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Abstract

Modelswith gaugemediatedsupersymmetrybreaking(GMSB) provide a possiblemechanismto
mediatesupersymmetrybreakingto theelectroweakscale.In thesemodelsthelightest-supersymmetric
particleis thegravitino, while thenext-to-lightestsupersymmetricparticleis eitherthelightestneutralino
or a slepton. In the former case�nal stateswith large missingtransverseenergy from the gravitinos,
multiple jetsandtwo hardphotonsareexpectedin pp-collisionsat theLHC. Dependingon thelifetime
of the neutralinothe photonsmight not point backto the interactionvertex, which requiresdedicated
searchstrategies.Additionally, thisfeaturecanbeusedto measuretheneutralinolifetime usingeitherthe
timing informationfrom theelectromagneticcalorimeteror thereconstructedphotondirection.Together
with themeasurementsof kinematicendpointsin invariantmassdistributions,the lifetime canbeused
asinput for �ts of theGMSBmodelandfor thedeterminationof theunderlyingparameters.

Thesignalselectionandthediscoverypotentialfor GMSBmodelswith photonsin the�nal stateare
discussedusingsimulateddataof theATLAS detector. In addition,themeasurementof supersymmetric
particlemassesandof theneutralinolifetime aswell astheresultsof theglobalGMSB�ts arepresented.





Zusammenfassung

Supersymmetriebrechungkanndurchdie EichwechselwirkungendesStandardmodellszur elektro-
schwachenSkalavermitteltwerden.In diesensogenanntenGMSBModellenist dasGravitino dasleich-
testesupersymmetrischeTeilchen,währenddaszweit leichtestesupersymmetrischeTeilchenentweder
dasleichtesteNeutralinooderein Sleptonist. Im Falle desleichtestenNeutralinoserwartetmanin pp-
Kollisionenam LHC Endzusẗandemit hohenWertender fehlendenTransversalenergie, Jetsmit hoher
Multiplizit ät und zwei hartePhotonen.In Abhängigkeit der Neutralinolebensdauer weisendiesePho-
tonenmöglicherweisenicht zum Primärvertex, was entsprechendoptimierteSuchstrategien erfordert.
AußerdemkanndieseEigenschaftderPhotonengenutztwerden,umdieNeutralinolebensdauer mit Hilfe
der ZeitmessungdeselektromagnetischenKalorimetersoderder rekonstruiertenPhotonenrichtungzu
bestimmen.Zusammenmit Messungenvon Endpunktenin VerteilungeninvarianterMassenkanndie
gemesseneLebensdauerals Observable für eineAnpassungeinesGMSB Modells an die Messungen
verwendetwerden,umdiezugrundeliegendenParameterdesModellszubestimmen.

Die SignalselektionunddasEntdeckungspotentialvonATLAS für GMSBModellemit Photonenim
EndzustandwerdenunterVerwendungsimulierterDatendesATLAS Detektorsdiskutiert. Außerdem
werdensowohl die Bestimmungder MassensupersymmetrischerTeilchenund der Neutralinolebens-
daueralsauchdieResultatederModellanpassungvorgestellt.
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Chapter 1

Intr oduction

The StandardModel of elementaryparticlephysicsis very successfulin describingthe fundamental
constituentsof matterandtheir interactions.Nevertheless,therearetheoreticalaswell asexperimental
dif�culties thatpointtowardsanextensionof theStandardModelto amoregeneraltheory. Supersymme-
try hasbeenprovenoutstandinglyinterestingfor thesolutionof many problemsof theStandardModel
andis amongthemostfavouredandmoststudiedextensions.

Sincesupersymmetrictheoriespredictapartnerparticlefor everyStandardModelparticleandsince
noneof theseparticleshave beenobserved so far, supersymmetryhasto bebroken on theelectroweak
scale.Thisbreakingusuallytakesplaceatahighenergy scale,suchasthePlanckscale,in somekind of
hiddensectorandhasto bemediatedto theelectroweakscalevia somemechanism.Severalmodelshave
beenproposed,amongthemgravity, gaugeandanomalymediation.Theresultingcolliderphenomenol-
ogyis largelydeterminedby thesemechanisms,in particularby thenatureof thelightestsupersymmetric
particle(LSP),which is stableif R-parityis assumedto beconserved,aswell asthenext-to-lightestsu-
persymmetricparticle(NLSP).

It is oneof themainphysicsgoalsof the ATLAS experimentat the CERN Large HadronCollider
to searchfor signaturesof supersymmetricprocesses,sincetheLHC will beableto copiouslyproduce
supersymmetricparticleswith massesup to several TeV, if they exist. Oncefound, it is importantto
investigatethe propertiesof the producedparticles,suchasmasses,couplingsand lifetimes. Mainly,
this hasbeendonein theframework of minimal supergravity (mSUGRA),wheretheLSPis usuallythe
lightestneutralinoleadingto �nal statescharacterisedby multiple high energetic jetsandlargemissing
transverseenergy.

However, supersymmetricmodelsexistwhichpredict�nal statesnotcoveredby thegenericmSUGRA
searchstrategiesandfor which thesestrategiesmight not beoptimal. New strategieshave to bedevel-
oped. Oneexampleof suchmodels,asstudiedin this thesis,is the GaugeMediatedSupersymmetry
Breaking(GMSB) model, in which the LSP is the gravitino and the NLSP is the lightestneutralino.
This resultsin �nal statescontaininghighenergeticphotons,whichmightbeproducedin theinteraction
vertex (promptphotons) or somewherein theinnerdetector(non-pointingphotons), if thelifetime of the
NLSPis �nite. In thelattercaseameasurementof thelifetime of theneutralinoallows oneto gainaddi-
tional informationabouttheunderlyingsupersymmetricmodel.Additionally, the�nal statephotonscan
beusedto determinesomeof theinvolvedsupersymmetricparticlemassesusingkinematicendpoints.

In this thesisthediscovery potentialof theATLAS experimentfor promptandnon-pointingphoton
signaturesis investigated.A full detectorsimulationis usedfor singlebenchmarkstudiesaswell asa
fastsimulationfor aparameterscan.In addition,thepossibilityto measuresomeof thesupersymmetric
particlemasseswith a few fb� 1 of datais studiedusingkinematicendpointsin invariantmassdistribu-
tions, in which several combinationsof photons,leptonsandjetsareused.In comparisonto studiesin
mSUGRAit turnsout thatadditionalinformationcanbegaineddueto thedecayinglightestneutralino.

1



2 1 Introduction

Furthermore,threemethodsarepresentedfor the measurementof the neutralinolifetime using(i) the
arrival time of thephotonclusterin theelectromagneticcalorimeter, (ii) thedirectionalinformationof
thephotonclustermeasuredby thecalorimeterand(iii) additionalkinematicconstraintsin eventswith
additionalleptons,which partially incorporatethe massmeasurements.The measurementof the neu-
tralino lifetime is particularlyinteresting(aswell aschallenging),sincetheinitial statein pp-collisions
is unknown andno assumptionson the neutralinoboostanddecayvertex canbe made. Insteadonly
informationprovidedby thecalorimetercanbeused,sinceall particlesinvolvedin thedecayprocessare
neutralandno tracksor secondaryverticescanbemeasured.

Oncesomeobservablesor particlepropertieshave beenmeasured,a modelcanbe�tted to thedata.
In this thesistheendpointandlifetime measurementswill beusedin the�t to determineat leastsomeof
theunderlyingparametersor combinationsof them. In thecaseof long-livedneutralinosthis offers the
possibilityto measuretheunderlyingsupersymmetrybreakingscale.

Thework is organizedasfollows. After a descriptionof theStandardModel andtheideaof super-
symmetryandits gaugemediatedbreakingin chapter2, theLHC andtheATLAS detectoraredescribed
in chapter3. Theeventgenerationanddetectorsimulationtechniquesaswell astheparticlereconstruc-
tion andidenti�cation methodsarepresentedin chapter4 andchapter5, respectively, followed by the
discussionof thediscovery potentialof ATLAS for GMSB modelsin chapter6. Afterwards,themea-
surementmethodsfor thedeterminationof supersymmetricparticlemassesandtheneutralinolifetime
arediscussedin chapter7 andthe�nal GMSB �t is presentedin chapter8. A summaryandconclusions
aregivenin chapter9.



Chapter 2

The Standard Model and supersymmetric
extensions

Thecurrentknowledgeaboutthefundamentalconstituentsof matterandtheir interactions(exceptgrav-
ity) is summarizedin the StandardModel of elementaryparticlephysics[1, 2, 3]. This model is very
successfulin describingmostof the experimentalphysicaldataavailableandhasbeentestedto very
high precision.Nevertheless,therearetheoreticalandexperimentaldif�culties, suchastheexistanceof
darkmatterandneutrinomasses,which point to anextensionof themodelto a moregeneraltheoryin
whichthestandardmodelcanbeembedded.Suchanextensioncouldbaseontheideaof supersymmetry,
whichhasthepotentialof solvingall known theoreticalproblems.

This chaptergivesa brief introductionto the StandardModel anddescribesthe main ingredients,
aswell as the main problems. The theoreticalbasisof supersymmetryis discussedand the minimal
supersymmetricextensionof the StandardModel is introduced.As a resultof the problemof broken
supersymmetry, thepossibilityof mediatingsupersymmetrybreakingvia gaugeinteractionsto theelec-
troweakscaleis presented.

2.1 The Standard Model

2.1.1 Main building blocks

TheStandardModel of particlephysicsdescribesall known elementaryparticlesandtheir interactions,
exceptgravity. It is basedon a relativistic quantum�eld theory, which is usually formulatedwithin
the Lagrangianformalism using the LagrangiandensityL . The model containsthe following main
ingredients:

� Matteris describedby fermion�elds.

� Theinteractionsaremediatedvia vectorbosons.

� Massesandparticlemixingsareintroducedvia theHiggsmechanism.

Fermions

Fermionsareparticlesthatcarryhalf-integer spin. In theStandardModel all fermionshave spin 1
2 and

they canbe divided into two groups: the quarksandleptons. Leptons,which canbe subdivided into
electricallychargedleptonsandunchargedneutrinos,only participatein electroweakinteractions,while
thequarksadditionallyinteractstrongly. All fermionsappearin threefamilies:eachfamiliy consistsof

3



4 2 TheStandardModelandsupersymmetricextensions

Leptons Quarks
mass[MeV] charge[e] mass[MeV] charge[e]

ne < 5� 10� 6 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

nt < 31 0 top 171200 +2/3
tauon 1777 -1 bottom 4200 -1/3

Table2.1: Massandelectriccharge of the fundamentalfermions. The quarkmassesaregiven in the
MS-scheme[4], exceptof thetop-mass,whichcanbemeasureddirectly.

a leptonandthe correspondingneutrino,aswell asan up- anda down-typequark. The massesof the
particlesrangefrom a few eV or lessof theelectron-neutrinoup to morethan170GeVof thetop-quark.
They cannotbecalculatedwithin theStandardModelandhaveto bedeterminedfrom experiments.Since
fermionsarespinorialobjects,they appearin a left-handedandaright-handedversion,exceptneutrinos,
which in theStandardModel areassumedto exist asleft-handedparticlesonly. Thecurrentknowledge
of thefermionmassesandelectricalchargesis summarizedin Tab. 2.1.

Interactions

Theinteractionsbetweentheparticlescanbederived mathematicallyfrom theprincipleof local gauge
invariance.Theunderlyingsymmetrygroupis

SU(3)C 
 SU(2)L 
 U(1)Y : (2.1)

Thisgroupdescribestwo differentpartsof theStandardModel interactions:

� SU(3)C describesthestronginteractionsby couplingthequarks(with colorchargeC) to themass-
lessSU(3)C-octettgluonsin theframework of quantumchromodynamics(QCD).

� SU(2)L 
 U(1)Y is the symmetrygroupof electroweak interactions. The correspondinggauge
bosonsmix to form themasslessphotonandthemassive W � andZ0. They couplevia theweak
isospinT3 andtheweakhyperchargeY to all fermions.

Theelectricchargeof aparticleis thengivenby therelation

Q = T3 +
Y
2

: (2.2)

FromtheelectroweaksymmetryagaugebosonSU(2)L triplet andaU(1) singletarise.Thesearedenoted
W1;2;3

m andBm, respectively, andaremassless�elds. After electroweak symmetrybreakingthe mass
eigenstates,which representthephysicallyobservable�elds, arerotationsof theweakeigenstates:

�
W+

m
W�

m

�
=

1
p

2

�
1 � 1
1 1

� �
W1

m
W2

m

�
(2.3)

�
Z0

m
Am

�
=

�
cosqW � sinqW

sinqW cosqW

� �
W3

m
Bm

�
; (2.4)

wheretheangleqW parametrizesthemixing of the�elds andits valuesin2 qW � 0:231is obtainedfrom
experiments.Am representsthemasslessphoton�eld known from quantumelectrodynamics,while the



2.1TheStandardModel 5

T3 Y Q�
ne

e

�

L

�
nm

m
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nt
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+ 1=2
� 1=2

� �
� 1
� 1

� �
� 1
0

�

�
u
d0

�

L

�
c
s0

�

L

�
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b0

�

L

�
+ 1=2
� 1=2

� �
+ 1=3
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� �
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� 1=3

�

eR mR t R 0 -2 -1
ne;R nm;R nt ;R 0 0 0
uR cR tR 0 +4/3 +2/3
d0

R s0
R b0

R 0 -2/3 -1/3

Table2.2: SU(2)L doubletsandsingletsandelectroweakquantumnumberswith resultingelectromag-
neticcharge.

other�elds coupleto theHiggs�eld andaquiremassterms.TheSU(2)L 
 U(1)Y theoryincludestwo
couplingconstants,whichparametrizethestrengthof theinteractionsandaredenotedg andg0. They are
connectedto theelectricchargevia themixing angleby

e= gsinqW = g0sinqW: (2.5)

Thefermionsthatcoupleto thegaugebosonsaregroupedinto multipletsof theStandardModel gauge
group.Theleft-handedfermionsof eachfamily areweak-isospindoublets,while theright-handedones
aresingletsandthusdo not coupleto theW � bosons.Table2.2 summarizestheelectroweakfermion
multipletsandthecorrespondingquantumnumbers.

In additionto theweakgaugebosonmixing themasseigenstatesof thequarksarenot identicalto
their weakeigenstates.This canbe modelledby introducingtwo complex 3� 3 matricesYu;d, which
arisein theYukawacouplingsof thequarks:

L Y = � Yd
i j Q̄L;i f dR; j � Yu

i jQ̄L;ief � uR; j + h:c:; (2.6)

wheref is theHiggs�eld, i; j aregenerationlabelsande is theanti-symmetric2� 2 tensor. QL areleft-
handedquarkdoubletsanddR anduR aretheright-handeddown- andup-typequarksinglets,respectively.
The quarkmasseigenstatescanbe obtainedby diagonalisingYu;d by four unitary matricesVu;d

L;R. The
generationmixing leadsto �a vor conservingand�a vor changingchargedcurrent(W � ) interactionswith
couplingsgivenby theCabbibo-Kobayashi-Maskawa (CKM) matrix

VCKM � Vu
L Vd†

L =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A : (2.7)

On theotherhand,�a vor changingneutralcurrentsaresupressed.This matrix canbeparametrizedby
threeanglesanda complex phase,which is theonly sourceof CPviolation in theStandardModel [5].
Generationmixing is in principal also possiblein the lepton sectorand recentresultsfrom neutrino
experimentsshow thatneutrinomixing in factoccurs[6]. Although in thestandardformulationof the
StandardModel neutrinosaremassless,this shows thatthey arein factmassive andtheinvestigationof
thisphenomenonis anactive research�eld.

The Higgsmechanism

An importantdif�culty in the StandardModel is that simple masstermsfor the weakgaugebosons
and the fermionsbreaklocal gaugeinvariance. For the weakgaugebosonsthe necessityfor a mass
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term alreadyfollows from considerationsaboutthe rangeof the forcesthat hasto be small enoughto
�t with theexperimentalobservations. Furthermore,themassesof thegaugebosons,aswell asof the
fermions,have beenmeasuredin experiments,showing thatmasstermsareneeded.Thesolutionto this
problemis to generatemassesin agaugeinvariantdynamicalwayby theinteractionof theparticleswith
ascalar�eld. This is known astheHiggsmechanism, which is basedon theideaof spontaneousSU(2) L

symmetrybreaking:

SU(3)C 
 SU(2)L 
 U(1)Y ! SU(3)C 
 U(1)em: (2.8)

TheHiggs�eld is acomplex scalarisospindoublet

f =
1

p
2

�
f 1 + if 2

f 3 + if 4

�
=

�
f +

f 0

�
(2.9)

with four degreesof freedom.The(Klein-Gordon)Lagrangiandensityreadsas

L =
1
2

�
¶mf

�
(¶mf ) � V(f ) (2.10)

with theSU(2)L symmetricpotential

V(f ) = m2f †f + l (f †f )2: (2.11)

The real parameterl hasto be positive to ensurethatV ! ¥ whenf ! � ¥ . As canbe seenfrom
Eq. (2.11), theminimumof thepotentialis no longerat f = 0, if m2 is chosento benegative. Instead,
theminimumliesat

jf 0j =

r
� m2

l
= v: (2.12)

With this parametersettingthepotentialV itself is still SU(2)L symmetric,while every possibleground
statebreakstheSU(2)L symmetry. This is known asspontaneoussymmetrybreaking. Now onechoses
aspeci�c groundstatewith f 1 = f 2 = f 4 = 0 andexpandsthe�eld aroundtheminimum:

f =
1

p
2

�
x1(x) + ix2(x)

v+ h(x) + ix3(x)

�
; (2.13)

with h(x) andx1;2;3(x) beingreal scalar�elds. In the resultingLagrangiandensitya massterm for h
appearswith mh =

p
2m, while theother�elds remainmasslessdueto thevanishingderivativesin the

tangentialdirectionsof thepotential.Thecorresponding�eld quantaarecalledGoldstonebosons. If one
requireslocal gaugeinvariance,the x1;2;3(x) �elds coupleto the gaugebosonsandcreatemassterms.
Thekinetic termsof thex1;2;3(x) �elds vanishin theunitarity gauge showing thatthey do not appearas
independentphysicalparticles.The groundstateis chosensuchthat the photonremainsmasslessand
themassesaregivenby:

mW =
1
2

gv (2.14)

mZ =
1
2

v
p

g2 + g02 (2.15)

mg = 0: (2.16)

Dueto thegaugebosonmixing, themassesof theW andZ arenot independentandaregivenby

mW = mZ cosqW: (2.17)
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Figure2.1: Dc 2 asa functionof mH for (a) thestandard andfor (b) thecomplete�t of theelectroweak
observables.Thesolid (dashed)line givestheresultswhenincluding(ignoring)theoreticalerrors.The
minimumc 2 of the �t includingtheoreticalerrorsis usedfor bothcurvesto obtaintheoffset-corrected
Dc 2 [10].

Fromthisandfrom Eq.(2.5) follows thatall effectsof W andZ exchangeprocessescanbedescribedby
thethreeparameterse, qW andmZ. SincemW, mZ andsinqW havealreadybeenmeasuredin experiments,
thevaccumexpectationvaluev canbecalculatedto be

v � 246GeV: (2.18)

TheHiggsmechanismalsoallows for masstermsfor all fermions.Thesearegivenby Yukawacoupling
termsin theLagrangian,while thecouplingconstantsl f arefreeparametersof themodel:

mf = l f
v

p
2

: (2.19)

Importantto note is that thereis no fundamentalreasonwhy all fermionsshouldcoupleto the same
Higgs�eld. For instance,in supersymmetrictheoriesoneneedsat leasttwo Higgsdoubletsto assigna
massto every fermion.

TheHiggsparticleitself hasnot beendiscoveredyet andits massis a freeparameterof themodel.
Direct searchesfrom theLEP experiments[7] have seta lower limit of mH = 114:4GeV on theHiggs
mass,while thedirectsearchesfrom theTeVatron[8] excludethe region mH = [160;170] GeV at 95%
CL. Sincetheradiative correctionof theself energy of theweakgaugebosonsdependsonly logarithmi-
cally ontheHiggsmass,noprecisemeasurementof mH couldbedone.1) Nevertheless,its mostprobable
valuecanbedeterminedin a global �t of theelectroweakobservables[10,11]. Figure2.1(a)shows the
Dc 2 = c 2 � c 2

min asa functionof theHiggsmassof thestandard �t, de�ned asthe�t to theelectroweak
precisionobservables,excludingthedirectHiggssearches.Theresultingestimateof theHiggsmassis
thenmH = 83+ 30

� 23 GeV, while the2s and3s intervalsare[42,158]GeV and[28,211]GeV, respectively.
Whenthedirectsearchresultsareincludedin the�t (complete�t), thebestestimateof theHiggsmass
is mH = 116:3+ 15:6

� 1:3 GeV, while the 2s interval is reducedto [114,145]GeV. The correspondingDc 2

distribution is shown in Fig. 2.1(b).

1)This is in contrastto thetop mass,which hasbeenpredictedfrom theLEP experiments[9], sincetheradiative correction
of theself energy of theweakgaugebosonsdependsquadraticallyon thetopmass.
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Renormalization

Anotherimportantissuefor asuccessfulandconsistentmodelfor particlephysicsarisesfrom acalcula-
tionalpointof view. Calculationsin quantum�eld theoriesareoftenperformedby Taylorexpandingthe
Lagrangianinto a power seriesof the couplingconstants.Every term canbe representedby Feynman
diagrams.Diagramsthatcontainparticleloopstendto bedivergentandhencethescatteringamplitude
is alsodivergent. To make senseof theresultsof thecomputationsonehasto copewith thesein�nities
anda procedurehasbeendevelopedto do so[12,13], which is calledrenormalization. Every divergent
diagramcanbecorrectedby acounterterm,if atheoryis renormalizable.Thisis thecasefor theStandard
Model,but e.g. thenaive quantizationof generalrelativity fails to berenormalizable.

Quantum Chromodynamics

Thequantum�eld theoryof thestronginteractionsis calledQuantumChromodynamics[14] (QCD). It
is basedon thegaugegroupSU(3)C anddescribestheinteractionsbetweengluonsandquarks.As in the
caseof theelectroweaktheory, thegluonsarethegaugebosonsandenterthetheoryafterlocalizationof
thegaugegroup.They aremasslessandarenotaffectedby thebreakingof SU(2)L . Thechargeof QCD
is calledcolor anddueto thenon-abeliancharacterof SU(3)C not only thequarks,but alsothegluons
arecolored.Thegluonscarrya color andananti-coloreachandof theninepossiblecombinationsonly
theSU(3)C octetis realizedin nature.Leptonsarecolor singletsandthereforedo not participatein the
stronginteraction.

The value of the strongcoupling constantaS dependson the momentumtransferQ2, as do the
couplingconstantsof SU(2)L 
 U(1)Y . Dueto thenon-abeliangaugegroupaS is largeat low valuesof
Q2 andapproacheszerofor very largeQ2. This leadsto thephenomenonof asymptoticfreedom[15,16]
andthecon�nementof coloredobjects.Quarksarecon�ned to hadronicboundstatesandcanappearas
baryonsor mesonsconsistingof threequarksor aquarkandananti-quark,respectively.

Theprotonis themostimportantbaryonandin themostsimplepictureit is madeof two up-quarks
andonedown- quark (valencequarks)suchthat the electriccharge is 1. A betterdescriptionis that
theprotonis madeof partons,namelyquarksandgluons. It turnsout experimentally, that in addition
to thevalencequarksseaquarksandgluonsarepresent.Theseaquarksarisefrom gluonssplitting up
into a quark-antiquarkpair. All quarksandgluonstogethercarry the total momentumof the proton.
Themomentumfractionof eachpartoncanbe investigatedexperimentallyby deepinelasticscattering
(DIS) of electronsandprotons. This hasbeendonewith the experimentsbuilt at the HERA electron-
protonaccelerator, whichhave preciselymeasuredtheso-calledPartonDensityFunctions(PDFs).Two
mainvariablesareusedto describethePDFs:thepartonmomentumx asthefractionof thetotal proton
momentumandthemomentumtransferQ2 from theelectronto the interactingparton.As anexample,
Fig. 2.2shows thecombinedresultsfrom theZEUSandH1 experimentsfor thevalencequarks(xuv and
xdv), thegluons(xg) andseaquarks(xS) at amomentumtransferQ2 = 10GeV2.

Thedetailedknowledgeof theprotonstructureis essentialfor theanalysisof LHC data.Especially
thesearchstrategiesfor physicsbeyondtheStandardModelareoptimizedusingsimulatedMonteCarlo
events,wherea precisepredictionof the proton interactionsis necessary. At the LHC processeswill
beinvestigated,which differ in their crosssectionsover morethan10 ordersof magnitude,asshown in
Fig. 2.3. For comparison,thetotalproductioncrosssectionof a typicalsupersymmetricscenariostudied
with ATLAS is of the orderof 10� 2 nb [18]. It shouldbe notedthat dueto the partonicstructureof
theprotontheeffective centerof massenergy at theLHC is muchbelow 14TeV andlies around2TeV,
dependingon thescatteringprocessandtheinvolvedpartons.
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Figure 2.2: Partondensityfunctionsof the valencequarksuv, dv, the gluonsg and seaquarksS as
obtainedfrom thecombinedresultsof theZEUSandH1 collaborations[17].

2.1.2 Problemsof the Standard Model

AlthoughtheStandardModel describesthefundamentalparticlesandtheir interactionswith greatsuc-
cess,therearesomeunsolved problemsthat point towardsan extensionof the model. Someof them
areintrinsic problems,somearisefrom cosmologicalmeasurementsandsomehave a puretheoretical
nature:

� General: Thereis no explanationfor theobservedmultiplet structureandmasshierarchy.

� Uni�cation: The quark-to-leptoncharge relation is puzzling and thereis no uni�cation of the
couplingconstantsatahigh scale.

� Astrophysical: Thereis anunexplainedmatter-antimatter-asymmetryin theuniverseandthemat-
ter is mainlymadeof unknown darkmatter.

� Intrinsic: Thestabilityof theHiggsmasscannotbeunderstoodin anaturalway.

� Theoretical: Gravity is not includedin theStandardModel.

The�rst item expressespartof thefactthattheStandardModel includesmany ad-hocassumptionsand
freeparametersthatcannotbejusti�ed or calculatedwithin themodelitself. This leadsto thehopethat
thereis a morefundamentalunderlyingtheorythatovercomesthis problem.Attemptshave beenmade
by de�ning GrandUni�ed Theories(GUTs) [20], which have a simplergaugegroup(suchasSU(5)or
SO(10))andthushave fewer couplingconstantsanda simplermultiplet structure.Within suchmodels
also the quark-to-leptoncharge relationcanbe calculated,but otherproblems,suchas the instability
of the proton,requirenew ideas. Anotherproblemrelatedto GUTs is the uni�cation of the coupling
constants,which cannotbeachievedwithin theStandardModel. This canbesolvedby theformulation
of supersymmetrictheories[21,22,23], wheretherunningcouplingsconverge in onepoint at theGUT
scale,asdepictedin Fig. 2.4. Also theprotonis stableenoughin supersymmetricGUTs.
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Figure2.5: Loopcorrectionsto m2
H from (a)afermion f with massmf and(b) of aheavy complex scalar

with massmS [23].

The third item touchestheproblemof CPviolation. Thecomplex phaseof theCKM matrix is the
only sourceof CPviolation in theStandardModel,but it is not suf�cient to explain thecosmologically
observed matter-antimatter-asymmetryin the universe[24, 25, 26]. Supersymmetricextensionsof the
StandardModelcontainthepossibilityto haveup to 43additionalcomplex phases[27]. Anotherimpor-
tantcosmologicalobservation is the fact that thematterdescribedby theStandardModel accountsfor
only 4% of the contentof theuniverse.Around76% is madeof dark energy, which is responsiblefor
theacceleratedexpansionof theuniverse,while around20%is madeof darkmatter[28]. If darkmatter
is madeof particlesthatcanbedescribedby particlephysics,thentheseparticlesmustonly interactvia
theweakinteractionsand/orgravitational interactions.Theonly candidatein theStandardModel is the
neutrino,which is excludedto betheonly sourceof theobservedgravitationaleffectsof darkmatterdue
to its very smallmass.Again,supersymmetrictheoriesprovide goodpossibilitiesto solve this problem.
Dependingon themodelthey have a varietyof candidateparticlesthatcouldaccountfor theobserved
amountof darkmatter, suchasthelightestneutralinosor thegravitinos.

Thefourth item hasto do with theHiggsmechanism,thathasbeeninventedto solve theproblemof
symmetrybreakingin the StandardModel, but causesnew problemsitself [29, 30, 31, 32]. The Higgs
masssquaredm2

H receivesenormousquantumcorrectionsfrom loopeffectsof everyparticlecouplingto
theHiggs. Figure2.5shows a correctionsto m2

H from a fermion f with massmf . If thecouplingreads
as� l f H f̄ f , thenthecontribution to theHiggsmassis

Dm2
H = �

jl f j2

16p2

�
2L 2

UV � 6mf ln(L UV=mf ) + : : :
�
; (2.20)
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whereL UV is an ultraviolet momentumcutoff. If this cutoff is chosento be at the Planckscale,then
Dm2

H is about30 ordersof magnitudeslargerthanthetruevalueof around(100GeV)2. This resultsin a
�netuning of thecutoff in everyorderof perturbationtheoryandthepossibleinterpretationof thecutoff
asanaturalscalefor new physics.This is known asthehierarchy problem. As anexamplefor asolution
to this problem,Fig. 2.5shows thecontribution of a heavy complex scalarwith massmS anda coupling
� l SjHj2jSj2. Thecontribution of s scalarsto theHiggsmassis then

Dm2
H =

l S

16p2

�
L 2

UV � sm2
Sln(L UV=mS) + : : :

�
; (2.21)

which can cancela fermion contribution due to the minus sign. Supersymmetrictheoriesprovide a
varietyof heavy chargedscalarparticlesto cancelthe fermioncontributionsfrom theStandardModel,
in particularin theMSSMthereis onepartnerscalarparticleto eachStandardModelparticlecancelling
its contribution to theHiggsmass.

Finally, theStandardModel cannotbe the �nal descriptionof nature,sinceit doesnot incorporate
gravitational interactions.Thegravitational forceis weakenoughto beneglectedin elementaryparticle
interactionsat theelectroweakscale,but at energiesup to thePlanckscalegravity becomesasstrongas
theStandardModel forces.Theextensionof theStandardModel to a theoryof gravity poseslargetheo-
reticaldif�culties (renormalizability),but againsupersymmetryis apopularcandidatefor anelegantso-
lution. If supersymmetryis treatedasalocalgaugesymmetry, asis donewith SU(3) C 
 SU(2)L 
 U(1)Y

in the StandardModel, it becomesautomaticallya theoryof gravity, sincea supersymmetrictransfor-
mationalsoincludesaspace-timetransformation.This is utilized in supergravity theories.Thequestion
is then,if it is possibleto formulatea perturbatively �nite theoryof gravity andthe hopeis that addi-
tionalsymmetries(suchassupersymmetry)imposeenoughconstraintsto cancelall divergencies.It turns
out, thatnot only supersymmetricstring theoriesare�nite, but alsoin four dimensionalsupersymmet-
ric quantum�eld theoriesit might bepossibleto cancelall divergenciesin every orderof perturbation
theory[33].

2.2 Supersymmetry

As discussedin section2.1.2, supersymmetrictheoriesprovideelegantsolutionsto avarietyof problems
of theStandardModel. In the following, thebasicprinciplesandphysicalconsequencesof supersym-
metrywill bediscussedbrie�y . Theminimalsupersymmetricextensionof theStandardModel (MSSM)
will beintroducedandits particlecontentandotherpropertieswill besummarized.Sincesupersymme-
try hasto bebrokenat theelectroweakscale,someof thebreakingmechanismswill be introducedand
thespecialcaseof gaugemediatedsupersymmetrybreaking(GMSB)will bediscussedin somedetail.

2.2.1 Intr oduction and theoretical basis

Everyrelativistic quantum�eld theoryis invariantunderthePoincaŕegroupP andmostoftenalsounder
aninternalsymmetrygroupG, i.e. underP 
 G. Thegeneratorsof thecorrespondingLie-algebraare
Pm, Mmn andTa, suchthat [Pm;Ta] = [Mmn;Ta] = 0. An interestingquestionis, if a groupexists that
containsP andG assubgroups,i.e. if a groupexists with [Mmn;Ta] 6= 0. Due to the no-gotheorem
of COLEMAN andMANDULA [34] sucha groupcannotbe generatedby Lorentz-tensors.A possible
way out is a symmetrywith spinorialchargesratherthantensorialcharges. Thecorrespondingalgebra
is calleda Lie-superalgebra andthecorrespondingtheoremfor supersymmetrictheoriesis the HAAG-
LOPUSZANSKI-SOHNIUS theorem[35].
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Dueto theSpin-Statistic-Theorem[36] theproposedsetof spinorialcharges2) Qa , with a = 1; : : : ;4
is closedthroughanti-commutators.Qa canbeexpressedin termsof a Weyl spinorQA, with A = 1;2:
Qa = (QA; Q̄ �A) with Q̄ �A = (QA)� . Togetherwith the generatorsof the Poincaŕe groupthey form the
following algebra[22]:

[Mmn;Qa ] =
1
2

(Smn) b
a Qb (2.22)

[Qa ;Pm] = 0 (2.23)

f Qa ; Q̄b g = 2(gm)a b Pm, (2.24)

wheregm is givenby f gm;gng = 2gmn andSmn = i
2 [gm;gn ].3) Fromtheserelationstwo very fundamental

consequencesarise:

� Theparticlesin asupermultiplethave thesamemass,but differ in their spinby half aunit.

� Thereis thesamenumberof fermionicandbosonicdegreesof freedomin every irreduciblerepre-
sentationof supersymmetry.

Hence,in supersymmetrictheoriesevery bosonhasa fermionicpartnerparticlewith thesamemassand
vice versa. In particular, the supermultipletsarechosensuchthat every StandardModel particlewith
spin 0, 1

2, 1, 2 hasa partnerwith spin 1
2, 0, 1

2, 3
2, respectively. The correspondingmultipletsareoften

calledchiral, vectorandgravity supermultiplet:

chiral chiral vector gravity
SM particlespin 0 1

2 1 2
SUSYparticlespin 1

2 0 1
2

3
2

For theconstructionof supersymmetricmodelsso-calledsuper�eldsareused,which arereducible
representationsof thesupersymmetryalgebraandcontaina varietyof component�elds. Supersymmet-
ric conditionsareimposedto projectout therespective irreduciblerepresentations.Thecorresponding
super�eldsarethencalledchiral or vectorsuper�elds,which areusedto describethematteror gauge
contentof the theory, respectively. The supersymmetricversionof a Lagrangianis easilyderived by
simplyapplyingthesamerulesasfor theoriginalmodel.

Thereis an additionalcontinoussymmetrycalledR-symmetryU(1)R underwhich theminimal su-
persymmetricextensionof theStandardModel is invariant[37]. Sincethissymmetryactschirally onthe
gluinos, thepartnerparticlesof thegluons,andwould constrainthemto bemasslessevenaftersponta-
neoussupersymmetrybreaking,it hasto bebroken.4) In mostof thesupersymmetricmodelsa discrete
Z2 remnantof thecontinoussymmetryremains,calledR-parity[38,39], which is givenby

RP = (� 1)3(B� L)+ 2S (2.25)

andis closelyconnectedto thebaryonnumberB, leptonnumberL andthespinS. It is a multiplicative
quantumnumber, which is + 1 for all StandardModel particlesand� 1 for all supersymmetricpartner
particles.If R-parityis assumedto beconservedin asupersymmetricmodelnobaryonor leptonnumber
violationoccurs.Two of themostimportantconsequencesof R-parityconservationare:

2)Only thecaseof a singlegenerator(N = 1) will bediscussedhere.Theorieswith extendedsupersymmetry(N > 1) have
anextendedalgebra,anextendedparticlecontentpermultipletandareusuallynot consideredin simulationstudiesin ATLAS.

3)FromEq.(2.24) it canbeseenthatasupersymmetrytransformationincludesspace-timetransformations.If supersymmetry
is treatedasalocalgaugesymmetry, thetransformationsincludelocalspace-timetransformations,whichmeansthatthetheory
is a theoryof gravity.

4)Masslessgluinoswould leadto relatively light R-hadronsmadeof quarks,antiquarksandgluinos,which have not been
observed.
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� At colliderssupersymmetricparticlescanonly beproducedin pairs.

� Thelightestsupersymmetricparticle(LSP)is stable.

The�rst itemensuresthatasupersymmetricparticlealwaysdecaysinto anothersupersymmetricparticle
andthattherearealwaystwo decaychainsof (unstable)supersymmetricparticlesin eachsupersymmet-
ric event at colliders. The seconditem hascosmologicalconsequences,sincethe LSP could serve as
a candidatefor theyet unknown dark matter, if therearelarge remnantsof themin theuniverse.This
alsomeansin turn thattheLSPcannotcarryanelectromagneticor colorchargeandthatit only interacts
weakly, sinceotherwisethey would have beenobserved in astrophysicalexperiments.Anotherconse-
quenceis thattheLSPonly interactsweaklywith aparticledetectorandthuscannotbeobserveddirectly,
but leadsto thesignatureof missingenergy.

If R-parityis violatedadditionalBandL violatingtermsappearin theLagrangian,whichhasavariety
of phenomenologicalconsequences.Oneinterestingexampleis themostgeneralLagrangian,whereall
B andL violating termsareallowed. In sucha modelthe protonis unstableanddecaysrapidly. This
canbeavoidedby settingat leastoneof thecouplingconstantsto zero[38]. Thebreakingof R-parity
canbedoneby introducingappropriatetermsin theLagrangianor by usingamechanismof spontaneous
R-parity breaking[40, 41]. Also in ATLAS R-parity violating modelsarestudied,but throughoutthis
thesisR-parityconservationwill beassumed.

2.2.2 The MSSM

Model and particle content

Theminimalsupersymmetricextensionof theStandardModel (MSSM)is thesimplestandmostgeneral
supersymmetricmodelbasedontheStandardModelLagrangian[42]. Thismeansthatthe�eld contentis
oneof vectorsupermultipletsassociatedwith thegaugesymmetrySU(3)C 
 SU(2)L 
 U(1)Y coupling
to chiral supermultipletscontainingthe matterparticlesof the StandardModel. The partnerparticles
of thegaugebosonsarecalledgauginos, while thepartnersof theStandardModel fermionsarecalled
squarksandsleptons. In particular, thegauginosarethewinos, zinosandphotinos. Table2.3shows the
particlecontentandthecorrespondingquantumnumbersof theMSSM for onegeneration.TheD- and
F-�elds denoteauxiliary �elds.5)

Besidesthe19 parametersof theStandardModel themostgeneralMSSM contains105additional
parameters,amongthem 43 CP violating phasesand 21 masses.The numberof parameterscan be
constrainedby requiringunderlyingphysicssuchasGrandUni�cation, family symmetriesetc. As an
example,the minimal supergravity modelcontainsonly � ve additionalparameters,while the minimal
GMSBmodelincludessix parametersbesidesthoseof theStandardModel.

At theLHC thecrosssectionfor gluino andsquarkproductionis muchlarger thanfor electroweak
gauginoproduction,if thecorrespondingparticlemasseslie in thereachof theLHC. Figure2.6showsthe
tree-level Feynmandiagramsfor theproductionof squarksandgluinosvia gluon-gluonandquark-gluon
fusion,while Fig. 2.7shows theproductionvia quark-antiquarkannihilationandquark-quarkscattering.

The Higgssector

As in theStandardModel thegaugesymmetryof theMSSMis brokenspontaneouslyby aHiggsmech-
anism. In the StandardModel a single Higgs doubletis usedin order to give massto all fermions.

5)Theauxiliary �elds areneededto closethesupersymmetryalgebraoff-shell, sincethenumbersof fermionicandbosonic
degreesof freedomhave to beequal.They canbeusedfor spontaneoussupersymmetrybreaking.
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Table2.3: Particlecontentandquantumnumbersof theMSSM particlesfor onegeneration.The latin
indizesare�a vor indizes,while thegreekonesdenotecolor-indizes[22,42].
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Figure2.7: Diagramsfor squarkandgluino productionat theLHC from strongquark-antiquarkannihi-
lationandquark-quarkscattering.

