated
usinga jet sample[18]. Table 5.3 shaws the fraction of jets reconstructeds photonsand passingall
photoncriteria. The hadronic,secondsamplingand rst samplingcutshave beenappliedsequentially
Thesslightly increasedet fake rateis taken asacceptabldor the studiesin this thesissincethe photon
identi cation efciency for a GMSB samplewith a non-zeroneutralinodecaylengthis increasedas
discussedn Sect.6.3 Thecutson these ve shaver shapevariableswill thereforebe skippedin this
thesiswhen&er non-pointingphotonsareusedandonly the un-biasedselectionwill beused.
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Figure5.9: Ef ciencies of the variousphotonidenti cation cutsasa function of the neutralinodecay
lengthin z-direction[18].

Selection| hadronic 2ndsampling | 1stsampling
default | 3:4% 0:1% | 0:57% 0:06% | 0:19% 0:03%
unbiased| 3:4% 0:1% | 2:7% 0:1% | 0:70% 0:07%

Table5.3: Fractionof jetsreconstructe@dsphotonsandpassinghe givenphotoncriteria. The cutshave
beenappliedsequentially] 18].

5.3.2 Clustertime measuementwith the ECal

In GMSB eventswith long-lived neutralinoNLSPsit is expectedthatthe resultingnon-pointingphoton
arrives later in the calorimeterthan the photonsfrom prompt neutralinodecays. This is dueto two
effects: First, the sumof the pathsof the neutralinoandthe photonis longerthanthe pathof a prompt
photoncomingfrom the primary interactionvertex asis depictedin Fig. 5.8 sincethe anglebetween
the neutralinodirection and the photondirectionis non-zero. Hence,a longertime periodis needed
beforethe photonarrivesat the surfaceof the calorimeter Secondthe neutralinois a heary particleand
hencetravels with avelocity b ¢ throughthe detectorthatis signi cantly lower thanthe speedof light
¢. Theneutralinob spectrumfor neutralinoswith a massof Mgzo = 118GeVis shavn in Fig. 5.10(a)
Therelative importanceof botheffectsis shavn in Fig. 5. 10(b)for atypical GMSB scenariawith Mgzo =
11885GeV andtco = 11:2ns,wherethe additionaltime neededlueto the longerpathis denoted:)tpath
andthe additionalfime neededdueto the neutralinovelocity is denotedDt,. Thetime differencesare
givenby

jnon-pointingphotonpatlj  jpromptphotonpattj

. (5.1)

I:xpath =

neutralinopath (1 b)
b c

Dtb = (52)
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Figure5.10: (a) b spectrunof aneutralinowith massmgo = 11885GeV. (b) DtpathandDt;, distributions
for aneutralinowith massmz, = 11885GeV andlifetime tzo = 11:2ns.

It canbe obsered that the effect of the nite neutralinomassdominateghe effect of the decayangle
betweerthe neutralinoandthephoton.This is dueto thefactthatthe photonaswell asthegravitino are
(almost)masslesandthusarestronglyboostedn thedirectionof the neutralinoandhencehave a small
decayangle.

Thearrival time of theelectromagneticlusterin theECal(referredto asclustertimein thefollowing)
canbe measuredvith ATLAS [115. It is de ned asthe measuredime of the cell in the secondayer
with the largestenegy with respectto the bunchcrossingtime, wherethe time of ight of a particle
travelling with ¢ andcomingfrom theinteractionvertex is subtractedThe triangularshapedonization
signalof a cell asa function of time is shavn in Fig. 5.11(a) wherethe pulseis obtainedfrom alarge
numberof physicspulsesaveragedafternormalizatiorto theiramplitudesandwith thetime derivedfrom
scintillator signals. The rst 125ns are usedfor the reconstructiorof the amplitudeA andthetime t.
Thesignalis digitizedevery 25nssuchthatn = 5 samplesreused.Theoptimal ltering methodis used
for thereconstructio113:

3 19

A= g as; t=—a bis; (5.3)

i=1 AiZy
wheres is the amplitudeof the samplei and a andb; are the optimal ltering coefcients, which
aredeterminedoy minimizing the varianceof A and At underspeci ¢ constraints. The computation
requiresthe knowledgeof the noiseautocorrelatiommatrix andthe signalwaveform andits derivative.
The physicswaveform canbe numericallycomputedfrom a calibrationwaveform obtainedin special
delayruns. Theresultingprecisionof the physicswaveformis aboutl-2%over the rst 125nsusedfor
time reconstructionasshavn in Fig. 5.11(a)?

If thecalorimeteisignalshapés distortedabiascanbeintroducedn theclustertimereconstruction.
Therefore the detailedstudy of crosstalk betweenthe single calorimetercells for eachmoduleis im-
portantanda completemaphasbeenextractedfrom testbeamrunsandthe differentsourceshave been
identi ed [116:

4 Thedispersioronthe LHC beamcrossingiime is 186ps, while thedispersiorfrom thelongitudinalbeampositioninduces
atime dispersiorof about170ps,if notcorrected115.
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Figure5.11: (a) lonizationsignalcollectedon ECal cell electrodes.A calibrationpulse(dashedine)
andameasureghulsefrom anelectrontestbeam(solid line) areshavn. The rst 125nsareusedfor the
enegy andtime measuremeritL15. (b) Time resolutionof the middle andfront layer of the ECal as
afunctionof thetestbeamenegy in the medium(high) gain of the electronicsabore (belov) 50GeV
beamenegy [115.

Front layer: Theamplitudeof thecrosstalk in rst neighboringcellsis about10% of the signal
amplitudedueto a capacitve couplingon the electrodesn h direction.

Middle layer: In f directionan inductive and uniform contritution of about-2% comesfrom
thesummingboard.In h directiona capacitve contritbution from the electrodeontributesabout
0.8%of thesignalamplitude.

Theresolutions; of the clustertimemeasuremendependsn the accuratecorrectionof the noiseand
cross-talkeffectsandis parameterizeds

St = £ c (5.4)
After all correctionsaconstantermc of about100psis the ultimategoal,while atthe beginning of data
takinga constantermof aboutl nsseemso berealistic. Thetermincludinga depend®ntheenegy of
theparticleandits impactontheoverallresolutionis shavnin Fig. 5.11(b) Thetimeresolutionhasbeen
measuredn testbeamrunsandit canbe obsered thatfor beamenegiesabose 50GeV theresolution
is at andabout100ps. The discontinuityat 50GeV is dueto the factthat for beamenegieslarger
(smaller)than50GeV the middlelayercell is alwaysreconstructeéh the medium(high) gainregime of
theelectronics.

5.3.3 Projectedphoton path

As canbe obseredin Fig. 5.8, the delayedneutralinodecayleadsto a photonpaththat doesnot point
backto theinteractionvertex. This is dueto the non-vanishinganglebetweerthe directionof the neu-
tralino momentumandthe directionof the photonmomentum.For illustration, the angleDg( £?; g) in
g directionobtainedfrom the generatoiinformationis shavn in Fig. 5.12for a neutralinowith mass
Mz = 11885GeV andlifetime tzo = 11:2ns. The width of the distritutionis  0:62 corresponding
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arbitrary units

Do(C,9)

Figure5.12: Dq(&f;g) for aneutralinowith massmgo = 11885GeV andlifetime taf = 11:2nsleading
to anon-vanishingjzustej -

to anangleof 36 leadingto a displacedintersectionpoint of the z-axis with the projectedphoton
pathwith respecto the primaryinteractionvertex. Thisintersectiorpoint (referredto asz-verte in the
following) canbe calculated Sincephotondeave no tracksin theinnerdetectorthe calorimetersystem
hasto be usedto reconstructhe photonpath. This is possibledueto the excellentresolutionin h direc-
tion of the rst andsecondcompartmenbf the ECal. The f directioncannotbe measuredbut for the
calculationof the z-vertex thisis notnecessary

The h positionof the photonclusterin the rst andsecondeCallayeris neededdenotedoy h, and
h,, respectiely. Furthermoretheradialdistancedk; andR, of the clusterin the rst andsecondayey,
respectiely, have to be known. The z-vertex z,ysteris given by a simplegeometricakquation:

Ri R . .
Zeluster= R ! Fi (sinhhy  sinhhy): (5.5)
2 Ry

The hy, directionof the photonis de ned by theangle
g=atandR; Ry;22 z1); (5.6)

with zz = Ry sinhhy andz = Ry sinhhy, betweerthe z-axisandthe projectedphotonpath. However,
if a photonis selectedor analysisanda geometricalh cutis imposeddueto the detectoracceptance
region, the usualh variablehasto be usedde ned by the interactionvertex. The uncertaintyon the
z-vertex positionis givenby two h andphotonenegy E dependentunctions,onefor thebarrelandone
for theendcapsection:

coshh

amel = 13 coshh 500 (5.7)
r
deap__ coshh
DZ = 70 25 = (5.8)

Theresolutionof the z-vertex lies typically in the region of 5-10%. The variablewill laterbe usedfor
themeasuremerdf the neutralindlifetime.
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5.4 Jetreconstructionand missingtransverseenergy

5.4.1 Jetreconstruction

Producegartonshadronizenvhichleadso ajet of particlesghathasto beidenti ed andthecorresponding
transerseenegy hasto be measurectorrectly Dependingon the particletypescontainedin the jet,
different fractionsof the transwerseenegy are depositedn the ECal andthe HCal. If a jet mainly
consistsof heary hadronst will depositmostof the enegy in the HCal. If it consistsof neutralpions
that decayto photons,mostof the enepy is depositedn the ECal andthe jet hasto be differentiated
from electronsand photons. Therefore, the multiplicity of jets strongly dependson the identi cation
performancef electronsphotonsandotherobjects.

Thejet triggeralgorithmonL1 searchefor localmaximain theenegy sumsof 2 2 triggertowers,
asdescribedrie y in Sect.3.2.6 Afterwardsthe enegy sumsof the depositecenegiesarecalculated
usingawindow of sizeDh Df = 0:8 0:8 andarecomparedvith 8 differentenegy thresholds.The
multiplicities of theindividual thresholdsarederivedin this stepandaresentto the CTP. On L2 andEF
level similar algorithmsasfor the of ine reconstructiorof jets are usedbasedon the scanningof the
calorimetemwith aconeof x edsizein h andf direction,asdescibedn thefollowing.

In ATLAS two mainjet algorithmsareused[18]: the conealgorithmaswell asthekr algorithm®
Only jetsreconstructeavith the conealgorithmwill be usedthroughoutthis thesis® Therearesome
principalguidelinesfor theef cient andhigh quality jet reconstruction:

Infrar ed safety: The presenc®r absensef soft particlesbetweerntwo particlesbelongingto the
sameet shouldnot affect the combinationof theseparticlesto ajet.

Collinear safety: Thesplitting of a high enegetic particleinto two collinearparticleswith lower
enegy shouldnotaffectthejet nding.

Technologyindependence:Thereconstructeget shouldnot dependon the signalsourcej.e. all
detectorinef ciencies have to be correctedsuchasthe detectoresolutionor ervironment.

Event independence:The jet shouldbe reconstructeindependenthof multiple interactionsor
pile-upevents.

For the seedeobonealg&rithmtwo parametersre needed:the transerseenegy thresholdof 1GeV
andtheconesizeDR= ' Dh2+ Df 2 with DR= 0:4 for narrav jetsandDR = 0:7 for wider jets. The
input for this algorithmarereconstructedalorimetersignals,suchasreconstructed¢alorimetertowers
or topologicalclusters,asdescribedabove. First, all inputis orderedin decreasingrderin transerse
momenturmandit is checled, if theobjectwith highestpr is abore theseedhreshold All objectswithin

the given conearecombinedwith the seedfollowed by a new calculationof the directionfrom all four-

momentansidethecone.A new coneis centeredaroundthe new directionin orderto recollectobjects
inside this new coneandrecalculatethe direction. This processcontinuesuntil the directiondoesnot
changearymore. Thesameproceduras runonthenext seedcandidataintil nomoreseedsreavailable.
Finally, the jets are calibratedusing a methodoriginally developedfor the H1 experiment[119: all

calorimetercellsareresummedisingweightingfunctionsthat dependon the cell signaldensityandon
thelocationin thecalorimeter

5 The developmentof moresophisticatedet nding algorithmsis anongoingprocess.

8 1n contrastto the conealgorithmthe kr algorithmis more comple andtakesinto accountthe structureof the jet rather
thanjustscanninghe calorimetewith aconeof x edsize.Detailscanbefoundin [117,118. However, the conealgorithmis
consideredo besimplerandmorerobustandthereforethe kT algorithmwill notbedescribedn detail.
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Thejetenegy resolutionis tted with afunctionconsideringhreeindependentlgontritutingterms| 18]:

s a c
—=p=— b = 5.9
E E(GeV) E (59)

wherethetermincludinga is a samplingterm dueto statistical uctuationsin the enegy depositsh is

aconstantermre ecting the effect of the calorimetemon-compensatich andthetermincludingc is a
noisetermdescribingthe noisecontritution to the enegy measurementtor centraljets the stochastic
termis abouta  60%,while theothertermsareb 3%andc 5%[18].9)

Due to the highly granularcalorimetersin ATLAS the jet direction can be determinedprecisely
togethemwith the primaryvertex from theinnerdetector Almost all jetswith transerseenegiesabove
100GeV canbe matchedto the true jet within a coneof DR < 0:2. However, at lower enegiesthe
precisionof the jet axisreconstructiordegradesanda non-ngligible fraction of reconstructegetslies
outsidethe matchingcone. The jet reconstructioref ciency is almost100%for jets with a transwerse
momentumargerthan30GeV|[18§].

With the givenjet reconstructioralgorithmsalsoelectronsphotonsandotherparticlesareidenti ed
asjets. Thisis takeninto accountn theanalysisby anoverlapremoval step.

5.4.2 Missing transverseenergy measuement

Theaccurataeconstructiorof missingtranserseenegy E?“SS is avery comple taskin ATLAS dueto
thedependencef the calculationon multiple objectsrangingfrom the individual cell calibrationin the
calorimeterdo the accurateeconstructiorof muontracksin the muonsystemover thefull h rangeof
thedetectar The mostrelevantissuesor agood E?“SS reconstructiorare[18]:

Thesuppressionf electronicaoise.

After noisesuppressiorall calorimetercellshave to beused.
Accuratecalorimeter(inter) calibration,in particularin thebarrelandendcapegion.
Thefull jhj < 5rangeof the calorimetehasto beused.

Two differentapproachesre utilized in ATLAS: the cell-basedand the object-basedeconstruction.
Only the cell-basedapproachwill be discussedhere, sinceit is commonly usedfor supersymmetry
analyses.

The cell-basedalgorithm usesthe enegy depositsin eachof the calorimetercells that have been
calibratedwith globalweightsdependingn theirenegy density Only the cellsthatremainafteranoise
suppressiomprocedureareused.Additional correctionsareappliedfor the muonenegy andthe enegy
lost in the cryostats. This algorithmis stablealsofor early datataking, sinceit doesnot rely on the
accurateeconstructiorof physicsobjectsin contrasto the object-basedlgorithm.

Dueto thelarge numberof read-outthannelsn thecalorimeterg 200K)theamountof electronics
noisecancontritute asmuchas13GeV [18] to thewidth of the E?“SS resolution.The standardnethod
for suppressinghe noiseis basedon only usingcalorimetercells with enegieslargerthan2 s ngise
wheresnoise is the width of the noisedistribution which hasto be known. If the cellsareusedwith the
usualelectromagneticalibration,the calculatedamountof E?“SS hasa shift of 30% with respecto the
truth information. This shaws thata dedicatedalgorithmfor the cell calibrationhasto be developedin

) The ATLAS calorimeteris a non-compensatingalorimeteri.e. the responsédo hadronsis lower thanto electronsand
photons.

8) Equation(5.9) hasbeenfoundto be bestsuitedfor the determinatiorof thejet enegy resolution[18], while Eq. (3.7) has
beenusedto parametrizehe enegy resolutionof the calorimeteraisingisolatedpion beamq 80].
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Figure5.13: Resolutiornof E?‘SS aftercalibrationasafunctionof thetotal transerseenegy measuredh

the calorimeterdor differentphysicsprocessesThe curnescorrespondothe t to(a)Z! tt and(b)
Al tt [80].

orderto reducethe systematicshift and optimize the resolution. A cell classi cation schemeés used
for this purposeby de ning the enegy depositin a cell ashadronicor electromagneticsincehadronic
shaverstendto have lower enegy densitiescomparedo electromagnetiones.

Sincemuonsdo notdepositheirenegy in the calorimeterstheirtrackshave to be usedseparatelyn
the calculationof E?“SS. Themuonmomentumasmeasuredn the muonsystemis takenandtheenegy
lossin the calorimeterds alreadytaken into accountin the calorimetercell term. Muonsthat are lost
outsidethe acceptanceegion of the muonsystemof jhj < 2:7 arenottakeninto accountbut themuon
termin generalonly mawginally in uencesthe overall EI"'SS reconstructiorperformancg 18], sincethe
muonsystenprovidesavery goodmuonreconstructioref ciency. However, lostmuonscanbeasource
of large fake EMss,

The third importantsourceof E'SSin ATLAS is the cryostatsystem. The thicknessof the system
betweerthe ECalbarrelandthetile barrelcalorimeteiis abouthalf aninteractionlength. Thereforejets
canloosea signi cant amountof their enegy leadingto additionalfake E?“SS. This enegy losscanbe
recoveredby usingthe correlationof the enegy measurementis thelastlayerof the ECalandthe rst
layerof theHCal. Thesamds donefor theendcagsectionsThecorrectionis appliedto all reconstructed
jetsin the event,whichin turnleadsto a betterestimateof E?“SS. The cryostatcorrectioncontritutesat
alevel of 5% perjet with atransersemomentumabore 500GeV andis thereforenon-ngligible for
highmomentunjets.

Theexpectedperformancef the E?“SS reconstructioris estimatedy comparinghe measuredalue
with thetrue valueasa function of thetotal transerseenegy. Figure5.13shaws the E?‘SS resolution
de ned asthewidtj of the Emiss  EQyS™® distributionin acertainEr bin. Thedistributionis tted with
afunctions = a ° § Et, wherethe t parametean variesbetween).53and0.57 for differentphysics
processefl].

In supersymmetrgtudiesit canbe importantto suppressgake EI'SS to reducethe Standardviodel
background Onepossibilityis to look for correlationsbetweerthe directionof the reconstructecﬂ‘“iss
andthedirectionof jets,which canhint atfake E?‘szrom badlymeasuregets. In generaltheresolution
of the E!™ss directionfor eventswith genuineEMsS dependson the relative fraction of fake EMMsS and
on the eventtopology As anexample,Fig. 5.14 shavs the resolutionof the E?“SS measuremenn f
directionas a function of the true E?“SS for different physicsprocesses.It canbe obsered that the
measuremeris moreaccuratdor W ! en events,which containmoderatehadronicactivity compared



70 5 Objectreconstructiorandidenti cation

%\ VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV
S E E
= 0.8E —
- :+_-¢- o it E
@ O.7? —
E A 3
0.6; —= Z® tt 3
05 < * W® en 3
0.4? -, o E
0.3 - —
= -~ s E
02 TV o o =
= ++¢_‘__A__O_—o— E
0.1 T e oo
g e

O 111111ll1ll111111111111111111111111

0 20 40 60 80 100 120 140 160 180 200
True ET° (GeV)

Figure5.14: Performancef the f -directionmeasuremerdf EsSfor differentphysicsprocessegs0].

to tt events.For valuesbelov 40GeV theaccurag degradegapidly, while for large valuesof true E?“SS
theaccurag canreachlOOmradandbelav [18].



