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Abstract

Threedecadesgothe Higgsmechanisrwasintroducedto give massto otherwisemasslesgaugebosons.

This thesispresentsa searchfor the neutralHiggs bosonsh and A, asthey occurin type Il of models
with two scalarHiggsfield doublets. Analyzedis the process™e™ — Z — hA, with sensitvity to all hadronic
decaymodesincludingregionsin the parametespacewherethe decayto b quarksis suppressedin standard
analysesheidentificationof b quarksis a very powerful tool andits exclusionleadsto a decreasedensitvity.
To compensatéor this, a massdependenanalysiswasdeveloped. This allows an optimal useof kinematical
informationwhich remaingheonly meango efficiently discriminatebetweersignalandbackgroungrocesses.

The analysisis appliedto the datacollectedin 1998with the OPAL detectorat a centre-of-masgnegy
of 189 GeV, correspondingo anintegratedluminosity of 172.1pb. No signalhasbeenobsenedabove the
StandardVodel backgroundwhich leadsto the exclusionof the h andA for certainmasseandvaluesof the
modelparameters.
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Chapter 1

Intr oduction

Whatis theworld madeof? This questionvasasledfirstabout2500yearsagoby Greekphilosophers.
Eversinceit hasoccupiedoeoplesninds,seekingor aunderstandingf nature.Theanswershanged
drasticallyoverthecenturies Therehave beendeassuchasthatbasicmatteris water or thatall matter
is composeaut of four basicnaturalelementsfire, water earthandair.

The first conceptof elementaryparticlesdatesbackto Demokrit from Abderawho lived from
460-370BC. He introducedthe principle of non-continuousnatter Subdviding matterever further
onewould reacha limit andend up with aninvisible, indivisible substance After the Greekword
for indivisible, atomos he calledthematoms. This ideadid not gain popularityuntil the early 18th
century whenthe FrenchmanJosephGay-Lussadound that oxygenand hydrogenproducewater
alwayswith the sameratio. To him this indicatedthatthe elementsonsistof basicunits. JohnDalton
took a further stepby proposingthat every elementhasits own type of atomsandall atomsof one
elementareidentically Thispuzzlewassolvedby the RussiarchemistDimitri Ivanorich Mendeleje.
In 1869hederivedasystenof classificatiorfor theelementsHe orderedhemby theiratomicweight
anddiscoreredthatthe propertieof the elementseemto changewith a periodicpattern.Fromgaps
in his table he predictednewn elementswith certainproperties. Their subsequendiscorery proved
to be a greatsuccessor his model. In the lastfew decadesur understandingf nature,andwhat
we stateas elementaryparticleshasbeenrevolutionizedseveral times. Sophisticatedechnologies
enableusto acceleratesubatomigoarticlesto ever higherenegies, which againenableausto create
ever heavier particlesin collisions. In our presentmodel, fermions,of which thereare quarksand
leptons,form the elementaryconstituentf matter The modeldescribingall interactionsbetween
theseparticled, mediatedby so-calledgaugebosonsis calledthe Standardviodel.

Predictionsof the StandardViodel have beenverified with extremely high precisionin modern
experiments.However, the key mechanisngiving rise to massesn this modelis not yet verified. It
predictsatleastonescalarparticle,theso-calledHiggsboson.Evenif this particleitself is responsible
to give riseto massesthetheoryresultsin a completeignoranceof the massof the particleitself. As
yetit withdrew from detection.

ThelLargeElectron-PositrorCollider atthe EuropearCentrefor ParticlePhysic§ CERN)closeto
Gen&ain Switzerlandis ableto acceleratgarticlesto enegiesashigh as104.5GeV, with a centre-
of-masseneqgy twice ashigh. Electronsandpositronsareassumedo have no substructurethusall
theirenepy is availableto createnew massie particles.

In thisthesisananalysiswill be describedhatsearche$or two neutralscalarHiggs particlesthat
couldbe pairproducedn collisionsof electronsandpositrons.Theseparticlesoccurin modelswith

1Gravitationis notincludedin this model
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two scalarHiggsfield doublets.As mentionedthe minimal choiceis oneHiggsfield which givesrise
to oneHiggsboson.As Higgsbosonscoupleproportionalto their massthey mainly decayinto heary

particles.For hadronicdecaymodesbelown thetop quarkthresholdthatmeansa decayinto b-quarks,
whichleave arathersignificantprint within thedetectorandthereforenelpin findingtheHiggsboson.
In modelswith two doubletsfive physicalHiggs bosonsoccur(two have equalmasses)Additionally

to the four unknavn massesherearetwo new free parameters Dependingon theseparametersa

decayinto b-quarkscanbe highly suppressedPreviousanalysesnainly focusedon theinformations
from b-quarksandthusare not sensitve in regionswith diminishingor even vanishingdecayrates
to b-quarks.No Higgs bosonshave beenfoundin thesesearchesindthe quotedlimits on their mass
referto certainregionsin the parametespacewith reasonabhhigh b-quarkdecayrates.

To be sensitve to hadronicHiggsbosondecaysn all regionsof this parametespacehis analysis
makes no useof ary flavour specificinformation. The hadronicdecaychanneldeadsto four, so-
calledjets, in the final state. At the centre-of-mas&negies of the LEP acceleratqrpairproduced
W bosonswhich canalsoleadto a final statewith four jets, constitutea major backgroundo this
process.Without the useof b-quarkspecificinformationhowever this backgrounds hardto reject.
Therefore a mass-dependeapproachwaschoserfor the analysiswhich allows the efficient useof
kinematicalvariablesto discriminatethe signalfrom backgroundevents.

Theanalysiss appliedto datacollectedin 1998with theOpAL detectoratacentre-of-masenegy
of 189GeV, correspondingo anintegratedluminosityof 172.1pb 1.



Chapter 2

Theoretical Overview

2.1 Standard Model

The Standardvlodel (SM) of particle physicsquantitatvely describesall interactionsof the funda-
mentalparticlesexcept quantumgravity effects. All interactionswithin this modelare formulated
asgaugetheories. The following chaptermpresentsa brief introductionto the particle contentof the
StandardVModel anda discussiorof theunderlyingprinciple of gaugetheories.

2.1.1 Particle Content

Particles can 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 be the fundamentatonstituentsof matter Six leptons— aswell astheir antipar
ticles— are currentlyknown: the electron(e™), the muon(u~), thetau (1~) andthe corresponding
neutrinos.They interactsolelythroughthe weakinteractionand,if chaged,additionallythroughthe
electromagnetiforce. Quarks,on the otherhand,arein additionsubjectto the strongforce andthus
participatein all interactions.Analogouslyto leptonstherearesix types: up (u), down (d), strange
(s),charm(c), bottom(b) andtop (t) quark(againalongwith their anti-particles).

Thesdundamentafuarksandleptonscanbegroupednto familiesor generationspnegeneration
reflectingthe otherin its behaiour underthe strong,electromagnetiandweakforce. Thedifference
liesin the particles’massesthefirst generatiorcontainingall thelightestparticlesof akind.

At the presenstateof knowledge,it is neitherclearwherethis groupingoriginatesfrom, noris it
certainthattherearenotmorethanthreegenerations. Theassignmenof theparticlesto generations,
aswell assomeof their propertiesaresummarizedn table 2.1.

2.1.2 Forces

All interactionsn the Standardviodel arederived by insistingthatthe invarianceof the Lagrangian
of asystemunderglobal gaugetransformationshouldhold locally 2. Theideaof local gaugeinvari-
ancewasfirst introducedby thework of HermannWeyl in 1919[2]. The applicationof local gauge

1A forth generatiorwould have to containheavier particles,if it shouldfit into this schemeasmeasurementsf upper
boundson the primordial massfraction of “He and precisemeasurementsf the Z-Bosonwidth at LEP determinethe
numberof generationsf light neutrinogm, < m,/2) to bethree.

2| ocal gaugetransformationsretransformationsvhoseparametersrespace-timelependent.
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Quarks _
| Generation| Symbol | Chage | Mass(GeV)[1] \
1. u +2/3 0.001t0 0.005
d -1/3 0.003t0 0.009
2. c +2/3 1.15t01.35
S -1/3 0.075t00.170
3. t ¥2/3 1743+ 51
b ~1/3 4.0t0 4.4
Leptons
| Generation| Symbol | Chage | Mass(MeV)[1] \
1. Ve 0 < 0.000003
e -1 0.510998902- 0.00000M21
2. v, 0 <019
u- -1 1056583568+ 0.0000(%:2
3 vr 0 <182
T -1 1777037332

Table 2.1: Thethreegeneration®f fundamentafermions.Thelarge uncertaintiesn the quarkmassesredue
to thefactthatquarksdo not exist asfree particles. The large top masshowever permitsdirectmeasurements,
asthetop quarkdecayseforehadronisation.

invarianceto the Dirac Lagrangiangeneratedll of electrodynamicsThe conceptof gaugetheories
will be summarizedollowing the caseof electrodynamicsAlthoughthis presentghe simplestcase
it still containsall theimportantconcepts.