Therefore,isospininvariantcombinationsof the Higgs �eld with the left-handedfermiondoubletsare
constructed:

f †
�

y 1L

y 2L

�
= f †

1 y 1L + f †
2y 2L;

f Te
�

y 1L

y 2L

�
= f 1y 2L � f 2y 1L;

(2.26)

where
�

y 1L

y 2L

�
andf =

�
f 1

f 2

�
area left-handedfermiondoubletandtheHiggsdoublet,respectively, and

e =
�

0 1
� 1 0

�
. Thecouplingto theright-handedfermionsthenallows transitionslike

y 1L � ! y R+ f 2: (2.27)

If oneexaminesthe weakhyperchargesof the quarkdoubletsandsingletsin Tab. 2.3, it is clear that
bothcouplingsin Eq. (2.26) (hyperchargeY = 1

2 andY = � 1
2) areneededin orderto conserve theweak

hyperchargein processeslike (2.27) andto assignamassto theup-typeaswell asthedown-typequarks.
In theMSSMthis imposesaproblem,sinceeitheronly left- or right-chiralsuper�eldscanbeusedin

theconstructionof theLagrangianandsincethehermitianconjugateof a left-chiral super�eld is right-
chiral andvice versa,thecouplingto a hermitianconjugatedHiggssuper�eld is forbidden. This leads
to theusageof two Higgssuper�elds,onefor theup-typequarksandonefor thedown-typequarks,and
� vephysicalHiggsbosons.With thetwo Higgssuper�eldsa quadratictermusingtheHiggs�elds only
canbeformedandaddedto thesuperpotential.Fromthis termtheadditionalHiggsmassparametermis
introduced,whichplaysanimportantrolein thegauginomixing. Thecorrespondingvacuumexpectation
valuesof theHiggs �elds aredenotedv1 andv2 andtheir ratio tanb = v1

v2
is an importantparameterof

supersymmetricmodels.

2.3 Supersymmetrybreaking

Asdiscussedabove,thesupersymmetricparticleshavethesamemassesastheirStandardModelpartners,
alsoafterspontaneousSU(2)L symmetrybreakingvia theHiggsmechanism.However, sincenoneof the
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supersymmetricparticleshave beenobservedsofar, supersymmetryhasto bebroken. In thissectionthe
introductionof soft-breakingtermsandtheresultinggauginomixing is discussed,aswell asthegeneral
theoreticaldescriptionof supersymmetrybreakingandtheexampleof gaugemediation.

2.3.1 Soft-breaking and gauginomixing

For thegenerationof additionalmassesfor thesupersymmetricparticlesadditionalmasstermshave to
be introducedin the Lagrangian,which thenis no longersupersymmetric.In the generalMSSM one
parametrizestheunderlyingbreakingmechanismby so-calledsoft-breakingterms[22,42]:

L soft = �
1
2

M1l l �
1
2

M2l al a �
1
2

M3g̃a g̃a + h:c:

� m̃2
1H

�
1H1 � m̃2

2H
�
2H2 �

�
m̃2

12H1H2 + h:c:
�

� å̃
fi

m̃2
f̃i

f̃ �
i f̃i

�

p
2mu

v2
AuH2q̃LũR+

p
2md

v1
AdH1q̃Ld̃R+ h:c:

+

p
2me

v1
AeH1l̃LẽR+ h:c:;

(2.28)

whereH1 �
�
H0

1 ;H �
1

�
andH2 �

�
H+

2 ;H0
2

�
. Au, Ad andAe aretrilinear scalarcouplingconstants,while

the otherparametersareexplicit masstermsfor the gauginos,Higgs particlesand sfermions. In the
following thegauginomasstermswill bediscussedin somedetail,sincethey play a crucial role in the
phenomenologyof supersymmetry. First,themixing of thechargedgauginoswith thechargedHiggsinos
will bediscussed,followedby a discussionof theneutralgaugino-higgsinomixing.

In thesoft-breakingterm(2.28) only theSU(2)L triplet super�eldcontainstwo chargedgauginos(in
analogyto theStandardModelW bosons)

l � =
1

p
2

�
l 1 � il 2�

; (2.29)

i.e. only thetermwith M2 entersthechargedgauginomixing:

L soft = �
1
2

M2l + l � �
1
2

M2l � l + : (2.30)

Additionally, aHiggsino-gauginomixing termandtheHiggsmassterm

L H̃Ṽ = �
p

2mW cosbH̃ �
1 l + �

p
2mW sinbH̃+

2 l � ; (2.31)

L H̃mass
= � mH̃ �

1 H̃+
2 (2.32)

enter, wheremW is theW bosonmass.Fromtheseequationsonecanconstructamassterm

L CM = �
�

l +

H̃+
2

� †

Xa b

�
l �

H̃ �
1

�
(2.33)

thatcontainsthemassmatrix

Xa b =
�

M2
p

2mW cosbp
2mW sinb m

�
: (2.34)

Xa b canbediagonalizedby two complex unitary2� 2 - matricesUmn andVmn:

U �
ma Xa bV � 1

bn = mc̃ �
i

dmn; (2.35)
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wheretheeigenvaluesaregivenby theparticlemasses

m2
c̃ �

1;2
=

1
2

�
jmj2 + M2

2 + 2m2
W � DC

�
: (2.36)

Thequantity

DC =
q �

M2
2 � jmj2

� 2 + 4m2
W cos22b + 4m2

W

�
M2

2 + jmj2
�

+ 8m2
WM2jmj sin2b cosj m; (2.37)

wheref m denotesthecomplex phaseof theHiggsinomassparameterm, determinesthemassdifference
of thetwo physicalmasseigenstates

c̃ +
i =

�
l̄ �

iR
l +

iL

�
and c̃ �

i =
�

l̄ +
iL

l �
iR

�
; i = 1;2; (2.38)

thatareconstructedfrom thefour Weyl-spinorsand

�
l �

1R
l �

2R

�
= V

�
l �

H̃ �
1

�
; (2.39)

�
l +

1L
l +

2L

�
= U

�
l +

H̃+
2

�
: (2.40)

c̃ +
i andc̃ �

i arecalledcharginos.
A similar procedurecanbeperformedfor theneutralgauginosandHiggsinos.In principalthesame

termscontribute asin the caseof the charginos,but they look different. From Eq. (2.28) the SU(2)L

singletandtriplet super�eldsenter, while theneutralgauginoof thelatteris denotedl 0. Thetermsare

L soft = �
1
2

M1l l �
1
2

M2l 0l 0; (2.41)

L H̃Ṽ = � mZ cosb cosqWH̃0
1 l 0 + mZ cosbH̃0

1 sinqWl ; (2.42)

+ mZ sinb cosqWH̃0
2 l 0 � mZ sinb sinqWH̃0

2 l ; (2.43)

L H̃mass
= mH̃0

1H̃0
2 ; (2.44)

whereqW is theStandardModelmixing angleandmZ is theZ bosonmass.Again,amassterm

L NM = �
1
2

0

B
B
@

l
l 0

H̃0
1

H̃0
2

1

C
C
A

†

Ya b

0

B
B
@

l
l 0

H̃0
1

H̃0
2

1

C
C
A (2.45)

canbeconstructedwith thesymmetricmixing matrix

Ya b =

0

B
B
@

M1 0 � mZ sinqW cosb mZ sinqW sinb
� M2 mZ cosqW cosb � mZ cosqW sinb
� � 0 � m
� � � 0

1

C
C
A : (2.46)

Ya b canbediagonalizedby acomplex unitary4� 4 - matrixNi j :

N�
iaYa b N†

bk = mc̃ 0
i
dik; (2.47)
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(a) (b) (c)

Figure2.8: Couplingsof gauginos(solid plus wavy) to (a) gaugebosons(wavy) and(b,c) sfermions
(dashed)andfermions(solid).

wheretheeigenvaluesrepresentthemassesof themasseigenstates

c̃ 0
i =

�
l̄ i

l i

�
; i = 1; : : : ;4; (2.48)

where
0

B
B
@

l 1

l 2

l 3

l 4

1

C
C
A = N

0

B
B
@

l
l 0

H̃0
1

H̃0
2

1

C
C
A : (2.49)

c̃ 0
i arecalledneutralinos. Togetherwith the charginos they arealsocalledgauginos,as the unmixed

states.This terminologywill be usedfrom now on. The couplingsof the gauginosto otherparticles
aredeterminedby thecouplingsof their individual components,i.e thewino, zino,photinoor Higgsino
fraction.Thegeneralcouplingsto sfermions,fermionsandgaugebosonsaredepictedin Fig. 2.8.

2.3.2 General theoretical description

Supersymmetrybreakingis achieved,if thephysicalvacuumstatej0i is notinvariantundersupersymme-
try transformations.This is thesamerequirementasin theStandardModel andelectroweaksymmetry
breaking.Equivalently, j0i shouldnotbeannihilatedby all supersymmetrygenerators:

QAj0i 6= 0 or

Q̄ �Aj0i 6= 0:
(2.50)

FromEq.(2.24) follows thatwhensupersymmetryis unbrokenin thevacuumstatethisstatehaszeroen-
ergy andin thespontaneouslybrokencaseit haspositive energy. Therefore,wheneverasupersymmetric
vacuumstateexistsasa local minimumof theeffective potential,it is alsotheglobalminimum. If the
physicalvacuumshallnot besupersymmetric,it is thereforenecessaryfor theeffective potentialV 6) to
possessno supersymmetricminimum. Figure2.9 shows genericformsof thepotentialfor broken and
unbroken supersymmetry. Supersymmetrybreakingarisesfrom a �eld in themodelhaving a non-zero
vacuumexpectationvalue. Onecaneitheruseoneof the F- or D-auxiliary �elds of chiral or vector
super�elds,respectively, but only the so-calledF-term supersymmetrybreakingwill be discussedhere
dueto theconnectionto gaugemediationmodels.Hence,thecriterionfor supersymmetrybreakingis

h0jFi j0i 6= 0 (2.51)

for oneof theauxiliary �elds Fi.
6)Theeffective potentialis givenby V = F†

i Fi for Lagrangiansfor chiral super�elds,whereFi aretheauxiliary component
�elds of thesuper�eld.
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Figure2.9: Genericformsof theeffective potentialV asa functionof somevacuumexpectationvalue
for (a)unbrokensupersymmetryand(b) brokensupersymmetry.

Thesimplestmodelof F-termbreakingis theO' RAIFEARTAIGH model[43], whichhasthreechiral
super�eldsF 1, F 2 andF 3 with thesuperpotential

W = l F 1
�
F 2

3 � M2� + mF 2F 3; (2.52)

wherel > 0, M 6= 0 andm6= 0 areparametersof themodel.Theabsoluteminimumof this potentialis
at

F†
1 = l M2; F†

2 = F†
3 = 0 (2.53)

and

V = l 2M4 > 0: (2.54)

Thesupersymmetrybreakingscalecanbede�nied astheexpectationvalueof theF-termresponsiblefor
supersymmetrybreaking.

In analogyto theStandardModel,wheremasslessGoldstonebosonsappearafterspontaneousbreak-
ing of theglobalgaugesymmetry, amasslessGoldstonefermionwith spin 1

2 is expectedin brokenglobal
supersymmetry, sincethesupersymmetrygeneratorsarefermionic.Thespinory i of thesuper�eldF i to
whichFi belongswill betheGoldstonefermion.

The Goldstonefermion might be a problemfor globally supersymmetricmodels,but the models
studiedin theliteraturearemostlylocally supersymmetric.Whensupersymmetryis localizedin analogy
to thelocalizationof theStandardModel gaugegroupby theNoetherprocedure,thena gauge�eld for
supersymmetryappearsin thetheory. Dueto the fermioniccharacterof supersymmetryanddueto the
preservation of the Lorentzstructure,the gauge�eld is describedby a RARITA-SCHWINGER vector-
spinorY m with spin 3

2 [44], alsocalledgravitino. Its free�eld equationsimply reads

el mnr g5gm¶nY r = 0 (2.55)

with e0123= 1 andits partner�eld in thesupermultipletis aspin2 �eld, calledgraviton. After thebreak-
ingof localsupersymmetrytheGoldstonefermionis absorbedby thegravitino, becomingits longitudinal
componentandgiving massto thegravitino [45,46]:

m3=2 �
hFi
MP

; (2.56)
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wherehFi is avacuumexpectationvalueandMP is thePlanckscale.Hence,thegravitino masscanvary
over many ordersof magnitude,dependingon the scaleof supersymmetrybreaking. In particular, its
masscanbealmostzeroin modelsof gaugemediatedsupersymmetrybreaking.

A problemin constructingtheorieswith spontaneoussupersymmetrybreakingis that thereis no
candidategaugesinglet in the MSSM whoseF-termcould develop a vacuumexpectationvalue [23].
Additionally, it is very dif�cult to mediatesupersymmetrybreakingto the MSSM �elds by including
renormalizableinteractionsat treelevel only, even if themodelhasbeenextendedby additionalsuper-
�elds. Therefore,oneexpectsthattheMSSMmassterms(2.28) ariseradiatively andthatsupersymmetry
breakingoccursin ahiddensector, whichdoesnotor only weaklycoupledirectly to theMSSM sector.

Therearetwo mainmechanismsof mediatingsupersymmetrybreakingto theMSSMscale.The�rst
oneassumesthatthemediationis dueto gravitational interactionsandtheMSSM masstermsaregiven
by

mMSSM �
hFi
MP

: (2.57)

For massesof a few 100GeV onethereforeexpectsa supersymmetrybreakingscaleof about
p

F � 1011GeV: (2.58)

Thismechanismis calledminimalsupergravity (mSUGRA)[47,48,49,50,51] andthegravitino massis
of theorderof a few 100GeV. Thesecondpossibilityassumesthatthemediationis dueto theordinary
electroweakandQCD gaugeinteractions.TheMSSM massesaregivenby

mMSSM �
hFi

Mmess
; (2.59)

whereMmessis themassscaleof anintermediatesectorof messenger particles.Theexpectedsupersym-
metrybreakingscalecanthenbeaslow as

p
F � 104 GeV (2.60)

to assigntheright massto theMSSMparticles.Thesemodelsarecalledgauge mediatedsupersymmetry
breakingmodels[52,53,54,55] or GMSBmodelsandwill bediscussedin somedetailin thenext section.

2.3.3 Gaugemediatedsupersymmetrybreaking

Generalmodel

In GMSBmodelsamessengersectorof chiralsupermultipletsis introduced,whichcouplesto thesector
of supersymmetrybreakingandtransformsunderthe StandardModel gaugegroup. Thesemessenger
particlesthencoupleindirectly to theMSSM particlesthroughordinarygaugeandgauginointeractions.
As in thecaseof supergravity modelsthereis alsogravitational interactionbetweenthesupersymmetry
breakingsectorandthe MSSM, but this effect is relatively unimportantcomparedto the gaugeinter-
actioneffects. GMSB canthenbe understoodin termsof loop effectsin a renormalizableframework
in contrastto gravity mediation.In thesimplestmodelthemessenger�elds canbechosento bechiral
supermultipletsq, q̄, l andl̄ transformingundertheStandardModel gaugegroupin thesameway asthe
MSSMquarkandleptonsupermultiplets(seeTab. 2.3). Theparticlecontentof thesesupermultipletshas
to aquirelargemasses,sinceit hasnotbeendiscoveredsofar. Therefore,they coupleto a gauge-singlet
chiralsupermultipletSthroughthesuperpotential

Wmess= y1Sl l̄ + y2Sqq̄; (2.61)
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Figure2.10:1-loopcontributionsfrom messengerscalars
(dashed)and messengerfermions(solid) to the MSSM
gauginomasses.

hFSi

hSi

Figure2.11:2-loopcontributionsfrom messengerscalars(dashed),messengerfermions(solid),Standard
Model gaugebosons(wavy) and MSSM gauginos(solid plus wavy) to the MSSM scalarmassesin
GMSBmodels[23].

wherey1 andy2 arecouplingconstants.Supersymmetrybreakingcanbe accomplishedby e.g. using
S in an O' RAIFEARTAIGH modelandthescalarcomponentof S andits F-termauxiliary �eld acquire
vacuumexpectationvalueshSi andhFi , respectively. This leadsto masstermsanda masssplitting of
eachmessengersupermultiplet:

l ; l̄ : m2
fermions= jy1hSij 2; m2

scalars= jy1hSij 2 � jy1hFSij ; (2.62)

q; q̄ : m2
fermions= jy2hSij 2; m2

scalars= jy2hSij 2 � jy2hFSij ; (2.63)

wherethe breakingorderparameterFS felt by the messengersmay not coincidewith the underlying
breakingparameterF. A dimensionlessparameterCgrav � 1 is introduced,relatingF andFS by

F = Cgrav � FS: (2.64)

Hence,thesupersymmetrybreakingin themessengersectoris duetheF-termvacuumexpectationvalue
andis communicatedto theMSSM sectorvia radiative corrections.Theoverall messengermassscale
is denotedMmess� y1;2hSi . TheMSSM gauginosobtaintheir massesfrom 1-loopcorrections,shown in
Fig. 2.10, while theMSSM scalarsobtainmassesat the2-looplevel, shown in Fig. 2.11.

Messengerstransformingunderthe ordinaryStandardModel gaugegroupmight imposeproblems
for the gaugecouplinguni�cation, if their massesarefar below the GUT scale. This canbe avoided
by requiringthatthemessengersconsistof N5 multipletstransformingundera SU(5) groupcontaining
theStandardModel group.7) This is calledtheminimalGMSB(mGMSB)model.8) N5 maynot betoo
large,in orderto avoid that therunninggaugecouplingsdivergebeforeunifying at theGUT scale.For
instance,oneneedsN5 � 4 for messengermassesof order106 GeV. The massesof the gauginosand

7)This restrictionis not necessaryandmoregeneralmodelshave beenidenti�ed, which arenot particularlymoreunnatural
thantheminimal model[56].

8)ThemGMSBmodelachievesgaugecouplinguni�cation at1-looplevel. However, at 2-looplevel theuni�cation fails and
themodelhasto beextendedto a modelwith largerSU(5) representations[57].
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Figure2.12:GoldstinoG̃ couplingto superpartnerpairs(a) (f ;y ) and(b) (l ;A).

MSSMscalarscanbecomputedto be

Ma =
aa

4p
LN5; (2.65)

m2
f i

= 2L 2N5

3

å
a= 1

Ca(i)
� aa

4p

� 2
; (2.66)

whereCa(i) arenumericalconstantsof order� 1 and

L =
FS

Mmess
(2.67)

is calledtheeffectivevisiblesectorbreakingparameter. With thisparameterF canbewrittenas

F = Cgrav � L � Mmess: (2.68)

GMSB modelspredict that the gravitino G̃ is the LSP and that all MSSM sparticleswill decay
to �nal statesincluding it. One might think that thesedecaysarevery slow due to the gravitational
couplingof the gravitino, but sinceits longitudinalcomponentis the Goldstino,alsonon-gravitational
couplingsarepresent.Only the Goldstinocomponentplaysa role in collider phenomenologyandthe
denotationsGoldstinoandgravitinocanbeusedinterchangeably. In GMSBmodelseachStandardModel
particleis coupledto its supersymmetricpartnerparticlethroughtheGoldstinowith astrengthinversely
proportionalto F, asdepictedin Fig. 2.12. In particular, a sparticleX̃ candecayto its StandardModel
partnerX andaGoldstinowith adecayrateof

G
�
X̃ ! XG̃

�
=

km5
X̃

16pF2

 

1�
m2

X

m2
X̃

! 4

; (2.69)

wherek is a mixing parameter. For sleptondecaysk = 1, while for a pureU(1)Y bino decayto a
photonanda Goldstinok = cos2 qW, whereqW is theelectroweakmixing angle.Thedecayrate (2.69)
correspondsto adecaylengthof

ct
�
X̃ ! XG̃

�
=

�
100mm

k

� �
100GeV

mX̃

� 5
 p

F
100TeV

! 4  

1�
m2

X

m2
X̃

! � 4

: (2.70)

In summary, theminimalGMSBmodelis describedby thefollowing 6 parameters:

� L is the effective visible sectorsupersymmetrybreakingparametergiven by Eq. (2.67). The
MSSMsuperpartnermassesscalelinearlywith L , which is of theorder� 100TeV=

p
N5.

� N5 is the numberof SU(5) messengermultiplets. The gauginomassesscalelinearly with N5,
while the scalarmassesscalelike

p
N5. For low valuesa neutralinoc̃ 0

1 is the NLSP, while for
largervaluesa right-handedsleptonl̃ is theNLSP.
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� Mmessis theoverallmassscaleof themessengersector. All sparticlemassesdependonly logarith-
mically on Mmess, while the lifetime of theNLSPdependsquadraticallyon Mmess. Mmess> L is
requiredto avoid colorandchargebreakingin themessengersector.

� tanb is theratio of thevacuumexpectationvaluesof theHiggs�elds andlies in theregion 1:5 <
tanb < 60. Thelower limit leadsto a light CP-evenHiggsscalarbelow theLEP exclusionlimit,
while largevaluesof tanb leadsto t̃ sleptonthatis signi�cantly lighter thantheothersleptons.

� sign(m) is thesignof theHiggsmassparametermappearingin thegauginomixing matrices.

� Cgrav is the scalefactorof the Goldstinocoupling. It canbe usedto control the NLSP lifetime,
whichscaleslikeC2

grav.

Generalphenomenology

Thephenomenologyof GMSBis largelydeterminedby thenatureof theNLSPleadingto differenttypes
of �nal stateparticles,suchasleptonsor photons.Sincethescalarshave a differentdependenceon the
modelparametersasthegauginos,thenatureof theNLSPalsodependson theparameters.Especially
thevalueof N5 hasa big in�uence, asdiscussedabove, but alsotanb, which determinesthemixing in
thet̃ sectorandthusthemassof thelighter t̃ .

Figure2.13(a)shows themassdifferencemt̃ � ml̃ in theL � tanb planefor sign(m) = 1,Cgrav = 1,
Mmess= 250TeV andN5 = 3. For low valuesof tanb theselectrons,smuonsandstausaredegenerate
andtheregionis calledco-NLSPregion. For increasingvaluesof tanb thedifferencebetweenthemasses
of thetwo stausbecomeslargerandthelighter stauis theNLSP. Thelightestneutralinois heavier than
thesleptonsanddoes(mostoften)notdecaydirectly to thegravitino. In thispartof theparameterspace
oneexpectsleptonsfrom the l̃ ! l G̃ decayin the �nal state,while thegravitino escapesdetectiondue
to theweakinteractionwith thedetectormaterial.This canleadto a largeamountof missingtransverse
energy. If thelifetime of theNLSPis large,suchthatthedecayoccursoutsidethedetector, oneexpects
heavily ionisingheavy chargedparticlesin thedetectorleadingto very interestingsignatures(see[ 18]
for ATLAS studiesand[58] for searchesat theTeVatronexperiments).

Figure2.13(b)shows themassdifferencemt̃ � mc̃ 0
1

in theL � tanb planefor sign(m) = 1,Cgrav = 1,
Mmess= 500TeV andN5 = 1. Thelightestneutralinois now theNLSPfor smallvaluesof tanb dueto
thelow valueof N5. For largervaluesof tanb thestaumasssplitting is againlargeenoughto renderthe
lighteststautheNLSP. In thisregionof theparameterspaceoneexpectsphotonsfrom the c̃ 0

1 ! gG̃ decay
in the�nal state,sincethelightestneutralinois almostapurebinoin theminimalGMSBmodelandthus
thebranchingratiotophotonsdominates.Again,oneexpectsalargeamountof missingtransverseenergy
dueto the escapinggravitino. If the lifetime of the neutralinois large, suchthat it decaysoutsidethe
detector, it might becomedif�cult to distinguishthis signaturefrom thosearisingin mSUGRAmodels
wheretheneutralinois theLSPandalsoescapesdetection.In this thesisthefocusliesonGMSBmodels
with aneutralinoNLSPdecayingto aphotonandagravitino.

2.3.4 Experimental results

Searchesfor signaturesarisingfrom GMSB, especiallywith photonsin the �nal state,have beenper-
formedat a variety of experiments[59], including the LEP experimentsALEPH [60], L3 [61], DEL-
PHI [62] andOPAL [63] andtheTeVatronexperimentsD0 [64,65,66] andCDF[67,68]. Also combined
TeVatronanalysishave beenpresented[69,70,71], but no evidencefor a GMSB signalhasbeenfound
sofar. Thecurrentbestlimit is derived from theTeVatronexperimentsdueto the large center-of-mass
energy in pp̄ collisions.
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Figure2.13:Massdifferences(a)mt̃ � ml̃ and(b)mt̃ � mc̃ 0
1

in GeVin theL � tanb planefor sign(m) = 1,
Cgrav = 1 and(a) Mmess= 250TeV, N5 = 3 and(b) Mmess= 500TeV, N5 = 1. Region A is theoretically
excluded,dueto theexistenceof tachyonicstates.Below themt̃ � mc̃ 0

1
= 0 line aneutralinois theNLSP

decayingto aphotonandagravitino.

As anexample,theCDF collaborationhassearchedfor neutralinodecaysto photonsandgravitinos
in thetwo photonsplusmissingtransverseenergy Emiss

T channel[71]. Therequirementshave beentwo
isolatedphotonsg1;2 with transverseenergy ET > 13GeVeach,Df (g1;g2) < p � 0:15,HT > 200GeV9)

andEmiss
T signi�cance10) of largerthanthree.Theserequirementshavebeenoptimizedin orderto obtain

thelargestpossiblesigni�cancefor theGMSBsignalandadditionalrequirementshave beenimposedto
reducenon-collisionbackground.After all selectionsa singleeventremainedbeingconsistentwith the
expectedbackgroundof 0:62� 0:29 events.Figure2.14shows thederivedexclusionlimits asa function
of the neutralinomassand lifetime. For a vanishingneutralinolifetime the massbelow 138GeV is
excludedat 95% C.L.. Basedon theseresultsandexperiencessearchstrategieshave beendeveloped
for the LHC experimentsanalysingseveral benchmarkpointsandtrying to identify reasonablesearch
strategies.

GMSB modelshave alsobeeninvestigatedin thecosmologicalcontext of theWMAP dataandthe
constrainingof warmdarkmattercandidates[72,73,74,75]. Usuallydarkmattercandidatesareclassi�ed
accordingto their velocity dispersionwhichde�nesa free-streaminglength.For colddarkmatterthis is
by de�nition so small that it is irrelevant for cosmologicalstructureformation. In thecaseof hot dark
matterthe free-streaminglengthis so large that it smoothesout �uctuations in the total matterdensity
even on galaxy clusterscales. Strongconstraintson the massof hot dark mattercandidatescan be
derived. Warmdarkmatteris in theregion betweenthesetwo alternativesandit is foundthatgravitinos
arisingin GMSBmodelsmight lie within thisregionandthatGMSBmodelswith gravitino LSPscannot
beexcludedcosmologicallyin general,sincethelimits ontheGMSBparametersdependstronglyon the

9)HT is thescalarsumpT of all identi�ed objectsin theevent.
10)Thesigni�canceis calculatedby performingpseudo-experimentsfor eacheventandit is de�ned as� log(P ), whereP is

theprobabilityfor theEmiss
T drawn from theexpectedmis-measuredEmiss

T distributionto beequalto or largerthantheobserved
Emiss

T .
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Figure2.14:Exclusionlimits for GMSBsignatureswith photonsin the�nal statederivedfrom theCDF
searchesasa functionof theneutralinomassandlifetime [71].

cosmologicalassumptions,suchasthedetailsof in�ation or leptogenesis[76,77,78].



Chapter 3

The LHC and the ATLAS detector

TheLargeHadronCollider(LHC) [79] is aproton-protoncolliderwith acenterof massenergy of 14TeV.
For the investigationof theproductsof thecollisions,four large experimentshave beenbuilt. ATLAS
(A ToroidalLHC ApparatuS)is oneof two generalpurposedetectors,built to detect�nal stateparticles
producedwith theLHC. CMS (CompactMuon Solenoid)is theothergeneralpurposedetectorandthe
remainingtwo experimentsare ALICE (A Large Ion Collider Experiment),a dedicateddetectorfor
heavy ion collisions,andLHCb (LargeHadronCollider beauty),which investigatesthedecayproducts
of B-hadrons.In this chapterthe LHC will be describedbrie�y andtheseveral subcomponentsof the
ATLAS detectorwill bepresented.

3.1 The Lar geHadron Collider

TheLHC is a ring acceleratorof 27km circumference,which hasbeenbuilt by theEuropeanOrganiza-
tion for NuclearReseach(CERN),basednearGeneva. It is locatedin the formerLEP tunnelbetween
70m and140m underground.Proton-protoncollisions,aswell asheavy ion collisionswill beprovided,
but only theproton-protoncollisionsarerelevant in this thesis.The mainoperationmodestartsin the
endof 2009with a centerof massenergy of 10TeV, which will be increasedlater. The layoutandthe
positionof theexperimentsareshown in Fig. 3.1.

The nominal centerof massenergy is
p

s = 14TeV with 7TeV energy per beam. The protons
arepre-acceleratedby differentsystems,including the ProtonSynchrotron(PS)andthe SuperProton
Synchrotron(SPS).Theinjectioninto theLHC is doneby theSPSatabeamenergy of 450GeVandthe
protonsneedapproximately20minutesto reachthedesignenergy in theLHC. Theenergy is providedby
superconductive radiofrequency cavities, while theprotonsarekepton trackby magnetic�elds. These
areprovidedby 1232superconductive dipolemagnetswith a lengthof 15m each,which arecon�gured
suchthatbothprotonbeamsin bothdirectionsarede�ectedcorrectly. With a radiusof r LHC = 4298m
a magnetic�eld of B = 8:33T is needed.Additional magnetsareusedfor focussingandcorrectingthe
beams.In total 9300superconductive magnetsoperateata temperatureof 1.7K.

The interactionrate �N is proportionalto the crosssections of a speci�c processandthe propor-
tionality factor is called the instantaneousluminosity L . It can be expressedby the colliders beam
con�guration:

L = f
kn1n2

4psxsy
Rf ; (3.1)

wheren1 andn2 arethenumbersof particlesin eachof thek bunchesin eachbeam,s x andsy give the
extensionsof thebunchesperpendicularto thebeamdirection, f is the revolution frequency andRf is
a luminosity reductionfactordueto thenon-vanishingLHC beamcrossingangle. In eachbunchthere

27
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Figure3.1: Layoutof theLHC andthepositionof theexperiments.

areabout1:15� 1011 protonsand in the whole collider 2808bunchesarecirculating. The revolution
frequency is �x edto f = 11:25kHz andthebunchcrossingrateis 40MHz leadingto abunchspacingof
25ns.Thetotal numberof eventsis givenby

N = L � s ; (3.2)

whereL is theintegratedluminosity

L =
Z

dtL : (3.3)

For the runningof the LHC several different luminosity phasesareplanned. The �rst phasewill be
at aroundL = 1031 cm� 2s� 1 andwill be usedfor commissioningof the collider andfor �rst physics
results. Thenthe luminosity will be increasedto L = 1033 cm� 2s� 1 andlater to L = 1034 cm� 2s� 1,
which is the designluminosity. This designphaseis intendedto last several yearsandan integrated
luminosityof some100fb� 1 of datawill becollected.For thefar futureadditionalluminosityupgrades
areplannedandarediscussedunderthenameSLHC(Super-LHC).

The total inelasticproton-protoncrosssectionis around99mb [19] at a centerof massenergy of
14TeV. Therefore,around23proton-protoninteractionsareexpectedperbunchcrossingata luminosity
of L = 1034 cm� 2s� 1, while oneof theseinteractionsis ahardscatteringprocess.However, theoverlap
of thesepile-up eventsimposesa greatchallengefor the dataanalysisin orderto assignall �nal state
particlesto the correctinteraction. The detectorcomponentsalsohave to dealwith the high radiation
level andespeciallythecomponentsof theATLAS detectorhave beenbuilt in this respect.

3.2 The ATLAS detector

ATLAS isoneof thefour LHC experimentsandoneof twomultipurposedetectors,whichhavebeenbuilt
to coverabroadrangeof physicstopicsexpectedat theLHC. It is designedto measureelectrons,muons,
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Figure3.2: Schematicview of theATLAS detector[80].

photonsandhadronicparticleswith high precisionandhigh acceptance.Thereforeit hasanonion-like
structureandis built aroundthebeampipe,asshown in Fig. 3.2. ATLAS is forwardbackwardsymmetric
andcanbedividedinto threeparts,thebarrelandtwo endcaps.Theinnermostpartof thedetectoris the
trackingsystem,wherethemomentaof chargedparticlesaremeasuredwith high precision.It consists
of the pixel detector, the silicon microstrip tracker (SCT) and the transitionradiationtracker (TRT)
andis surroundedby a superconductive solenoidwith a magnetic�eld of 2T. Theelectromagneticand
hadroniccalorimetersarebuilt behindthetrackingsystemto measuretheenergy of electromagnetically
andstronglyinteractingparticles.Theoutermostsystemis themuonspectrometerwith thebarreland
endcaptoroid magnetsproviding a �eld of 0.5T and1T, respectively. In total ATLAS is 44m long and
25m high andweightsaround7000tonnes.Table3.1 lists someof theimportantperformancegoalsfor
theATLAS detector.

3.2.1 The coordinatesystem

Thenominalinteractionpointis in thecenterof theATLAS coordinatesystemandis locatedin thecenter
of thedetector. Thex-axis is pointingtowardsthecenterof theaccelerator, while they-axis is pointing
upwards. To de�ne a right-handedcoordinatesystemthe z-axis is chosento point counter-clockwise
alongthebeamdirection.Thepolarangleq is measuredwith respectto thepositive z-axissuchthatthe
pseudo-rapiditycanbede�ned as

h = � ln tan
�

q
2

�
: (3.4)

This re�ects the problemof the unknown initial boostalong the z-axis at hadroncolliders as Dh is
invariantunderLorentzboosts.For masslessparticlesh is the sameasthe rapidity. The coverageof
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Detectorcomponent Requiredresolution h coverage
Measurement Trigger

Tracking s pT =pT = 0:05%pT � 1% � 2:5
EM calorimetry sE=E = 10%=

p
E � 0:7% � 3:2 � 2:5

Had.calorimetry
barrelandendcap sE=E = 50%=

p
E � 3% � 3:2 � 3:2

forward sE=E = 100%=
p

E � 10% 3:1 < jh j < 4:9 3:1 < jh j < 4:9
MuonSpectrometer s pT =pT = 10% � 2:7 � 2:4

at pT = 1TeV

Table3.1: Performancegoalsof theATLAS detector. Themuon-spectrometerperformanceis indepen-
dentof theinnertrackingsystemfor high energeticmuons[80].

eachdetectorcomponentin h is listedin Tab. 3.1. Thex-axisandy-axisde�ne theazimuthalanglef by
tanf = y

x, which variesbetween� p andp. Thedistanceof two particlescanbede�ned in termsof h
andf as

DR=
q

(Dh)2 + (Df )2: (3.5)

ThetransversemomentumpT =
q

p2
x + p2

y of aparticleandthemissingtransverseenergy arealsomea-
suredin thex-y-planeandareLorentz-invariantalongthez-axis.

3.2.2 The magnetsystem

Figure 3.3: Layout of the ATLAS mag-
net system.The eight barrelandendcap
toroid coils and their relative position to
the tile calorimetersteelareshown. The
solenoidwindingslie insidethecalorime-
ter [80].

The ATLAS magnetsystemprovides the magnetic�elds
neededto measuretheparticlemomentain thetrackingsys-
tem. It consistsof four superconductive parts,onesolenoid
andthreetoroids(onebarrelandtwo endcaps)andis 22m in
diameterand26m long. Figure3.3 shows a drawing of the
geometryof the magnetwindings and the tile calorimeter
steel.In total themagnetsstoreanenergy of 1.6GJ.

Thesolenoidprovidesanaxial �eld of 2T, which bends
theparticletracksin theinnertrackingsystem.It is designed
suchthatit minimizestheamountof materialin front of the
electromagneticcalorimeterto ensurea goodenergy reso-
lution. In total it contributesaround0.66radiationlengths.
The inner andouter radiusof the solenoidare2.46 m and
2.56m andits axial lengthis 5.8m.

The barrel (endcap)toroids deliver a toroidal �eld of
0.5T (1T) to measurethe momentaof the muonstravers-
ing the muonspectrometer. Eachof the toroidsconsistsof
eightcoils assembledradiallyandsymmetricallyaroundthe
beamaxis.Theendcapsarerotatedby 22.5� with respectto
thebarrelsystemto provide overlapandoptimizethebendingpower at theinterfaceof thesystems.
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Figure3.4: Schematicview of a quarterof the ATLAS inner detector. Eachof the major elementsis
shown with theactive dimensions[80].

3.2.3 Inner detector

Thepurposeof theinnerdetectoris to measurethemomentumof chargedparticlesaspreciselyaspos-
sible. Additionally, secondaryverticescanbe measuredto determinethe lifetime of chargedparticles,
reconstructphotonconversionsor allow b-tagging.Themomentumandthesignof thechargearedeter-
minedby measuringthebendingof thetrackin therf -planeby theLorentzforcein themagnetic�eld.
Sincethesolenoidal�eld is parallelto thez-axis,only thetransversemomentumcanbemeasured.The
hits neededfor �tting thetracksareprovidedby all threesubcomponentsof theinnerdetector. To opti-
mizetheaccuracy of themomentummeasurementonehasto choosea high magnetic�eld, a long lever
armon thetrack,amaximalsinglehit positionresolutionandonehasto useasmany hitsaspossible.

For theanalysisof photon�nal statesin GMSBmodelsthetrackerplaysanimportantrole. Although
photonsdonothaveatrack,they haveto bedistinguishedfrom electronsandthemostimportantcriterion
is the electrontrack. A high ef�ciency reducesthenumberof electronsmisidenti�ed asphotons.Ad-
ditionally, photonconversionscanbereconstructedwith innerdetectorinformation.On theotherhand,
theselectionof signaleventsrequiresa goodunderstandingof jetsandmissingtransverseenergy. The
jet energy measurementcanbeenhancedby agoodunderstandingof thechargedfractionof a jet, which
in turn leadsto abetterestimateof themissingtransverseenergy.

Fig. 3.4 shows a schematicview of a quarterof the inner detectorwith all relevant subsystems.
Theouterradiusis 115cm, givenby thedimensionof thecryostat,which containstheelectromagnetic
calorimeter. Thetotallengthis7m,againgivenby thepositionof theendcapcalorimeter. Theacceptance
in pseudo-rapidityis jh j < 2:5. In thefollowing thethreesubsystemsaredescribed.

The pixel detector

Thepixel detectoris theinnermostpartof theinnerdetector. It isdesignedtoprovideexactmeasurements
of theprimaryvertex, aswell asthestartingpoint of any chargedtrack. This is necessaryfor anexact
reconstructionof all tracks.With this ability thepixel detectorcandistinguishsecondaryverticesfrom
theprimaryvertex, which is neededfor theidenti�cation of heavy quarkdecays,suchasbottomquarks.
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Also in somesupersymmetricscenarioslong-livedheavy chargedparticlesmight decayinsidethepixel
detectorallowing their lifetime to bemeasured.Thesuppressionof pile-upeventsis anotherimportant
issue,sincetheseeventsdo not originatefrom the hard scatteringprocessandoften have a different
vertex.

Thepixel detectorprovidesthreeprecisionmeasurementsof hits over thefull acceptanceregion,as
canbeseenin Fig. 3.4. Thebarrelpartconsistsof threecylindrical layers,while threediscsoneachside
areusedfor theendcaps.Thesystemconsistsof approximately1500identicalbarrelmodulesand1000
discmodules,while themodulesthemselveshavemorethan60000pixel elementsof size50� 400mm2.
Thisstructureallowsfor aspatialresolutionof 10mm in theR� f -planeand115mm in z-direction.Each
layerhasa thicknessof around1%of a radiationlength.Thetotal numberof readoutchannelsamounts
to 80.4million, which is around90%of thetotalnumberof readoutchannelsof theATLAS detector.

Thelifetime of thepixel detectoris limited by radiationdamageandneedsto bereplacedaftera few
yearsof data-taking,dependingon theluminosity.

The semiconductortracker

Sincethenumberof hits is limited to threein thepixel detector, thesemiconductortracker (SCT)extends
theinnerdetectorsystemin theintermediateradialrangewith abarrelpartandtwo endcaps.It provides
additionalfour high precisionmeasurementsper trackandcontains63m2 of silicon detectors.Eachof
thesesilicon detectorshasa surfaceof 6:36� 6:40cm2 with 768readoutstripseachwith 80 mm pitch.
In thebarreltwo detectorsarewire-bondedtogetherto form 12.8cm long stripsof which two areglued
togetherback-to-backat a 40mradstereo-angleto form a module. The forwardmodules,7 and12cm
long,aresimilar in construction,but usetaperedstrips. In total theSCTconsistsof 4088moduleswith
6.2 million readoutchannels,while the spatialresolutionis 17mm in Rf -directionand580mm in z-
direction.Trackscanbedistinguished,if they areseparatedby morethan200mm. Thefull lengthof the
SCTis almost6m, while theouterradiusis at50cm.

The transition radiation tracker

To furtherextendtheradiusof thetrackingdetector, thetransitionradiationtracker (TRT) is addedto the
structureoutsidetheSCT. It is a drift chamberwith about370000straw tubescontaining70%Xenon,
27%CO2 and3%Oxygen.Eachstraw tubehasadiameterof 4mm.

