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Abstract

ThreedecadesagotheHiggsmechanismwasintroduced,to givemassto otherwisemasslessgaugebosons.
This thesispresentsa searchfor the neutralHiggs bosonsh and A, as they occur in type II of models

with two scalarHiggsfield doublets.Analyzedis theprocesse
�

e��� Z � hA, with sensitivity to all hadronic
decaymodesincludingregionsin theparameterspacewherethedecayto b quarksis suppressed.In standard
analysestheidentificationof b quarksis a very powerful tool andits exclusionleadsto a decreasedsensitivity.
To compensatefor this, a massdependentanalysiswasdeveloped.This allows anoptimaluseof kinematical
informationwhichremainstheonly meansto efficiently discriminatebetweensignalandbackgroundprocesses.

The analysisis appliedto the datacollectedin 1998with the OPAL detectorat a centre-of-massenergy
of 189GeV, correspondingto an integratedluminosityof 172.1pb� 1. No signalhasbeenobservedabove the
StandardModel background,which leadsto theexclusionof theh andA for certainmassesandvaluesof the
modelparameters.





Contents

1 Intr oduction 7

2 Theoretical Overview 9
2.1 StandardModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 ParticleContent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Forces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.3 SpontaneousSymmetryBreakingandtheHiggsMechanism. . . . . . . . . 13

2.2 Modelswith two scalarHiggsField Doublets . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 TheoreticalStructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2 ProductionCrossSectionsandDecayRates. . . . . . . . . . . . . . . . . . 17

3 The OPAL Experiment 18
3.1 TheAccelerator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 TheOPAL Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 TheSimulationandReconstructionChain . . . . . . . . . . . . . . . . . . . . . . . 26

4 Background Processesand their Simulation 27
4.1 2-fermionProcesses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 4-fermionProcesses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3 MonteCarloSimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5 AnalysisTools 33
5.1 Multihadroneventselection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2 EventReconstructionTools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.2.1 Energy Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.2.2 JetFinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2.3 EventShapeVariables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.2.4 KinematicFits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.3 SignalDiscriminationbasedon LikelihoodTechniques . . . . . . . . . . . . . . . . 38

6 Analysis in a 2HDM Framework 40
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.2 SignalandBackgroundFeatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.3 EventSelection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.4 LikelihoodDiscriminant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.4.1 LikelihoodVariables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.4.2 Data-MCComparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1



CONTENTS 2

6.4.3 TheNormalizedProbabilityDensityFunctions . . . . . . . . . . . . . . . . 49
6.4.4 LikelihoodPerformance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.5 Limit Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.6 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

7 Conclusionsand Outlook 61

A Impr ovementswith a mass-dependentanalysis 63

B Efficienciesfor different signalprocesses 74

C Monte Carlo Samples 75

Bibliography 76



List of Figures

2.1 Limits on theHiggsmassfrom electroweakdataanddirectsearches. . . . . . . . . 15

3.1 Aerial view of theLargeElectron-PositronCollider . . . . . . . . . . . . . . . . . . 19
3.2 TheLEPacceleratorwith theinjectionsystemandthefour experiments . . . . . . . 20
3.3 A 3-dimensionalschematicview of theOPAL detector. . . . . . . . . . . . . . . . . 21
3.4 Developmentof anelectromagneticshower . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Developmentof ahadronshower . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.1 Feynmandiagramfor fermionpairproduction . . . . . . . . . . . . . . . . . . . . . 27
4.2 Cross-sectionsof themostimportantStandardModel processes . . . . . . . . . . . 28
4.3 Feynmandiagramsfor fermionpair production . . . . . . . . . . . . . . . . . . . . 29
4.4 Thee

�
e��� γ

�
Z0 � µ

�
µ � crosssectionbeforeandaftertheISRconvolution . . 29

4.5 Feynmandiagramsfor quarkpairproductionwith hardgluonemission. . . . . . . . 30
4.6 Feynmandiagramsfor four-fermionproduction . . . . . . . . . . . . . . . . . . . . 31

5.1 Schematicdiagramot thematchingalgorithmto measuretheenergy flow . . . . . . 34

6.1 Productionmechanismsfor neutralhiggsbosons . . . . . . . . . . . . . . . . . . . 40
6.2 Hadronicdecaymodesof theneutralHiggsbosonsh andA . . . . . . . . . . . . . . 41
6.3 Branchingratiosfor h,A to cc̄ andbb̄ versusthemodelparametersα andtanβ . . . . 42
6.4 Distribution of theeffective centre-of-massenergy 	 s
 . . . . . . . . . . . . . . . . 45
6.5 Signalefficiency afterall cuts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.6 Distribution of thelikelihoodinputvariables. . . . . . . . . . . . . . . . . . . . . . 50
6.7 Normalizedreferencedistributionsfor a signalmassmh � 30 GeV andmA � 60 GeV

or viceversa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.8 Normalizedreferencedistributionsfor a signalmassmh � 60 GeV andmA � 60GeV 52
6.9 Distribution of thehA Likelihoodfor mh � 30GeV andmA � 60 GeV . . . . . . . . 53
6.10 Distribution of thehA Likelihoodfor mh � 60GeV andmA � 60 GeV . . . . . . . . 54
6.11 Exclusionplotsfor tanβ � 0� 577andα � 0 . . . . . . . . . . . . . . . . . . . . . . 58
6.12 Exclusionplotsfor tanβ � 0� 7 andα � 0 . . . . . . . . . . . . . . . . . . . . . . . 59
6.13 Exclusionplotsfor α � 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A.1 Setof masspointsfor which signaleventsof the typee
�

e� � hA � cc̄ bb̄ gg have
beensimulated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.2 Normalisedprobabilityfunctionsusingall points . . . . . . . . . . . . . . . . . . . 65
A.3 Normalisedprobabilityfunctionsusingasubsetof masspoints . . . . . . . . . . . . 66
A.4 Distribution of thelogarithmof theQCD matrixelementfor severalmasshypotheses 67
A.5 Distribution of thecosineof theminimal jet-jet anglefor severalmasshypotheses. . 68

3



LIST OF FIGURES 4

A.6 Distribution of C parameterfor severalmasshypotheses . . . . . . . . . . . . . . . 69
A.7 Distribution of the hA Likelihood for a signalof mh � 30 GeV andmA � 60 GeV;

massindependent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
A.8 Distribution of the hA Likelihood for a signal of mh � 30 GeV andmA � 60GeV;

massdependent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.9 Signaloversquarerootof backgroundratiosfor differentapproachesandsignalmass

hypothesesof mh � 30 GeV andmA � 60 GeV andmh � 60 GeV andmA � 60GeV . 72
A.10 Signal over squareroot of backgroundratios for different approachesand a signal

masshypothesisof mh � 60GeV andmA � 90 GeV . . . . . . . . . . . . . . . . . . 73



List of Tables

2.1 Thethreegenerationsof fundamentalfermions . . . . . . . . . . . . . . . . . . . . 10

6.1 Cut-flow table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

B.1 Selectionefficienciesfor e
�

e��� Z
�
γ � cc̄ bb̄ gg . . . . . . . . . . . . . . . . . . 74

C.1 Monte-Carlosignalsamples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
C.2 Monte-Carlosignalsamplesfor systematicchecks. . . . . . . . . . . . . . . . . . . 75
C.3 Monte-Carlosamplesusedasbackgroundin thisanalysis. . . . . . . . . . . . . . . 75

5





Chapter 1

Intr oduction

Whatis theworldmadeof? Thisquestionwasaskedfirst about2500yearsagoby Greekphilosophers.
Eversinceit hasoccupiedpeoplesminds,seekingfor aunderstandingof nature.Theanswerschanged
drasticallyoverthecenturies.Therehavebeenideassuchasthatbasicmatteriswater, or thatall matter
is composedoutof four basicnaturalelements:fire, water, earthandair.

The first conceptof elementaryparticlesdatesback to Demokrit from Abderawho lived from
460-370BC. He introducedtheprincipleof non-continuousmatter. Subdividing matterever further
onewould reacha limit andendup with an invisible, indivisible substance.After the Greekword
for indivisible, atomos, hecalledthematoms.This ideadid not gainpopularityuntil theearly18th
century, when the FrenchmanJosephGay-Lussacfound that oxygenand hydrogenproducewater
alwayswith thesameratio. To him this indicatedthattheelementsconsistof basicunits.JohnDalton
took a further stepby proposingthat every elementhasits own type of atomsandall atomsof one
elementareidentically. Thispuzzlewassolvedby theRussianchemistDimitri Ivanovich Mendelejev.
In 1869hederivedasystemof classificationfor theelements.Heorderedthemby theiratomicweight
anddiscoveredthatthepropertiesof theelementsseemto changewith a periodicpattern.Fromgaps
in his tablehe predictednew elementswith certainproperties.Their subsequentdiscovery proved
to be a greatsuccessfor his model. In the last few decadesour understandingof nature,andwhat
we stateaselementaryparticleshasbeenrevolutionizedseveral times. Sophisticatedtechnologies
enableus to acceleratesubatomicparticlesto ever higherenergies,which againenablesus to create
ever heavier particlesin collisions. In our presentmodel, fermions,of which therearequarksand
leptons,form the elementaryconstituentsof matter. The modeldescribingall interactionsbetween
theseparticles1, mediatedby so-calledgaugebosons,is calledtheStandardModel.

Predictionsof the StandardModel have beenverified with extremelyhigh precisionin modern
experiments.However, thekey mechanismgiving rise to massesin this modelis not yet verified. It
predictsat leastonescalarparticle,theso-calledHiggsboson.Evenif thisparticleitself is responsible
to give riseto masses,thetheoryresultsin a completeignoranceof themassof theparticleitself. As
yet it withdrew from detection.

TheLargeElectron-PositronColliderat theEuropeanCentrefor ParticlePhysics(CERN)closeto
Geneva in Switzerlandis ableto accelerateparticlesto energiesashigh as104.5GeV, with a centre-
of-massenergy twice ashigh. Electronsandpositronsareassumedto have no substructure,thusall
theirenergy is availableto createnew massive particles.

In this thesisananalysiswill bedescribedthatsearchesfor two neutralscalarHiggsparticlesthat
couldbepairproducedin collisionsof electronsandpositrons.Theseparticlesoccurin modelswith

1Gravitation is not includedin thismodel

7



CHAPTER1. INTRODUCTION 8

two scalarHiggsfield doublets.As mentioned,theminimalchoiceis oneHiggsfield whichgivesrise
to oneHiggsboson.As Higgsbosonscoupleproportionalto theirmass,they mainlydecayinto heavy
particles.For hadronicdecaymodesbelow thetopquarkthreshold,thatmeansadecayinto b-quarks,
whichleavearathersignificantprint within thedetectorandthereforehelpin findingtheHiggsboson.
In modelswith two doubletsfivephysicalHiggsbosonsoccur(two have equalmasses).Additionally
to the four unknown massestherearetwo new free parameters.Dependingon theseparameters,a
decayinto b-quarkscanbehighly suppressed.Previousanalysesmainly focusedon theinformations
from b-quarksandthusarenot sensitive in regionswith diminishingor even vanishingdecayrates
to b-quarks.No Higgsbosonshave beenfoundin thesesearchesandthequotedlimits on their mass
referto certainregionsin theparameterspacewith reasonablyhighb-quarkdecayrates.

To besensitive to hadronicHiggsbosondecaysin all regionsof thisparameterspacethisanalysis
makes no useof any flavour specificinformation. The hadronicdecaychannelsleadsto four, so-
called jets, in the final state. At the centre-of-massenergies of the LEP accelerator, pairproduced
W bosons,which canalsoleadto a final statewith four jets, constitutea major backgroundto this
process.Without theuseof b-quarkspecificinformationhowever this backgroundis hardto reject.
Therefore,a mass-dependentapproachwaschosenfor theanalysis,which allows theefficient useof
kinematicalvariablesto discriminatethesignalfrom backgroundevents.

Theanalysisis appliedto datacollectedin 1998with theOPAL detectoratacentre-of-massenergy
of 189GeV, correspondingto anintegratedluminosityof 172.1pb� 1.



Chapter 2

Theoretical Overview

2.1 Standard Model

The StandardModel (SM) of particlephysicsquantitatively describesall interactionsof the funda-
mentalparticlesexceptquantumgravity effects. All interactionswithin this modelare formulated
asgaugetheories.The following chapterpresentsa brief introductionto the particlecontentof the
StandardModelandadiscussionof theunderlyingprincipleof gaugetheories.

2.1.1 Particle Content

Particlescan be classifiedaccordingto their spin statisticsas either bosons(with integer spin) or
fermions(with half integer spin). QuarksandLeptons,carryingspin 1/2, belongto the latter group
andarebelieved to bethe fundamentalconstituentsof matter. Six leptons– aswell astheir antipar-
ticles – arecurrentlyknown: the electron(e� ), the muon(µ � ), the tau (τ � ) andthe corresponding
neutrinos.They interactsolelythroughtheweakinteractionand,if charged,additionallythroughthe
electromagneticforce. Quarks,on theotherhand,arein additionsubjectto thestrongforceandthus
participatein all interactions.Analogouslyto leptonstherearesix types: up (u), down (d), strange
(s),charm(c), bottom(b) andtop (t) quark(againalongwith their anti-particles).

Thesefundamentalquarksandleptonscanbegroupedinto familiesor generations,onegeneration
reflectingtheotherin its behaviour underthestrong,electromagneticandweakforce.Thedifference
lies in theparticles’masses,thefirst generationcontainingall thelightestparticlesof akind.

At thepresentstateof knowledge,it is neitherclearwherethis groupingoriginatesfrom, nor is it
certainthattherearenotmorethanthreegenerations1. Theassignmentof theparticlesto generations,
aswell assomeof their propertiesaresummarizedin table 2.1.

2.1.2 Forces

All interactionsin theStandardModel arederivedby insistingthat the invarianceof theLagrangian
of asystemunderglobalgaugetransformationsshouldhold locally 2. Theideaof local gaugeinvari-
ancewasfirst introducedby thework of HermannWeyl in 1919[2]. Theapplicationof local gauge

1A forth generationwould have to containheavier particles,if it shouldfit into this scheme,asmeasurementsof upper
boundson the primordial massfraction of 4He andprecisemeasurementsof the Z-Bosonwidth at LEP determinethe
numberof generationsof light neutrinos(mν � mZ � 2) to bethree.

2Localgaugetransformationsaretransformationswhoseparametersarespace-timedependent.

9



CHAPTER2. THEORETICALOVERVIEW 10

Quarks
Generation Symbol Charge Mass(GeV)[1]

1. u � 2
�
3 0.001to 0.005

d � 1
�
3 0.003to 0.009

2. c � 2
�
3 1.15to 1.35

s � 1
�
3 0.075to 0.170

3. t � 2
�
3 174.3 � 5.1

b � 1
�
3 4.0to 4.4

Leptons
Generation Symbol Charge Mass(MeV)[1]

1. νe 0 � 0� 000003
e� � 1 0� 510998902� 0� 000000021

2. νµ 0 � 0� 19
µ � � 1 105� 6583568� 0� 0000052

3. ντ 0 � 18� 2
τ � � 1 1777� 03

�
0� 30� 0� 26

Table 2.1: Thethreegenerationsof fundamentalfermions.Thelargeuncertaintiesin thequarkmassesaredue
to thefact thatquarksdo not exist asfreeparticles.Thelargetop masshoweverpermitsdirectmeasurements,
asthetop quarkdecaysbeforehadronisation.

invarianceto theDirac Lagrangiangeneratedall of electrodynamics.Theconceptof gaugetheories
will besummarizedfollowing thecaseof electrodynamics.Althoughthis presentsthesimplestcase
it still containsall theimportantconcepts.