GaugeTheoriesand the ElectromagneticForce

Startingfrom thethetheoryof afree electron,describedy its 4-componentomples spinorfield W,
(i=1,2,3,4).TheLagrangiardensityfor suchafreeDiracfield W is

L=WX)(iy'd, mW(x), (2.1)

with ¥ = Wty andy, the4x4 Dirac matrices.mis theelectronmass Phasdransformationsf the
kind W(x) — W' (x) = €°W(x) 3, © beingary real numbey are calledglobal phaseransformations
asthe phaseof the transformatioris the samefor ary of the spacetime pointsx. In this caseW has
to be transformedo We © andin the YW combinationghe exponentialfactorscancelout. When
we apply onthe otherhanda local gaugetransformationj.e. we allow the phaseto vary from point
to point: W(x) — W (x) = €2 W(x), the Dirac Lagrangiaris no longerinvariantfor we pick up an
extratermfrom thedervative of ©:

9, (€°W) =i(9,0)d°W 1€, W
resultingin

L—L—3,0WHy.

3Thesetof all suchphasetransformationss thegroupU(1). As €©1d©2 = €92d®: | it is an Abeliangroup.
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Forthefollowing, it is helpfulto replace® with gA (x), q beingachage. SothefreeDirac Lagrangian
is not invariantunderlocal gaugetransformationsf we now demandt to be invariant, we have to
addanextratermto cancelthedisturbingderivative. Suppose

L =YX (iyHd, —mW(x) — qWyH WA, (2.2)
A, beinganew field (referredto asgaugefield) thattransformsas
Ay — A=A+ M. (2.3)

This new Lagrangiaris invariantunderlocal gaugetransformationsif thefield transformsaccording
to equation( 2.3). Howeverthisis notthefull Lagrangianthefield needsts freeterm. TheLagrangian
for afreevectorfield is
1 1
L - _ETFHVFHV + éTlTnAAVAV.

While FHY = gHAY — 0¥ AH staysinvariantif transformingA, accordingto equation( 2.3),themass
termdoesnot. Thereforejf thelattertermis notto spoiltheinvariancethefield A, hasto bemassless.
Thuswe get:

L= H_J(x)(iy“du—m)LIJ(x)—q@y“LIJAu+%TF“VFuV. (2.4)

This canbe exactly identifiedwith the Lagrangianfor QuantumElectro Dynamics(QED). Thefirst
term describeghe kinetic enegy and massof W, the seconddetermineghe interaction- how the
field A, couplesto W via the chage q andthethird term containsthe kinetic enegy of A, whichis

preciselythe electromagnetipotential. The lasttwo termsreproducehe Maxwell Lagrangiarfor a
masslessectorfield with thecurrentdensityJ# = q(Wy*W). Demandinghatglobalgaugenvariance
shouldhold locally generatedall of electrodynamicsThe form of the Lagrangiann equation( 2.2)
canbe derived by introducingthe covariantdervative D, = d,, +igA,. Thenreplacingd,, with D,

andA, — A, +d,A theLagrangiaris invariantunder’ — We# ),

The gaugetransformatiorcanaswell be describedasa multiplication of the wave functionwith
eH . Hisin thecaseof electrodynamicsimply a phasdactorandassuchthe Lagrangiaris saidto be
symmetricunderan Abelian gaugetransformation.ln 1954 YangandMills extendedtheideafrom
the Abelian caseof electrodynamicgwith the photonrepresentinghatnewly introducedgaugefield)
to thenon Abeliancaseof thegroupSU(2), H beinga 2x 2 hermitianmatrix. Thethreevectorfields,
neededo provide local gaugeinvariance,have to be masslessagainand at that time no isotriplet
of particleswith the necessaryeatureshad beenobsered. However, Yang and Mills had shavn
thatit is possibleto extend Weyls ideato the non-Abeliancase. The powver and generalityof local
gaugenvariancewasnotfully appreciatethoughuntil theearly70'swhent'Hooft shavedthatgauge
theoriesareautomaticallyrenormalizable.

The Strong Interaction

Thefirst applicationof the gaugeprinciple in the non-Abeliancasewasto describethe stronginter
action. The gaugetheory describingthe stronginteractionis known as QuantumChromodynamics
(QCD). It is basedon the non-Abeliangroup SU(3). Analogouslyto the electric chage, particles
thataresubjectto this force (the quarks)carrya chage referredto ascolour (therefore‘chromo” dy-
namics).They exist in threecolours,namelyred,green,andblue. Demandinghe Lagrangiarof the
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systemto be invariantunderlocal gaugetransformationgeadsto the introductionof eight massless
gaugefields, in naturerealisedby the eight masslesgluons. The gluons,carryinga combinationof
colourandanticolourthemseles, mediatethe strongforce not just betweerguarks but alsobetween
themseles.No freequarkshave beenobsered. Thisis dueto thefact,thatwhatis calledthecoupling
constantof the stronginteractionis not a constaniat all. In factfor non-Abeliangaugetheoriesthe
couplingdecreasewith increasingnomentuntransferQ. At largevaluesof Q? thecouplingbecomes
small enoughfor processeso be calculatedoerturbatiely andthe quarkscanbe regardedasquasi-
free particles. This featureof QCD is referredto asasymptoticfreedom. The oppositeeffect that
atincreasingdistancesandthussmall Q? the couplingbecomesstrongis referredto asconfinement.
This effectis mostlikely responsibldor thatwe just obsere colour singletstateswherequarksare
confinedforming mesongqq) andbaryons(qqq). If quarksmove apartfrom eachother(for instance
becaus®f enegy conseration afterthey wereproducedn highenegy e"e - collisions),thefurther
they move apartthelargerbecomeghe bindingenegy, sothatenegeticallyit is morefavourableto
createnew qq pairsuntil coloursingletobjectsareproduced.

The Weak Interaction

The weakinteractionwasfirst derived by Enrico Fermiasa point-like interactionwith a 4-particle
couplingandassuchno force-mediatingoosons. This descriptionhowever is just a good approxi-
mationof reality for low enegies. At high enegy certainweak processesiolate unitarity Thefirst
attemptsto describethe weakinteractionas SU(2) gaugetheoryfailed andit becameapparenthat
theweakinteractioncould only be describedn sucha framewvork togethemwith the electromagnetic
interaction.Glashav, Weinbeg andSalamfinally succeedeth derving bothforcesasdifferentcom-
ponentsof a single gaugetheory The underlyinggaugegroupis the direct productof U(1),, and
SU(2), . L standdor left handedtakinginto accountthattheweakinteractionis parity violating and
thusleft andright handedcomponentsf thefieldsshouldbetreatedseparatelyY standdor theweak
hyperchage?, definedas

Y

5 = Qem_ |3>
wherely is the third componenbf the weakisospinl andQen the electromagnetichage. Fermion
fieldsin thistheoryareseparateéhto left andright handedcomponentsTheleft-handeckelectronand
neutrinofields form doublets,while in absencef right-handedheutrinosthe right-handecelectron

fieldsform singletsconcerningheweakisospin:

() )G @), () (o), e

€r> Ur; Trs Ug, Crs tg, Og, Sy, b 1 =0 (2.6)

Demandinga gaugeinvarianttheory requiresthe introductionof four gaugefields: a massless
weakisospintriplet of gaugefields W, = (W;,WZ,W2) anda masslessiyperchage singletgauge
field B,.