Chapter 6

Discovery potential for GMSB modelswith
photon nal states

In GMSB modelswith Ns = 1 andlow tanb thelightestneutralinoéf istheNLSPanddecaygo agrav-
itino G anda photon,sincethe neutralinois mainly a photinoin the minimal GMSB model. Therefore
thestandaranSUGRA-like decaycascad®f squarksandgluinosis extendedby thedecay

21 b (6.1)

Dependingon the branchingratio of the squarksand gluinos decayingto varioustypesof supersym-
metric particlesthe decaychainmay alsocontainmultiple jets. Eventswith high enegetic photonsare

expected,f the NLSP lifetime is nottoo long, suchthat mostof the NLSPsdecayoutsidethe detector

Thecorrespondingventsignaturesindthediscovery potentialof the ATLAS detectorfor thesemodels
arediscussedn this chapter including the optimizationof the signal selection the role of the trigger

signaturesandthe expectedbackgroundrom Standardviodel processesThe scenariosn the GMSB

parametespacechosenfor detailedreconstructiorandtrigger studiesare describedn Sect.6.1. The
caseof promptphotons(Cyra, = 1) is investigatedn Sect.6.2, while the caseof non-pointingphotons
(Cyrar > 1) andtherefordarger NLSPlifetimesis studiedin Sect.6.3. Thediscovery potentialin awider

rangeof the parametespacses presentedn Sect.6.2.4 wherea fastsimulationapproactasbeenused
anda comparisorof full andfastsimulationresultsis presented.

6.1 Benchmark points and datasets

6.1.1 GMSB scenarios
In this chapterthefollowing GMSB scenariosrestudied:

For the detailedstudy of propertiesof GMSB modelswith prompt photon nal statesandtheir
signaturesn the ATLAS detectorthe speci c GMSB scenariocalled GMSB1lhasbeenchosen.
The parameter®f this benchmarkpoint areL = 90TeV, N5 = 1, Mpess= 500TeV, tanb = 5,
sign(m = + andCys = 1.

In the GMSB1 scenariathetotal crosssectionfor the productionof supersymmetriparticlesin
pp-collisionsat 14 TeV is about7:8pb calculatedn NLO. Theresultingmassspectrums shovn
in Fig. 6.1 Apart from the quasi-masslesgravitino (mg = 1:08 10 8 GeV, not shawn), it fea-
turessquarkswith massesroundl TeV andgluinosthataresigni cantly lighter thanthe squarks,
while the sleptonsand gauginoshave lower massesaround(100 500 GeV. The NLSP is the
lightestneutralino¢? with Mgo = 11885GeV. Dueto its dominantphotinocomponenit decays

71
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Figure6.1: Supersymmetrimassspectrunof the GMSB1scenario.The quasi-massleggavitino is not
shawn.

Particle | Mass[GeV] || Particle | Mass[GeV] || Process BR [%0]
oy 118.85 G 1:08 10 8 [ Gr ! Ga |53(> 80)
¢ 225.47 g 73558 || Gury! €29 | 14(< 1)
o 434.30 Or,Cr 94450 || §' ¢&,q 50
o 455.23 dr,Sr 941.02 | §! &qq 27
¢, 225.32 (L, 6L 987.30 | & ! &dw 90
¢, 453.82 d.s 990.33 || &Y' oG 97
&R, ik 160.54 by 938.16 | &1 z°G 1
& ,m 326.34 fy 843.08
f1 164.01 by 946.53
i 325.07 f, 966.61
i 314.76 ho 107.11

Table6.1: Massspectrumandimportantbranchingratiosof the GMSB1benchmarlscenario.
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Figure6.2: Relative fraction of the numbersof the initial supersymmetriparticlesin pp-collisionsat
14TeV for the GMSB1benchmarlpoint.

to agravitino anda photonwith a branchingratio of 97%. The masse®f all supersymmetripar
ticlesandthe branchingratiosof someimportantdecaysn the GMSB1 scenaricaresummarized
in Tah 6.1 Figure6.2 shavs the relative fraction of the numbersof the initial supersymmetric
particlesfor all typesof particles. In total, squarks(gluinos)are producedn 36% (43%) of the
GMSB1eventsat 14TeV. Theremainingeventsmainly consistof gauginopair productionwhile
theinitial productionof sleptonss stronglysuppressed.

Theinitial pairof squarksandgluinoscandecayviatwo maindecayclassesasshavnin Figs.6.3(a)
and6.3(b) Since(i) the branchingratio of left- (right-) handedsquarksdecayingto a gluino § is
53% (> 80%),(ii) thegluino decayspredominantly50%)to a ¢, and(iii) the ¢, in turndecays
with abranchingatio of 90%into a Ef andaW bosonthedecaychainin Fig. 6.3(a)dominates.
In contrary the decaychainof Fig. 6.3(b) hasa smallertotal branchingratio, sinceleft- (right-)
handedsquarksandgluinosdecayto a ag only with abranchingatio of 14% (< 1%)and27%,re-
spectvely. However, the latter casdeadsto the interestingsignatureof opposite-sign-samexvor
(OSSF)leptonpairsin the nal state,whichis usedfor the measuremertf kinematicendpoints
in Sect.7.1andin oneof the methodsto determinethe ¢? lifetime (seeSect.7.2.5. Figure6.4
shaws the numberof particlesbeingthe motherparticle of the NLSPin a certainevent? If the
motherparticleis a right-handedslepton,an OSSFleptonpair is presenin the even®). Thetwo
decayclasseshavnin Figs.6.3(a)and6.3(b)coveracombinedoranchingatio of almost100%of

D The next-to-next-to-lightestsupersymmetriparticlein the masshierarchyshawvn in Fig. 6.1is theig. However, eg. the
¢, canalsobethemotherparticleof thelightestneutralino,asshavn in Fig. 6.3(a)

2 A right-handedsleptonalwaysdecayso a éf andaleptonandits motherparticleis alwaysa (hearier) neutralinodecaying
to the sleptonandalepton. SinceGMSB modelsare a vor-conservingbothleptonshave the same a vor. Themotherparticle
of aright-handedleptoncannotbe achagino, sincethewino componenbf thechagino only coupleso left-handedparticles
andthe chagino doesnot coupleto sleptonsvia its higgsinocomponent.
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Figure6.3: Main decaychannelof squarksandgluinosin GMSB1-like scenarios(a) decayvia ¢, ; (b)
decayvia C3.

theinitial squarkandgluino production.In summaryhardjetsfrom theinitial squarkandgluino
decayshardpromptphotonsfrom the ¢ decay EM'sfrom the escapinggravitinos anddepending
onthedecaychainadditionalleptonsareexpected.

For the study of the discovery potential in the L  tanb-plane a scanis performed while the
other parametersare x ed to the GMSB1 values. Hence,the propertiesof the various model
pointsunderstudyaresimilarto the GMSB1benchmarlscenariowith differentcrosssectionsand
slightly shiftedmasshierarchiesIin someregionsof the scannegarametespacehe f; becomes
the NLSP leadingto t -leptonsin the nal state.An analysisbasedon photonsin the nal stateis
not sensitve to this signatureanddedicatedsearchstratgieshave to be developed] 120.

For detailed studiesof the discovery potential for GMSB modelsfeaturing non-pointing pho-
tonsin the nal state,abenchmarlpoint calledGMSB3hasbeenchosen.The parametersf this
scenaricaresimilarto the parametersf the GMSB1scenariogxceptfor Cy, = 55. Thisleadsto
a nite ¢? lifetime of tzo = 11:2ns, which correspondso a decaylengthof ct zo = 3:2m, anda

gravitino massof mg = 5:95 10 7 GeV. Again, this masss muchtoo smallto have ary in uence

on the phenomenologyDueto the nite ¢? lifetime, a certainnumberof ¢9 escapehe detector
beforethey decayleadingto a nal statewith areducechumberof photonscomparedo theprompt
photoncase.All otherfeaturesof the GMSB3scenariolike crosssectionsandbranchingratios,

areidenticalto thoseof the GMSB1 scenaricandthe abore discussiorof the phenomenologpf

GMSBL1is alsovalid for GMSB3.

Table 6.2 summarizeghe parameter®f the benchmarkscenariosusedin this chapter In Fig. 6.5(a)
anoptical eventdisplayof a typical GMSB eventwith promptphotonsandjetsin the nal statein the
ATLAS detectoris shawvn in thex y-prole. Theinnerdetectoris shavn in black, while the ECal
and HCal systemsare displayedin greenandred, respectiely. The seggmentationof the calorimeters
is alsoindicated. The muonsystemis shavn in blue. The trackscomingfrom the primary interaction
vertex belongto jets andhave a transersemomentumlarger than10GeV. Jetsareindicatedasbrown
barsoutsidethe muonsystem.The correspondinglustersarealsoshovn in the calorimetersystemas
graybarsandtheir lengthscorrespondo the depositecamountsof enegy, whichis largerthan10GeV.
Photonsareindicatedwith yellow barsoutsidethe muonsystemandit canbe obsered that no tracks
belongto the photonclusters.Thedirectionof the missingtranserseenegy is indicatedwith a dashed
redline. Note,thatthe eventdisplayis shavn in astrong sh eye perspectie andthatthereforethe size
relationsbetweenthe individual detectorcomponentsare not realistic. Figure 6.5(b) shavs the same
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Figure6.4: Relative fraction of the numbersof particlesbeingthe motherparticle of the NLSPin the
GMSB1benchmarlscenario.

Name | syioqo) [PP] | L [TeV] | Mmess[TeV] | Ns | tanb | sign(m) | Cyras | Ct &0 [mm]
GMSB1| 7.8(5.1) 90 500 1] 5 + 1:0 1:1
GMSB3| 7.8(5.1) 90 500 1| 5 + 550 | 32 10°

Table 6.2: Summaryof the benchmarkscenariosusedin this chapter GMSB1 is a prompt photon
scenariowhile dataseGMSB3featuresion-pointingphotons.

eventandthe samedetectorcomponentén they zpro le. Mostof theactvity of theeventis foundin
thebarrelpartof thedetectorwhile only onejet is emmittedin theforwarddirection.

6.1.2 Datasetsand Monte Carlo simulations

In this thesisvariousdatasetsimulatingthe responsenf the ATLAS detectorfor the supersymmetric
signalandall relevant Standardviodel backgroundorocessesaslistedin Tah A.1, areused.Sincethe
GMSBsignalunderstudyhasacomplex nal stateincludinghigh multiplicities of severalparticletypes,
suchasjets, photonsandleptons,aswell ashigh missingtranserseenegy, a wide rangeof Standard
Model processegan potentially be misidenti ed asa GMSB event and thus have to be investigated.
Thereforethe samplesisedrangefrom purejet productionto tt productionandgaugebosonproduction
with additionaljets and photons. In addition, direct photon productionand di-bosonproductionare
investigated. As indicatedin the table, the eventshave beengeneratedvith ALPGEN, HERWIG or
PYTHIA. Thecorrespondinglatasethave beenproducedvithin thestandaratentralATLAS production
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ATLAS event:JiveXML_5410_00033 run:5410 ev:33 geometry: <default> Atlantis
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Figure6.5: Schematiwiew of atypical GMSB eventwith promptphotonsn the(a)x y-pro le and(b)
y z-prole of the ATLAS detector
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procedureandarewidely usedin the ATLAS SUSY working group[18].%)

As describedn Sect.4.1, the supersymmetrimassspectrumis calculatedusinglSASUGRA, while
HERWIG/JIMMY is usedfor the sparticlecascadalecays partonshavers,hadronizatiorandthe sim-
ulation of the underlyingevent. For the generationof eventswith a non-zerolifetime of the ¢2, as
in the GMSB3 scenario the lifetime thresholdabose which the particlesare not decayedwas setto
3.3 10 sin HERWIG similar to the default ATLAS con guratiorf). In the detectorsimulationthe
ATLAS interfacefor GEANT4 wasusedto de ne the propertiesof thelong-lived particles,suchasthe
decaylengthof thelightestneutralinoc?.

6.2 Discovery potential in the prompt photon scenario

The discovery potentialof ATLAS for GMSB modelswith promptphotonsin the di-photonchannel
is investigatedin this section. Characteristideatures,suchas multiple jets, high missingtrans\erse
enegy andhigh enegetic photonswill be usedto separatehe signaleventsfrom the StandardModel
background.The rst stepis to investigatethe possibletrigger stratgiesto selectthe signaleventson

trigger level. This mainly aimsat a high signalef ciency, ratherthanat a high backgroundejection
power. Oncea datastreamcomingfrom thetrigger systemis recordedthe secondstepis to optimize
the selectioncriteriain orderto separatehe signaleventsfrom the Standardviodel backgroundwith

high signalef ciency andhigh backgroundejectionpower simultaneously For this purpose a signal
signi canceis maximized.Usingtheselectiorcriteriade nedin thestudyof thefully simulatedGMSB1
benchmarlscenarioa fastsimulationscancanbe performedo estimatethe overall discovery potential
of ATLAS for GMSB1-like scenarios.

6.2.1 Signaltrigger strategy

The genericfeaturesof supersymmetrievents,suchas multiple high enegetic jets andlarge missing
transerseenegy canbeusedto trigger GMSB events.Additionally, the nal statephotonscomingfrom
the Ef decayprovide agoodpossibilityfor the online selection.

Asdiscusseth Sect.3.1, theLHC will berunin differentluminosityphasesThe rst phasewill start
ataroundL = 10*'cm 2s ! andlatertheluminositywill beincreasedtepwiseoL = 10%3cm 2s 1
andL = 10*cm ?s 1. Dependingontheluminositythe eventratewill be differentandthereforealso
selectiondasecbn differenttriggermenusareforeseer?)

The menufor initial datatakingwill be solelybasedonthe L1 selectionsincethe ratesarelow
enoughto allow for a transparenmodeof the HLT. The entiretrigger menuis subdvided into
seseral groupsof triggeritemsthat areinterestingfor differentphysicsanalysesor performance
analysesFor thestudyof GMSB eventsonly thetriggersfor electromagneticlustersasdescribed
in Sect.5.1.1, andfor jetsandmissingtranserseenegy arerelevant. The several triggeritems
canin principal alsobe combinedin an analysisandthusa variety of possibilitiesfor a GMSB
triggeris available. Figure 6.6 shawvs the trigger ef ciencies of variousL1 triggeritemsfor the
GMSB1 scenario.Hereandin the following, the trigger ef ciency is de ned asthe ratio of the
numberof eventswithout ary preselectiorcuts passinga certaintrigger requirementivided by
the total numberof simulatedevents. The nomenclaturef the triggeritemsis suchthatthe rst

3)Cuts on generatotlevel have beenappliedduring the productionof the backgroundsamples. This allows for a faster
simulationof themostrelevantbackgrouncprocessessinceeventswith e.g. very low E%“iss arerejectedn ary case For details
seeTah A.2.

Y Thisvalueis setin ordernotto decayk® andL particlesatthegeneratotevel, suchthatthey caninteractwith thedetector
materialbeforethey decay Thereforeremaoving or changinghecutis notallowed.

% Thesemenuscancurrentlychangeon a day-by-daybasisandthereforeno actualtrigger menuscanbe presentedhere.
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Figure6.6: L1 ef ciency of variouspossibletriggeritems,asdescribedn the text, for the selectionof

the GMSB1signalin thelow luminosityrunningphaseof the LHC.

Triggeritem Ef ciency [%] | Triggeritem | Ef ciency [%0]
2EM13 98.71 0.11 || MET70 81.39 0.39
EM100 83.00 0.38 | J70+MET30 | 93.64 0.25
EM18+MET15| 98.79 0.12 | 2J42+MET30| 93.98 0.24
J100 91.43 0.28 | 4J23 92.27 0.27

Table 6.3: Trigger ef ciencies and statisticaluncertaintiefor someinterestingtrigger items for the
GMSB1scenaridor thelow luminosityrunningphaseof the LHC.

numbergivesthe multiplicity of the trigger object,the secondpart of the namegivesthe type of
thetriggerobject,e.g. “EM” for “electromagnetic”;J” for “jet” and“MET" for “ E?‘SS’, andthe
seconchumbergivesthe enegy threshold.An additional“l” atthe endof the nameindicatesthe
applicationof anisolationcriterion. The combinedtriggeritems,suchas“J70MET30", arecom-
binedwith alogical AND. It canbeobseredthatthereis avarietyof possibilitiesto triggerevents
of the GMSB1 scenarian the low luminosity runningphaseof the LHC. Table 6.3 summarizes
the total ef ciencies of someof the interestingtrigger itemsfor GMSB1 with the corresponding
statisticaluncertaintiesthatcomefrom the limited statisticsusedin the simulation.

The menufor the stablerunningphasewith a luminosityof L = 10*3cm 2s  will includethe
decisionsof all threeavailabletrigger levels in the selection. Only the trigger itemswithout a
prescalefactof) areinterestingfor the studyof GMSB events,sincea maximalsignalselection
ef ciency is requiredto collectasmuchdataaspossible Again,avariety of possibilitiesto trigger
GMSB eventsexists basedon electromagneticjet or EM'SS trigger items. The L1, L2 and EF
ef ciencies of four interestingpossibilitiesarelistedin Tah 6.4, wherethe L2 andEF ef ciencies
alsoincludethe ef ciencies of the previouslevels. Thesearea singlephotontrigger (photonsare
denotedwith a“g” in the nameof thetriggeritem) for high enegetic photonswith pt > 55GeV,

8 Triggeritemscanbe prescaled which meansthatnot every selectedeventwill be recordeddueto the limited outputrate
of thetriggersystem.If e.g. minimum biaseventsarestudied,not every singleeventcanbe written to permanenstoragedue
to thelarge crosssection.Insteadonly every nth eventwill berecordedwheren is thecon gurableprescaldactor
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Triggeritem | L1 L1+L2 L1+L2+EF

g55 97.18 0.60| 84.47 1.32|80.47 1.44
2917i 71.13 1.65|55.07 1.81]|4791 181
j65+XE70 80.66 0.40| 80.63 0.40| 69.53 0.46
3j65 83.63 0.37| 8355 0.37|83.37 0.37

Table 6.4: Trigger ef ciencies and statisticaluncertaintiefor someinterestingtrigger items for the
GMSB1scenaridor theL = 10°3cm 2s ! runningphaseof the LHC.
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Figure6.7: L1 (blue),L2 (green)andEF (gray) ef ciencies of the g55triggerfor the GMSB1 scenario
asa function of thereconstructer of the leadingphoton. The pr distribution of the leadingphoton

with pt > 20GeV andjhj

1:37,1:52< jhj < 2:5is alsoshavn.

anisolateddi-photontriggerwith a thresholdof pt > 17GeV thatcould alsobe combinedwith

thesinglephotontrigger acombinedet (") plusmissingtranserseenegy (“XE”) triggeranda
multijet triggerwith a thresholdof pr > 65GeV, whichwill becomeespeciallyinterestingn the
analysisof the non-pointingphotonscenarian Sect.6.3. It canbe obsered thatfor both of the
plannedunningphaseshephotontriggersaswell asthe EMSSandjet triggersprovide possibilities
to triggerefciently on GMSBL1 events. The ef ciencies of the g55 photontrigger afterthe L1,

L2 andthe EF selectionsasa function of the reconstructedr of the leadingphotonare shavn

in Fig. 6.7 for the GMSB1 scenario.As expected after a steepturn on around60GeV a plateau
is reached.The integratedEF ef ciency afterthe thresholdof 60GeVis 98%. Additionally,

thedistribution of the reconstructedransersemomentunof the photonsis illustrated. Sincethe
selectioncriteria, asdescribedn Sect.5.1.], arere ned from level to level, the ef ciency drops
slightly, but remainsvery highin theregionabore 60GeV. Thetriggermenufor thestablerunning
phasds usedfor the signalselectiorasdiscussedn thefollowing.

A triggermenufor theL = 10**cm 2s ! runningphaseloesnotyetexistandwill beconstructed
basednthetriggeroperatingexperience®f the otherphases.

In summarythe useof photontriggersis possiblefor initial runningconditionsaswell asat higher

luminosity The efciencies are as high asfor the triggersbasedon jets and E?“SS and cantherefore
provide goodredundang



80 6 Discovery potentialfor GMSB modelswith photon nal states

1F T T T E
0 0-9? —S— Reconstructed events ?
c E 3
o 08F =
5 E_ —°— Generated events E
O 07E —— ]
o E m
c 06t =
i) E E
g 0.5E g
E 04F =

—o— 3
ERES . =
= [y 3
K 0.2 [ — -
(O] = E
X o1 =

E 1 3

Figure6.8: Distributions of the relative fraction of eventswith a given numberof photonswith pr >
20GeVandjhj 1:37,1:52< jhj< 2:5inthe nal statefor the GMSB1scenaridor eventsongenerator
level (red) andfor thereconstructe@vents(black).