GaugeTheoriesand the ElectromagneticForce

Startingfrom thethetheoryof a freeelectron,describedby its 4-componentcomplex spinorfield Ψi
(i=1,2,3,4).TheLagrangiandensityfor sucha freeDirac field Ψ is

� � Ψ̄ � x��� iγµ∂µ � m� Ψ� x�� (2.1)

with Ψ̄ � Ψ
�

γ0 andγµ the4x4Dirac matrices.m is theelectronmass.Phasetransformationsof the
kind Ψ� x ��� Ψ��� x � � eiΘΨ� x � 3, Θ beingany real number, arecalledglobal phasetransformations
asthephaseof the transformationis thesamefor any of thespacetime pointsx. In this caseΨ̄ has
to be transformedto Ψ̄e� iΘ andin the Ψ̄Ψ combinationsthe exponentialfactorscancelout. When
we applyon theotherhanda local gaugetransformation,i.e. we allow thephaseto vary from point
to point: Ψ� x ��� Ψ� � x � � eiΘ� x � Ψ� x � , theDirac Lagrangianis no longerinvariantfor we pick up an
extra termfrom thederivative of Θ:

∂µ � eiΘΨ� � i � ∂µΘ� eiΘΨ � eiΘ∂µΨ

resultingin

� � � � ∂µΘΨ̄γµΨ�
3Thesetof all suchphasetransformationsis thegroupU(1). As eiΘ1eiΘ2  eiΘ2eiΘ1 , it is anAbeliangroup.
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For thefollowing, it is helpful to replaceΘ with qλ � x� , q beingacharge.SothefreeDiracLagrangian
is not invariantunderlocal gaugetransformations.If we now demandit to be invariant,we have to
addanextra termto cancelthedisturbingderivative. Suppose

� � Ψ̄� x��� iγµ∂µ � m� Ψ� x�!� qΨ̄γµΨAµ  (2.2)

Aµ beinganew field (referredto asgaugefield) thattransformsas

Aµ � A�µ � Aµ � ∂µλ � (2.3)

This new Lagrangianis invariantunderlocal gaugetransformations,if thefield transformsaccording
toequation( 2.3).Howeverthisisnotthefull Lagrangian,thefieldneedsits freeterm.TheLagrangian
for a freevectorfield is

� � � 1
16π

FµνFµν � 1
8

πmAAνAν �
While Fµν � ∂ µAν � ∂ ν Aµ staysinvariantif transformingAµ accordingto equation( 2.3), themass
termdoesnot. Therefore,if thelattertermis nottospoil theinvariance,thefieldAµ hasto bemassless.
Thusweget:

� � Ψ̄� x��� iγµ∂µ � m� Ψ� x�!� qΨ̄γµΨAµ � � 1
16π

FµνFµν � (2.4)

This canbeexactly identifiedwith theLagrangianfor QuantumElectroDynamics(QED). Thefirst
term describesthe kinetic energy andmassof Ψ, the seconddeterminesthe interaction- how the
field Aµ couplesto Ψ via thechargeq andthethird termcontainsthekinetic energy of Aµ , which is
preciselytheelectromagneticpotential.The last two termsreproducetheMaxwell Lagrangianfor a
masslessvectorfield with thecurrentdensityJµ � q� Ψ̄γµΨ� . Demandingthatglobalgaugeinvariance
shouldhold locally generatedall of electrodynamics.The form of theLagrangianin equation( 2.2)
canbederived by introducingthecovariantderivative Dµ " ∂µ � iqAµ . Thenreplacing∂µ with Dµ
andAµ � Aµ � ∂µλ theLagrangianis invariantunderΨ � Ψeiqλ � x� .

Thegaugetransformationcanaswell bedescribedasa multiplicationof thewave functionwith
eiH . H is in thecaseof electrodynamicssimplyaphasefactorandassuchtheLagrangianis saidto be
symmetricunderanAbelian gaugetransformation.In 1954YangandMills extendedthe ideafrom
theAbeliancaseof electrodynamics(with thephotonrepresentingthatnewly introducedgaugefield)
to thenonAbeliancaseof thegroupSU� 2� , H beinga2 # 2 hermitianmatrix. Thethreevectorfields,
neededto provide local gaugeinvariance,have to be masslessagainand at that time no isotriplet
of particleswith the necessaryfeatureshad beenobserved. However, Yangand Mills had shown
that it is possibleto extendWeyls ideato the non-Abeliancase.The power andgeneralityof local
gaugeinvariancewasnotfully appreciatedthoughuntil theearly70’swhent’Hooft showedthatgauge
theoriesareautomaticallyrenormalizable.

The Strong Interaction

Thefirst applicationof thegaugeprinciple in thenon-Abeliancasewasto describethestronginter-
action. The gaugetheorydescribingthe stronginteractionis known asQuantumChromodynamics
(QCD). It is basedon the non-AbeliangroupSU(3). Analogouslyto the electriccharge, particles
thataresubjectto this force(thequarks)carryachargereferredto ascolour(therefore“chromo” dy-
namics).They exist in threecolours,namelyred,green,andblue. DemandingtheLagrangianof the
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systemto be invariantunderlocal gaugetransformationsleadsto the introductionof eight massless
gaugefields, in naturerealisedby theeightmasslessgluons.Thegluons,carryinga combinationof
colourandanticolourthemselves,mediatethestrongforcenot justbetweenquarks,but alsobetween
themselves.No freequarkshavebeenobserved.Thisis dueto thefact,thatwhatis calledthecoupling
constantof thestronginteractionis not a constantat all. In fact for non-Abeliangaugetheoriesthe
couplingdecreaseswith increasingmomentumtransferQ.At largevaluesof Q2 thecouplingbecomes
small enoughfor processesto becalculatedperturbatively andthequarkscanbe regardedasquasi-
free particles. This featureof QCD is referredto asasymptoticfreedom. The oppositeeffect that
at increasingdistancesandthussmallQ2 thecouplingbecomesstrongis referredto asconfinement.
This effect is mostlikely responsiblefor thatwe just observe coloursingletstates,wherequarksare
confinedforming mesons(qq̄) andbaryons(qqq). If quarksmove apartfrom eachother(for instance
becauseof energy conservationafterthey wereproducedin highenergy e

�
e� - collisions),thefurther

they move apartthe largerbecomesthebindingenergy, sothatenergetically it is morefavourableto
createnew qq̄ pairsuntil coloursingletobjectsareproduced.

The Weak Interaction

The weakinteractionwasfirst derived by Enrico Fermi asa point-like interactionwith a 4-particle
couplingandassuchno force-mediatingbosons.This descriptionhowever is just a goodapproxi-
mationof reality for low energies. At high energy certainweakprocessesviolateunitarity. Thefirst
attemptsto describethe weakinteractionasSU(2) gaugetheoryfailed andit becameapparentthat
theweakinteractioncouldonly bedescribedin sucha framework togetherwith theelectromagnetic
interaction.Glashow, Weinberg andSalamfinally succeededin deriving bothforcesasdifferentcom-
ponentsof a singlegaugetheory. The underlyinggaugegroup is the direct productof U � 1� Y and
SU� 2� L . L standsfor left handed,takinginto account,thattheweakinteractionis parityviolatingand
thusleft andright handedcomponentsof thefieldsshouldbetreatedseparately. Y standsfor theweak
hypercharge4, definedas

Y
2 � Qem � I3 

whereI3 is the third componentof theweakisospinI andQem theelectromagneticcharge. Fermion
fieldsin this theoryareseparatedinto left andright handedcomponents.Theleft-handedelectronand
neutrinofields form doublets,while in absenceof right-handedneutrinosthe right-handedelectron
fieldsform singletsconcerningtheweakisospin:

e
νe L

µ
νµ L

τ
ντ L

u
d
 L

c
s
 L

t
b
 L

I3 � 1
�
2

I3 � � 1
�
2

(2.5)

eR  µR  τR  uR  cR  tR  dR  sR  bR I � 0 (2.6)

Demandinga gaugeinvariant theory requiresthe introductionof four gaugefields: a massless
weakisospintriplet of gaugefields Wµ � � W1

µ  W2
µ  W3

µ � anda masslesshypercharge singletgauge
field Bµ .

4For thatthegroupsU $ 1% Y andSU$ 2% L commuteY hasto take thesamevaluefor thechargedfermionandtheneutrino
fields.
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Thus,thecovariantderivative for thegaugegroupU � 1� Y # SU� 2� L is

Dµ � ∂ µ � igTW µ � i
g�
2

YBµ  (2.7)

For left-handedleptonswehaveT= τ
�
2,Y � � 1, for right-handedchargedleptonsT � 0 andY � � 2,

the τ arethePauli matrices.As mentionedabove, SU� 2� L andU � 1� Y cannot be identifiedwith the
weakandtheelectromagneticinteractionrespectively. For instance,theneutralgaugefieldW3

µ cannot
beidentifiedwith theZ0 boson,asobservationsshow that theneutralnon-QEDcurrentis not purely
left-handed.Thephysicalbosonsarelinearcombinationsof thefour fields:

W&µ � 1

	 2
� W1

µ ' iW2
µ �

Zµ � � Bµ sinΘw � W3
µ cosΘw " Z0

Aµ � Bµ cosΘw � W3
µ sinΘw " γ

(2.8)

Theproblemremains,thatthesebosonsarerequiredto bemassless,which is truefor thephoton,
but obviously falsefor theZ0 bosonwith a massof about91.2GeV andtheW& bosonswith masses
of about80.4GeV[1]. Onecouldstartwith agaugeinvarianttheoryandaddthemasstermsby hand.
However this would destroy the renormalizabilityof the theory. A ratherelegantway to introduce
massesto thetheoryliesin theprincipleof spontaneoussymmetrybreakingandtheHiggsmechanism.

2.1.3 SpontaneousSymmetry Breaking and the Higgs Mechanism

Feynmancalculusis basedon perturbationtheory, wherefieldsaretreatedasfluctuationsaroundthe
groundstate.Thusonehasto look for theminimumof thepotentialtermin theLagrangianandre-
express

�
asafunctionof thedeviationη from its minimum.Thenexpandingin powersof η onecan

extractthemasstermasthecoefficientof theη 2 term. If thenwehave asystemwhere,becauseof an
additionalpotential,thegroundstateof thatsystemdoesnot sharethesymmetryof theLagrangian,
thefieldsacquiremass.This phenomenonis oftenreferredto asspontaneoussymmetrybreakingor
hiddensymmetry(as the groundstatedoesnot show the symmetryof the Lagrangian- all ground
statestaken togetherdo though,but choosingone,thesystemloosesits symmetry, thesymmetryis
saidto bebroken).

Thisshallbeillustratedwith thefollowing Lagrangianof thetwo fieldsΦ1 andΦ2:

� � 1
2
� ∂µΦ1 ��� ∂ µΦ1 �(� 1

2
� ∂µΦ2 ��� ∂ µΦ2 �!� 1

2
µ2 � Φ2

1 � Φ2
2 �!� 1

4
λ 2 � Φ2

1 � Φ2
2 � 2 (2.9)

As
� �*) �,+ , thepotentialin this caseis

+ � � 1
2

µ2 � Φ2
1 � Φ2

2 �!� 1
4

λ 2 � Φ2
1 � Φ2

2 � 2 � (2.10)

Theminimaof thispotentiallie onacircle of radiusµ
�
λ :

Φ2
1min � Φ2

2min � µ2 � λ 2 � (2.11)

To re-expresstheLagrangianwe have to choosea particulargroundstate.For thesake of simplicity
we pick

Φ1min � µ
�
λ ; Φ2min � 0�
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Thedeviationsfrom thisgroundstatecanbeexpressedasthenew fields

η " Φ � µ
�
λ ; ξ " Φ2 �

In termsof thesenew fieldstheLagrangianof eq.(2.9)writesas:

� �.- 12 � ∂µη ��� ∂ µη �!� µ2η 2/ � - 12 � ∂µξ ��� ∂ µξ � /

� - µλ � η 3 � ηξ 2 �!� λ 2

4
� η 4 � ξ 4 � 2η 2ξ 2 � / � µ4

4λ 2 �
(2.12)

Thefirst termis just theLagrangianfor a scalarfield η with massmη � 	 2µ , thesecondis thefree
Lagrangianof a masslessfield ξ . Theadditionaltermsdefinecouplingsbetweenη andξ . So now
oneis left thoughwith a masslessghostparticle5. Thecureto thatproblemlies in applyingtheidea
of spontaneoussymmetrybreakingto thecaseof local gaugeinvariance.This is referredto asHiggs
mechanism.If theLagrangianis gaugeinvariantthephasecanbearbitrarily chosen.Thus,findingan
appropriatechoiceof gaugetheGoldstonebosonwill beabsorbedasthethird degreeof freedom,the
longitudinalpolarizationdegreeof freedom,of amasslessvectorfieldwhichassuchacquiresmass.A
massive gaugefield andamassive scalar(referredto asHiggsparticle)areleft.

The simplest Higgs structure in the framework of the electroweak theory, that breaks the
U � 1� Y # SU� 2� L down to U � 1� em andgivesrise to massive gaugebosons,consistsof two complex
fields,thatform aweakisospindoublet:

Φ � φ
�

φ0 I � 1
�
2 Y � 1 (2.13)

As just onephysicalHiggs bosonoccursin this theoryit is often referredto asHiggs bosonof
theminimal StandardModel. While all its couplingsto bosonsandfermionsareknown, theminimal
Higgsbosonis characterizedby acompleteignoranceof its mass.However therearesometheoretical
constraintson upperandlower limits for theHiggsmass.Detailedremarksto all featuresof a Higgs
bosonin this minimal Model, namelyproductionanddecaymechanismaswell astheoreticalcon-
straintson its masscanbefoundin [3]. Precisionmeasurementsof electroweakobservablesprovidea
way to derive limits on theHiggsbosonmass.At LEP2thebestglobalfit to theseobservablesleads,
due to the logarithmicdependenceon the Higgs bosonmassthat entersthe calculationvia virtual
Higgsbosoncorrectionsto W& andZ self bosonenergies,to avalue[4] of theHiggsmassof

mH � 62
�

53� 30GeV �
Translatedinto anupperlimit at the95%confidencelevel that yields to mH � 170GeV. Figure2.1
shows thecontribution of theHiggsmassto theχ2 of asimultaneousfit of all Standardmodelparam-
etersasa functionof theHiggsmass.Despitetheenormouseffort that hasbeenmadeto searchfor
sucha scalarparticleit hasnot yet beenobserved. Direct searchesfor theHiggsbosonat LEP2lead
to a lower limit on its massmH � 113� 3 GeV [5].

As thereare few constraintson the Higgs sectorwithin the StandardModel morecomplicated
Higgsmodelsshouldbeconsideredalso.

Models with two scalarHiggs field doubletsare an attractive alternative. They can not only
providemassesfor gaugebosonsandfermionswithin theStandardModelbut aswell asin extensions
of theStandardModel suchassypersymmetrictheories.

5Thefactthataspontaneouslybrokencontinuousglobalsymmetryis alwaysaccompaniedby theappearanceof massless
scalarparticlesis known asGoldstone’s theorem.
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Figure2.1: ∆χ2 3 χ2 4 χ2
min vs.mH curve. Theline is theresultof thefit usingall electroweakdata.Theband

representsanestimateof thetheoreticalerrordueto missinghigherordercorrections.Theverticalbandshows
the95 % CL exclusionlimit from thedirectsearch[4].

2.2 Models with two scalarHiggs Field Doublets

In additionto theHiggsbosonin theStandardModel (singledoublet)thereexistsa wide varietyof
Modelswith two scalarHiggsfield doublets.In the following the featuresparticularlyof type II of
thesemodelswill be introduced. Equationsare, if not otherwiseindicated,taken from [3], which
providesanextensive treatmentof this subject.
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2.2.1 Theoretical Structure

ThemostgeneralHiggspotentialin this framework is

V � Φ1  Φ2 � � λ1 � Φ†
1Φ1 � v2

1 � 2 � λ2 � Φ†
2Φ2 � v2

2 � 2
� λ3 - ��� Φ†

1Φ1 � v2
1 �(�5� Φ†

2Φ2 � v2
2 � / 2

� λ4 - � Φ†
1Φ1 ��� Φ†

2Φ2 �(�5� Φ†
1Φ2 ��� Φ†

2Φ1 � /
� λ5 -Re� Φ†

1Φ2 �!� v1v2 cosξ / 2
� λ6 - Im� Φ†

1Φ2 �!� v1v2 sinξ / 2 �

(2.14)

Φ1 andΦ2 denotethetwo complex scalarfields

� Φ1 6 � φ0 7
1� φ �1  Y � � 1

� Φ2 6 � φ
�
2

φ0
2

 Y � 1
(2.15)

thateachform adoubletunderSU� 2� L .
The λ i in eq.2.14arereal parameters,that if not negative yield the following minimum of the

potential

� Φ1 6 � 0
v1

�� Φ2 6 � 0
v2eiξ  (2.16)

wherev1 andv2 arethevacuumexpectationvalues6 of theHiggsfieldsandξ is aCPviolatingphase.
For thefollowing ξ is setto zeroto ensureCP-invariancewithin theHiggssector.