4For thatthe groupsU(1), andSU(2), commuteY hasto take the samevaluefor the chagedfermionandtheneutrino
fields.
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Thus,the covariantderiative for thegaugegroupU(1), x SU(2), is

/

D, :d“+igTW“+i%YB“, 2.7)
For left-handedeptonswvehave T=1/2,Y = —1, for right-handeadhagedleptonsT =0andY = -2,
the t arethe Pauli matrices.As mentionedabove, SU(2), andU(1), cannot beidentifiedwith the
weakandtheelectromagnetitteractionrespectiely. Forinstancetheneutralgaugefield Wﬁ cannot
beidentifiedwith the Z° boson,asobsenrationsshaw thatthe neutralnon-QEDcurrentis not purely
left-handed.The physicalbosonsarelinearcombinationof the four fields:

1
+ _ 1_apn2
Wu —TZ(WIJ ?IWH)

Z, = —Bysin®y +W; cosy, = Z°
A, =B, cos0y, +W7sin®, =y

(2.8)

The problemremainsthatthesebosonsarerequiredto be masslessyhichis true for the photon,
but obviously falsefor the Z° bosonwith a massof about91.2GeV andthe W* bosonswith masses
of about80.4GeV [1]. Onecouldstartwith agaugenvarianttheoryandaddthe masstermsby hand.
However this would destry the renormalizabilityof the theory A ratherelegantway to introduce
masseto thetheoryliesin theprincipleof spontaneousymmetrybreakingandthe Higgsmechanism.

2.1.3 SpontaneousSymmetry Breaking and the Higgs Mechanism

Feynmancalculusis basedon perturbatiortheory wherefields aretreatedasfluctuationsaroundthe

groundstate. Thusonehasto look for the minimum of the potentialtermin the Lagrangiarandre-

expressL asafunctionof thedeviation n from its minimum. Thenexpandingin powersof n onecan

extractthe masstermasthe coeficient of the n? term. If thenwe have a systemwhere becausef an

additionalpotential,the groundstateof that systemdoesnot sharethe symmetryof the Lagrangian,
thefields acquiremass.This phenomenoiis oftenreferredto asspontaneousymmetrybreakingor

hiddensymmetry(asthe groundstatedoesnot shaw the symmetryof the Lagrangian- all ground
statestaken togetherdo though,but choosingone, the systemloosesits symmetry the symmetryis

saidto bebroken).

This shallbeillustratedwith thefollowing Lagrangiarof thetwo fields ®; and®,:

£ = 2 (0u0,) (0My) 1 5(8,9,)(04®,) + 2 p?( @ +89) — AN+ 87 (29)
As L = T — U, thepotentialin this cases
U= —%uz(cbi +®2) + %A2(¢§+ D3)2. (2.10)
Theminimaof this potentiallie onacircle of radiusu /A:
O+ i = H7/A. (2.11)

To re-expressthe Lagrangianwe have to choosea particulargroundstate. For the sale of simplicity
we pick

chmin = ”/)‘ ; q)2min =0.
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Thedeviationsfrom this groundstatecanbe expressedisthe new fields
n=®—u/A;, &=,

In termsof thesenaw fieldsthe Lagrangiarof eq.(2.9)writesas:

£ =[5 (@um)(@"n) 127+ [5(8,E)(0HE)]
(2.12)
p

22
HuA(*+n&%) = 7 (n*+ &+ 20°8%)] + .

4
Thefirst termis just the Lagrangiarfor a scalarfield n with massm, = /2, the seconds thefree
Lagrangianof a masslesdield £. The additionaltermsdefinecouplingsbetweenn andé. Sonow
oneis left thoughwith a masslesghostparticle®. The cureto thatproblemlies in applyingtheidea
of spontaneousymmetrybreakingto the caseof local gaugeinvariance.Thisiis referredto asHiggs
mechanismlif the Lagrangiaris gaugeinvariantthe phasecanbearbitrarily chosen.Thus,findingan
appropriatechoiceof gaugethe Goldstonebosonwill be absorbedsthethird degreeof freedomthe
longitudinalpolarizationdegreeof freedom,of a masslessectorfieldwhichassuchacquiresmass.A
massve gaugefield anda massve scalar(referredto asHiggs particle)areleft.

The simplest Higgs structurein the framewvork of the electraveak theory that breaksthe
U(1)y x SU(2), down to U(1)em andgivesrise to massie gaugebosons consistsof two comple
fields,thatform aweakisospindoublet:

(p+
qn:((p(,) 1=1/2, Y=1 (2.13)

As just one physicalHiggs bosonoccursin this theoryit is often referredto asHiggs bosonof
theminimal StandardVlodel. While all its couplingsto bosonsandfermionsareknown, the minimal
Higgsbosonis characterizethy acompletegnoranceof its mass Howevertherearesometheoretical
constrainton upperandlower limits for the Higgs mass.Detailedremarksto all featuresof a Higgs
bosonin this minimal Model, namelyproductionand decaymechanisnaswell astheoreticalcon-
straintsonits masscanbefoundin [3]. Precisiormeasurementsf electraveakobserablesprovide a
way to derive limits onthe Higgsbosonmass.At LEP2thebestglobalfit to theseobserablesleads,
dueto the logarithmic dependencen the Higgs bosonmassthat entersthe calculationvia virtual
Higgsbosoncorrectiongo W* andZ self bosonenegies,to avalue[4] of the Higgs massof

m, = 62" 33Ge.

Translatednto anupperlimit at the 95% confidencdevel thatyieldsto m; < 170G¢&/. Figure2.1
shaws the contritution of the Higgsmassto the x? of asimultaneousit of all Standardnodelparam-
etersasa function of the Higgsmass.Despitethe enormouseffort that hasbeenmadeto searchfor
suchascalarparticleit hasnotyet beenobsered. Direct searche$or the Higgsbosonat LEP2lead
to alower limit onits massm, < 1133 Ge/ [5].

As therearefew constraintson the Higgs sectorwithin the StandardModel more complicated
Higgs modelsshouldbe consideredalso.

Models with two scalarHiggs field doubletsare an attractive alternatve. They can not only
provide massegor gaugebosonsandfermionswithin the Standardodel but aswell asin extensions
of the StandardVlodel suchassypersymmetritheories.

5Thefactthataspontaneouslgrokencontinuousylobalsymmetnyis alwaysaccompanietly theappearancef massless
scalarparticlesis knovn asGoldstones theorem.
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Figure2.1: Ax? = x2 — x2, Vs. m,, curve. Theline is theresultof thefit usingall electraveakdata.Theband
representsin estimateof thetheoreticakrrordueto missinghigherordercorrections.Theverticalbandshovs
the 95 % CL exclusionlimit from the directsearch4].

2.2 Modelswith two scalar Higgs Field Doublets

In additionto the Higgs bosonin the StandardModel (single doublet)thereexists a wide variety of
Modelswith two scalarHiggs field doublets.In the following the featuresparticularly of type Il of
thesemodelswill beintroduced. Equationsare,if not otherwiseindicated,taken from [3], which
providesanextensve treatmenbf this subject.



CHAPTERZ2. THEORETICAL OVERVIEW 16

2.2.1 Theoretical Structure

ThemostgeneraHiggspotentialin this framework is
V(®p, @) =2y (PID; —\F)?+ Ay (PJD, —V5)?
(PRI —V]) + (DI, —V3)]?
FAJ(@Io)) (P]o,) — (dlo,) (D)D) (2.14)
+Ag[RgDID,) — v, v, cosE ]2
+AglIm(®ld,) —vyv,siné ]2
®, and®, denotethetwo comple scalarfields

(053
<¢1>:(‘Pl), Y=-1
—¢

thateachform adoubletunderSU(2), .
The A; in eq. 2.14 arereal parametersthatif not negative yield the following minimum of the
potential

(2.15)

0 0
<O >= (V1> <Py >= <v2ei5> ; (2.16)

wherev, andv, arethevacuumexpectationvalues® of theHiggsfieldsandé is a CPviolating phase.
For thefollowing ¢ is setto zeroto ensureCP-invariancewithin the Higgs sector

Remwing the GoldstoneBosonsof thetheorygivesriseto five massie bosonsachagedscalar
pair H*, the CP-aven bosonA andtwo CP-oddbosonsh andH with m, < my, by convention. This
modelhas6 free parameterswhich arechosento be the four masse®f the Higgs bosonsthe weak
mixing anglea describedelow, andtheratio of thetwo vacuumexpectatiorvaluesdefinedastan3:

V.
tanB = L. (2.17)
Vv

ThephysicalHiggsstatein the chagedsectoris
H* = —®7 sinB + ®; cosB (2.18)
with amassm?. = A,(V§ +3). In the CP-oddsectorwe have onebosonA,
A = V2(—Im(d9) sinf 4 Im(®9) cosp) (2.19)

with amassmi = Ag(V4 +V3)

In the CP-evensectortwo physicalHiggs scalaramix throughthe following mass-squarechatrix

AZ(A;+Ag) +V3A (454 Ag )V, V. >
M = 1\ 3 27’5 3 5/¥1Y2 , 2.20
< (AAg+Agvivy  AV3(Ap+Ag) +ViAg (2:20)