6.2.2 Propertiesof the reconstructedsignal events

In the GMSB1 scenariod6.5%(18.5%)of the signaleventshave one(two) reconstructeghhotonswith
pr > 20GeVin the ducial acceptanceegionjhj < 2:5 usedfor photonidenti cation. Photonghatare
foundin the region wherethe barrelandthe endcapcalorimetersoverlap,i.e. 1:37< jhj 1:52, are
excluded.Figure6.8 shawvs thedistribution of therelative fractionof eventswith agivennumberof nal
statephotonswith pr > 20GeV andjhj 1:37,1.52< jhj < 2:5 on generatolevel aswell asafter
the simulationandidenti cation processwithout ary preselectiorcuts?) It canbe obsered thatthere
areeventsthatcontainmorethantwo identi ed high enegetic photons.Thesecanbebremsstrahlungr
morelikely misidenti ed electronswherethetrackhasnotbeenreconstructedyr pionsthatdecayto two
photonsandwherethe substructuref the shaver could not be usedfor the rejection(seeSect.5.1.3.
The fraction of fake photonsin the setof all reconstructeghhotonscan be estimatedoy matchingall
reconstructeghphotonsto a generateghhoton,pion or electronwithin a coneof DR< 0:1. About 94% of
thereconstructeghhotonscomefrom photonsfrom neutralinodecayswhile about5% comefrom pion
decaysandallitte fractionof lessthan1% comesfrom misidenti ed electrons.

Thejetsinitiated by the squarkandgluino decaysasshown in Figs. 6.3(a)and6.3(b)arevery high
enegeticdueto thelargemasdifferenceof about700GeV (500GeV) betweernthesquarkggluinos)and
the gauginogseeFig. 6.1). As discussedbaore, multiple jets canbe presentn the eventdependingon
thedecaychain. Thedistribution of therelative fractionof eventswith a givennumberof reconstructed
jetswith pr > 10GeVandjhj 1:37,1:52< jhj < 2:5for 1fb *is shawvnin Fig. 6.9(a) Theaverage
jet multiplicity is high, sincein additionto the squarkand gluino decaysalsoW decaysandinitial
stateradiationcanproducejets. About 90% of the eventshave at leastfour jetsin the nal statein the

ducial acceptanceegion. Thisfeatureis usedto rejectStandardviodel backgroundventswith low jet
multiplicity.

The distribution of the transersemomentumof the leadingjet is shavn in Fig. 6.9(b) It canbe
obsered thattwo differentcontritutions are present.Due to the large massdifferenceto the daughter

7 Thenumberof availablesignalMC eventsis 10000 correspondingo anintegratediuminosity of 1282.05b 1.
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Figure6.9: Distribution of (a) the relative fraction of eventswith a given numberof reconstructegets
and (b) the transersemomentumof the leadingjet for the GMSB1 scenariowith pt > 10GeV and
jhj 1:37,1:52< jhj< 2:5for 1fb 1.

particlesyveryhighenegeticjetsoriginatefrom asquarkor gluinodecay Thejetsin thelowertrans\erse
momentunregion arisefrom gauginopair productionevents,wherechaginosdecaytoW bosonghat
leadto nal statejets.

In the GMSB1 scenariothe decaychainsof the two initial supersymmetrigparticlesalways lead
to two gravitinos in the nal statethatescapealetection. Dependingon the transersemomentumand
the relative orientationbetweenthe two gravitinos this leadsto a signi cant amountof missingtrans-
verseenegy E}“‘SS. Additional neutrinosin the decaychainoriginatingeitherfrom sneutrinodecaysor
StandardModelW decaysaswell asfake E'SS asdiscussedn Sect.5.4.2alsocontritute to the total
amountof E}“‘SS. Thedistribution of thetransersemomentunof theleadinggravitino astakenfrom the
generatoinformationfor the GMSB1scenarids shawvn in Fig. 6.10(a)leadingto thedistribution of the
reconstructe&}niss asshavn in Fig. 6.10(b) E?‘SS is a very importantvariablefor therejectionof all
kinds of Standardviodel backgroundn mary analyse®f supersymmetrimodelsat the LHC [18] and
is alsousedin this analysisof the GMSB1 scenarido stronglysuppresshe multijet QCD background.

6.2.3 Signalselection

As shavnin Sect.6.2.], eventsof theGMSB1scenaricanbeselectednlineef ciently by usingphoton
triggers.The combinationof the singlephotontrigger“g55” andthe di-photontrigger“2g17i” from the
trigger menuof the stablerunning phasereachesa combinedef ciency of about85%. Figure 6.11(a)
shaws the distribution of E'SS for the signalandthe StandaraModel backgroundafter the application
of the trigger requiremenfor 1fb 1. It canclearly be obsered thatfor low valuesof E?“SS the QCD
multijet backgroundiominate$) For largevaluesof E;“‘SStheGMSBsignaldistritution decreasemsuch
slowver thanthe StandardModel backgroundlistributions. In orderto further separatehe signalfrom
the StandardModel backgroundhefollowing preselectiortutshave beenapplied:

1. Missingtrans\erseenegy E?“SS> 60GeV.

8)1t shouldbe notedthatthedistribution for theW backgrounds unrealisticfor E%“i33< 50GeVdueto thegeneratoprecut
(seeTah A.2).
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Figure6.10: Distribution of (a) the transersemomentunof the leadinggravitino (taken from the gen-
eratorinformation) and (b) the reconstructednissingtranserseenegy for the GMSB1 scenariofor
1fo 1.

2. Atleastfourjetsarefoundwith transersemomenturmpt > 50GeV (pr > 100GeVfor theleading
jet).

Figure6.11(b)shawvs the distributions of the numberof jetswith pt > 10GeV andjhj 1:37,1:52<
jhj < 2:5 afterthe applicationof the cut on E?“SS for the GMSB1 signalandthe Standardviodel back-
groundfor 1fb 1. It canbe obsered thatthe cut on the numberof jetsis very ef cient in reducingall
sourcef background Additionally, a cut on the momentunof the jetsis imposedsincelarge jet mo-
mentaareexpecteddueto thelarge masddifferencedetweerthe squarksandgauginosseeFig. 6.9(b)

After theseprecutsA809backgroundventsremain,while 3813signaleventsareselectedor 1o 2.
However, dueto thelarge jet crosssectionatthe LHC, QCD multiple jet events,aswell asotherback-
groundprocessegemainthathave large valuesof E?“‘Ssdueto poorly measuredets. Thereforeathird
cutis appliedin the preselection:

3. TheanglejDf | betweerE?“ssandthe rst, secondandthird jet mustbelargerthan0.2in orderto
reducethe backgroundrom poorly measuregets.

Fig. 6.12(a)shawvs the Df (E?“SS, 1stjet) distribution afterthe rst andsecondcut for the GMSB1
signalandthe remainingStandardModel backgroundeventsfor 1fb 1. It canbe obsered thatthis cut
furtherrejectsQCD multijet background After all preselectiortuts3216signaleventsand2894back-
groundeventsremainfor 1fb . However, asshown in Fig. 6.12(b)a cutonthenumberof reconstructed
photonswith pr > 20GeV andjhj 1:37,1:52< jhj < 2:5 providesan efcient way to ef ciently
suppresshebackground.

Table 6.5 shawvs the numbersof selectedsignaland backgroundeventsfor differentcut valueson
E?‘SS andthe numberof photonsincluding the preselectiorcuts andthe trigger requiremeni{g55 OR
2g17i). Tode ne a nal setof cutsasignalsigni cancehasbeende ned as

. p—
Semsel = #Signaleventss #BG events (6.2)

The setof cutsis optimal, whenthe signi cancereachests maximum. Additionally, the statisticaland
systematiauncertaintiesare given. The former are given by the statisticsof the Monte Carlo samples
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Figure6.13: Ef ciency of the GMSB1 signalselectionasa function of the cutsthathave beenapplied
sequentially

EMSS> | Ng Signal stat. syst.| 8BG stat. syst.| sgusg1 || QCD| tt |wW [Z°
60GeV | O 3216 50 332 2893 980 435 60 1468 | 1142 | 265 | 15
60GeV | 1 2030 40 132 80 11 53 227 0 64 | 17 | O
60GeV | 2 511 20 3 2279 361 0 2 | 0O
70Gev | O 3047 49 333 2456 977 387 61 | 1269| 947 | 223 | 15
70Gev | 1 1922 39 10 65 10 32 238 0 50 | 15 | O
70GeV | 2 477 19 4 229 337 0 2 0|0

Table6.5: Numberof selectedsignalandbackgroundventsfor 1 fb 1 afterthepreselectiorior different
cutson Ef"® andthe numberof photons.The statisticaland systematiauncertaintiesaregiven aswell
asthesignalsigni cancesgusg1. Thenumbersof selected)CD multijet, tt, W andz® eventsarealso
listed.

usedin the study?, while the latter are obtainedby varying the jet enegy scaleand the electromag-
netic enegy scale. The systematiaincertaintieson the enegy scalesareassumedo be 5% and0.5%,
respectiely [18]. The systematiaincertaintyis completelydominatedby the jet enegy scale,sinceit
strongly affectsthe measuredralue of E?“SS dueto the numerougetsin the events. The effect of the
electromagnetienegy scaleuncertaintyon the numberof selectedventsis negligible.

It turnsout that an optimal event selectionfor the GMSB1 scenariads given by the above de ned
preselectiortutsplusanadditionalrequiremenbn the minimal numberof nal statephotons:

4Ny 2,

wherethe signalsigni canceis largest,sgmss1 = 361. After requiringat leasttwo photonsin the nal

statethe signal(511 events)is almostbackgroundree (two remainingtt events)andcutting harderon
EIss just reducesthe numberof selectedsignal events. In event selectionsoptimizedfor mSUGRA
scenariogand other supersymmetriccenarioswithout photonsin the nal state)the cut on E?“SS is
typically harderandadditionalselectioncriteria suchasa minimal numberof leptonsor OSSFlepton

9 Dueto the large eventweightsof the QCD jet samplesthe statisticaluncertaintyon the numberof selectecbackground
eventsis large,whenthefractionof QCD jet eventsis large.
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pairshave to be chosen18]. Dueto the presencef decaychainsshavn in Fig. 6.3(b) OSSFlepton
pairscanalsobe presentin the GMSB1 scenariobut this decaychainis only exclusively selectedor
the measurementsf endpointsin invariantmassspectraasdiscussedn the next chapter Figure 6.13
shaws the ef ciency for selectingthe GMSB1 signaleventsasa function of the nal selectioncuts. It
canbe obseredthatthe preselectiorcutsarequite ef cient in selectingthe signalevents,while the cut
on the numberof photonsreduceghe signal signi cantly. However, the signalsigni canceis largest
for this cut, sincethe numberof remainingbackgroundeventsdropsto almostzero. In summary it
canbe concludedhatwith a simpleeventselectionbasedon a few variablesthe GMSB1 signalcanbe
discoreredwith high signi cancewith 1fb ! of data.

6.2.4 GMSB parameter scan

The selectioncriteriadiscussedn the lastsectionhave beenoptimizedfor a singlebenchmarkpointin
the GMSB parametespace For theinvestigationof thediscovery potentialof this selectioroverawider
rangeof the parametespaceit is necessaryo make useof afastdetectorsimulationto obtainadequate
statisticsfor the signal. As describedn Sect.4.2.2 the fastsimulation packageATLFAST hasbeen
developedwhich performsno detailedsimulationof particleinteractionswith the detectormaterial,but
insteadparametrizetheresponse.

Beforethe fast simulationcan be usedfor a parameteiscan,it hasto be ensuredthat the results
of the fastsimulationare reliable. This canbe doneby comparingthe distributions of the variables
usedfor the analysiswith the resultsobtainedfrom the full GEANT4 detectorsimulation. In caseof
signi cant deviations,the fastsimulationresulthasto be corrected.Figure 6.14 shavs the distributions
of EfMsS the numberof reconstructeghotonswith pr > 20GeV andjhj 1:37, 1:52< jhj < 2:5
andthe transersemomentaof the rst andsecondeadingphotonfor the GMSB1 scenario. The red
histogramshaws the resultfrom thefull detectorsimulation,while the blackdatapointsshawv theresult
from the fast simulation. It canbe obsered that the distributions of E?“SS agreereasonablywell to
be usedin a parameteiscan. On the other handlarge discrepanciebetweenthe distributions of the
numberof photonsandthe transersephotonmomentacanbe obsered, sincein the fastsimulationno
reconstructioref ciencies areappliedandno particlemisidenti cationsarepresentThisis correctecby
theapplicationof correctionfactors.In the presentainalysighis hasbeendoneby calculatingcorrection
factorsin 13 bins of the photon py thatare usedto randomlyrejectphotonsevent by eventaccording
to the probability given by the correctionfactor!® Theresultingcorrectedpr distributionsfor the rst
and secondeadingphotonare shovn as greendatapointsin Figs. 6.14(c)and 6.14(d) respectiely.
The correcteddistribution of the numberof nal statephotonsis shawvn in Fig. 6.14(b) After these
correctionsaandthe applicationof the preselectiortutsandtherequiremenof atleasttwo photonsn the

nal statethe numberof selectedventsfrom thefastsimulationis 568agreeingwith thefull simulation
result(511) within the uncertaintiesseeTah 6.5, After correctionthe fastsimulationis assumedo
bereliableto performthe parametescan.

Asshavnin Fig. 2.13(b) thetypeof theNLSR i.e. thediscorery potentialin thetwo photonchannel,
dependson the value of tanb. Therefore,tanb hasbeenchosenas one scanparameter The other
parametethatis interestingto investigateis L, sincethe masse®f the supersymmetriparticlesscale
linearly with L. Hence thetotal supersymmetricrosssectiondecreasewith L andit is expectedthat
thisis alsotruefor the discovery potentialfor thesescenariosOn the otherhand,no strongdependence
of the discovery potentialon Mmessis expected sincethe particle massescaleonly logarithmicallyin

19The correctionfactorsareobtainedby calculatingthe relative photonidenti cation ef ciency of the GEANT4 simulation
andthefastsimulationasa functionof thetrans\ersephotonmomentum.

19 sincethefastsimulationdoesnotincludeatrigger simulation the photontrigger decisionhasbeenemulatedby randomly
rejectingeventsusingthetriggeref ciencies from Tah 6.4.
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Figure6.14: Distributionsof (a) EIsS, (b) the numberof reconstructeghotonswith pr > 20GeV and
jhj 1:37,1:52< jhj < 2:5 andthetransersemomenteof the (c) rst and(d) secondeadingphoton
for the GMSB1scenario.

Mmess Ns = 1 andCqyra = 1 arealso x edto obtaina scenariovith photonsin the nal state(Ns = 1)
thatcomefrom theinteractionvertex (Cyra, = 1)12

For the scanL hasbeenvariedfrom 60TeV to 200TeV in stepsof 10TeV, while tanb hasbeen
variedfrom 2 to 50 in stepsof 2. The othermodelparametergare x edto N5 = 1, Mpess= 500TeV,
sign(m = + andCgya = 1, asfor the GMSB1 scenario. The scannedegion concurswith the region
usedin Fig. 2.13(b)in whichthe ¢? is mostoftenthe NLSP In eachpointof the parametespacel 2500
eventshave beengeneratedand passedhroughthe fastsimulation. The event selectionas described
in the last sectionhasbeenappliedto eachsignal sample. Figure 6.15 shavs the contourlines with
ten signaleventsfor differentintegratedluminosities!® It canbe seenthat for large valuesof tanb

12 Thesimulationof non-pointingphotonsis not possiblewith ATLFAST.
13 The criterion of 10 signaleventsfor a discovery hasbeenchosenarbitrarily, but correspondso sgmsg1 7 given the
de nition of asigni canceasdiscussedh Sect.6.2.3undertheassumptiorof two remainingbackgroundvents.For integrated
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Figure6.15: Discovery potentialin theL  tanb planefor N5 = 1, Mmess= 500TeV, sign(m) = + and
Cyrar = 1. Thecontourlineswith tensignaleventsareshavn for differentintegratedluminosities.

no discorery canbe madewith the selectionbasedon hard photons,sincethe f; is the NLSP andno
photonsareexpectedn the nal staté¥. However, in theregionwherethe Ef is the NLSPR, alreadywith
300pb !theregionuptoL 160TeV canbecoveredcorrespondingo squarkmassesf mg  1:7 TeV
andgluinomasse®fmy 1:3TeV. In generalthediscovery potentialfor GMSB with promptphotonss
largein the scannedegionsof the parametespace . This resultgivescon dencethatanearlydiscovery
of GMSB1-like scenarioss possiblewith the ATLAS detector

6.3 Discovery potential in the non-pointing photon scenario

Thediscorery potentialof ATLAS for GMSB modelswith non-pointingphotonsis investigatedn this
section.In generalthe samefeaturessuchaslarge E?“SS andmultiple jets,asin the eventselectionfor
the GMSB1scenariocanbe usedfor thebackgroundejection.Additionally, the non-\anishinglifetime
of theneutralinocanbe exploited.

The rst stepis to de ne atriggerstratgy to selecttheeventsontriggerlevel. Thesecondstepis the
optimizationof criteriato ef ciently selectthe signaleventsandrejectthe StandardMiodel background
in the of ine dataanalysis.The GMSB3 scenaricasdiscussedn Sect.6.1.1is usedasthe benchmark
scenario.

6.3.1 Signaltrigger strategy

Sincethe only differencebetweernthe GMSB1 andthe GMSB3 scenarids the neutralinolifetime, the
samefeaturesasdiscussedn Sect.6.2 canin principle be usedfor triggeringon GMSB3 events. Espe-
cially thetriggeritemsshavnin Tah 6.4 areinterestingor this purpose Table6.6 shavstheef ciencies
of thesetrigger itemsfor the GMSB3 scenariofor theL = 1033cm ?s ! runningphaseof the LHC
andit canbe obsered thatthetriggersbasedon E?“SS andjetsareasefcient asin the promptphoton

luminositiessmallerthan1fb 1 the numberof backgroundeventswould have to be scaleddown to calculatea signi cance.
However, for almostvanishingbackgroundsucha procedurds doubtful.
19 Thediscovery potentialfor nal statesncludingt leptonsin the GMSB modelis discussedn [120.
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Triggeritem | L1 L1+L2 L1+L2+EF
g55 90.19 1.08| 46.04 1.81| 36.88 1.75
2917i 34.13 1.72|17.77 1.39| 12.87 1.22
j65+xE70 80.38 0.56|80.24 0.56| 71.18 0.64
3j65 79.80 0.57|79.66 0.57| 79.62 0.57

Table 6.6: Trigger ef ciencies and statisticaluncertaintiefor someinterestingtrigger items for the
GMSB3scenaridor theL = 10°3cm 2s ! runningphaseof the LHC.

case!® Ontheotherhand,alarge deviation canbe obseredfor thetriggersbasecn photonselections
(g55and2g17i). Theefciency lossfor the g55triggeron L1 arisesfrom the numberof photonswhich
areproducedwithin the ducial region of thedetector Thelargerthe NLSP lifetime is, thelargeris the
numberof NLSPsthatwill decayoutsidethe inner detectorandthe resultingphotonscannotbe mea-
sured.This effectis evenmore pronouncedor the 2g17itrigger, which is optimizedfor the production
of two photonswithin theinnerdetectorvolume. On L2 andEF level cutsareimposedon the shapeof
the electromagnetishaver, asdiscussedn Sect.5.1.1 Sincephotonsthatappearat a certaindistance
from the primaryinteractionvertex have a wider shaver shapethanpromptphotonsanadditionalloss
in ef ciency is presen{seeFig. 5.9 andthe correspondingliscussion).