Removing theGoldstoneBosonsof thetheorygivesriseto five massive bosons,a chargedscalar
pair H& , theCP-evenbosonA andtwo CP-oddbosonsh andH with mh � mH by convention. This
modelhas6 freeparameters,which arechosento bethefour massesof theHiggsbosons,theweak
mixing angleα describedbelow, andtheratioof thetwo vacuumexpectationvaluesdefinedastanβ :

tanβ � v1

v2
� (2.17)

ThephysicalHiggsstatein thechargedsectoris

H& � � Φ&1 sinβ � Φ&2 cosβ (2.18)

with amassm2
H8 � λ4 � v2

1 � v2
2 � . In theCP-oddsectorwe have onebosonA,

A � 	 2��� Im� Φ0
1 � sinβ � Im� Φ0

2 � cosβ � (2.19)

with amassm2
A � λ6 � v2

1 � v2
2 �

In theCP-evensectortwo physicalHiggsscalarsmix throughthefollowing mass-squaredmatrix

9 � 4v2
1 � λ1 � λ3 �(� v2

2λ5 � 4λ3 � λ5 � v1v2� 4λ3 � λ5 � v1v2 4v2
2 � λ2 � λ3 �!� v2

1λ5
 (2.20)

6Thevacuumexpectationvaluesv1 andv2 arerelatedto theW massvia m2
W
 g2 $ v2

1 : v2
2 % � 2.
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with thephysicalmasseigenstates

H0 � 	 2 - � Re� Φ0
1 �(� v1 � cosα �5� Re� Φ0

2 �(� v2 � sinα / 
h0 � 	 2 - �;� Re� Φ0

1 �(� v1 � sinα �5� Re� Φ0
2 �(� v2 � cosα / (2.21)

andthecorrespondingmasses

m2
H0 < h0 � 1

2 -
9

11 � 9 22 � � 9 11 � 9 22� 2 � 4
9

2
12
/ � (2.22)

Thesixth freeparameter, themixing angleof theCP-evenfieldsα is obtainedfrom

sin� 2α � � 2
9

12

� 9 11 � 9 22� 2 � 4
9

2
12



cos� 2α � �
9

11 � 9 22

� 9 11 � 9 22� 2 � 4
9

2
12

(2.23)

2.2.2 Production CrossSectionsand DecayRates

The couplingsof the Higgs bosonsto gaugebosonsand fermionsare an important issueas they
determineproductioncrosssectionsaswell asdecayrates.

Theproductioncrosssectionsfor theprocessese
�

e� � Zh ande
�

e� � hA are[6]

σ � e� e� � Zh� � sin2 � β � α � σSM

σ � e� e� � hA � � cos2 � β � α � λ̄ σSM � (2.24)

The factor λ̄ is definedasλ 3= 2
Ah

� - λ 1= 2
Zh

� 12m2
Z

�
s � λZh � / with the 2-particlephasespacefactorλ i j �� 1 �>� mi � mj � 2 � s��� 1 �>� mi � mj � 2 � s� . σSM is thecrosssectionfor theHiggstrahlungprocesswithin

theminimal Higgsof theStandardModel. Thisgives[6]

σ � e� e� � ZH � � G2
Fm4

Z

96πs
� v2

e � a2
e � λ 1

2
HZ

λHZ � 12m2
Z

�
s

� 1 � m2
Z

�
s� 2  (2.25)

with thecentre-of-massenergy 	 s andtheweakvectorandaxial vectorcouplingsof theelectronve

andae respectively.
Thecouplingsto fermionsaredeterminedby imposedconstraintssuchastheabsenceof flavour

changingneutralcurrentsmediatedby Higgsbosons.A theoremof Glashow andWeinberg predicts
thisabsenceif all fermionsof agivenelectricchargecoupleto oneof theHiggsdoubletsatmost.This
still leavesavarietyof possiblechoices.Within two Higgsdoubletmodels,typeI is definedsuchthat
Φ2 couplesto all fermions,while Φ1 couplesto noneof them. In type II, Φ1 couplesto down-type
quarksandchargedleptonswhile Φ1 couplesto up-typequarksandneutrinos.



Chapter 3

The OPAL Experiment

The OPAL Experimentis oneof four collider experimentsat the Large Electron-Positron Collider
(LEP),operatedby theEuropeanLaboratoryfor ParticlePhysics,CERN.

Opposedto fixed target experiments,collidershave the advantagethat the whole beamenergy
is availableto createnew massive particles.TheLorentz-invariant form for the total centre-of-mass
energy of two colliding particleswith massesm1 andm2 is

Ecm � : 	 s � � E1 � E2 � 2 �5�@?p1 ?p2 �
Consideringjust head-oncollisionsandparticleswith massesnegligible comparedto their energies
this leadsto:

	 scoll ider A 4E1E2

At afixedtargetexperimenthowever (neglectingthemassm1 of theacceleratedparticle)we have:

sf ixed target A m2Ebeam
sothatfor Ebeambeinglimited by presenttechnology, collidersprovideadiscovery reachfor farmore
massive particles.

A usefulquantity to describethe performanceof an acceleratoris the factorof proportionality
betweeneventratedN

�
dt andinteractioncross-sectionσ � s� , theso-calledluminosity B :

dN
�
dt � BDC σ � s��� (3.1)

In acollidercirculatingparticlesaregroupedin bunches,thatcollidewith a frequency f . For thecase
of ane

�
e� collider, with n circulatingbunchesperdirectionandNeE andNeF positronsandelectrons

perbunchrespectively, theluminosityis givenby

B � f
nNeE NeF
4πσxσy

 (3.2)

whereσx and σy characterizethe Gaussiantransversebeamprofiles in the horizontaland vertical
directions.

For fixedtarget experimentsthe luminosity is generallyhigher, asAvogadrosnumberentersthe
calculationthroughthedensityof thetargetmaterial,sothattheintegratedluminosityfor fixedtarget
experimentslies in theorderof 1036cm� 2s� 1, while theonefor collidersreachesjust abouttheorder
of 1032cm� 2s� 1.

18
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3.1 The Accelerator

SPS

CERN North Area

CERN West Area

LEP

L3

DELPHI

ALEPH

OPAL

Figure 3.1: Aerial view of theLargeElectron-PositronCollider (LEP).TheLEP ring reachesfrom theairport
on onesideto theJuramountainrangeon theotherside.

TheLargeElectron-PositronCollider is locatednearGeneva on bothsidesof theborderbetween
SwitzerlandandFranceaboutahundredmetersbelow thesurface.Figure3.1shows anaerialview of
this accelerator, which is, with its 26.66km in circumference,theworld’s largeste

�
e� collider. The

ring consistsof eight arcsconnectedby eight straightsectionsandis inclined by about1.4 degrees
with respectto thehorizontalplane.Every otherstraightsectionis equippedwith a generalpurpose
detector(ALEPH, DELPHI, L3 andOPAL), designedto recordall kinds of interactionsthatoccurin
e
�

e� collisions.
During operation,bunchesof approximately1011 particlescirculatein a singleevacuatedbeampipe,
with electronsandpositronsmoving in oppositedirections. In thestraightsectionsradio-frequency
cavities acceleratethe particlesandcompensatethe energy lossthat the particlessuffer dueto syn-
chrotronradiationin thearcs.At thebeamcrossingpointsoutsidethedetectorscollisionsareavoided
by electrostaticseparatorsor a specialbeamoptic. Thebendingis achievedby dipolemagnetsin the
arcs,thefocussingwith quadrupoleandsextupolemagnets.Aboutfour metersin front of thedetectors
the bunchesaresqueezedtogetherto a dimensionof about200µm # 8 µm (with a lengthof about
1 cm perbunch).

LEP startedoperationin 1989. For a periodof six years—referredto astheLEP1era—thema-
chinewasrunningat a centre-of-massenergy of about91 GeV, theZ0-resonance.In November1995
theLEP energy wasincreasedto 130–140GeV andfinally reached161GeV in 1996,the threshold
for W-pair production,whichmarksthebeginningof theLEP2period.To achieve thisgoalLEP was
upgradedwith several superconductingcavities replacingsomecoppercavities andsupportingthe
remainingones.In its lastyearof running,2000,LEP hassofar reacheda peakenergy of about209
GeV. A sketchof the LEP accelerator, its injection systemandthe four experimentscanbe seenin
figure3.2.
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Figure 3.2: TheLEP acceleratorwith its injectionsystemandthe four experiments.The towersindicatethe
accessshaftsthatleadundergroundto theexperimentalareas.Theelectronsandpositronsareproducedwithin
theLIL (LEP InjectorL inac)andacceleratedto anenergie of 600MeV. Fromtherethey areinjectedinto the
EPA (ElectronPositronAccumulator)wherethey aregroupedinto bunchesfor furtheraccelerationwithin the
PS(ProtonSynchrotron).After reachingan energy of 3.5 GeV within thePSthe electronsandpositronsare
furtheracceleratedwithin theSPS(SuperProtonSynchrotron).After they reachanenergy of 22 GeV they are
injectedinto theLEPmachine.

3.2 The OPAL Detector

The OPAL (Omni PurposeApparatusat LEP) detectoris seatedat point 6 at the LEP ring. As its
acronym indicates,it is a generalpurposeexperimentdesignedto recordall kinds of interactions
occurringin electron-positroncollisions, for which it hasexcellentacceptanceover nearly the full
solidangleof 4π. Figure3.3shows its generallayout,with dimensionsof about12m x 12m x 12m,
makingit aconsiderablylargedetector.
The coordinatesystemof OPAL is cartesian,with the x-axis pointing to the centreof LEP, the z-
axis following the nominal e� -direction and the y-axis perpendicularon the two other ones. The
azimuthalangleφ is definedwith respectto thex-axis,rotationallysymmetricaroundthez-axis.The
polarangleθ is definedwith respectto thez-axisandsubdividesthedetectorin acentralregion withG
cosθ

GIH
0� 72 andanendcapregion with

G
cosθ

G 6 0� 72�
Themainelementsof theOPAL detectorare: a trackingsystemseatedwithin a solenoidalmagnetic
field of 0.435Tesla,which is orientedalongthez-axis,a time-of-flight detector, anelectromagnetic
calorimetermadeof leadglass,ahadroncalorimetermadeof iron andwire chambers,theiron serving
asreturnyoke for the magnet,andmuonchambersasthe outermostlayers. Additionally, a system
of detectorsplacedin theforwardregion of thedetectorallows a measurementof theluminosityand
ensuresthe identificationof particlesemittedat a small anglewith respectto the beamline. These
elementswill bebriefly describedin thefollowing. Detailedinformationcanbefoundin [7].
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Figure3.3: A 3-dimensionalschematicview of theOPAL detector.
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Central Tracking Detectors

Thepurposeof thecentraltrackingdetectorsis to measurethetracks,momentum(from thecurvature
of the tracks inside the magneticfield) and differential energy loss (for particle identification)of
chargedparticles.

A highprecisionsiliconmicrovertex detector(SI) [8–10] builds theinnermostpartof thedetector,
immediatelysurroundingthebeampipe. The low backgroundsmeasuredduringthefirst LEP1runs
madethe radiationdamagefor sucha detectortolerableandtheoccupancy manageable.It consists
of two concentriclayersof singlesidedsilicon detectorwaferswith AC coupledreadoutstrips.After
severalupgradesit hastodaya geometricalacceptanceof

G
cosθ

G � 0� 89 in thepolarcoordinateand
97%in theazimuthalanglefor two-layercoverage.

Togetherwith the trackingchambersit yields very precisemeasurementsof the positionof the
primaryvertex and,from decaysof theresultingshortlivedparticles,secondaryvertices.

TheVertex detector(CV) is acylindrical drift chamberof 1 m in lengthand470mmin diameter.
It is operatedat 4 barwithin thecommoncentraltrackingpressurevesseladjoiningthemicrovertex
detector. It supportsthe latter in finding secondaryverticesand improves the overall momentum
resolutionof chargedparticlestracks.

This high precisionsubdetectoris surroundedby a large drift chamber, the Jetchamber(CJ). It
consistsof 24 identical sectorsin φ, that are separatedby cathodewire planes. In the middle of
eachsector159sensewiresarestrungparallelto thebeampipe from an inner radiusof 255mm to
an outeroneof 1835mm. A mechanicalstaggeringof the wires of +/- 100 µm ensuresthe track
is reconstructedat the correctsideof the wire plane. Thesesensewires are interspacedwith 160
potentialwires. The Jetchamberis operatedat a nominalpressureof 4 bar with a gasmixture of
Argon/Methane/Iso-Butane anda few 100 ppm water. The homogeneousmagneticfield insidethe
tracking chambersforcesthe particleson curved paths. From the radiusof curvaturethe charged
particle’s momentumcanbe determined.The differentialenergy lossdE/dx of the particlescanbe
calculatedfrom a summationof thechargecollectedat bothendsof thewires. For theperformance
of theOPAL Jet-chambersee[11]. Combinationof themeasurementsof theJet-chamber, theVertex
detectorandtheSiliconmicrovertex detectoryieldsamomentumresolutionfor Bhabhascatteringand
muonsfor all datatakenat acentre-of-massenergy of 189GeV of [12]

σp

p2 � � 1� 58 � 0� 02�(C 10� 3GeV � 1 �
Z-chamberssurroundthe Jet-chamberto provide a good measurementof the z-coordinateof

charged particleswhich the Jet-chamberis just able to measurewith a resolutionof 6 cm [7] us-
ing a chargedivision technique.Thez-chambersconsistof 24 drift chamberscoveringa polarangle
from 44o to 136o and94%of theazimuthalangle.

Calorimeters

While the tracking detectorsare low densityposition measurementdevices, calorimetersare total
absorptiondetectorsdesignedto determinetheenergy of particles.

Theelectromagneticcalorimeterisbuilt toprovideanenergy measurementfor electrons(positrons)
andphotons.The main processesoccuringwhentheseparticlesenterthe materialare,for energies
above a few 100MeV, bremsstrahlungfor electrons(positrons)andpair productionfor photons.Fig-
ure 3.4 shows the developmentof a so-calledelectromagneticshower: a photonentersthe detector
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materialandproducesanelectron-positronpair with anenergy of half thephotonenergy each.After
having traversedaboutwhat is calleda radiationlengthX0 of materialtheprobability for thephoton
to producesucha pair is 54%. In thefield of nuclei thesenewly createdparticlesradiatephotons,a
processknown asbremsstrahlung.Thisshowerprocesscomesto restwhentheenergy of theparticles
fallsbelow thecritical energy andionisationandexcitationoccurratherthanthecreationof new par-
ticles.

Figure3.4: Developmentof anelectromagneticshower [13].

OPAL’selectromagneticcalorimeter(ECAL) is ahomogeneousdetectorcomposedof 9440(2264)
leadglassblocksin thebarrel(endcap)region, thatcorrespondto 24.6(22) radiationlengths.In the
barrelpart they form a cylinder aroundthebeampipe,pointing towardsthe nominalpoint of inter-
action.However, they arenot perfectlyalignedtowardsthevertex to preventparticlesfrom escaping
thedetectionby travelling throughthetiny gapbetweentwo leadglassblocks. Photomultipliersare
placedbehindthe leadglassblocksto detectthe Čerenkov radiation1 andthusmeasurethe energy
depositedinsidethe detector. The intrinsic energy resolutionfor the describedassemblyis for the
barrelpart[7]

σE

E A 0� 2% � 6� 3%

E -GeV /
andfor theendcapregion (at low energy) [7]

σE

E A 5%

E -GeV/ �
Theactualresolutionis degradeddueto a few radiationlengthsof materialin front of thecalorimeter
(mainlythepressurevesselandthemagnetcoil). To improveenergy andpositionresolutionaswell as
theπ0 � γ andelectron/hadrondiscriminatingpowerof thecalorimeters,asetof tubesoperatedin lim-
itedstreamermode,situatedin front of theelectromagneticcalorimeter, is usedaspresamplingdevice.

Thenext outerdetectoris thehadroncalorimeter. If hadronsof energiesabove about5 GeV im-
pingeon a block of matter, inelasticaswell aselasticscatteringwill occurbetweentheparticlesand

1Chargedparticlesemit Čerenkov radiationin a coneof halfangleθ
Č
 arccos1

nβ if their velocity exceedsthe local

phasevelocity v of light; n is therefractive index, β=v/c.
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thenucleonsinsidethematerial.Thusenergy is transferredandsecondaryhadronsareproduced,that
furthercollideinelastically. A hadronshoweroccurs.Thebasicinteractionresponsiblefor theshower
developmentis thestronginteraction.In addition,theshowerhasanelectromagneticcomponentorig-
inatingmainly from thedecayof secondaryπ0, ascanbeseenin figure3.5.