5Thevacuumexpectatiorvaluesv; andv, arerelatedto theW massvia mg, = g?(v2 +v3) /2.
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with the physicalmasseigenstates

H® =v/2|(Re(®)) —v;) cosar + (Re(P3) —v,) sinal,

2.21
=V2[~(R(®Y) —vy)sina + (REDY) —,) cosal] @2
andthecorrespondingnasses
M2, o= & 2 2 2.22
ho po = §[~///11+///22i \/(///11_ M)+ AME). (2.22)
Thesixth free parameterthe mixing angleof the CP-evenfields a is obtainedfrom
2
sin(2a) = 1z ,
\/(//11 o '/{’/22)2 + 4‘///122 (2 23)
COS(ZG) — '%117 ‘//22

\/(///11 — Myp)? +AME,

2.2.2 Production CrossSectionsand DecayRates

The couplingsof the Higgs bosonsto gaugebosonsand fermionsare an importantissueas they
determineproductioncrosssectionsaswell asdecayrates.
Theproductioncrosssectiongor the processes"e~ — Zh ande*e~ — hA are[6]

o(e'e” — zh) =sir’(f — a)og,

o(e"e” — hA) —co(B — a)Aag,. (2.24)

The factor A is definedas A¥2/[A22(12m8 /s+ A,,)] with the 2-particle phasespacefactor A;;

(1—(m+ mj)z/s)(l— (m —m, )2/3) Ogy is the crosssectionfor the nggstrahlunq)roceswlthm
the minimal Higgs of the Standardx/lodel. This gives[6]

olete —ZH) = FmLzl(v2+ )A,;Z Hfféfés, (2.25)

with the centre-of-masgnepy +/s andthe weakvectorandaxial vectorcouplingsof the electronve
andag respectiely.

The couplingsto fermionsare determinedby imposedconstraintsuchasthe absencef flavour
changingneutralcurrentsmediatedby Higgs bosons.A theoremof Glashev andWeinbeg predicts
thisabsencé all fermionsof agivenelectricchage coupleto oneof theHiggsdoubletsatmost. This
still leavesavariety of possiblechoices Within two Higgsdoubletmodels typel is definedsuchthat
®, couplesto all fermions,while @, couplesto noneof them. In typell, ®; couplesto down-type
quarksandchagedleptonswhile ®; couplesto up-typequarksandneutrinos.



Chapter 3

The OPAL Experiment

The OpaL Experimentis one of four collider experimentsat the L aige ElectronPositron Collider
(LEP), operatedy the Europeariaboratoryfor Particle Physics CERN.

Opposedo fixed target experiments,colliders have the advantagethat the whole beamenegy
is availableto createnen massie particles. The Lorentz-irvariantform for the total centre-of-mass
enepy of two colliding particleswith massesn, andm, is

Eon—: V5= /(1 + )2 (Fify)

Consideringust head-oncollisions and particleswith massesigyligible comparedo their enegies
thisleadsto:

V%ollider = V4E1E5

At afixedtamgetexperimenthovever (neglectingthemassm, of theaccelerategarticle)we have:

vV Sfixedtarget ~ V mZEbeam

sothatfor E,,,,beinglimited by presentechnologycollidersprovide adiscovery reachfor farmore
massie particles.

A usefulquantityto describethe performanceof an acceleratois the factor of proportionality
betweereventratedN /dt andinteractioncross-sectiow (s), the so-calleduminosity .

dN/dt =.2- o (s). (3.1)

In acollider circulatingparticlesaregroupedn bunchesthatcollide with afrequeng f. Forthecase
of ane*e~ collider, with n circulatingbunchesperdirectionandN,, andN, positronsandelectrons
perbunchrespectiely, theluminosityis givenby

NN, N,

= f ,
< 4moyoy

(3.2)
where oy and oy characterizehe Gaussiartrans\ersebeamprofilesin the horizontaland vertical
directions.

For fixedtamget experimentsthe luminosity is generallyhigher as Avogadrosnumberentersthe
calculationthroughthe densityof thetarget material,sothattheintegratedluminosityfor fixedtamget
experimentdies in the orderof 10%%cm—2s~1, while the onefor collidersreachesust aboutthe order
of 10%2cm?s1,

18
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3.1 The Accelerator

Figure 3.1: Aerial view of the Large Electron-PositrorCollider (LEP). The LEP ring reachesrom the airport
on onesideto the Juramountainrangeon the otherside.

ThelLarge Electron-PositrorCollider is locatednearGene/a on both sidesof the borderbetween
SwitzerlandandFranceabouta hundredmetersbelav the surface.Figure3.1shavs anaerialview of
this acceleratgrwhich s, with its 26.66km in circumferencethe world's largeste™ e~ collider. The
ring consistsof eightarcsconnectedy eight straightsectionsandis inclined by aboutl.4 degrees
with respecto the horizontalplane. Every otherstraightsectionis equippedwith a generalpurpose
detector(ALEPH, DELPHI, L3 andOraL), designedo recordall kinds of interactionghat occurin
e"e™ collisions.

During operation punchesof approximatelyl0*! particlescirculatein a singleevacuatedeampipe,
with electronsandpositronsmaoving in oppositedirections. In the straightsectionsradio-frequeng
cavities acceleratehe particlesand compensaté¢he enegy lossthat the particlessuffer dueto syn-
chrotronradiationin thearcs.At thebeamcrossingpointsoutsidethedetectorgollisionsareavoided
by electrostaticseparatorsr a specialbeamoptic. The bendingis achiered by dipole magnetsn the
arcs,thefocussingwith quadrupoleandsextupolemagnetsAboutfour metersn front of thedetectors
the bunchesare squeezedogetherto a dimensionof about200 um x 8 um (with a lengthof about
1 cmperbunch).

LEP startedoperationin 1989. For a periodof six years—referredo asthe LEP1 era—thema-
chinewasrunningat a centre-of-masgnegy of about91 GeV, the Z°-resonanceln November1995
the LEP enegy wasincreasedo 130-140GeV andfinally reachedl61 GeV in 1996,the threshold
for W-pair production,which marksthe beginning of the LEP2 period. To achie/e this goal LEP was
upgradedwith several superconductingavities replacingsomecoppercavities and supportingthe
remainingones.In its lastyearof running,2000,LEP hassofar reachedh peakenegy of about209
GeV. A sketchof the LEP acceleratqrits injection systemandthe four experimentscanbe seenin
figure3.2.
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Figure 3.2: The LEP acceleratowith its injection systemandthe four experiments.The towersindicatethe
accesshaftsthatleadundergroundto theexperimentabreas.Theelectronsaandpositronsareproducedwithin
theLIL (LEPInjectorLinac)andacceleratedo anenepie of 600 MeV. Fromtherethey areinjectedinto the
EPA (ElectronPositronAccumulator)wherethey aregroupednto bunchedor furtheracceleratiorwithin the
PS (Proton Synchrotron). After reachingan enegy of 3.5 GeV within the PSthe electronsand positronsare
furtheracceleratedvithin the SPS(SuperProton Synchrotron).After they reachanenegy of 22 GeV they are
injectedinto the LEP machine.

3.2 The OPAL Detector

The OrpaL (Omni PurposeApparatusat L EP) detectoris seatedat point 6 atthe LEP ring. As its
acrorym indicates,it is a generalpurposeexperimentdesignedto recordall kinds of interactions
occurringin electron-positrorcollisions, for which it hasexcellentacceptanc@ver nearly the full
solid angleof 4rt. Figure3.3 shavsits generalayout,with dimensionof aboutl2mx 12mx 12m,
makingit a considerablyarge detector

The coordinatesystemof OpAL is cartesianwith the x-axis pointing to the centreof LEP, the z-
axis following the nominal e -direction and the y-axis perpendiculaion the two otherones. The
azimuthalangleg is definedwith respecto the x-axis, rotationallysymmetricaroundthe z-axis. The
polarangle® is definedwith respecto the z-axisandsubdvidesthe detectorin a centralregion with
|cosf| < 0.72 andanendcapregionwith |cos@| > 0.72

The main elementof the OPAL detectorare: a trackingsystemseatedwithin a solenoidalmagnetic
field of 0.435Tesla,which is orientedalongthe z-axis, a time-of-flight detector an electromagnetic
calorimetemadeof leadglassahadroncalorimetemmadeof iron andwire chamberstheiron serving
asreturnyoke for the magnet,and muonchambersasthe outermostayers. Additionally, a system
of detectorglacedin theforwardregion of the detectorallows a measuremertf the luminosityand
ensureghe identificationof particlesemittedat a small anglewith respecto the beamline. These
elementswill bebriefly describedn thefollowing. Detailedinformationcanbefoundin [7].
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Figure 3.3: A 3-dimensionabchematiosiew of the OpAL detector
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Central Tracking Detectors

Thepurposeof the centraltrackingdetectorss to measurghe tracks,momentum(from the cunature
of the tracksinside the magneticfield) and differential enegy loss (for particle identification) of
chagedparticles.