Thebarrelpartconsistsof 50000straws, which have a lengthof 144cm andcover theradialrange
from 56to 107cm. For theeaseof constructionandmaintainanceit is built of threeringsof 32individual
moduleswith 329 to 793 axial straws each. The straws areequippedwith 31mm diametertungsten
wiresplatedwith 0.5-0.7mm gold asanodesandaluminiumcasedcoatsascathodes.Thereadoutis at
eachendof the tubes. The endcapscontain320000 radial straws, which areorganizedin 20 wheels
each,asdepictedin Fig. 3.4. The �rst 12 wheelsnearthe interactionpoint contain8 successive straw
layersspaced8mm apart. The last8 wheelsalsocontain8 straw layers,but with a spacingof 15mm.
Eachlayerscontains768 straws of 37cm length, while the readoutis at the outer radius. The TRT
contains420000electronicchannelsin total,whichalsoprovide adrift-time measurementto determine
the distanceof the track from the readoutwire. This resultsin a spatialresolutionof 130mm in Rf -
direction.

An additionalfeatureof theTRT is its electronidenti�cation capabilitydueto thetransitionradiation
�bres thatareinterleaved betweenthestraws. Low energy transitionradiationphotonsareabsorbedin
theXenongasandgive largersignalamplitudesthanminimum-ionisingchargedparticles.Low andhigh
thresholdsareusedto distinguishbetweentransitionradiationsignalsandnormaltracksignalsfor each
straw providing discriminationpower betweenelectronsandchargedpions. Also for the identi�cation
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Figure3.5: Schematicview of theinnerdetectorshowing a particle(h = 0:3) traversingthethreepixel
layers,thefour SCTlayersandabout36 straw tubesin theTRT [80].

of heavy stablechargedparticles,whichappearalsoin GMSBmodels,theTRT canbeused.Fromtime-
over-thresholdmeasurementsthe particleb canbe determined,which canbe usedto selectthe signal
andmeasuretheparticlemass.

Figure3.5 shows a particle(h = 0:3) traversingthe completeinner detector. After having passed
thebeampipe, it traversesthe threepixel layers,the four cylindrical doublelayersof theSCTandap-
proximately36 axial straw tubesin theTRT. Theoverall performanceof the trackingsystemhasbeen
studiedin [18] for the reconstructionof muons,electronsandpions. The muonmomentumresolution
for 1=pT hasbeenfoundto be0.34TeV� 1 in thebarrelandtheresolutionof the transverseimpactpa-
rameteris 10mm. Themuonandelectronchargecanbemeasuredfor particleswith pT upto 1TeV with
misidenti�cation ratesof a few percent.In thebarrelmuonscanbe identi�ed with anef�ciency of al-
most100%,while theelectronandpion identi�cation suffersfrom materialeffectsandarereconstructed
with ef�ciencies between70%and95%. Therateof pionsmisidenti�ed aselectronsis of theorderof
a few percentfor anelectronef�ciency of 90%at pT = 25GeV. Primaryandsecondaryverticescanbe
identi�ed with high ef�ciency (� 99%) in thepresenceof low-luminositypile-up. Theperformanceof
theconversionreconstructionis discussedin Sect.5.2.

3.2.4 Calorimetry

Calorimetersareusedto measuretheenergy of the�nal stateparticles.While theinnerdetectorcontains
aslittle materialaspossibleto notdisturbthepathof thetraversingparticle,theprincipleof acalorimeter
is to fully absorbtheparticleby usingmaterialof severalradiationlengths.Theparticleinteractswith the
absorbermaterialandproducessecondaryparticles,whichin turninteractwith thematerial.Theresultis
ashowerof particles,whoseenergy canbemeasured.TheATLAS calorimeteris asamplingcalorimeter
consistingof layersof active, aswell aspassive absorbers.The latter causestheshower development,
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Figure3.6: Drawing of theATLAS calorimetersystem[80].

while the former is mainly meantfor the measurementof the depositedenergy. Also neutralparticles
canbemeasuredin thecalorimeter, aslong asthey areelectromagneticallyor hadronicallyinteracting.
Only weakly interactingparticlesescapethe calorimetercompletelyandcannotbe measuredwith the
detectorat all. If thecalorimeteris designedgranularly, a positionmeasurementof thedeposedenergy
is possibleandageometricalmatchingwith thetrackingsystemcanbeperformed.Also theshapeof the
showercanbedeterminedandusedfor particlediscrimination.In particular, theseparationof pionsand
photonshasto bedonewith thecalorimeter.

ATLAS containsfour systemsfor calorimetry: the electromagneticcalorimeter, the hadronictile
calorimeter, thehadronicendcapcalorimeterandthe forwardcalorimeter. Figure3.6 shows a drawing
of the completesystem.Onecanseethe barrelandendcappartsof the electromagneticandhadronic
calorimeters,aswell as the extensionof the hadronictile barrelandthe forward calorimeter. For the
studyof supersymmetriceventsall subsystemsarecrucial: theelectromagneticpartfor theidenti�cation
andmeasurementof photonsandleptonsandthe hadronicpart for jets andmissingtransverseenergy.
For the precisedeterminationof the latter the completesystemmustcover asmuchof the h - andf -
directionsaspossibleto measurethe completetransverseenergy of the event. All subsystemswill be
describedin thefollowing.

The electromagneticcalorimeter

The ATLAS electromagneticcalorimeter(ECal) is a lead-liquid-Argon (LAr) detectorwith accordion
geometry. The main taskis the measurementandidenti�cation of electronsandphotonsover a broad
energy range.It is thereforeparticularlyimportantfor thestudyof GMSBeventsin this thesis.Thelead
layersserveasabsorbersandtheliquid argonis theactivematerialfor detection.TheECalis dividedinto
abarrelpart(jh j < 1:475)andtwo endcaps(1:375< jh j < 3:2). Thecentralsolenoidpositionis in front
of theECaldemandinganoptimizationof thematerialin orderto achieve thedesiredperformance.The
calorimeterhasto bethick enoughin termsof radiationlengthsin orderto limit thepunch-throughinto
othersystems.TheECal thereforehasa total thicknessof morethan22 radiationlengthsin thebarrel
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andmorethan24 radiationlengthsin theendcaps.In theregion jh j < 1:8 a LAr-presampleris installed
to correctfor theenergy lossesof electronsandphotonsin theinnerdetectoraswell asthecryostatsand
thesolenoid.

The barrelpart consistsof two identicalhalf-barrelsof 3.2m length,separatedby a small gapof
4mm at z= 0. Also theendcapsaredividedinto two parts:anouterwheelcoveringtheregion 1:375<
jh j < 2:5 andaninnerwheelcoveringtheregion 2:5 < jh j < 3:2. Theaccordionshapedgeometrywith
thekaptonelectrodesprovidesa completef uniformity without azimuthalcracks,asshown in Fig. 3.7.
One can also seethe segmentationinto threesamplingsfor the region jh j < 2:5 usedfor precision
measurements.The endcapinner wheel is segmentedinto two samplingsin depthandhasa coarser
granularitythanfor the restof the acceptance,which is suf�cient to measurejet energiesandmissing
transverseenergy preciselyenough.

The �rst samplingof the precisionregion is equippedwith very �ne stripsallowing for a precise
determinationof theh positionof a particleandthereforethedistinctionfrom e.g. two photonscoming
from a neutralpion decay. This is importantto separatesinglephotonsor electronsfrom jets andfor
thereconstructionof t leptons.Thesecondsamplingis thelongestoneandabsorbsmostof theenergy
with cubiccellsof sizeDh � Df = 0:025� 0:025. Theresolutionin f directionis betterthanin the�rst
samplingandallows for thedeterminationof thef positionof a particle.Theh directionof aphotonis
determinedfrom theh positionof theclusterin the �rst andsecondlayer. Thedeterminationof the f
directionis hardlypossibledueto theinsuf�cient f resolutionin the�rst sampling.Thethird sampling
is usedto estimatethe leakageinto thehadroniccalorimeter. Thevaluesfor the rapidity coverage,the
granularityandthelongitudinalsegmentationof theATLAS ECalsubsystemsarelistedin Tab. 3.2.

As an example,the energy of an electronin eachlayer, E0 for the presamplerandE1, E2 andE3

for thedifferentsamplings,is thesumof theenergiesin eachselectedcell in thecluster. Theclusteris
constructed�rst in thesecondsampling,wherecellswithin a squarewindow of 3� 3 cellsaroundthe
cell with thehighestenergy areclusteredtogether. Thetotalenergy is givenby

E = offset+ w0 � E0 + w01 �
p

E0E1 + l (E1 + E2 + E3) + w3 � E3; (3.6)

wherew0;01;3 andl aredifferentcorrectionfactorsdependingon theelectronenergy andh . Theenergy
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Barrel Endcap
Numberof layersandh coverage

Presampler 1 jh j < 1:52 1 1:5 < jh j < 1:8
Calorimeter 3 jh j < 1:35 2 1:375< jh j < 1:5

2 1:35< jh j < 1:475 3 1:5 < jh j < 2:5
2 1:5 < jh j < 2:5

GranularityDh � Df versusjh j
Presampler 0.025� 0.1 jh j < 1:52 0.025� 0.1 1:5 < jh j < 1:8

Calorimeter1stlayer 0.025/8� 0.1 jh j < 1:40 0.050� 0.1 1:375< jh j < 1:425
0.025� 0.025 1:40< jh j < 1:475 0.025� 0.1 1:425< jh j < 1:5

0.025/8� 0.1 1:5 < jh j < 1:8
0.025/6� 0.1 1:8 < jh j < 2:0
0.025/4� 0.1 2:0 < jh j < 2:4
0.025� 0.1 2:4 < jh j < 2:5
0.1� 0.1 2:5 < jh j < 3:2

Calorimeter2ndlayer 0.025� 0.1 jh j < 1:40 0.050� 0.025 1:375< jh j < 1:425
0.075� 0.025 1:40< jh j < 1:475 0.025� 0.025 1:425< jh j < 2:5

0.1� 0.1 2:5 < jh j < 3:2
Calorimeter3rd layer 0.050� 0.025 jh j < 1:35 0.050� 0.025 1:5 < jh j < 2:5

Numberof readoutchannels
Presampler 7808 1536(bothsides)
Calorimeter 101760 62208(bothsides)

Table3.2: Main parametersof theATLAS electromagneticcalorimeterandits subsystems[80].

resolutionhasbeenstudiedin testbeammeasurementsandsimulationandcanbeparametrizedas[81]

s (E)
E

=
a

p
E(GeV)

� b; (3.7)

wherea = 10%�
p

GeV is a stochastictermandb = 0:17%is a constantterm. In theenergy rangefrom
15GeVto 180GeVtheenergy responseis linearwithin � 0:1%.

The tile calorimeter

The main taskof the ATLAS hadroniccalorimeter(HCal) is the measurementof jet energiesandthe
reconstructionof missingtransverseenergy togetherwith the ECal. This is particularlyimportantfor
studiesof supersymmetricevents,sincemultiple jetsandmissingtransverseenergy from weakly inter-
actingneutralinosor gravitinos is expectedin many models.

Thebarrelpartof theHCal usessteelasabsorbermaterialandscintillatingtiles for detection.Fig-
ure3.8showstheconstructionprincipleandarrangementof thesteelplatesandtiles. It is placeddirectly
outsidethe ECal envelopeandcovers the region jh j < 1:7. The barrelpart covers jh j < 1:0 andhas
a lengthof 5.8m, while the two extendedbarrelscover 0:8 < jh j < 1:7 andhave a lengthof 2.6m, as
canbeseenin Fig. 3.6. Radially, it reachesfrom aninnerradiusof 2.28m to anouterradiusof 4.25m
andis divided into threelayers.Azimuthally, eachbarrelconsistsof 64 modulesof sizeDf � 0:1; the
layoutandprinciplearedepictedin Fig. 3.9. Thegranularityof thecalorimeteris Dh � Df = 0:1� 0:1
(0:2� 0:1 in thelastlayer).Therapiditycoverageandgranularityof thetile calorimeteraresummarized
in Table3.3.
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Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source
tubes

Figure3.8: Schematicview of thetile calorimeter. Thetiles, �bres andphotomultipliersareshown [80].
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Figure3.9: Segmentationin depthandh of thetile calorimeterin thecentral(left) andextended(right)
barrels[80].

Barrel Extendedbarrel
jh j coverage jh j < 1:0 0:8 < jh j < 1:7

Numberof layers 3 3
GranularityDh � Df 0:1� 0:1 0:1� 0:1

Lastlayer 0:2� 0:1 0:2� 0:1
Readoutchannels 5760 4092(bothsides)

Table3.3: Main parametersof theATLAS tile calorimeter[80].
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Figure3.10: Schematicview of the threeFCal modulesandtheir positionrelative to the EMEC and
HEC.Theblackregionsarepartsof thecryostat[80].

Systematicstudiesof theenergy resolutionhave beenperformedwith beamsof isolatedpions[80].
The fractionalenergy resolutions (E)=E hasbeenmodelledwith Eq. (3.7) andthe best�t yields a =
(56:4� 0:4)% andb = (5:5� 0:1)%.

LAr hadronic endcapand forward calorimeter

For themeasurementof jets(andmissingtransverseenergy) in theregion 1:5 < jh j < 3:2 two hadronic
endcapcalorimeters(HEC) have beenbuilt. Due to the higherradiationexposurethe intrinsically ra-
diation hardLAr technologyhasbeenchosen. Parallely arrangedcopperplatesareusedasabsorber
material.TheHEC consistsof two wheelsin eachendcap:a front anda rearwheelwith anouterradius
of 2030mm, eachcontainingtwo longitudinalsections.Thesystemhasa total lengthof 1818mm and
thesizeof theindividual readoutcellsis Dh � Df = 0:1� 0:1 for jh j < 2:5 andDh � Df = 0:2� 0:2 for
largervaluesof h .

For theregion 3:1 < jh j < 4:9 the forwardcalorimeter(FCal)hasbeenbuilt at a distanceof 4.7m
from theinteractionpoint. Theactivematerialis againliquid argon,while two differentabsorbermateri-
alshave beenchosen.The�rst of thethreemodulesfeaturescopperfor electromagneticmeasurements,
while tungstenis usedfor hadronicmeasurementsin theothertwo layers.Eachmodulehasa lengthof
45cm, asshown in Fig. 3.10. Onecanclearly seethe relative positionof the electromagneticendcap
(EMEC),theHECandtheFCal.

3.2.5 The muon spectrometer

Muonsarevery importantfor the searchfor new physics. In many modelsheavy particlesdecayinto
highenergeticmuonsyielding importantinformationonparticlemassesandcouplings.Themuonspec-
trometerof theATLAS detectorenablesa very goodidenti�cation andreconstructionof thesemuons.
Additionally, heavy stablechargedparticlesarepredictedby somesupersymmetricmodels,which leave
a trackin theinnerdetector, but cannotbestoppedby thecalorimeters.Someof thepropertiesof these
particles,suchasmassandvelocity, canalsobemeasuredwith amuondetector[18].

Themuonsystemis theoutermostpartof ATLAS. Sincemuonsareminimal ionisingparticles,they
traversethe inner detectorandthe calorimetersrelatively undisturbedanda track canbe measuredin
the muonsystem.The magnetic�eld for the bendingof the tracksis generatedby the toroid magnet
system.In theregion jh j < 1:4 thebendingis providedby thebarrelpartof themagnetsystem,while
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Figure3.11: Cut-away view of theATLAS muonsystemandits individual components:MDTs, CSCs,
TGCsandRPCs[80].

in theregion 1:6 < jh j < 2:7 theendcaptoroidsprovide themagnetic�eld. In thetransitionregionboth
systemsareused.The�elds aremostlyorthogonalto themuontrajectories.

Four different gaseousdetectortechnologiesare used(Fig. 3.11): monitoreddrift tubes(MDT),
cathodestripchambers(CSC),thin-gapchambers(TGC)andresistive platechambers(RPC).Overmost
of theh range,theMDTs areusedto provide precisionmeasurementsof the trackcoordinates.These
chambersconsistof threeto eightlayersof drift tubes(Fig. 3.12, Rmin is usedto measurethecoordinate)
thatmeasurethedrift time of anelectronproducedby theionizing muon.Themaximaldrift time from
thewall to thewire is 700ns.Thetubesaremadeof aluminiumandpossessadiameterof 30mm,while
the gasin the tubesconsistsof 93% Ar and7% CO2. This mixture is responsiblefor the long drift
time,but hasbeenchosendueto goodagingproperties.An averageresolutionof 80mm is achievedper
tube,or around35mm perchamber. Thereare1088MDT chambersin ATLAS with 18 maintypes.A
considerablenumberof chamberswith specialshapeshave beenbuilt in orderto minimizeacceptance
losses.

In the forward region 2:0 < jh j < 2:7 CSCsare usedin the innermosttracking layer. They are
multiwireproportionalchamberswith cathodeplanessegmentedinto stripsin orthogonaldirections.The
measurementpriciple is differentfrom theMDTs, sinceinduced-charge distributionsaredeterminedto
measurethetrackcoordinates.A resolutionof 40mm is achievedwith eachchamberin thebendingplane
and5mm in the transverseplane. The CSCshave a higherratecapabilityanda bettertime resolution
thantheMDTs dueto thegasmixtureof 30%Ar, 50%CO2 and20%CF4.

An importantperformancegoal of the muon systemis the measurementof a 1TeV track with a
resolutionof 10%. To achieve this goal the positionof the MDTs wires and the CSC stripshave to
beknown with a precisionof betterthan30mm. Therefore,a high precisionopticalalignmentsystem
monitoresthepositionsandinternaldeformationsof thesystem.

Anothervery importanttaskof themuonsystemis to triggeref�ciently onmuontracksandidentify
the correspondingbunch-crossing.For this purposeadditionalfast trigger chambershave to be built
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m

29.970 mm

Anode wire

Cathode tube

Rmin

Figure3.12:Crosssectionof anMDT tube[80].

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

Table3.4: Main parametersof theATLAS muonsystem[80].

to complementthe precisiontracking chambers.RPCshave beenchosenin the barrel region jh j <
1:05, which have a time resolutionof 1.5ns. In the endcapregion 1:05 < jh j < 2:4 TGCshave been
chosenwith a time resolutionof 4ns. TheRPCsaregaseousdetectors,which do not usea wire but two
resistive platesasparallelelectrodeswith a distanceof 2mm. Electronavalanchesareproducedalong
the ionizing track towardsthe anodedueto the electric �eld of 4.9kV/mm. The TGCsaremultiwire
proportionalchambers,whichfunctionsimilarto theCSCs.Toachieveabettertimeresolution,they have
asmalleranodeto cathodedistanceandadifferentgasmixture. In additionto thetimemeasurement,the
TGCsalsodeterminetheazimuthalcoordinateof a muontrack to complementthemeasurementof the
MDTs. The inner layerof theMDTs is complementedby two layersof TGCs,while themiddle layer
is complementedby sevenTGC layers.Table3.4summarizesthemainparametersof theATLAS muon
system.

3.2.6 Trigger and data acquisition

Thehighinteractionratein pp collisionsattheLHC isagreatchallengefor all experiments.As described
in chapter3.1 around23 hardinteractionsperbunchcrossingat a bunchcrossingrateof 40MHz lead
to an approximateinteractionrateof 1GHz at high luminosity. This is opposedto the maximumrate
of about100Hz thatcanbewritten to permanentstorage.This resultsin theneedof a rejectionfactor
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Figure3.13:Organizationof theATLAS triggeranddataacquisitionsystem[82].

of 107. The rateof interestingeventsfor thesearchfor new physicswill be muchlower thanthat. As
an example,for someof the studiedsupersymmetricmodelsin ATLAS around10 eventsperhour are
expected.Most of the rejectedeventsareminimum-biasprocesses,which will alsobe studied,but do
not have priority to bestored.Thereforenot only a high rejectionis required,but alsoa high detection
ef�ciency for rareandinterestingeventsis needed.The ATLAS trigger systemis designedto provide
suchahighrejection,while accommodatingdifferentandalsochangingrequirementsfor many different
physicsanalyses,includingstandardmodelphysicsandnew physicssearches.

Theeventselectionis performedby threedifferentlevels,asshown in Fig. 3.13. At eachlevel therate
is reducedby a few ordersof magnitude,allowing for anincreaseddecisioncomplexity, which requires
moretime, at eachlevel. The �rst stepis doneby the Level-1 Trigger (L1), that is basedon very fast
custom-madehardwareandreducestherateto 75kHz. Everydecisionhasto bemadein lessthan2.5ms.
TheLevel-2Trigger(L2) is runon a largecomputerfarmandis solelybasedon software.It reducesthe
ratefurtherdown to about1 kHz, while having around40 msfor eachdecision.The �nal stepis done
by theEventFilter (EF) reducingtherateto approximately100Hz, while eachdecisioncantake up to a
few seconds.

Level-1Trigger

Thetaskof L1 is to searchfor highenergeticmuons,electrons,photons,hadronicallydecayingt -leptons
andjets. Also eventswith largemissingtransverseenergy andtotal transverseenergy areselected.For
thesearchfor muonsit usesdedicatedfastmuontriggerchambers,theRPCsandTGCsasdiscussedin
section3.2.5. Electronsandphotonsareselectedby calorimeterinformation. SinceL1 hasto provide
very fastdecisions,a reducedgranularityis used.

All the informationfrom eachdetectorchannelhasto beretained,while theL1 decisionis formed.
This is donein pipeline memories,which arecontainedin electronicsplacedphysicallycloseto the
detector. About 1ms of the total decisiontime of 2.5ms is neededfor purecablepropagationdelays.
Also thebunchcrossingidenti�cation is animportanttaskfor L1, which is challengingdueto theshort
bunchcrossinginterval of 25ns. The sizeof the muonsystemaloneimplies that the time-of-�ight of
particlesis largerthanthebunchcrossinginterval. Also thewidth of thecalorimetersignalsextendsover
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Figure3.14:Sketchof theelectronandphotontriggeralgorithm[80].

many bunchcrossings.
Sincealsominimum-biaseventsorotherprocesseswith averyhighcrosssectionwill beinvestigated,

it is necessaryto have thepossibilityto prescaletriggeritemson L1. This allows theoptimaluseof the
bandwidthanda�e xible physicsprogram.Theprescalesof eachitemcanin principlebechangedduring
run time to accountfor thedecreasingluminosityin acertainrunor for otherchangingconditions.

For the studyof GMSB eventsthe calorimetertrigger is of specialinterest. Both the standardsu-
persymmetryselectionbasedon missingtransverseenergy andmultiple jet triggers,aswell asa special
treatmentof GMSB eventswith photonsin the �nal stateusethe calorimetertrigger items. The L1
calorimetertrigger (L1Calo) is basedon trigger towersof size0:1� 0:1 in h � f (in thecentralregion
andlarger at higherjh j). The result is sentto the CTP 1.5ms after the event occurs.L1Calo consists
of threesubsystems:for thedigitizationof thecalorimetersignalandthebunchcrossingidenti�cation
thepre-processoris used.A look-uptableis usedfor theproductionof thetransverseenergy valuesof
eachobject.ThentheClusterProcessor(CP) identi�es electrons,photonsandt -leptoncandidateswith
transverseenergy abovethegiventhreshold,while theJet/Energy-sumProcessor(JEP)identi�es jetsand
calculatesglobalsumsof (missing)transverseenergy from 0:2� 0:2 triggerelementsin h � f .

The algorithmtriggeringon electronsandphotonsis shown in Fig. 3.14. 2 � 2 clustersof trigger
towersareidenti�ed of whichat leastoneof thefour possiblesumsof two towers,1� 2 or 2� 1 exceeds
agiventhreshold.The12 towerssurroundingthecore,aswell asthe2� 2 hadronictower sumareused
for the isolationthreshold,which is an absolutevalueratherthana ratio of isolationenergy to cluster
energy. Thealgorithmsarerun over all possible4� 4 windows andslide in stepsof 0.1 in bothh and
f . If anelectronor photoncandidateis found,thelocationof the2� 2 clusteris alsothelocationof the
region-of-interest(ROI) seedingtheL2 decision.

The overall L1 trigger decisionis madeby the central trigger processor(CTP). It combinesthe
informationfrom themuonsystemwith theinformationfrom thecalorimeters,asshown in Fig. 3.15. The
decisionisbasedonthemultiplicity of triggerobjects,suchascalorimeterclusters,andthecorresponding
energy thresholds.Theinformationaboutthelocationof thetriggerobjectis retainedandsentasa ROI
to seedtheL2 decision.Thetriggermenuconsistsof up to 256trigger items,while eachitem is some
combinationof requirementson the input data. Thesetrigger itemscanbe programmedwith 4 to 16
transverseenergy thresholdsper object type. After the L1 selectionthe datafrom the detectorfront-
endis transferredover 1574readoutlinks (ROLs) andreceived into the 1574readoutbuffers (ROBs)
containedin thereadoutsystemunits(ROSs),whereit is temporarilystoredfor laterusage.
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Figure3.15: Diagramof the ATLAS L1 trigger system. The trigger decisionis madeby the central
triggerprocessor, which receivesinput from themuontriggerchambersandthecalorimeters.TheROI
informationis transferredto L2 [80].

The High-Level Trigger

After theL1 decisiontheROI datais passedto theHigh-Level trigger(HLT) system,which consistsof
L2 andthe EF andappliestrigger decisionsin a seriesof steps,eachre�ning existing informationby
acquiringadditionaldatafrom moreandmoredetectorsubsystems.First theL2 triggerreceivescoordi-
nate,energy andsignaturetypeinformationto reducetheamountof datathathasto bereadout from the
detectorsubsystems.This is seededby theROIsandaccountsfor about2%of thetotaldataof anevent.
Every detectorsubsystemincluding the tracker is used. The ROI information is provided over eight
dedicatedROLs to theROI builder, which is the �rst subsystemof L2 andwherethe informationfrom
eachL1 subsystem(calorimeter, muonsystemandCTP) is assembledto an integrateddatastructure.
Thenit is forwardedto thenext L2 step,theL2 supervisors,which assigneachevent to oneof theL2
processingunitsandreceive their resultsfrom analysingtheROI datarequestedfrom thecorresponding
event. Theseresultsareforwardedto thedata�o w manager(DFM), which managestheeventbuilding
process.All datafrom theROBsaretaken. Theoutcomeis a singleeventdatastructure,which is given
to thethird level of thetriggersystem,theEF. In total theL2 processingfarmprovidesaneventrejection
factorof about30.

At the EF level the completedetectorinformationfrom all subsystemsnot constrainedto ROIs is
availableto makealastdecision,if theeventis permanentlystoredontape.Additionally, theEFclassi�es
eacheventaccordingto aprede�nedsetof eventstreamsandaddsthis informationto theeventstructure.
Selectedeventsaresentto theoutputnodes(SFOs)of thedataacquisitionsystem,while all eventdata
from rejectedeventsis removed from the system. Again the EF is a processingfarm whereon each
processingnodea con�gurablelist of tasksreceivesandprocessesevents.Unlike L2, thedecisionsare
basedonstandardATLAS eventreconstructionandanalysisapplications.Theresultsareobjectsthatare
closeto theonesin theof�ine analysis:electron,photon,muonor jet candidates.

In thecaseof GMSBeventswith photonsin the�nal stateonecoulduseadedicatedphotonsignature
to build a triggerchain. As an example,on L1 onecould look for oneor moreisolatedclustersin the
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electromagneticcalorimeterandre�ne theselectionwith theHLT to have goodphotoncandidateswith
a certaintransverseenergy thresholdin theend.It is alsopossibleto logically combinedifferenttrigger
chains.Especiallymultijet triggerscouldbe combinedwith triggersbasedon theselectionof missing
transverseenergy, which is usedfor generalsupersymmetrysearches.



Chapter 4

Monte Carlo generationand detector
simulation

Theresultsof a hugeexperimentlike theATLAS detectorcannotbe interpretedwithout a detailedun-
derstandingof everysinglesubcomponent.Therefore,thesimulationof thedetectorresponseto various
physicsprocessesis necessaryin order to optimizethe whole setupandestimatethe performancefor
physicsstudies. Particle identi�cation strategies canbe developedin advanceand the ef�ciencies of
analysisalgorithmscanbetested.Also thepreparationof searchesfor new physicsneedsa detailedde-
tectorsimulationin orderto estimatethediscovery potentialandto �nd methodsfor measuringparticle
properties.Whenreal collision dataareavailablesimulateddataareneededin order to apply correc-
tions to the real dataandto �nd deviations from the StandardModel. Figure 4.1 shows a schematic
representationof theATLAS eventsimulationprocedure.

Firstof all, theeventunderstudyhasto begeneratedby aMonteCarloeventgeneratorprogram[84,
85], whichdeliversfour-vectorsof the�nal stateparticles.Afterwardsthedetectorsimulation[86] is run
thatdeliversthehits in thedetector, whichhave to bedigitizedandreconstructed.Thedigitizeddataare
equivalentto realdata.Thereconstructedeventsareusedasinput for the�nal dataanalysisin theform
of AOD (AnalysisObjectData)�les.

The completegeneration,simulationand reconstructionof an event can take up to 15min in the
currentATLAS software[87]. A large fractionof this time is neededfor thesimulationof theshower
developmentin the calorimeter. For large scaleproductionsof event samplesthe ATLAS computing
grid resourcesareusedandthe productionis centrallyorganized.If large amountsof dataareneeded
thatcannotbeproducedcentrally, a fastdetectorsimulation(ATLFAST [88]) canbeusedthattakesthe
generatedeventsasinput andperformsthesimulationandreconstructionin a single,simpli�ed step.In
thischapterall relevantcomputingstepsarebrie�y discussed.

4.1 Generationof simulatedevents

Eventshave to begeneratedby aMonteCarlogeneratorto studythephysicsof agivenprocessin detail.
Sincecalculationsin quantummechanicsonly give theprobabilityof anoutcomeof theexperiment,the
eventgeneratoruses(pseudo)randomnumberseventby eventto producea result.A coupleof programs
exist which areusedby ATLAS, dependingon thetypeof processunderstudy. Thedifferentprograms
differ in theway they implementtheseveralsubstepsof eventgeneration:

� Hard scattering: Theprimaryparton-partoninteractionis determinedfrom thematrix elements
calculatedusing perturbative QCD (and electroweak theory). The PDFshave to be taken into

45
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Figure4.1: Schematicoverview of theATLAS simulationchain.Thesinglestepsareshown (rectangles)
togetherwith thecorrespondingdataformats(ellipses)[83].

accountin that step. Tree level as well as higher order matrix elementsare usedby different
generators.

� Initial and �nal state radiation: Radiative correctionsfrom QCD andelectroweak theoryare
appliedby addinggluon andphotonemissionfrom initial or �nal stateparticles. This stepcan
beabsorbedin the �rst stepby usingthecorrespondingamplitudesandcalculatingtheFeynman
diagramsorderby order. It is possibleto go to quitehigh ordersof up to eightpartonsin the�nal
state,if onesolely usestree-level diagrams.This approachis very time consuming,but givesa
quiteaccurateestimateof the�nal stateparticlemultiplicities which is importante.g. for multijet
events. Soft andcollinearpartonscanbetterbe describedby the parton showerapproach[85],
which approximatesthe full matrix elementsin a phenomenologicalway by allowing the inital
or �nal statepartonsto split up into pairsof otherpartons. Initial (�nal) stateradiationcanbe
modelledby so-calledspace-like (time-like) partonshowers.

� Hadronization: All partonsin the �nal statehave to be combinedto colorlesshadrons. This
cannotbe describedfrom �rst principalswithin any calculationaltechniqueandseveral models
havebeenusedfor thisstep.In thestringfragmentationprocess[89] two partonsthatareproduced
in theprimary interactionareconnectedvia a one-dimensionalstring. As thepartonsmove apart
the potentialenergy storedin the string increasesandthe string canbreakby the productionof
two new partonsthatform color-singletswith theinitial partons.Dependingon theinvariantmass
of the string piecesfurther string breaksmay occur. This processcontinuesuntil only on-shell
hadronsremain.Finally thehadronsmaydecayevolving into hadronicshowersandleadingto a
realistic�nal state.If long-livedparticlesaregeneratedthatdecaysomewherein thedetector, the
eventgeneratorhasto beconnectedto a detectorsimulation,sinceinteractionswith thedetector
materialmayhappenbeforetheparticledecays.

� Multiple interactions: Sincetheprotonconsistsof multiplepartons,thereis someprobabilitythat
morethanonepartonis involved in a hardscatteringprocess.This is calledmultiple interactions
andmay not be confusedwith pile-upeventswhereseveral hadronsin the samebunchcrossing
collide andwhich is not modelledby theeventgenerator[84]. Thepartsof theprotonthatdo not



4.1Generationof simulatedevents 47

f(x,Q2) f(x,Q2)
Parton
Distributions

Hard
SubProcess

Parton
Shower

Hadronization

Decay

+
Minimum Bias
Collisions

Figure4.2: Schematicoverview of thecomputationalstepsof aMonteCarloeventgenerator[96].

directly participatein the hardinteractionalsocarry part of the total beamenergy andarecolor
connectedto therestof theinteraction.

Figure4.2 schematicallyshows the developmentof a hardproton-protoninteractionwith all involved
substeps.Severalmultipurposegeneratorsexist like PYTHIA [90], HERWIG [91], ALPGEN [92] and
MC@NLO [93] anda varietyof specialisedgeneratorsthatcanbeusedaspluginsfor theformerones.
To allow theinteroperabilityof differentgenerators,spectrumcalculators[94] anddetectorsimulations
severalstandardshave beendeveloped,e.g. theSUSYLesHouchesAccord[95] allowing for thestan-
dardizedtransferof massspectra,couplingsandbranchingratiosto otherprograms.

Pythia

PYTHIA [90] is one of the most commonlyusedevent generators.It provides codefor all relevant
subprocessesof theeventgeneration,asshown in Fig. 4.2includingpartonshoweringandhadronization.
It providesalmostall 2 ! 1 and2 ! 2 andsome2 ! 3 StandardModel andsomebeyond Standard
Model leadingorderprocesses.It canbeusedasshoweringandhadronizationprogramby otherevent
generatorcodesthathavenot implementedthesealgorithmsthemselves.TheLesHouchesAccordPDFs
asdescribedin [97] canbe usedandlinked in easily. The hadronizationis implementedvia the Lund
string fragmentationframework [89]. PYTHIA is written in FORTRAN until version6 andis currently
rewritten in C++ [98]. It is usedfor thegenerationof a broadspectrumof StandardModel processesin
ATLAS.

Herwig

HERWIG [91] is a generalpurposeleadingorderevent generatorfor the simulationof lepton-lepton,
lepton-hadronandhadron-hadroncollisions. It providesa large rangeof hardscatteringprocessesin-
cludinginitial and�nal stateradiationusingangular-orderedpartonshowers,hadronizationvia theclus-
ter hadronizationmodel[85] andunderlyingeventsimulation.Theclusterhadronizationis basedon the
colorpre-con�nementpropertyof theangular-orderedpartonshowers.After thepartonshowerphaseall
partonscanbeuniquelyformedinto colorsingletclusters.Dueto thecolorpre-con�nementthedistribu-
tion of theclustermassspectrumis stronglypeakedat low masses.Thehigh massclustersaresplit into
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low massclustersusingastring-like mechanismwhich is followedby thedecayof thelow massclusters
to the �nal statehadrons.Theprogramincludesa LesHouchesAccord interfacefor otherprogramsto
allow usersthe implementationof additionalprocesses,aswell astheuseof externalPDFs. A special
interfaceto ISAJET[99] exists to allow the transferof supersymmetricmassspectraandbranchingra-
tios. Additionally, a large rangeof MSSM processeswith andwithout R-parityviolation is includedin
HERWIG [100] andusedin ATLAS. HERWIG is writtenin FORTRAN, but acompletelynew eventgen-
eratorwritten in C++ basedon theexperiencegatheredwith theFORTRAN codeis underdevelopment
calledHERWIG++ [101].

Alpgen

ALPGEN[92] is aneventgeneratordesignedfor thegenerationof StandardModelprocessesin hadronic
collisions with emphasison �nal stateswith large jet multiplicities. It usesthe exact leadingorder
calculationsfor partonicmatrix elementsin orderto provide accuratepredictionsfor �nal stateparticle
multiplicities. No contributions from loop diagramsare used. The partonshower approachis used
in addition to simulatethe emissionof soft/collineargluons. Therefore,interfacesto HERWIG and
PYTHIA areprovidedusingtheLesHouchesformat. Thecodeis written in FORTRAN77 andis used
in ATLAS for the generationof StandardModel backgroundprocessesfor studiesof supersymmetric
models.

MC@NLO

TheMC@NLOgenerator[93] includesthefull next-to-leadingorder(NLO) QCDmatrixelementsin the
calculationsof hardsubprocessesandis thereforeableto provide sensibledescriptionsof multiple soft
andcollinearemissions.It is written in FORTRAN andmakesuseof HERWIG for theshoweringand
hadronizationsteps.Sincesoft emissionsaredescribedby theNLO matrix elements,doublecounting
of radiatedpartonsdueto theshowering stephasto be avoidedby a dedicatedmechanism.Therefore
MC@NLO produceseventswith negative weight,typically 15%of all events.

Supersymmetriceventsin ATLAS

In ATLAS the programISASUGRA, which is part of the ISAJET package,is usedto calculatethe
supersymmetricmassspectrum,all branchingfractionsandparticlewidthsin leadingorder. This is used
asinput for HERWIG/JIMMY [102] for thesparticlecascadedecays,partonshowers,hadronizationand
thesimulationof theunderlyingevent.

4.2 DetectorSimulation

Althoughgeneratedeventscanbeusedfor approximatestudiesof thepropertiesof e.g. supersymmetric
models,a detaileddetectorsimulationis neededin orderto estimatethedetectorresponseon all gener-
atedobjects.Only with a detectorsimulationit is possibleto estimateef�ciencies andto optimizethe
identi�cation criteriafor �nal stateparticles.

4.2.1 Full GEANT4 simulation

TheGEometryANd Tracking(GEANT4) program[103,104] is a toolkit for thesimulationof thepas-
sageof particlesthroughmatter. In ATLAS it is usedfor several tasks.First of all a detectorwhich has
not beenbuilt yet canbe designedandoptimizedusinga detectorsimulationtoolkit. It alsoservesas
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a tool for understandinga concretedetectorconceptandits interactionwith elementaryparticles.Ad-
ditionally, the reconstructiontoolscanbe testedaswell asassociatedsystemslike the triggeranddata
acquisition.In theend,all preciseanalysisstudiesarebasedon GEANT4 in ATLAS aslong asno real
dataareavailable.Oncethis is thecase,many analysisresultsdependonanaccuratedetectorsimulation,
sincenotall effectsandef�ciencies canbeestimatedfrom thedataitself.

For aprecisesimulationtheexactgeometryof all subsystemsdescribedin Sec.3.2hasto beknown.
All physicaleffectsof theinteractionof theparticlewith severalmaterialsareincludedaswell asthein-
teractionwith themagnetic�elds. Thetrajectoriesof particlespassingthroughthedetectorarerecorded
by GEANT4by simulatingtheenergy lossdueto materialinteractions.Thepositionsof theinteractions
arestoredandcalledhits. In thedigitizationstepthesimulatedsignalsareconvertedto a formatwhich
lookslike theoutputof therealreadoutchannelsof thevarioussubsystems.Inef�ciencies andestimates
of internalnoisedueto de�cient hardwarehave to betakeninto account.

Electron-positronpairs and other particlesthat are producedin the interactionsare generatedby
GEANT4 andalsobremsstrahlungis taken into account.Especiallythecaseof photonconversionsis
interestingfor this thesis,sinceGMSB modelswith photonsin the �nal statearestudied.If long-lived
particleshavebeengeneratedby theeventgenerator, it is importantto simulatetheirpassagethroughthe
detectorbeforethey decay. Thatmeansnot all �nal stateparticlescanbecreatedby thegenerator, but
GEANT4 hasto take over this task. Therefore,aninterfaceto thegeneratoris usedin orderto transfer
therelevant informationto thedetectorsimulation,suchasthelifetime of thedecayingparticleandthe
massesandcouplingsof the�nal stateparticles.In this thesislong-livedneutralinosdecayingto photons
andgravitinos arestudied,whicharegeneratedby GEANT4.

Theoutputdigitsof thesimulationserveasinput for thereconstructionalgorithmsthattry to identify
candidatesof variousparticletypes.This stepis necessaryfor MonteCarlogeneratedeventsaswell as
for realdata.Thereconstructionand�nal identi�cation of objectsrelevant for this thesisarediscussed
in thenext chapter. Finally, a graphicalrepresentationof thesimulatedeventsis availableto visualize
thedetectorresponse.

4.2.2 Fastsimulation approach

For analysesthatneedvery largeamountsof data,suchasmultidimensionalsupersymmetricparameter
scans,theapplicationof a full detectorsimulationis not feasibledueto theenormousamountof CPU
time needed.Therefore,the fast simulationpackageATLFAST hasbeendeveloped,which hasbeen
extensively usedin thecontext of theATLAS PhysicsPerformanceTechnicalDesignReports[105,106].
Sincea fastsimulationcannever be asaccurateasa full GEANT4 simulation,a carefulvalidationof
the performancehasto be doneandeventually the resultshave to be tunedin orderto matchthe full
simulationresults[107]. It shouldbe notedthat critical issueslike the treatmentof convertedphotons
or theestimationof detectoref�ciencies needto be studiedwith the full simulation,sincethey arenot
implementedin ATLFAST.