Figure3.5: Developmentof a hadronshower [13].

The hadroncalorimetercovers 97% of the solid angleand is subdivided in threesections,the
barrel,theendcaps,andthepole tips, accordingto their angularcoveragein termsof

G
cosθ

G
of 0 �

0� 81,0� 81 � 0� 91,and0� 91 � 0� 99 respectively. OPAL’s hadroncalorimeteris asamplingcalorimeter,
consistingof layersof active detectorsinterspacedwith iron providing theabsorbingmaterial.In the
barrelandendcapregion wire chambersoperatedin limited streamermodeareplacedbetweenthe
iron layers,while in the pole tips the active detectorsare thin high gain multiwire chambers.The
energy resolutionis [7]

σE

E A 120%

E -GeV/ �
The information gainedfrom this detectormust be usedin combinationwith the electromagnetic
calorimetersincethereareabout2 interactionlengthsof materialbeforethehadroncalorimeter.

The Time-Of-Flight Detector

In thebarrel,betweenthetrackingdevicesandpresampler, liesasystemof 160scintillationcounters.
Whena chargedparticletraversesthe countersthe moleculesinsideareexcited. Certainmolecules
releasepartof their excitationenergy in form of opticalphotons.Thesephotonsarethencollectedat
eithersideof thetrapezoidal6.84m long countersandpassedon,via light guidesmadeof Plexiglas,
to photomultiplierswhichmeasurethesignals.

Themainpurposeof thetime-of-flightdetectoris to providetriggersignalsandaid in therejection
of cosmicrays.Additionally it allows chargedparticleidentificationin therangeof 0.6– 2.5GeV.

In orderto enhancethetrigger informationavailablefrom theforward region for LEP2running,
a systemof scintillatingtiles [14] hasbeeninstalledbetweentheendcappresamplerandtheelectro-
magneticcalorimeter.
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The Muon Chambers

Muonchambersform theoutermostlayerof theOPAL detector. They detectchargedparticles(mainly
muonssinceall othershavebeenalreadystoppedin thecalorimeters)mainlyagainstahadronicback-
ground. Hadronscanappearasmuonsin the chamberif either they fail to interactstrongly in the
calorimeter, or interactcloseto the edgeof the calorimeter, so that secondaryparticlesescapeand
fake a muon.Theprobabilityof a pion not interactingbeforeenteringthemuonchamberis lessthan
0.001,though,asthey travel throughtheequivalentof 1.3m of iron beforereachingthechamber. De-
caysof pionsandkaonsto muonscanalsooccur, but combiningthespatialinformationof themuon
chamberwith thetrackingdetectorshelpsto identify whetheroneis dealingwith aninitial muon.

Thebarrelpartof themuonsystemconsistsof 110drift chambers,while theendcapsconsistof
tubesoperatedin limited streamermode. Theangularcoveragein

G
cosθ

G
is for onelayer operation

0.72,for 4 layers0.68.Theendcapscover theregionbetween0.67and0.98.

Forward Detectorand Silicon TungstenLuminometer

Theforwarddetectoris designedto detectparticlesthatleave theinteractionpoint undera low angle
with respectto thebeampipe.

It mainly consistsof a calorimeterthat togetherwith tubeanddrift chambersis ableto measure
the luminosity via low angleBhabha-scattering.The calorimeteris madeof 35 layers(24 radiation
lengths)of leadalternatingwith scintillators.It hasanenergy resolutionof

σE

E A 17%

E -GeV/ �
Thetubechambersareoperatedin proportionalmode.

In 1991thedecisionwastakento build amorepreciseluminositymonitor. As thedatarecordedat
theZ0 resonanceaccumulatedwith thehigh statistics,theuncertaintyin theluminositymeasurement
becamea limiting factorfor thesystematicerrorof cross-sectionmeasurements.Thesilicon tungsten
luminometeris asamplingcalorimeterconsistingof layersof silicondetectorsandtungstenabsorbers.
It wasfirstoperatedin 1993.See[15] for theprecisionof theluminositymeasurementfor Z0 lineshape
measurementswith thisdetector.

Trigger

At four on four bunchoperationof LEP, thebunchcrossingratewithin theOPAL detectoris 22 µs.
Thepurposeof thetriggeris to pick thetrueeventsoccuringfrom e

�
e� collisionswith highefficiency

out of backgroundarising from cosmicradiation,noiseor interactionsof particleswith either the
evacuatedbeampipeitself or thefew remaininggasatoms,while keepingthetriggerratelow enough
for theDataAcquisitionsystemto handle.

Most subdetectorsprovide inputsto thetriggerdecision,comprisinga “track trigger”, a time-of-
flight trigger, calorimetertriggers,amuondetectorandforwarddetectortrigger.

The triggersignalsaretwofold. Informationfrom singledetectorcomponentsservesasa direct
triggersignal.Thesesignals,suchastotalenergy, have generallyratherhigh thresholds.

The heartof the trigger remainsthe so-called“theta-phimatrix”. It has24 bins in phi and6 in
thetaandlooks for spatialassociationof two input signals,eitherfrom differentsubdetectorsin the
samebin in theta-phior two inputsfrom a singlesubdetectorthatareback-to-backin theta-phi.For
furtherinformationsee[16,17].
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Online Dataflow

Oncethetriggerlogic decidesthataneventmightcontaininterestingphysics,eachsubdetectoris read
out separately. The informationof all subdetectorsis thencombinedby the so-calledevent-builder
andsentto thefilter [18], aprocessorthatperformsa fastpreselectionof events,for instancea further
rejectionof cosmicevents. From thefilter thedataarewritten to files andreconstructedassoonas
therequiredcalibrationconstantsareavailable.Thesereconstructeddataarein aform thatallow their
usein offline analysis.

3.3 The Simulation and ReconstructionChain

Theelectronsandpositronsacceleratedin severalstepsto theirpeakenergy arebroughtinto collision
with theLEP acceleratorinsidethe four detectors.All kind of collisionsoccurandarerecordedby
thesedetectors.Thisanalysisperformsasearchfor new particles,namelyfor theneutralHiggsbosons
h andA asthey appearin modelswith two scalarHiggsfield doublets.All StandardModelprocesses
occuringe

�
e� collisionsconstitutebackgroundfor searchesfor new particles.Therefore,it is crucial

to know whichkindsof processesonehasto expectfrom theStandardModelpredictionsattheenergy
andtypeof acceleratorthatis used,aswell astherateatwhich they occurandhow they appearin the
detector. Nowadays,in high energy physics,MonteCarlosimulationplaysa very importantrole. It
providesa way for thetheoryto entertheexperiment.To investigatewhich signaturea certainsignal
or backgroundprocesswill show in thedetector, theMonteCarloeventshave to gothroughachainof
simulations.Finally, theseprocessedevents,aswell astheraw dataenterthesamereconstructionrou-
tines,thatbuild tracksandenergy clustersoutof all detectorcomponentsthatrespondedto theevents
(in realor simulation).In thefirst stepof thesimulations,signalandbackgroundeventsaregenerated
with theMonteCarlogeneratordesignedfor thespecifictypeof events.Thatmeansthatthe4-vectors
of theparticlescontainedin theseeventsareproduced,takinginto accountthemomentumandenergy
of the initial electronandpositron,aswell asmodelparametersfor theprocessunderinvestigation.
Thenewly created4-vectorsaretheninput to aroutinesimulatingthepassageof theparticlesthrough
the detector, their interactionswith the detectormaterialandthe productionof secondaryparticles,
aswell as the energy depositin the several detectorcells. The programpackagein usefor that is
GEANT [19]. ThesimulationpackageGOPAL [20], which itself usesGEANT routines,thensimulates
thedetectorresponseto theseenergy depositsanddeliversthesimulatedraw data.Theseenterjustas
therealdatatheeventreconstructionsoftwareROPE [21], whichreconstructstracksandclustersfrom
thedatacollectedwith thesubdetectors.



Chapter 4

Background Processesand their
Simulation

As discussedpreviously in chapter3.3, it is crucial to understandwhich backgroundprocessesoccur
in an experimentwhensearchingfor new physics. Figure4.2 shows the crosssectionsof the most
importantStandardmodelprocessesin theenergy rangeof LEP2.Thebackgroundprocessesfor this
analysisarisefrom 2-fermionand4-fermionproduction.

4.1 2-fermion Processes

Two fermionprocesses(figure4.1)arisingfrom Z0 decayshavebeenstudiedextensively andprecisely
atLEP1.At higherenergies,moving awayfrom theZ0 resonance,thecrosssectionfor Z0 production

NPORQ

SUT
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XY

Y

Figure4.1: Feynmandiagramfor fermionpair production.

becomesrapidly smallerwhile thephotonexchangebecomesimportant.A new featureat LEP2,that
hasto be taken into account,is the large correctionto thecrosssectiondueto initial stateradiation
(ISR), i.e. theemissionof photonsby theincomingelectronsandpositronsjust beforethecollision.
At LEP1 energies hardphotonemissionis inhibited, while soft photonradiationreducesthe cross
sectionat the Z0 resonance.At LEP2 the rapidly decreasingcrosssectionfavours the emissionof
hardphotons,so that the remainingenergy, carriedby the electronandthe positron,is closeto the
Z0 mass. This processis thereforereferredto as a radiative return. The Feynmandiagramsfor
suchprocessesareshown in figure4.3. Theconvolution of the ISR photonspectrumwith thee

�
e�

Borncrosssectionleadsto asignificantenhancementof thecrosssection,ascanbeseenin figure4.4,
whichshowsthecrosssectionfor theprocesse

�
e� � µ

�
µ � comparedto thepureBorncrosssection.

Fromfigure4.2it canbeseen,that,takinginitial stateradiation(denotedΣqq̄� ISR��� ) into accountthe
crosssectionfor Z0 productionremainsdominantover WW productionevenat higherenergies. As

27
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Figure4.2: Cross-sectionsof themostimportantStandardModelprocesses;for e
�

e� Z0 Z νeν̄eZ0 ande[ νeW\
only thedominantt-channelcontribution is shown.
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Figure 4.3: Feynmandiagramsfor fermion pair productionwith (a) single photonradiation, (b-c) double
photonradiationand(d) photonconversioninto ane

�
e� pair.

Figure 4.4: The e
�

e�u� γ v Z0 � µ
�

µ � crosssectionbefore(dashedline) andafter the ISR convolution
(solid line) [6]. Thedottedline shows thecrosssectionfor themediationof this processvia a photononly.
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this analysissearchesfor a signal in hadronicfinal states,the main backgroundcontribution of the
2-fermionprocessesarisesnot from lepton-pairproduction,but from quark-pairproduction.Signal
eventscanbefakedthroughmultiplehardgluonradiationin e

�
e��� qq̄ eventswhichresultsin more

than2 jets in the final state. The Feynmandiagramsfor suchprocessescanbe seenin figure 4.5,
whereoneor moregluonsareradiatedby thequarks,producingthemselvesfurthergluonsor convert
to quark-antiquarkpairs.Eventsarisingfrom quark-pairproductionwill in thefollowing bereferred
to asZ

�
γ events(evenif they justmakethehadronicpartof thiseventclass)or simplyasQCDevents.
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Figure4.5: Feynmandiagramsfor quarkpair productionwith hardgluonemission.

4.2 4-fermion Processes

The most significantbackgroundfor the analysispresentedin this thesis—aHiggs searchin the
hadronicchannel—originatesfrom decaysof W andZ pairs. At LEP2, the centre-of-massenergy
is higher than the thresholdenergy necessaryfor the doubleresonantproductionof real W andZ
bosonpairs. In thecasewheretheW andZ bosondecayhadronically, thefinal stateobserved in the
detectorhasthesametopologyastheexpectedsignal,namely4 jets.

TheWW andZZ productionbelongsto thelargerclassof 4-fermionprocesses.Figure4.6shows
all possiblelowestorderFeynmandiagramsfor 4-fermionprocesses;thediagramscanbeclassified
asAbelian(a-d)andnon-Abelian(e andf). Thenon-Abeliandiagramsincludea triple gaugeboson
vertex.

The WW andZZ processesaredescribedby theConversion(fig. 4.6 (d)) andnon-AbelianAn-
nihilation diagram(fig. 4.6 (e)). Of the 4-fermionprocesses,the multiperipheraldiagrams(fig. 4.6
(c)), have themostsizeablecrosssection.In this class,two quasi-realphotonsareexchangedin the



CHAPTER4. BACKGROUND PROCESSESAND THEIR SIMULATION 31

t-channel,togetherwith a non-resonantfermion-antifermionpair, so that thesereactionsareoften
referredto as two-photonprocesses.However, with forward (and often undetected)electronsand
positrons,they area negligible backgroundfor Higgssearcheswith hadronicfinal states.
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Figure 4.6: Feynmandiagramsfor four-fermion production; the inner vector bosonlines may correspond
to γ ÷ Z0 ÷ or Wø exchange, unlessotherwiseindicated. The diagramsarereferredto as(a) Annihilation, (b)
Bremsstrahlung,(c) mulitiperipheraldiagrams,(d) Conversion,(e) Annihilation and(f) Fusion.Bosonsin (a)
and(b), originatingfrom outgoingfermionlines,canalsobeemittedby incomingfermions.

4.3 Monte Carlo Simulation

Standard Model Background

ù 2-fermionprocesseshave beensimulatedwith thePYTHIA [22] generator.

ù 4-fermion processeshave beensimulatedwith the grc4f [23] generator, which takes into
accountpossibleinterferencesbetweendifferentclassesof 4-fermiondiagrams.

Hadronisation

The hadronisationof the initial partonshasbeenmodelledby JETSET [24] which usesthe Lund-
String-Fragmentation.The parametersof the JETSET programusedwithin the OPAL collaboration
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have beenextensively tunedto LEP1 eú eû.ü Z ü qq data. JETSET thusprovidesa very goodde-
scriptionof hadronicfinal statesasthey areobservedwith thedetector.

Signal

The featuresof the signalprocesseswill be explainedin chapter6, after the introductionof some
commontoolsof highenergy physicsanalyses.ThegeneratorHZHA [25] wasusedfor theircreation.
Themodelledbackgroundandsignaleventsaresubjectto thesameanalysisasthedata.
For furtherdetailsonMonteCarlosamplesusedin thisanalysisseeappendixC.



Chapter 5

Analysis Tools

In thefollowing afew generaltoolsappliedin theanalysiswill beexplained.As thisanalysisfocusses
on hadronicfinal statesof the decayingHiggs bosonsh andA, as a first stephadroniceventsare
selected.

5.1 Multihadr on event selection

Higgsbosonscandecayinto all massiveparticlesandgaugebosonsaslongasacertaindecaychannel
is not forbiddenby conservation laws. Thisanalysisconcentrateson thecasewheretheneutralHiggs
Bosonsh andA areproducedasapairandthendecayinto eitherquark-antiquarkpairsor gluons.As
explainedabove, this leadsto hadronsasdetectedparticles.Eventsof this typearereferredto asfully
hadronicevents,asno primaryleptonsareproducedin thedecayof theh andA bosons.

Beforethe eventsenterthe actualanalysisthey have to passsomegeneralquality criteria. The
efficiency of thesequality criteria is almost100%for the classof eventsunderinvestigation. The
quality requirementsdefiningwhat is thoughtto be a good track or clustercanbe found in detail
in [26].

To finally selecthadroniceventsthefollowing requirementsareused:

ù an event shouldhave at least7 goodclustersand5 goodtracks(they areasked to have high
multiplicity in orderto reducebackgroundfrom leptonicfinal states)

ù thetotalenergy depositin theelectromagneticcalorimetershouldexceed14%of thecentre-of-
massenergy (to reducebackgroundfrom two photonevents1.)

ù theenergy balancealongthebeamdirection:

Rbal ýÿþΣ � Ecluscosθ � þ � ΣEclus � 0� 75�
This reducesany remainingbackgroundfrom beam-gasandbeam-wall interactionsandhelps
in a furtherreductionof two-photonevents.

This multihadronevent selectionhasan efficiency of about99 % for eventswith four quarksin the
final state.