A high precisionsilicon microvertex detector(Sl) [8—10] builds theinnermosipartof thedetector
immediatelysurroundinghe beampipe. The low backgroundsneasuredaluringthe first LEP1runs
madethe radiationdamagefor sucha detectortolerableandthe occupang manageablelt consists
of two concentridayersof singlesidedsilicon detectomwaferswith AC coupledreadoutstrips. After
severalupgradest hastodaya geometricabcceptancef |cosf| < 0.89 in the polar coordinateand
97%in theazimuthalanglefor two-layercoverage.

Togetherwith the tracking chamberst yields very precisemeasurementsf the position of the
primaryvertex and,from decay=f theresultingshortlived particles,secondaryertices.

The Vertex detector(CV) is acylindrical drift chamberof 1 min lengthand470mmin diameter
It is operatedat 4 barwithin the commoncentraltracking pressurevesseladjoiningthe microvertex
detector It supportsthe latter in finding secondaryerticesand improves the overall momentum
resolutionof chagedparticlestracks.

This high precisionsubdetectois surroundedy a large drift chamberthe Jetchamber(CJ). It
consistsof 24 identical sectorsin @, that are separatedy cathodewire planes. In the middle of
eachsectorl59 sensewires are strungparallelto the beampipe from aninnerradiusof 255mm to
anouteroneof 1835mm. A mechanicabktaggeringof the wires of +/- 100 um ensureghe track
is reconstructedt the correctside of the wire plane. Thesesensewires are interspacedvith 160
potentialwires. The Jetchamberis operatedat a nominal pressureof 4 bar with a gasmixture of
Argon/Methane/lso-Butananda few 100 ppmwater The homogeneoumagneticfield insidethe
tracking chamberdorcesthe particleson curved paths. From the radius of cunvaturethe chaged
particles momentumcan be determined.The differentialenegy lossdE/dx of the particlescanbe
calculatedrom a summationof the chage collectedat both endsof the wires. For the performance
of the OpPAL Jet-chambeseg[11]. Combinationof the measurementsf the Jet-chambetthe Vertex
detectorandthe Silicon microvertex detectoryieldsamomentunresolutionfor Bhabhascatteringand
muonsfor all datatakenata centre-of-masenegy of 189Gé/ of [12]

%° _ (158+0.02)-103Ge/ L.
p

Z-chamberssurroundthe Jet-chambeto provide a good measurementf the z-coordinateof
chaged particleswhich the Jet-chambers just able to measurewith a resolutionof 6 cm [7] us-
ing a chage division technique.The z-chambergonsistof 24 drift chambersoveringa polarangle
from 44° to 136 and94% of the azimuthalangle.

Calorimeters

While the tracking detectorsare low density position measuremendlevices, calorimetersare total
absorptiordetectorslesignedo determinghe enepy of particles.

Theelectromagneticalorimetetis built to provide anenegy measuremerior electrongpositrons)
andphotons. The main processesccuringwhentheseparticlesenterthe materialare, for enegies
above afew 100MeV, bremsstrahlundpr electrongpositrons)andpair productionfor photons Fig-
ure 3.4 shaws the developmentof a so-calledelectromagnetishaver: a photonentersthe detector
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materialandproducesan electron-positromair with anenegy of half the photonenegy each.After
having traversedaboutwhatis calleda radiationlength X, of materialthe probability for the photon
to producesucha pairis 54%. In thefield of nucleithesenewly createdparticlesradiatephotonsa
procesknown asbremsstrahlungThis shaver processomeso restwhentheenegy of theparticles
falls below the critical enegy andionisationandexcitation occurratherthanthe creationof new par
ticles.
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Figure 3.4: Developmenibf anelectromagnetishaver[13].

OraL’selectromagneticalorimetei(ECAL) isahomogeneoudetectorcomposeaf 9440(2264)
leadglassblocksin the barrel(endcap)yegion, thatcorrespondo 24.6 (22) radiationlengths.In the
barrelpartthey form a cylinder aroundthe beampipe, pointing towardsthe nominal point of inter
action. However, they arenot perfectlyalignedtowardsthe vertex to prevent particlesfrom escaping
the detectionby travelling throughthe tiny gapbetweenwo leadglassblocks. Photomultipliersare
placedbehindthe lead glassblocksto detectthe Cerenlov radiatiodt and thus measurethe enegy
depositednsidethe detector The intrinsic enegy resolutionfor the describedassemblyis for the
barrelpart[7]

0]
% 020 23
E E[G&/]

andfor theendcapregion (atlow enegy) [7]

O 5%

E " VEGY]

Theactualresolutionis degradeddueto a few radiationlengthsof materialin front of the calorimeter
(mainlythepressureresselandthe magnetaoil). Toimprove enegy andpositionresolutionaswell as
the i /y andelectron/hadrouliscriminatingpower of the calorimetersa setof tubesoperatedn lim-
ited streamemode situatedn front of theelectromagneticalorimeteris usedaspresamplinglevice.

The next outerdetectoris the hadroncalorimeter If hadronsof enegiesabove about5 GeVim-
pingeon a block of matter inelasticaswell aselasticscatteringwill occurbetweerthe particlesand

1Chaged particlesemit Cerenlov radiationin a coneof halfangle 9(: = arcco%lﬁ if their velocity exceedsthe local
phasevelocity v of light; n is therefractve index, B=v/c.
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thenucleongnsidethe material. Thusenegy is transferrecandsecondanhadronsareproducedthat
furthercollideinelastically A hadronshaver occurs.Thebasicinteractionresponsibldor theshover
developments thestronginteraction.In addition,theshaver hasanelectromagneticomponenbrig-
inatingmainly from the decayof secondaryt, ascanbeseenin figure3.5.
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Figure 3.5: Developmenif a hadronshowver [13].

The hadroncalorimetercovers 97% of the solid angleandis subdvided in threesections,the
barrel,the endcapsandthe pole tips, accordingto their angularcoveragein termsof |cos6| of 0—
0.81,0.81—0.91,and0.91— 0.99 respectiely. OrAL’s hadroncalorimetelis a samplingcalorimeter
consistingof layersof active detectorgnterspacedvith iron providing theabsorbingnaterial.In the
barreland endcapregion wire chambersoperatedn limited streamemodeare placedbetweenthe
iron layers,while in the pole tips the active detectorsare thin high gain multiwire chambers.The
enegy resolutionis [7]

O 120%
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The information gainedfrom this detectormust be usedin combinationwith the electromagnetic
calorimetersincethereareabout? interactionlengthsof materialbeforethe hadroncalorimeter

The Time-Of-Flight Detector

In the barrel,betweerthetrackingdevicesandpresampleties a systenof 160scintillationcounters.
Whena chaged particletraversesthe countersthe moleculesinside are excited. Certainmolecules
releasepartof their excitationenegy in form of optical photons.Thesephotonsarethencollectedat
eithersideof thetrapezoidab.84m long countersandpassean, via light guidesmadeof Plexiglas,
to photomultiplierswhich measurehe signals.

Themainpurposeof thetime-of-flight detectolis to provide triggersignalsandaidin therejection
of cosmicrays. Additionally it allows chagedparticleidentificationin therangeof 0.6— 2.5 GeV.

In orderto enhancehe triggerinformationavailable from the forward region for LEP2running,
a systemof scintillating tiles [14] hasbeeninstalledbetweerthe endcappresampleandthe electro-
magneticcalorimeter
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The Muon Chambers

Muon chamber$orm theoutermostayerof the OpaL detector They detectchagedparticles(mainly
muonssinceall othershave beenalreadystoppedn the calorimetersjnainly againsiahadronicback-
ground. Hadronscan appearas muonsin the chamberif eitherthey fail to interactstronglyin the
calorimetey or interactcloseto the edgeof the calorimeter so that secondaryparticlesescapeand
fake amuon. The probability of a pion notinteractingbeforeenteringthe muonchambeiis lessthan
0.001,though,asthey travel throughthe equivalentof 1.3m of iron beforereachinghechamberDe-
caysof pionsandkaonsto muonscanalsooccur but combiningthe spatialinformationof the muon
chambemvith thetrackingdetectordelpsto identify whetheroneis dealingwith aninitial muon.
The barrelpartof the muonsystemconsistsof 110drift chamberswhile the endcapsconsistof

tubesoperatedn limited streamemode. The angularcoveragein |cosf| is for onelayer operation
0.72,for 4 layers0.68. Theendcapsover theregion betweer0.67and0.98.