Sinceone cannotassumehat the online selectionof photonswill changebeforea positive signal
for non-pointingphotonsappearsthe signalwill be selectedusingatriggerbasedon therequiremenbdf
multiple hardjets (“3j65") in this analysis.The transerseenegy thresholdfor the jetsis chosersuch
thatonthe onehandthetriggerrateremaindow enougho have no prescaldactorandontheotherhand
the selectionef ciency is ashigh aspossible.A thresholdof 65GeV is usedin the following to select
the GMSB3signalontriggerlevel.

6.3.2 Signalselection

For the nal selectionof the eventsin the GMSB3 scenaricagainthe samefeaturesasin the GMSB1
scenariccanbe used.Again, large E%“‘SS andmultiple high enegetic jets areexpectedn the nal state.
On the otherhand,Fig. 6.16 shavs that the distribution of the relative fraction of eventswith a given
numberof nal statephotonswith pr > 20GeV andjhj 1:37,1:52< jhj < 2:5 is differentdueto
thereduceddenti cation ef ciency for non-pointingphotons.Thered datapointsshawv the distribution
takenfrom the generatoinformation,while the blue andblack datapointsshav the distribution for the
standardandunbiasedseeSect.5.3) photonidenti cation, respectiely. It canbeobseredthatthetotal
numberof reconstructegbhotonsis reducedcomparedo the GMSB1 scenario(seeFig. 6.8) andit is
expectedthat the requiremenbf at leasttwo photonsin the nal stateis inef cient in this case. The
following preselectiortutsareimposed:

1. Themissingtranserseenegy E?“SS mustbelargerthan60GeV.

2. At leastthreejetswith pr > 65GeVandjhj < 2:5 (dueto thejet triggerrequirementandafourth
jetwith pt > 10GeV mustbefound.

3. TheanglejDf j betweerEMSSandthe rst, secondandthird jet mustbelargerthan0.2.

4. At leastonephotonusingtheunbiasedelectiommustbepresentith pr > 20GeVandjhj 1:37,
1:52< jhj< 2:5. Sincethephotonidenti cation ef ciency is lowerthanin thepromptphotoncase

19 Theslightdropof theef ciency of the 3j65triggeris dueto thenon-\anishingéf lifetime. Somefractionof theneutralinos
decayoutsidethe inner detectorvolume and no photonscan be measured.Since photonscan also be recognizedby the jet
triggers.this leadsto a decreaseéf ciency.
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Figure 6.16: Distributions of the relative fraction of eventswith a given numberof photonswith
pr > 20GeVandjhj 1:37,1:52< jhj< 2:5in the nal statefor the GMSB3 scenaridfor the gen-
eratorevents(red) andfor the reconstructedventsfor the standardblue) andunbiasedblack) photon
identi cation.

andsomefractionof theneutralinoslecayoutsidethedetectortherequiredmultiplicity compared
to Sect.6.2.3is reduced.

As in the caseof the GMSB1scenariahe rst andsecondcut greatlyreducethe Standardviodel back-
ground,while thethird cut senesasa goodhandleto rejectQCD multijet backgroundhatleadsto fake
E?“SS. The cut on the numberof photonsfurtherreduceghe StandardModel backgroundandafterthis
preselectioril441 eventsof the GMSB3 signal sampleand 606 backgroundeventsremainfor 1fb *.
The StandardModel backgrounds mainly dominatedoy tt andW ! e n events,wherereal E?‘SS is
presentlueto the neutrinosin the nal stateandelectronsaremisidenti ed asphotons.

The specialkinematicsof non-pointingphotonsoffers additionalopportunitiesto discriminatethe
signal photonsfrom the backgroundusingthe measuremendf the clustertimet ¢yster asdiscussedn
Sect5.3.2 Thedistribution of thereconstructedlustertimeof theleadingphotonwith pr > 20GeVand
jhj 1:37,1:52< jhj < 2:5 for the GMSB3signalis shavn in Fig. 6.17(a)withoutary eventselection
cutsfor 1fb 1. It canbe seernthatadelayedclustertimeis indeedexpectedfor the GMSB3signal. The
clustertimedistribution for the signalandthe Standardviodel backgroundafter the preselectiorcutsis
shawvn in Fig. 6.17(b)for 1fb 1. Thebackgroundlistribution hasa Gaussiarshapearoundt cjyster= O,
asexpected. Thetotal resolutionis around200ps agreeingwith the expectationof a valuelarger than
100psincluding an enegy dependenterm, asdiscussedn Sect5.3.2 This resultis exploited for the
separatiorof the signalfrom the backgroundby the following cut, which is appliedin the nal event
selection:

5. At leastoneidenti ed photonmustbefoundwith a measuredlustertimdargerthan0.6ns.

Fig. 6.18(a)shaws the signalsigni cance s gmsgs asa function of the clustertimethresholdusedin the
nal cutl® As canbe obsered, the maximumis reachedor tser> 0:6ns. Figure 6.18(b)shavs
the ef ciency for selectingthe GMSB3 signaleventsasa functionof the nal selectioncuts. It canbe

19|t is assumedhatfor tquster> 0:6ns at leasttwo backgroundeventsremain,sinceary calculationof a signi cance is
doubtfulfor zerobackgroundvents.
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nal cutfor 1fb 1. (b) Ef ciency of the GMSB3signalselectionasa functionof the cuts.

obseredthatthepreselectiortutswithouttherequirementf atleastonephotonin the nal stateareef-
cient in selectinghesignalevents(asis thecasdgor theGMSB1scenario)while thecutsonthenumber
of photonsandthemeasuredlustertimereducethe signalsigni cantly. However, thesignalsigni cance
is largestfor thesecuts, sincethe numberof remainingbackgroundeventsagaindropsto almostzero.
With the nal selectioncutsthe GMSB3signalis almostfree from backgrounctontritutionsfor 1fb 1
andadiscorery canbe madewith high signi cance: 504 signaleventsandonly two backgroundevents
remaint”

191 the GMSB3signaleventsareselectecusingthe nal selectioncutsof Sect.6.2.3including the photontrigger require-
ment,only 16 eventsremain. Hence,the specializedhon-pointingphotonselectionis muchmore ef cient in the caseof a
GMSB3scenario.



Chapter 7

Measurementsfrom GMSB events

It hasbeenshawn in the lastchapterthat supersymmetrpasedon a GMSB modelwith photonsin the
nal statecanbe discoveredby ATLAS with a small dataset, if the masseof someof the colored
supersymmetriparticlesareof the orderof 1 TeV. Oncea signatureconsistentvith supersymmetrpas
beenestablishedmeasurementsf the propertiesof the supersymmetriparticlescanhelpto constrain
theunderlyingmodelrealisedn nature:

Kinematic edgesin invariant massspectracan be usedto constrainthe massef the particles
involvedin thedecay This hasbeenstudiedin detailfor mSUGRA-like scenario$ 18], aswell as
for GMSB modelswith f NLSPs[12(. In the GMSB modelsstudiedhere theadditionalphotons
in the nal statecanbeusedto built additionalinvariantmasscombinationg 121].

If theGMSB modelhasnon-pointingohotonsn the nal statetheNLSPlifetime canbemeasured
andtheunderlyingmodelcanbefurtherconstrained.

In the following sectiongmeasuremertechniquedor supersymmetriparticlemassesisingkinematic
edgesn invariantmassspectraaswell asmethodgo determingheneutralindifetime arepresentednd
testedn acertainbenchmarlscenario.

In principle,the kinematicedgesareidenticalfor promptandnon-pointingphotonscenariossthey
only dependon the masse®f the particlesinvolved in the decayandareindependenbf the neutralino
lifetime. Sincea scenarionith a non-vanishingneutralinolifetime representshe moregeneralkaseand
thein uence of thelifetime measuremenn aglobalGMSB t is investigatedn Chap.8, anon-pointing
photonscenarioGMSB2with Cyra = 30 andteg = 3:34ns) for the massmeasurementis usedin the

following.?

7.1 Measurementsof kinematic edgesand particle masses

In supersymmetriecnodelswith R-parity conseration the particledecaychaincannotbe reconstructed
completely sincetwo LSPsleave the detectorundetected For this reasonkinematicendpointsin in-
variantmasdistributionsratherthanmasgpeaksaremeasure@ndfrom the combinatiorof severalsuch
measurementihe particle masseganbe reconstructedExtensve studiesin this eld have beendone
in the pastto analysehe potentialof the ATLAS detectorfor n'SUGRA-like scenariosvith leptonsand

DThe GMSB2 scenarichasthe sameparametersisthe GMSB1 and GMSB3 scenariosbut with Cgra, = 30. This results
in a lifetime of tco = 3:34ns. The GMSB2 scenarichasbeenchosengsinceit turnsout thatits NLSP lifetime is in a well
measureableeglon The uncertaintieon the lifetime measuremerin GMSB3 aremuchlargerthanin the GMSB2 case.A
sampleof 60000 GMSB2 eventshasbeengeneratedaind passedhrougha full GEANT4 detectorsimulationfor this study
correspondingo approximately7.5fb 1.

91
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jetsin the nal state[18]. However, for the GMSB2 scenariadiscussedhere,the additionalphotonsin
the nal stateprovide extrainformationto be exploited[121].
In this studythe decaychannekhavn in Fig. 6.3(b)is investigated:

g! &q! iyl gt &t q! Gd*l g l=em (7.1)
The nal statethereforecontainsat leasttwo OSSFleptons,whereonly electronsandmuonsare con-

sideredasleptons? Additionally, the nal statephotonsaswell asthejetsarisingfrom the squarkand
gluino decaysareused.

7.1.1 Eventselection

Theadditionalrequiremenbdf leptonsin the nal stateleadsto slight modi cations of the selectioncuts
of theother nal stateobjectscomparedo thediscorery analysisfor non-pointingphotonsdiscussedn

Sect.6.3. Here,eventsareselectedyhich containtwo photonswith pt > 20GeV andjhj < 2:5 (using
theunbiaseddenti cation criteria,asdiscussedn Sect.5.3) andexactly two electrongseeSect.5.1.4

or two muon$) with jhj < 2:5 and pre > 10GeV and pr.;m> 5GeV, respectiely?. Althougha non-
pointing photonscenariois chosen,two photonsin the nal stateare requiredto be ableto resohe
ambiguitiesn theassignmendf thephotongo thedecaychainthatcontaingheleptonpair. Additionally,

threejetswith py > 65GeV andvaluesof themissingtranserseenegy largerthan50GeV arerequired.
Again the multiple jets trigger requirement(“3j65”) hasbeenimposed. With thesecuts, 772 signal
GMSB2eventsremainfor 7.5fb 1 of datawhile the SM backgrounds negligible. For smallervalues
of integratedluminositiesthe statisticsof the selectedsignalwasfound to be too small for a reliable
measuremerdf thekinematicedges.

7.1.2 Measurementof endpointsinvolving leptonsand photons

The ag decayshawvn in Fig. 6.3(b)is particularlysuitedto measurghe masse®f the ag, theig andthe
6?.6) Thesecanbereconstructedrom thefour invariantmassspectrd 121] thatcanbe measuredising
only theleptonsandphotonsof the nal state:

1) If atleastoneof the sleptonsis lighter thanthe ¢9 (asin the GMSB2 scenario) the two-body
decaychanneled! Igl ! &%l dominatesandthe spectrunof theinvariantmassof thetwo
leptonsfeaturesa sharpendpointat

i, m mom
”ﬁ

wherethe numericalvalue correspondgo the expectedresultin the GMSB2 scenariousingthe
valuesof the particle massesas calculatedwith ISAJET. In the reconstructiorof the di-lepton

<<

max —
M=

= 1064 GeV: (7.2)

2 For a discussiorof invariantmassdistributionsinvolving t leptonsin the nal stateseee.g. [18,120.

3) For the detailsof the muonreconstructionseee.g. [18).

“Theregion 1:37< jhj  1:52, wherethe barrel calorimetersand the endcapcalorimetersoverlap, are excludedfor the
photonsJeptonsandjetsthroughouthis chapter

5 The signal selectionefciency is decreased¢omparedo Sect.6.3 dueto the small branchingratio for the decay(7.1)
involving OSSHeptonpairs.

81t shouldbe notedthatthis is only possibleunderthe assumptiorof a masslesgravitino. Theinvariantmassdistributions
may eventuallybe interpretedn a differentway, e.g. including a left-handednsteadof a right-handedslepton. All possible
interpretation$ave to beinvestigatedn global ts of thedifferentmodelsto the dataandtheresultingc 2-distributionshave to
be comparedn orderto decidewhich modeldescribeshedatabest.Thisis investigatedn Chap.8
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Figure7.1: (a) Di-leptoninvariantmassdistribution in the GMSB1 scenaridfor 100fb ! of datasim-
ulatedwith a fastsimulation. (b) Flavor-subtractedi-leptoninvariantmassdistribution in the GMSB2
scenaridor 7.5fb 1. The avor backgroundrom thesignalis alsoshavn in bothcases.

2)

invariantmassspectrunpossiblyremainingbackgroundrom two independenteptonicdecaysn
StandardModel processesaswell asin the supersymmetriprocesstself, can be removed by
usingthe avor-subtracteccombination

N(e"e )=b+ bN(m"m) N(e m); (7.3)

whereN is the numberof eventsin a certainbin. SinceGMSB modelsare avor- (andchage-
) conserving,the leptonsfrom the decay(7.1) are 100% correlatedin avor, whereasthe lep-
tonsfrom the backgroundprocessesanhave the sameor opposite a vor (OSOF)with the same
probability The efciency correctionfactor b = 0:86 is equalto the ratio of the electronand
muonreconstructioref ciencies [18]. As an illustration of the expectedshapeof the distribu-
tion, Fig. 7.1(a)shavs the di-leptoninvariantmass(black datapoints) of a GMSB1 scenaridor
100fb ! of datasimulatedwith afastsimulationtogethemwith the distribution of the a vor back-
ground(red datapoints). As expected,it canbe obsened thatthe avor backgroundlistribution
cancelsthe signaldistribution exactly for valueslarger thanthe expectedendpointthatis given
by a sharpedge. Sincethe branchingratio for the decay ¢! &2z° is non-vanishing(  3%)
thedecayingZ? contritutesa small peakat my clearlyvisible in the gure. The avor-subtracted
di-leptondistribution for the GMSB2 scenarigpassingga GEANT4-basedletectorsimulationfor
7.5fb Lisshavnin Fig. 7.1(b) Thepeakfrom theZ? decayis nolongervisible dueto thesmaller
dataseandtheendpoints smeareaut. Thisdistribution hasbeentted with atriangleconsoluted
with a Gaussiamesolutionfunctionandtheresulting t functionis alsoshavn in the gure.

The sequentiatwo-bodydecayf the 9, the ir andthe ¢? in thedecay(7.1) leadto anendpoint
with alinearvanishingin theinvariantl*| gmassspectrumat
q_—_
Mig = m, m,= 1916GeV: (7.4)
2 1

Due to the presenceof two photonsin the nal statetwo differentl ™1 g combinationscanbe
constructed. Since at leastone of the combinationsmust have an invariant masslessthanthe
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Figure7.2: (a)l*1 ginvariantmassdistribution in the GMSB1scenaridor 100fb * of datasimulated
with afastsimulation.The a vor backgroundrom thesignalis alsoshavn. (b) Flavor subtracted™| g
invariantmassdistribution in the GMSB2scenaridor 7.5fb L.

3)+4)

valuegivenin Eq. (7.4), thedistribution of the smallerinvariantmassvanishesat this point. Fig-

ure7.2(a)shavstheexpectedshapeof thedistribution (blackdatapoints)for the GMSB1scenario
for 100fb ! of datasimulatedwith afastsimulation. The avor backgroundred datapoints)is

alsoshavn andagainthetwo distributionscanceleachotherfor invariantmassvalueslargerthan
the expectedendpoint.Figure 7.2(b) shavs the avor-subtractedlistribution of thel*| g invari-

antmassfor the GMSB2scenaridor 7.5fb ! of GEANT4-baseagimulatedMC data.Again, the
endpoints smeareautdueto thesmallerstatisticsof theMC sample.Thelinearvanishingcanbe

tted with alinearfunctionconvolutedwith a Gaussiano obtaina measuremerfor theendpoint.
The t resultis alsoshavn in the gure.

Finally, thel g invariantmassdistribution canbe exploited. Due to the two leptonsin the nal
statethis distribution hastwo contritutions: a distribution with a sharpendpointis expectedfor
thecombinatiorof the photonwith the second'so-callechear) lepton(i.e. theleptonwhich arises
from thelg decay)andadistribution with alinearvanishingis expectedor thecombinatiorof the
photonwith the rst (far) lepton(i.e. theleptonthatarisesrom the ¢ decay).Thecorresponding
endpointsaareexpectedat:

q_ —

Mig™ ™= " me  mZ, = 1079 GeV, (7.5)
q_— -

M[orme = mg, g = 1583 GeV: (7.6)

The ambiguityarisingfrom the presencef the additionalphotonfrom the othersupersymmetric
decaychaincanberesohed by chosingthe photonfor which theinvariantmassof thetwo | *1 g
combinationds smallerthanthe endpointmeasuredn Eq. (7.4). This requiremenensureghat
this| g combinationis a resultof the &9 decay If noneor both of the combinationdeadto an
invariantmasssmallerthanthe endpoint,the eventis rejected. This reduceghe statisticsin the
analysig, butis theonly possibilityto resole theambiguitiesandto obtainaprecisemeasurement
of thel ginvariantmassendpoint.Figure7.3(a)shavstheinvariantmasddistribution (blackdata

7) Around 45% of the eventsthathave at leastonecombinationsmallerthanthe endpoint have both combinationsmaller
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Figure7.3: (@)l g invariantmassdistribution in the GMSB1 scenariofor 100fb ! of datasimulated

with a fastsimulation. The avor backgroundrom the signalis alsoshavn. (b) Flavor subtracted g
invariantmassdistribution in the GMSB2scenaridor 7.5fb L.

points)for the GMSB1 scenaridor 100fb ! of datasimulatedwith a fastsimulation. The sharp
edgeandthelinearvanishingareclearly visible. For this distribution no backgroundemainsfor
valueslargerthanthe expectedendpoint. The avor-subtracted g invariantmassdistribution is
shawn in Fig. 7.3(b)for the GMSB2 scenaridor 7.5fb 1 of GEANT4-basedimulatedViC data.
As for the otherinvariantmasscombinationghe sharpendpointaswell asthelinearvanishingare
smeareautandcanbe tted by a connectiorof linearfunctionsconvolutedwith a GaussianThe
t resultis alsoshavnin the gure.

Thefunctionsusedto t theinvariantmasdistributionsareparameterizeduchthattheendpointsare
free t parameterandtheir statisticaluncertaintiesanbereadoff directly fromthe t results.Thesys-
tematicuncertaintiesrom binningeffects,startingvaluesof the t andchoiceof the t rangesiominate
the systematiancertaintie§rom variationsof the electromagnetienegy scale.Both have beenadded
in quadratureo obtainthetotal uncertaintyon the measure@ndpoints.The valuesobtainedin the ts
andtheuncertaintiesarelistedin Tah 7.1togethemwith their expectedvaluesfor the GMSB2 scenario.
It canbe obseredthatthe expectedendpointvaluescanbereproducedvithin theiruncertainties.

Theset resultsareusedasinputfor aglobal GMSB t in Chap.8. Additionally, thefour measured
endpointsanbeusedto calculatedlrectlythemassesnco, 20 andny. of thethreesupersymmetripar
tlclesmvolvedln theinvestigatedlecaychain. The Egs. 7. 2 7.4and7. 60anbeepr0|ted|n anumerical
c? minimizationto extractthe particlemasse$rom the combinatiorof endpointsThe ¢ 2 is de ned as

4 ax  tma 0 001 2
é (W{;n k X(;nc m, )) (7.7)
k=1 k

c?=

wherem™® andsy denotethe t valueandits uncertaintyrespectiely. Thetheoreticalexpressiongor
theendpointsaredenoted"®. The t is stablefor largevariations(  50%)of thestartingvaluesof the
t. Theresultsof this calculationtogethemwith the true valuesfor the GMSB2 scenaricarealsolisted
in Tah 7.1 Again, the valuesobtainedfrom this analysisagreewith the expectedvalueswithin their
uncertaintiesIn summaryit canbe concludedhatfor this analysisof the GMSB2 scenaridhe masses
of the supersymmetriparticlescanbe determinedvithin a precisionof afew percentwith 7.5fb .
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Obsenrable | expectedvalue[GeV] | tted value[GeV]
M 106.4 108.0 4:3
M{P?Xg 191.6 189.6 3:8
MG 107.9 104.4 37
M 158.3 161.9 39
Mo 118.8 114.0 955
Mzo 2255 222.5 6:3

A 160.5 154.1 8.0

Table7.1: Expectedand tted valuesof thekinematicendpointsandsupersymmetriparticlemassesn
the GMSB2scenaridor 7.5fb .