1Processeswheretwo quasi-realphotonsare exchangedin the t-channel,giving rise to usually undetectedforward
electronsandpositronsplusa fermionpair with a non-resonantstructure,seefig. 4.6(c)

33



CHAPTER5. ANALYSISTOOLS 34

5.2 Event ReconstructionTools

5.2.1 Energy Corr ection

Theenergy andmomentumof jets is derived from thecombinedinformationof thecentraltracking
systemandthecalorimeters.However, onehasto avoid doublecountingof themomentaof charged
particles,asthey leave a trackin thetrackingdevicesaswell asenergy depositsin thecalorimeters.

About 2/3 of the total energy in a hadronicfinal stateis carriedby chargedparticles,which are
usuallymeasuredwith bettermomentumandangularresolutionin thecentraltrackingsystem.The
energy of neutralparticles,on theotherhand,canonly bemeasuredin thecalorimetersystem.

Thus,to obtainthebestjet energy resolution,theenergy informationfor chargedparticlesshould
be taken from the centraltrackingdetectorsandcombinedwith the calorimeterinformationof the
neutralparticles. Unfortunatelythe calorimetergranularityis not sufficient to separatethe charged
andneutralparticlesof a jet, asthey areintermixed in a very narrow spaceregion. To usetheenergy
informationfrom thecalorimetersfor theneutralparticles,thecontribution of thechargedparticlesin
thesamecalorimeterclusterhasto beremoved.

The Matching Algorithm [27–29] providesa very sophisticatedway of correctingthe energy of
calorimeterclustersfor chargedparticles.In addition,it alsoimplementscompensationsfor thedif-
ferentresponsesto hadronsof the electromagneticandthe hadroniccalorimetersin OPAL andthus
further improvestheenergy andmomentumresolutionof jets. Usually, hadronsalreadybegin to in-
teractwithin the ECAL anddepositpart of their energy. However it is alsopossiblethat hadrons
penetratetheECAL without stronginteractionsanddeposittheir full energy only in theHCAL. This
scenariois furthercomplicatedby thefact thatonly theelectromagneticpartof thehadronicshower
(comparesection3.2) canbemeasuredin theECAL. Simply addingtheenergiesof theelectromag-
netic andhadroniccalorimeterclusterswould underestimatethe energy of the hadronandleadto a
badresolution.
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Figure5.1: Schematicdiagramot thematchingalgorithmto measuretheenergy flow [29].
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A flow diagramof theMatchingAlgorithmis shown in figure5.1.Thealgorithminitially matches
tracks to calorimeterclustersby using the extrapolatedtrack to the electromagneticor hadronic
calorimeterand taking into accountthe clustercenterandboundariesaswell as the energy of the
clusterandtheexpectedcalorimeterresponseascalculatedfrom the trackmomentum.The identity
of theparticlesof thematchingtracksis thendetermined,aselectronsandmuonshave to betreated
differently from hadronicparticlesby the algorithm in the energy compensationstage. The sepa-
ratetreatmentof leptonsis especiallyimportantfor analysesconcerningthesearchfor Higgsbosons,
asjetsoriginatingfrom thedecayof Higgsbosonsoftencontainleptonsfrom thedecayof b- andc-
mesons.In thecaseof anelectron,theenergy asmeasuredin thetrackingchambersis subtractedfrom
theassociatedcalorimeterclusters.In thecaseof amuon,theenergy thataMinimum IonisingParticle
(MIP) of themeasuredmomentumwoulddepositin thecalorimetersis subtracted.TheMatching Al-
gorithmcontinuesby locatingisolatedtracksandclusterswhicharelikely to originatefrom aphoton
conversionor asinglepion thatinteractsin theECAL anddeposita largeamountof its energy before
reachingtheHCAL. In thesecasestheclusterenergiesarenotcompensated,sincefor photonconver-
siontheECAL clustercorrespondsto anelectromagneticshowerwhichis measuredcorrectly, andfor
thepion theenergy is calculatedfrom thetrackmomentum.Theenergy of all remainingnon-isolated
clusterswhich have a matchinghadrontrack is thencompensatedfor the different responseof the
electromagneticandhadroniccalorimeter. After this compensationtheclusterenergiesarecorrected
for doublecountingby subtractingtheenergy of thematchingtracks.Theenergy correctionstartsat
theHCAL andonly if theenergy depositthereis not largeenoughtheECAL energy is correctedby
themissingamount.After thiscorrection,theclusterenergiesshouldhavetheirorigin only in photons
andneutralparticles.For Z0 data,anenergy resolutionfor thevisible energy in thebarrelregion for
mulithadroniceventsof 8.6GeV is reached.

5.2.2 Jet Finding

Due to the hadronisationof the quarkscreatedin the eú eû collisionsanddecaysof otherprimary
or secondaryparticles,moreparticlesaremeasuredin the detectorthaninitially produced.To esti-
matethe invariantmassesandfour-vectorsof the initially createdparticlesall the trackshave to be
combinedsomehow to acertainnumberof so-calledjets.

Thereareseveral iterative combinationalgorithms,often referredto asjetfinders,to accomplish
thisgoal.ThisanalysisusestheDURHAM jetfinder[30,31] with areassociationprocedureasdescribed
in [32].

Thestartingpoint for theDURHAM Algorithm areall particlesobserved in thedetector. They are
taken as initial objectsenteringan iterative procedure.For every possiblepair (k,l) of theseparti-
clesthescaledminimal transversemomentumof the lessenergetic particlewith respectto themore
energeticone,definedas

ykl � 2min� E2
k � E2

l ��� 1 � cosθkl �
E2

vis
� (5.1)

is calculated.Ek andEl aretheenergiesof thetwo particles,θkl is theanglebetweentheirmomentum
vectorsandEvis is the total visible energy of all final stateparticles.Thetwo particleswith smallest
ykl arecombinedto a new pseudo-particleby summingup their four-vectorsif ykl is smallerthana
certainresolutionparameterycut . Onceall combinationsyield valueslarger thanycut the procedure
is stoppedandthe remainingpseudo-particlesarereferredto as jets. Every event canbe forcedto
any numberof jetsequalor smallerthanthenumberof initial final stateobjects.A smallernumber
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of jets is achieved by graduallyincreasingthevalueof ycut . The valueof ycut wherethenumberof
jetsswitchesfrom n � 1 to n is usuallyreferredto asy� nú 1� n. A largevalueof y� nú 1� n indicatesgood
separationbetweentheremainingn � 1 jets.

After a predefinednumberof jetshasbeenfoundwith theDURHAM algorithm,their directionis
takenasastartingpoint for areassociationprocedure.Everyparticle,thatleft atrackor energy cluster
in thedetector, is associatedto thejet with theshortestdistancedefinedvia

DE0
i � j ý 2E jet

i � E j
particle � � 1 � cosΘi j ���

This distanceis referredto asJadeE0 distance,asin theJADE jet finding algorithm[33,34] ykl is
calculatedas

yJADE
kl � 2EkEl � 1 � cosθkl �

E2
vis

� (5.2)

5.2.3 Event ShapeVariables

At high energiesthechargedparticlemultiplicity is ratherlarge(at LEP anda centre-of-massenergy
of 189GeV themeanmultiplicity for 4 quarkeventsyieldsabout38 chargedparticlesperevent[35],
at HadronColliderssignificantlymore). To quantify the topologyof an event, how the tracksare
distributedover thedetectorvolume,a few eventshapevariableshave beenintroduced.Theanalysis
makesuseof theso-calledC-parameter, which is definedas

C � 3� λ1λ2 � λ2λ3 � λ3λ1 ��� (5.3)

Theλ �α s (0 � λα � 1� Σα λα � 1) aretheeigenvaluesof thelinearizedmomentumtensor

Θα β � Σip
α
i pβ

i � þ pi þ
Σ j þp j þ � (5.4)

Thesumsgo over all observed particles.Thepossiblevaluesfor this sodefinedC-parametersrange
from 0 to 1. HereC = 0 indicatesa perfectly two-jet-like final state(pencil shaped)andC = 1 an
isotropicdistribution of thefinal-statemomenta.Furtherinformationon theC-variablecanbefound
in [36,37].

5.2.4 Kinematic Fits

The correctdeterminationof energy andmomentumof hadronicjets is a very importantissue,for
instanceto reconstructthe invariantmassof jets with an optimal resolution. Even after the energy
correctiondescribedin chapter5.2.1is applied,theinvariantmassdistributionsarebroadenedasthe
detectorresolutionis not infinitely smallandtheenergy andmomentumof thefinal statehadronsare
reconstructedwithout usingadditionalphysicalinformationsuchasoverall energy andmomentum
conservation. It is however possibleto exploit suchinformationby applying kinematicfits based
on the methodof least-squares.In this method,featureslike energy andmomentumconservation
canbeimplementedby Lagrangemultipliersto derive improvedestimatesfor the4-momentaof jets.
The underlyingprinciplesand somefeaturesof a particularsamplingdistribution, the Chi-Square
distribution,arebriefly reviewed.A moredetailedtreatmentof this subjectcanbefoundin [38].
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The Chi-SquareDistribution

Given a set of measuredvaluesx1 � x2 � �)�)� � xn, that are mutually independentrandomvariablesand
normallydistributedwith themeanvaluesµi andthevariancesσ2

i . Thenthesumof thesquaresof the
standardizednormalvariables� xi � µi � � σi

χ2 ý
n

∑
i � 1

xi � µi

σi

2

(5.5)

is calledthechi-squaresumχ2. Theprobabilitydensityfunctionof this variableχ2 is givenby

f � χ2 � n� � 1�
2nΓ � 1

2n� � χ2 � 1
2n û 1eû 1

2 χ2
(5.6)

andreferredto aschi-squaredistributionwith n degreesof freedom,thenumberof degreesof freedom
beingthenumberof independentvariablesmakingup thechi-squaresum.ThegammafunctionΓ is
definedvia Γ � x � 1� � xΓ � x� � Γ � 1

2 � � �
π� Γ � 1� � 1.

A usefulquantityfor thefollowing applicationof kinematicfits is thecumulative chi-squaredis-
tribution

F � χ2
α ;n� ý

χ2
α

0
f � χ2;n� dχ2 � 1 � α � (5.7)

F � χ2
α ;n� is uniform over the interval [0,1], asany variabledefinedby the cumulative integral of a

probabilitydensityfunction(see[38]).

The Least-Squaresmethod

Givena setof N independentmeasuredvaluesx1 � x2 � �)�)� � xN, with true values,thatareunknown, but
predictedby sometheoreticalmodel and relatedto the measuredvaluesthroughsomefunctional
dependence

fi � λ1 � λ2 � �)�)� � λL;xi � � 0� L � N �
thentheLeast-SquaresPrincipleincludingtheLagrangianmultipliersλk statesthatthebestestimates
x�1 � x�2 � �)�)� � x�N of theunknown parametersarethosewhichminimize

χ2 �
N

∑
i � 1

x�i � xi

σi

2 � L

∑
k� 1

λk fk � x�1 � x�2 � �)�)� � x�N ��� (5.8)

In thecaseof themeasurementof correlatedvariablesx1 � x2 � �)�)� � xN thisexpressionchangesto

χ2 �
N

∑
i � 1

N

∑
j � 1

� x� i � xi � V û 1
i j � x� j � x j �y� L

∑
k� 1

λk fk � x�1 � x�2 � �)�)� � x�N � � minimum� (5.9)

HereinV denotesthesymmetriccovariancematrix of themeasuredvariables.Theequationsof con-
straintsareautomaticallyfulfilled in theminimum, f � x� � � 0. In thecaseof thexi being4-vectorsof
jets for instance,theconstraintsfk cancontainthe requirementof energy andmomentumconserva-
tion, or theassumptionthatacertaindijet combinationresultsin agiveninvariantmass.
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Goodness-of-fit

A very importantfeatureof themethodof Least-Squaresis that thedistribution of theχ2
min is known

if the numberof degreesof freedomis known. The numberof degreesof freedomis given by the
numberof measurementsminusthenumberof fitted parametersplusthenumberof constraints.That
meansthatameasurefor thegoodness-of-fitcanbederivedfrom thevalueof theχ2

min by calculating
thefit-probability

Pχ2 �
∞

χ2
min

f � χ2;n� dχ2 � 1 � F � χ2
min;n��� (5.10)

F � χ2
min;n� is the cumulative chi-squaredistribution of equation( 5.7). The chi-squareprobability

gives the probability for obtaininga higher value of χ2
min in a new minimization within the same

modelandsimilar measurements.If the errorscontainedin V arecorrectlyestimatedandthe data
obey theconstraints,thedistribution is uniformbetweenzeroandone.

Implementation of Fits in Analyses

Kinematicfits arean importanttool in physicsanalyses.In this analysisthey areusedin two ways.
A kinematicfit imposingenergy andmomentumconservation is appliedto find betterestimatesfor
the4-momentumof jets. It is referredto as4C fit, astherearefour equationsof constraint,onefrom
energy conservationandtheremainingthreefrom momentumconservation in all directions.Thefit-
probabilityof sucha 4C fit canbeusedto identify poorly reconstructedevents. For sucheventsthe
errorsarenot correctlyestimated,so that thechi-squareprobabilitypeaksat lower valuesinsteadof
beingdistributeduniformly.

In addition, the fit-probability canbe usedto discriminatebetweendifferent classesof events.
For instance,a fifth constraintcanforcetheinvariantdijet massesto beequal.For eventswheretwo
particleswith thesamemassesareproduced,thefit-probability shouldbeuniformly distributed. For
datathat do not obey this constraint,the fit-probability will have a pronouncedpeakat low values
whichhelpsto distinguishbetweendifferentclassesof events.

5.3 Signal Discrimination basedon Lik elihoodTechniques

A standardtask in high energy physicsis to extract a signal from a large numberof background
events. The traditional techniquefor that is to find variablesthat discriminatebetweensignaland
backgroundandthento find a value(so-calledcut) for eachsuchvariablethatseparatesmostpartof
thesignaleventsfrom a large fractionof thebackgroundevents. In somesearchesfor new particles
however, findingappropriatecuts,i.e. cutsthatreducethenumberof backgroundeventswhile leaving
mostsignalevents,is ratherdifficult. As well cut-basedmethodsdonot take probabilisticeffectsinto
account:it doesnot matter, whetheran event will fail onecut or several, while we would certainly
agreethatan event that fails all cutsis morelikely to be a backgroundevent thananevent that just
failsasinglecut. New methodsthatdo take theprobabilisticnatureof eventsinto accountaresuchas
artificial neuralnetworks,Fisherdiscriminantsandthelikelihoodmethod.

Thegoalis to separateNclassclassesof differentevents,but consideringNvar differentvariables,in
a way describedin thefollowing: Eachof thevariablesi will bedistributedin eachclassj according
to a certainprobability densityfunction f j

i
� xi � , wherexi is the measuredvalueof the variable i in

anindividual event. This probabilitydensityfunctionsareusuallytakenfrom fully simulatedMonte
Carloevents.
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If eacheventbelongsto exactly oneof theNclassclasses,for a singlevariabletheprobabilitythat
aneventbelongsto classj is givenby

p j
i � xi � � f j

i
� xi �

∑Nclass
j � 1

f j
i

� xi � � (5.11)

The likelihood function for eachclassj is then formed as the normalizedproductof p j
i
� xi � ,

combiningtheinformationof severalvariables,to:

L j �6 x� � ΠNvar
i � 1 p j

i
� xi �

∑Nclass
j � 1

ΠNvar
i � 1

p j
i
� xi � � (5.12)

where  x denotesthe event vector, consistingof all measuredxi . Lj �� x� takes valuesbetween0 and
1. It canbe usedto classify to which classj an event belongsto by requiringthat its valueof the
likelihoodfunctionfor thisparticularclassexceedssomecutvalue.Theprobabilityfunctionsentering
thelikelihoodfunctionshouldbenormalized.Thus,beinga normalizedproductof probabilities,the
likelihoodfunction itself is a joint probability, only if the variablesenteringareuncorrelated.This
is not true in practiseandoneshouldkeepin mind not to think of the likelihoodfunction asa true
probability. However, thisdoesnotspoil its discriminationpowerbetweenseveralclassesof events.

For an actualanalysis,it would be sufficient to discriminatebetweentwo classes:signal and
background.It is sensiblethoughto take differentpropertiesof differentkinds of backgroundinto
accountby choosingmore than one backgroundclass. In this analysisthreeclassesare usedand
insteadof settinga cut at a certainvalue,thediscriminationpower of thelikelihoodfunctionis used
by taking it asan input for limit settingsasno excessof eventsabove theexpectedStandardModel
backgroundhasbeenobservedin thedata.Thenormalisedprobabilityfunctionswill in thefollowing
bereferredto asreferencedistributions.