Principals of the fast simulation ATLFAST

TokeeptheCPUtimepereventatareasonablelevel, nodetailedsimulationof theinteractionof particles
with any of the detectorcomponentsis performed. Instead,the detectorresponseis parametrizedto
take the interactionsinto accountimplicitly. The reconstructedparticlesarecreateddirectly from the
generatedparticlesby trackingtheparticlethroughtheperfectmagnetic�eld andgeometricallymatching
the built calorimeterclustersto the true particle. No interactionof the particlewith the tracker or the
muonsystemis simulatedandthusno energy lossor bremsstrahlungis included.This hasto be taken
into accountin theenergy resolutionfunctions.Theprimaryvertex is assumedto beat thecenterof the
detectorandtheimpactpointof any stableparticlein thecalorimetersurfaceis calculated.
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Thecalorimeteris a singleentity without a separationbetweenelectromagneticandhadronicpart.
Particleenergiesaredepositedin acalorimetercell map,while theresponseof thecalorimeteris assumed
tobeoneanduniformoverthefull detectorregion. Thecell maphasagranularityof Dh � Df = 0:1� 0:1
for jh j < 3:2 andDh � Df = 0:2� 0:2 for 3:2 < jh j < 5:0. Theentireenergy of theparticleis deposited
in thehit cell, i.e. nolateralnorlongitudinalshowerdevelopmentis simulatedandashower �ne structure
cannotbetakeninto account.Theclustersarereconstructedwith asimpleseededconealgorithm,while
otherwiseno reconstructionbasedon the simulateddetectorinformationis implemented.The Monte
Carloinformationon generatorlevel is usedfor thispurpose.

Thereconstructionprocedurefor theobjectsrelevantin this thesisis thefollowing:

� Clusters arereconstructedfrom the calorimetercell mapvia a conealgorithmwith a conesize
of DR =

p
Dh 2 + Df 2 = 0:4 and a seedcell energy above 1.5GeV. A particularcell can only

be associatedto a singleclusterthat hasto passan energy thresholdof 5GeV. The clustersare
classi�edaselectrons,photons,tausor jets,asdetailedin thefollowing.1)

� Electronsaresearchedby matchingaclusterwith a trueelectronwith a matchingradiusof DR=
0:15. An isolationcriterion canbe de�ned to searchfor isolatedelectronsby requiringthat the
differenceof the energy in a coneof DR = 0:2 aroundthe electrondirection and the smeared
energy needsto bebelow 10GeV. Thereconstructedelectronenergy is obtainedby smearingthe
true energy with a resolutionfunction basedon testbeamstudies[81]. Slight modi�cations to
Eq. (3.7) have to be applied,sinceenergy lossesdueto bremsstrahlungin the innerdetectorare
not simulatedin the fastsimulationandhave to be taken into accountin the calculationof the
energy resolution.Identi�ed electronsarerecordedwith theh andf coordinatesof theelectron
ongeneratorlevel andtheassociatedclusteris removedfrom thelist of clusters.

� Photonsaretreatedin thesameway aselectronsconcerningisolation.AgainEq. (3.7) is usedas
thephotonenergy resolutionfunction. In contrastto theelectronenergy calculationit hasto be
consideredthatno energy lossin the innerdetectordueto bremsstrahlungis present.Converted
andunconvertedphotonsarenot distinguished.Sincethe h directionof a photoncannotbe re-
constructedfrom a trackasin thecaseof electrons,the following smearingof theh directionis
applied:

s (q) =
65mrad

p
E

for jh j < 0:8

s (q) =
50mrad

p
E

for 0:8 � jh j < 1:4

s (q) =
40mrad

p
E

for 1:4 � jh j

(4.1)

� Muons arereconstructedby applyinga pT , h andf dependentresolutionfunctionto thegenerated
muonmomentum.They arefurther classi�ed as isolatedor non-isolatedby applyingthe same
energy isolationcriterionasfor electrons.If the muonlies insidea DR= 0:4 coneof a jet, it is
addedto thejet andthejet momentumis changedaccordingly.

� Jets are constructedfrom all clusterswith ET > 10GeV that have not beenassignedto a true
electronor photon. The jet energy is taken to be theclusterenergy includingmuonsandis also
smearedwith theresolutionfunction(3.7). Thedirectionof thejet is thedirectionof thecluster.

1)Sincet leptonsarenotusedin thisstudy, they will notbediscussedhere.
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� Missing transverse momentum is calculatedfrom all reconstructedobjectsandthe remaining
clustersthatarenot associatedto any object.Additionally, all cells thathave not beenassociated
to clustersarealsoincluded.Theirenergiesaresmearedwith thejet resolutionfunction.

In thereconstructionprocessno detectoref�ciency correctionsareapplied,exceptfor t leptonsandin
b-taggingprocedures.The appropriatecorrectionfactorshave to be taken into accountin the analysis
andcanbetakenfrom theGEANT4-basedsimulation.

4.3 Event data model

After the triggerselectiontheamountof dataproducedby ATLAS is still so large that it is impossible
to distribute it completelyto the worldwide community. It is thereforenecessaryto reducethe stored
amountof datain sucha way thatonly theanalysisspeci�c informationremain. In ATLAS a chainof
dataformatsis usedthatincorporatessmallerandsmallerdatasets[108].

� RAW dataareeventscomingfrom thebytestreamof theEF. At this stagethedataarenot stored
in anobjectorientedrepresentation.It re�ects theformatin which thedataaredeliveredfrom the
detectorandthesizeof asingleeventis about1.6MB.

� ESD (EventSummaryData)arethe resultof the reconstructionprocessandhave an alreadyre-
duceddatasetsizecomparedto RAW data.Thedatacontentis suf�cient for mostof thephysics
analysis,suchthataccessto RAW datais not necessary. The reconstructedobjectsarestoredin
anobjectorientedway in POOLROOT dataformat[109]. Thesizeof aneventis currentlyabout
1MB, but aimingfor a sizeof 500kB.

� AOD (AnalysisObjectData)arederived from the ESD andcontainphysicsobjectssuitablefor
analysis.The event sizeis further reducedto about100kB comparedto the ESD.The AOD is
intendedto begeneralenoughfor mosttypesof analyses.

� DPD (DerivedPhysicsData)aremorespecializedcomparedto theAOD andareclassi�edaccord-
ing to threestages.TheprimaryDPDaresubdividedinto performanceDPDandphysicsDPDand
arealreadymadefor speci�c purposes.The datastructureis the sameasfor the AOD, but can
containadditionalESDinformation.Also thesecondaryDPDarewrittenin thePOOLformatand
areagainmorespeci�c thantheprimaryDPD. The tertiary DPD are�nally organizedin simple
ROOT [110] treesandareintendedto bethemostspecializeddataformatfor agivenanalysis.An
analysisframework like EventView [111] canbe usedfor the production,which includesa very
modularsetof analysistools. In this thesissuch�at n-tuplesareused.





Chapter 5

Object reconstructionand identi�cation

The discovery potentialof ATLAS for signatureswith photonsin the �nal statearising from GMSB
modelsreliesheavily onthephotonidenti�cation performanceaswell asontheidenti�cation of jetsand
thecalculationof missingtransverseenergy. Thesearethemostimportantphysicsobjectsneededin the
analysisandthediscussionof theATLAS identi�cation performancewill berestrictedto them.

In thefollowing theidenti�cation of photonswill bedescribedin somedetail,startingwith thetrigger
selectionof photonsfollowedby theof�ine reconstructionandidenti�cation procedure.A few remarks
on electronidenti�cation will be madeto comparewith the photoncriteria. Photonconversionswill
brie�y bediscussed,sincea goodconversionrecovery alsocontributesto thediscovery potential.Non-
pointingphotonsoccurin GMSB modelsfor non-vanishingCgrav, which imposesomeproblemsfor the
identi�cation. Thesolutionadoptedin this thesiswill bediscussedbrie�y . Finally, thereconstructionof
jetsaswell asthecalculationof missingtransverseenergy will bedescribed.

5.1 Photon identi�cation

5.1.1 Trigger strategy

The L1 calorimeter(L1Calo) trigger algorithmhasbrie�y beendescribedin Sec.3.2.6. Figure3.14
shows how thetriggertowersof sizeDh � Df � 0:1� 0:1 areusedto constructelectromagneticclusters
with a sliding 4� 4 window. This window searchesfor localmaximainsidethe2� 2 core,while the12
towerssurroundingthe coreareusedfor the isolationcriterion. For eachtower the energy of all cells
of the full depthof theECalaresummed.At leastoneof the four possiblesumsof two towers,1� 2
or 2� 1, mustexceeda given thresholdin orderthat theclusteris selectedby theL1 trigger. Isolation
providesa goodhandleto reducethe jet backgroundrate,which is typically neededat low transverse
energy thresholds.

TheL2 selectionis basedon theL1 ROIs. Theh andf positionaswell asenergy andobjecttype
informationarepassedto L2 andbasedon this informationtheL2 clusterbuilding algorithmscansthe
cellsin thesecondlayerof theECalandsearchesfor thecell with thelargesttransverseenergy. A cluster
of sizeDh � Df = 0:075� 0:175 is built aroundthis seedcell, wherethe largerclustersizein f is due
to the effect of the magnetic�eld resultingin photonconversionsand electronbremsstrahlung.The
L2 photonselectioncutson the following four quantitiesin orderto separatephotoncandidatesfrom
jets[18]:

� Transverseenergy of the electromagneticcluster(EEM
T ): The jet crosssectiondecreaseswith

energy andthusacuton thisvariableprovidesthebestrejectionpoweragainstjet background.

53
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Figure5.1: Distributionsof theL2 photonselectionvariablesasdescribedin thetext for aH ! gg signal
anddijet background.Bothdistributionsarenormalizedto unity [18].

� Transverseenergy in the�rst layerof theHCal (EHAD
T ): Photonsdeposittypically lessthan1%of

theirenergy in theHCal.

� Shower shapein h directionin thesecondsamplingof theECal (Rcore):Showersfrom photons
are typically smallerin the planetransverseto their direction thanshowers from jets. The cut
variableis theratio of theenergy depositedin 3� 7 cellsandin 7� 7 cells.For photonsthis ratio
is typically largerthan80%.

� Searchfor a secondmaximumin the �rst samplingof the ECal (Rstrips): A p 0 decaysto two
photonsleaving very small hadronicactivity andcanbe separatedfrom singlephotonswith the
�ne granularityin h in the �rst samplingof theECal. In a Dh � Df = 0:125� 0:2 window the
ratio of the differencebetweenthe energy depositedin the bin with highestenergy E1st andthe
energy depositedin thebin with secondhightestenergy E2nd dividedby thesumof bothenergies
is calculated.For isolatedphotonsthis ratio tendsto beone,while for thebackgroundit tendsto
bezero.

Figure5.1 shows thedistributionsof the four variablesfor a H ! gg sample(dashedline) with mH =
120GeV1) andfor jet backgroundfrom adijet sample(solid).

The EF selectionis basedon the of�ine reconstructionalgorithmswith the differencethat the EF
reconstructionrunsonceover every L2 seedandthusonly usespartof thewholedetectorinformation.
Comparedto L2 additionalshower shapevariablesareusedaswell as leakageinto the HCal andthe

1)Thephotonselectioncriteriaon trigger level andfor theof�ine selectionhave beenoptimizeduseda sampleof H ! gg
decays.



5.1Photonidenti�cation 55

Clustertype Nwindow
h � Nwindow

f Ethresh
T [GeV] Npos

h � Npos
f Dhdupl, Df dupl

Size 5� 5 3 3� 3 2� 2

Table5.1: Window sizeandparametersfor theseed�nding algorithmasdescribedin thetext.

transverseenergy of thecluster. Togetherwith an improvedcalibrationthis leadsto a furtherreduction
of thetriggerrate.

5.1.2 Cluster reconstruction

Beforean objectcanbe ultimately identi�ed asa photonwith complicatedshower shapevariablesthe
cells in theECalhave to beclusteredtogethersuchthat thesevariablescanbe calculatedandthe total
amountof depositedenergy canbemeasured.Two clusteringalgorithmsareusedin ATLAS, which are
calledsliding-windowandtopological algorithm[112]. Only theformeroneis usedin this thesis,but it
shouldbenotedthatthelatteronealsopromisesto haveadvantagesfor theidenti�cation of non-pointing
photons.2)

As soonasaneventhaspassedtheL1 requirements,theanalogsignalfrom theECalis sampledand
digitizedandtheenergy depositedin eachcell is computedusinganoptimal �ltering algorithm[113].
Thecell energiesarecorrectedfor effectscomingfrom thecalorimeterdefects.3) The sliding-window
algorithm usedfor photonidenti�cation is subdivided into threesteps: the tower building, the seed
�nding andtheclusterformation.

For thetowerbuilding processtheECalis dividedinto agrid of Nh � Nf = 200� 256elementswith
the sizeDh � Df = 0:025� 0:025. Insideeachelementthe energy of all cells is summedup over all
longitudinallayersde�ning the towerenergy. After thetowershave beenbuilt, a window of �x edsize
Nwindow

h � Nwindow
f in unitsof thetower sizein h � f is movedacrosseachelementof thetower grid. A

preclusterservingasa seedfor theclusterformationis formed,if the transverseenergy of the sumof
all towersinsidea window exceedsa given thresholdE thresh

T andis a local maximum. The preclusters
positionis calculatedusinga window of sizeNpos

h � Npos
f astheenergy-weightedbarycenterof all cells.

It mightbethatduplicatedpreclusterswith positionswithin Dhdupl� Df dupl appearandonly theonewith
thelargertransverseenergy is kept. Table5.1summarizesthewindow sizesandthresholdsusedfor the
seed�nding.

The�nal electromagneticclusteris built by usingall cellswithin a window of sizeNcluster
h � Ncluster

f
centeredaroundtheseedpositionthatdependson the layer. First themiddle layer is processed,where
theseedpositionhprecl, f precl is takenfrom thepreclusterbarycenter. Thepositionhmiddle, f middle of the
barycenterof the cells in the middle layer is determined,which is usedasthe seedfor the strip layer.
Finally, thepreshowerandbacklayersarecomputed,usingthestriplayerbarycenterandthemiddlelayer
barycenter, respectively. The sizesof the windows usedfor differentparticletypesaresummarizedin
Tab. 5.2. Thesizesfor electronsandphotonsarechosendifferently, sincetheshowersfrom electronsare
wider in thebarreldueto bremsstrahlungandtheinteractionwith themagnetic�eld. All cellscollected
with thesealgorithmsaremergedto acluster, thatservesfor theidenti�cation procedureof photons(and
electrons).

2)Thetopologicalclusteringis basedongroupingcellsin clustersbasedontheirneighborrelationsandonthesigni�canceof
their energy contents.Theresultingclusterscanhave a differentnumberof cells in contrastto the�x edsizeclustersprovided
by thesliding-window algorithm.

3)Suchcorrectionsarenot appliedin thedetectorsimulationusedin this thesis.Insteadtheenergy of eachcell is scaledby
somerandomfactorin orderto simulatethemiscalibrations.
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Particletype Barrel Endcap
Electron 3� 7 5� 5
ConvertedPhoton 3� 7 5� 5
UnconvertedPhoton 3� 5 5� 5

Table5.2: SizeNcluster
h � Ncluster

f of theECalclusterwindows for differentparticletypesin thebarreland
endcap.

5.1.3 Identi�cation

Oncetheclustershavebeende�nedselectioncriteriacanbeusedtoultimatelyidentifyphotonsandreject
backgroundfrom jetsandp0s decayinginto two photons.In this thesisthestandardATLAS cut-based
identi�cation method[18] is usedandwill bedescibedin thefollowing.

As describedfor the caseof the L2 selectionnot only informationaboutthe energy of a clusteris
used,but variablesdescribingtheshapeof theelectromagneticshowerareneededin orderto distinguish
real photonsfrom fake photons. The standardATLAS photonidenti�cation is basedon the variables
from threesectionsof the calorimeter:theHCal andthe �rst andsecondsamplinglayersof the ECal.
For eachvariablethereareup to 20 pT andh dependentcut values:

� Hadronic cuts:

– Hadronicleakage(HadEM)de�ned astheratioof thetransverseenergy depositedin the�rst
layer of the HCal in a window Dh � Df = 0:024� 0:024 andthe energy depositedin the
ECal.

� Secondsamplingcuts: Mostof theenergy of electromagneticshowersis depositedin thesecond
samplingof theECal.

– Rf : Ratioof theuncalibratedenergy (sumof cells)of thesecondsamplingin a window of
size3� 3 to theenergy in a3� 7 rectangle.

– Rh : Ratioof theuncalibratedenergy (sumof cells)of thesecondsamplingin a window of
size3� 7 to theenergy in a 7� 7 rectangle.Themagnetic�eld increasesthewidth of the
convertedphotoncontributionsin thef directionandthusRf is lessdiscriminatingthanRh .

– The lateral shower width in h direction calculatedin a window of 3 � 5 cells, using the

energy weightedsumoverall cellsw2 =

s
å (EC� h 2

C)
å EC

�
�

å (EC� h 2
C)

å EC

� 2

, whereEC is theenergy

depositedin eachcell andhC is theh positionof eachcell.

� First sampling cuts: Jetscontaininghigh energy hadronsresult in broadshowers that canbe
rejectedwith cutson the secondsamplingandHCal variables. Jetscontainingneutralhadrons
have to be rejectedwith variablesfrom the �rst samplingdueto the very �ne granularityin h .
Therejectionpower is dueto theresolutionof substructuresinsidejets.Thefraction f of thetotal
energy depositedin the�rst layeris requiredto beat least0.5%.

– Thedecayp0 ! gg leadsto two energy maximain theshower andthusa secondmaximum
is searchedin a window Dh � Df = 0:125� 0:2 aroundthecell with thehighesttransverse
energy:

� DifferenceDES = Emax2 � Emin of the energy associatedwith the secondmaximum
(Emax2) andtheenergy reconstructedin thestripwith theminimalvalue(Emin) between
the�rst andsecondmaximum.
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Figure5.2: Distributionsof theof�ine photonselectionvariablesfor trueandfakephotonswith jh j < 0:7
and20< ET < 30GeVandnormalizedto unity [18].

� Rmax2= Emax2=(1+ 9(5) � 10� 3ET), with ET thetransverseenergy of theclusterin the
ECalandtheconstantvalue9(5) refersto low(high) luminosity.

– FractionFside= [E(� 3) � E(� 1)]=E(� 1) of energy depositedoutsidetheshower corein h
of threecentralstrips. E(� n) is the energy depositedin n stripsaroundthe strip with the
highestenergy.

– Shower width ws3 =
p

å Ei � (i � imax)2=å Ei using the threestrips i aroundthe one imax

with themaximalenergy.

– Totalwidth wstot over thestripsthatcover 2.5cellsof thesecondlayer.

Thedistributionsof eachvariablefor truephotons(comingfrom aHiggsdecayinginto two photons)and
fake photons(comingfrom a dijet sample)areshown in Fig. 5.2 for jh j < 0:7 and20 < ET < 30GeV
including the cut values. The samecutsareappliedfor convertedandunconvertedphotons,however,
this might be improved in the future,sinceconvertedphotonsappearasa pair of electronsin theECal
which looksdifferentto asinglephoton.

With the cutson the shower shapevariablesthe backgroundfrom fake photonsis alreadygreatly
reduced.In addition,anisolationcriterionis imposedby requiringthattheenergy depositedin a region
of DR< 0:45 aroundthephotonclusterdoesnot exceed10GeV. Theef�ciency of thecalorimetercuts
de�ned astheratioof thenumberof identi�ed photonsandgeneratedphotonsasa functionof h andpT

is shown in Fig.5.3for H ! gg photonswith pT > 25GeVand0< jh j < 1:37or 1:52< jh j < 2:47. The
restrictionsin theh region aremadeto accountfor thecrack region of thecalorimeter, wherethebarrel
andendcapoverlapandtheidenti�cation of photonsis insecure.Threedifferentsamplesof H ! gg de-
cayshavebeenusedusinganidealdetectorgeometrywith andwithoutpile-upandamisaligneddetector
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Figure5.3: Ef�ciency of the photonidenti�cation criteria asa function of (a) h and(b) pT for three
differentsamplesof H ! gg decaysusingan ideal detectorgeometrywith andwithout pile-up anda
misaligneddetectorgeometrywith pile-up[18].

geometrywith pile-up.Theoverallphotonidenti�cation ef�ciency is 87:6� 0:2%usingthenominalge-
ometrywithoutpile-upeventsanddecreasesto 83:6� 0:2%with adistortedgeometryincludingpile-up.
Thefake ratede�ned astheratio of all misidenti�ed jetsin thedijet sampleandthetotal numberof jets
reconstructedin anormalizationsampleasafunctionof h is shown in Fig. 5.4with andwithoutisolation
requirement.

5.1.4 Electron/photon discrimination and electron identi�cation

At this stagemostof the electronsarealso identi�ed as photons,sincethey interactsimilarly in the
calorimeter. Their showers can just be slightly wider in f directiondue to their interactionwith the
magnetic�eld. In this thesisthediscriminationbetweenelectronsandphotonsis donevia a dedicated
electronidenti�cation procedure.After anelectromagneticclusterhasbeenidenti�ed asanelectron,it
is removed from thecollectionof electron/photoncandidatesandcanthusno longerbe identi�ed asa
photon.

Threesuccessive setsof electronidenti�cation criteriaareusedin ATLAS: loose, mediumandtight.
The looseelectronis identi�ed only via the hadronicleakageandthe shower variablesin the second
compartmentof theECal. This de�nition obviously allows for anexcellentidenti�cation ef�ciency, but
with very low backgroundrejection. The mediumelectronis selectedanalogouslyto the photonwith
cutson hadronicleakageandtheshower shapevariablesfrom thesecondand�rst layerof theECaland
additionalquality criteriafor a track.Thesearea minimumnumberof hits in thepixel detector(at least
one),a minimum numberof hits in the pixel andSCT detectors(at least9) anda minimal transverse
impactparameter(< 1mm). Thetrackquality criteriaarere�ned in thede�nition of thetight electron.
Additional to themediumelectroncriteria,isolationis required,aswell asa minimal numberof hits in
thevertexing layeranda goodmatchingbetweenthetrackandthecluster. TRT variablesarealsoused,
suchas the numberof hits in the TRT and the ratio of the numberof high-thresholdhits to the total
numberof hits. Most of thecriteriadependon h andpT andprovide a very goodelectronidenti�cation
ef�ciency with goodbackgroundrejectionpower. Mediumelectronswill beusedin this thesisfor the
measurementof supersymmetricparticlemassesandtheneutralinolifetime.
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Figure5.4: Photonfake rateasa functionof h with andwithout isolationcriterion[18].
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Figure5.5: (a)Materialbudgetin theinnerdetectorand(b) resultingphotonconversionprobability[18].

5.2 Photonconversions

Sincephotonscanconvert into an electron-positronpair at any point in the tracker in the presenceof
material,it is importantto develop ef�cient algorithmsto reconstructsuchconversionsin ordernot to
misidentifythemaselectronsor jets. Theprobabilityof a conversionis proportionalto theamountand
densityof thematerialin thetrajectoryof aphoton,which is measuredin termsof radiationlengths.The
total amountof materialin the innerdetectorasa functionof h is shown in Fig. 5.5(a). The resulting
dependenceof the conversionprobability on h andthe distancefrom the interactionvertex is shown
in Fig. 5.5(b). It canclearlybeobserved that theoverall conversionprobability in the innerdetectoris
around50%andthata recovery strategy hasto bedeveloped.

Theability to reconstructaphotonconversiondependson thetypeof trackingalgorithmthatis used
and thus on the coordinatesin the tracker wherethe conversionoccurs. Photonsthat convert within
300mm of thebeamaxiscanbereconstructedwith theef�cient standardsilicon-seededtrackingalgo-
rithm (inside-outtracking). Photonsthatconvertatalargerdistanceof thebeamaxisdonotleaveenough
hits in thesilicon tracker suchthatadditionaltrackingalgorithmshave to beusedthatareseededfrom
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TRT hits andmayor maynot incorporatehits from thesilicon tracker (outside-inandstandaloneTRT
tracking).

� Inside-out tracking: Seedsare formed using threecombinationsof space-pointsin the pixel
detectorand SCT by imposingsomeconstraintssuchas the curvature to limit the numberof
candidates.Afterwardsa geometricaltool is usedto identify detectorelementsthataresearched
for additionalhits. A �tting procedureis usedeverytimeafteraddingahit to thetrackandoutliers
areef�ciently eliminated.Around10%of all seedsleadto a fully reconstructedtrack. Thetracks
aresubjectto qualitycriteriaandarerankedaccordinglyfor comparison.After asilicon trackhas
beenacceptedit is extrapolatedinto theTRT andcombinedwith TRT hits. If theextendedtrack
hasahigherquality thantheoriginalsilicon track,theextensionis kept,otherwiseonly thesilicon
trackis stored.Sincetheinside-outtrackingalgorithmrequiresatleast7 siliconhitsit is inef�cient
for latephotonconversions.

� Outside-in tracking: TheTRT is dividedinto 24 slicesin h directionanda histogrammingtech-
niqueis usedto scanfor straightline patternsthat are �tted to extract the track parameters.A
minimalnumberof hits in thestraw tubesis required.ThereconstructedTRT segmentsareextrap-
olatedinto thesilicon tracker wherespace-pointsaresearchedseededby thetrackparameters.At
least2 hits in theSCTarerequiredwhich areselectedusingquality criteriasuchasthecurvature.
Oncea silicon extensionis found,it canserve asseedfor searchingnew TRT extensionsasin the
caseof the inside-outtracking. In orderto reducethetime neededfor theprocedureall TRT and
siliconhitsareexcludedthatarealreadypartof aninside-outtrack.Themainimprovementof the
trackreconstructionef�ciency dueto outside-intrackingis in theregion of 300mm to 450mm in
radialdistance.

� StandaloneTRT tracking: All TRT segmentsthatarenotassignedasiliconextensionare�nally
transformedinto tracksby resolvingremainingambiguities.No trackre�tting is done.Thetotal
track reconstructionef�ciency is improved in the region from 450mm in radial distanceto the
calorimetersurfacesigni�cantly by theTRT tracks.

The total track reconstructionef�ciency as a function of the conversionradiusis shown in Fig. 5.6.
All threetrack collectionsare�nally mergedinto a singletrack collectionthat servesasinput for the
following building of trackpairsandsecondaryvertex �tting procedureafteroverlapis removed[18].

Trackpairsarebuilt by selectinga positively anda negatively chargedtrackandimposingselection
criteriaon thetracksandon thepair selectionin orderto reducethenumberof electrontracksandoth-
erwisewronglyselectedpairs.Cutsareimposedon theperigee,thelongitudinaltrackimpactparameter
andon the minimum transversemomentum.Cutting on the ratio of high-thresholdTRT hits over the
total numberof TRT hits selectstracksfrom electrons.Additionally, thepolaranglesof thetwo tracks
shouldbesmallaswell asthedistancebetweenthe�rst hitsof thetracks.

After having selectedtrackpairstheconversionvertex hasto be�tted, which is quitedifferentcom-
paredto the�tting of ordinarytracksthatareassumedto comefrom theprimaryinteractionvertex. The
masslessnatureof the photoncanbe usedas additionalconstraintanda speci�c algorithmhasbeen
developed. A new track perigeeis calculatedusingan initially estimatedsecondaryvertex candidate
anda new vertex is �tted with a fastKalman�ltering methodusingthefull threedimensionalinforma-
tion of there�tted conversiontracks.Again, quality criteriaareimposedin orderto selectgoodvertex
candidates.

Finally, the conversiontrackshave to be matchedto an electromagneticclusterthat hasbeenre-
constructedwith the standardreconstructionmethoddiscussedabove. Oncea track (not necessarilya
conversiontrack)is matchedto a cluster, it is labeledaselectron-like andis re-examinedin orderto de-
terminewhetheror not it originatesfrom aphotonconversion.Two algorithmsareusedfor thispurpose:
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Figure5.6: Total trackreconstructionef�ciency for convertedphotonswith pT = 20GeV. Theindividual
contributionsfrom inside-outplusoutside-intracking(“Si tracks”)andstandaloneTRT trackingarealso
shown [18].

theangle-basedmatching andthetrack-basedmatching. For thelattertheconversiontrackcollectionis
searchedfor candidatesthatmatchexactly with thebest-matchtracksassociatedwith theelectron-like
clusters.If that is thecase,furtherquality checksareperformedin orderto avoid declaringanelectron
which emitsconverting bremsstrahlungasa convertedphoton. In theangle-basedmatchingtheh and
f coordinatesof the centerof the clusterarecomparedwith the h andf coordinatesof the candidate
conversionvertices.If acandidatematchesaclusterwithin awindow of Dh = 0:048andDf = 0:048,it
is declaredasaconversionwith thecorresponding�ag.

In somecasesnot bothof the tracksof a photonconversioncanbereconstructedsuccessfully. For
instance,thephotoncandecayso late in the tracker, that the trackscannotbe distinguishedfrom each
otheror the photondecaysasymmetricallysuchthat only one track hashigh enoughmomentum(>
500MeV) to bereconstructed.Thesesingletrack conversionscanbereconstructedby re-examiningthe
remainingtracksfrom the conversiontrackcollectionthat could not be assignedto a conversion. The
effect of includingtheseconversionsinto theoverall conversionreconstructionef�ciency is signi�cant.
Figure5.7shows theef�ciency asa functionof theconversionradius.As expected,theef�ciency of the
vertex reconstructiondropsfor radii largerthan300mm,while thesingletrackconversionsoccurmainly
in theregion of theTRT. Identi�ed convertedphotonswill beincludedin thesetof photonsusedin this
thesis.

5.3 Non-pointing photons

5.3.1 Identi�cation

Thestandardphotonidenti�cation asdiscussedabove hasbeenoptimizedfor theselectionof photons
comingfrom theprimaryinteractionvertex (promptphotons) andleadsto inef�ciencies for theselection
of non-pointingphotonsthat occursomewherein the inner detector. Figure 5.8 shows a sketch of a
delayedneutralinodecayto a gravitino andanon-pointingphoton.Theshower axisdoesnotpointback
to theinteractionvertex andthereforetheshowerof anon-pointingphotonseemsto bebroaderthanthat
of apromptphotonandthusit mightnot survive thecutson theshower shapevariables.
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Figure5.7: The total ef�ciency of the photonconversionreconstructionalgorithmsis shown as data
points for photonswith pT = 20GeV. The individual contributions from vertex reconstruction(solid)
andsingle-trackconversionreconstruction(dotted)arealsoshown [18].
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Figure5.8: Schematicview of a non-pointingphotoncomingfrom a delayedneutralinodecayusingthe
ATLAS eventdisplayATLANTIS [114].

Figure5.9shows theselectionef�ciencies of thevariousshowershapevariablesde�ned asthenum-
berof photonswith jh j < 2:5 and pT > 20GeV that passthe cut on the given variabledivided by the
numberof reconstructedphotonsasa functionof thez-componentof theneutralinodecaylength.A sig-
ni�cant dependenceon� veof theidenti�cation variablescanbeobserved,namelyRh , w2, Fside, ws3 and
wstot. Therelativeeffectof looseningthecutsonthesevariablesonthebackgroundhasbeeninvestigated
usinga jet sample[18]. Table5.3 shows the fraction of jets reconstructedasphotonsandpassingall
photoncriteria. Thehadronic,secondsamplingand�rst samplingcutshave beenappliedsequentially.
Theslightly increasedjet fake rateis taken asacceptablefor thestudiesin this thesissincethephoton
identi�cation ef�ciency for a GMSB samplewith a non-zeroneutralinodecaylength is increased,as
discussedin Sect.6.3. The cutson these� ve shower shapevariableswill thereforebe skippedin this
thesiswhenever non-pointingphotonsareusedandonly theun-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 jetsreconstructedasphotonsandpassingthegivenphotoncriteria.Thecutshave
beenappliedsequentially[18].

5.3.2 Clustertime measurementwith the ECal

In GMSB eventswith long-livedneutralinoNLSPsit is expectedthattheresultingnon-pointingphoton
arrives later in the calorimeterthan the photonsfrom prompt neutralinodecays. This is due to two
effects: First, thesumof thepathsof theneutralinoandthephotonis longerthanthepathof a prompt
photoncomingfrom the primary interactionvertex asis depictedin Fig. 5.8, sincethe anglebetween
the neutralinodirectionandthe photondirection is non-zero. Hence,a longer time period is needed
beforethephotonarrivesat thesurfaceof thecalorimeter. Second,theneutralinois aheavy particleand
hencetravelswith a velocity b � c throughthedetectorthat is signi�cantly lower thanthespeedof light
c. The neutralinob spectrumfor neutralinoswith a massof mc̃ 0

1
= 118GeV is shown in Fig. 5.10(a).

Therelative importanceof botheffectsis shown in Fig. 5.10(b)for a typicalGMSBscenariowith mc̃ 0
1

=
118:85GeVandt c̃ 0

1
= 11:2ns,wheretheadditionaltimeneededdueto thelongerpathis denotedDtpath

andtheadditionaltime neededdueto theneutralinovelocity is denotedDtb . The time differencesare
givenby

Dtpath=
jnon-pointingphotonpathj � jpromptphotonpathj

c
(5.1)

Dtb =
neutralinopath� (1� b)

b � c
: (5.2)
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Figure5.10:(a)b spectrumof aneutralinowith massmc̃ 0
1

= 118:85GeV. (b) DtpathandDtb distributions
for aneutralinowith massmc̃ 0

1
= 118:85GeVandlifetime t c̃ 0

1
= 11:2ns.

It canbe observed that the effect of the �nite neutralinomassdominatesthe effect of the decayangle
betweentheneutralinoandthephoton.This is dueto thefactthatthephotonaswell asthegravitino are
(almost)masslessandthusarestronglyboostedin thedirectionof theneutralinoandhencehave asmall
decayangle.

Thearrival timeof theelectromagneticclusterin theECal(referredto asclustertimein thefollowing)
canbe measuredwith ATLAS [115]. It is de�ned asthemeasuredtime of thecell in thesecondlayer
with the largestenergy with respectto the bunchcrossingtime, wherethe time of �ight of a particle
travelling with c andcomingfrom theinteractionvertex is subtracted.Thetriangularshapedionization
signalof a cell asa functionof time is shown in Fig. 5.11(a), wherethepulseis obtainedfrom a large
numberof physicspulsesaveragedafternormalizationto theiramplitudesandwith thetimederivedfrom
scintillatorsignals. The �rst 125ns areusedfor the reconstructionof the amplitudeA andthe time t .
Thesignalis digitizedevery25nssuchthatn = 5 samplesareused.Theoptimal�ltering methodis used
for thereconstruction[113]:

A =
n

å
i= 1

aisi ; t =
1
A

n

å
i= 1

bisi ; (5.3)

wheresi is the amplitudeof the samplei and ai and bi are the optimal �ltering coef�cients, which
aredeterminedby minimizing the varianceof A andAt underspeci�c constraints.The computation
requiresthe knowledgeof thenoiseautocorrelationmatrix andthesignalwaveform andits derivative.
The physicswaveform canbe numericallycomputedfrom a calibrationwaveform obtainedin special
delayruns.Theresultingprecisionof thephysicswaveformis about1-2%over the�rst 125nsusedfor
timereconstruction,asshown in Fig. 5.11(a).4)

If thecalorimetersignalshapeis distorted,abiascanbeintroducedin theclustertimereconstruction.
Therefore,thedetailedstudyof crosstalk betweenthe singlecalorimetercells for eachmoduleis im-
portantanda completemaphasbeenextractedfrom testbeamrunsandthedifferentsourceshave been
identi�ed [116]:

4)ThedispersionontheLHC beamcrossingtimeis 186ps,while thedispersionfrom thelongitudinalbeampositioninduces
a time dispersionof about170ps,if not corrected[115].
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amplitude of the signal with the medium gain. The SCA has a
depth of 144 capacitors. The distribution of the sampling clock is
not fully uniform along the 144 capacitors due to parasitic
resistance and capacitance on the writ e clock bus. This induces a
bias in the reconstruction time that depends on the sampling
location in the pipeline. On a test bench, an increase of 1.9 ps per
capacitor has been observed. In the test beam, the trigger rate is
low and the digitized samples are alw ays consecuti ve in the
pipeline so that the reconstru cted time needs only to be corrected
for this factor. At large trigger rate as expected in LHCrunning, the
digitized samples might not be consecuti ve in the pipeline and
such a correction will not be suf“cient.

The calibrat ion board [11] provides a signal resembling closely
the ionization signal for all calorimeter channels. This signal
voltage is deriv ed from a precise DC current ”o wing int o an
induct or and is brou ght to the mot herboard on the calorimet er
with a 50 O cable terminat ed at both ends. The amplitude
uniformity dispersion is bett er than 0.2%.One calibr ation signal
is distribut ed throu gh precise resistors to eight calorimeter
channels for the middle and back layers and to 32 channels in
the front layer. The location of the pulsed channels has been
designed in order to measure the cross-talk .

An example of the calibr ation and physics pulse taken with the
calorimet er is presented in Fig. 2.

3. Time measur ement method

The signal digitized every 25 ns (n ¼ 5 samples are foreseen for
the ATLAS running conditions) is used to reconstruct both the
amplitude (A) and the arri val time (t ) using the optimal “lt ering
(OF) method described in Ref. [12] :

A ¼
Xn

i¼1

aisi (1)

t ¼
1
A

Xn

i¼1

bisi (2)

Here, si is the amplitude of the sample in ADC counts after
pedestal subtr action and ai and bi are the OF coef“cients. The
absolut e time of the signal is given by the tbeam crossing þ t , so that
a positi ve value of the time t means that the particle arriv es late
with respect to the beam crossing. The coef“cients ai and bi are
determined by minimizing the variance of A and At under speci“c
constraints: if we assume that the shape of the signal is a known
function gðtÞnormalized to a unit amplitude, then the constraints
are:

P
aigi ¼ 1;

P
aig0

i ¼ 0;
P

bigi ¼ 0 and
P

big0
i ¼ � 1. These

constraints guarantee the correct reconstruction of both the
amplitude and the time t . The computation requires the knowl-
edge of the noise autocor relatio n matrix easily extra cted from
pedestal runs, and of the signal waveform and its deriv ati ve.
Various methods of signal shape prediction are still being
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Fig. 1. Schematic of the calorimeter readout.

Fig. 2. Calibration pulse from delay runs (dashed line) and measured pulse
obtained with an electron beam (solid line). Thesewaveforms are a combination of
a large number of pulses registered after the shaper and digitized every 25 ns. The
calibra tion pulse is built from the inter leaved events taken every 1 ns in delay runs.
The ionization pulse is obtained from a large number of physics pulses, averaged
after normalization to their amplitudes, and with the time deriv ed from scintillator
signals. The faster rise time at the beginning of the pulse for the calibration is
explained by the inductance on the electrode seen differ ently on the calibra tion
and ionization path. The differ ence of the positiv e w idth of the pulses is given by
the exponential calibra tion decay time and by the ionization drift time.

M. Aharrouche et al. / Nuclear Instruments and Methods in PhysicsResearch A 597 (2008) 178…188180

(a)

about 339 ps for a 245 GeV electron beam. The physics pulse
descript ion in the front layer is not as accurate as in the middle
layer and is re” ected by the larger residual effect of the phase
correction. In Fig. 13, the distribution of the time differe nce is
presented as a function of the barycenter in the Zand f direct ions.

The larger amplitude and the sign of the correction along Z is well
explained by the expected � 10%capaciti ve cross-talk betw een the
front cells dir ectly on the electrode. Along the f dir ection,
the accordion is also clearly visible although the agreement
with the simulation is not very good. As such an effect is not
negligible, the f modulation is corrected for in the front layer.
After correction, a 252 ps timing resolution is obtained. In contra st
to the middle layer, a dependence of the reconstructed time on the
shower depth is also observed. As shown in Fig. 14 for 245
and 30 GeV beam energies this effect is energy dependent.

ARTICLE IN PRESS

Fig. 13. Time difference between the reconstructed time tof and the trigger phase
t2 as a function of the strip barycenter in Z (top) and middle layer barycenter in f
(bott om). The cross-talk in Z is known to be not left/right symmetrical and
explains the use of a parabola not centered on the middle of the cell.

Fig. 11. Time resolution (ps) in the middle (circles) and in the front (stars) as the
function of the beam energy, in the medium and in the high gain (below 50 GeV
beam energy). The solid line is the result of the “t in the middle compartment. For
245 and 20 GeV, the open star gives the resolution when the front and the middle
times are combined, taking into account their respecti ve resolutions. The
resolution of the trigger , as well as that of the TTCsystem, has been subtract ed.

Fig. 12. Time resolution (ps) as a function of the energy deposited in the middle
layer cell. Events with beam energy at 10, 20, 50, 100, 150, 180 and 245 GeV beam
energy have been used. The resolution of the trigger , as well as that of the TTC
system, has been subtract ed. The solid line is the result of a “ t in the high gain and
medium gain.