Forward Detectorand Silicon TungstenLuminometer

Theforward detectoris designedo detectparticlesthatleave theinteractionpoint underalow angle
with respecto the beampipe.

It mainly consistsof a calorimeterthattogethemwith tubeanddrift chamberss ableto measure
the luminosity via low angleBhabha-scatteringThe calorimeteris madeof 35 layers(24 radiation
lengths)of leadalternatingwith scintillators.It hasanenegy resolutionof

o 17%
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Thetubechamberareoperatedn proportionalmode.

In 1991thedecisionwastakento build amoreprecisduminositymonitor As thedatarecordecht
the Z° resonancaccumulateavith the high statistics the uncertaintyin theluminosity measurement
becamea limiting factorfor the systematierrorof cross-sectiomeasurementd hesilicontungsten
luminometeiis asamplingcalorimeteiconsistingof layersof silicon detectorandtungsterabsorbers.
It wasfirst operatedn 1993.Se€[15] for theprecisionof theluminositymeasuremerior Z° lineshape
measurementsith this detector

Trigger

At four on four bunchoperationof LEP, the bunchcrossingratewithin the OpaL detectoris 22 us.

Thepurposeof thetriggeris to pick thetrueeventsoccuringfrom e"e collisionswith high efficiency

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

Most subdetectorprovide inputsto thetrigger decision,comprisinga “track trigger”, a time-of-
flight trigger, calorimetertriggers,a muondetectorandforward detectortrigget

Thetrigger signalsaretwofold. Informationfrom singledetectorcomponentsenesasa direct
triggersignal. Thesesignals suchastotal enegy, have generallyratherhigh thresholds.

The heartof the trigger remainsthe so-called“theta-phimatrix”. It has24 binsin phi and6 in
thetaandlooks for spatialassociatiorof two input signals,eitherfrom differentsubdetectorin the
samebin in theta-phior two inputsfrom a single subdetectothat are back-to-backn theta-phi.For
furtherinformationsee[16,17].
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Online Dataflow

Oncethetriggerlogic decideghataneventmight containinterestingphysics eachsubdetectois read
out separately The information of all subdetectorss thencombinedby the so-calledevent-tuilder
andsentto thefilter [18], aprocessothatperformsa fastpreselectiorof events for instancea further
rejectionof cosmicevents. Fromthe filter the dataarewritten to files andreconstructe@ssoonas
therequiredcalibrationconstant@reavailable. Thesereconstructedataarein aform thatallow their
usein offline analysis.

3.3 The Simulation and ReconstructionChain

Theelectronsaandpositronsaccelerateth severalstepso their peakenegy arebroughtinto collision
with the LEP acceleratoinsidethe four detectors.All kind of collisionsoccurandarerecordedby
theseadetectorsThisanalysigperformsasearcHor new particles hamelyfor theneutralHiggsbosons
h andA asthey appeain modelswith two scalarHiggsfield doublets All StandardModel processes
occuringe™ e~ collisionsconstitutebackgroundor searche$or new particles.Thereforeijt is crucial
to know which kindsof processesnehasto expectfrom the StandardModel predictionsattheenegy
andtype of acceleratothatis used aswell astherateatwhichthey occurandhow they appeain the
detector Nowadays,in high enegy physics,Monte Carlo simulationplaysa very importantrole. It
providesaway for thetheoryto enterthe experiment.To investigatewhich signaturea certainsignal
or backgroungrocessill shav in thedetectorthe Monte Carloeventshave to gothrougha chainof
simulations Finally, theseprocesseavents,aswell astheraw dataenterthe samereconstructiomou-
tines,thatbuild tracksandenepy clustersout of all detectocomponentshatrespondedo the events
(in realor simulation).In thefirst stepof the simulations signalandbackgroundeventsaregenerated
with the Monte Carlogeneratodesignedor the specifictype of events. Thatmeanghatthe4-vectors
of the particlescontainedn theseeventsareproducedtakinginto accounthe momenturmandenegy
of theinitial electronandpositron,aswell asmodelparametersor the procesaunderinvestigation.
Thenewly createdd-vectorsaretheninputto a routinesimulatingthe passagef the particlesthrough
the detector their interactionswith the detectormaterialandthe productionof secondanypatrticles,
aswell asthe enegy depositin the several detectorcells. The programpackagein usefor thatis
GEANT [19]. ThesimulationpackageGorPaL [20], whichitself useSGEANT routinesthensimulates
the detectoresponsdo theseenegy depositsaanddeliversthe simulatedraw data.Theseenterjustas
therealdatathe eventreconstructiorsoftware ROPE [21], whichreconstructsracksandclustersrom
thedatacollectedwith the subdetectors.



Chapter 4

Background Processesnd their
Simulation

As discussegreviously in chapter3.3, it is crucialto understanavhich backgroundorocessesccur
in an experimentwhensearchingor new physics. Figure 4.2 showvs the crosssectionsof the most
importantStandardnodelprocessem the enegy rangeof LEP2. The backgroundprocessefor this
analysisarisefrom 2-fermionand4-fermionproduction.

4.1 2-fermion Processes

Two fermionprocesseffigure4.1)arisingfrom Z° decaysave beenstudiedextensiely andprecisely
atLEP1. At higherenepgies,moving avay from the Z° resonancethe crosssectionfor Z° production
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Figure 4.1: Feynmandiagramfor fermionpair production.

becomegapidly smallerwhile the photonexchangebecomesmportant. A new featureat LEP2,that
hasto betaken into account,s the large correctionto the crosssectiondueto initial stateradiation
(ISR), i.e. theemissionof photonshy the incomingelectronsandpositronsjust beforethe collision.
At LEP1 enegies hard photonemissionis inhibited, while soft photonradiationreduceshe cross
sectionat the Z° resonance At LEP2 the rapidly decreasing:rosssectionfavours the emissionof
hard photons,so thatthe remainingenepy, carriedby the electronandthe positron,is closeto the
Z% mass. This processis thereforereferredto as a radiative return The Feynman diagramsfor
suchprocesseareshawn in figure 4.3. The convolution of the ISR photonspectrumwith the et e~
Born crosssectionleadsto a significantenhancemerdf the crosssectionascanbeseenn figure4.4,
whichshavsthecrosssectionfor theprocese™ e~ — u™ u— comparedo thepureBorncrosssection.
Fromfigure4.2it canbeseenthat,takinginitial stateradiation(denoted~qq(ISR))) into accounthe
crosssectionfor Z° productionremainsdominantover WW productioneven at higherenegies. As
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Figure4.2: Cross-sectionsf themostimportantStandardodel processedpr e* e 2% veveZ0 andetveWT
only thedominantt-channelkontributionis shavn.
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Figure 4.3: Feynmandiagramsfor fermion pair productionwith (a) single photonradiation, (b-c) double
photonradiationand(d) photoncorversioninto ane* e~ pair.
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Figure4.4: Theete~ — y/Z° — u*u~ crosssectionbefore(dashedine) andafter the ISR corvolution
(solidline) [6]. Thedottedline shavsthe crosssectionfor the mediationof this proceswia a photononly.
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this analysissearchegor a signalin hadronicfinal statesthe main backgroundcontritution of the
2-fermion processesrisesnot from lepton-pairproduction,but from quark-pairproduction. Signal
eventscanbefakedthroughmultiple hardgluonradiationin e"e~ — qgq eventswhichresultsin more
than 2 jetsin the final state. The Feynmandiagramsfor suchprocesseganbe seenin figure 4.5,
whereoneor moregluonsareradiatedby the quarks producingthemselesfurthergluonsor convert
to quark-antiquarlpairs. Eventsarisingfrom quark-pairproductionwill in thefollowing bereferred
to asZ/y events(evenif they justmake thehadronicpartof this eventclass)or simply asQCD events.

(@)

) -~

Figure 4.5: Feynmandiagramdor quarkpair productionwith hardgluonemission.

4.2 4-fermion Processes

The most significantbackgroundfor the analysispresentedn this thesis—aHiggs searchin the
hadronicchannel—originatefrom decaysof W and Z pairs. At LEP2, the centre-of-masgnegy
is higherthanthe thresholdenegy necessaryor the doubleresonantproductionof real W andZ
bosonpairs. In the casewherethe W andZ bosondecayhadronically the final stateobseredin the
detectohasthe sametopologyasthe expectedsignal,namely4 jets.