Chapter 6

Analysis in a 2HDM Framework

6.1 Intr oduction

Thisanalysisperformsasearchfor theneutralHiggsBosonsh andA asthey wouldoccurin thetype
II of two HiggsDoubletModels.Theirdiscovery wouldbeaclearindicationof anon-minimalHiggs
sector.
Theanalysisis basedon dataof an integratedluminosityof approximately172pbû 1, collectedwith
theOPAL detectoratacentre-of-massenergy of about189GeV. At LEP2,themainproductionmech-
anismsfor neutralHiggsBosonsareHiggs-strahlung(wheretheCP-evenscalarh is radiatedoff the
virtual Z-Bosonline) andpair-production. Figure6.1 shows the Feynmandiagramsfor thesepro-
cesses.They arecomplementaryin the sensethat the productioncrosssectionfor Higgs-strahlung

e-

e+

Z*

h

Z

e-

e+

Z*

h

A

Figure 6.1: Productionmechanismsfor neutralhiggsbosons:Higgs-strahlungon theleft andpair-production
on theright.

is proportionalto sin2 � β � α � while theonefor pair-productionis proportionalto cos2 � β � α � (see
chapter2.2.1);α denotestheweakmixing anglein theCP-evensectorandtanβ theratio of thetwo
vacuumexpectationvaluesof theHiggsfields.Thisanalysisfocusesonthelatterprocesswheretheh
is producedtogetherwith theCP-oddBosonA.

Thesearchfor thisprocesseú eû ü hA hasbeenperformedfor thefinal statesh� A ü qqqq� ggqq
andgggg. TheFeynmandiagramsfor theseprocessescanbeseenin figure6.2.

For theminimal Higgsboson,aswell asover a large rangeof valuesfor tanβ andα in models
with two Higgsdoublets,thedecayto b-quarksis predominantasHiggsbosonscoupleproportional
to mass:

Br � ZH ü qq̄bb̄� SM � 58% ([1]) Br � hA ü bb̄bb̄� � 83% ([6]) �
Therefore(andasW-bosonscannotdecayinto b-quarkpairs)moststandardanalysesrely on b-quark

40
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Figure 6.2: Possiblehadronicdecaymodesof theneutralHiggs bosonsh andA. Thegraphon the left-hand
sideshows thedecayof h andA to a quark-antiquarkpair, thegraphon theright-handsideshows thedecayof
thebosonsinto gluonsvia a quarkloop.

specificinformation,theso-calledb-tagging.
However, therearecertainregionswherethedecayratefor h or A to bb̄ dropsto zero.Thiscanbe

understoodby looking at thecouplingsfor h andA to cc̄ andbb̄, whicharetheheaviestup anddown
typequarksrespectively thatcanbecreatedatLEP2energies.Thecouplingsareshown relative to the
canonicalStandardModel values� imf � �

2GF � 1
2

hcc̄ :
cosα
sinβ

hbb̄ :
� sinα
cosβ

Acc̄ : cotβ Abb̄ : tanβ �
(6.1)

Thecouplingsdependstronglyon thevaluesfor α andβ , sothatfor instancefor α equalto zerothe
decayof h to b-quarksis forbidden. Figure6.3 illustratesthe behaviour of the branchingratiosfor
certainchoicesof theparametersmh � mA � tanβ andα .

In regionswherethedecayto b-quarksis suppressedor evendropsto zero,thestandardanalyses
are not sensitive to a signal from the decayof neutralHiggs bosons. Thereforethe analysisper-
formedin this thesismakesnouseof any b-quarkspecificinformation.Indeedit makesnouseof any
’flavour’-specificinformation,sothatit canbeusedfor asearchin all regionsof theparameter-space.
However, becauseof thehigh separationpower of variablesbasedon a b-tagagainstthebackground
from WW production,analysesthatmakeuseof informationfrom b-quarkswill havemoresensitivity
in regionswherethedecayto b-quarksis not suppressed.

6.2 Signal and Background Features

Theactualtopologyof thesignaleventsdependson themassesmh andmA . However, in thehadronic
channelthesignaleventshave thecommonfeaturesthat they containfour moreor lessdistinct jets
andlittle or no missingenergy andmomentum.This signaturemakesit ratherdifficult to distinguish
signaleventsfrom hadronicfinal statesresultingfrom thedecayof two pair-producedW or Z bosons,
which can similarly producefour jets with little or no missingenergy and momentum. A second
problemis causedby thefactthatmostevent-shapevariableshave differentdistributionsfor different
massesmh andmA , aswill beshown later. Therefore,treatingall thesemasseswith searchtechniques
suchasthe likelihood function in the sameway will not provide sufficient discriminationbetween
signalandbackgroundover thewholemass-range.To build thelikelihoodfunction,asetof variables
are found to discriminatebetweensignalandbackground.The distributions of thesevariablesare
(after they have beennormalized)input to the likelihood function. If now the signaldistributions
differ from mass-pointto mass-point,still onedistribution hasto be chosenasinput. If it is taken
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Figure 6.3: Branchingratiosfor h÷ A to cc̄ andbb̄ versusthe modelparametersα andtanβ . All figuresare
shown for mA « 40 GeV andmh « 60 GeV. (a) showshow thebranchingratioof h to bb̄ dropsto zerowhenα
approacheszero.With lower valuesof tanβ this behaviour is evenmorepronounced(b). In (c) thebranching
ratiosof h to cc̄ andh to bb̄ areshown for α «¬ π® 8. For α « 0 onewould just seea straightline at 0 for
h ¯ bb̄, independentfrom thevalueof tanβ . Figure(d) finally shows thebehaviour of thebranchingratio for
A to cc̄ aswell asto bb̄. Thisbehaviour is independentfrom thechoiceof themodelparameterα .
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from onespecificmassit will beoptimalfor just this mass.Othermassesmight not at all look like a
signalwhentestedunderthismasshypothesis.

Thereforeit hasbeendecidedto developa mass-dependentanalysis.Thereferencedistributions
for every mass-pointthat is testedare thenits own distributions. Thus,every mass-pointbasically
leadsto anown analysis.This way theinformationfrom thedistributionsis usedin anoptimalway.
Anothermajoradvantageof this methodis that it enablesto usetest-massspecificinformationin an
efficient way. Kinematicvariablescanbebuild asan input to the likelihoodfunction, thatexplicitly
containmassinformation,e.g.thattheinvariantmassof two dijetsshouldbeequalto mh andmA .

With both massesmh andmA beingunknown parameters,it takesa lot of computingpower to
simulatea sufficient numberof signal eventsper masspoint in the massplane. The signatureof
the events,however, doesnot dependon the valuesof α and tanβ . Thesetwo parametersonly
affect thetotal numberof eventsexpectedfor a certainmass-point.For this analysisthemass-region
25GeV � mh � 100GeV and40GeV � mA � 60GeV hasbeenchosen.Theanalysisitself is symmetric
undertheinterchangeof h andA. Thereforeaswell theregion25GeV � mA � 100GeV and40GeV �
mh � 60 GeV is included. Thedifferencelies only in theexpectednumberof events,which will be
taken into accountafter the likelihoodfunction is build, by normalizingit to the correctnumberof
events.Theregionchosencoversalreadyawiderangeof masses.Thisregionhasbeenchosenbecause
herethe analysiscan contribute most efficiently to existing searchesin other channels. At OPAL

for instancethe flavour-independentsearch(describedin [39]) for Higgs bosonsproducedtogether
with a Z-bosonin the Higgs-strahlungprocess,covers the region mh ° 60 GeV. In the massgrid
25 GeV � mh � 100GeV and40 GeV � mA � 60 GeV, for stepsof 2.5GeV, a thousandeventseach
havebeensimulatedpermass-pointfor theprocessh� A ü cc̄. Furthermore,for 34pointsin themass-
region 30 GeV � mh � mA � 160GeV, additionalsamplesof h� A ü cc̄� bb̄� gg have beenavailablefor
systematicchecks.

As mentionedabove, themainbackgroundarisesfrom WW-productionwhich, togetherwith ZZ-
production,will in thefollowing bereferredto asqqqqor 4-fermionbackground.Thesecondlargest
backgroundarisesfrom hadronic2-fermionprocesses,wheretwo quarksareproduced,andwhere,
throughmultiple hardgluonradiation,a 4-jet final stateis produced.This Z/γ mediatedprocesswill
beoftenreferredto asqq or 2-fermionbackgroundevenif it justmakesthehadronicpartof it.

Themulti-hadroneventselection(seesection5.1) shouldrejectmostnon-hadronicbackground.
However, theprocesseseú eû ü eú eû qq̄ andeú eû ü llqq̄ have additionallybeeninvestigated.

6.3 Event Selection

Theevent selectionis appliedto reducetheamountof datathatentertheanalysis.It shouldhave a
highefficiency for thesignalandahighsuppressionfactorfor thebackground.A cut-basedselection
is usedandbasedonly on suchvariablesthatdo not make explicit useof a specificmass-hypothesis.
Thesignalefficiencies,however, still dependonthemasssampletested,asfor instance,dependingon
themassof theneutralHiggsBosons,a differentamountof thecentre-of-massenergy is left for the
kineticenergy, which resultsin differentkinematiceffectsthatwill bedescribedbelow.

The following consecutive cuts are appliedto the dataas well as to the simulatedsignal and
backgroundevents:

1. ù Theeventis requiredto beahadronicfinal stateasdescribedin 5.1.ù Its effective centre-of-massenergy
�

s± hasto exceed150 GeV, mainly to reducethe 2-
fermionbackgroundandexcludepoorly reconstructedeventsif an initial photonescapes
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detection.Thequarkantiquarkpairsthatcanbeproducedat a centre-of-massenergy of
189 GeV arelight comparedto the total energy. Thereforenearlyno energy is usedfor
their production.For thoseprocesses,theearlieron mentionedradiative returnsto theZ0

massarefavoured. On the otherhandfor heavier particles,thus in mostof the mh � mA
massplane,not enoughenergy is available to producethesebosonsif a hardphotonis
radiated.However oneloosessomeefficiency in low mh � mA mass-regions. How this cut
affectsthemainbackgroundandthesignalfor somemasspointsis shown in figure 6.4.ù The event shouldhave four distinct jets, thereforethe jet-resolutionparametery43 (see
section5.2.2)hasto belargerthan0.003.

2. Eachjet is requiredto have morethantwo tracks,to furtherreducebackgroundfrom not fully
hadronicevents.

3. To ensurethat only well measuredandwell reconstructedjets enterthe main analysisthe χ2

probabilityof a 4Cfit imposingenergy andmomentumconservationmustexceed10û 5.

4. Thena6Cfit is performed.Again thefour-vectorsareconstrainedto fulfil energy andmomen-
tumconservation.Thetwo additionalconstraintscomefrom requiringthattheinvariantmasses
of thedijet pairsareequalto themassof theW-Bosons.The χ2 probabilityof this fit is then
requiredto belessthan0.01for eachof thethreepossiblecombinationsof assigningtwo of the
four jetsto a W-Boson(Thereare6 waysto pair 4 jetsto form two particles;for thefit two of
thesecombinationseachleadto thesameresult,sincebothW bosonsareassumedto have the
samemass).

Thenumberof eventsthatis left aftereachof thecutscanbeseenin table6.11.

Cut Data
ExpectedBackground AverageSignal

EfficiencyTotalBgd. qq̄qq̄ qq̄ e² e³ qq̄ ll̄qq̄
- - 24318.4 1448.7 16985.8 4391.4 1493.7 100%
1 1947 1886.6 1195.7 539.0 6.1 145.8 65.76%
2 1592 1530.8 1087.8 409.9 1.4 31.7 60.92%
3 1496 1445.1 1062.0 376.0 0.9 6.2 57.97%
4 908 890.5 555.7 328.4 0.8 5.6 51.54%

Table 6.1: Cut-flow table. The numbersfor the averagesignalefficiency areevaluatedwith the mainMonta
Carlosamplefor thedecayh÷ A ¯ cc̄. For theadditionalsamplesh÷ A ¯ cc̄÷ bb̄÷ gg seeappendixB. Theback-
groundreductionfactorfor qqqqbackgroundis 2.6,thereductionfactorfor qq backgroundis 51.7.

It canbeseenfrom thesenumbersthatthefirst cut is rathereffective in reducing2-fermionback-
ground,eeqqand llqq eventswith reductionfactorsof about32, 720 and10. With the 2-fermion
backgroundthis is mainly dueto a largeamountof eventswith initial stateradiationthatarereduced
by the cut on the

�
s� value,while the eeqqandllqq eventsaremainly reducedwith requiring the

eventto bemultihadronic.Thelastcut has,asexpected,thelargestimpacton backgroundfrom WW
production.Theoverall reductionfactorsare2.6 for WW/ZZ eventsand51.7for hadronic2-fermion
events.As thesignaldistributionsfor

�
s� aswell astheothercut variablesvary over themassplane,

sodoesthesignalefficiency vary from masspoint to masspoint. Table6.1containstheaveragesignal
efficiency. For a detailedscanin figure 6.5 the efficienciesareshown for all scannedmasspoints.

1Tablesof this kind areoftenreferredto ascut-flow tables.
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Figure 6.4: Distribution of theeffective centre-of-massenergy: (a) for theprocessese½ e¾¿¯ γ À Z ¯ qq̄, (b)
for theprocessese½ e¾ ¯ WW À ZZ ¯ qq̄qq̄ and(c),(d)for e½ e¾ ¯ hA, with mh « 40GeV ÷ mA « 40GeV and
mh « 60 GeV ÷ mA « 60 GeV, respectively. Above mh « mA Á 40 GeV the effective centre-of-massenergy is
approximatelydistributedlike (d).
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For pointsoutsidetheefficiencieshave beeninterpolatedwith thepointsin thedescribedmassgrid
andadditionalpointsreachingup to 160 GeV in mass.The interpolationis donein a planein the
(mh � mA � ef f iciency) space,usingthethreeclosestmasspoints.Therejectionof WW eventsreduces
thesignalefficiency at massesaroundtheW mass.Dueto incorrectjet assignments,hA eventsaway
from theW masscanproduceinterpretationsconsistentwith theWW hypothesis.Theefficiency in
low massregionsis mainly reduceddueto thecuton

�
s� . Additionally eventswith ratherlow mh and

mA ceaseto have four distinctjets.After all cuts908candidateeventsremainin thedata,which is in
agreementwith 890.5Â 29.8(statisticalerroronly) eventsexpectedfrom StandardModelbackground.
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Figure 6.5: Signalefficiency afterall cutsfor theprocessh÷ A ¯ cc̄. All availablemasspointsaretaken into
accountandtheefficiency for intermediatemasspointshasbeeninterpolatedusingthethreeclosestmasspoints.



CHAPTER6. ANALYSISIN A 2HDM FRAMEWORK 47

6.4 Lik elihoodDiscriminant

As anext steptheprobabilisticnatureof theeventsis usedto build a likelihoodfunction,asdescribed
in thepreviouschapter. It is build from thesignallikelihoodasdefinedin 5.12,thebackgroundshapes
enterthe function asnormalisation.This function is build asa discriminatingvariablebetweenthe
above describedsignalandthebackgroundfrom Standardmodelprocesses.As mentionedearlieron,
thisanalysisis basedonathreeclasslikelihood.Thatmeansthatthenormalizedprobabilityfunctions
arebuild from threeclasses:the signal, the backgroundfrom WW/ZZ eventsand the background
from qq-events,which is justifiedby the fact thathardlyany eventsfrom theothertwo background
channelsremainafterthecuts.They arehowever includedin thefurtheranalysis,by calculatingtheir
likelihoodfunctionfor thesignalclass.

6.4.1 Lik elihoodVariables

In thefollowing thevariablesusedto build thenormalizedprobabilityfunctionsareintroduced.

Jet ResolutionParameter

Thejet resolutionparametery43 hasalreadybeenusedasa cut-variablein theeventselection.How-
ever it still containsinformation to discriminatebetweensignal and background.The normalized
probabilityfunctionis build outof its logarithm.It mainlydiscriminatesbetweensignaland2-fermion
background,asthe2-fermionbackgroundhasarather2 jet-like structureandthereforelog10y43 takes
lowervalues.