7.1.3 Measurementof endpointsinvolving leptonsand jets

In the lastsectiononly the decayof the 5g with theresulting nal stateparticleshasbeeninvestigated.
Similarto thestudiesof themSUGRAmModelq 18] thejetsof the nal statearisingfrom theinitial squark
or gluino decaycanalsobe usedto constrainthe squarkandgluino massscaleby combiningthemwith
the nal stateleptonsfrom the &2 andir decays:

g! &9q! iyl gt &A*I o (7.8)

The following threeendpointsof invariant massdistributions involving jets andleptonscanbe recon-
structed:

1) Asin thecaseof the nal statephotonof the previous section,the jet canbe combinedwith the
two leptonsto formthel* | g invariantmass.Theendpointof this distrikution is givenby [122]

(7.9)

wheremg-; is the massof the decayingsquarkor gluino, respectiely. However, thetype of the
initial coloredparticle cannotbe determinedrom the reconstructeget andthe distribution is a
combinatiorof thedistritutionsof all squarkandgluinodecays? In the GMSB2scenaricstudied
here, the different squarktypeshave similar masses.g. mg = 987.3GeV, mg, = 9445Ge\,
mg = 9903GeV andmy, = 9410GeV, while the gluino massis givenby mg = 7356 GeV. In
principal,thedifferentsquark a vor contritutionscanbeseparatetdy combiningreasonabldting

functionsfor eachof thecontritutionsthatcontainthe correspondingndpointasafreeparameter
However, dueto the smallnesof the differencesof the squarkmassesthe limited statisticsand
the experimentalresolution,sucha decompositionn termsof the squark a vor is not possiblein

the presentanalysis.

In the calculationof the invariantmassof Eq. (7.10 it is assumedhatthe coloredparticle aris-
ing from the initial squark/gluinodecayproducesone of the two jets with the highesttranserse

8 The possibility of b-taggingor top quarkreconstructioris not consideredere.
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Figure7.4: () m+,  invariantmassdistribution in the GMSB1scenaridor 100fb * of datasimulated

with afastsimulation.The avor backgroundrom thesignalis alsoshavn. (b) Flavor subtractedn;«|
invariantmassdistribution in the GMSB2scenaridor 7.5fb 1.

momentumin the eventdueto the large massdifferencebetweerthe squarks/gluin@ndthe sec-
ondlightestneutralino.Sincea maximumvalueis expectedfor the distribution, the jet giving the
lower invariantmassis used? Figure7.4(a)shavs theexpectednvariantmasddistribution (black
datapoints)for the GMSB1scenaridor 100fb ! of datasimulatedwith afastdetectorisimulation
togethemwith the a vor backgroundreddatapoints). Thedistribution featuresalong tail with an
endpointaround800GeV from all the squarkdecaysanda separatendpointfor the contritution

of the gluino decaysand possiblywrongly assigned*| q combinationsvhich is clearly visible
for smallermassesin the following analysisit is assumedhatthe secondcontrikution is mainly
dueto decayinggluinosto interpretthe endpointin termsof a gluino mass.Figure 7.4(b) shavs
the avor-subtracted*| q invariantmassdistribution for the GMSB2 scenaridor 7.5fb 1. To
determinethe endpointsof the two contrikutionsthe shapeof thetails is parameterizeavith two

linear functionscorvolutedwith a Gaussiarresolutionfunction[18]. Theresultof the t is also
shavn in the gure. The endpointof the squarkcontritution is determinedo be (810 60) GeV,

while the endpointof the gluino contrikution given by the rst partof the linear functionsis de-
terminedto be (530 50) GeV. As canbe seenfrom the distributions thesevalues(andalsothe
following in this section)are quite uncertainwith the given statisticsandwill not be usedin the
global ts of Chap.8. Thevaluefor the squarkmeasuremeris in goodagreementvith the end-
point Ml’f‘qax = 7974 GeV expectedfrom Eq. (7.10 usinga weightedaveragedsquarkmassscale
mg = 9651 GeV, wheretheweightsaregiven by the productionfractionsof theindividual squark
avors19 Thevaluefor the gluino contritution differs by around2s from the expectedvalue of

MI’}}]""X: 5950 GeV, which shavs thatthe assumptiorof a purecontritution from gluino decayss

oversimplifying.

2) + 3) Thejet usedfor the reconstructiorof thel*| g invariantmasscanalsobe combinedwith only

9 This assumptiomay probablyproducea shift to lower valuesin thedistribution, if the otherof thetwo jetsarisesfrom the
initial squark/gluinalecay This canbeseenn whatis calledthegluino contribution in thedistribution. Sincethis contritution
hasa smallerinvariantmassthanthe squarkcontrikbution dueto thelower gluino massthegluino contritution is contaminated
with wrongl*| g combinations.

19 Theweightsw aregivenby w(li..r) = 3 andw(d_r) = £ from the generatoinformation.
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oneof thetwo leptons. The correspondingwo resultsfor the invariantlq mass%aredenoteom}‘a"V

and m,hc;gh dependingon their values(i.e. m}gW < mh(;gh). For the invariantl g massdistributions

endpointaareexpectedat[123

h [

. 1
M = max MTex 2; mmax 2 7, (7.10)
n #1
M, M, e 2, '
low;max _ ,..: max 2. 4= C; R C1 .
MIq = min Mlneaq : e 1, : (7.11)
R Cl
with
Inead m%o ’ )
¢
pmax 2 — mé:g m%g mIgR m%f (7.13)

ItarQ rnlg
R

Figure 7.5(a)shawvs the expectedm}‘c’]"" distribution (black datapoints) for the GMSB1 scenario
for 100fb ! of datasimulatedwith a fastsimulationtogetherwith the avor background(red
datapoints). As in the caseof the m q distribution, two contritutionsarevisible. Thelongtail is
expectedo comefrom jetsarisingfrom squarkdecaygqusingtheaveragednassscaletheendpoint

is expectedat Ml'g‘“max = 5235 GeV), while the endpointat lower valuesof the invariantmassis

assumedo comefrom quinodecays{expectedortheGMSBZscenaricatM,'gw;maxz 3906 GeV).
The avor-subtracteddistribution for the GMSB2 scenariofor 7.5fb ! is shavn in Fig. 7.5(b)
togethemwith the t resultusingthe sametting functionasfor Fig. 7.4(b) Thegluino endpoint
is determinedo be (330 40) GeV, while for the squarkendpoint(480 50) GeV is obtained.
Again,thegluino valuediffersby about2s from the expectedvalue.

Theexpectechllh(;@’h distribution for theGMSB1scenarids shavn in Fig. 7.6(a)(blackdatapoints)

for 100fb ! of datasimulatedwith afastsimulationtogethemwith the a vor backgroundreddata
points). The situationis similar to the m}?]"" distribution andthe gluino endpointis expectedat

Mmghma" = 4916 GeV, while the averagesquarkmassscaleleadsto Mmgh;max = 6589Ge\. The
t resultshawvnin Fig. 7.6(b)for the GMSB2scenaridor 7.5fb ! leadsto endpointdor thegluino
andsquarkcontritutionsof (450 60) GeV and (670 60) GeV, respectiely, which agreewith

the expectedvalues.

Similarto theinvariantmassameasuremeniavolving photonstheendpointobtainedrom thedistri-

butionsinvolving jetscanbeusedto determinghegluinomassandtheaveragesquarkmassscalein a ¢ 2

t usingEq.(7.7). Sincethetheoreticaendpointsalsodependnthemassesf the &2, the &2 andthelg,
thephotonendpointsalsoenterthe t. Thesquarkmassscaleis determinedo bemg = (950 50) GeV,
while for thegluino massoneobtainsmg = (650 50) GeV. Themeasuredquarkmassscaleis in good
agreementvith thetheoreticalvalue,while the gluino massvaluediffersby around2s from the expec-
tation, which againshaws that the assumptiorof a pure gluino contritution to the endpointsat lower
invariantmassess oversimplifying.

In summarythemeasuremerdf kinematicendpointsnvolving leptonsandjetscanbeusedto deter

mine anaveragemassscaleof theinitially producedsupersymmetriparticles.However, the uncertain-
tiesrelatedio theassignmendf themeasure@ndpointgo theinitially producedypeof squarkor gluino
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Cgaw | 1] 20 | 20 [ 30 | 40 | 55 | 70 |
tzo [ns] 0:37 | 1:48 | 3:34 | 5:93 | 11:2 18:2\

Table7.2: Valuesof Cyrq andtheresultingc? lifetime tzo asusedin thegeneratiorof thesignalsamples
for the measuremendf the neutralinolifetime.

Cyrar 10 20 30 40 55 70 || Bgr.
Events| 4132 | 3600 | 2842 | 2215| 1441 | 1054 || 606

Table7.3: Numberof selectedsignalandbackgroundeventsfor 1fb L.

resultingfrom the smallnes®f the squarkmassdifferencesn the GMSB model,the smallstatisticsand
the limited experimentalresolution,preventsa precisedeterminatiorof the squarkandgluino masses.
Theendpointgnvolving jetsarethereforenot usedin the global GMSB ts of Chap.8.

7.2 Neutralino lifetime determination

The parametersf the underlyingGMSB modelarenot fully determinedy the measurementsf parti-
cle masseslone. As anexample,the gravitino couplingCyra, determineshe NLSP lifetime, while the
particlemassegexceptthe onefrom the gravitino) do notdependon Cy4,. This lifetime canbe deter
minedusingdifferentexperimentatechniquesin this sectiona methodbasedn thetiming information
of the ECal (seeSect.5.3.2 is presentedndits performancas testedin certainbenchmarkscenarios.
Additionally, two alternatve methodshasedon thereconstructiorof the photonh-directionin the ECal
andconsideringkinematicconstraintsn nal stateswith additionalleptonsarestudied.

7.2.1 Datasets

For the analysisof the determinationof the neutralinolifetime additional GMSB1-like scenariosare
investigated.They only differ in their valuesof Cga,, While the otherparametersireagain x edto the
GMSB1values!? Accordingto Eq. (2.70 thedifferentvaluesof Cgqras leadto differentlifetimes of the
neutralino. The valuesof Cyra, andthe correspondindifetimest &0 for which eventsampleshave been

generatedrelistedin Tah 7.212 Thescenariosvith Cgrar = 1,Cyra = 30andCqya = 55 correspondo
the GMSB1,GMSB2andGMSB3scenariosisedin thelastsectionsrespectiely. All scenariogxcept
GMSB1have non-pointingphotonsin the nal state.

7.2.2 Method usingthe photon clustertime

As describedn Sect.6.3anon-\anishindifetime of theneutralindeadsto adelayedsignalof thephoton
clusterin theECalasshavn in Fig. 6.17(a)for the GMSB3scenario A determinatiorof the sizeof the
delayallows the measuremenf the ¢? lifetime tzo andCyry assuminghe otherGMSB parameterso

beknownd

1D = 90TeV, Mmess= 500TeV, tanb = 5, N5 = 1 andsign(m) = +.

19 For all samples5000eventshave beengenerate@ndpassedhrougha full GEANT4 detectorsimulation.

The éf lifetime cannotbe measuredlirectly, sinceonly neutralparticlesareinvolvedin the neutralinodecayandno sec-
ondaryverticescanbemeasuredAdditionally, theinitial stateof theinteractionis notknown, suchthate.g. theneutralindboost
cannotdirectly beusedin thecalculationof alifetime. This canonly bedoneataleptoncolliderfor directéf production[124].
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Thesameeventpreselectiorasfor the estimationof thediscorery potentialfor non-pointingphoton
scenariogSect.6.3) is usedfor this lifetime measuremeri) The numberof remainingbackground
eventsaswell asthenumberof selectedignaleventsfor the variousbenchmarlscenariogrom Tah 7.2
arelistedin Tah 7.3togethemwith the correspondin@yra, valuesfor 1fb 1 It canbeobseredthatthe
numberof selectedsignaleventsdecreasewith increasingCqyra,. While the productioncrosssectionof
supersymmetriparticlesis constantin thesescenariosthe photonidenti cation ef ciency dropswith
increasingCyra, andanincreasinghumberof Ef decayoutsidetheinnerdetectoivolumealsoleadingto
adecreasedumberof identi ed photons.

A combinedt of thebackgroundandsignalcontrikution in thedistribution of the clustertimet ¢jyster
of theleadingphoton(seeFig. 6.17(b)for the GMSB3scenario)s thenperformedo determinghesize
of the delay of the photoncluster Due to the differentkinematicsthe shapesof the backgroundand
signaldistributions aredifferent: As shawvn in Fig. 7.7(a) the backgrounds bestmodelledby the sum
of two Gaussiarfunctions. To reducethe numberof free t parametershe meansof the Gaussiangare
chosento beidenticalandthe t resultsfor the widths of the Gaussiangre (0:320 0:057)ns for the
Gaussiardescribingthe tails of the distribution and(0:146 0:011)nsfor the Gaussiardescribingthe
peak.

The signal distribution is bestdescribedby a Landaudistritution.!® Figure 7.7(b) shaws the t
resultfor the GMSB3 scenario. The width of the distribution is determinedo be (0:232 0:008)ns
fromthe t. With theassumptionthatthet oyster resolutionis independenof the underlyingbackground
proces¥? thenumberof free t parametersf thecombinedt canbereducedby anindependentata-
drivendeterminatiorof theshapeof thebackgroundontrikution usingacleansampleof StandardModel
events,e.g. datafromtheproces?! e*e .17 Figure7.8(a)shavsthetgusierdistribution of a sample
of simulatedZ®! e"e events® thatis againdescribedby the sumof two Gaussiarfunctionswith
the widths determinedo be (0:295 0:002)ns for the Gaussiardescribingthe tails of the distribution
and (0:1527 0:0003)ns for the Gaussiardescribingthe peak. Thesevaluesagreewith the values
obtainedromthe t of thecompleteStandardModelbackgroundandareusedin thefollowingto x the
parameter$or the StandardModel backgroundontrikution in thecombinedt.

Oncethe parameter®f the backgroundcontrikution are x ed, four free parametersemainin the
combinedt of signalandbackground.Thesearethe meanandthe width of the Landaucontritution
andthetotal numberof signalandbackgroundvents.As anexample,Fig. 7.8(b)shavs the clustertime
distribution of the leadingphotonfor the GMSB3 scenarioand the backgroundtogetherwith the t
resultwhich nicely describeshe combineddistribution. Theblue dashedine shavsthe t resultof the
backgroundcontritution, while the red dashedine shavs the t resultfor the signalcontrikution. The
Landauwidth is determinedo be (0:241 0:013)nsfrom the t which agreeswith the value obtained
from tting the GMSB3signaldistribution alonel? Additionally, the numberof signalandbackground

14)Again,the unbiasechotonidenti cation is used,seeSect.5.3.

19 possiblythe exactsignaldistribution canbe calculatedrom the completematrix elementf theinitial squark/gluinalecay
andusinga modelof the detectorgeometry Neverthelessassumptionsboutthe geometricabcceptancandthusaboutthe
underlyingmodelwould have to be madeto determinethe lifetime directly in a t. This modeldependenstepis donevia a
calibrationcurwe in the presentanalysis. Additionally, otherparameterizationsf the signalshapehave beentested,suchas
convolutions of exponentialfunctionswith Gaussian®r CrystalBall functions. However, it turnsout that the signalis best
describedy a Landaufunction.

19 This neglectsthe enegy dependencef the clustertimeresolutionof the ECal,asshavn in Fig. 5.11(b) Sincetheenepy
dependencéor enegiesabore  50GeV is small, this assumptions justi ed.

17n this procesgossibleadditionalbackgroundrom machineeffectsor soft interactiondik e beam-gagventshave to be
studiedin detail.

18 The eventshave beenselectedusinga mediumelectronidenti cation (seeSect.5.1.4 anda cuton theinvariantmassmee
of theelectronpair of 80GeV< mee< 100GeV. However, no dedicated?®! €e'e analysishasbeenperformed.

19 For the determinatiorof the &9 lifetime both, the meanandthewidth of the Landausignal contribution could be usedin
principle. However, the performanceof mean-basedethoddeadsto larger uncertaintieslueto the closenessf the Landau
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Figure7.7: Distribution of themeasuredlustertimeafterthe preselectiorior 1fb * for (a) the Standard
Model backgroundand(b) the GMSB3signal. Theresultof a t to the MC datais alsoshawn.

eventscanbedeterminedn the t andaregivenby 1391 76and696 71,respectrely. A comparison
with thevaluesgivenin Tah 7.3 shavs thatthe numberof signaleventsis obtainedaccuratelywhile the
numberof tted backgroundventsdiffersslightly morethanls from the expectation.

Sincethe tted Landauwidth hasno directfunctionalrelationshipto the neutralinolifetime, a cali-
brationcurve derived from MC simulationsof GMSB modelswith differentneutralinolifetimes hasto
beusedto determineherelationshipbetweerthe Landauwidth andt zo. Thescenariodistedin Tah 7.2
areusedandthe tting proceduralescribechbore is appliedto eachot the samplesij.e. avaluefor the
Landauwidth is obtainedfor eachCgra, value. Figure7.9 shawsthe t resultsasafunctionof Cgy,, and
the decaylength ctéozo) for the unbiasedohotonidenti cation (closedsymbols)and, for comparison,
the ATLAS standar&)hotonidenti cation (opensymbols).The errorbarsrepresenthe t uncertainties
fromtheLandaut totheindividual samplesA calibrationcurve canbeobtainedoy tting theempirical
function

y=p 1 e P& M (7.14)

to thesevalueswherep,, po and ps arefree t parametersThey aregivenby p; = (0:284 0:017)ns,
p2= 0:039 0:005andpz= 4:024 0:518for theunbiasechotonidenti cation. Theresultingcalibra-
tion cune is superimposedsolid line) in Fig. 7.9 togethemwith its uncertainty? (dashedines)which,
for a given measuremenaf the Landauwidth, resultsin an uncertaintyfor Cqra, andct zo. This uncer

tainty is calledsystematiaincertaintyin thefollowing.?? For illustrationtheinnerradiusof the ECalin
the 5? restframeis highlightedby thedashedine. After asteepncreasef thecalibrationcurve atsmall

meanto thebackgroundontritution andthe strongercorrelationof the Landaumeanwith the tted totalnumberof background
events. For this reasoronly the width of the Landaudistribution is exploitedin the following for the determinatiorof the éf
lifetime.

29|n thefollowing only theCyra, valueratherthanct o will beinvestigatedThegeneraparametedependencef themethod
will bediscussedn thenext section. !

2D The error bandsare calculatedby usingthe correlationmatrix from the t of the calibrationcurve to obtainnew shifted
datapoints. Two new calibrationcurvesare tted to the new datapointsusingEg. (7.14).

22 Note that this uncertaintycan be reducedby simulatinghigher MC statisticsthat can be usedin the productionof the
calibrationcune.
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a t of thesumof two Gaussiarfiunctionsto thedatais alsoshawvn. (b) Resultof acombinedsignaland
backgroundt of theclustertimedistribution for the GMSB3 scenario.

valuesof Cyra/, a saturatioreffect is visible for both photonidenti cation methodsyresultingfrom the
decreasinghotonidenti cation ef ciency andtheincreasingnumberof ¢9 decayingoutsidethe inner
detectovolume. As expected the unbiasehotonidenti cation yieldsa betterperformancesthe sat-
urationstartsat larger valuesof Cy4, leadingto alarger rangeof possiblelifetime measurementsilso
theuncertaintiesn the projectionof a possibleLandauwidth measuremerintheCy.,, axisaresmaller
It shouldbe notedthat one cannottrustthe calibrationcurve for Cyra, < 10, sincein theseregionsit is
verydif cult to distinguishthe signalfrom thebackgroundiueto the smallnes®f themeasured.andau
width. Thereforethe t providesno reliableinformationaboutthelifetime in this region.