TheWW andZZ productionbelongsto the larger classof 4-fermionprocessedsrigure4.6 shavs
all possiblelowestorder Feynmandiagramsfor 4-fermionprocessesthe diagramscanbe classified
asAbelian (a-d) andnon-Abelian(e andf). The non-Abeliandiagramsncludeatriple gaugeboson
vertex.

The WW andZZ processesredescribedby the Conversion(fig. 4.6 (d)) andnon-AbelianAn-
nihilation diagram(fig. 4.6 (e)). Of the 4-fermion processesthe multiperipheraldiagrams(fig. 4.6
(), have the mostsizeablecrosssection. In this class,two quasi-reabhotonsareexchangedn the
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t-channel,togetherwith a non-resonanfermion-antifermionpair, so that thesereactionsare often
referredto astwo-photonprocesses.However, with forward (and often undetectedklectronsand
positronsthey area nggligible backgroundor Higgs searchesvith hadronicfinal states.

Abelianclasses:

ot et
fy
fa
@ ®
et fy
%1 f2
fg f3
(©) e e e (d) e~ fy
Non-Abelianclasses:
ot et v,
f
fa
(e) M - s

Figure 4.6: Feynmandiagramsfor four-fermion production;the inner vector bosonlines may correspond
to y, Z° or W* exchange unlessotherwiseindicated. The diagramsare referredto as (a) Annihilation, (b)
Bremsstrahlung(c) mulitiperipheraldiagrams{d) Corversion,(e) Annihilation and(f) Fusion. Bosonsin (a)
and(b), originatingfrom outgoingfermionlines,canalsobe emittedby incomingfermions.

4.3 Monte Carlo Simulation

Standard Model Background
e 2-fermionprocessebave beensimulatedwith the Py THIA [22] generatar
¢ 4-fermion processefiave beensimulatedwith the gr c4f [23] generatgrwhich takes into
accountpossibleinterferencebetweerdifferentclasse®f 4-fermiondiagrams.
Hadronisation

The hadronisatiorof the initial partonshasbeenmodelledby JETSET [24] which usesthe Lund-
String-FragmentationThe parameter®f the JETSET programusedwithin the OpaL collaboration
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have beenextensvely tunedto LEP1e*e — Z — qqg data. JETSET thusprovidesa very goodde-
scriptionof hadronicfinal statesasthey areobseredwith thedetector

Signal

The featuresof the signal processesvill be explainedin chapter6, after the introductionof some
commontoolsof high enegy physicsanalysesThegeneratoHzHA [25] wasusedfor their creation.
Themodelledbackgroundandsignaleventsaresubjectto the sameanalysisasthe data.

For furtherdetailson Monte Carlosamplesusedin this analysisseeappendix C.



Chapter 5

Analysis Tools

In thefollowing afew generatoolsappliedin theanalysiswill beexplained.As thisanalysifocusses
on hadronicfinal statesof the decayingHiggs bosonsh and A, as a first stephadroniceventsare
selected.

5.1 Multihadr on event selection

Higgsbosonsandecayinto all massie particlesandgaugebosonsaslong asacertaindecaychannel
is notforbiddenby conserationlaws. This analysisconcentratesn thecasewherethe neutralHiggs
Bosonsh andA areproducedasa pair andthendecayinto eitherquark-antiquarkpairsor gluons.As
explainedabove, thisleadsto hadronsasdetectedgarticles.Eventsof thistypearereferredto asfully
hadronicevents,asno primaryleptonsareproducedn thedecayof theh andA bosons.

Beforethe eventsenterthe actualanalysisthey have to passsomegeneralquality criteria. The
efficiengy of thesequality criteriais almost100%for the classof eventsunderinvestigation. The
quality requirementgefiningwhat is thoughtto be a goodtrack or clustercan be found in detail
in [26].

To finally selecthadroniceventsthefollowing requirementsreused:

e aneventshouldhave atleast7 goodclustersand5 goodtracks(they areaslked to have high
multiplicity in orderto reducebackgroundrom leptonicfinal states)

e thetotal enegy depositin the electromagneticalorimetershouldexceed14% of the centre-of-
massenegy (to reducebackgroundrom two photonevents.)

¢ theenegy balancealongthe beamdirection:

Roa = |Z(Egs€089)|/2ZE s < 0.75.

clus

This reducesary remainingbackgroundrom beam-gasndbeam-vall interactionsandhelps
in afurtherreductionof two-photonevents.

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

Iprocessesvheretwo quasi-realphotonsare exchangedin the t-channel,giving rise to usually undetectedorward
electronsandpositronsplusa fermion pair with anon-resonanstructure seefig. 4.6(c)

33
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5.2 Event ReconstructionTools

5.2.1 Energy Correction

The enegy andmomentunof jetsis derived from the combinedinformationof the centraltracking
systemandthe calorimeters However, onehasto avoid doublecountingof the momentaof chaged
particles,asthey leave atrackin thetrackingdevicesaswell asenegy depositdn thecalorimeters.

About 2/3 of the total enepgy in a hadronicfinal stateis carriedby chaged particles,which are
usuallymeasuredvith bettermomentumandangularresolutionin the centraltrackingsystem.The
enegy of neutralparticles,onthe otherhand,canonly be measuredh the calorimetersystem.

Thus,to obtainthe bestjet enegy resolutionthe enegy informationfor chagedparticlesshould
be taken from the centraltracking detectorsand combinedwith the calorimeterinformation of the
neutralparticles. Unfortunatelythe calorimetergranularityis not suficient to separatehe chaged
andneutralparticlesof ajet, asthey areintermixedin avery narrav spaceregion. To usethe enegy
informationfrom the calorimeterdor theneutralparticlesthe contritution of thechagedparticlesin
thesamecalorimeterclusterhasto beremoved.

The Matching Algorithm [27-29] provides a very sophisticatedvay of correctingthe enegy of
calorimeterclustersfor chagedparticles.In addition,it alsoimplementscompensationfor the dif-
ferentresponses$o hadronsof the electromagneti@andthe hadroniccalorimetersn OpaL andthus
furtherimprovesthe enegy andmomentunresolutionof jets. Usually hadronsalreadybegin to in-
teractwithin the ECAL anddepositpart of their enegy. However it is also possiblethat hadrons
penetratehe ECAL without stronginteractionsanddeposittheir full enegy only in theHCAL. This
scenarids further complicatedby the factthatonly the electromagnetipart of the hadronicshover
(comparesection3.2) canbe measuredn the ECAL. Simply addingthe enegies of the electromag-
netic and hadroniccalorimeterclusterswould underestimat¢he enegy of the hadronandleadto a
badresolution.

search for matching]
tracks/clusters

v

particle ID

electron U

search for isolated isolated
track & cluster
with E/p<0.7

subtruct energy
corresponding to M.LP,

from HCAL and ECAL

compensation

v

subtruct energy /‘\::
from HCAL \/

subtruct energy
lcorresponding to Ej
from FCAT
subtruct energy
from ECAL
output <

Figure5.1: Schematiaiagramot the matchingalgorithmto measurehe enegy flow [29].
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A flow diagramof the Matching Algorithmis shavn in figure5.1. Thealgorithminitially matches
tracksto calorimeterclustersby using the extrapolatedtrack to the electromagneticor hadronic
calorimeterandtaking into accountthe clustercenterand boundariesas well asthe enegy of the
clusterandthe expectedcalorimetemresponseas calculatedfrom the track momentum.The identity
of the particlesof the matchingtracksis thendeterminedaselectronsandmuonshave to be treated
differently from hadronicparticlesby the algorithmin the enegy compensatiorstage. The sepa-
ratetreatmenbf leptonsis especiallyimportantfor analysesoncerninghe searcHor Higgsbosons,
asjetsoriginatingfrom the decayof Higgs bosonsoften containleptonsfrom the decayof b- andc-
mesonsIn thecaseof anelectrontheenegy asmeasuredh thetrackingchamberss subtractedrom
theassociatedalorimeterclusters.In thecaseof amuon,theenegy thata Minimum lonising Particle
(MIP) of the measureagnomentumwould depositin the calorimeterss subtractedThe Matching Al-
gorithmcontinuedy locatingisolatedtracksandclusterswhich arelik ely to originatefrom a photon
corversionor asinglepionthatinteractsn the ECAL anddeposita large amountof its enegy before
reachinghe HCAL. In thesecasegheclusterenegiesarenot compensatedsincefor photonconver
sionthe ECAL clustercorrespondso anelectromagnetishaver whichis measuredorrectly andfor
thepiontheenepy is calculatedrom thetrackmomentum.Theenegy of all remainingnon-isolated
clusterswhich have a matchinghadrontrack is thencompensatedor the differentresponseof the
electromagnetiandhadroniccalorimeter After this compensatiotthe clusterenegiesarecorrected
for doublecountingby subtractinghe enegy of the matchingtracks. The enegy correctionstartsat
the HCAL andonly if the enegy depositthereis not large enoughthe ECAL enegy is correctedby
themissingamount.After this correctiontheclusterenegiesshouldhave their origin only in photons
andneutralparticles.For Z° data,anenegy resolutionfor the visible enegy in the barrelregion for
mulithadroniceventsof 8.6 Gé/ is reached.