M. Aharrouche et al. / Nuclear Instruments and Methods in PhysicsResearch A 597 (2008) 178…188186

(b)

Figure5.11: (a) Ionizationsignalcollectedon ECal cell electrodes.A calibrationpulse(dashedline)
andameasuredpulsefrom anelectrontestbeam(solid line) areshown. The�rst 125nsareusedfor the
energy andtime measurement[115]. (b) Time resolutionof the middle andfront layer of the ECalas
a functionof the testbeamenergy in themedium(high) gainof theelectronicsabove (below) 50GeV
beamenergy [115].

� Front layer: Theamplitudeof thecrosstalk in �rst neighboringcells is about10%of thesignal
amplitudedueto acapacitive couplingon theelectrodesin h direction.

� Middle layer: In f directionan inductive anduniform contribution of about-2% comesfrom
thesummingboard.In h directionacapacitive contribution from theelectrodescontributesabout
0.8%of thesignalamplitude.

The resolutions t of theclustertimemeasurementdependson theaccuratecorrectionof the noiseand
cross-talkeffectsandis parameterizedas

s t =
a
E

� c: (5.4)

After all correctionsaconstanttermc of about100psis theultimategoal,while at thebeginningof data
takingaconstanttermof about1nsseemsto berealistic.Thetermincludinga dependsontheenergy of
theparticleandits impactontheoverall resolutionis shown in Fig. 5.11(b). Thetimeresolutionhasbeen
measuredin testbeamrunsandit canbeobserved that for beamenergiesabove 50GeV theresolution
is �at andabout100ps. The discontinuityat 50GeV is dueto the fact that for beamenergies larger
(smaller)than50GeVthemiddlelayercell is alwaysreconstructedin themedium(high)gainregimeof
theelectronics.

5.3.3 Projectedphoton path

As canbeobserved in Fig. 5.8, thedelayedneutralinodecayleadsto a photonpaththatdoesnot point
backto the interactionvertex. This is dueto thenon-vanishinganglebetweenthedirectionof theneu-
tralino momentumandthedirectionof thephotonmomentum.For illustration, theangleDq( c̃ 0

1 ;g) in
q directionobtainedfrom the generatorinformationis shown in Fig. 5.12 for a neutralinowith mass
mc̃ 0

1
= 118:85GeV andlifetime t c̃ 0

1
= 11:2ns. The width of the distribution is � 0:62 corresponding
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Figure5.12:Dq(c̃ 0
1 ;g) for aneutralinowith massmc̃ 0

1
= 118:85GeV andlifetime t c̃ 0

1
= 11:2nsleading

to anon-vanishingjzclusterj.

to an angleof � 36� leadingto a displacedintersectionpoint of the z-axis with the projectedphoton
pathwith respectto theprimaryinteractionvertex. This intersectionpoint (referredto asz-vertex in the
following) canbecalculated.Sincephotonsleave no tracksin theinnerdetector, thecalorimetersystem
hasto beusedto reconstructthephotonpath.This is possibledueto theexcellentresolutionin h direc-
tion of the �rst andsecondcompartmentof theECal. Thef directioncannotbemeasured,but for the
calculationof thez-vertex this is notnecessary.

Theh positionof thephotonclusterin the�rst andsecondECallayeris needed,denotedby h 1 and
h2, respectively. Furthermore,theradialdistancesR1 andR2 of theclusterin the�rst andsecondlayer,
respectively, have to beknown. Thez-vertex zcluster is givenby asimplegeometricalequation:

zcluster=
R1 � R2

R2 � R1
� (sinhh1 � sinhh2) : (5.5)

Thehp directionof thephotonis de�ned by theangle

q = atan2(R2 � R1;z2 � z1) ; (5.6)

with z1 = R1 � sinhh1 andz2 = R2 � sinhh2, betweenthez-axisandtheprojectedphotonpath.However,
if a photonis selectedfor analysisanda geometricalh cut is imposeddueto the detectoracceptance
region, the usualh variablehasto be usedde�ned by the interactionvertex. The uncertaintyon the
z-vertex positionis givenby two h andphotonenergy E dependentfunctions,onefor thebarrelandone
for theendcapsection:

Dzbarrel
cluster= 13� coshh �

r

500�
coshh

E
(5.7)

Dzendcap
cluster = 70�

r

25�
coshh

E
: (5.8)

Theresolutionof thez-vertex lies typically in theregion of 5-10%. Thevariablewill laterbeusedfor
themeasurementof theneutralinolifetime.
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5.4 Jet reconstructionand missingtransverseenergy

5.4.1 Jet reconstruction

Producedpartonshadronizewhichleadstoajetof particlesthathastobeidenti�ed andthecorresponding
transverseenergy hasto be measuredcorrectly. Dependingon the particletypescontainedin the jet,
different fractionsof the transverseenergy are depositedin the ECal and the HCal. If a jet mainly
consistsof heavy hadronsit will depositmostof theenergy in theHCal. If it consistsof neutralpions
that decayto photons,mostof the energy is depositedin the ECal andthe jet hasto be differentiated
from electronsandphotons. Therefore,the multiplicity of jets stronglydependson the identi�cation
performanceof electrons,photonsandotherobjects.

Thejet triggeralgorithmonL1 searchesfor localmaximain theenergy sumsof 2� 2 triggertowers,
asdescribedbrie�y in Sect.3.2.6. Afterwardstheenergy sumsof thedepositedenergiesarecalculated
usinga window of sizeDh � Df = 0:8� 0:8 andarecomparedwith 8 differentenergy thresholds.The
multiplicitiesof theindividual thresholdsarederivedin this stepandaresentto theCTP. On L2 andEF
level similar algorithmsasfor the of�ine reconstructionof jets areusedbasedon the scanningof the
calorimeterwith aconeof �x edsizein h andf direction,asdescibedin thefollowing.

In ATLAS two mainjet algorithmsareused[18]: theconealgorithmaswell asthekT algorithm.5)

Only jets reconstructedwith the conealgorithmwill be usedthroughoutthis thesis.6) Therearesome
principalguidelinesfor theef�cient andhighquality jet reconstruction:

� Infrar ed safety: Thepresenceor absenseof soft particlesbetweentwo particlesbelongingto the
samejet shouldnotaffect thecombinationof theseparticlesto a jet.

� Collinear safety: Thesplitting of a high energeticparticleinto two collinearparticleswith lower
energy shouldnotaffect thejet �nding.

� Technologyindependence:Thereconstructedjet shouldnot dependon thesignalsource,i.e. all
detectorinef�ciencies have to becorrected,suchasthedetectorresolutionor environment.

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

For the seededconealgorithmtwo parametersareneeded:the transverseenergy thresholdof 1GeV
andtheconesizeDR=

p
Dh 2 + Df 2 with DR= 0:4 for narrow jetsandDR= 0:7 for wider jets. The

input for this algorithmarereconstructedcalorimetersignals,suchasreconstructedcalorimetertowers
or topologicalclusters,asdescribedabove. First, all input is orderedin decreasingorderin transverse
momentumandit is checked,if theobjectwith highestpT is above theseedthreshold.All objectswithin
thegivenconearecombinedwith theseedfollowedby a new calculationof thedirectionfrom all four-
momentainsidethecone.A new coneis centeredaroundthenew directionin orderto recollectobjects
insidethis new coneandrecalculatethe direction. This processcontinuesuntil the directiondoesnot
changeanymore.Thesameprocedureis runonthenext seedcandidateuntil nomoreseedsareavailable.
Finally, the jets are calibratedusinga methodoriginally developedfor the H1 experiment[119]: all
calorimetercellsareresummedusingweightingfunctionsthatdependon thecell signaldensityandon
thelocationin thecalorimeter.

5)Thedevelopmentof moresophisticatedjet �nding algorithmsis anongoingprocess.
6) In contrastto theconealgorithmthekT algorithmis morecomplex andtakesinto accountthestructureof the jet rather

thanjustscanningthecalorimeterwith a coneof �x edsize.Detailscanbefoundin [117,118]. However, theconealgorithmis
consideredto besimplerandmorerobustandthereforethekT algorithmwill not bedescribedin detail.
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Thejet energy resolutionis �tted with afunctionconsideringthreeindependentlycontributingterms[ 18]:

s
E

=
a

p
E(GeV)

� b�
c
E

; (5.9)

wherethetermincludinga is a samplingtermdueto statistical�uctuations in theenergy deposits,b is
a constanttermre�ecting theeffect of thecalorimeternon-compensation7) andthetermincludingc is a
noisetermdescribingthenoisecontribution to theenergy measurement.For centraljets thestochastic
termis abouta � 60%,while theothertermsareb � 3%andc � 5%[18].8)

Due to the highly granularcalorimetersin ATLAS the jet direction can be determinedprecisely
togetherwith theprimaryvertex from theinnerdetector. Almost all jetswith transverseenergiesabove
100GeV can be matchedto the true jet within a coneof DR < 0:2. However, at lower energies the
precisionof the jet axis reconstructiondegradesanda non-negligible fractionof reconstructedjets lies
outsidethe matchingcone. The jet reconstructionef�ciency is almost100%for jets with a transverse
momentumlargerthan30GeV[18].

With thegivenjet reconstructionalgorithmsalsoelectrons,photonsandotherparticlesareidenti�ed
asjets.This is takeninto accountin theanalysisby anoverlapremoval step.

5.4.2 Missing transverseenergy measurement

Theaccuratereconstructionof missingtransverseenergy Emiss
T is a very complex taskin ATLAS dueto

thedependenceof thecalculationon multiple objectsrangingfrom theindividual cell calibrationin the
calorimetersto theaccuratereconstructionof muontracksin themuonsystemover the full h rangeof
thedetector. Themostrelevantissuesfor agoodEmiss

T reconstructionare[18]:

� Thesuppressionof electronicsnoise.

� After noisesuppression,all calorimetercellshave to beused.

� Accuratecalorimeter(inter-) calibration,in particularin thebarrelandendcapregion.

� Thefull jh j < 5 rangeof thecalorimeterhasto beused.

Two different approachesareutilized in ATLAS: the cell-basedand the object-basedreconstruction.
Only the cell-basedapproachwill be discussedhere,since it is commonlyusedfor supersymmetry
analyses.

The cell-basedalgorithmusesthe energy depositsin eachof the calorimetercells that have been
calibratedwith globalweightsdependingontheirenergy density. Only thecellsthatremainafteranoise
suppressionprocedureareused.Additional correctionsareappliedfor themuonenergy andtheenergy
lost in the cryostats.This algorithmis stablealso for early datataking, sinceit doesnot rely on the
accuratereconstructionof physicsobjectsin contrastto theobject-basedalgorithm.

Dueto thelargenumberof read-outchannelsin thecalorimeters(� 200K)theamountof electronics
noisecancontributeasmuchas13GeV [18] to thewidth of theEmiss

T resolution.Thestandardmethod
for suppressingthe noiseis basedon only usingcalorimetercells with energies larger than2� s noise,
wheresnoise is thewidth of thenoisedistribution which hasto beknown. If thecellsareusedwith the
usualelectromagneticcalibration,thecalculatedamountof Emiss

T hasa shift of 30%with respectto the
truth information. This shows thata dedicatedalgorithmfor thecell calibrationhasto bedevelopedin

7)The ATLAS calorimeteris a non-compensatingcalorimeter, i.e. the responseto hadronsis lower thanto electronsand
photons.

8)Equation(5.9) hasbeenfoundto bebestsuitedfor thedeterminationof thejet energy resolution[18], while Eq. (3.7) has
beenusedto parametrizetheenergy resolutionof thecalorimetersusingisolatedpionbeams[80].
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Figure5.13:Resolutionof Emiss
T aftercalibrationasafunctionof thetotal transverseenergy measuredin

thecalorimetersfor differentphysicsprocesses.Thecurvescorrespondto the�t to (a) Z ! t t and(b)
A ! t t [80].

order to reducethe systematicshift andoptimize the resolution. A cell classi�cation schemeis used
for this purposeby de�ning theenergy depositin a cell ashadronicor electromagnetic,sincehadronic
showerstendto have lowerenergy densitiescomparedto electromagneticones.

Sincemuonsdonotdeposittheirenergy in thecalorimeters,their trackshave to beusedseparatelyin
thecalculationof Emiss

T . Themuonmomentumasmeasuredin themuonsystemis takenandtheenergy
lossin the calorimetersis alreadytaken into accountin the calorimetercell term. Muonsthat arelost
outsidetheacceptanceregion of themuonsystemof jh j < 2:7 arenot takeninto account,but themuon
termin generalonly marginally in�uencestheoverall Emiss

T reconstructionperformance[18], sincethe
muonsystemprovidesaverygoodmuonreconstructionef�ciency. However, lostmuonscanbeasource
of largefake Emiss

T .
The third importantsourceof Emiss

T in ATLAS is thecryostatsystem.The thicknessof the system
betweentheECalbarrelandthetile barrelcalorimeteris abouthalf aninteractionlength.Therefore,jets
canloosea signi�cant amountof their energy leadingto additionalfake Emiss

T . This energy losscanbe
recoveredby usingthecorrelationof theenergy measurementsin thelast layerof theECalandthe�rst
layerof theHCal. Thesameis donefor theendcapsections.Thecorrectionis appliedto all reconstructed
jets in theevent,which in turn leadsto a betterestimateof Emiss

T . Thecryostatcorrectioncontributesat
a level of � 5% per jet with a transversemomentumabove 500GeV andis thereforenon-negligible for
highmomentumjets.

Theexpectedperformanceof theEmiss
T reconstructionis estimatedby comparingthemeasuredvalue

with the truevalueasa functionof the total transverseenergy. Figure 5.13shows theEmiss
T resolution

de�nedasthewidth of theEmiss
x;y � Emiss;true

x;y distribution in acertainET bin. Thedistribution is �tted with
a functions = a�

p
å ET , wherethe �t parametera variesbetween0.53and0.57for differentphysics

processes[18].
In supersymmetrystudiesit canbe importantto suppressfake Emiss

T to reducetheStandardModel
background.Onepossibility is to look for correlationsbetweenthedirectionof thereconstructedEmiss

T
andthedirectionof jets,whichcanhint at fakeEmiss

T from badlymeasuredjets. In general,theresolution
of the Emiss

T directionfor eventswith genuineEmiss
T dependson the relative fraction of fake Emiss

T and
on the event topology. As an example,Fig. 5.14shows the resolutionof the Emiss

T measurementin f
directionas a function of the true Emiss

T for different physicsprocesses.It can be observed that the
measurementis moreaccuratefor W ! en events,which containmoderatehadronicactivity compared
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Figure5.14:Performanceof thef -directionmeasurementof Emiss
T for differentphysicsprocesses[80].

to tt̄ events.For valuesbelow 40GeVtheaccuracy degradesrapidly, while for largevaluesof trueEmiss
T

theaccuracy canreach100mradandbelow [18].



Chapter 6

Discovery potential for GMSB modelswith
photon �nal states

In GMSBmodelswith N5 = 1 andlow tanb thelightestneutralinoc̃ 0
1 is theNLSPanddecaysto agrav-

itino G̃ anda photon,sincetheneutralinois mainly a photinoin theminimal GMSB model. Therefore
thestandardmSUGRA-likedecaycascadeof squarksandgluinosis extendedby thedecay

c̃ 0
1 ! gG̃: (6.1)

Dependingon the branchingratio of the squarksandgluinosdecayingto varioustypesof supersym-
metricparticles,thedecaychainmayalsocontainmultiple jets. Eventswith high energeticphotonsare
expected,if theNLSPlifetime is not too long, suchthatmostof theNLSPsdecayoutsidethedetector.
Thecorrespondingeventsignaturesandthediscovery potentialof theATLAS detectorfor thesemodels
arediscussedin this chapter, including the optimizationof the signalselection,the role of the trigger
signaturesandthe expectedbackgroundfrom StandardModel processes.The scenariosin theGMSB
parameterspacechosenfor detailedreconstructionandtrigger studiesaredescribedin Sect.6.1. The
caseof promptphotons(Cgrav = 1) is investigatedin Sect.6.2, while thecaseof non-pointingphotons
(Cgrav > 1) andthereforelargerNLSPlifetimesis studiedin Sect.6.3. Thediscoverypotentialin awider
rangeof theparameterspaceis presentedin Sect.6.2.4, wherea fastsimulationapproachhasbeenused
andacomparisonof full andfastsimulationresultsis presented.

6.1 Benchmark points and datasets

6.1.1 GMSB scenarios

In thischapter, thefollowing GMSB scenariosarestudied:

� For thedetailedstudyof propertiesof GMSB modelswith prompt photon �nal statesandtheir
signaturesin the ATLAS detector, the speci�c GMSB scenariocalledGMSB1hasbeenchosen.
The parametersof this benchmarkpoint are L = 90TeV, N5 = 1, Mmess= 500TeV, tanb = 5,
sign(m) = + andCgrav = 1.

In theGMSB1 scenariothe total crosssectionfor the productionof supersymmetricparticlesin
pp-collisionsat 14TeV is about7:8pb calculatedin NLO. Theresultingmassspectrumis shown
in Fig. 6.1. Apart from the quasi-masslessgravitino (mG̃ = 1:08� 10� 8 GeV, not shown), it fea-
turessquarkswith massesaround1TeV andgluinosthataresigni�cantly lighter thanthesquarks,
while the sleptonsandgauginoshave lower massesaround(100� 500) GeV. The NLSP is the
lightestneutralinoc̃ 0

1 with mc̃ 0
1

= 118:85GeV. Dueto its dominantphotinocomponentit decays

71
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Figure6.1: Supersymmetricmassspectrumof theGMSB1scenario.Thequasi-masslessgravitino is not
shown.

Particle Mass[GeV] Particle Mass[GeV] Process BR [%]
c̃ 0

1 118.85 G̃ 1:08� 10� 8 q̃L(R) ! g̃q 53 (> 80)
c̃ 0

2 225.47 g̃ 735.58 q̃L(R) ! c̃ 0
2q 14 (< 1)

c̃ 0
3 434.30 ũR,c̃R 944.50 g̃ ! c̃ �

1 q 50
c̃ 0

4 455.23 d̃R,s̃R 941.02 g̃ ! c̃ 0
2qq̄ 27

c̃ �
1 225.32 ũL,c̃L 987.30 c̃ �

1 ! c̃ 0
1W� 90

c̃ �
2 453.82 d̃L,s̃L 990.33 c̃ 0

1 ! gG̃ 97
ẽR,m̃R 160.54 b̃1 938.16 c̃ 0

1 ! Z0G̃ 1
ẽL,m̃L 326.34 t̃1 843.08

t̃ 1 164.01 b̃2 946.53
t̃ 2 325.07 t̃2 966.61
ñ 314.76 h0 107.11

Table6.1: Massspectrumandimportantbranchingratiosof theGMSB1benchmarkscenario.
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Figure6.2: Relative fractionof the numbersof the initial supersymmetricparticlesin pp-collisionsat
14TeV for theGMSB1benchmarkpoint.

to agravitino andaphotonwith a branchingratio of 97%.Themassesof all supersymmetricpar-
ticlesandthebranchingratiosof someimportantdecaysin theGMSB1scenarioaresummarized
in Tab. 6.1. Figure6.2 shows the relative fraction of the numbersof the initial supersymmetric
particlesfor all typesof particles. In total, squarks(gluinos)areproducedin 36% (43%) of the
GMSB1eventsat 14TeV. Theremainingeventsmainly consistof gauginopair production,while
theinitial productionof sleptonsis stronglysuppressed.

Theinitial pairof squarksandgluinoscandecayvia twomaindecayclasses,asshown in Figs.6.3(a)
and6.3(b). Since(i) thebranchingratio of left- (right-) handedsquarksdecayingto a gluino g̃ is
53%(> 80%),(ii ) thegluino decayspredominantly(50%)to a c̃ �

1 and(iii ) the c̃ �
1 in turn decays

with abranchingratioof 90%into a c̃ 0
1 andaW� boson,thedecaychainin Fig. 6.3(a)dominates.

In contrary, thedecaychainof Fig. 6.3(b)hasa smallertotal branchingratio, sinceleft- (right-)
handedsquarksandgluinosdecayto a c̃ 0

2 only with abranchingratioof 14%(< 1%)and27%,re-
spectively. However, thelattercaseleadsto theinterestingsignatureof opposite-sign-same-�a vor
(OSSF)leptonpairsin the �nal state,which is usedfor themeasurementof kinematicendpoints
in Sect.7.1 andin oneof themethodsto determinethe c̃ 0

1 lifetime (seeSect.7.2.5). Figure6.4
shows thenumberof particlesbeingthemotherparticleof theNLSP in a certainevent.1) If the
motherparticleis a right-handedslepton,anOSSFleptonpair is presentin theevent2) . The two
decayclassesshown in Figs.6.3(a)and6.3(b)coveracombinedbranchingratioof almost100%of

1)Thenext-to-next-to-lightestsupersymmetricparticlein themasshierarchyshown in Fig. 6.1 is the l̃R. However, e.g. the
c̃ �

1 canalsobethemotherparticleof thelightestneutralino,asshown in Fig. 6.3(a).
2)A right-handedsleptonalwaysdecaysto a c̃ 0

1 andaleptonandits motherparticleis alwaysa(heavier) neutralinodecaying
to thesleptonanda lepton.SinceGMSBmodelsare�a vor-conserving,bothleptonshave thesame�a vor. Themotherparticle
of a right-handedsleptoncannotbeachargino,sincethewino componentof thecharginoonly couplesto left-handedparticles
andthechargino doesnotcoupleto sleptonsvia its higgsinocomponent.
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Figure6.3: Main decaychannelsof squarksandgluinosin GMSB1-likescenarios:(a)decayvia c̃ �
1 ; (b)

decayvia c̃ 0
2 .

theinitial squarkandgluino production.In summary, hardjetsfrom theinitial squarkandgluino
decays,hardpromptphotonsfrom thec̃ 0

1 decay, Emiss
T from theescapinggravitinosanddepending

on thedecaychainadditionalleptonsareexpected.

� 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 variousmodel
pointsunderstudyaresimilar to theGMSB1benchmarkscenariowith differentcrosssectionsand
slightly shiftedmasshierarchies.In someregionsof thescannedparameterspacethe t̃ 1 becomes
theNLSPleadingto t -leptonsin the�nal state.An analysisbasedon photonsin the�nal stateis
not sensitive to this signatureanddedicatedsearchstrategieshave to bedeveloped[120].

� For detailedstudiesof the discovery potential for GMSB modelsfeaturing non-pointing pho-
tons in the�nal state,a benchmarkpoint calledGMSB3hasbeenchosen.Theparametersof this
scenarioaresimilar to theparametersof theGMSB1scenario,exceptfor Cgrav = 55. This leadsto
a �nite c̃ 0

1 lifetime of t c̃ 0
1

= 11:2ns,which correspondsto a decaylengthof ct c̃ 0
1

= 3:2m, anda

gravitino massof mG̃ = 5:95� 10� 7 GeV. Again,thismassis muchtoosmallto have any in�uence
on thephenomenology. Dueto the �nite c̃ 0

1 lifetime, a certainnumberof c̃ 0
1 escapethedetector

beforethey decayleadingto a�nal statewith areducednumberof photonscomparedto theprompt
photoncase.All otherfeaturesof theGMSB3scenario,like crosssectionsandbranchingratios,
areidenticalto thoseof theGMSB1scenarioandtheabove discussionof thephenomenologyof
GMSB1is alsovalid for GMSB3.

Table6.2 summarizesthe parametersof the benchmarkscenariosusedin this chapter. In Fig. 6.5(a)
anopticaleventdisplayof a typical GMSB eventwith promptphotonsandjets in the �nal statein the
ATLAS detectoris shown in the x � y-pro�le. The inner detectoris shown in black, while the ECal
andHCal systemsaredisplayedin greenandred, respectively. The segmentationof the calorimeters
is alsoindicated.Themuonsystemis shown in blue. The trackscomingfrom theprimary interaction
vertex belongto jetsandhave a transversemomentumlarger than10GeV. Jetsareindicatedasbrown
barsoutsidethemuonsystem.Thecorrespondingclustersarealsoshown in thecalorimetersystemas
graybarsandtheir lengthscorrespondto thedepositedamountsof energy, which is larger than10GeV.
Photonsareindicatedwith yellow barsoutsidethemuonsystemandit canbe observed that no tracks
belongto thephotonclusters.Thedirectionof themissingtransverseenergy is indicatedwith a dashed
redline. Note,thattheeventdisplayis shown in astrong�sh eye perspective andthatthereforethesize
relationsbetweenthe individual detectorcomponentsarenot realistic. Figure 6.5(b) shows the same
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Figure6.4: Relative fractionof the numbersof particlesbeingthe motherparticleof the NLSP in the
GMSB1benchmarkscenario.

Name sNLO(LO) [pb] L [TeV] Mmess[TeV] N5 tanb sign(m) Cgrav ct c̃ 0
1

[mm]
GMSB1 7.8(5.1) 90 500 1 5 + 1:0 1:1
GMSB3 7.8(5.1) 90 500 1 5 + 55:0 3:2� 103

Table 6.2: Summaryof the benchmarkscenariosusedin this chapter. GMSB1 is a prompt photon
scenario,while datasetGMSB3featuresnon-pointingphotons.

eventandthesamedetectorcomponentsin they� z-pro�le. Mostof theactivity of theeventis foundin
thebarrelpartof thedetector, while only onejet is emmittedin theforwarddirection.

6.1.2 Datasetsand Monte Carlo simulations

In this thesisvariousdatasetssimulatingthe responseof the ATLAS detectorfor the supersymmetric
signalandall relevantStandardModel backgroundprocesses,aslisted in Tab. A.1, areused.Sincethe
GMSBsignalunderstudyhasacomplex �nal stateincludinghighmultiplicitiesof severalparticletypes,
suchasjets,photonsandleptons,aswell ashigh missingtransverseenergy, a wide rangeof Standard
Model processescanpotentiallybe misidenti�ed asa GMSB event and thushave to be investigated.
Therefore,thesamplesusedrangefrom purejet productionto t t̄ productionandgaugebosonproduction
with additionaljets and photons. In addition, direct photonproductionand di-bosonproductionare
investigated.As indicatedin the table, the eventshave beengeneratedwith ALPGEN, HERWIG or
PYTHIA. Thecorrespondingdatasetshavebeenproducedwithin thestandardcentralATLAS production
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Figure6.5: Schematicview of atypicalGMSBeventwith promptphotonsin the(a)x� y-pro�le and(b)
y� z-pro�le of theATLAS detector.
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procedureandarewidely usedin theATLAS SUSYworkinggroup[18].3)

As describedin Sect.4.1, thesupersymmetricmassspectrumis calculatedusingISASUGRA,while
HERWIG/JIMMY is usedfor thesparticlecascadedecays,partonshowers,hadronizationandthesim-
ulation of the underlyingevent. For the generationof eventswith a non-zerolifetime of the c̃ 0

1 , as
in the GMSB3 scenario,the lifetime thresholdabove which the particlesarenot decayed,wasset to
3.3� 10� 11 s in HERWIG similar to thedefault ATLAS con�guration4) . In thedetectorsimulationthe
ATLAS interfacefor GEANT4 wasusedto de�ne thepropertiesof thelong-lived particles,suchasthe
decaylengthof thelightestneutralinoc̃ 0

1 .

6.2 Discovery potential in the prompt photon scenario

The discovery potentialof ATLAS for GMSB modelswith promptphotonsin the di-photonchannel
is investigatedin this section. Characteristicfeatures,suchas multiple jets, high missingtransverse
energy andhigh energetic photonswill be usedto separatethesignaleventsfrom theStandardModel
background.The �rst stepis to investigatethepossibletriggerstrategiesto selectthesignaleventson
trigger level. This mainly aimsat a high signalef�ciency, ratherthanat a high backgroundrejection
power. Oncea datastreamcomingfrom the trigger systemis recorded,thesecondstepis to optimize
the selectioncriteria in orderto separatethe signaleventsfrom the StandardModel backgroundwith
high signalef�ciency andhigh backgroundrejectionpower simultaneously. For this purpose,a signal
signi�canceis maximized.Usingtheselectioncriteriade�nedin thestudyof thefully simulatedGMSB1
benchmarkscenario,a fastsimulationscancanbeperformedto estimatetheoverall discovery potential
of ATLAS for GMSB1-like scenarios.

6.2.1 Signal trigger strategy

The genericfeaturesof supersymmetricevents,suchasmultiple high energetic jets andlarge missing
transverseenergy canbeusedto triggerGMSBevents.Additionally, the�nal statephotonscomingfrom
thec̃ 0

1 decayprovide agoodpossibilityfor theonlineselection.
As discussedin Sect.3.1, theLHC will berunin differentluminosityphases.The�rst phasewill start

ataroundL = 1031 cm� 2 s� 1 andlatertheluminositywill beincreasedstepwiseto L = 1033 cm� 2 s� 1

andL = 1034 cm� 2 s� 1. Dependingon theluminositytheeventratewill bedifferentandthereforealso
selectionsbasedondifferenttriggermenusareforeseen:5)

� Themenufor initial datatakingwill be solelybasedon theL1 selection,sincetheratesarelow
enoughto allow for a transparentmodeof the HLT. The entire trigger menuis subdivided into
several groupsof trigger itemsthat areinterestingfor differentphysicsanalysesor performance
analyses.For thestudyof GMSBeventsonly thetriggersfor electromagneticclusters,asdescribed
in Sect.5.1.1, andfor jets andmissingtransverseenergy arerelevant. The several trigger items
canin principal alsobe combinedin an analysisandthusa variety of possibilitiesfor a GMSB
trigger is available. Figure6.6 shows the trigger ef�ciencies of variousL1 trigger itemsfor the
GMSB1 scenario.Hereandin the following, the trigger ef�ciency is de�ned asthe ratio of the
numberof eventswithout any preselectioncutspassinga certaintrigger requirementdivided by
the total numberof simulatedevents.Thenomenclatureof the trigger itemsis suchthat the �rst

3)Cuts on generatorlevel have beenappliedduring the productionof the backgroundsamples. This allows for a faster
simulationof themostrelevantbackgroundprocesses,sinceeventswith e.g. very low Emiss

T arerejectedin any case.For details
seeTab. A.2.

4)Thisvalueis setin ordernot to decayK0 andL particlesat thegeneratorlevel, suchthatthey caninteractwith thedetector
materialbeforethey decay. Therefore,removing or changingthecut is notallowed.

5)Thesemenuscancurrentlychangeona day-by-daybasisandthereforeno actualtriggermenuscanbepresentedhere.
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Figure6.6: L1 ef�ciency of variouspossibletrigger items,asdescribedin the text, for theselectionof
theGMSB1signalin thelow luminosityrunningphaseof theLHC.

Triggeritem Ef�ciency [%] Triggeritem Ef�ciency [%]
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 statisticaluncertaintiesfor someinterestingtrigger items for the
GMSB1scenariofor thelow luminosityrunningphaseof theLHC.

numbergivesthemultiplicity of the triggerobject,thesecondpartof thenamegivesthe typeof
thetriggerobject,e.g. “EM” for “electromagnetic”,“J” for “jet” and“MET” for “Emiss

T ”, andthe
secondnumbergivestheenergy threshold.An additional“I” at theendof thenameindicatesthe
applicationof anisolationcriterion. Thecombinedtriggeritems,suchas“J70MET30”,arecom-
binedwith a logicalAND. It canbeobservedthatthereis avarietyof possibilitiesto triggerevents
of theGMSB1 scenarioin the low luminosity runningphaseof the LHC. Table6.3 summarizes
the total ef�ciencies of someof the interestingtrigger itemsfor GMSB1with thecorresponding
statisticaluncertainties,thatcomefrom thelimited statisticsusedin thesimulation.

� Themenufor thestablerunningphasewith a luminosityof L = 1033 cm� 2 s� 1 will includethe
decisionsof all threeavailable trigger levels in the selection. Only the trigger itemswithout a
prescalefactor6) areinterestingfor the studyof GMSB events,sincea maximalsignalselection
ef�ciency is requiredto collectasmuchdataaspossible.Again,avarietyof possibilitiesto trigger
GMSB eventsexists basedon electromagnetic,jet or Emiss

T trigger items. The L1, L2 and EF
ef�ciencies of four interestingpossibilitiesarelistedin Tab. 6.4, wheretheL2 andEFef�ciencies
alsoincludetheef�ciencies of thepreviouslevels. Thesearea singlephotontrigger(photonsare
denotedwith a “g” in thenameof thetriggeritem) for high energeticphotonswith pT > 55GeV,

6)Trigger itemscanbeprescaled, which meansthatnot every selectedeventwill berecordeddueto thelimited outputrate
of thetriggersystem.If e.g. minimumbiaseventsarestudied,not every singleeventcanbewritten to permanentstoragedue
to thelargecrosssection.Insteadonly everynth eventwill berecorded,wheren is thecon�gurableprescalefactor.
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Triggeritem L1 L1+L2 L1+L2+EF
g55 97.18� 0.60 84.47� 1.32 80.47� 1.44
2g17i 71.13� 1.65 55.07� 1.81 47.91� 1.81
j65+xE70 80.66� 0.40 80.63� 0.40 69.53� 0.46
3j65 83.63� 0.37 83.55� 0.37 83.37� 0.37

Table 6.4: Trigger ef�ciencies and statisticaluncertaintiesfor someinterestingtrigger items for the
GMSB1scenariofor theL = 1033 cm� 2 s� 1 runningphaseof theLHC.
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Figure6.7: L1 (blue),L2 (green)andEF (gray)ef�ciencies of theg55trigger for theGMSB1scenario
asa functionof the reconstructedpT of the leadingphoton. The pT distribution of the leadingphoton
with pT > 20GeVandjh j � 1:37,1:52< jh j < 2:5 is alsoshown.

an isolateddi-photontriggerwith a thresholdof pT > 17GeV thatcouldalsobecombinedwith
thesinglephotontrigger, acombinedjet (“j”) plusmissingtransverseenergy (“xE”) triggeranda
multijet triggerwith a thresholdof pT > 65GeV, which will becomeespeciallyinterestingin the
analysisof thenon-pointingphotonscenarioin Sect.6.3. It canbeobserved that for bothof the
plannedrunningphasesthephotontriggersaswell astheEmiss

T andjet triggersprovidepossibilities
to trigger ef�ciently on GMSB1 events. The ef�ciencies of the g55 photontrigger after the L1,
L2 andthe EF selectionsasa function of the reconstructedpT of the leadingphotonareshown
in Fig. 6.7 for theGMSB1scenario.As expected,aftera steepturn on around60GeV a plateau
is reached.The integratedEF ef�ciency after the thresholdof 60GeV is � 98%. Additionally,
thedistribution of thereconstructedtransversemomentumof thephotonsis illustrated.Sincethe
selectioncriteria,asdescribedin Sect.5.1.1, arere�ned from level to level, theef�ciency drops
slightly, but remainsveryhighin theregionabove60GeV. Thetriggermenufor thestablerunning
phaseis usedfor thesignalselectionasdiscussedin thefollowing.

� A triggermenufor theL = 1034 cm� 2 s� 1 runningphasedoesnotyetexist andwill beconstructed
basedon thetriggeroperatingexperiencesof theotherphases.

In summarytheuseof photontriggersis possiblefor initial runningconditionsaswell asat higher
luminosity. The ef�ciencies areashigh as for the triggersbasedon jets andEmiss

T andcantherefore
provide goodredundancy.
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6.2.2 Propertiesof the reconstructedsignalevents

In theGMSB1scenario46.5%(18.5%)of thesignaleventshave one(two) reconstructedphotonswith
pT > 20GeV in the�ducial acceptanceregion jh j < 2:5 usedfor photonidenti�cation. Photonsthatare
found in the region wherethe barrelandthe endcapcalorimetersoverlap, i.e. 1:37 < jh j � 1:52, are
excluded.Figure6.8shows thedistributionof therelative fractionof eventswith agivennumberof �nal
statephotonswith pT > 20GeV andjh j � 1:37, 1:52 < jh j < 2:5 on generatorlevel aswell asafter
thesimulationandidenti�cation processwithout any preselectioncuts.7) It canbe observed that there
areeventsthatcontainmorethantwo identi�ed highenergeticphotons.Thesecanbebremsstrahlungor
morelikely misidenti�edelectrons,wherethetrackhasnotbeenreconstructed,or pionsthatdecayto two
photonsandwherethesubstructureof theshower couldnot beusedfor the rejection(seeSect.5.1.3).
The fraction of fake photonsin the setof all reconstructedphotonscanbe estimatedby matchingall
reconstructedphotonsto a generatedphoton,pion or electronwithin a coneof DR< 0:1. About94%of
thereconstructedphotonscomefrom photonsfrom neutralinodecays,while about5% comefrom pion
decaysanda litte fractionof lessthan1%comesfrom misidenti�ed electrons.

Thejets initiatedby thesquarkandgluino decaysasshown in Figs. 6.3(a)and6.3(b)arevery high
energeticdueto thelargemassdifferenceof about700GeV(500GeV)betweenthesquarks(gluinos)and
thegauginos(seeFig. 6.1). As discussedabove, multiple jetscanbepresentin theeventdependingon
thedecaychain.Thedistribution of therelative fractionof eventswith a givennumberof reconstructed
jetswith pT > 10GeV andjh j � 1:37,1:52< jh j < 2:5 for 1fb� 1 is shown in Fig. 6.9(a). Theaverage
jet multiplicity is high, sincein addition to the squarkandgluino decaysalsoW � decaysand initial
stateradiationcanproducejets. About 90%of theeventshave at leastfour jets in the �nal statein the
�ducial acceptanceregion. This featureis usedto rejectStandardModelbackgroundeventswith low jet
multiplicity.

The distribution of the transversemomentumof the leadingjet is shown in Fig. 6.9(b). It canbe
observed that two differentcontributionsarepresent.Due to the large massdifferenceto thedaughter

7)Thenumberof availablesignalMC eventsis 10000correspondingto anintegratedluminosityof 1282.05pb� 1.
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Figure6.9: Distribution of (a) the relative fractionof eventswith a given numberof reconstructedjets
and(b) the transversemomentumof the leadingjet for the GMSB1 scenariowith pT > 10GeV and
jh j � 1:37,1:52< jh j < 2:5 for 1fb� 1.

particles,veryhighenergeticjetsoriginatefrom asquarkor gluinodecay. Thejetsin thelowertransverse
momentumregion arisefrom gauginopairproductionevents,wherecharginosdecayto W � bosonsthat
leadto �nal statejets.

In the GMSB1 scenariothe decaychainsof the two initial supersymmetricparticlesalways lead
to two gravitinos in the �nal statethat escapedetection.Dependingon the transversemomentumand
the relative orientationbetweenthe two gravitinos this leadsto a signi�cant amountof missingtrans-
verseenergy Emiss

T . Additional neutrinosin thedecaychainoriginatingeitherfrom sneutrinodecaysor
StandardModelW� decaysaswell asfake Emiss

T asdiscussedin Sect.5.4.2alsocontribute to thetotal
amountof Emiss

T . Thedistribution of thetransversemomentumof theleadinggravitino astakenfrom the
generatorinformationfor theGMSB1scenariois shown in Fig. 6.10(a)leadingto thedistribution of the
reconstructedEmiss

T asshown in Fig. 6.10(b). Emiss
T is a very importantvariablefor the rejectionof all

kindsof StandardModel backgroundin many analysesof supersymmetricmodelsat theLHC [18] and
is alsousedin thisanalysisof theGMSB1scenarioto stronglysuppressthemultijet QCDbackground.

6.2.3 Signal selection

As shown in Sect.6.2.1, eventsof theGMSB1scenariocanbeselectedonlineef�ciently by usingphoton
triggers.Thecombinationof thesinglephotontrigger“g55” andthedi-photontrigger“2g17i” from the
trigger menuof the stablerunningphasereachesa combinedef�ciency of about85%. Figure 6.11(a)
shows thedistribution of Emiss

T for thesignalandtheStandardModel backgroundafter theapplication
of the trigger requirementfor 1fb� 1. It canclearly be observed that for low valuesof Emiss

T the QCD
multijet backgrounddominates.8) For largevaluesof Emiss

T theGMSBsignaldistributiondecreasesmuch
slower thanthe StandardModel backgrounddistributions. In orderto further separatethe signalfrom
theStandardModelbackgroundthefollowing preselectioncutshave beenapplied:

1. Missingtransverseenergy Emiss
T > 60GeV.

8) It shouldbenotedthatthedistributionfor theW� backgroundis unrealisticfor Emiss
T < 50GeVdueto thegeneratorprecut

(seeTab. A.2).
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Figure6.10: Distribution of (a) thetransversemomentumof the leadinggravitino (taken from thegen-
eratorinformation) and (b) the reconstructedmissingtransverseenergy for the GMSB1 scenariofor
1fb� 1.

2. At leastfour jetsarefoundwith transversemomentumpT > 50GeV(pT > 100GeVfor theleading
jet).

Figure6.11(b)shows thedistributionsof thenumberof jetswith pT > 10GeV andjh j � 1:37, 1:52<
jh j < 2:5 after theapplicationof thecut on Emiss

T for theGMSB1signalandtheStandardModel back-
groundfor 1fb� 1. It canbeobserved that thecut on thenumberof jets is very ef�cient in reducingall
sourcesof background.Additionally, a cut on themomentumof thejetsis imposed,sincelargejet mo-
mentaareexpecteddueto thelargemassdifferencesbetweenthesquarksandgauginos,seeFig. 6.9(b).