C-Parameter

TheC-Parameter, asdescribedin 5.2.3,reachesvaluescloseto oneif theenergy andtracksarespread
homogeneouslyover thewholesolidangle.For pencil-like shapedeventsit takesvaluescloseto zero.

QCD- Matrix Element

The calculationof decayratesand crosssectionsneedstwo main ingredients,the amplitudeof a
certainprocess,often referredto asmatrixelementM, andthe availablephasespace(the densityof
possiblefinal states).This is summarizedin FermisGoldenRule

transition rate � 2π þM þ 2 Ç phasespace�
Thephasespacefactorcontainsthekinematicalinformationandreflectsthefactthataprocessis more
likely to occurthe morepossiblefinal statesit take. The matrixelementon the otherhandcontains
all thedynamicalinformationspecificfor a certainprocess.It is a resultfrom evaluatingall relevant
feynmandiagramsfor theunderlyinginteraction.Thematrixelementis relatedto theprobability for
a certaininitial stateto producea certainfinal state.Thereforeit is suitableto discriminatebetween
differentchannels.In ignoranceof theactualprocessthatoccuredin an interaction,every eventcan
be treatedasif camefrom a certainprocess.A matrixelementcanbecalculatedfor all eventsfrom
theinitial andfinal state4-vectors,treatingit asif theprocesscomesfrom acertaincalculableone.In
thisanalysisthelogarithmof theQCD-matrixelement,ascalculatedin [40], is usedasaninput for the
likelihooddiscriminant.It hashighervalues(asit is relatedto a probability) for actualQCD events
andlowervaluesfor non-QCDevents,suchas4-fermionbackgroundsandthesignalprocess.
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5C fit Probability

Theprobabilityof a kinematicfit with fiveconstraintsis used.Thefirst four constraintsaretheusual
constraintson energy andmomentumconservation. The fifth constraintenteringthe fit procedure
forcesthetwo dijet massesto beequal.Therefore,for massesoff thediagonalin themassplane,the
5C fit probabilityshouldbe lower for thesignalcomparedto thevaluesit takesfor thebackground.
The possiblevaluesrangefrom 0 to 1. In all following figuresthis fit probability is shown on a
logarithmicscale.

Cosineof Minimal Angle betweenJets

Theminimal anglebetweenany two jetsis foundandthecosineof this valueis takenasinput for the
likelihoodfunction.For afour jet topologyit canin principletakevaluesfrom -0.5to 1 corresponding
to anglesbetween120 degreeand0 degree. The maximalpossiblevaluefor this minimal angleis
reachedwhenthejetsareequallydistributedover thesolid angle,whentheanglebetweenall jets in
all directionsis thesame.For four jetsthisvalueis 120degree.

For backgroundfrom eú eû ü Z0 � γ ü qq̄ with multiple hard gluon radiationthis value peaks
closeto one. This is dueto the fact that high energetic gluonsareemittedfrom thequarksundera
rathersmall angle. For the four fermion backgroundthe valueis ratherlow, dueto the low kinetic
energy of theW-bosonsdecaying.Thesignaldistribution in thisvariablethusdependson themasses
of theproducedbosonsh andA. For low massesandthereforehigherkineticenergiesof theproduced
bosons,the two quarksresultingfrom thebosonshave a ratherlow anglebetweenthem. Theangle
increasesthenwith decreasingmass.

ChisquareDistribution

The last variableenteringthe Likelihood is a test-massspecificvariable, the logarithm of the χ2

resultingfrom thedifferencein themeasuredmassandthehypothesizedmassfor mh andmA .
Therearesix possibleassignmentsof pairsof jets to h andA. However, as this analysisdoes

not distinguishbetweenh andA oneis left with threepossibleassignmentsthatshouldbetestedfor
consistency with apossiblesignal.

A 4C fit, imposingenergy andmomentumconservation, is performedfor all threepossiblecom-
binations.This fit yields reconstructedmassesfor h andA aswell astheir 2 Ç 2 covariancematrices
c.

Fromthesematricestheχ2 is computedaccordingto

χ2 � � x � xrec�
σ2

x � 1 � ρ2 � � � y � yrec�
σ2

y � 1 � ρ2 � � 2
� x � xrec�

σx

� y � yrec�
σy

ρ
1 � ρ2 � (6.2)

x� y� and xrec� yrec� standfor the hypothesizedand reconstructedmh � mA � respectively and ρ is the
correlationcoefficient definedas

ρ � c� 1� 2�
c� 1� 1� � c� 2� 2� � (6.3)

The logarithmof thesmallestχ2 out of the threepossibilitiesprovidesthe last input variableto the
Likelihoodfunction.
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6.4.2 Data-MC Comparison

Figure6.6 shows the input variablesfor the likelihoodfunction. The simulatedbackgroundis nor-
malizedto theintegratedluminosityof thedatacollectedwith theOPAL detectorin 1998at a centre-
of-massenergy of 189GeV. Within statisticalfluctuationsthedataagreewith thebackgroundfrom
StandardModelexpectations.

6.4.3 The Normalized Probability DensityFunctions

Figures6.7 and 6.8 show the discriminationpower of the 6 input variablesfor the likelihood for
signalmasshypothesesof mh � 30 GeV andmA � 60 GeV (andvice versa)andmh � 60 GeV and
mA � 60 GeV. The distributionsarenormalizedto unit surface. The backgroundshapeof the first
five variablesdoesnot changewith the signalmasshypothesis.The sixth variableis dependenton
the signalmasstestedandthuschangesslightly. As canbe seenthe shapesdependratherstrongly
on thesignalmasshypothesis,a reasonfor this analysisbeingmassdependent.In appendixA these
distributionsareshown for severalmoremasspointsto make clearhow thesignalevolves. In figure
6.7 one can seethat with the Bosonh being rather light, the signal distributions rather resemble
backgroundfrom 2-fermionprocesses,while in 6.7, for higher(andequal)massesof h andA the
signalstartsto ratherlook like the4-fermionbackground.

6.4.4 Lik elihoodPerformance

Thesix variablesarenow input to the likelihooddiscriminantfor thesignalclassexplainedin chap-
ter 5.3. For backgroundandsignal the valueof the likelihood function is calculatedassumingthe
eventis signallike. Thereforebackgroundeventsshouldhave low valuesof this a probabilityresem-
bling quantity, while signaleventsshouldhave ratherhigh values. Figures6.9 and 6.10 show the
likelihoodfunctionon a logarithmicscalefor all backgrounds,signalanddata.
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Figure6.6: Distributionof thelikelihoodinputvariables.Comparedarethedatatakenat189GeVandthetwo
mainStandardModel backgrounds.Thegreen(dark grey) histogramshows the distribution of the 2-fermion
background,theyellow (light grey) histogramshowsthedistributionof the4-fermionbackground.In thewhite
histogramthetwo backgroundsareaddedtogetherfor comparisonwith thedatashown asdotswith errorbars.
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Figure 6.8: Normalizedreferencedistributionsfor a signalmassmh Û 60 GeV andmA Û 60 GeV. Thecolour
codemaybetakenfrom figure6.7.
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Figure 6.9: Distribution of the hA Likelihood for mh Û 30 GeV andmA Û 60 GeV. The hatchedhistogram
shows the backgroundfrom llqq̄ production including a small contribution from the eâ eã qq̄ background
(reverse-hatched).The green(dark grey) histogramshows the 2-fermionbackgroundon top andthe yellow
(light grey) histogramfinally showsall backgroundstogether, includingthe4-fermionbackground.Thepoints
with errorbarsshow OPAL dataat a centre-of-massenergy of 189GeV. Thered (dark)histogramshows how
a signalwould bedistributedfor mh Û 30 GeV andmA Û 60 GeV. Althoughthesignalshapedoesnot change
over the tanβ ä α plane, the total numberof expectedsignal eventsvaries. Here the numberexpectedfor
tanβ Û 0å 7æ α Û 0, adataluminosityof 172.1pbã 1 anda signalefficiency of 40.5%is shown.
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Figure 6.10: Distribution of thehA Likelihoodfor mh Û 60 GeV andmA Û 60 GeV. Thecolourcodeis asin
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6.5 Limit Setting

Searchesaredesignedto distinguishbetweentwo hypotheses:the productionanddetectionof new
particlesalongwith theStandardModel background,or thepresenceof StandardModel background
only. They aimto eitherconfirmasignalor, in its absence,to excludeasignalasstronglyaspossible.
If thedatashow no significantexcessabove theStandardModel backgroundtheexclusionof a pos-
siblesignalis commonlyexpressedin termsof confidencelevelsCL. A confidencelimit is thenthe
valueof a populationparameter(suchasthemassof a particleor a productionrate),that is excluded
at a certainCL. A confidencelimit becomesan upper(lower) limit for a modelparameter, if the
confidencelevel is less(greater)for all valuesof themodelparameterabove (below) this confidence
limit. A 95 % confidencelevel meansthata searchcouldhave misseda signalin not morethan5%
of thecases.To describewhatit meansto missasignalthequantityteststatisticor estimatorX plays
an importantrole. It is a function of theobserved candidates,the expectedsignalandthe expected
backgroundand is constructedto increasemonotonicallyfor increasinglysignal-like (decreasingly
background-like) eventssothattheconfidencelevel in thesignal+backgroundhypothesisis givenby
theprobability that the test-statisticsis lessthanor equalthevalueobserved in theexperimentXobs.
With thechoiceof a teststatistictheabove mentionedconfidencelevel canbeexpressedasfollows

CLsç b è Psç b é X ê Xobsë�ì (6.4)

whereXobs is thevalueof the teststatisticcomputedfrom theobserved candidatesandtheexpected
signalandbackground.Theprobabilityis thefractionof possibleexperimentaloutcomessmallerthan
theobservedassumingthepresenceof signalandbackgroundtogether

Psç b é X ê Xobsëíè
Xobs

0

dPsç b

dX
dX ì (6.5)

wheredPsç b î dX is the probability distribution function of the test statisticfor signal+background
experiments.Smallvaluesof CLsç b indicatepoorcompatibilitywith thesignal+backgroundhypoth-
esisandfavor thebackgroundhypothesis.Analogouslytheconfidencelevel for thebackground-only
hypothesisis definedas

CLb è Pb é X ê Xobsë�ì (6.6)

wheredPb î dX is theprobabilitydistribution functionof theteststatisticfor background-onlyexperi-
ments.

Pb é X ê Xobsë�è
Xobs

0

dPb

dX
dX ï (6.7)

Neverthelessthe teststatisticremainsunchangedandthusis still a functionaswell of theexpected
signal.(Theteststatisticis calculatedfrom theobservedcandidates,thesignalandbackgroundshapes
arethentestedfor compatibilitywith abackground-onlyhypothesis.)A third quantityis definedfrom
thetwo quantitiesCLsç b andCLb. Dueto thefact,that for very low ratestheabove definitionscould
yield very high exclusionlimits for thesignal+backgroundhypothesis,but alsofor thehypothesisof
backgroundonly, theconfidencelevel observedfor signal+background isnormalizedto theconfidence
level for thebackground-onlyhypothesis

CLs ð CLsç b î CLb ï (6.8)
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This approachis commonlyreferredto as ’modified frequentistprocedure’[41–43]. The quoted
confidencelevel finally is

CL è 1 ñ CLsï (6.9)

Theteststatisticsusedin this analysisis a sumof weightsof all selectedevents. It assumesthat
thereexists a physicalvariablem, which could for instancebe an invariantmassor someoutputof
artificial neuralnetsandin the caseof this analysisis the signal likelihoodfunction. The expected
spectrumfor the searchchannelk, Dk é m ñ mtheoë , is determinedfrom Monte-Carloevents. This
spectrumhasits maximumvalueDmax if m is closeto mtheo. TheweightXi of event i with valuemi is
thengivenby

Xi è D é mi ñ mtheoë
Dmax

ìòé 0 ê X ê 1ë (6.10)

Theprobabilitydistributionsof this weightedsumis calculatedconsideringthenumberof produced
events,thatfollow a Poissonstatistics.Theanalyticalformulaaswell asapproximationsfor thecase
of gaussiandistributedvariablesor largeeventcountsarederivedin [44]. This teststatisticsis chosen
accordingto [44], to simplify apossiblecombinationof severalsearchchannelswith thisanalysisfor
ageneralscanof theparametersin the2HDM asit hasbeenperformedin [39].

Another interestingapplicationof this analysisis the model independentinterpretationof the
results. The analysiscan be usedto searchfor any scalarneutralbosonS0 producedalong with
a pseudo-scalarneutralbosonP0 in the genericprocesseç eóõô Z0 î γ ô S0P0. If a processis not
predictedby a particularmodel,usuallythecrosssectionsanddecayratesareunknown, so that just
upperlimits canbeseton thecrosssectionfor suchprocesses.Thesearecommonly[39] expressed
in termsof thescalefactorc2 which relatesthecrosssectionsof thesegenericprocessesto thoseof
theStandardModel

σSP è c2λ̄ σSM
HZ ï (6.11)

Assuminga 100% branchingratio to this final state,c2 is, for therespective final stateunderinvesti-
gation,obtainedfrom

c2 è NSP
95

Σ é ε ö λ̄ σSM
HZ ë ì (6.12)

whereNSP
95 is the upperlimit at the 95 % CL on the numberof possiblesignaleventsin the data,ö is the integratedluminosity andε is theefficiency of the selection.Thesumrunsover different

centre-of-massenergies.

6.6 Results

The analysisdid not reveal any significantexcessabove the expectedbackgroundfrom Standard
Model processes.Thereforethe methoddescribedabove hasbeenappliedto setconfidencelevels
for eachconsideredpoint in the (mh ì mA ì tanβ ì α ) space.The shapeof the likelihoodfunctiondoes
not changewith thevaluesfor themodelparameterstanβ andα . However, theexpectednumberof
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signaleventsdoeschangesignificantlyandhasto be calculatedfor every spacepoint. Therefore,a
scanover theseparametershasbeenperformedand limits arederived for all pointssubjectto this
scan. The productioncrosssectionsfor h and A as well as the decaybranchingratios have been
determinedwith theHZHA-Generator( [45] [25]) for thefollowing scanpointsrepresentative for the
wholeparameterspace

α :0o ì ñ 15o ì ñ 30o ì ñ 45o and ñ 90o;
β :22o to 89o in stepsof 1o (correspondingto 0ï 4 ê tanβ ê 57ë ï

As analysesrelying on b-quarkspecificinformationshave highersensitivity at scanpointswhere
thebranchingratio to b-quarksis notsuppressedin thisanalysisthescanhasbeenrestrictedto values
α è 0o andα è ñ 15o.

Figure6.12shows thevalueof CLs for all scannedmasspointsandthemodelparametervalues
α=0 andtanβ=0.577. In thetop plot themaximumvalueof CLs is setto one,which belongsto the
blackcolouredareas.As exclusionat a 95%confidencelevel meansa valueof CLs below 0.05,the
maximum—relatedto theblackcolouredpoints—issetto 0.05in thebottomplot, sothatblackareas
correspondto unexcludedmasspoints(thewhite pointsarenot includedin theanalysis).

For masspointswith mh ÷ 2mA thedecayratefor h ô AA exceedsby far thedecayratesh ô qq̄,
dueto the fact that theHiggsbosoncouplingincreaseswith mass2. As this analysisdoesnot focus
on suchdecays,theexclusionlimit is weakeneddueto a ratherlow numberof expectedsignalevents
for thesepoints.This behaviour canbeclearlyseenin figure6.12.

Figure6.13 finally shows in yellow masspoints that have beenexcludedfor a whole rangeof
valuesof tanβ .
It canbeseenthatthesensitivity decreasesfor increasingvaluesof tanβ . This is dueto theinterplay
of tanβ andα bothinfluencingtheproductioncrosssection.For α è 0o ì ñ 15o, theproductioncross
sectionfor pair-productiondecreaseswith increasingvaluesof tanβ accordingto 2.24.