In addition,theuncertaintie®f possiblemeasurementsf theLandauwidth for two differentexample
valuesof Cyra areindicatedin Fig. 7.9, eachfor 30pb ', 100pb * and1fb ! of data. The upper
value of the uncertaintyon the correspondingCqa, Value, resultingfrom the projectionof the width
measuremenn the exponential t function (called statistical uncertaintyin the following), increases
stronglyfor larger valuesof Cy4, dueto the saturationeffect. In Fig. 7.10(a)the resultingstatistical
uncertaintieson Cyra, are shavn asa function of the integratedluminosity for two examplevaluesof
Cyrar- Theresultof the saturatioreffectis clearly visible from theincreasedincertaintyat lower values
of integratedluminosity for larger valuesof Cya,. Dependingon the lifetime valuerealizedin nature,
this measuremermightonly be possiblewith atleastlfb * of well understoodiata.

As a possiblesourceof a systematicuncertainty the in uence of the size of the StandardModel
backgroundcontritution on the t resulthasbeenstudiedby arti cially scalingthe backgroundcon-
tribution by scalefactorsx = 2 andx = 0:5. Figure 7.10(b)shaws the ratios of the determinedvalues
of the Landauwidths with andwithout scalingfactorandthereforeindicatesthe stability of the width
measurementSincethe measuredavidths with scalingfactordiffer only by around1% from thewidths
measureavithoutscalingfactor theresultinguncertaintyon theCy,, determinatioris negligible.

Thereconstructe@y,, valuesfor the benchmarkscenariodrom Tah 7.2 arecomparedo the true
valuesin Tah 7.4 Thestatisticaluncertaintiesreestimatedor 1fb * of dataandthe systematiaincer
taintiesarearesultof thelimited MC statisticsandtheuncertairtheoreticablescriptiorof theclustertime
distribution usedfor the productionof the calibrationcurve 22 It canbe obseredthatthemeasuredal-

23 Both sourcef systematiauncertaintiesareimplicitly givenby the t uncertaintieof the Landau ts during production
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Cgra/;theo Cgra/;meas stat. sys.
10 106 0% 02
20 190 0¢ 0F
30 329 1 I
40 442 35 73
55 53.6 05 31
70 575 330 33

Table7.4: Methodusingthe clustertime:Comparisorof trueandmeasurey5, valuesfor 1fb L

uesagreewith their true valueswithin the uncertaintiesAs expectedtherelative uncertaintiesncrease
with increasingCqra, dueto the saturatioreffect of the calibrationcune.

7.2.3 Dependenceof the clustertime method on GMSB parameters

Themethodusingthe clustertimedescribedn the lastsectionngylectsthatthe neutralinolifetime is not
only afunctionof Cyr4/, but dependslsoon otherGMSB parametersseeEd. (2.70. ThereforeheCgyra
valuecanin principalonly bedeterminedvith thecalibrationcurwe in Fig. 7.9whentheotherparameters
arealreadyknown. Also thetransformatiorbetweertheCy,, valueandthe correspondinglecaylength,
asshavnin Figs.7.9and7.10(b)is only valid for thespecialcaseof GMSB1-like scenariosln addition,
theotherGMSB parameterfi uence themassspectrumandthereforeahekinematicsof thedecaychain.
This couldin turn alter the clustertimedistribution, sincet ¢uster dependsn principal on the boostand
theangledistributionsof the decayingneutralino.

Thesereasonsgesultin two consequencegirst, only the neutralinolifetime itself canbe measured
with a calibrationcurve when the other GMSB parametersare unknavn. And second,it hasto be
investigatedijf a generalcalibrationcurve independenbf otherGMSB parameterganbe producedat
all.

To studytheparametedependencef thecalibrationcurve, additionalsampleof GMSB eventshave
beenproduced? in a wide rangeof the GMSB parametespacereasonabldor this study considering
experimentalndtheoreticakonstraints:

N5 = 1 andtanb < 35ensureaneutralinoNLSP.

L < 200TeV for having areasonablerosssectionandto ful | cosmologicaboundq 72).
L > 90TeVtofull Tevatronlimits, asdiscussedn Sect.2.3.4

Mmess> L tofull theoryconstraintg§23].

Mmess 1000TeV to ensurehatenoughneutralinogecayinsidethe detector

Table 7.5 summarizeghe parametervaluesof the additionalsamplesandthe resultinglifetimes. For

eachsampleonly the parametersvhich differ from the GMSB3 scenarigparameterarelisted.
Following the proceduredescribedabore the signal Landauwidth hasbeendeterminedn a t of

the clustertimedistribution for eachevent sample. The resultsareshavn in Fig. 7.11asa function of

of thecalibrationcurve.

24 For eachscenarics000eventshave beengeneratedndpassedhrougha full GEANT4 detectorsimulation. A fastsimu-
lation cannotbe usedfor a wide parametescan,sincea simulationof long-lived neutralinoss in principal not possiblewith
ATLFAST.
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Sample tég [ns] Sample teg [ns]
sign(m =- 9.47 tanb = 20,Cyra = 25 2.19
L = 120TeV 4.31 L = 120TeV, Cyra = 45 2.87
L = 180TeV 1.11 Mmess= 750TeV, Cgra, = 15 1.90
tanb = 20 10.61 || Mmess= 1000TeV, Cyra = 13| 2.55
Mmess= 300TeV | 3.85 Mmess= 300TeV, Cyra, = 50 3.18
Mmess= 350TeV | 5.35 Cyras = 25 2.32
Mmess= 400TeV | 7.07 Cgras = 35 454
Mmess= 450TeV | 9.03 Cgras = 45 7.51
Mmess= 550TeV | 13.63 Cgras = 50 9.26
Mmess= 750TeV | 25.57 Cgras = 60 13.34

Table7.5: GMSB parameteraindresulting ? lifetimes of the eventsamplesusedto studythe GMSB
parametedependencef the clustertimemethod. Only the listed parameterdliffer from the GMSB3
scenario.

t%?,eo[ns] t’g‘?eas stat. syst[ng
037 | 035 T 1%
5 | 1601 0]
33 | 86t
56 | 570
11.2 8.2 Y§ i

Table 7.6: Comparisorof the expectedand measuredraluesof the ¢? lifetime for 1fb ! usingthe
clustertimemethod.

the €2 lifetime. The red datapointsrepresenthe samplesalreadyusedin Fig. 7.9. The samesatura-
tion effect is visible due to the decreasinghotonidenti cation ef ciency andthe increasingnumber
of neutralinosdecayingoutsidethe inner detectorvolume. The datapointscanagainbe tted with the
empiricalfunction (7.14) andthe t resultis alsoshavn in the gure.?® The t parametersregiven
by p1 = (0:254 0:006)ns, pp = 0:336 0:021andpz= 0:507 0:053. Fromthe small spreadof
the measured.andauwidths of the variousscenariosn this gure it canbe concludedhatindeedt xo
hasthe strongeseffect on the Landauwidth andthe dependencef the calibrationcurve onthe partlcle
massess small. This resultgivescon dencethatthe determinatiorof the signalLandauwidth of the
clustertimedistribution canindeedbe usedto determinethe &9 lifetime in the studiedGMSB parameter
regions.

For the GMSB1-like scenariosusedin the last sectionTah 7.6 summarizegshe measuredralues
of the Ef lifetime for 1fb 1 usingthe calibrationof Fig. 7.11 aswell asthe expectedvalues. The
systematiancertaintiesagainre ect the limited MC statisticsandthe uncertaintheoreticaldescription
of the clustertimedistribution usedfor the productionof the calibrationcune. It canbe seenthatthe
true valuesof the lifetime canbe reproducedvith good precisionby the measurementsAs expected,
therelatve uncertaintiesgainincreasewith increasindifetimesdueto the saturatioreffect. Theresults
obtainedfrom this calibrationcurve areusedin the global GMSB t performedin Chap.8 in orderto
constraintheunderlyingGMSB model.

29 Again, onecannottrustthe calibrationcurve for tég 0:5ns,sincethe t providesnoreliableinformationin this region.
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Figure7.11: Methodusingthe clustertime:Distribution of the tted signalLandauwidthsasafunction
of tég from eventsamplegieneratedh alarge partof the GMSB parametespace.Theredpointsindicate
thesamplesalsousedin Fig. 7.9.

7.2.4 Method usingthe photon dir ection

Thedecayof neutralinoswith a non-vanishinglifetime leadsto photonclustersnot pointing backto the
primaryinteractionvertex. As detailedin Sect.5.3.3 this leadsto a displacedntersectionpoint z.juster
of the z-axiswith the projectedphotonpathwith respecto the primaryinteractionvertex. Alternatively
to thedelayedarrival time of the photoncluster asdescribedn Sect.7.2.2 thereconstructede,stercan
beusedto determinghe neutralinalifetime.

The z.yster distributions of the leadingphotonfor the exampleGMSB3 scenaricandthe main Stan-
dard Model backgroundgtt andW production)areshavn in Fig. 7.12(a)after the preselectiordis-
cussedn Sect.6.3for 1fb 1. As expectedithe GMSB3 signalleadsto larger valuesof jzcusted, While
the Standardviodel backgroundaventsaredistributedaroundzerowith awidth of ~ 75mm. Similarly
to the methodusingthe clustertime the widths of the zyster distributions of variousGMSB scenarios
with differing neutralinolifetimes canbe usedto constructa calibrationcurve usinga combinedt of
thesignalandbackground.

Again the different kinematicsof signal and backgroundprocessedead to different distribution
shapes:the backgrounds bestmodelledby the sumof two Gaussiarfunctions,while for the signal
a Breit-Wigner function hasbeenused?® For a reductionof the numberof free parameterén the t,
the Zyuster resolutioncanbe measuredrom real datain cleanStandardModel processelke Z0! efe
events?) Oncethe parametersf the backgroundtontritution are x ed, four free parametersemainin
the t: thewidth and meanof the signaldistribution aswell asthe numberof signalandbackground
events. Figure 7.12(b)shavs the combineddistribution which is nicely describedy the t result. The
individual contritutionsof the t functionfor the signal(red dashedine) andbackgroundblue dashed
line) arealsoshavn. The Breit-Wignerwidth for the signalcontritution is givenby (682 35)mm. It

29 As in the caseof the clustertimemethodthe modelling of the signal distribution with a Breit-Wigner function is just
empirically motivated. Possiblyan exact function canbe calculatedirom the full matrix elementof the squark/gluinadecay
In this caseadditionalassumptionaboutthe geometricahcceptancandthe underlyingmodelwould have to be madeandthe
possibleadvantagesvould have to be studiedin detail.

20n this procesgossibleadditionalbackgroundrom machineeffectsor soft interactiondik e beam-gasventshave to be
studiedin detail.
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Figure 7.12: Method usingthe photondirection: (a) z.uster distribution of the leadingphotonand (b)
resultof the combinedsignalandbackgroundt of the z.ster distribution for the GMSB3 scenaricand
the StandardModel backgroundhfterthe preselectiorior 1fb L.

turnsoutthattherelative normalizatiorof the signalandbackgrounaontritutionscannotbereproduced
asaccuratehasin thecaseof theclustertimemethod sincethetwo distributionshave thesamemeanand
asimilar shape For thisreasonthe z.yster variableis not suitedfor a GMSB cross-sectiomeasurement
with non-pointingphotons. However, it canstill be exploited for the determinatiorof the neutralino
lifetime, since similar to the methodusing the clustertimethe procedures stableagainstsigni cant
variationsof the backgroundtontritution asdiscussedbelow.

To obtaina calibrationcurve usingthe Breit-Wigner width of the zgyster distribution the combined

tting procedures performedwith the GMSB1-like scenariodistedin Tah 7.2 andfor eachCgyr,, value
avaluefor thesignalwidth is determinedTheresultsareshavn in Fig. 7.13(a)asa functionof Cy,, and
thedecaylengthct &o- Again,theempiricalfunction(7.14) isusedto t thewidthsandtheparameterare
givenby p1 = (777 37)mm, p,= 0:056 0:007andpsz= 6:40 0:35. Thecalibrationcurve shavsthe
samebehaiour asthe oneobtainedfrom the clustertimemethod,includingthe saturatioreffect dueto
thedecreasinghotonidenti cation ef ciency andtheincreasinghumberof neutralinogecayingutside
theinnerdetectowolume.

As for themethodusingthe clustertimethein uence of the sizeof the StandardModel background
contritutiononthe t resulthasbeenstudiedby arti cially scalingthebackgroundtontrikution by scale
factorsx = 2 andx = 0:5. Theratiosof the tted Breit-Wignerwidthswith andwithout scalingfactor
areshavn in Fig. 7.13(b) Again, the measuredvidths dependonly slightly on the scalingfactorand
thereforetheresultinguncertaintyon theCy,,, determinations consideredo benegligible.

With the calibrationcurve the Cy5, valuesandthe correspondingincertaintiescan be calculated.
Table7.7 shaws theresultsfor someexamplescenariosThe zq,stermethodis ableto reproduceghetrue
valuesof Cya, With statisticalaswell as systematiauncertaintiesslightly larger thanthe methodusing
theclustertime(seeTah 7.4).

Dueto thereasongliscussedn Sect.7.2.3the calibrationcurwe in Fig. 7.13(a)is againonly valid
for the GMSB1-like scenariosunderstudy Thereforethe same tting procedureas describedabove
hasbeenappliedto the GMSB scenariodisted in Tah 7.5 covering a larger region of the parameter
space.TheresultingBreit-Wigner widths for all samplesareshavn in Fig. 7.14 (the samplesusedfor
the calibrationcurwe in Fig. 7.13(a)areindicatedwith red datapoints). The datapointscanbe tted
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Figure 7.13: Method usingthe photondirection: (a) tted signalBreit-Wigner width asa function of
Cyras for theunbiasecdphotonidenti cation. (b) In uence of the backgrounchormalizationon the deter
minationof the Breit-Wignerwidth.

Cgra/;theo Cgra/;meas stat. SySt-
10 106 37 %2
20 204 37 05
%0 325 5y 1
. 58 31

Table7.7: Methodusingthe photondirection: Comparisorof trueandmeasurey,, values.

usingthe empiricalfunction(7.14) andtheresultingcalibrationcurve shavs the samebehaiour asthe

onein Fig. 7.11, althoughthe saturatiorsetsin for smallervaluesof téf.zs) The t parameteraregiven

by p1 = (704 14)mm, p, = 0:494 0.03landpz= 0:155 0:032. The spreadof the measured
Breit-Wignerwidthsis againsmallin this gure andit canbeconcludedhattéf hasthe strongeseffect

ontheresultsandthatthe dependencef thecalibrationcurve onthe particlemassess small. Therefore
the neutralinalifetime canbe determinedwith the calibrationmethodusingthe photondirectionin the

studiedGMSB parameteregions.

Table7.8 summarizeshereconstructed? lifetimesobtainedrom the calibrationcurve in Fig. 7.14
aswell asthe expectedvaluesfor the GMSB1-like scenariodistedin Tah 7.2 The statisticaluncer
taintiesareestimatedor 1fb 1. Thesystematiancertaintiesigainre ect thelimited MC statisticsand
the uncertaintheoreticaldescriptionof the z,yster distribution usedfor the productionof the calibration
curve. The expectedvaluescan be reproducedwith good precisionby the measurementvith uncer
taintiesslightly largerthanfor the methodusingthe clustertime.As expected therelatve uncertainties
increasawith increasingdifetimesdueto thesaturatioreffect. Sincethismethoddoesnot performaswell
asthemethodusingthe clustertimethe obtainedresultsarenot usedin theglobal GMSB t in Chap.8,
but the ;) ster methodis considered possibleway to crosschecktheresultsof the clustertimemethod.

28 Again, onecannottrustthe calibrationcurve for tég 0:5ns,sincethe t providesnoreliableinformationin this region.
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Figure7.14: Methodusingthe photondirection: Distribution of the tted signalBreit-Wignerwidthsas
afunctionof t z from eventsamplegyeneratedn a large partof the GMSB parametespace.Thered
pointsindicatethesamplesalsousedin Fig. 7.13(a)

tg?,eo[ns] t* stat. syst[ng
637 | 036 0% 1%
5 | 1601 0]
33 | 350 o
59 | 57 0% 08
11.2 6.8 1o L9

Table7.8: Comparisorof theexpectedandmeasuredaluesof the 6? lifetime for 1fb ! usingthe Zjuster
method.

7.2.5 Method using kinematic constraintsin eventswith additional leptons

Thedecaytime of theindividual neutralinoscanalsobe measurediirectly eventby eventin eventswith
additionalleptonsin the nal stateg/125. Sincetheneutralinoaswell asits decayproductdeave notrack
informationin theinnerdetectorandtheboostof theneutralinais unknavn, additionalinformationfrom
thedecaychainin Fig. 6.3(b)hasto beused.As discussedh thefollowing, themomentunof thesecond
leptonin thedecaychainaswell asthe masse®f thelightestneutralincandtheright-handedleptonare
neededasinformation.For the decayof thelightestneutralinothe following threeequationsold:

Vetp + ¥g(toster Ip) = g, (7.15)

wherevz andvy arethe velocitiesof the neutralinoandthe photon,respectiely (with j¥gj = C). tciuster
andtp arethe measurecalustertimein the calorimeterandthe neutralinodecaytime in the laboratory
frame,respectiely. x4 arethecoordinate®f thebarycenteof thephotonclusterin thecalorimeterlt can
be seerthattheseequationsiescribethe vectorsumof the pathsof thedecayingneutralinoandthe nal
statephotonby comparingheseequationgo Fig. 5.8. Theequationgontain ve unknavn parameters:
the threecomponentf the ¢? velocity, the ¢ decaytime, aswell asthe f -direction of the photon
momentumwhich cannotbe measureavith the ATLAS calorimeterdueto the coarseresolutionin this
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directionin the rst compartmentTherefore additionalequationsareneededn orderto solve (7.15 for
theneutralinodecaytime andto obtainthe neutralinofour-momentunto transformthedecaytimein the
laboratorysystemto the decaytime in the neutialino restframe The following kinematicconstraints
canbeexploited:

pz=0; (7.16)

Ps+ Py ° = MZo; (7.17)
Ps+ Pg* P 2= ME; (7.18)
pzéf - m%f; (7.19)

wherepg is the momentunof the gravitino (assumedo be massless)péf is the neutralinomomentum

andny. is the massof the sleptonwhich decaysto the Ef anda leptonwith the momentump. In the
following analysist is assumedhatm;, andm;o areknown, e.g. from measurement®llowing Sect.7.1
(seeTah 7.1for theresults). The Egs.(7.16- (7.18 aresimply invariantmassconstraintghat canbe
derived by usingthe decaychain shavn in Fig. 6.3(b) Equation(7.19 holdsfor on-shellpatrticles,
whichis agoodassumptiorior thelong-lived neutralinos Togethemith Eq. (7.15 theseequationgorm

effectively six equationswith six unknawns: the ¢ four-momentumthe f -directionof the photonand
the 6? decaytime in thelaboratoryframe. Solving theseequationsallows to calculatethe decaytime t§

of theindividual neutralinosn the neutralinorestframe.