After theseprecuts4809backgroundeventsremain,while 3813signaleventsareselectedfor 1 fb � 1.
However, dueto thelarge jet crosssectionat theLHC, QCD multiple jet events,aswell asotherback-
groundprocesses,remainthathave largevaluesof Emiss

T dueto poorly measuredjets. Therefore,a third
cut is appliedin thepreselection:

3. TheanglejDf j betweenEmiss
T andthe�rst, secondandthird jet mustbelargerthan0.2 in orderto

reducethebackgroundfrom poorlymeasuredjets.

Fig. 6.12(a)shows the Df (Emiss
T ;1stjet) distribution after the �rst andsecondcut for the GMSB1

signalandtheremainingStandardModel backgroundeventsfor 1 fb� 1. It canbeobserved thatthis cut
furtherrejectsQCD multijet background.After all preselectioncuts3216signaleventsand2894back-
groundeventsremainfor 1fb� 1. However, asshown in Fig. 6.12(b)acutonthenumberof reconstructed
photonswith pT > 20GeV and jh j � 1:37, 1:52 < jh j < 2:5 providesan ef�cient way to ef�ciently
suppressthebackground.

Table6.5 shows the numbersof selectedsignalandbackgroundeventsfor differentcut valueson
Emiss

T andthe numberof photonsincluding the preselectioncutsandthe trigger requirement(g55 OR
2g17i).To de�ne a �nal setof cutsasignalsigni�cancehasbeende�ned as

sGMSB1 = #Signalevents=
p

#BGevents: (6.2)

Thesetof cutsis optimal,whenthesigni�cancereachesits maximum.Additionally, thestatisticaland
systematicuncertaintiesaregiven. The former aregiven by the statisticsof the Monte Carlo samples
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Figure6.11: Distribution of (a) thereconstructedEmiss
T after thephotontriggerselectionand(b) of the

numberof jetswith pT > 10GeVandjh j � 1:37,1:52< jh j < 2:5 afterthecutonEmiss
T for theGMSB1

signal(opensymbols)andtheStandardModelbackground(histograms)for 1 fb � 1.
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Figure6.12:Distribution of (a) theangleDf betweenEmiss
T andtheleadingjet afterthe�rst andsecond

preselectioncutand(b) of thenumberof reconstructed�nal statephotonswith pT > 20GeV andjh j �
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Figure6.13: Ef�ciency of theGMSB1signalselectionasa functionof thecutsthathave beenapplied
sequentially.

Emiss
T > Ng � Signal� stat.� syst. å BG� stat.� syst. sGMSB1 QCD tt̄ W� Z0

60GeV 0 3216� 50� 195
226 2893� 980� 711

420 60 1468 1142 265 15
60GeV 1 2030� 40� 132

176 80� 11� 63
24 227 0 64 17 0

60GeV 2 511� 20� 33
58 2� 2� 0

0 361 0 2 0 0
70GeV 0 3047� 49� 221

223 2456� 977� 581
334 61 1269 947 223 15

70GeV 1 1922� 39� 150
164 65� 10� 30

26 238 0 50 15 0
70GeV 2 477� 19� 44

44 2� 2� 0
2 337 0 2 0 0

Table6.5: Numberof selectedsignalandbackgroundeventsfor 1 fb� 1 afterthepreselectionfor different
cutson Emiss

T andthenumberof photons.Thestatisticalandsystematicuncertaintiesaregivenaswell
asthesignalsigni�cances GMSB1. Thenumbersof selectedQCD multijet, t t̄, W� andZ0 eventsarealso
listed.

usedin the study9) , while the latter areobtainedby varying the jet energy scaleandthe electromag-
neticenergy scale.Thesystematicuncertaintieson theenergy scalesareassumedto be5% and0.5%,
respectively [18]. Thesystematicuncertaintyis completelydominatedby the jet energy scale,sinceit
stronglyaffectsthe measuredvalueof Emiss

T dueto the numerousjets in the events. The effect of the
electromagneticenergy scaleuncertaintyon thenumberof selectedeventsis negligible.

It turnsout that an optimal event selectionfor the GMSB1 scenariois given by the above de�ned
preselectioncutsplusanadditionalrequirementon theminimalnumberof �nal statephotons:

4. Ng � 2,

wherethesignalsigni�canceis largest,s GMSB1 = 361. After requiringat leasttwo photonsin the�nal
statethesignal(511events)is almostbackgroundfree(two remainingt t̄ events)andcuttingharderon
Emiss

T just reducesthe numberof selectedsignalevents. In event selectionsoptimizedfor mSUGRA
scenarios(and othersupersymmetricscenarioswithout photonsin the �nal state)the cut on Emiss

T is
typically harderandadditionalselectioncriteriasuchasa minimal numberof leptonsor OSSFlepton

9)Due to the largeeventweightsof theQCD jet samples,thestatisticaluncertaintyon thenumberof selectedbackground
eventsis large,whenthefractionof QCDjet eventsis large.
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pairshave to be chosen[18]. Due to the presenceof decaychainsshown in Fig. 6.3(b), OSSFlepton
pairscanalsobe presentin the GMSB1scenario,but this decaychainis only exclusively selectedfor
themeasurementsof endpointsin invariantmassspectraasdiscussedin thenext chapter. Figure 6.13
shows theef�ciency for selectingtheGMSB1signaleventsasa functionof the �nal selectioncuts. It
canbeobserved thatthepreselectioncutsarequiteef�cient in selectingthesignalevents,while thecut
on the numberof photonsreducesthe signalsigni�cantly. However, the signalsigni�cance is largest
for this cut, sincethe numberof remainingbackgroundeventsdropsto almostzero. In summary, it
canbeconcludedthatwith a simpleeventselectionbasedon a few variablestheGMSB1signalcanbe
discoveredwith highsigni�cancewith 1fb� 1 of data.

6.2.4 GMSB parameter scan

Theselectioncriteriadiscussedin the lastsectionhave beenoptimizedfor a singlebenchmarkpoint in
theGMSBparameterspace.For theinvestigationof thediscoverypotentialof thisselectionoverawider
rangeof theparameterspace,it is necessaryto makeuseof a fastdetectorsimulationto obtainadequate
statisticsfor the signal. As describedin Sect.4.2.2 the fast simulationpackageATLFAST hasbeen
developed,which performsno detailedsimulationof particleinteractionswith thedetectormaterial,but
insteadparametrizestheresponse.

Before the fast simulationcanbe usedfor a parameterscan,it hasto be ensuredthat the results
of the fast simulationare reliable. This can be doneby comparingthe distributions of the variables
usedfor the analysiswith the resultsobtainedfrom the full GEANT4 detectorsimulation. In caseof
signi�cant deviations,thefastsimulationresulthasto becorrected.Figure6.14shows thedistributions
of Emiss

T , the numberof reconstructedphotonswith pT > 20GeV and jh j � 1:37, 1:52 < jh j < 2:5
andthe transversemomentaof the �rst andsecondleadingphotonfor the GMSB1 scenario.The red
histogramshows theresultfrom thefull detectorsimulation,while theblackdatapointsshow theresult
from the fast simulation. It can be observed that the distributions of Emiss

T agreereasonablywell to
be usedin a parameterscan. On the otherhandlarge discrepanciesbetweenthe distributions of the
numberof photonsandthetransversephotonmomentacanbeobserved,sincein thefastsimulationno
reconstructionef�cienciesareappliedandnoparticlemisidenti�cationsarepresent.This is correctedby
theapplicationof correctionfactors.In thepresentanalysisthis hasbeendoneby calculatingcorrection
factorsin 13 bins of the photonpT that areusedto randomlyrejectphotonsevent by event according
to theprobabilitygivenby thecorrectionfactor.10) TheresultingcorrectedpT distributionsfor the �rst
andsecondleadingphotonareshown as greendatapoints in Figs. 6.14(c)and6.14(d), respectively.
The correcteddistribution of the numberof �nal statephotonsis shown in Fig. 6.14(b). After these
correctionsandtheapplicationof thepreselectioncutsandtherequirementof at leasttwo photonsin the
�nal statethenumberof selectedeventsfrom thefastsimulationis 568agreeingwith thefull simulation
result(511)within theuncertainties,seeTab. 6.5.11) . After correctionthefastsimulationis assumedto
bereliableto performtheparameterscan.

As shown in Fig.2.13(b), thetypeof theNLSP, i.e. thediscoverypotentialin thetwo photonchannel,
dependson the value of tanb. Therefore,tanb hasbeenchosenas one scanparameter. The other
parameterthat is interestingto investigateis L , sincethemassesof thesupersymmetricparticlesscale
linearly with L . Hence,thetotal supersymmetriccrosssectiondecreaseswith L andit is expectedthat
this is alsotruefor thediscovery potentialfor thesescenarios.On theotherhand,no strongdependence
of thediscovery potentialon Mmessis expected,sincetheparticlemassesscaleonly logarithmicallyin

10)Thecorrectionfactorsareobtainedby calculatingtherelative photonidenti�cation ef�ciency of theGEANT4 simulation
andthefastsimulationasa functionof thetransversephotonmomentum.

11)Sincethefastsimulationdoesnot includea triggersimulation,thephotontriggerdecisionhasbeenemulatedby randomly
rejectingeventsusingthetriggeref�ciencies from Tab. 6.4.
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Figure6.14: Distributionsof (a) Emiss
T , (b) thenumberof reconstructedphotonswith pT > 20GeV and

jh j � 1:37, 1:52< jh j < 2:5 andthetransversemomentaof the(c) �rst and(d) secondleadingphoton
for theGMSB1scenario.

Mmess. N5 = 1 andCgrav = 1 arealso�x edto obtaina scenariowith photonsin the �nal state(N5 = 1)
thatcomefrom theinteractionvertex (Cgrav = 1).12)

For the scanL hasbeenvariedfrom 60TeV to 200TeV in stepsof 10TeV, while tanb hasbeen
variedfrom 2 to 50 in stepsof 2. The othermodelparametersare�x ed to N5 = 1, Mmess= 500TeV,
sign(m) = + andCgrav = 1, asfor the GMSB1 scenario.The scannedregion concurswith the region
usedin Fig. 2.13(b)in which thec̃ 0

1 is mostoftentheNLSP. In eachpointof theparameterspace12500
eventshave beengeneratedandpassedthroughthe fastsimulation. The event selectionasdescribed
in the last sectionhasbeenappliedto eachsignal sample. Figure 6.15 shows the contourlines with
ten signaleventsfor different integratedluminosities.13) It canbe seenthat for large valuesof tanb

12)Thesimulationof non-pointingphotonsis notpossiblewith ATLFAST.
13)The criterion of 10 signaleventsfor a discovery hasbeenchosenarbitrarily, but correspondsto s GMSB1 � 7 given the

de�nition of asigni�canceasdiscussedin Sect.6.2.3undertheassumptionof two remainingbackgroundevents.For integrated
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no discovery canbe madewith the selectionbasedon hardphotons,sincethe t̃ 1 is the NLSP andno
photonsareexpectedin the�nal state14) . However, in theregionwherethe c̃ 0

1 is theNLSP, alreadywith
300pb� 1 theregionup to L � 160TeV canbecoveredcorrespondingto squarkmassesof mq̃ � 1:7TeV
andgluinomassesof mg̃ � 1:3TeV. In general,thediscoverypotentialfor GMSBwith promptphotonsis
largein thescannedregionsof theparameterspace.This resultgivescon�dencethatanearlydiscovery
of GMSB1-like scenariosis possiblewith theATLAS detector.

6.3 Discovery potential in the non-pointing photon scenario

Thediscovery potentialof ATLAS for GMSB modelswith non-pointingphotonsis investigatedin this
section.In general,thesamefeatures,suchaslargeEmiss

T andmultiple jets,asin theeventselectionfor
theGMSB1scenario,canbeusedfor thebackgroundrejection.Additionally, thenon-vanishinglifetime
of theneutralinocanbeexploited.

The�rst stepis to de�ne atriggerstrategy to selecttheeventsontriggerlevel. Thesecondstepis the
optimizationof criteriato ef�ciently selectthesignaleventsandrejecttheStandardModel background
in theof�ine dataanalysis.TheGMSB3scenarioasdiscussedin Sect.6.1.1is usedasthebenchmark
scenario.

6.3.1 Signal trigger strategy

Sincetheonly differencebetweentheGMSB1andtheGMSB3scenariois theneutralinolifetime, the
samefeaturesasdiscussedin Sect.6.2canin principlebeusedfor triggeringon GMSB3events.Espe-
cially thetriggeritemsshown in Tab. 6.4areinterestingfor thispurpose.Table6.6showstheef�ciencies
of thesetrigger itemsfor the GMSB3 scenariofor the L = 1033 cm� 2 s� 1 runningphaseof the LHC
andit canbeobserved that the triggersbasedon Emiss

T andjetsareasef�cient asin thepromptphoton

luminositiessmallerthan1fb� 1 the numberof backgroundeventswould have to be scaleddown to calculatea signi�cance.
However, for almostvanishingbackgroundsucha procedureis doubtful.

14)Thediscovery potentialfor �nal statesincludingt leptonsin theGMSB modelis discussedin [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
2g17i 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 statisticaluncertaintiesfor someinterestingtrigger items for the
GMSB3scenariofor theL = 1033 cm� 2 s� 1 runningphaseof theLHC.

case.15) Ontheotherhand,a largedeviationcanbeobservedfor thetriggersbasedon photonselections
(g55and2g17i). Theef�ciency lossfor theg55triggeron L1 arisesfrom thenumberof photonswhich
areproducedwithin the�ducial region of thedetector. Thelarger theNLSPlifetime is, thelarger is the
numberof NLSPsthat will decayoutsidethe inner detectorandthe resultingphotonscannotbe mea-
sured.This effect is evenmorepronouncedfor the2g17i trigger, which is optimizedfor theproduction
of two photonswithin theinnerdetectorvolume.On L2 andEF level cutsareimposedon theshapeof
theelectromagneticshower, asdiscussedin Sect.5.1.1. Sincephotonsthatappearat a certaindistance
from theprimaryinteractionvertex have a wider shower shapethanpromptphotons,anadditionalloss
in ef�ciency is present(seeFig. 5.9andthecorrespondingdiscussion).

Sinceonecannotassumethat the online selectionof photonswill changebeforea positive signal
for non-pointingphotonsappears,thesignalwill beselectedusinga triggerbasedon therequirementof
multiple hardjets (“3j65”) in this analysis.The transverseenergy thresholdfor the jets is chosensuch
thatontheonehandthetriggerrateremainslow enoughto havenoprescalefactorandontheotherhand
theselectionef�ciency is ashigh aspossible.A thresholdof 65GeV is usedin the following to select
theGMSB3signalon triggerlevel.

6.3.2 Signal selection

For the �nal selectionof theeventsin the GMSB3 scenarioagainthesamefeaturesasin the GMSB1
scenariocanbeused.Again, largeEmiss

T andmultiple high energetic jetsareexpectedin the �nal state.
On the otherhand,Fig. 6.16shows that the distribution of the relative fraction of eventswith a given
numberof �nal statephotonswith pT > 20GeV andjh j � 1:37, 1:52 < jh j < 2:5 is differentdueto
thereducedidenti�cation ef�ciency for non-pointingphotons.Thereddatapointsshow thedistribution
takenfrom thegeneratorinformation,while theblueandblackdatapointsshow thedistribution for the
standardandunbiased(seeSect.5.3) photonidenti�cation, respectively. It canbeobservedthatthetotal
numberof reconstructedphotonsis reducedcomparedto the GMSB1 scenario(seeFig. 6.8) andit is
expectedthat the requirementof at leasttwo photonsin the �nal stateis inef�cient in this case. The
following preselectioncutsareimposed:

1. Themissingtransverseenergy Emiss
T mustbelargerthan60GeV.

2. At leastthreejetswith pT > 65GeVandjh j < 2:5 (dueto thejet triggerrequirement)andafourth
jet with pT > 10GeVmustbefound.

3. TheanglejDf j betweenEmiss
T andthe�rst, secondandthird jet mustbelargerthan0.2.

4. At leastonephotonusingtheunbiasedselectionmustbepresentwith pT > 20GeVandjh j � 1:37,
1:52< jh j < 2:5. Sincethephotonidenti�cation ef�ciency is lowerthanin thepromptphotoncase

15)Theslightdropof theef�ciency of the3j65triggeris dueto thenon-vanishingc̃ 0
1 lifetime. Somefractionof theneutralinos

decayoutsidethe inner detectorvolumeandno photonscanbe measured.Sincephotonscanalsobe recognizedby the jet
triggers,this leadsto a decreasedef�ciency.
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Figure 6.16: Distributions of the relative fraction of events with a given numberof photonswith
pT > 20GeV andjh j � 1:37, 1:52 < jh j < 2:5 in the �nal statefor the GMSB3scenariofor the gen-
eratorevents(red)andfor thereconstructedeventsfor thestandard(blue)andunbiased(black)photon
identi�cation.

andsomefractionof theneutralinosdecayoutsidethedetector, therequiredmultiplicity compared
to Sect.6.2.3is reduced.

As in thecaseof theGMSB1scenariothe�rst andsecondcut greatlyreducetheStandardModel back-
ground,while thethird cut servesasagoodhandleto rejectQCD multijet backgroundthatleadsto fake
Emiss

T . Thecut on thenumberof photonsfurtherreducestheStandardModel backgroundandafter this
preselection1441eventsof the GMSB3 signalsampleand606 backgroundeventsremainfor 1 fb � 1.
TheStandardModel backgroundis mainly dominatedby t t̄ andW� ! e� n events,whererealEmiss

T is
presentdueto theneutrinosin the�nal stateandelectronsaremisidenti�ed asphotons.

The specialkinematicsof non-pointingphotonsoffers additionalopportunitiesto discriminatethe
signalphotonsfrom the backgroundusingthe measurementof the clustertimet cluster, asdiscussedin
Sect.5.3.2. Thedistributionof thereconstructedclustertimeof theleadingphotonwith pT > 20GeVand
jh j � 1:37,1:52< jh j < 2:5 for theGMSB3signalis shown in Fig. 6.17(a)withoutany eventselection
cutsfor 1 fb� 1. It canbeseenthata delayedclustertimeis indeedexpectedfor theGMSB3signal.The
clustertimedistribution for thesignalandtheStandardModel backgroundafter thepreselectioncutsis
shown in Fig. 6.17(b)for 1 fb� 1. Thebackgrounddistribution hasa Gaussianshapearoundt cluster= 0,
asexpected.The total resolutionis around200ps agreeingwith theexpectationof a valuelarger than
100ps includingan energy dependentterm,asdiscussedin Sect5.3.2. This result is exploited for the
separationof the signal from the backgroundby the following cut, which is appliedin the �nal event
selection:

5. At leastoneidenti�ed photonmustbefoundwith ameasuredclustertimelargerthan0.6ns.

Fig. 6.18(a)shows thesignalsigni�cances GMSB3 asa functionof theclustertimethresholdusedin the
�nal cut.16) As canbe observed, the maximumis reachedfor t cluster> 0:6ns. Figure6.18(b)shows
theef�ciency for selectingtheGMSB3signaleventsasa functionof the �nal selectioncuts. It canbe

16) It is assumedthat for t cluster> 0:6ns at leasttwo backgroundeventsremain,sinceany calculationof a signi�cance is
doubtfulfor zerobackgroundevents.
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selectioncutsfor photonswith pT > 20GeV andjh j � 1:37, 1:52 < jh j < 2:5 and(b) for theGMSB3
scenario(opensymbols)and the StandardModel background(histograms)after the preselectionfor
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Figure6.18: (a) Dependenceof thesignalsigni�cances GMSB3 on theclustertimethresholdusedin the
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observedthatthepreselectioncutswithout therequirementof at leastonephotonin the�nal stateareef-
�cient in selectingthesignalevents(asis thecasefor theGMSB1scenario),while thecutsonthenumber
of photonsandthemeasuredclustertimereducethesignalsigni�cantly. However, thesignalsigni�cance
is largestfor thesecuts,sincethenumberof remainingbackgroundeventsagaindropsto almostzero.
With the�nal selectioncutstheGMSB3signalis almostfreefrom backgroundcontributionsfor 1fb � 1

anda discovery canbemadewith high signi�cance:504signaleventsandonly two backgroundevents
remain.17)

17) If theGMSB3signaleventsareselectedusingthe�nal selectioncutsof Sect.6.2.3including thephotontrigger require-
ment,only 16 eventsremain. Hence,the specializednon-pointingphotonselectionis muchmoreef�cient in the caseof a
GMSB3scenario.



Chapter 7

Measurementsfr om GMSB events

It hasbeenshown in the lastchapterthatsupersymmetrybasedon a GMSB modelwith photonsin the
�nal statecan be discoveredby ATLAS with a small dataset, if the massesof someof the colored
supersymmetricparticlesareof theorderof 1TeV. Oncea signatureconsistentwith supersymmetryhas
beenestablished,measurementsof thepropertiesof thesupersymmetricparticlescanhelp to constrain
theunderlyingmodelrealisedin nature:

� Kinematicedgesin invariant massspectracanbe usedto constrainthe massesof the particles
involvedin thedecay. This hasbeenstudiedin detailfor mSUGRA-likescenarios[18], aswell as
for GMSBmodelswith t̃ NLSPs[120]. In theGMSBmodelsstudiedhere,theadditionalphotons
in the�nal statecanbeusedto built additionalinvariantmasscombinations[121].

� If theGMSBmodelhasnon-pointingphotonsin the�nal state,theNLSPlifetime canbemeasured
andtheunderlyingmodelcanbefurtherconstrained.

In the following sectionsmeasurementtechniquesfor supersymmetricparticlemassesusingkinematic
edgesin invariantmassspectra,aswell asmethodsto determinetheneutralinolifetime arepresentedand
testedin acertainbenchmarkscenario.

In principle,thekinematicedgesareidenticalfor promptandnon-pointingphotonscenariosasthey
only dependon themassesof theparticlesinvolved in thedecayandareindependentof theneutralino
lifetime. Sincea scenariowith a non-vanishingneutralinolifetime representsthemoregeneralcaseand
thein�uenceof thelifetime measurementin aglobalGMSB�t is investigatedin Chap.8, anon-pointing
photonscenario(GMSB2with Cgrav = 30 andt c̃ 0

1
= 3:34ns) for themassmeasurementsis usedin the

following.1)

7.1 Measurementsof kinematic edgesand particle masses

In supersymmetricmodelswith R-parityconservation theparticledecaychaincannotbereconstructed
completely, sincetwo LSPsleave the detectorundetected.For this reason,kinematicendpointsin in-
variantmassdistributionsratherthanmasspeaksaremeasuredandfrom thecombinationof severalsuch
measurementstheparticlemassescanbe reconstructed.Extensive studiesin this �eld have beendone
in thepastto analysethepotentialof theATLAS detectorfor mSUGRA-likescenarioswith leptonsand

1)TheGMSB2 scenariohasthe sameparametersastheGMSB1andGMSB3 scenarios,but with Cgrav = 30. This results
in a lifetime of t c̃ 0

1
= 3:34ns. The GMSB2 scenariohasbeenchosen,sinceit turnsout that its NLSP lifetime is in a well

measureableregion. Theuncertaintieson the lifetime measurementin GMSB3aremuchlarger thanin theGMSB2case.A
sampleof 60000 GMSB2 eventshasbeengeneratedandpassedthrougha full GEANT4 detectorsimulationfor this study
correspondingto approximately7.5fb� 1.

91
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jets in the �nal state[18]. However, for theGMSB2scenariodiscussedhere,theadditionalphotonsin
the�nal stateprovide extra informationto beexploited[121].

In thisstudythedecaychannelshown in Fig. 6.3(b)is investigated:

q̃ ! c̃ 0
2q ! l̃ �

R l � q ! c̃ 0
1 l+ l � q ! G̃gl+ l � q; l = e;m: (7.1)

The �nal statethereforecontainsat leasttwo OSSFleptons,whereonly electronsandmuonsarecon-
sideredasleptons.2) Additionally, the�nal statephotonsaswell asthejetsarisingfrom thesquarkand
gluinodecaysareused.

7.1.1 Event selection

Theadditionalrequirementof leptonsin the�nal stateleadsto slight modi�cationsof theselectioncuts
of theother�nal stateobjectscomparedto thediscovery analysisfor non-pointingphotonsdiscussedin
Sect.6.3. Here,eventsareselected,which containtwo photonswith pT > 20GeV andjh j < 2:5 (using
theunbiasedidenti�cation criteria,asdiscussedin Sect.5.3) andexactly two electrons(seeSect.5.1.4)
or two muons3) with jh j < 2:5 and pT;e > 10GeV and pT;m > 5GeV, respectively4) . Althougha non-
pointing photonscenariois chosen,two photonsin the �nal stateare requiredto be able to resolve
ambiguitiesin theassignmentof thephotonsto thedecaychainthatcontainstheleptonpair. Additionally,
threejetswith pT > 65GeVandvaluesof themissingtransverseenergy largerthan50GeVarerequired.
Again the multiple jets trigger requirement(“3j65”) hasbeenimposed. With thesecuts, 772 signal
GMSB2eventsremainfor 7.5fb� 1 of datawhile theSM backgroundis negligible.5) For smallervalues
of integratedluminositiesthe statisticsof the selectedsignalwasfound to be too small for a reliable
measurementof thekinematicedges.

7.1.2 Measurementof endpointsinvolving leptonsand photons

Thec̃ 0
2 decayshown in Fig. 6.3(b)is particularlysuitedto measurethemassesof the c̃ 0

2 , the l̃R andthe
c̃ 0

1 .6) Thesecanbereconstructedfrom thefour invariantmassspectra[121] thatcanbemeasuredusing
only theleptonsandphotonsof the�nal state:

1) If at leastoneof the sleptonsis lighter than the c̃ 0
2 (as in the GMSB2 scenario),the two-body

decaychannelc̃ 0
2 ! l̃ �

R l � ! c̃ 0
1 l+ l � dominatesandthespectrumof theinvariantmassof thetwo

leptonsfeaturesasharpendpointat

Mmax
ll =

vu
u
u
t

�
m2

c̃ 0
2

� m2
l̃R

�
�
�

m2
l̃R

� m2
c̃ 0

1

�

m2
l̃R

= 106:4 GeV; (7.2)

wherethe numericalvaluecorrespondsto the expectedresult in the GMSB2 scenariousingthe
valuesof the particlemassesas calculatedwith ISAJET. In the reconstructionof the di-lepton

2)For a discussionof invariantmassdistributionsinvolving t leptonsin the�nal state,seee.g. [18,120].
3)For thedetailsof themuonreconstruction,seee.g. [18].
4)The region 1:37 < jh j � 1:52, wherethe barrelcalorimetersand the endcapcalorimetersoverlap,areexcludedfor the

photons,leptonsandjetsthroughoutthischapter.
5)The signalselectionef�ciency is decreasedcomparedto Sect.6.3 due to the small branchingratio for the decay(7.1)

involving OSSFleptonpairs.
6) It shouldbenotedthatthis is only possibleundertheassumptionof a masslessgravitino. Theinvariantmassdistributions

mayeventuallybe interpretedin a differentway, e.g. includinga left-handedinsteadof a right-handedslepton.All possible
interpretationshave to beinvestigatedin global�ts of thedifferentmodelsto thedataandtheresultingc 2-distributionshave to
becomparedin orderto decidewhichmodeldescribesthedatabest.This is investigatedin Chap.8
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Figure7.1: (a) Di-lepton invariantmassdistribution in theGMSB1 scenariofor 100fb� 1 of datasim-
ulatedwith a fastsimulation.(b) Flavor-subtracteddi-leptoninvariantmassdistribution in theGMSB2
scenariofor 7.5fb� 1. The�a vor backgroundfrom thesignalis alsoshown in bothcases.

invariantmassspectrumpossiblyremainingbackgroundfrom two independentleptonicdecaysin
StandardModel processes,aswell as in the supersymmetricprocessitself, canbe removed by
usingthe�a vor-subtractedcombination

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

whereN is the numberof eventsin a certainbin. SinceGMSB modelsare�a vor- (andcharge-
) conserving,the leptonsfrom the decay(7.1) are 100% correlatedin �a vor, whereasthe lep-
tonsfrom thebackgroundprocessescanhave thesameor opposite�a vor (OSOF)with thesame
probability. The ef�ciency correctionfactor b = 0:86 is equalto the ratio of the electronand
muonreconstructionef�ciencies [18]. As an illustration of the expectedshapeof the distribu-
tion, Fig. 7.1(a)shows thedi-leptoninvariantmass(blackdatapoints)of a GMSB1scenariofor
100fb� 1 of datasimulatedwith a fastsimulationtogetherwith thedistribution of the�a vor back-
ground(reddatapoints). As expected,it canbeobserved that the �a vor backgrounddistribution
cancelsthe signaldistribution exactly for valueslarger thanthe expectedendpointthat is given
by a sharpedge. Sincethe branchingratio for the decayc̃ 0

2 ! c̃ 0
1Z0 is non-vanishing(� 3%)

thedecayingZ0 contributesa smallpeakat mZ clearlyvisible in the�gure. The�a vor-subtracted
di-leptondistribution for theGMSB2scenariopassinga GEANT4-baseddetectorsimulationfor
7.5fb� 1 is shown in Fig. 7.1(b). Thepeakfrom theZ0 decayis nolongervisibledueto thesmaller
datasetandtheendpointis smearedout. Thisdistributionhasbeen�tted with atriangleconvoluted
with aGaussianresolutionfunctionandtheresulting�t functionis alsoshown in the�gure.

2) Thesequentialtwo-bodydecaysof the c̃ 0
2 , thel̃R andthec̃ 0

1 in thedecay(7.1) leadto anendpoint
with a linearvanishingin theinvariantl + l � g massspectrumat

Mmax
llg =

q
m2

c̃ 0
2

� m2
c̃ 0

1
= 191:6 GeV: (7.4)

Due to the presenceof two photonsin the �nal statetwo different l + l � g combinationscanbe
constructed.Sinceat leastone of the combinationsmusthave an invariant masslessthan the
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Figure7.2: (a) l+ l � g invariantmassdistribution in theGMSB1scenariofor 100fb� 1 of datasimulated
with a fastsimulation.The�a vor backgroundfrom thesignalis alsoshown. (b) Flavor subtractedl + l � g
invariantmassdistribution in theGMSB2scenariofor 7.5fb� 1.

valuegiven in Eq. (7.4), thedistribution of thesmallerinvariantmassvanishesat this point. Fig-
ure7.2(a)showstheexpectedshapeof thedistribution (blackdatapoints)for theGMSB1scenario
for 100fb� 1 of datasimulatedwith a fastsimulation.The �a vor background(reddatapoints)is
alsoshown andagainthetwo distributionscanceleachotherfor invariantmassvalueslarger than
theexpectedendpoint.Figure7.2(b)shows the�a vor-subtracteddistribution of the l + l � g invari-
antmassfor theGMSB2scenariofor 7.5fb� 1 of GEANT4-basedsimulatedMC data.Again, the
endpointis smearedoutdueto thesmallerstatisticsof theMC sample.Thelinearvanishingcanbe
�tted with a linearfunctionconvolutedwith aGaussianto obtainameasurementfor theendpoint.
The�t resultis alsoshown in the�gure.

3) + 4) Finally, the l � g invariantmassdistribution canbe exploited. Due to the two leptonsin the �nal
statethis distribution hastwo contributions: a distribution with a sharpendpointis expectedfor
thecombinationof thephotonwith thesecond(so-callednear) lepton(i.e. theleptonwhicharises
from thel̃R decay)andadistribution with a linearvanishingis expectedfor thecombinationof the
photonwith the�rst (far) lepton(i.e. theleptonthatarisesfrom the c̃ 0

2 decay).Thecorresponding
endpointsareexpectedat:

Mnear;max
lg =

q
m2

l̃R
� m2

c̃ 0
1

= 107:9 GeV; (7.5)

Mfar;max
lg =

q
m2

c̃ 0
2

� m2
l̃R

= 158:3 GeV: (7.6)

Theambiguityarisingfrom thepresenceof theadditionalphotonfrom theothersupersymmetric
decaychaincanberesolvedby chosingthephotonfor which theinvariantmassof thetwo l + l � g
combinationsis smallerthanthe endpointmeasuredin Eq. (7.4). This requirementensuresthat
this l � g combinationis a resultof the c̃ 0

2 decay. If noneor both of thecombinationsleadto an
invariantmasssmallerthanthe endpoint,the event is rejected.This reducesthe statisticsin the
analysis7) , but is theonlypossibilityto resolvetheambiguitiesandto obtainaprecisemeasurement
of thel � g invariantmassendpoint.Figure7.3(a)shows theinvariantmassdistribution (blackdata

7)Around45%of theeventsthathave at leastonecombinationsmallerthantheendpoint,have bothcombinationssmaller.
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Figure7.3: (a) l � g invariantmassdistribution in the GMSB1 scenariofor 100fb� 1 of datasimulated
with a fastsimulation.The �a vor backgroundfrom thesignalis alsoshown. (b) Flavor subtractedl � g
invariantmassdistribution in theGMSB2scenariofor 7.5fb� 1.

points)for theGMSB1scenariofor 100fb� 1 of datasimulatedwith a fastsimulation.Thesharp
edgeandthelinearvanishingareclearlyvisible. For this distribution no backgroundremainsfor
valueslarger thantheexpectedendpoint.The �a vor-subtractedl � g invariantmassdistribution is
shown in Fig. 7.3(b)for theGMSB2scenariofor 7.5fb� 1 of GEANT4-basedsimulatedMC data.
As for theotherinvariantmasscombinationsthesharpendpointaswell asthelinearvanishingare
smearedoutandcanbe�tted by aconnectionof linearfunctionsconvolutedwith aGaussian.The
�t resultis alsoshown in the�gure.

Thefunctionsusedto �t theinvariantmassdistributionsareparameterizedsuchthattheendpointsare
free�t parametersandtheir statisticaluncertaintiescanbereadoff directly from the�t results.Thesys-
tematicuncertaintiesfrom binningeffects,startingvaluesof the�t andchoiceof the�t rangesdominate
thesystematicuncertaintiesfrom variationsof theelectromagneticenergy scale.Both have beenadded
in quadratureto obtainthetotal uncertaintyon themeasuredendpoints.Thevaluesobtainedin the �ts
andtheuncertaintiesarelisted in Tab. 7.1 togetherwith their expectedvaluesfor theGMSB2scenario.
It canbeobservedthattheexpectedendpointvaluescanbereproducedwithin theiruncertainties.

These�t resultsareusedasinput for aglobalGMSB�t in Chap.8. Additionally, thefour measured
endpointscanbeusedto calculatedirectly themassesmc̃ 0

1
, mc̃ 0

2
andml̃R of thethreesupersymmetricpar-

ticlesinvolvedin theinvestigateddecaychain.TheEqs.7.2, 7.4and7.6canbeexploitedin anumerical
c 2 minimizationto extracttheparticlemassesfrom thecombinationof endpoints.Thec 2 is de�ned as

c 2 =
4

å
k= 1

(mmax
k � tmax

k (mc̃ 0
1
;mc̃ 0

2
;ml̃R))2

s 2
k

; (7.7)

wheremmax
k andsk denotethe�t valueandits uncertainty, respectively. Thetheoreticalexpressionsfor

theendpointsaredenotedtmax
k . The�t is stablefor largevariations(� � 50%)of thestartingvaluesof the

�t. Theresultsof this calculationtogetherwith the truevaluesfor theGMSB2scenarioarealsolisted
in Tab. 7.1. Again, the valuesobtainedfrom this analysisagreewith the expectedvalueswithin their
uncertainties.In summary, it canbeconcludedthatfor this analysisof theGMSB2scenariothemasses
of thesupersymmetricparticlescanbedeterminedwithin aprecisionof a few percentwith 7.5fb � 1.
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Observable expectedvalue[GeV] �tted value[GeV]
Mmax

l+ l � 106.4 108.0� 4:3
Mmax

l+ l � g 191.6 189.6� 3:8
Mnear;max

l � g 107.9 104.4� 3:7

Mfar;max
l � g 158.3 161.9� 3:9

mc̃ 0
1

118.8 114.0� 9:5
mc̃ 0

2
225.5 222.5� 6:3

ml̃R 160.5 154.1� 8:0

Table7.1: Expectedand�tted valuesof thekinematicendpointsandsupersymmetricparticlemassesin
theGMSB2scenariofor 7.5fb� 1.

7.1.3 Measurementof endpointsinvolving leptonsand jets

In the lastsectiononly thedecayof the c̃ 0
2 with theresulting�nal stateparticleshasbeeninvestigated.

Similarto thestudiesof themSUGRAmodels[18] thejetsof the�nal statearisingfrom theinitial squark
or gluino decaycanalsobeusedto constrainthesquarkandgluino massscaleby combiningthemwith
the�nal stateleptonsfrom the c̃ 0

2 andl̃R decays:

q̃ ! c̃ 0
2q ! l̃ �

R l � q ! c̃ 0
1 l+ l � q: (7.8)

The following threeendpointsof invariantmassdistributions involving jets andleptonscanbe recon-
structed:

1) As in thecaseof the �nal statephotonof theprevioussection,the jet canbecombinedwith the
two leptonsto form thel + l � q invariantmass.Theendpointof thisdistribution is givenby [122]

Mmax
llq = max

" �
m2

q̃=g̃ � m2
c̃ 0

2

�
�
�

m2
c̃ 0

2
� m2

c̃ 0
1

�

m2
c̃ 0

2

;

�
m2

q̃=g̃ � m2
l̃R

�
�
�

m2
l̃R

� m2
c̃ 0

1

�

m2
l̃R

; (7.9)

�
m2

q̃=g̃m2
l̃R

� m2
c̃ 0

2
m2

c̃ 0
1

�
�
�

m2
c̃ 0

2
� m2

l̃R

�

m2
c̃ 0

2
m2

l̃R

# 1
2

;

wheremq̃=g̃ is themassof thedecayingsquarkor gluino, respectively. However, the typeof the
initial coloredparticlecannotbe determinedfrom the reconstructedjet andthe distribution is a
combinationof thedistributionsof all squarkandgluinodecays.8) In theGMSB2scenariostudied
here, the different squarktypeshave similar massese.g. mũL = 987:3GeV, mũR = 944:5GeV,
md̃L

= 990:3GeV andmd̃R
= 941:0GeV, while the gluino massis given by mg̃ = 735:6GeV. In

principal,thedifferentsquark�a vor contributionscanbeseparatedby combiningreasonable�tting
functionsfor eachof thecontributionsthatcontainthecorrespondingendpointasafreeparameter.
However, dueto thesmallnessof the differencesof thesquarkmasses,the limited statisticsand
theexperimentalresolution,sucha decompositionin termsof thesquark�a vor is not possiblein
thepresentanalysis.

In thecalculationof the invariantmassof Eq. (7.10) it is assumedthat thecoloredparticlearis-
ing from the initial squark/gluinodecayproducesoneof the two jetswith thehighesttransverse

8)Thepossibilityof b-taggingor topquarkreconstructionis not consideredhere.
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Figure7.4: (a)ml+ l � q invariantmassdistribution in theGMSB1scenariofor 100fb� 1 of datasimulated
with afastsimulation.The�a vor backgroundfrom thesignalis alsoshown. (b) Flavor subtractedml+ l � q

invariantmassdistribution in theGMSB2scenariofor 7.5fb� 1.

momentumin theeventdueto thelargemassdifferencebetweenthesquarks/gluinoandthesec-
ondlightestneutralino.Sincea maximumvalueis expectedfor thedistribution, thejet giving the
lower invariantmassis used.9) Figure7.4(a)shows theexpectedinvariantmassdistribution (black
datapoints)for theGMSB1scenariofor 100fb� 1 of datasimulatedwith afastdetectorsimulation
togetherwith the�a vor background(reddatapoints).Thedistribution featuresa long tail with an
endpointaround800GeV from all thesquarkdecaysanda separateendpointfor thecontribution
of thegluino decaysandpossiblywrongly assignedl + l � q combinationswhich is clearlyvisible
for smallermasses.In thefollowing analysisit is assumedthatthesecondcontribution is mainly
dueto decayinggluinosto interprettheendpointin termsof a gluino mass.Figure7.4(b)shows
the �a vor-subtractedl + l � q invariantmassdistribution for theGMSB2 scenariofor 7.5fb� 1. To
determinetheendpointsof thetwo contributionstheshapeof the tails is parameterizedwith two
linear functionsconvolutedwith a Gaussianresolutionfunction [18]. Theresultof the �t is also
shown in the�gure. Theendpointof thesquarkcontribution is determinedto be(810� 60) GeV,
while theendpointof thegluino contribution given by the �rst partof the linear functionsis de-
terminedto be (530� 50) GeV. As canbe seenfrom thedistributions thesevalues(andalsothe
following in this section)arequiteuncertainwith thegiven statisticsandwill not be usedin the
global �ts of Chap.8. Thevaluefor thesquarkmeasurementis in goodagreementwith theend-
point Mmax

llq = 797:4GeV expectedfrom Eq. (7.10) usinga weightedaveragedsquarkmassscale
mq̃ = 965:1GeV, wheretheweightsaregivenby theproductionfractionsof theindividual squark
�a vors.10) Thevaluefor thegluino contribution differsby around2s from theexpectedvalueof
Mmax

llq = 595:0GeV, whichshows thattheassumptionof apurecontribution from gluinodecaysis
oversimplifying.