2For very low massesof mh, in theorderof themassof theb-quark,thedecayh ø AA ceasesto bethemostimportant
decayfor thecasemh ù 2 ú mA . However this low massregion is not subjectto this analysis.
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Figure6.11: Exclusionplotsfor tanβ Û 0å 577andα Û 0. Shown is thevalueof CLs, masspointswith values
lower than0.05 areexcludedat the 95% confidencelevel. The white areasare regionsnot includedin the
analysis.Thetop plot shows a rangeof valuesbetween0 and1, thebottomplot shows a rangebetween0 and
0.05,sothatall pointsbut theblackpointsareexcludedat the95%confidencelevel.
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Figure 6.12: Exclusionplots for tanβ Û 0å 7 andα Û 0. Shown is thevalueof CLs, masspointswith values
lower than0.05 areexcludedat the 95% confidencelevel. The white areasare regionsnot includedin the
analysis.Thetop plot shows a rangeof valuesbetween0 and1, thebottomplot shows a rangebetween0 and
0.05,sothatall pointsbut theblackpointsareexcludedat the95%confidencelevel.
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Figure6.13: Exclusionplotsof α Û 0. Theyellow areasindicatepointsin the � mh æ mA � planethatareexluded
with this analysisat the95 % confidencelevel for scannedvaluesof tanβ up to a) 0.5,b) 0.6. c) 0.7,d) 0.8,e)
0.9,f) 1.0.



Chapter 7

Conclusionsand Outlook

Thisthesispreformedasearchfor theneutralHiggsbosonsh andA in theframework of the2HDM(II)
model.It focussedontheprocesswheretheh andA arepair-producedandis sensitive to all hadronic
decaymodeswhichareresultingin a four jet final state.

Conventionalanalysesusethe identificationof b-quarksto distinguisha possiblesignalagainst
W ç W ó andZ0Z0 production,which constitutethe mostseriousbackgroundfrom StandardModel
processes.Thisso-calledtaggingof b-quarksis anessentialtool in standardanalyses.Thedecayrate
of Higgsbosonsto abb̄ pair is with 85 % very high. On theotherhand,thedecayof W bosonsinto a
bb̄ pair is notallowed(chargeconservationateachvertex) andthedecayto ab-quarkalongwith atop
quarkis kinematicallynot accessiblefor centre-of-massenergiesavailableat LEP2. The remaining
hadronicdecaymodesW ó ô būì bc̄ only addup to lessthan0.05% of thehadronicbranchingratio.
However, in the2HDM(II) modelsthereareregionswherethedecayratefor h ô bb̄ dropsto zero,so
that theconventionalanalysiswould loosea signalin theseregions. This work showed thatmoving
ontoa massdependentanalysisyieldssignificantimprovementsin thediscriminationbetweensignal
andbackground,thatis otherwise—withouttheessentialtool of taggingb-quarks—ratherpoor.

Themainadvantageof amassdependentanalysisis thatit allows theexplicit useof massdepen-
dentvariables,suchaskinematicfits constrainingdijet massesto Higgsmasshypotheses.In general,
a massdependentanalysismakesthebestuseof any kind of kinematicvariables.The analysishas
beenappliedto datarecordedwith theOPAL detectorat a centre-of-massenergy of 189GeV, which
correspondto an integratedluminosity of 172.1pbó 1. No significantexcessof a signalabove the
expectedStandardModel backgroundwas observed for any of the masspoints in the mh andmA
planesubjectto this analysis.Therefore,exclusionlimits werecalculatedfor every masspoint in the
(mh ì mA ì tanβ ì α ) parameterspace.All obtainedresults,theexplicit confidencelevels for eachanal-
ysedpoint,arestoredandaremadeavailableto thecollaboration.For a setof 34 masspointsspread
over theentirekinematicallyaccessible(mh ì mA ë planethedecayof theh andA bosonsto b-quarks
andgluonsis alsosimulated.Thecc̄ andbb̄ sampleresembleeachother, whilst theaverageefficiency
for gluonsis higher. TheMonteCarloeventsareavailablefor furtherchecks.Systematicuncertainties
in thesignalnormalizationandshapesarenot yet includedin theanalysis.Systematicuncertainties
for thebackgroundnormalizationandshapeshave beenincludedin thelimit settingfollowing [39].

Theanalysispresentedcanbecombinedwith otherchannelsfor a generalscanof theparameter
spaceof the2HDM(II). In [39] first resultsof thisanalysis—stillin its massindependentform—were
usedin sucha combination.Theupdatedinputsneededfor sucha combinationarestoredandmade
availablefor furtherstudies.For a combinationof severalanalyses,theexpectedconfidencelevel is

61
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calculatedfor every point in the é mh ì mA ì tanβ ì α ë parameterspaceaccordingto [44]. The analysis
thatyields thebestconfidencelevel is chosenfor theextractionof the limits. Detailson thescanned
regionscanbefoundin [39].

Theanalysiscanbeextendedto thewholekinematicallyaccessiblemassregion andto interme-
diatemasspoints. EnoughMonteCarlosamplesareavailableto testinterpolationsof the likelihood
input variablesandtheoutputof thelikelihoodfor thesignalcase.For masspointsoutsidethemass
grid it shouldthenbesufficient to generateMonteCarloeventsin stepsof 5 GeV andinterpolatein
between.

This analysisdid not reveala significantexcessover theexpectationfrom StandardModel back-
groundprocesses.

For thefuturetheanalysiscanalsobeappliedto thenew datatakenwith theOPAL detectorin the
two recentyears,duringwhich theLEP acceleratorwasperformingamazingly. Thecentre-of-mass
energy reached209GeV andtheluminosity from theyears1999and2000sumsup alreadyto about
400pbó 1, whichprovidesmorestatisticsandahigherkinematiclimit for searchesfor new particles.



Appendix A

Impr ovementswith a mass-dependent
analysis

In this appendixa mass-dependentanalysisis comparedwith two mass-independentapproaches.It
will becomeclearthatmoving onto amass-dependentanalysiscansignificantlyincreasethediscrim-
ination power betweensignalandbackground.The comparisonis basedon the likelihoodperfor-
mance,illustratedin termsof signalover thesquarerootof backgroundratios.Subjectto comparison
is thelikelihoodfunctionbasedon thejet resolutionparametery43, theC parameter, thelogarithmof
theQCD matrixelement,theprobabilityof a 5C fit imposingenergy andmomentumconservationas
well asconstrainingthe two dijet massesto be equal,andthecosineof the minimal inter-jet angle;
all of thesevariableshave beenexplainedin section6.4.1.Thesixth likelihoodinput variableto this
analysis,thelogarithmof theχ2 of a 6C fit, makesexplicit useof testmassspecificinformationand
is thereforetakenoutof thecomparisonup to thelevel of thelikelihoodperformance.

Beforeit hadbeendecidedto performa mass-dependentanalysis,MonteCarlogeneratedevents
for the processeseç eó ô cc̄ì bb̄ì gg hadbeenavailable for the 34 masspoints in the mh ì mA plane
shown in figureA.1, which from now onarereferredto “all” masspoints.

Thesepoints are usedto test threedifferent approaches.In the first approachall masspoints
are taken togetherto form the referencedistributions (seefigure A.2). In the secondapproachthe
referencedistributions are basedon the “low” masssubsetof masspoints mh é mA ë 1=30 GeV and
mA é mh ë = 40,60,80,100,120,140,160GeV. Thissamplehadbeenchosenin theanalysisdescribed
in ??, asthesensitivity for mh è mA è 80 GeV is expectedto be ratherlow in any case.Therefore
theanalysisis optimisedfor masspointsaway from theW mass2. FigureA.3 shows thenormalised
probabilityfunctionsfor this case.

In the third andmass-dependentapproach,the singlemasspoint testedin the analysisis used
itself to determinetheshapeof thereferencedistributions. In figuresA.4 to A.5 thedistributionsof
the 3 likelihood input variablesthat changemostsignificantlywith the masshypothesisareshown
for 6 differenttest-masses.For comparisonthedistributionsgainedin theothertwo approachesare
added. The figuresshow very clearly how the signal shapechangesfrom onemasshypothesisto
thenext. Looking at thecosineof the inter-jet angle(fig. A.5 on page68) in theapproachusingall
massesthereis no discriminationbetweenthe4-fermionbackgroundandthesignalshape.Therefore

1Theanalysisdoesnot distinguishbetweenh andA.
2The sixth likelihoodinput variable,the logarithmof the χ2 of a 6C fit wasusedasinput histogramto the limit cal-

culations.Heretheanalyseswill be just comparedat the level of the likelihoodfunction,usingin all casesjust theabove
mentioned5 variables.
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Figure A.1: Setof masspointsfor which signaleventsof the typeeâ eã�� hA � cc̄æ bb̄æ gg have beensimu-
lated.

for instancetestingthe performanceof the likelihood for a signalmh ì mA= 30,60GeV usingthese
referencehistogramswill assignfor thesesignaleventsaratherlow probabilityto belongto thesignal
class.For mh ì mA= 30,60GeV thecosineof theminimal jet-jet angleis distributedaround0.8. If one
is looking at the distributionsof this variablefor signalandbackgroundusingall masses,an event
with a valueof 0.8 is categorizedto originatemorelikely from a QCD thanfrom a signalprocess
itself andequallylikely from a4-fermionprocess.

FigureA.7 on page70 shows thelikelihoodperformancefor a masspoint of mh ì mA= 30,60GeV
testedwith thefirst two hypotheses.Indeedthediscriminationbetweensignalandbackgroundis very
poorin thefirst case.As expected(thispoint is includedin thesubsampleof masspoints)thesecond
approachyields a slightly betterperformance.Figure A.8 on page71 shows the mass-dependent
analysis,which significantlyperformsbetterthantheothertwo approaches.Fromthefirst, over the
secondmass-independent,to themass-dependentanalysis,thesignalevolvesout of thebackground
andpeaksat ever highervaluesof thesignallikelihood.Thelastplot in figureA.8 on page71 shows
how drasticallythe performanceis improved, if a variableexplicitly containingtest-massspecific
informationis includedin thelikelihood.In thefigurethis is thein theanalysisusedχ2 variablefor a
6Cfit constrainingthedijet massesto thetestedmasses.In bothfiguresthenumberof signaleventsis
thenumberexpectedfor anintegratedluminosityof 172.1pbó 1, andthemodelparameterstanβ=0.7
andα è 0.

A way to seetheperformanceof thelikelihoodmoreeasilyis to calculatetheratio of thenumber
of signaleventsandthesquarerootof thenumberof backgroundeventsleft aftergraduallyincreasing
the cut on the likelihoodvariableto receive a morepuresampleof signalevents. The first plot in
figure A.10 on page73 shows this ratio for mh ì mA= 30,60GeV. As expectedthe subsetperforms
betterthanthe all massapproach,while the massdependentapproachis the best. The secondplot
is for mh ì mA= 60,60GeV. While herethemasssubsetandtheall massapproachchangetheir roles
(thismasspoint is not includedwithin thesubset),themass-dependentapproachagainmarksthebest
solution.
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FigureA.2: Referencedistributionsfor thefirst approachundercomparison.Thesignaldistributionsaremade
usingall the34masspointsin themh æ mA planeshown in figureA.1. Thered(solid)histogramshowsthesignal
distribution, thegreen(dashed)line shows thedistributionsof the4-fermionbackgroundandtheblue(dotted)
shows the2-fermionbackgrounddistribution.
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Figure A.3: Referencedistributionsfor the secondapproachundercomparison.The signaldistributionsare
madeusingthesubsetof masspoints,mh � mA � = 30GeVandmA � mh � = 40,60,80,100,120,140,160GeV. The
colourcodeis asin fig. A.2.
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FigureA.6: Distributionof theC parameterfor severalmasshypotheses.Thecolourcodeis asin fig. A.2.
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FigureA.7: Distributionof thehA Likelihoodfor asignalof mh 1 30GeV andmA 1 60 GeV. Thegreen(dark
grey) histogramshows the 2-fermionbackgroundandthe yellow (light grey) histogramshows the 4-fermion
backgroundon top of thelatter. Thepointswith errorbarsshow OPAL dataat a centre-of-massenergy of 189
GeV. Thehatchedhistogramshowshow asignalwouldbedistributedfor mh 1 30GeV andmA 1 60GeV. The
numberof signaleventsshown belongsto 5 timesthenumberof expectedeventsfor thegivendataluminosity,
avalueof tanβ=0.7,α 1 0 andasignalefficiency of 40.5%.Thetopplot in thisfigureshowstheshapesfor an
analysisbuilding thesignalreferencehistogramsfrom all masses,thebottomplot showsthesamefor reference
histogramsbuild from thesubsetof points.
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FigureA.8: Distributionof thehA Likelihoodfor asignalof mh 1 30 GeV andmA 1 60GeV. Thecolourcode
is asin fig. A.7. Again thenumberof signaleventsshown belongsto 5 timesthenumberof expectedeventsfor
thegivendataluminosity, avalueof tanβ=0.7,α 1 0 andasignalefficiency of 40.5%.Thetop plot shows the
shapesfor ananalysisbuilding thereferencehistogramsfrom themasspoint mh 1 30 GeV andmA 1 60 GeV
itself. Thebottomplot shows thesame,but includinga sixth variableinto the likelihood,the logarithmof the
χ2 functionasdescribedin 6.4.1on page47.
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Figure A.9: Signalover squareroot of backgroundratiosfor differentapproachesandsignalmasshypothe-
sesof mh 1 30GeV andmA 1 60 GeV andmh 1 60GeV andmA 1 60 GeV. The signal is normalisedto the
numberof signaleventsbelongsto the numberof expectedeventsfor the given dataluminosity, a valueof
tanβ=0.7, α 1 0 and the for the massaccordingefficiency. The blue (dotted) line shows the ratio using
the all massanalysis,the greenline (dashed-dotted)shows the ratio resultingfrom a the subsetapproach,
the red (dashed)line shows the mass-dependentresultand the black (solid) line shows for comparisonhow
the ratio is improved including the sixth input variable. The top plot in this figure is for a signal massof
mh 1 30 GeV andmA 1 60 GeV, thebottomplot for a signalmassof mh 1 60GeV andmA 1 60 GeV.
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FigureA.10: Signaloversquarerootof backgroundratiosfor differentapproachesandasignalmasshypothesis
of mh 1 60 GeV andmA 1 90 GeV. Thecolourcodeandfeaturesarethesameasin fig. A.10.



Appendix B

Efficienciesfor differ ent signalprocesses

masses cc̄ bb̄ gg masses cc̄ bb̄ gg
30/30 7.9 9.4 9.0 50/80 61.9 62.0 68.0
30/40 14.1 13.4 17.2 50/100 62.8 64.0 70.0
30/60 40.5 39.4 48.4 50/120 66.3 69.2 68.8
30/80 49.6 48.6 59.6 50/140 48.8 48.6 58.8
30/100 53.0 50.2 60.4 60/60 63.2 64.0 67.0
30/120 56.8 54.0 64.4 60/70 66.2 65.0 68.4
30/140 50.3 50.4 65.8 60/90 68.9 66.4 73.4
30/160 30.3 31.0 33.8 60/110 68.3 67.6 69.0
40/40 24.8 24.6 24.8 60/130 58.5 57.4 61.0
40/50 44.7 43.8 48.4 70/70 68.5 68.4 73.6
40/70 57.2 57.6 60.8 70/80 66.6 64.0 68.0
40/92 58.6 60.0 65.6 70/100 67.8 71.6 71.6
40/110 59.0 59.6 68.8 70/120 61.7 60.4 66.6
40/130 57.9 55.4 67.0 80/80 32.8 30.0 46.6
40/150 44.1 39.4 45.4 80/90 67.5 74.4 67.8
50/50 50.3 52.6 59.6 90/90 80.3 80.8 77.2
50/60 53.7 56.4 65.2 90/100 64.3 65.4 69.0

Table B.1: Selectionefficienciesfor e7 e8�9 Z : γ 9 cc̄; bb̄; gg. The first column indicatesthe point in the
mh ; mA plane,the following columnsshow theefficienciesin % for thedecayof h andA to cc̄; bb̄; gg respec-
tively.
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Appendix C

Monte Carlo Samples

ThisappendixliststheMonteCarlosamplesthatwereusedin thepresentedanalysisof theOPAL data
atcenter-of-massenergiesof < s = 189GeV.

Run
Generatorinfo

eventsper
number masspoint

9248 HZHA2 1000
10597 HZHA2 1000
10701 HZHA2 1000

Table C.1: Monte-Carlosignalsamples.

Run
Generatorinfo

eventsper
number masspoint

9248 HZHA2 1000
7875 HZHA2 500
10113 HZHA2 500

Table C.2: Monte-Carlosignalsamplesfor systematicchecks.

Background
Run

Generatorinfo Eventsnumber

WW/ZZ 7846 grc4f 42088
Z > γ 5078 PYTHIA 500000

e? e@ qq̄ 7849 grc4f 127583
ll̄qq̄ 8055 grc4f 43396

Table C.3: Monte-Carlosamplesusedasbackgroundin this analysis.
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