Theeventpreselectionf Sect.6.3hasbeenappliedandadditionallyatleastonereconstructetepton
(electronor muon)with pr.e > 10GeV or pr.,> 5GeV, respectirely, andjhj < 2:5 hasbeenrequired.
In caseof severalleptonsin the event, the leptonforming the smallerinvariantmasswith the leading
photonis chosen sincethis is morelikely the leptonof the sleptondecay asdiscussedor the inter
pretationof Fig. 7.3(b) With this event selectionthe Standardviodel backgrounds negligible. Since
this selectiondegradesthe signalselectionef ciency signi cantly comparedo the selectionsusedfor
the methodsusingthe clustertimeor the reconstructegbhotondirectionin the last sectionsadditional
GMSB1-like sampleswith 20000 eventseachhave beensimulatedwith Cq5, = 10, 20, 30, 40, 50, 60
and70, correspondingo tzo = 0:37ns,1.5ns,3.3ns,5.9ns,9.3ns,13.3nsand18.2ns,respectiely.

To obtaina solutionfor the Egs.(7.19- (7.19 a ¢? minimizationapproacthasbeendeveloped?
wherethe obserableson theright-handsidesof the equationsaretreatedasthe main sourceof uncer
tainties®?

2_ 2" (rhsc lhs)?,

c : (7.20)

7
k=1 Sk

whereneq is the numberof equationsrhs, andlhs, aretheir right- and left-handsides, respectiely,
and sy arethe uncertaintieson the neutralinoand sleptonmassesswell ason the coordinateof the
barycenteof the photonclusterin the ECal3?

For agood t performancea reasonablehoicefor the startingvaluesof the free t parameterss
important,especiallyfor the directionof the neutralinomomentumandthe f -directionof the photon.
FromFigs.5.8and5.12canbe derivedthatthe directionof the neutralinomomentuncanbe estimated
by thedirectionof the photonassuminghatthe photonoriginatedrom the primaryinteractionvertex and

29The c2 minimization hasbeencomparedo other numericalprocedurego solve the equationsand has beenfound to
performbest.

30 This assumptionis justi ed, sincethe uncertaintiemn the neutralinoandsleptonmassesreby far largerthanthe uncer
taintieson theleptonandphotonmomenta.

3D Sincethemassesremeasureih GeV i.e. c= 1,thecoordinatesf thebarycentearemeasuredh ns,asis theclustertime.
Theuncertaintyon the coordinate®f the barycentearethenassumedo be 0.05ns.
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Figure7.15: Methodusingkinematicconstraintsn eventswith additionalleptons:(a) Distributions of
thec2. valuesand(b) distritutionsof the calculatecheutralinobgo for 10fb L

thef -directionof the photoncanbe estimatedy its f -directionagainassuminghe photonto originate
from the primaryinteractionvertex.

Sincethe equationgo solve are quadraticequationsput only a single solutioncan be found with
a c¢2 minimization procedure additionalcuts on the quality of the t have beenimposedby rejecting
unrealistichigh reconstructedieutralinodecaytimes(tp > 20ns)andlarge c2;, values(cZ,, > 5). The
c,%in distributions for all samplesare shavn in Fig. 7.15(a)for 10fb *. It canbe obsered that the
distributions peakat small c2;, values,which shaws thatthe tting procedureworks for mostevents.

Figure7.15(b)shaws thedistributions of the reconstructedbeg valuesof the neutralinogor all samples

for 10fb 1. As expectedthedistributionspeakat 1 andthelargertheCyr value,thefewer neutralinos
arereconstructedueto thelimited detectorsizeandthelongerneutralindlifetime.

Thedistritutionsof the calculatecheutralinodecaytime t$ in the neutralinorestframeareshavn in
Fig.7.16for 10fb 1. Asexpectedrom theexponentialdecaylaw, thedistributionsfor all valuesof Cyrar
decreas¢owardshighervaluesof t3. Again, for largerCga, valueslessneutralinosarereconstructedit
canbe obseredthatthewidths of thet3 distributionsincreasawith increasingneutralindlifetime.

Figure7.17 shaws the distributions of theratiosof thereconstructedaluesandthe expectedvalues
for thevariablesEo, bz, f g andt§ for the GMSB scenariawith Cyra = 50t0 estimatethe accurag of
the neutralinoreconstruction.The maximumof the distributionsis expectedto beat 1. The expected
valuesof the variablesareobtainedfrom the generatoinformationby matchinga reconstructeghhoton
to a photonon generatorevel andthis photonto the correspondingheutralinoon generatofevel. It
canbe obsered thatall distriutions have a maximumat a ratio of 1 andthatEzo, bzo andf4 canbe
reconstructedjuite accuratelywhile the uncertaintyont$ is larget

Thewidthsof thet§ distributionscouldin principlebeexploitedto determinet &0 withoutary depen-
denceonthe otherGMSB parametersHowever, the shape®f thetheoreticat3 distritutionsarealtered
by detectoref ciency andgeometricabicceptanceffectswhich cannotbe calculatedanalytically For
this reasona calibrationproceduresimilar to thosediscussedefore,relying on GEANT4-basedsim-
ulatedMC events,hasbeenappliedfor the determinatiorof teg- A Landaufunctior?? is tted to the

39 Again, differentfunctionsto parameterizéhe shapeof the distributionshave beeninvestigatecandthe Landaufunction
hasbeenfoundto describehedatabest.
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Table 7.9: Method using kinematic constraints: Comparisonof true and measuredraluesof tzo for
10fb 1,

distributionsin Fig. 7.16 andthe resultingLandauwidths are shavn in Fig. 7.18 asa function of t xo
Sincethesamebehaiour of the shapeof thedistributionsasfor theotherlifetime determlnatlormethods
canbeobsenred,thedatapointsare tted with theempiricalfunction(7.14) andtheresultingparameters
arepy = 0:839 0:030,po= 0:222 0:.095andp3= 6:81 2:77.Againasaturatioreffectis visible
dueto the effectsdiscussedbore. The t uncertaintieslependon the numberof simulatedeventsused
in the productionandon the uncertairmodellingof thet distribution by a Landaufunction.

Theneutralinolifetime andits statisticalandsystematiaincertaintiecanbe derived usingthe cali-
brationcurve andtheresultsfor the additionallyproducediC samplesarelistedin Tah 7.9for 10fb *
togethemwith theexpectedvalues.It canbeobseredthatthemethodis ableto reproducdghetruevalues
within thegivenuncertaintiesComparedo theclustertimemethodthe uncertaintiesresigni cantly en-
hanced As aresult,therangeof possiblet &0 measuremenis reducedFor this reasontheseresultsare
notusedin theglobal t of the GMSB modelin Chap.8. However, the methodprovidesthe opportunity
of anadditionalcross-checlof theresultsobtainedirom othermethods.



Chapter 8

Determination of underlying GMSB
parameters

Oncea signaturehasbeendiscoreredat the LHC that could potentiallybe describedoy an underlying
supersymmetrienodel,it is importantto studyits parameterandits compatibility with the data. Both
aspecteanbeinvestigatedy aglobal t of themodelto all obserablesmeasuredh theexperiment.In
sucha t oneobtainsanestimateof thecompatibilityof themodelin theform of ap-valueandatthesame
time oneobtainsthe valuesfor the free parametersf the modelthat describethe databest. Especially
for the studyof supersymmetrienodelslike mMSUGRAor GMSB the tting package-ittino [126,127]
hasbeendeveloped. The basicideasandfunctionalitiesof Fittino will be introducedin the following.
Theobserablesmeasuredn Chap.7 will thenbeusedasinputfor a t of the GMSB modelin orderto
investigateto what extendthe underlyingparametersf the modelusedin the simulationof the events
canberecovered. In addition, it will be analyzed,f the correctinterpretationof the measurements
termsof thetypesof theinvolved particlescanbedistinguishedrom alternatve interpretations.

8.1 The tting packageFittino

Fittino is a programimplementedn C++ writtenfor comparingsupersymmetricnodelswith measured
obserablesandfor extractingtheparametersf theLagrangianNo a priori knonvledgeof theparameters
isassumedhut canbeusedf desired Duringthe tting procedurall correlationsamongparameterand
all in uencesof loop-inducedeffectsaretakeninto account.The theorypredictionsfor the obserables
are obtainedby usinganindependentheorycode,which is interfacedto Fittino via the Les Houches
Accord[95]. In thisanalysighe programSPhend 12§ is used but in principalalsoothertheorycodes
can be implemented. SPhenaallows the computationof all relevant particle massesgrosssections,
branchingratiosand widths, especiallyfor the GMSB model. The formulasfor the calculationof the
obserables(e.g. the endpointsof invariant massdistributions as discussedn Sect. 7.1) usingthese
SPhenajuantitiesareimplementedn the Fittino code?

For the tting proceduredifferentalgorithmsareimplementedn Fittino andthe usercanchoose
amongthemdependingon the type of analysisto be performed.As an example,the ¢ ? surfacein the
parametespacecanbe scannedisingMarkov Chainsthatcanbe usedin a Bayesiaror in afrequentist
interpretation.In this analysisa SimulatedAnnealingapproacthasbeenchosen.in this methodthe c 2
surfacein the parametespaces treatedasa potential. Oncea startingpointin the parametespaces

D Theformulasusedfor the endpointpredictionsarefunctionsof the particlemassesndthereforedepencn thetype of the
particles,e.g. the predictionof thedi-leptonedgeassumeshata ég decaydo al andalepton. It is notknown a priori, if this
is really thecasen themeasureavents.Thereforethe t alwaysassumes certaininterpretationof themeasureabsenrables
andit hasto betestedjf alternatve interpretationganbe distinguishedseeSect.8.2.3.

115
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Obsenable | theoreticavalue(ISAJET) | measuredalue | VisaJeT  VspPheno
M 106.4GeV 108.0 4:3GeV -2.0GeV
M 191.6GeV 189.6 3:8GeV -2.1GeV

MG 107.9GeV 104.4 3:7GeV -7.2GeV
M 158.3GeV 161.9 39GeV 2.5GeV
tzo 3.3ns 3.6 0:3ns 0.6ns

Table8.1: Measuredandpredictedvaluesof the obserablesusedin theglobal GMSB t.

chosenatemperaturés de ned, which setstheprobabilityof amovementupwardsin the potentialusing
a Boltzmanndistribution. Sucha movementresultsin a ¢? larger thanfor the parametesettingin the
stepbefore. In the procesof SimulatedAnnealingthe temperaturés reducedstepby step,wherethe
reductionfactorcanbe choserby the user This allows to escapdrom local minimain the ¢ 2 surfacein
earlystagef theannealingprocess.

The SimulatedAnnealingprocedurewith the following MINUIT t is repeatedseveral timeswith
variedvaluesof theinput obserablesobtainedfrom the measurementslhe variationsare donewithin
the uncertaintief eachmeasurementWith this procedureone obtainsa distribution of eachfree t
parametems well as a distritution of the minimal c? values. If a given parameteiis eg. Gaussian
distributed one can obtainthe meanvalueby a t that coincideswith the ¢? value obtainedfrom the
MINUIT minimizationfor thecentralvaluesof theinputobserables.In addition,theuncertaintyonthe
parameteestimationcanbetakenfrom the width of the Gaussiardistribution, suchthatall correlations
betweerthe parameteraretakeninto accountcorrectly The ¢ 2, distritution hasto be investigatedn
orderto validatethat the model describeghe dataat all.? The numberof degreesof freedomin the
global t canbeobtainedroma t to this c2;, distribution.

8.2 Fitting a GMSB modelto obsewables

The SimulatedAnnealingprocedureasdescribedabove is usedto t a GMSB modelto the obserables
investigatedn Chap.7 for the GMSB2scenariotheinvariantmassedgesnvolving photonsandleptons,
asdescribedn Sect.7.1.2 andthemeasuremendf the neutralindifetime usingthe clustertimemethod,
asdescribedn Sect.7.2.3 The kinematicendpointsin the invariantmassdistributions involving jets
arenot usedin the t, sincethe uncertaintieon their measuremerdre foundto be too large andthe
interpretatiorof the resultsis too uncertain(seethe discussiorin Sect.7.1.3. All input obserablesof
the t aresummarizedn Tah 8.1 In total, ve obserablesareusedin the t.

8.2.1 Expectationsand tting performance

Beforeusingthe measured/aluesof the obserableslistedin Tah 8.1 for aglobal GMSB t, the t is
performedwith thetheoreticavaluesof theobserablesasinputto investigateheprincipalfunctionality
andperformancefthe t andtheexpectationgor everysinglefree t parameterTheSPhengredictions
have beenusedasinput and an uncertaintyof 1% for eachobserable hasbeenassumed.The ¢?2;,
distribution andthe centralvaluesof the GMSB parameterandtheir uncertaintiesare obtainedusing
400repeatedoy ts. Foreachtoy t, the ¢? is minimizedandthe resultingdistritutions of the GMSB

parametewaluesat the ¢2 minimum are usedto determinethe centralvaluesand the corresponding

2This s of coursemoreimportantin studiesof realdatawherethe underlyingmodelis nota priori known andthe p-value
of themodelhasto becalculatedIn thepresentMC analysisthis steponly senesto validatethatthe tting procedurevorks.
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Figure8.1: (a) C%m distribution and(b) correlationbetweerthe MmessandCqyray parametersisobtained

fromthetoy ts of aGMSB modelto thetheoreticavaluesof theinputobserablesassuminganuncer
tainty on the obserablesof 1%.

uncertainty The startingvaluesof the t have beenchosento be the expectedvaluesof the GMSB2
parameters).

Sincethe sparticlemasseslependinearlyonL, it is expectedthatthis parametecanbedetermined

accuratelyin the t.  On the other hand, Myess entersonly logarithmically in the calculationof the
massessuchthat the measuremendf the massesloneare not ableto constrainMmess IN addition,
Cyras Cannotbe constrainedvith the massmeasurementstHowever, dueto the quadraticdependence,
the measuremendf the neutralinolifetime canbe usedto constrainthe productMmess Cyras, but notthe
individual parametersilone(seeEq. (2.70). In addition, no constrainton tanb is expectedfrom the
t sinceall measuredbserablesdependonly weaklyonit. The parameterdNs andsign(n) are x ed
to Ns = 1 andsign(m) = +.% In summarythe t hasfour free modelparametersL, Mmess tanb and
Cyra- SinceMmessandCyra enterthelifetime asa productandareotherwisenot contrainedapartfrom
the logarithmic dependencef the masse®n Mpmesd, ONe expectsa strongcorrelationbetweenthese
parametersinda c? distribution in the t with morethanone degreeof freedomassuming ve input
obserables.

Thedistribution of the c2, | valuesasobtainedrom thetoy ts is shavn in Fig. 8.1(a)togethemwith
a tted c¢? distribution. The numberof degreesof freedomasgivenby the t is 1:98 0:23. This shovs
thatthefree t parametersre not all completelyuncorrelatedsince ve obserablesandfour free t
parameterareused.Figure8.1(b)shavsthecorrelationbetweerMmessandCyra,, Whichis almost100%
andwhich explainsthe obsered ¢? distribution.

Thedistribution of theL parameternsobtainedn thetoy ts is shavnin Fig. 8.2(a)for two choices
of the startingvaluesfor thetoy t parameters.The blue curve shavs the resulting Gaussiantted
to the L distribution obtainedfrom settingthe startingvaluesto the theoreticalvalues(L = 90TeV,
Mmess= 500TeV andCqyra, = 30in the caseof GMSB2). OneobtainsL = (8972 0:55) TeV, which

3 The parametersf the SimulatedAnnealingproceduresuchasthe temperaturendits reductionfactor have beenopti-
mizedin orderto guarante@ smoothscanningof the parametespaceandependentf the startingvaluesof the t.

M1t hasbeenfoundin [127] thatsign(m) = + is preferredover sign(m) =  in mary supersymmetricnodelsby tting the
modelto theexisting electraveakprecisionobserablesandlow-enegy obserables.Ns is setto 1, sincein largeregionsof the
parametespacethisis necessaryo have photondn the nal state.
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Figure8.2: (a) L distribution and(b) Mmessdistribution asobtainedfrom thetoy ts of a GMSB model
to thetheoreticalvaluesof theinputobserablesassuminganuncertaintyon the obserablesof 1%. Two
differentsetsof startingvalueshave beenusedfor thetoy ts.

shawvs thatL canberecoveredpreciselyasexpectedsincethe truevalueis givenby L = 90TeV. The
red curve displaysthe resultingGaussiantted to the L distribution obtainedfrom arbitrarily changing
thestartingvaluesto L = 130TeV, Mmess= 300TeV andCqyra = 60. Onecanobsere, thattheresulting
L valuesarestableagainstsuchvariations.OneobtainsL = (8295 0:38) TeV from theredcune.

Thetoy t resultsfor the Mnessparameteareshavn in Fig. 8.2(b)for the sametwo choicesof the
startingvaluesfor the t parameterslt canbe obsered from the blue curve that M nessis recoveredin
thetoy ts with the given uncertainty However, the red curve shaws that the resultsstrongly depend
on the choicefor the startingvalues,i.e. MmnessCannotbe constrainedby the measurembserables,
asexpected.Figure8.3(a)shavs the samesituationfor the Cyra, parametewith the samestartingvalue
settings.Again,theresultsobtainedrom thetoy ts dependnthestartingvaluesasexpected However,
dueto the quadraticdependencef the neutralinolifetime, the productMmess Cqray Canbe constrained.
Figure8.3(b) shawvs the distributions of Miyess Cgras Obtainedfrom thetoy ts with both settingsof the
startingvaluesandit canbe obsered that the resultis stable. One obtainsSMmess Cgras = (1:494
0:020 10’ GeV from the blue GaussiarandCgyra, = (1:501 0:020 10’ GeV from thered Gaussian.
Thesevaluesagreewell with thetheoreticalexpectationgivenby Mmess Cgras = 1.5 10’ GeV.

Finally, no constraintontanb canbederived (the expectedvalueis tanb = 5). Figure 8.4 shavsthe
distribution of thetanb valuesobtainedfrom settingthe startingvaluesof thetoy ts to thetruevalues.
Onecanclearlyobsenre thatthedistribution hasno Gaussiarshapeandthatthe determinatiorof a most
probablevaluefor tanb is not possible.

8.2.2 Determination of GMSB parametersfrom realistic measuements

Whenusingthe obserableslisted in Tah 8.1 with the measured/aluesand uncertaintiesasinput for
thetoy ts, onehasto avoid certainsourcesof biasesin the results. Due to the differenttreatmentof
sometheoreticakffects,theprogramdSAJETandSPhenglightly differ in thetheoreticakalculationof
the obserables,leadingto differentresults.Sincel SAJET wasusedto generatdhe correspondingiC
eventsin the GMSB2 scenariowhile SPhends usedin the global t, the measuredbserableshave
to be shiftedtowardstheir SPhengprediction. Thesedifferencesn the predictionsof both programs,
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modelto the theoreticalvaluesof the input obserablesassumingan uncertaintyon the obserablesof
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Figure8.5: (a) ¢, distribution and(b) L distribution asobtainedrom thetoy ts of aGMSB modelto
themeasuredaluesof theinput obserablesandtheir uncertainties.

Vspheno VisaJeT, arealsolistedin Tah 8.1andcanadditionallybeusedasanestimatdor thetheoretical
uncertaintie®f the obserables.

The c2;, distribution asobtainedfrom thetoy ts usingthe measuredialuesfor the obserablesis
shawn in Fig. 8.5(a) The numberof degreesof freedomasgivenby a t of a ¢? functionto the data
pointsis 2.55 0:21 againre ecting the strongcorrelationof MmessandCyra,. Thedistribution of the L
valuesobtainedfrom thetoy ts is shavn in Fig. 8.5(b) It canbe obsered thatthe uncertaintyon the
L valueis largercomparedo the t resultsfrom thelastsectionwhichis dueto thelargeruncertainties
onthemeasuredbserables.The t of a Gaussiarto the distribution leadsto L = (8870 1:23) TeV
agreeingwith the expectedvalueof L = 90TeV. Sinceonly Mmess Cgras Canbe constrainedn the t,
thedistribution for this productis shavn in Fig. 8.6(a)togethemith a tted GaussianAgain,thewidth
of the Gaussiaris larger thanthe oneobtainedin the last sectiondueto the larger uncertaintieon the
measuredhputobserables.The t resultis Mmess Cgras = (1:522  0:094) 10’ GeV agreeingwith the
expectedvalueof Mmess Cgras = 1:5 107 GeV.