2) + 3) The jet usedfor the reconstructionof the l + l � q invariantmasscanalsobe combinedwith only

9)Thisassumptionmayprobablyproduceashift to lowervaluesin thedistribution, if theotherof thetwo jetsarisesfrom the
initial squark/gluinodecay. Thiscanbeseenin whatis calledthegluinocontribution in thedistribution. Sincethiscontribution
hasasmallerinvariantmassthanthesquarkcontributiondueto thelower gluinomass,thegluinocontribution is contaminated
with wrongl+ l � q combinations.

10)Theweightsw aregivenby w(ũL;R) = 1
3 andw(d̃L;R) = 1

6 from thegeneratorinformation.
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oneof thetwo leptons.Thecorrespondingtwo resultsfor the invariantlq massaredenotedmlow
lq

andmhigh
lq dependingon their values(i.e. mlow

lq < mhigh
lq ). For the invariant lq massdistributions

endpointsareexpectedat [123]

Mhigh;max
lq = max

h�
Mmax

lnearq

� 2 ;
�
Mmax

lfarq

� 2
i 1

2
; (7.10)

Mlow;max
lq = min

"
�
Mmax

lnearq

� 2 ;

�
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q̃=g̃ � m2
c̃ 0

2

�
�
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� m2
c̃ 0

1
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2� m2
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c̃ 0
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2
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with

�
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lnearq

� 2 =
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2
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�
�
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2
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c̃ 0

2

; (7.12)
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�
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� m2
c̃ 0

1

�

m2
l̃R

: (7.13)

Figure7.5(a)shows the expectedmlow
lq distribution (black datapoints) for the GMSB1 scenario

for 100fb� 1 of datasimulatedwith a fast simulationtogetherwith the �a vor background(red
datapoints).As in thecaseof theml lq distribution, two contributionsarevisible. Thelong tail is
expectedto comefrom jetsarisingfrom squarkdecays(usingtheaveragedmassscaletheendpoint
is expectedat M low;max

lq = 523:5GeV),while theendpointat lower valuesof theinvariantmassis

assumedtocomefrom gluinodecays(expectedfor theGMSB2scenarioatM low;max
lq = 390:6GeV).

The �a vor-subtracteddistribution for the GMSB2 scenariofor 7.5fb� 1 is shown in Fig. 7.5(b)
togetherwith the �t resultusingthesame�tting functionasfor Fig. 7.4(b). Thegluino endpoint
is determinedto be (330� 40) GeV, while for the squarkendpoint(480� 50) GeV is obtained.
Again,thegluinovaluediffersby about2s from theexpectedvalue.

Theexpectedmhigh
lq distribution for theGMSB1scenariois shown in Fig. 7.6(a)(blackdatapoints)

for 100fb� 1 of datasimulatedwith a fastsimulationtogetherwith the�a vor background(reddata
points). The situationis similar to the mlow

lq distribution andthe gluino endpointis expectedat

Mhigh;max
lq = 491:6GeV, while theaveragesquarkmassscaleleadsto Mhigh;max

lq = 658:9GeV. The
�t resultshown in Fig. 7.6(b)for theGMSB2scenariofor 7.5fb� 1 leadsto endpointsfor thegluino
andsquarkcontributionsof (450� 60) GeV and(670� 60) GeV, respectively, which agreewith
theexpectedvalues.

Similarto theinvariantmassmeasurementsinvolving photons,theendpointsobtainedfrom thedistri-
butionsinvolving jetscanbeusedto determinethegluinomassandtheaveragesquarkmassscalein ac 2

�t usingEq.(7.7). Sincethetheoreticalendpointsalsodependonthemassesof the c̃ 0
2 , thec̃ 0

1 andthel̃R,
thephotonendpointsalsoenterthe�t. Thesquarkmassscaleis determinedto bemq̃ = (950� 50) GeV,
while for thegluinomassoneobtainsmg̃ = (650� 50) GeV. Themeasuredsquarkmassscaleis in good
agreementwith thetheoreticalvalue,while thegluino massvaluediffersby around2s from theexpec-
tation, which againshows that the assumptionof a puregluino contribution to the endpointsat lower
invariantmassesis oversimplifying.

In summary, themeasurementof kinematicendpointsinvolving leptonsandjetscanbeusedto deter-
mineanaveragemassscaleof theinitially producedsupersymmetricparticles.However, theuncertain-
tiesrelatedto theassignmentof themeasuredendpointsto theinitially producedtypeof squarkor gluino
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Figure7.5: (a) lqlow invariantmassdistribution in theGMSB1scenariofor 100fb� 1 of datasimulated
with a fastsimulation.The�a vor backgroundfrom thesignalis alsoshown. (b) Flavor-subtractedlqlow

invariantmassdistribution in theGMSB2scenariofor 7.5fb� 1.
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Figure7.6: (a) lqhigh invariantmassdistribution in theGMSB1scenariofor 100fb� 1 of datasimulated
with a fastsimulation.The�a vor backgroundfrom thesignalis alsoshown. (b) Flavor-subtractedlqhigh

invariantmassdistribution in theGMSB2scenariofor 7.5fb� 1.
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Cgrav 1 10 20 30 40 55 70
t c̃ 0

1
[ns] � 0:37 1:48 3:34 5:93 11:2 18:2

Table7.2: Valuesof Cgrav andtheresultingc̃ 0
1 lifetime t c̃ 0

1
asusedin thegenerationof thesignalsamples

for themeasurementof theneutralinolifetime.

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

Table7.3: Numberof selectedsignalandbackgroundeventsfor 1fb� 1.

resultingfrom thesmallnessof thesquarkmassdifferencesin theGMSBmodel,thesmallstatisticsand
the limited experimentalresolution,preventsa precisedeterminationof the squarkandgluino masses.
Theendpointsinvolving jetsarethereforenotusedin theglobalGMSB�ts of Chap.8.

7.2 Neutralino lifetime determination

Theparametersof theunderlyingGMSB modelarenot fully determinedby themeasurementsof parti-
cle massesalone.As anexample,thegravitino couplingCgrav determinestheNLSPlifetime, while the
particlemasses(excepttheonefrom thegravitino) do not dependonCgrav. This lifetime canbedeter-
minedusingdifferentexperimentaltechniques.In thissectionamethodbasedonthetiming information
of theECal (seeSect.5.3.2) is presentedandits performanceis testedin certainbenchmarkscenarios.
Additionally, two alternative methodsbasedon thereconstructionof thephotonh -directionin theECal
andconsideringkinematicconstraintsin �nal stateswith additionalleptonsarestudied.

7.2.1 Datasets

For the analysisof the determinationof the neutralinolifetime additionalGMSB1-like scenariosare
investigated.They only differ in their valuesof Cgrav, while theotherparametersareagain�x edto the
GMSB1values.11) Accordingto Eq. (2.70) thedifferentvaluesof Cgrav leadto differentlifetimesof the
neutralino.Thevaluesof Cgrav andthecorrespondinglifetimest c̃ 0

1
for which eventsampleshave been

generatedarelistedin Tab. 7.2.12) Thescenarioswith Cgrav = 1,Cgrav = 30andCgrav = 55correspondto
theGMSB1,GMSB2andGMSB3scenariosusedin thelastsections,respectively. All scenariosexcept
GMSB1have non-pointingphotonsin the�nal state.

7.2.2 Method using the photon clustertime

As describedin Sect.6.3anon-vanishinglifetime of theneutralinoleadsto adelayedsignalof thephoton
clusterin theECalasshown in Fig. 6.17(a)for theGMSB3scenario.A determinationof thesizeof the
delayallows themeasurementof the c̃ 0

1 lifetime t c̃ 0
1

andCgrav assumingtheotherGMSB parametersto

beknown.13)

11)L = 90TeV, Mmess= 500TeV, tanb = 5, N5 = 1 andsign(m) = + .
12)For all samples5000eventshave beengeneratedandpassedthrougha full GEANT4detectorsimulation.
13)The c̃ 0

1 lifetime cannotbemeasureddirectly, sinceonly neutralparticlesareinvolved in theneutralinodecayandno sec-
ondaryverticescanbemeasured.Additionally, theinitial stateof theinteractionis notknown, suchthate.g. theneutralinoboost
cannotdirectlybeusedin thecalculationof alifetime. Thiscanonly bedoneata leptoncollider for direct c̃ 0

1 production[124].
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Thesameeventpreselectionasfor theestimationof thediscovery potentialfor non-pointingphoton
scenarios(Sect.6.3) is usedfor this lifetime measurement.14) The numberof remainingbackground
eventsaswell asthenumberof selectedsignaleventsfor thevariousbenchmarkscenariosfrom Tab. 7.2
arelistedin Tab. 7.3 togetherwith thecorrespondingCgrav valuesfor 1fb� 1. It canbeobservedthatthe
numberof selectedsignaleventsdecreaseswith increasingCgrav. While theproductioncrosssectionof
supersymmetricparticlesis constantin thesescenarios,the photonidenti�cation ef�ciency dropswith
increasingCgrav andanincreasingnumberof c̃ 0

1 decayoutsidetheinnerdetectorvolumealsoleadingto
adecreasednumberof identi�ed photons.

A combined�t of thebackgroundandsignalcontribution in thedistribution of theclustertimet cluster

of theleadingphoton(seeFig. 6.17(b)for theGMSB3scenario)is thenperformedto determinethesize
of the delayof the photoncluster. Due to the differentkinematicsthe shapesof the backgroundand
signaldistributionsaredifferent: As shown in Fig. 7.7(a), thebackgroundis bestmodelledby thesum
of two Gaussianfunctions.To reducethenumberof free�t parametersthemeansof theGaussiansare
chosento be identicalandthe �t resultsfor thewidths of the Gaussiansare(0:320� 0:057)ns for the
Gaussiandescribingthe tails of thedistribution and(0:146� 0:011)ns for theGaussiandescribingthe
peak.

The signaldistribution is bestdescribedby a Landaudistribution.15) Figure 7.7(b) shows the �t
result for the GMSB3 scenario. The width of the distribution is determinedto be (0:232� 0:008)ns
from the�t. With theassumptionthatthet clusterresolutionis independentof theunderlyingbackground
process16) thenumberof free�t parametersof thecombined�t canbereducedby anindependentdata-
drivendeterminationof theshapeof thebackgroundcontributionusingacleansampleof StandardModel
events,e.g. datafrom theprocessZ0 ! e+ e� .17) Figure7.8(a)shows thet clusterdistribution of a sample
of simulatedZ0 ! e+ e� events18) that is againdescribedby the sumof two Gaussianfunctionswith
thewidthsdeterminedto be (0:295� 0:002)ns for theGaussiandescribingthe tails of the distribution
and (0:1527� 0:0003)ns for the Gaussiandescribingthe peak. Thesevaluesagreewith the values
obtainedfrom the�t of thecompleteStandardModelbackgroundandareusedin thefollowing to �x the
parametersfor theStandardModelbackgroundcontribution in thecombined�t.

Oncethe parametersof the backgroundcontribution are �x ed, four free parametersremainin the
combined�t of signalandbackground.Thesearethe meanandthe width of the Landaucontribution
andthetotalnumberof signalandbackgroundevents.As anexample,Fig. 7.8(b)shows theclustertime
distribution of the leadingphotonfor the GMSB3 scenarioand the backgroundtogetherwith the �t
resultwhich nicely describesthecombineddistribution. Thebluedashedline shows the�t resultof the
backgroundcontribution, while thereddashedline shows the �t resultfor thesignalcontribution. The
Landauwidth is determinedto be(0:241� 0:013)ns from the �t which agreeswith thevalueobtained
from �tting theGMSB3signaldistribution alone.19) Additionally, thenumberof signalandbackground

14)Again, theunbiasedphotonidenti�cation is used,seeSect.5.3.
15)Possiblytheexactsignaldistributioncanbecalculatedfrom thecompletematrixelementof theinitial squark/gluinodecay

andusinga modelof the detectorgeometry. Nevertheless,assumptionsaboutthegeometricalacceptanceandthusaboutthe
underlyingmodelwould have to bemadeto determinethe lifetime directly in a �t. This modeldependentstepis donevia a
calibrationcurve in the presentanalysis.Additionally, otherparameterizationsof the signalshapehave beentested,suchas
convolutionsof exponentialfunctionswith Gaussiansor CrystalBall functions. However, it turnsout that the signal is best
describedby a Landaufunction.

16)This neglectstheenergy dependenceof theclustertimeresolutionof theECal,asshown in Fig. 5.11(b). Sincetheenergy
dependencefor energiesabove � 50GeVis small,this assumptionis justi�ed.

17) In this processpossibleadditionalbackgroundfrom machineeffectsor soft interactionslike beam-gaseventshave to be
studiedin detail.

18)Theeventshave beenselectedusinga mediumelectronidenti�cation (seeSect.5.1.4) anda cut on theinvariantmassmee
of theelectronpair of 80GeV< mee< 100GeV. However, nodedicatedZ0 ! e+ e� analysishasbeenperformed.

19)For thedeterminationof the c̃ 0
1 lifetime both,themeanandthewidth of theLandausignalcontribution couldbeusedin

principle. However, theperformanceof mean-basedmethodsleadsto largeruncertaintiesdueto theclosenessof theLandau
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Figure7.7: Distributionof themeasuredclustertimeafterthepreselectionfor 1 fb� 1 for (a) theStandard
Modelbackgroundand(b) theGMSB3signal.Theresultof a �t to theMC datais alsoshown.

eventscanbedeterminedin the�t andaregivenby 1391� 76 and696� 71,respectively. A comparison
with thevaluesgivenin Tab. 7.3shows thatthenumberof signaleventsis obtainedaccurately, while the
numberof �tted backgroundeventsdiffersslightly morethan1s from theexpectation.

Sincethe�tted Landauwidth hasno direct functionalrelationshipto theneutralinolifetime, a cali-
brationcurve derived from MC simulationsof GMSB modelswith differentneutralinolifetimeshasto
beusedto determinetherelationshipbetweentheLandauwidth andt c̃ 0

1
. Thescenarioslistedin Tab. 7.2

areusedandthe�tting proceduredescribedabove is appliedto eachof thesamples,i.e. a valuefor the
Landauwidth is obtainedfor eachCgrav value.Figure7.9shows the�t resultsasa functionof Cgrav and
the decaylengthct c̃ 0

1

20) for the unbiasedphotonidenti�cation (closedsymbols)and, for comparison,
theATLAS standardphotonidenti�cation (opensymbols).Theerrorbarsrepresentthe�t uncertainties
from theLandau�t to theindividualsamples.A calibrationcurvecanbeobtainedby �tting theempirical
function

y(x) = p1 �
�

1� e� p2�(x� p3)
�

(7.14)

to thesevalues,wherep1, p2 andp3 arefree�t parameters.They aregivenby p1 = (0:284� 0:017)ns,
p2 = 0:039� 0:005andp3 = 4:024� 0:518for theunbiasedphotonidenti�cation. Theresultingcalibra-
tion curve is superimposed(solid line) in Fig. 7.9 togetherwith its uncertainty21) (dashedlines)which,
for a givenmeasurementof theLandauwidth, resultsin anuncertaintyfor Cgrav andct c̃ 0

1
. This uncer-

tainty is calledsystematicuncertaintyin thefollowing.22) For illustrationtheinnerradiusof theECalin
thec̃ 0

1 restframeis highlightedby thedashedline. After asteepincreaseof thecalibrationcurveatsmall

meanto thebackgroundcontributionandthestrongercorrelationof theLandaumeanwith the�tted totalnumberof background
events.For this reasononly thewidth of theLandaudistribution is exploited in the following for thedeterminationof the c̃ 0

1
lifetime.

20) In thefollowing only theCgrav valueratherthanct c̃ 0
1

will beinvestigated.Thegeneralparameterdependenceof themethod
will bediscussedin thenext section.

21)Theerrorbandsarecalculatedby usingthecorrelationmatrix from the �t of the calibrationcurve to obtainnew shifted
datapoints.Two new calibrationcurvesare�tted to thenew datapointsusingEq.(7.14).

22)Note that this uncertaintycanbe reducedby simulatinghigherMC statisticsthat canbe usedin the productionof the
calibrationcurve.
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Figure7.8: (a)Distribution of themeasuredclustertimefor asampleof Z0 ! e+ e� events.Theresultof
a �t of thesumof two Gaussianfunctionsto thedatais alsoshown. (b) Resultof acombinedsignaland
background�t of theclustertimedistribution for theGMSB3scenario.

valuesof Cgrav, a saturationeffect is visible for both photonidenti�cation methods,resultingfrom the
decreasingphotonidenti�cation ef�ciency andthe increasingnumberof c̃ 0

1 decayingoutsidethe inner
detectorvolume.As expected,theunbiasedphotonidenti�cation yieldsa betterperformanceasthesat-
urationstartsat largervaluesof Cgrav leadingto a larger rangeof possiblelifetime measurements.Also
theuncertaintiesin theprojectionof apossibleLandauwidth measurementon theCgrav axisaresmaller.
It shouldbenotedthatonecannottrust thecalibrationcurve for Cgrav < 10, sincein theseregionsit is
verydif�cult to distinguishthesignalfrom thebackgrounddueto thesmallnessof themeasuredLandau
width. Thereforethe�t providesno reliableinformationaboutthelifetime in this region.

In addition,theuncertaintiesof possiblemeasurementsof theLandauwidth for twodifferentexample
valuesof Cgrav are indicatedin Fig. 7.9, eachfor 30pb� 1, 100pb� 1 and 1fb� 1 of data. The upper
value of the uncertaintyon the correspondingCgrav value, resultingfrom the projectionof the width
measurementon the exponential�t function (calledstatisticaluncertaintyin the following), increases
strongly for larger valuesof Cgrav due to the saturationeffect. In Fig. 7.10(a)the resultingstatistical
uncertaintieson Cgrav areshown asa function of the integratedluminosity for two examplevaluesof
Cgrav. Theresultof thesaturationeffect is clearlyvisible from theincreaseduncertaintyat lower values
of integratedluminosity for larger valuesof Cgrav. Dependingon the lifetime valuerealizedin nature,
thismeasurementmightonly bepossiblewith at least1fb� 1 of well understooddata.

As a possiblesourceof a systematicuncertainty, the in�uence of the sizeof the StandardModel
backgroundcontribution on the �t resulthasbeenstudiedby arti�cially scalingthe backgroundcon-
tribution by scalefactorsx = 2 andx = 0:5. Figure7.10(b)shows the ratiosof the determinedvalues
of the Landauwidths with andwithout scalingfactorandthereforeindicatesthestability of the width
measurement.Sincethemeasuredwidthswith scalingfactordiffer only by around1% from thewidths
measuredwithoutscalingfactor, theresultinguncertaintyon theCgrav determinationis negligible.

ThereconstructedCgrav valuesfor thebenchmarkscenariosfrom Tab. 7.2 arecomparedto the true
valuesin Tab. 7.4. Thestatisticaluncertaintiesareestimatedfor 1 fb� 1 of dataandthesystematicuncer-
taintiesarearesultof thelimited MC statisticsandtheuncertaintheoreticaldescriptionof theclustertime
distribution usedfor theproductionof thecalibrationcurve.23) It canbeobservedthatthemeasuredval-

23)Both sourcesof systematicuncertaintiesareimplicitly givenby the �t uncertaintiesof theLandau�ts duringproduction
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Cgrav;theo Cgrav;meas� stat.� sys.
10 10.6� 0:2

0:2� 0:2
0:2

20 19.9� 0:6
0:6� 0:5

0:4
30 32.9� 1:6

1:5� 1:2
1:1

40 44.2� 3:4
3:0� 2:6

2:2
55 53.6� 8:2

6:2� 4:7
3:5

70 57.5� 13:8
8:9 � 5:9

4:3

Table7.4: Methodusingtheclustertime:Comparisonof trueandmeasuredCgrav valuesfor 1fb� 1.

uesagreewith their truevalueswithin theuncertainties.As expected,therelative uncertaintiesincrease
with increasingCgrav dueto thesaturationeffect of thecalibrationcurve.

7.2.3 Dependenceof the clustertime methodon GMSB parameters

Themethodusingtheclustertimedescribedin thelastsectionneglectsthattheneutralinolifetime is not
only afunctionof Cgrav, but dependsalsoonotherGMSBparameters,seeEq.(2.70). ThereforetheCgrav

valuecanin principalonly bedeterminedwith thecalibrationcurve in Fig. 7.9whentheotherparameters
arealreadyknown. Also thetransformationbetweentheCgrav valueandthecorrespondingdecaylength,
asshown in Figs.7.9and7.10(b)is only valid for thespecialcaseof GMSB1-likescenarios.In addition,
theotherGMSBparametersin�uencethemassspectrumandthereforethekinematicsof thedecaychain.
This could in turn alter theclustertimedistribution, sincet cluster dependsin principalon the boostand
theangledistributionsof thedecayingneutralino.

Thesereasonsresultin two consequences:First, only theneutralinolifetime itself canbemeasured
with a calibrationcurve when the other GMSB parametersare unknown. And second,it hasto be
investigated,if a generalcalibrationcurve independentof otherGMSB parameterscanbeproducedat
all.

Tostudytheparameterdependenceof thecalibrationcurve,additionalsamplesof GMSBeventshave
beenproduced24) in a wide rangeof the GMSB parameterspacereasonablefor this studyconsidering
experimentalandtheoreticalconstraints:

� N5 = 1 andtanb < 35 ensureaneutralinoNLSP.

� L < 200TeV for having a reasonablecrosssectionandto ful�l cosmologicalbounds[72].

� L > 90TeV to ful�l Tevatronlimits, asdiscussedin Sect.2.3.4.

� Mmess> L to ful�l theoryconstraints[23].

� Mmess� 1000TeV to ensurethatenoughneutralinosdecayinsidethedetector.

Table7.5 summarizesthe parametervaluesof the additionalsamplesandthe resultinglifetimes. For
eachsampleonly theparameterswhichdiffer from theGMSB3scenarioparametersarelisted.

Following the proceduredescribedabove the signalLandauwidth hasbeendeterminedin a �t of
theclustertimedistribution for eachevent sample.The resultsareshown in Fig. 7.11asa functionof

of thecalibrationcurve.
24)For eachscenario5000eventshave beengeneratedandpassedthrougha full GEANT4 detectorsimulation.A fastsimu-

lation cannotbeusedfor a wide parameterscan,sincea simulationof long-livedneutralinosis in principalnot possiblewith
ATLFAST.
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Sample t c̃ 0
1

[ns] Sample t c̃ 0
1

[ns]
sign(m) = - 9.47 tanb = 20,Cgrav = 25 2.19

L = 120TeV 4.31 L = 120TeV, Cgrav = 45 2.87
L = 180TeV 1.11 Mmess= 750TeV, Cgrav = 15 1.90

tanb = 20 10.61 Mmess= 1000TeV, Cgrav = 13 2.55
Mmess= 300TeV 3.85 Mmess= 300TeV, Cgrav = 50 3.18
Mmess= 350TeV 5.35 Cgrav = 25 2.32
Mmess= 400TeV 7.07 Cgrav = 35 4.54
Mmess= 450TeV 9.03 Cgrav = 45 7.51
Mmess= 550TeV 13.63 Cgrav = 50 9.26
Mmess= 750TeV 25.57 Cgrav = 60 13.34

Table7.5: GMSB parametersandresultingc̃ 0
1 lifetimesof theeventsamplesusedto studytheGMSB

parameterdependenceof the clustertimemethod. Only the listed parametersdiffer from the GMSB3
scenario.

t theo
c̃ 0

1
[ns] t meas

c̃ 0
1

� stat.� syst.[ns]

0.37 0.35� 0:03
0:03�

0:08
0:12

1.5 1.6� 0:1
0:1� 0:1

0:1
3.3 3.6� 0:3

0:2� 0:1
0:1

5.9 5.7� 0:8
0:6� 0:3

0:2
11.2 8.2� 5:4

1:8� 1:1
0:6

Table 7.6: Comparisonof the expectedand measuredvaluesof the c̃ 0
1 lifetime for 1fb� 1 using the

clustertimemethod.

the c̃ 0
1 lifetime. The red datapointsrepresentthe samplesalreadyusedin Fig. 7.9. The samesatura-

tion effect is visible dueto the decreasingphotonidenti�cation ef�ciency and the increasingnumber
of neutralinosdecayingoutsidethe innerdetectorvolume. Thedatapointscanagainbe �tted with the
empiricalfunction (7.14) andthe �t result is alsoshown in the �gure.25) The �t parametersaregiven
by p1 = (0:254� 0:006)ns, p2 = 0:336� 0:021 and p3 = � 0:507� 0:053. From the small spreadof
themeasuredLandauwidthsof thevariousscenariosin this �gure it canbeconcludedthat indeedt c̃ 0

1
hasthestrongesteffect on theLandauwidth andthedependenceof thecalibrationcurve on theparticle
massesis small. This resultgivescon�dencethat the determinationof thesignalLandauwidth of the
clustertimedistribution canindeedbeusedto determinethe c̃ 0

1 lifetime in thestudiedGMSB parameter
regions.

For the GMSB1-like scenariosusedin the last sectionTab. 7.6 summarizesthe measuredvalues
of the c̃ 0

1 lifetime for 1fb� 1 using the calibrationof Fig. 7.11 as well as the expectedvalues. The
systematicuncertaintiesagainre�ect the limited MC statisticsandtheuncertaintheoreticaldescription
of the clustertimedistribution usedfor the productionof the calibrationcurve. It canbe seenthat the
true valuesof the lifetime canbe reproducedwith goodprecisionby the measurements.As expected,
therelative uncertaintiesagainincreasewith increasinglifetimesdueto thesaturationeffect. Theresults
obtainedfrom this calibrationcurve areusedin the globalGMSB �t performedin Chap.8 in orderto
constraintheunderlyingGMSBmodel.

25)Again,onecannottrustthecalibrationcurve for t c̃ 0
1

� 0:5ns,sincethe�t providesno reliableinformationin this region.
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Figure7.11: Methodusingtheclustertime:Distribution of the�tted signalLandauwidthsasa function
of t c̃ 0

1
from eventsamplesgeneratedin alargepartof theGMSBparameterspace.Theredpointsindicate

thesamplesalsousedin Fig. 7.9.

7.2.4 Method using the photon dir ection

Thedecayof neutralinoswith a non-vanishinglifetime leadsto photonclustersnot pointingbackto the
primary interactionvertex. As detailedin Sect.5.3.3, this leadsto a displacedintersectionpoint zcluster

of thez-axiswith theprojectedphotonpathwith respectto theprimaryinteractionvertex. Alternatively
to thedelayedarrival time of thephotoncluster, asdescribedin Sect.7.2.2, thereconstructedzclustercan
beusedto determinetheneutralinolifetime.

Thezcluster distributionsof theleadingphotonfor theexampleGMSB3scenarioandthemainStan-
dardModel backgrounds(tt̄ andW� production)areshown in Fig. 7.12(a)after the preselectiondis-
cussedin Sect.6.3 for 1 fb� 1. As expected,theGMSB3signalleadsto largervaluesof jzclusterj, while
theStandardModel backgroundeventsaredistributedaroundzerowith a width of � 75mm. Similarly
to the methodusingthe clustertime,the widths of the zcluster distributionsof variousGMSB scenarios
with differing neutralinolifetimes canbe usedto constructa calibrationcurve usinga combined�t of
thesignalandbackground.

Again the different kinematicsof signal and backgroundprocesseslead to different distribution
shapes:the backgroundis bestmodelledby the sumof two Gaussianfunctions,while for the signal
a Breit-Wigner functionhasbeenused.26) For a reductionof the numberof free parametersin the �t,
thezcluster resolutioncanbemeasuredfrom realdatain cleanStandardModelprocesseslike Z0 ! e+ e�

events.27) Oncetheparametersof thebackgroundcontribution are�x ed,four freeparametersremainin
the �t: the width andmeanof the signaldistribution aswell asthe numberof signalandbackground
events.Figure7.12(b)shows thecombineddistribution which is nicely describedby the �t result. The
individual contributionsof the�t functionfor thesignal(reddashedline) andbackground(bluedashed
line) arealsoshown. TheBreit-Wignerwidth for thesignalcontribution is givenby (682� 35)mm. It

26)As in the caseof the clustertimemethodthe modelling of the signal distribution with a Breit-Wigner function is just
empiricallymotivated. Possiblyanexact functioncanbecalculatedfrom the full matrix elementof thesquark/gluinodecay.
In this caseadditionalassumptionsaboutthegeometricalacceptanceandtheunderlyingmodelwould have to bemadeandthe
possibleadvantageswould have to bestudiedin detail.

27) In this processpossibleadditionalbackgroundfrom machineeffectsor soft interactionslike beam-gaseventshave to be
studiedin detail.
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Figure7.12: Methodusingthe photondirection: (a) zcluster distribution of the leadingphotonand(b)
resultof thecombinedsignalandbackground�t of thezcluster distribution for theGMSB3scenarioand
theStandardModelbackgroundafterthepreselectionfor 1 fb� 1.

turnsout thattherelativenormalizationof thesignalandbackgroundcontributionscannotbereproduced
asaccuratelyasin thecaseof theclustertimemethod,sincethetwo distributionshavethesamemeanand
asimilarshape.For this reason,thezclustervariableis notsuitedfor aGMSBcross-sectionmeasurement
with non-pointingphotons. However, it canstill be exploited for the determinationof the neutralino
lifetime, sincesimilar to the methodusing the clustertimethe procedureis stableagainstsigni�cant
variationsof thebackgroundcontribution asdiscussedbelow.

To obtaina calibrationcurve usingthe Breit-Wigner width of the zcluster distribution the combined
�tting procedureis performedwith theGMSB1-like scenarioslistedin Tab. 7.2andfor eachCgrav value
avaluefor thesignalwidth is determined.Theresultsareshown in Fig. 7.13(a)asafunctionof Cgrav and
thedecaylengthct c̃ 0

1
. Again,theempiricalfunction(7.14) is usedto �t thewidthsandtheparametersare

givenby p1 = (777� 37)mm, p2 = 0:056� 0:007andp3 = 6:40� 0:35. Thecalibrationcurveshowsthe
samebehaviour astheoneobtainedfrom theclustertimemethod,includingthesaturationeffect dueto
thedecreasingphotonidenti�cation ef�ciency andtheincreasingnumberof neutralinosdecayingoutside
theinnerdetectorvolume.

As for themethodusingtheclustertime,thein�uence of thesizeof theStandardModelbackground
contribution onthe�t resulthasbeenstudiedby arti�cially scalingthebackgroundcontribution by scale
factorsx = 2 andx = 0:5. Theratiosof the �tted Breit-Wigner widthswith andwithout scalingfactor
areshown in Fig. 7.13(b). Again, the measuredwidths dependonly slightly on the scalingfactorand
thereforetheresultinguncertaintyon theCgrav determinationis consideredto benegligible.

With the calibrationcurve theCgrav valuesandthe correspondinguncertaintiescanbe calculated.
Table7.7shows theresultsfor someexamplescenarios.Thezclustermethodis ableto reproducethetrue
valuesof Cgrav with statisticalaswell assystematicuncertaintiesslightly larger thanthemethodusing
theclustertime(seeTab. 7.4).

Due to the reasonsdiscussedin Sect.7.2.3thecalibrationcurve in Fig. 7.13(a)is againonly valid
for the GMSB1-like scenariosunderstudy. Thereforethe same�tting procedureas describedabove
hasbeenappliedto the GMSB scenarioslisted in Tab. 7.5 covering a larger region of the parameter
space.The resultingBreit-Wigner widths for all samplesareshown in Fig. 7.14(thesamplesusedfor
the calibrationcurve in Fig. 7.13(a)are indicatedwith red datapoints). The datapointscanbe �tted
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Figure7.13: Methodusingthe photondirection: (a) �tted signalBreit-Wigner width asa function of
Cgrav for theunbiasedphotonidenti�cation. (b) In�uence of thebackgroundnormalizationon thedeter-
minationof theBreit-Wignerwidth.

Cgrav;theo Cgrav;meas� stat.� syst.
10 10.6� 0:1

0:1� 0:2
0:2

20 20.4� 0:7
0:7� 0:5

0:5
30 32.5� 2:3

2:0� 1:6
1:4

40 41.9� 5:1
4:0� 3:4

2:6
55 44.7� 8:6

5:8� 4:2
3:1

Table7.7: Methodusingthephotondirection:Comparisonof trueandmeasuredCgrav values.

usingtheempiricalfunction(7.14) andtheresultingcalibrationcurve shows thesamebehaviour asthe
onein Fig. 7.11, althoughthesaturationsetsin for smallervaluesof t c̃ 0

1
.28) The�t parametersaregiven

by p1 = (704� 14)mm, p2 = 0:494� 0:031 and p3 = � 0:155� 0:032. The spreadof the measured
Breit-Wignerwidthsis againsmallin this �gure andit canbeconcludedthatt c̃ 0

1
hasthestrongesteffect

on theresultsandthatthedependenceof thecalibrationcurve on theparticlemassesis small.Therefore
theneutralinolifetime canbedeterminedwith thecalibrationmethodusingthephotondirectionin the
studiedGMSBparameterregions.

Table7.8summarizesthereconstructed̃c 0
1 lifetimesobtainedfrom thecalibrationcurve in Fig. 7.14

aswell as the expectedvaluesfor the GMSB1-like scenarioslisted in Tab. 7.2. The statisticaluncer-
taintiesareestimatedfor 1 fb� 1. Thesystematicuncertaintiesagainre�ect thelimited MC statisticsand
theuncertaintheoreticaldescriptionof thezcluster distribution usedfor theproductionof thecalibration
curve. The expectedvaluescan be reproducedwith goodprecisionby the measurementwith uncer-
taintiesslightly larger thanfor themethodusingtheclustertime.As expected,therelative uncertainties
increasewith increasinglifetimesdueto thesaturationeffect. Sincethismethoddoesnotperformaswell
asthemethodusingtheclustertime,theobtainedresultsarenotusedin theglobalGMSB�t in Chap.8,
but thezclustermethodis consideredapossibleway to crosschecktheresultsof theclustertimemethod.

28)Again,onecannottrustthecalibrationcurve for t c̃ 0
1

� 0:5ns,sincethe�t providesno reliableinformationin this region.
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1
from eventsamplesgeneratedin a large partof theGMSB parameterspace.The red

pointsindicatethesamplesalsousedin Fig. 7.13(a).

t theo
c̃ 0

1
[ns] t meas

c̃ 0
1

� stat.� syst.[ns]

0.37 0.36� 0:02
0:02�

0:02
0:02

1.5 1.6� 0:1
0:1� 0:1

0:1
3.3 3.5� 0:4

0:4� 0:2
0:1

5.9 5.7� 2:5
1:1� 0:8

0:5

11.2 6.8� in f
1:9� 1:9

0:9

Table7.8: Comparisonof theexpectedandmeasuredvaluesof the c̃ 0
1 lifetime for 1fb� 1 usingthezcluster

method.

7.2.5 Method usingkinematic constraints in eventswith additional leptons

Thedecaytimeof theindividual neutralinoscanalsobemeasureddirectlyeventby eventin eventswith
additionalleptonsin the�nal state[125]. Sincetheneutralinoaswell asits decayproductsleavenotrack
informationin theinnerdetectorandtheboostof theneutralinois unknown, additionalinformationfrom
thedecaychainin Fig. 6.3(b)hasto beused.As discussedin thefollowing, themomentumof thesecond
leptonin thedecaychainaswell asthemassesof thelightestneutralinoandtheright-handedsleptonare
neededasinformation.For thedecayof thelightestneutralinothefollowing threeequationshold:

~vc̃ tD + ~vg(t cluster� tD) = ~xg; (7.15)

where~vc̃ and~vg arethevelocitiesof theneutralinoandthephoton,respectively (with j~vgj = c). t cluster

andtD arethe measuredclustertimein the calorimeterandthe neutralinodecaytime in the laboratory
frame,respectively. ~xg arethecoordinatesof thebarycenterof thephotonclusterin thecalorimeter. It can
beseenthattheseequationsdescribethevectorsumof thepathsof thedecayingneutralinoandthe�nal
statephotonby comparingtheseequationsto Fig. 5.8. Theequationscontain� ve unknown parameters:
the threecomponentsof the c̃ 0

1 velocity, the c̃ 0
1 decaytime, aswell as the f -directionof the photon

momentum,which cannotbemeasuredwith theATLAS calorimeterdueto thecoarseresolutionin this
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directionin the�rst compartment.Therefore,additionalequationsareneededin orderto solve (7.15) for
theneutralinodecaytimeandto obtaintheneutralinofour-momentumto transformthedecaytimein the
laboratorysystemto the decaytime in the neutralino restframe. The following kinematicconstraints
canbeexploited:

p2
G̃ = 0; (7.16)

�
pG̃ + pg

� 2 = m2
c̃ 0

1
; (7.17)

�
pG̃ + pg + pl

� 2 = m2
l̃R

; (7.18)

p2
c̃ 0

1
= m2

c̃ 0
1
; (7.19)

wherepG̃ is themomentumof thegravitino (assumedto bemassless),pc̃ 0
1

is theneutralinomomentum

andml̃R is themassof thesleptonwhich decaysto the c̃ 0
1 anda leptonwith themomentumpl . In the

following analysisit is assumedthatml̃R andmc̃ 0
1

areknown, e.g. from measurementsfollowing Sect.7.1
(seeTab. 7.1 for the results).TheEqs.(7.16)- (7.18) aresimply invariantmassconstraintsthatcanbe
derived by using the decaychain shown in Fig. 6.3(b). Equation(7.19) holds for on-shellparticles,
whichis agoodassumptionfor thelong-livedneutralinos.Togetherwith Eq.(7.15) theseequationsform
effectively six equationswith six unknowns: the c̃ 0

1 four-momentum,thef -directionof thephotonand
thec̃ 0

1 decaytime in thelaboratoryframe.Solvingtheseequationsallows to calculatethedecaytimet 0
D

of theindividual neutralinosin theneutralinorestframe.
Theeventpreselectionof Sect.6.3hasbeenappliedandadditionallyat leastonereconstructedlepton

(electronor muon)with pT;e > 10GeV or pT;m > 5GeV, respectively, andjh j < 2:5 hasbeenrequired.
In caseof several leptonsin the event, the leptonforming the smallerinvariantmasswith the leading
photonis chosen,sincethis is more likely the leptonof the sleptondecay, asdiscussedfor the inter-
pretationof Fig. 7.3(b). With this eventselectiontheStandardModel backgroundis negligible. Since
this selectiondegradesthe signalselectionef�ciency signi�cantly comparedto the selectionsusedfor
the methodsusingthe clustertimeor the reconstructedphotondirectionin the last sections,additional
GMSB1-like sampleswith 20000eventseachhave beensimulatedwith Cgrav = 10, 20, 30, 40, 50, 60
and70,correspondingto t c̃ 0

1
= 0:37ns,1.5ns,3.3ns,5.9ns,9.3ns,13.3nsand18.2ns,respectively.

To obtaina solutionfor the Eqs.(7.15)- (7.19) a c 2 minimizationapproachhasbeendeveloped29)

wheretheobservableson theright-handsidesof theequationsaretreatedasthemainsourcesof uncer-
tainties:30)

c 2 =
neq

å
k= 1

(rhsk � lhsk)2

s 2
k

; (7.20)

whereneq is the numberof equations,rhsk and lhsk are their right- and left-handsides,respectively,
andsk arethe uncertaintieson the neutralinoandsleptonmassesaswell ason the coordinatesof the
barycenterof thephotonclusterin theECal.31)

For a good�t performancea reasonablechoicefor the startingvaluesof the free �t parametersis
important,especiallyfor the directionof the neutralinomomentumandthe f -directionof the photon.
FromFigs.5.8and5.12canbederivedthatthedirectionof theneutralinomomentumcanbeestimated
by thedirectionof thephotonassumingthatthephotonoriginatesfrom theprimaryinteractionvertex and

29)The c 2 minimization hasbeencomparedto other numericalproceduresto solve the equationsandhasbeenfound to
performbest.

30)This assumptionis justi�ed, sincetheuncertaintieson theneutralinoandsleptonmassesareby far larger thantheuncer-
taintieson theleptonandphotonmomenta.

31)Sincethemassesaremeasuredin GeV, i.e. c= 1, thecoordinatesof thebarycenteraremeasuredin ns,asis theclustertime.
Theuncertaintyon thecoordinatesof thebarycenterarethenassumedto be0.05ns.
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Figure7.15: Methodusingkinematicconstraintsin eventswith additionalleptons:(a) Distributionsof
thec 2

min valuesand(b) distributionsof thecalculatedneutralinob c̃ 0
1

for 10fb� 1.

thef -directionof thephotoncanbeestimatedby its f -directionagainassumingthephotonto originate
from theprimaryinteractionvertex.

Sincethe equationsto solve arequadraticequations,but only a singlesolutioncanbe found with
a c 2 minimizationprocedure,additionalcutson the quality of the �t have beenimposedby rejecting
unrealistichigh reconstructedneutralinodecaytimes(tD > 20ns)andlargec 2

min values(c 2
min > 5). The

c 2
min distributions for all samplesare shown in Fig. 7.15(a)for 10fb� 1. It can be observed that the

distributionspeakat small c 2
min values,which shows that the �tting procedureworks for mostevents.

Figure7.15(b)shows thedistributionsof thereconstructedb c̃ 0
1

valuesof theneutralinosfor all samples

for 10fb� 1. As expected,thedistributionspeakat 1 andthelargertheCgrav value,thefewer neutralinos
arereconstructeddueto thelimited detectorsizeandthelongerneutralinolifetime.

Thedistributionsof thecalculatedneutralinodecaytimet0
D in theneutralinorestframeareshown in

Fig.7.16for 10fb� 1. As expectedfrom theexponentialdecaylaw, thedistributionsfor all valuesof Cgrav

decreasetowardshighervaluesof t0
D. Again,for largerCgrav valueslessneutralinosarereconstructed.It

canbeobservedthatthewidthsof thet0
D distributionsincreasewith increasingneutralinolifetime.

Figure7.17shows thedistributionsof theratiosof thereconstructedvaluesandtheexpectedvalues
for thevariablesEc̃ 0

1
, bc̃ 0

1
, f g andt0

D for theGMSB scenariowith Cgrav = 50 to estimatetheaccuracy of
the neutralinoreconstruction.The maximumof the distributions is expectedto be at 1. The expected
valuesof thevariablesareobtainedfrom thegeneratorinformationby matchinga reconstructedphoton
to a photonon generatorlevel and this photonto the correspondingneutralinoon generatorlevel. It
canbe observed that all distributionshave a maximumat a ratio of 1 andthat Ec̃ 0

1
, bc̃ 0

1
andf g canbe

reconstructedquiteaccurately, while theuncertaintyont0
D is larger.

Thewidthsof thet0
D distributionscouldin principlebeexploitedto determinet c̃ 0

1
withoutany depen-

denceon theotherGMSBparameters.However, theshapesof thetheoreticalt 0
D distributionsarealtered

by detectoref�ciency andgeometricalacceptanceeffectswhich cannotbe calculatedanalytically. For
this reason,a calibrationproceduresimilar to thosediscussedbefore,relying on GEANT4-basedsim-
ulatedMC events,hasbeenappliedfor thedeterminationof t c̃ 0

1
. A Landaufunction32) is �tted to the

32)Again, differentfunctionsto parameterizethe shapeof the distributionshave beeninvestigatedandthe Landaufunction
hasbeenfoundto describethedatabest.
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1
.

t theo
c̃ 0

1
[ns] t meas

c̃ 0
1

� stat.� syst.[ns]

0.37 0.58� 0:42
0:39�

0:67
0:38

1.5 1.3� 0:6
0:5� 0:7

0:4
3.3 3.8� 1:4

1:1� 1:2
0:7

5.9 6.8� 4:4
2:2� 3:5

1:3

9.3 16.7� in f
5:4 � in f

7:5

13.3 10.3� in f
4:4 � in f

2:9

Table 7.9: Method using kinematicconstraints:Comparisonof true and measuredvaluesof t c̃ 0
1

for

10fb� 1.

distributions in Fig. 7.16andthe resultingLandauwidths areshown in Fig. 7.18asa function of t c̃ 0
1
.

Sincethesamebehaviour of theshapeof thedistributionsasfor theotherlifetime determinationmethods
canbeobserved,thedatapointsare�tted with theempiricalfunction(7.14) andtheresultingparameters
arep1 = 0:839� 0:030, p2 = 0:222� 0:095andp3 = � 6:81� 2:77. Againa saturationeffect is visible
dueto theeffectsdiscussedabove. The�t uncertaintiesdependon thenumberof simulatedeventsused
in theproductionandon theuncertainmodellingof thet0

D distribution by aLandaufunction.
Theneutralinolifetime andits statisticalandsystematicuncertaintiescanbederivedusingthecali-

brationcurve andtheresultsfor theadditionallyproducedMC samplesarelistedin Tab. 7.9 for 10fb� 1

togetherwith theexpectedvalues.It canbeobservedthatthemethodis ableto reproducethetruevalues
within thegivenuncertainties.Comparedto theclustertimemethodtheuncertaintiesaresigni�cantly en-
hanced.As aresult,therangeof possiblet c̃ 0

1
measurementsis reduced.For this reason,theseresultsare

notusedin theglobal�t of theGMSB modelin Chap.8. However, themethodprovidestheopportunity
of anadditionalcross-checkof theresultsobtainedfrom othermethods.



Chapter 8

Determination of underlying GMSB
parameters

Oncea signaturehasbeendiscoveredat theLHC thatcouldpotentiallybe describedby anunderlying
supersymmetricmodel,it is importantto studyits parametersandits compatibilitywith thedata.Both
aspectscanbeinvestigatedby aglobal�t of themodelto all observablesmeasuredin theexperiment.In
sucha�t oneobtainsanestimateof thecompatibilityof themodelin theformof ap-valueandatthesame
time oneobtainsthevaluesfor thefreeparametersof themodelthatdescribethedatabest.Especially
for thestudyof supersymmetricmodelslike mSUGRAor GMSB the�tting packageFittino [126,127]
hasbeendeveloped.The basicideasandfunctionalitiesof Fittino will be introducedin the following.
Theobservablesmeasuredin Chap.7 will thenbeusedasinput for a �t of theGMSB modelin orderto
investigateto whatextendtheunderlyingparametersof themodelusedin thesimulationof theevents
canbe recovered. In addition,it will be analyzed,if the correctinterpretationof the measurementsin
termsof thetypesof theinvolvedparticlescanbedistinguishedfrom alternative interpretations.

8.1 The �tting packageFittino

Fittino is a programimplementedin C++ written for comparingsupersymmetricmodelswith measured
observablesandfor extractingtheparametersof theLagrangian.Noapriori knowledgeof theparameters
isassumed,but canbeusedif desired.Duringthe�tting procedureall correlationsamongparametersand
all in�uencesof loop-inducedeffectsaretaken into account.Thetheorypredictionsfor theobservables
areobtainedby usingan independenttheorycode,which is interfacedto Fittino via the Les Houches
Accord[95]. In this analysistheprogramSPheno[128] is used,but in principalalsoothertheorycodes
can be implemented. SPhenoallows the computationof all relevant particle masses,crosssections,
branchingratiosandwidths,especiallyfor the GMSB model. The formulasfor the calculationof the
observables(e.g. the endpointsof invariant massdistributions as discussedin Sect.7.1) using these
SPhenoquantitiesareimplementedin theFittino code.1)

For the �tting proceduredifferentalgorithmsare implementedin Fittino andthe usercanchoose
amongthemdependingon the typeof analysisto be performed.As an example,the c 2 surfacein the
parameterspacecanbescannedusingMarkov Chainsthatcanbeusedin a Bayesianor in a frequentist
interpretation.In this analysisa SimulatedAnnealingapproachhasbeenchosen.In this methodthec 2

surfacein theparameterspaceis treatedasa potential. Oncea startingpoint in theparameterspaceis

1)Theformulasusedfor theendpointpredictionsarefunctionsof theparticlemassesandthereforedependonthetypeof the
particles,e.g. thepredictionof thedi-leptonedgeassumesthata c̃ 0

2 decaysto a l̃ anda lepton. It is not known a priori , if this
is really thecasein themeasuredevents.Thereforethe�t alwaysassumesa certaininterpretationof themeasuredobservables
andit hasto betested,if alternative interpretationscanbedistinguished(seeSect.8.2.3).

115



116 8 Determinationof underlyingGMSB parameters

Observable theoreticalvalue(ISAJET) measuredvalue vISAJET� vSPheno

Mmax
l+ l � 106.4GeV 108.0� 4:3GeV -2.0GeV

Mmax
l+ l � g 191.6GeV 189.6� 3:8GeV -2.1GeV

Mnear;max
l � g 107.9GeV 104.4� 3:7GeV -7.2GeV

Mfar;max
l � g 158.3GeV 161.9� 3:9GeV 2.5GeV
t c̃ 0

1
3.3ns 3.6� 0:3ns 0.6ns

Table8.1: Measuredandpredictedvaluesof theobservablesusedin theglobalGMSB �t.

chosen,atemperatureis de�ned,whichsetstheprobabilityof amovementupwardsin thepotentialusing
a Boltzmanndistribution. Sucha movementresultsin a c 2 larger thanfor theparametersettingin the
stepbefore. In theprocessof SimulatedAnnealingthe temperatureis reducedstepby step,wherethe
reductionfactorcanbechosenby theuser. Thisallows to escapefrom localminimain thec 2 surfacein
earlystagesof theannealingprocess.

The SimulatedAnnealingprocedurewith the following MINUIT �t is repeatedseveral timeswith
variedvaluesof theinput observablesobtainedfrom themeasurements.Thevariationsaredonewithin
the uncertaintiesof eachmeasurement.With this procedureoneobtainsa distribution of eachfree �t
parameteras well as a distribution of the minimal c 2 values. If a given parameteris e.g. Gaussian
distributedonecanobtainthe meanvalueby a �t that coincideswith the c 2 valueobtainedfrom the
MINUIT minimizationfor thecentralvaluesof theinputobservables.In addition,theuncertaintyonthe
parameterestimationcanbetakenfrom thewidth of theGaussiandistribution, suchthatall correlations
betweentheparametersaretaken into accountcorrectly. Thec 2

min distribution hasto be investigatedin
orderto validatethat the modeldescribesthe dataat all.2) The numberof degreesof freedomin the
global�t canbeobtainedfrom a �t to this c 2

min distribution.

8.2 Fitting a GMSB model to observables

TheSimulatedAnnealingprocedureasdescribedabove is usedto �t a GMSB modelto theobservables
investigatedin Chap.7 for theGMSB2scenario:theinvariantmassedgesinvolving photonsandleptons,
asdescribedin Sect.7.1.2, andthemeasurementof theneutralinolifetime usingtheclustertimemethod,
asdescribedin Sect.7.2.3. The kinematicendpointsin the invariantmassdistributions involving jets
arenot usedin the �t, sincethe uncertaintieson their measurementarefound to be too large andthe
interpretationof theresultsis too uncertain(seethediscussionin Sect.7.1.3). All input observablesof
the�t aresummarizedin Tab. 8.1. In total, � veobservablesareusedin the�t.

8.2.1 Expectationsand �tting performance

Beforeusingthemeasuredvaluesof theobservableslisted in Tab. 8.1 for a globalGMSB �t, the �t is
performedwith thetheoreticalvaluesof theobservablesasinput to investigatetheprincipalfunctionality
andperformanceof the�t andtheexpectationsfor everysinglefree�t parameter. TheSPhenopredictions
have beenusedas input andan uncertaintyof 1% for eachobservable hasbeenassumed.The c 2

min
distribution andthe centralvaluesof the GMSB parametersandtheir uncertaintiesareobtainedusing
400repeatedtoy �ts. For eachtoy �t, thec 2 is minimizedandtheresultingdistributionsof theGMSB
parametervaluesat the c 2 minimum areusedto determinethe centralvaluesand the corresponding

2)This is of coursemoreimportantin studiesof realdatawheretheunderlyingmodelis not a priori known andthep-value
of themodelhasto becalculated.In thepresentMC analysisthissteponly servesto validatethatthe�tting procedureworks.
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Figure8.1: (a) c 2
min distribution and(b) correlationbetweentheMmessandCgrav parametersasobtained

from thetoy �ts of aGMSBmodelto thetheoreticalvaluesof theinputobservablesassuminganuncer-
taintyon theobservablesof 1%.

uncertainty. The startingvaluesof the �t have beenchosento be the expectedvaluesof the GMSB2
parameters.3)

SincethesparticlemassesdependlinearlyonL , it is expectedthatthisparametercanbedetermined
accuratelyin the �t. On the other hand,Mmess entersonly logarithmically in the calculationof the
masses,suchthat the measurementof the massesalonearenot able to constrainMmess. In addition,
Cgrav cannotbe constrainedwith the massmeasurements.However, dueto the quadraticdependence,
themeasurementof theneutralinolifetime canbeusedto constraintheproductMmess�Cgrav, but not the
individual parametersalone(seeEq. (2.70)). In addition,no constrainton tanb is expectedfrom the
�t sinceall measuredobservablesdependonly weaklyon it. TheparametersN5 andsign(m) are�x ed
to N5 = 1 andsign(m) = + .4) In summarythe �t hasfour freemodelparameters:L , Mmess, tanb and
Cgrav. SinceMmessandCgrav enterthelifetime asa productandareotherwisenot contrained(apartfrom
the logarithmicdependenceof the masseson Mmess), oneexpectsa strongcorrelationbetweenthese
parametersanda c 2 distribution in the �t with morethanonedegreeof freedomassuming� ve input
observables.

Thedistribution of thec 2
min valuesasobtainedfrom thetoy �ts is shown in Fig. 8.1(a)togetherwith

a �tted c 2 distribution. Thenumberof degreesof freedomasgivenby the�t is 1:98� 0:23. Thisshows
that the free �t parametersarenot all completelyuncorrelated,since� ve observablesandfour free �t
parametersareused.Figure8.1(b)showsthecorrelationbetweenMmessandCgrav, which is almost100%
andwhichexplainstheobservedc 2 distribution.

Thedistribution of theL parameterasobtainedin thetoy �ts is shown in Fig. 8.2(a)for two choices
of the startingvaluesfor the toy �t parameters.The blue curve shows the resultingGaussian�tted
to the L distribution obtainedfrom settingthe startingvaluesto the theoreticalvalues(L = 90TeV,
Mmess= 500TeV andCgrav = 30 in thecaseof GMSB2). OneobtainsL = (89:72� 0:55) TeV, which

3)The parametersof the SimulatedAnnealingprocedure,suchasthe temperatureandits reductionfactor, have beenopti-
mizedin orderto guaranteea smoothscanningof theparameterspaceindependentof thestartingvaluesof the�t.

4) It hasbeenfoundin [127] thatsign(m) = + is preferredover sign(m) = � in many supersymmetricmodelsby �tting the
modelto theexistingelectroweakprecisionobservablesandlow-energy observables.N5 is setto 1, sincein largeregionsof the
parameterspacethis is necessaryto have photonsin the�nal state.
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Figure8.2: (a) L distribution and(b) Mmessdistribution asobtainedfrom thetoy �ts of a GMSB model
to thetheoreticalvaluesof theinputobservablesassuminganuncertaintyontheobservablesof 1%. Two
differentsetsof startingvalueshave beenusedfor thetoy �ts.

shows thatL canberecoveredpreciselyasexpected,sincethe truevalueis given by L = 90TeV. The
redcurve displaystheresultingGaussian�tted to theL distribution obtainedfrom arbitrarily changing
thestartingvaluesto L = 130TeV, Mmess= 300TeV andCgrav = 60. Onecanobserve, thattheresulting
L valuesarestableagainstsuchvariations.OneobtainsL = (89:95� 0:38) TeV from theredcurve.

Thetoy �t resultsfor theMmessparameterareshown in Fig. 8.2(b)for thesametwo choicesof the
startingvaluesfor the �t parameters.It canbeobserved from thebluecurve thatMmessis recoveredin
the toy �ts with the given uncertainty. However, the red curve shows that the resultsstronglydepend
on the choicefor the startingvalues,i.e. Mmesscannotbe constrainedby the measuredobservables,
asexpected.Figure8.3(a)shows thesamesituationfor theCgrav parameterwith thesamestartingvalue
settings.Again,theresultsobtainedfrom thetoy �ts dependonthestartingvalues,asexpected.However,
dueto thequadraticdependenceof theneutralinolifetime, theproductMmess�Cgrav canbeconstrained.
Figure8.3(b)shows thedistributionsof Mmess�Cgrav obtainedfrom thetoy �ts with bothsettingsof the
startingvaluesand it can be observed that the result is stable. One obtainsMmess� Cgrav = (1:494�
0:020) � 107 GeV from theblueGaussianandCgrav = (1:501� 0:020) � 107 GeV from theredGaussian.
Thesevaluesagreewell with thetheoreticalexpectationgivenby Mmess�Cgrav = 1:5� 107 GeV.

Finally, noconstrainton tanb canbederived(theexpectedvalueis tanb = 5). Figure8.4shows the
distribution of thetanb valuesobtainedfrom settingthestartingvaluesof thetoy �ts to thetruevalues.
Onecanclearlyobserve thatthedistribution hasno Gaussianshapeandthatthedeterminationof amost
probablevaluefor tanb is notpossible.

8.2.2 Determination of GMSB parametersfr om realistic measurements

Whenusingthe observableslisted in Tab. 8.1 with the measuredvaluesanduncertaintiesasinput for
the toy �ts, onehasto avoid certainsourcesof biasesin the results. Due to the differenttreatmentof
sometheoreticaleffects,theprogramsISAJETandSPhenoslightly differ in thetheoreticalcalculationof
theobservables,leadingto differentresults.SinceISAJETwasusedto generatethecorrespondingMC
eventsin the GMSB2 scenario,while SPhenois usedin the global �t, the measuredobservableshave
to be shiftedtowardstheir SPhenoprediction. Thesedifferencesin the predictionsof both programs,



8.2Fitting aGMSB modelto observables 119

gravC
20 40 60

N
um

be
r 

of
 to

y 
fit

s

0

50

100

150

200

gravC
20 40 60

N
um

be
r 

of
 to

y 
fit

s

0

50

100

150

200

(a)

 [GeV]mess M´gravC
10 12 14 16 18 20

610´

N
um

be
r 

of
 to

y 
fit

s

0

50

100

150

 [GeV]mess M´gravC
10 12 14 16 18 20

610´

N
um

be
r 

of
 to

y 
fit

s

0

50

100

150

(b)

Figure8.3: (a)Cgrav distributionand(b) Mmess�Cgrav distributionasobtainedfrom thetoy �ts of aGMSB
modelto the theoreticalvaluesof the input observablesassuminganuncertaintyon theobservablesof
1%. Two differentsetsof startingvalueshave beenusedfor thetoy �ts.
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Figure8.4: tanb distribution asobtainedfrom thetoy �ts of a GMSB modelto thetheoreticalvaluesof
theinputobservablesassuminganuncertaintyon theobservablesof 1%.
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Figure8.5: (a) c 2
min distribution and(b) L distribution asobtainedfrom thetoy �ts of aGMSB modelto

themeasuredvaluesof theinputobservablesandtheiruncertainties.

vSPheno� vISAJET, arealsolistedin Tab. 8.1andcanadditionallybeusedasanestimatefor thetheoretical
uncertaintiesof theobservables.

The c 2
min distribution asobtainedfrom the toy �ts usingthemeasuredvaluesfor theobservablesis

shown in Fig. 8.5(a). Thenumberof degreesof freedomasgiven by a �t of a c 2 function to the data
pointsis 2:55� 0:21 againre�ecting thestrongcorrelationof MmessandCgrav. Thedistribution of theL
valuesobtainedfrom thetoy �ts is shown in Fig. 8.5(b). It canbeobserved that theuncertaintyon the
L valueis largercomparedto the�t resultsfrom thelastsection,which is dueto thelargeruncertainties
on themeasuredobservables.The�t of a Gaussianto thedistribution leadsto L = (88:70� 1:23) TeV
agreeingwith the expectedvalueof L = 90TeV. Sinceonly Mmess�Cgrav canbe constrainedin the �t,
thedistribution for this productis shown in Fig. 8.6(a)togetherwith a �tted Gaussian.Again, thewidth
of theGaussianis larger thantheoneobtainedin the last sectiondueto the larger uncertaintieson the
measuredinputobservables.The�t resultis Mmess�Cgrav = (1:522� 0:094) � 107 GeVagreeingwith the
expectedvalueof Mmess�Cgrav = 1:5� 107 GeV.

As discussedin Sect.2.3.3, theorderparameterof spontaneoussupersymmetrybreakingF is given
by F = L � Mmess� Cgrav. This value can easily be obtainedfrom the �t resultsof eachtoy �t. Fig-
ure 8.6(b) shows the correspondingdistribution togetherwith a �t of a Gaussian.The centralvalue
andits uncertaintyaregivenby F = (1:350� 0:091) � 1012 GeV2 andagreewell with the truevalueof
F = 1:35� 1012 GeV2. This resultshows that from themeasurementof theneutralinolifetime, i.e. the
determinationof Mmess�Cgrav, togetherwith the determinationof L from the measurementof observ-
ablesdependingon supersymmetricparticlemassesthefundamentalsupersymmetrybreakingscalecan
beexploredin aglobalGMSB�t.

TheGMSB parameterspacecanalreadybeconstrainedwith theexisting electroweakprecisionob-
servables,aswell aswith the low-energy observables. This hasbeenshown in [127]. For the present
study the sametoy �ts as describedabove have beenperformedincluding the observableslisted in
Tab. A.35) as in [127] to check,if they have any in�uence on the results. The correspondingvalues
have beenshiftedto their theoreticalGMSB predictionsin orderto avoid a biasin the �t results.The

5) In total 22 additionalobservableshave beenusedin the �t. The observablesgiving just lower or upperboundson their
valueshave beenexcludedaswell astheconstrainton thecosmologicalparameterW. TheStandardModel parametersaem,
GF , as, mZ, mt , mb andmt have been�x edto their currentexperimentalvalues[9].
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Figure8.6: (a) Mmess�Cgrav distribution and(b) F distribution asobtainedfrom the toy �ts of a GMSB
modelto themeasuredvaluesof theinputobservablesandtheir uncertainties.

calculationsin the toy �ts have beenperformedby the so-calledMastercode[129, 130]. Figure8.7(a)
shows thedistribution of thec 2

min valuesasobtainedfrom thetoy �ts. A c 2 functionhasbeen�tted to
thedistribution andthenumberof degreesof freedomin the�t is determinedto be27:86� 0:41 agree-
ing roughlywith theexpectationfor 27 observables.For thedeterminationof theGMSB parametersit
hasbeenfoundthat theuncertaintieson theparameterdeterminationcannotbedecreasedby including
the additionalobservables. As an example,Fig. 8.7(b) shows the distribution of the L valuesasob-
tainedfrom thetoy �ts togetherwith a �tted Gaussianfunction.Thecentralvalueandits uncertaintyare
determinedto beL = (88:64� 1:35) TeV agreeingwith theexpectedvalueof L = 90TeV.

8.2.3 Alter nativedata interpretations

Duringthe�t of theGMSBmodelto theobservableslistedin Tab. 8.1it hasbeenassumedimplicitly that
thedecaychaindepictedin Fig. 6.3(b) leadsto themeasuredobservableseventby event (this is called
the standard interpretation in the following). A priori it is not known, if this is correct. Therecould
beregionsin theGMSB parameterspacewherea slightly differentdecaychainleadsto a similar �nal
stateandto valuesfor theobservablesthatarethesameasthoselistedin Tab. 8.1. Thereforealternative
interpretationsof the datahave to be investigatedand it hasto be tested,if theselead to acceptable
interpretationsof thedatain termsof acertainsetof parametersin theGMSBparameterspace.

In principal, therecanbe a large numberof alternative interpretationsandthey canbe constructed
by changingthesupersymmetricparticletypein thetheoreticalformulasfor theobservables,e.g. in the
formulasfor theendpointsin invariantmassdistributionsasdiscussedin Sect.7.1. However, thenumber
of interpretationsto beinvestigatedcanbereducedby checkingwethera certaininterpretationleadsto
themeasuredobservables.As anexample,themasshierarchycannotbechangedarbitrarily, sincethis
would leadto differentshapesof theinvariantmassdistributions[18] or evento different�nal states.In
thisanalysistwo exampleinterpretationsareconsidered:

1. c̃ 0
3 interpretation: In thedecaychainshown in Fig. 6.3(b)the c̃ 0

2 is replacedby the c̃ 0
3 , i.e. the

decaychain

q̃ ! c̃ 0
3q ! l̃ �

R l � q ! c̃ 0
1 l+ l � q ! G̃gl+ l � q; l = e;m (8.1)
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Figure8.7: (a) c 2
min distribution and(b) L distribution asobtainedfrom thetoy �ts of aGMSB modelto

themeasuredvaluesof theinput GMSB observablesandtheexisting electroweakprecisionobservables
andlow-energy observablesaslistedin Tab. A.3.

is usedto calculatetheendpointof theinvariantmassdistributionsin thetoy �ts. In this interpre-
tationit is assumedthatthe c̃ 0

3 is producedby squarkor gluinodecaysandthatits decayto the c̃ 0
2

is suppressedin a certainregion of theGMSB parameterspacesuchthat theleptonsusedfor the
constructionof the invariantmassdistributionscoupleto the c̃ 0

3 . All otherfeaturesof thedecay
chainstaythesameasin Fig. 6.3(b), e.g. thec̃ 0

1 is theNLSPandhasanon-vanishinglifetime.

During the toy �ts of the c̃ 0
3 interpretationthe samerandomseedsasfor the �t in the standard

interpretationasdiscussedabove havebeenusedin orderto allow thecomparisonof theresulting
c 2 distributionsandto determinewhich interpretationdescribesthedatabest.Figure8.8(a)shows
thecorrelationbetweenthec 2

min valuesfor eachtoy �t for bothinterpretations.It canbeobserved
thatthec 2

min valuesfor the c̃ 0
3 interpretationaremuchlargerfor every toy �t thanin thestandard

interpretation. Thereforethisalternative canbeexcludedeasily.

2. c̃ 0
3 , l̃L interpretation: Theinterpretationof theobservablesasdiscussedabovecanbeextendedby

substitutingtheright-handedsleptonby a left-handedslepton.In thespecialcaseof theGMSB1
benchmarkscenariothe c̃ 0

3 hasa larger massthan the left-handedsleptons(seeTab. 6.1) and
thereforethedecaychain

q̃ ! c̃ 0
3q ! l̃ �

L l � q ! c̃ 0
1 l+ l � q ! G̃gl+ l � q; l = e;m (8.2)

is possible,althoughlargely suppressed.Nevertheless,therecould be regions in the parameter
spacewherethis leadsto measuredvaluesof theobservablesaslistedin Tab. 8.1. Again,all other
featuresof the�nal stateareassumedto staythesameasin thestandard interpretation. Thesame
randomseedsareusedin the c̃ 0

3 , l̃L interpretationandtheresultingcorrelationbetweenthec 2
min

valuesareshown in Fig. 8.8(b). Again, thealternative interpretationcanbeexcludedeasily, since
its c 2

min valuesaremuchlargerfor every toy �t.

Theresultsobtainedfromthetwoalternative interpretationsanalysedheregivecon�dencethatwrong
interpretationsof theobservablescanbeexcludedin thecaseof GMSBmodelswith photonsin the�nal
state. Nevertheless,a scanover all possibleinterpretationswould be desireable,althoughthis would
requireanenormousamountof CPUtimewith thecurrentsetupof Fittino.
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Figure8.8: Correlationsof the c 2
min valuesof thestandard interpretationof the measuredobservables

and(a) thec̃ 0
3 interpretationand(b) the c̃ 0

3 , l̃L interpretationasdescribedin thetext.

It shouldbenotedthatin all toy �ts discussedabove it hasbeenassumedthattheobservablescanbe
describedby a GMSB modelin at leastoneinterpretation. Also this is a priori unknown. Therecould
beanotherprobablyyetunknown theorywhich featuresthesame�nal statesastheGMSBmodel.If the
datacannotbedescribedby a GMSB model,theresultingc 2

min distributionswould beunacceptablefor
all possibleinterpretationsin termsof a GMSBmodel.





Chapter 9

Summary, conclusionsand outlook

9.1 Summary and conclusions

With the foreseenstartof LHC operationin 2009a new energy frontier in high energy physicswill be
exploredin pp collisions.Besidesprecisetestsof theStandardModel andthepossibleinvestigationof
themechanismof electroweaksymmetrybreaking,thediscovery of physicsbeyondtheStandardModel
will be amongthe mostinterestingandalsomostchallengingtasksfor the LHC experiments.As has
beenpointedout in this thesis,theStandardModel cannot bethe�nal theoryof natureasit comprises
fundamentalproblemsof experimentalaswell astheoreticalcharacter. Oneof the most intenselyin-
vestigated(andprobablyalsomostpromising)candidatesof a theorybeyondtheStandardModel is the
ideaof supersymmetrythat predictsnew particlesthat could directly be producedat the LHC, if their
massesareon theTeV scale.Sincethereexist many differentrealizationsof supersymmetrictheories,
measurementsof theparticlepropertiesarenecessaryin orderto constrainthepossiblesupersymmetric
parameterspace.

Gaugemediatedsupersymmetrybreakingprovidesapossiblewayto mediatesupersymmetrybreak-
ing thatoccursat a high scaleto theelectroweakscale.Thesemodelsnaturallyfeaturea gravitino LSP,
while thephenomenologyis largely determinedby theNLSP. This cane.g. bethelightestneutralinoas
well asa right-handedsleptonor the lighteststau.GMSB modelswith a neutralinoNLSPdecayingto
a gravitino anda photonhave beeninvestigatedin this thesis.Benchmarkscenarioshave beenstudied
thatfeatureaneutralinoNLSPwith vanishinglifetime resultingin �nal stateswith photonscomingfrom
theprimaryinteractionvertex aswell asscenariosin which theNLSPhasa non-vanishinglifetime and
leadsto photonsbeingproducedatacertaindistanceto theprimaryinteractionvertex.

In additionto the photonsin the �nal state,large missingtransverseenergy andmultiple high en-
ergetic jetsareexpectedin the pp collisionsat theLHC. These�nal statesextendthevarietyof super-
symmetric�nal statetopologiesof mSUGRA-likemodelsstudiedextensively in thepast.Theadditional
photonsprovideahandleto reducetheStandardModelbackgroundveryef�ciently leadingto analmost
background-freechannelfor earlydiscoveriesof GMSBeventsat theLHC. In addition,thephotonscan
beusedto measurecertainpropertiesof supersymmetricparticles,like endpointsin invariantmassdis-
tributionsaswell asthepossiblynon-vanishingNLSPlifetime. Thesemeasurementscanbeexploitedin
global�ts to determinetheunderlyingGMSBparameters.

In thisthesisit hasbeenshown thattheATLAS detectorhastheability to discoverGMSBeventswith
highsigni�cancein largepartsof theparameterspacecoveringbothpromptandnon-pointing�nal state
photons.For bothpossibilitiesselectionstrategieshavebeenoptimizedin orderto copewith thedifferent
kinematicalpropertiesof promptandnon-pointingphotons.By usinganexamplebenchmarkscenario,
it hasbeendemonstratedthat the measurementof kinematicendpointsin invariantmassdistributions
involving photonsandleptonsallows thedeterminationof themassesof thetwo lightestneutralinosas
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well asthemassof theintermediateright-handedsleptonwith goodprecisionusingasmalldataset.The
measurementandthe interpretationof endpointsin invariantmassdistributions involving jets is more
involved,but a roughestimateof thesquarkmassscaleaswell asof thegluinomasscanbeobtained.

Thetopologyof thenon-pointingphotonsin the�nal statecanalsobeusedto determinetheNLSP
lifetime. Methodshave beenpresentedthatmake useof differentvariablesandapproaches.It hasbeen
demonstratedthat thedelayedarrival time of theelectromagneticclusterof a photonin thecalorimeter
aswell as its directionalinformationcanbe exploited. If additionalleptonsarepresentin the event,
kinematicconstraintscan be utilized that incorporatethe massmeasurementsof the supersymmetric
particles. The unbiasednon-pointingphotonselectionprovides advantagesfor this purpose,sinceit
allows amoreef�cient identi�cation of photonscomingfrom latedecayingneutralinos.

Finally, themassmeasurementstogetherwith themeasurementof theneutralinolifetime have been
usedasimportantinputto global�ts of theGMSBmodel.A SimulatedAnnealingapproachhasbeenap-
pliedandthepossibilityof determiningtheunderlyingGMSBparametershasbeenexplored.Theeffec-
tive supersymmetrybreakingscaleL andtheorderparameterfor spontaneoussupersymmetrybreaking
F canbe determinedprecisely, while for themeasurementof tanb, aswell asfor thedisentanglement
of MmessandCgrav additionalobservableshave to be taken into account.In additionit hasbeentested,
if themeasuredobservablesinterpretedin analternative way might leadto a falseparameterdetermina-
tion. It hasbeenshown for two examplescenariosthata wrongassignmentof thedecaychainsleadsto
unacceptablec 2

min distributionsshowing theincompatibilityof theinterpretationwith thedata.

9.2 Outlook

The mostimportantissuefor �rst dataanalysisis to obtaina profounddetectorunderstanding.Espe-
cially analysesof supersymmetricscenariosmake useof a varietyof reconstructedobjectslike missing
transverseenergy, jets,leptonsandphotons.All aspectsof thereconstructionof theseobjectshave to be
understoodin orderto performa successfulsearchfor supersymmetricevents.This includesa detailed
understandingof theStandardModel backgroundthat is especiallyimportantfor thesearchfor GMSB
events.Therateswith which jetsaremisidenti�ed asphotonshave to bemeasuredandthephotoniden-
ti�cation criteria have to be optimizedfor a GMSB analysiswith (non-pointing)photonsin the �nal
state.

For themeasurementof themassesof supersymmetricparticlesit is essentialto studytheidenti�ca-
tion andreconstructionperformanceof theATLAS detectorfor electrons,muonsandphotonswith �rst
data.This includestheenergy resolutionsandscalesto obtainreliableresultsfor theinvariantmassdis-
tributions. Additionally, studiesareneededin orderto developmethodsto determinethemassesof the
charginos,stausandotherparticlesnot coveredin this thesis.One(possiblyvery complicated)method
is to completelyreconstructthesupersymmetricdecaychainwith kinematicconstraints.As input for a
�t additionalobservablessuchasleptonandjet momentacanbeused.Dueto thelargejet multiplicities
in supersymmetriceventsit mightbecomplicatedto copewith thelargecombinatoricsin suchamethod.
Ontheotherhand,onecouldagainpro�t from the�nal statephotonsin GMSBmodelswith aneutralino
NLSP.

For thedeterminationof theneutralinolifetime it is importantto studythe timing resolutionof the
ECalwith �rst data.This includesthemeasurementof theresolutionwith Z0 ! e+ e� eventsto investi-
gatetheStandardModelbackgroundcontribution in thesignalsample,asoutlinedin thisthesis.Further-
more,thereconstructionof theneutralinolifetime canpotentiallypro�t from photonconversions.As an
example,thedirectionof thephotoncanbemeasuredmuchmorepreciselyif it convertsandtheresult-
ing electrontrackscanbereconstructed.Especiallythe f directionof thephotoncanbedeterminedin
thiswayandthesolutionof thekinematicconstraintsequationsusedin thelifetime measurementwould
becomemucheasier. Nevertheless,this might only bepossiblewith largerdatasets.Anotherinteresting
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questionis, wethertheneutralinodecayto Z0 bosonscanbeexploited in orderto determinetheNLSP
lifetime. If the decayvertex of the leptonpair resultingfrom the Z0 decaycanbe reconstructedef�-
ciently, thedecaylengthof every individual neutralinocouldbemeasureddirectly. Sincethebranching
ratio of theneutralinodecayto Z0 bosonsis in generalvery small in theminimal GMSB model,this is
againonly possiblewith largerdatasets.

It hasbeenpointedout that themeasurementof tanb andthedisentanglementof MmessandCgrav is
not possiblewith the measuredobservablespresentedin this thesis.Therefore,additionalwork hasto
be doneto identify observablesthat dependstrongeron tanb andMmessor Cgrav. In the GMSB1-like
scenariosthe intermediatesleptoncanalsobe a stauthat potentiallycould be exploited to get closer
constraintson tanb, sincethisparameterentersthestaumixing matrixon treelevel.

It might be impossibleto measuresomeof the propertiesof supersymmetricparticlesat the LHC.
However, a leptoncolliderathighenergiesprovidesamuchcleanerenvironmentandthegreatadvantage
of a known initial stateof theparticlecollisions.Especiallytheneutralinolifetime determinationwould
pro�t from a known initial stateandcouldbedetermineddirectlywithout theneedof calibrationcurves
asdiscussedin this thesis.





Appendix A

Additional tables

TableA.1 lists the StandardModel backgroundsamplesusedin this thesis. The generatorcodes,as
describedin Sect.4.1, areindicatedaswell asthe integratedluminosity for eachsample.During the
of�cial ATLAS productionprocesscuts on generatorlevel have beenappliedin order to allow for a
fastersimulationof therelevantprocesses.Thedetailsarelistedin Tab. A.2.

Process Generator L [pb� 1]
multiple jet production PYTHIA � 10� 5 � 30
semi-leptonictt̄ HERWIG 597
full-hadronictt̄ HERWIG 256
Z ! e+ e� PYTHIA 331
Z ! m+ m� PYTHIA 331
Z ! t + t � ALPGEN 465
W ! en + 2 partons ALPGEN 873
W ! en + 3 partons ALPGEN 5543
W ! en + 4 partons ALPGEN 14056
W ! en + 5 partons ALPGEN 8500
W ! mn + 2 partons ALPGEN 1871
W ! mn + 3 partons ALPGEN 48791
W ! mn + 4 partons ALPGEN 143219
W ! mn + 5 partons ALPGEN 8434
W ! t n + 0 parton ALPGEN 1410
W ! t n + 1 parton ALPGEN 176
W ! t n + 2 partons ALPGEN 882
W ! t n + 3 partons ALPGEN 704
W ! t n + 4 partons ALPGEN 5321
W ! t n + 5 partons ALPGEN 7874
Wg PYTHIA 2066
Zg PYTHIA 3875
directgg production PYTHIA 454
WW HERWIG 2040
ZZ HERWIG 23827
WZ HERWIG 6117

TableA.1: Eventsamplesof StandardModelbackgroundprocessesusedin this thesis.

Theelectroweakprecisionobservablesandthelow-energy observablesmeasuredby theB-factories,
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Process Generatorcuts
tt̄ Nlepton> 0
Z ! e+ e� ;m+ m� pT;lepton> 10GeV, jh leptonj < 2:7
Z ! t + t � jh leptonj < 2:7
W ! en;mn Njet > 0, pT;jet1 > 80GeV, jh jet1 j < 5, Emiss

T > 50GeV
W ! t n Njet > 0, pT;jet1 > 80GeV, jh jet1 j < 5, Emiss

T > 50GeV,
Nlepton> 0, pT;lepton> 10GeV, jh leptonj < 2:7

Wg, Zg Ng > 0, pT;g > 25GeV, jhgj < 2:7
gg Ng > 1, pT;g > 20GeV, jhgj < 2:7
WW, ZZ, WZ Nlepton> 0, pT;lepton> 10GeV, jh leptonj < 2:8

TableA.2: Cutsongeneratorlevel imposedduringtheMC productionprocedurefor thedatasetsusedin
this thesis.

kaonexperiments,LEP, SLCandtheTeVatron,aswell asthemeasurementof (g� 2) m asusedin thetoy
�ts in Sect.8.2.2arelistedin Tab. A.3 with their currentexperimentalvaluesanduncertainties.

Observable Experimental Uncertainty Exp. Reference
Value stat syst

BR(B ! sg)=BR(B ! sg)SM 1.117 0.076 0.096 [131]
BR(B ! t n)=BR(B ! t n)SM 1.15 0.40 [132,133,134]
BR(Bs ! Xs`` )=BR(Bs ! Xs`` )SM 0.99 0.32 [131]
DmBs=DmSM

Bs
1.11 0.01 0.32 [135]

DmBs=DmSM
Bs

DmBd =DmSM
Bd

1.09 0.01 0.16 [131,135]

DeK=DeSM
K 0.92 0.14 [135]

BR(K ! mn)=BR(K ! mn)SM 1.008 0.014 [136]
aexp

m � aSM
m 30.2� 10� 10 8.8� 10� 10 2.0� 10� 10 [137,138,139,140,141]

sin2 qeff 0.2324 0.0012 [9]
GZ 2.4952GeV 0.0023GeV 0.001GeV [9]
Rl 20.767 0.025 [9]
Rb 0.21629 0.00066 [9]
Rc 0.1721 0.003 [9]
Afb(b) 0.0992 0.0016 [9]
Afb(c) 0.0707 0.0035 [9]
Ab 0.923 0.020 [9]
Ac 0.670 0.027 [9]
Al 0.1513 0.0021 [9]
At 0.1465 0.0032 [9]
Afb(l ) 0.01714 0.00095 [9]
shad 41.540nb 0.037nb [9]
mW 80.399GeV 0.025GeV 0.010GeV [4]

TableA.3: Measurementsfrom B-factories,kaonexperiments,LEP, SLC andtheTeVatron,aswell as
themeasurementof (g� 2)m asusedin thetoy �ts.
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� Allen MitgliedernderDESY-ATLAS GruppeundderATLAS-SUSYGruppe,von denenich viel
gelerntundpro�tiert habe.

� MeinenElternundmeinemBruder, die immerfür michdasind.

� MeinerFreundinKristin, die esnicht immer leicht mit mir hat,die mich aberimmeruntersẗutzt
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