As discussedn Sect.2.3.3 the orderparametepf spontaneousupersymmetrypreakingF is given
by F = L Mpmess Cgra. This value can easily be obtainedfrom the t resultsof eachtoy t. Fig-
ure 8.6(b) shaws the correspondinglistribution togetherwith a t of a Gaussian. The centralvalue
andits uncertaintyaregivenby F = (1:350 0:091) 10'2 GeV? andagreewell with the true value of
F = 1:35 102 Ge\2. This resultshavs thatfrom the measuremendf the neutralinolifetime, i.e. the
determinationof Mmess Cyras, togetherwith the determinatiorof L from the measuremensf observ-
ablesdependingn supersymmetriparticlemasseshe fundamentasupersymmetripreakingscalecan
beexploredin aglobal GMSB t.

The GMSB parametespacecanalreadybe constrainedvith the existing electraveak precisionob-
senables,aswell aswith the low-enegy obserables. This hasbeenshavn in [127]. For the present
study the sametoy ts asdescribedabore have beenperformedincluding the obserableslisted in
Tah A.3% asin [127] to check,if they have ary in uence on the results. The corresponding/alues
have beenshiftedto their theoreticalGMSB predictionsin orderto avoid a biasin the t results. The

91n total 22 additionalobserableshave beenusedin the t. The obserablesgiving just lower or upperboundson their
valueshave beenexcludedaswell asthe constrainton the cosmologicabarameteiV. The Standardviodel parametergem,
Gr, as, mz, m, my andm; have been x edto their currentexperimentalalues[9].
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Figure8.6: (a) Mmess Cgras distribution and(b) F distribution asobtainedfrom thetoy ts of a GMSB
modelto the measuredaluesof theinput obsenablesandtheir uncertainties.

calculationsn thetoy ts have beenperformedby the so-calledMastecode[129 13(. Figure8.7(a)
shaws the distribution of the ¢2,, valuesasobtainedfrom thetoy ts. A c? functionhasbeentted to
the distribution andthe numberof degreesof freedomin the t is determinedo be27:86 0:41 agree-
ing roughlywith the expectationfor 27 obserables. For the determinatiorof the GMSB parameterst

hasbeenfound thatthe uncertaintieon the parametedeterminatiorcannotbe decreasedy including
the additionalobserables. As an example,Fig. 8.7(b) shavs the distribution of the L valuesas ob-
tainedfromthetoy ts togethemwith a tted Gaussiariunction. Thecentralvalueandits uncertaintyare

determinedo belL = (8864 1:35) TeV agreeingwith theexpectedvalueof L = 90TeV.

8.2.3 Alter native data interpretations

Duringthe t of the GMSB modelto theobserabledlistedin Tah 8.1it hasbeenassumedmplicitly that
the decaychaindepictedin Fig. 6.3(b)leadsto the measuredbserableseventby event (this is called
the standad interpretationin the following). A priori it is not known, if this is correct. Therecould
be regionsin the GMSB parametespacewherea slightly differentdecaychainleadsto a similar nal
stateandto valuesfor the obserablesthatarethe sameasthoselistedin Tah 8.1 Thereforealternatve
interpretationsof the datahave to be investigatedandit hasto be tested,if theseleadto acceptable
interpretation®f thedatain termsof a certainsetof parameterin the GMSB parametespace.

In principal, therecanbe a large numberof alternatve interpretationandthey canbe constructed
by changingthe supersymmetriparticletypein thetheoreticaformulasfor the obserables,e.g. in the
formulasfor theendpointsn invariantmasgdistributionsasdiscussedh Sect.7.1 However, thenumber
of interpretationgo be investigateccanbe reducedoy checkingwethera certaininterpretatiorieadsto
the measurembsenrables. As an example,the masshierarchycannotbe changedarbitrarily, sincethis
would leadto differentshape®f theinvariantmassdistributions[ 18] or evento different nal statesin
this analysigwo exampleinterpretationsreconsidered:

1. &2 interpretation: In the decaychainshovn in Fig. 6.3(b)the 2 is replacedoy the &2, i.e. the
decaychain

g! &dq! izl q! &'l q! Gd*l g I=em (8.1)
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distribution and(b) L distribution asobtainedirom thetoy ts of aGMSB modelto

the measuredialuesof theinput GMSB obserablesandthe existing electraveakprecisionobserables
andlow-enegy obserablesaslistedin Tah A.3.

is usedto calculatethe endpointof the invariantmassdistributionsin thetoy ts. In thisinterpre-
tationit is assumedhatthe ¢2 is producedby squarkor gluino decaysandthatits decayto the &2

is suppresseth a certainregion of the GMSB parametespacesuchthatthe leptonsusedfor the

constructiorof the invariantmassdistributions coupleto the 5. All otherfeaturesof the decay
chainstaythesameasin Fig. 6.3(b) e.g. the Ef is the NLSP andhasa non-vanishinglifetime.

During thetoy ts of the €2 interpretationthe samerandomseedsasfor the t in the standad
interpretationasdiscussedbove have beenusedin orderto allow the comparisorof theresulting
c? distributionsandto determinewhich interpretatiordescribeshedatabest.Figure 8.8(a)shavs
the correlationbetweerthe c2;, valuesfor eachtoy t for bothinterpretationslt canbeobsered
thatthe C%in valuesfor the 6§ interpretationaremuchlargerfor everytoy t thanin thestandad
interpretation Thereforethis alternatve canbe excludedeasily

¢, i, interpretation: Theinterpretatiorof theobsenablesasdiscussedbave canbeextendedby
substitutingthe right-handedsleptonby a left-handedslepton.In the specialcaseof the GMSB1
benchmarkscenariothe ¢2 hasa larger massthan the left-handedsleptons(see Tah 6.1) and
thereforethedecaychain

g! &%q! i1 q! &d*1 q! &d*l g l=em (8.2)
is possible,althoughlargely suppressedNeverthelesstherecould be regionsin the parameter
spacenherethis leadsto measuredialuesof the obserablesaslistedin Tah 8.1 Again,all other
featuref the nal stateareassumedo staythe sameasin the standad interpretation Thesame
randomseedsareusedin the &5, I interpretationandthe resultingcorrelationbetweerthe ¢ 2.
valuesareshawvn in Fig. 8.8(b) Again, thealternatve interpretatiorcanbe excludedeasily since

its 02
its ¢, valuesaremuchlargerfor everytoy t.

Theresultsobtainedrom thetwo alternatve interpretationginalysederegive con dencethatwrong
interpretation®f theobserablescanbe excludedin the caseof GMSB modelswith photonsn the nal

State.

Neverthelessa scanover all possibleinterpretationsvould be desireablealthoughthis would

requireanenormousamountof CPUtime with the currentsetupof Fittino.
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Figure8.8: Correlationsof the cZ;, valuesof the standad interpretation of the measurecbserables
and(a)the 58 interpretationand(b) the 53, [ interpretationasdescribedn thetext.

It shouldbenotedthatin all toy ts discusse@bove it hasheenassumedhatthe obserablescanbe
describedby a GMSB modelin at leastoneinterpretation Also thisis a priori unknavn. Therecould
beanothemprobablyyet unknavn theorywhich featuregshesamenal statesasthe GMSB model.If the
datacannotbe describedby a GMSB model,theresultingc 2., distributionswould be unacceptabléor
all possibleinterpretationsin termsof a GMSB model.






Chapter 9

Summary, conclusionsand outlook

9.1 Summary and conclusions

With the foreseerstartof LHC operationin 2009a new enegy frontierin high enegy physicswill be
exploredin pp collisions. Besidesprecisetestsof the StandardVlodel andthe possibleinvestigationof
themechanisnof electraveaksymmetrybreaking the discovery of physicsbeyondthe StandardModel
will be amongthe mostinterestingand alsomostchallengingtasksfor the LHC experiments.As has
beenpointedout in this thesis the StandardModel cannot bethe nal theoryof natureasit comprises
fundamentaproblemsof experimentalaswell astheoreticalcharacter One of the mostintenselyin-
vestigatedandprobablyalsomostpromising)candidate®f a theorybeyondthe StandardModel is the
ideaof supersymmetryhat predictsnew particlesthat could directly be producedat the LHC, if their
massesreon the TeV scale. Sincethereexist mary differentrealizationsof supersymmetritheories,
measurementsf the particlepropertiesarenecessarijn orderto constrainthe possiblesupersymmetric
parametespace.

Gaugemediatedsupersymmetrpreakingprovidesa possibleway to mediatesupersymmetripreak-
ing thatoccursat a high scaleto the electraveak scale. Thesemodelsnaturallyfeaturea gravitino LSP,
while the phenomenologys largely determinedy the NLSR This cane.g. bethelightestneutralinoas
well asa right-handedsleptonor the lighteststau. GMSB modelswith a neutralinoNLSP decayingto
a gravitino anda photonhave beeninvestigatedn this thesis. Benchmarkscenariohave beenstudied
thatfeatureaneutralinoNLSPwith vanishinglifetime resultingin nal statesvith photonscomingfrom
the primary interactionvertex aswell asscenariosn which the NLSP hasa non-vanishinglifetime and
leadsto photonsbeingproducedat a certaindistanceo the primaryinteractionvertex.

In additionto the photonsin the nal state,large missingtranserseenegy and multiple high en-
emgeticjetsareexpectedin the pp collisionsatthe LHC. These nal statesextendthe variety of super
symmetric nal statetopologiesof mMSUGRA-like modelsstudiedextensvely in thepast.Theadditional
photongprovide a handleto reducethe Standardviodel backgroundrery ef ciently leadingto analmost
background-freehannefor earlydiscoveriesof GMSB eventsatthe LHC. In addition,the photonscan
be usedto measureertainpropertiesof supersymmetriparticles,like endpointsn invariantmassdis-
tributionsaswell asthe possiblynon-vanishingNLSPlifetime. Thesemeasurementsanbe exploitedin
global ts to determinghe underlyingGMSB parameters.

In thisthesigt hasbeenshavn thatthe ATLAS detectohastheability to discover GMSB eventswith
high signi cancein large partsof the parametespacecaovering bothpromptandnon-pointing nal state
photons For bothpossibilitiesselectiorstratgieshave beenoptimizedin orderto copewith thedifferent
kinematicalpropertiesof promptandnon-pointingphotons.By usingan examplebenchmarkscenario,
it hasbeendemonstratedhat the measuremenf kinematicendpointsin invariantmassdistributions
involving photonsandleptonsallows the determinatiorof the masse®f the two lightestneutralinosas
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well asthemassof theintermediateight-handedleptonwith goodprecisionusingasmalldataset. The
measuremerdndthe interpretationof endpointsin invariantmassdistributionsinvolving jetsis more
involved, but a roughestimateof the squarkmassscaleaswell asof the gluino masscanbe obtained.

Thetopologyof the non-pointingphotonsin the nal statecanalsobe usedto determinghe NLSP
lifetime. Methodshave beenpresentedhatmake useof differentvariablesandapproachesit hasbeen
demonstratethatthe delayedarrival time of the electromagneticlusterof a photonin the calorimeter
aswell asits directionalinformation canbe exploited. If additionalleptonsare presentin the event,
kinematicconstraintscan be utilized that incorporatethe massmeasurementsf the supersymmetric
particles. The unbiasednon-pointingphoton selectionprovides advantagedor this purpose,sinceit
allows amoreef cient identi cation of photonscomingfrom late decayingneutralinos.

Finally, the massmeasurement®gethemwith the measuremertf the neutralinolifetime have been
usedasimportantinputto global ts of the GMSB model. A SimulatedAnnealingapproactasbeenap-
plied andthe possibility of determiningthe underlyingGMSB parameterfiasbeenexplored. The effec-
tive supersymmetripreakingscaleL andthe orderparametefor spontaneousupersymmetrpreaking
F canbedeterminedprecisely while for the measurementf tanb, aswell asfor the disentanglement
of MmessandCqyra, additionalobserableshave to be takeninto account.In additionit hasbeentested,
if themeasure@bserablesinterpretedn analternatve way mightleadto afalseparametedetermina-
tion. It hasbeenshavn for two examplescenarioghata wrongassignmenof the decaychainsleadsto

unacceptable?2, distributionsshaving theincompatibility of theinterpretatiorwith thedata.

9.2 Outlook

The mostimportantissuefor rst dataanalysisis to obtaina profounddetectorunderstanding Espe-
cially analyse®of supersymmetriscenariognake useof a variety of reconstructeadbjectslike missing
transerseenenpy, jets,leptonsandphotons All aspect®f thereconstructiorof theseobjectshave to be
understoodn orderto performa successfusearchfor supersymmetrievents. This includesa detailed
understandingf the Standardviodel backgroundhatis especiallyimportantfor the searchfor GMSB
events.Therateswith which jetsaremisidenti ed asphotonshave to be measure@ndthe photoniden-
ti cation criteria have to be optimizedfor a GMSB analysiswith (non-pointing)photonsin the nal
state.

For the measuremertf the masse®f supersymmetriparticlesit is essentiato studytheidenti ca-
tion andreconstructiorperformancef the ATLAS detectorfor electronsmuonsandphotonswith rst
data.Thisincludesthe enegy resolutionsandscalego obtainreliableresultsfor theinvariantmassdis-
tributions. Additionally, studiesareneededn orderto develop methodgo determinethe masse®f the
chaginos, stausandotherparticlesnot coveredin this thesis. One (possiblyvery complicatedmethod
is to completelyreconstructhe supersymmetricdecaychainwith kinematicconstraints As input for a
t additionalobserablessuchasleptonandjet momentacanbeused.Dueto thelarge jet multiplicities
in supersymmetrieventsit mightbecomplicatedo copewith thelargecombinatoricsn suchamethod.
Ontheotherhand,onecouldagainpro t fromthe nal statephotonsn GMSB modelswith aneutralino
NLSP,

For the determinatiorof the neutralinolifetime it is importantto studythe timing resolutionof the
ECalwith rst data.Thisincludesthe measurementif theresolutionwith Z°! e*e eventsto investi-
gatethe StandardModel backgroundatontrikutionin thesignalsample asoutlinedin thisthesis.Further
more,thereconstructiorof the neutralinadlifetime canpotentiallypro t from photoncorversions.As an
example,thedirectionof the photoncanbe measureanuchmorepreciselyif it corvertsandtheresult-
ing electrontrackscanbe reconstructedEspeciallythe f directionof the photoncanbe determinedn
thisway andthe solutionof the kinematicconstraintequationsisedin thelifetime measurementould
becomemucheasier Neverthelessthis might only be possiblewith larger datasetsAnotherinteresting
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questionis, wetherthe neutralinodecayto Z° bosonscanbe exploitedin orderto determinethe NLSP
lifetime. If the decayvertex of the lepton pair resultingfrom the Z° decaycan be reconstructecf -
ciently, the decaylengthof every individual neutralinocouldbe measuredlirectly. Sincethe branching
ratio of the neutralinodecayto Z° bosonds in generalvery smallin the minimal GMSB model, this is
againonly possiblewith largerdatasets.

It hasbeenpointedout thatthe measurementf tanb andthe disentanglemertf MpyessandCyra, is
not possiblewith the measuredbserablespresentedn this thesis. Therefore,additionalwork hasto
be doneto identify obserablesthat dependstrongeron tanb andMmessOr Cyray. 1N the GMSB1-like
scenarioghe intermediatesleptoncan also be a stauthat potentially could be exploited to get closer
constraintontanb, sincethis parameteentershe staumixing matrix on treelevel.

It might be impossibleto measuresomeof the propertiesof supersymmetriparticlesat the LHC.
However, aleptoncolliderathigh enegiesprovidesamuchcleanerrvironmentandthegreatadwantage
of aknown initial stateof the particlecollisions. Especiallythe neutralinolifetime determinatiorwould
prot from aknown initial stateandcouldbe determinediirectly without the needof calibrationcurves
asdiscussedh thisthesis.






Appendix A

Additional tables

Table A.1 lists the Standardviodel backgroundsamplesusedin this thesis. The generatorcodes,as
describedn Sect.4.1, areindicatedaswell asthe integratedluminosity for eachsample. During the
of cial ATLAS productionprocesscuts on generatoievel have beenappliedin orderto allow for a
fastersimulationof therelevantprocessesThedetailsarelistedin Tah A.2.

Process Generator L [pb 1

multiple jet production| PYTHIA 105 30
semi-leptonidt HERWIG 597
full-hadronictt HERWIG 256
Z! e'e PYTHIA 331
Z! nfm PYTHIA 331
Z! t*t ALPGEN 465
W! en+2partons | ALPGEN 873
W! en+3partons | ALPGEN 5543
W! en+4partons | ALPGEN 14056
W! en+5partons | ALPGEN 8500
W! m+2partons | ALPGEN 1871
W! m+ 3partons | ALPGEN 48791
W! m+4partons | ALPGEN 143219
W! m+5partons | ALPGEN 8434
W! tn+0parton ALPGEN 1410
W! tn+1parton ALPGEN 176
W! tn+2partons | ALPGEN 882
W! tn+3partons | ALPGEN 704
W! tn+4partons | ALPGEN 5321
W! tn+5partons | ALPGEN 7874
Wg PYTHIA 2066
Zg PYTHIA 3875
directgg production PYTHIA 454
WW HERWIG 2040
ZZ HERWIG 23827
Wz HERWIG 6117

TableA.1: Eventsamplef StandardModel backgroundgrocessessedin thisthesis.

Theelectraveakprecisionobserablesandthelow-enegy obserablesmeasuredby the B-factories,
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A Additionaltables

Process Generatocuts

tt NIepton> 0

Z! e'e;nfm | priepon> 10GeV, jhieptod < 2:7

Z! t*t jPieptod < 2:7

W! en;m Niet> O, priet, > 80GeV, jhjeyj < 5, EMSS> 50GeV

W! tn Niet > O, Prijet, > 80GeV, jhjer,j < 5, EMSS> 50GeV,
Niepton™> O, Prilepton™> 10GeV, jhieptor < 2:7

Wg, Zg Ng> 0, pr;g> 25GeV, jhyj < 2.7

g9 Ng> 1, pr,g> 20GeV, jhgj < 2:7

WW, ZZ, WZ Niepton> O, Priepton™> 10GeV, jhieptor < 2:8

TableA.2: Cutsongeneratotevel imposedduringthe MC productionprocedurdor thedatasetsisedin

thisthesis.

kaonexperiments.EP, SLC andthe TeVatron,aswell asthemeasuremendf (g 2) ,asusedin thetoy
ts in Sect.8.2.2arelistedin Tah A.3 with their currentexperimentalvaluesanduncertainties.

Obsenable Experimental Uncertainty Exp. Reference
Value stat syst

BR(B! sg)=BR(B! sg)sm 1.117 0.076 0.096 [13]]
BR(B! tn)=BR(B! tn)su 1.15 0.40 [132,133 134
BR(Bs! X5 )=BR(Bs! Xs)sm 0.99 0.32 [131]
Dmg,=Dmg 1.11 0.01 0.32 [135
Dmgg =D
ng“” 1.09 0.01 0.16 [131,135
Dec=Degg 0.92 0.14 [135
BR(K! m)=BR(K! mn)sm 1.008 0.014 [136
am®  asM 30.2 10 19 | 8.8 10 19 2.0 10 10| [137,138 139140 14]]
Sir? Gef 0.2324 0.0012 [9]
G 2.4952GeV | 0.0023GeV 0.001GeV [9]
R 20.767 0.025 [9]
Ry 0.21629 0.00066 [9]
Re 0.1721 0.003 [9]
A (b) 0.0992 0.0016 [9]
A (C) 0.0707 0.0035 [9]
Ap 0.923 0.020 [9]
Ac 0.670 0.027 [9]
A 0.1513 0.0021 [9]
A 0.1465 0.0032 [9]
A (1) 0.01714 0.00095 [9]
Shad 41.540nb 0.037nb [9]
my 80.399GeV | 0.025GeV 0.010GeV [4]

TableA.3: Measurementfom B-factories kaonexperimentsLEP, SLC andthe TeVatron,aswell as
themeasuremendf (g 2) ,,asusedin thetoy ts.
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