5.2.2 JetFinding

Due to the hadronisatiorof the quarkscreatedin the e" e~ collisions and decaysof other primary
or secondanyparticles,more particlesare measuredn the detectorthaninitially produced.To esti-
matethe invariantmassesndfour-vectorsof the initially createdparticlesall the trackshave to be
combinedsomehw to a certainnumberof so-calledets.

Thereare several iterative combinationalgorithms,often referredto asjetfinders,to accomplish
thisgoal. Thisanalysisuseshe DURHAMjetfinder[30,31] with areassociatioprocedureasdescribed
in [32].

The startingpoint for the DURHAMAlIgorithm areall particlesobseredin the detector They are
taken asinitial objectsenteringan iterative procedure.For every possiblepair (k,l) of theseparti-
clesthe scaledminimal transyersemomentunof the lessenegetic particlewith respecto the more
enegeticone,definedas

y 2min(E2,E?)(1 - cosf)
K= )
is calculated E, andE, aretheenegiesof thetwo particles,§,, is theanglebetweertheirmomentum
vectorsandE  is the total visible enepgy of all final stateparticles. The two particleswith smallest
Yy arecombinedto a new pseudo-particldoy summingup their four-vectorsif y,, is smallerthana
certainresolutionparametery, ;. Onceall combinationsyield valueslarger thany,, the procedure

is stoppedandthe remainingpseudo-particlesrereferredto asjets. Every event canbe forcedto
ary numberof jets equalor smallerthanthe numberof initial final stateobjects. A smallernumber

(5.1)
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of jetsis achieved by graduallyincreasingthe value of y,. Thevalueof y., wherethe numberof
jetsswitchesfrom n—+ 1 to n is usuallyreferredto asyn;)n- A large valueof Yin+1)n indicatesgood
separatiorbetweertheremainingn+ 1 jets.

After a predefinechumberof jets hasbeenfound with the DURHAMalgorithm,their directionis
takenasastartingpointfor areassociatioprocedure Every particle,thatleft atrackor enegy cluster
in thedetectoris associatedo the jet with the shortestistancedefinedvia

Df = 2E)¢- E barticte* (1—€059;)).

This distanceis referredto asJadeEO distance asin the JADE jet finding algorithm[33,34] y,, is
calculatedas

2E E, (1 — cosf
kl/—\DE: WEi ( , kl)_ (5.2)
Evis

5.2.3 Event ShapeVariables

At high enegiesthe chagedparticlemultiplicity is ratherlarge (at LEP anda centre-of-masgenegy
of 189 GeV themeanmultiplicity for 4 quarkeventsyieldsabout38 chagedparticlesperevent[35],
at HadronColliders significantly more). To quantify the topology of an event, how the tracksare
distributed over the detectorvolume,a few eventshapevariableshave beenintroduced.The analysis
makesuseof the so-calledC-parametemwhichis definedas

C=3(AA,+ A5+ A51,). (5.3)
TheA/s(0< Ay <1,Z5A4 = 1) aretheeigevaluesof thelinearizedmomenturntensor

o _ Zipf’pf/\pil‘ (5.4)
Z;|pj
The sumsgo over all obsered particles. The possiblevaluesfor this so definedC-parametersange
from 0 to 1. HereC = 0 indicatesa perfectlytwo-jet-like final state(pencil shapedandC = 1 an
isotropicdistribution of the final-statemomenta.Furtherinformationon the C-variablecanbefound
in[36,37].

5.2.4 Kinematic Fits

The correctdeterminationof enegy and momentumof hadronicjetsis a very importantissue,for
instanceto reconstructhe invariantmassof jets with an optimal resolution. Even after the enegy
correctiondescribedn chapters.2.1is applied,the invariantmassdistributionsarebroadenedsthe
detectorresolutionis notinfinitely smallandthe enegy andmomentunof thefinal statehadronsare
reconstructedvithout using additionalphysicalinformation suchas overall enegy and momentum
conseration. It is however possibleto exploit suchinformation by applying kinematicfits based
on the methodof least-squaresin this method,featureslike enegy and momentumconseration
canbeimplementedy Lagrangemultipliersto derive improved estimategor the 4-momentaof jets.
The underlying principlesand somefeaturesof a particularsamplingdistribution, the Chi-Square
distribution, arebriefly reviewed. A moredetailedtreatmenbf this subjectcanbefoundin [38].
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The Chi-Square Distrib ution

Given a setof measuredvaluesx;,Xs,....,%,, that are mutually independentandomvariablesand
normallydistributedwith themearvaluesy; andthevariancess?. Thenthesumof thesquaref the
standardizeshormalvariables(x, — 1)/ o;

is calledthe chi-squaresum 2. The probabilitydensityfunction of this variablex? is given by
1 1 1,2
f(x%,n) = ———(x?)2" e 2X 5.6
(x=.n) \@r(%n)(x) (5.6)

andreferredo aschi-squaraistribution with n degreesof freedom thenumberof degreesof freedom
beingthe numberof independentariablesmakingup the chi-squaresum. The gammafunctionT is
definedvia ' (x+ 1) = X (x), [(3) = /@I, [(1) = 1.

A usefulguantityfor the following applicationof kinematicfits is the cumulatie chi-squarelis-
tribution

F(Xg;n):/ong(xz;n) dx?=1-a. (5.7)

F(x2;n) is uniform over the intenal [0,1], asary variabledefinedby the cumulatie integral of a
probability densityfunction (se€e[38]).
The Least-Squaresmethod

Givena setof N independenmeasuredialuesx,, X,, ..., Xy, with true values,thatare unknavn, but
predictedby sometheoreticalmodel and relatedto the measuredraluesthrough somefunctional
dependence

fi ()‘17)‘2a---a)\|_;xi) =0, L<N,

thenthe Least-SquareBrincipleincludingthe Lagrangiarmultipliers A, stateghatthebestestimates
X1, %5, ..., Xy Of theunknavn parameterarethosewhich minimize

X2 = i<u>2+ i)\kfk(xl,@,...,m). (5.8)
i= G =i
In the caseof themeasuremerdf correlatedvariablesx;, x,, ..., Xy this expressiorchangego
N N L
X = i; JZl(xli — XV X —x) + kzl)‘kfk(xllvxlb . Xy) = Minimum (5.9)

HereinV denoteghe symmetriccovariancematrix of the measurediariables.The equationof con-
straintsareautomaticallyfulfilled in theminimum, f(x') = 0. In the caseof the x; being4-vectorsof
jetsfor instancethe constraintsf, cancontainthe requiremenbf enegy and momentumconsera-
tion, or the assumptiorthata certaindijet combinatiorresultsin a giveninvariantmass.
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Goodness-of-fit

A very importantfeatureof the methodof Least-Squareis thatthe distribution of the x2;,, is known
if the numberof degreesof freedomis knowvn. The numberof degreesof freedomis given by the
numberof measurementsinusthe numberof fitted parameterplusthe numberof constraintsThat
meanghata measurdor the goodness-of-fitanbe derived from the valueof the x2,, by calculating
thefit-probability

P.= /)(2- f(x%n)dx? =1—F(x3mn). (5.10)
F(x2,n) is the cumulatve chi-squaredistribution of equation( 5.7). The chi-squareprobability
gives the probability for obtaininga higher value of x2.. in a new minimization within the same
modeland similar measurementslf the errorscontainedin V are correctly estimatedandthe data
obegy the constraintsthedistribution is uniform betweerzeroandone.

Implementation of Fits in Analyses

Kinematicfits areanimportanttool in physicsanalyses.n this analysisthey areusedin two ways.
A kinematicfit imposingenegy andmomentumconseration is appliedto find betterestimatedor
the 4-momentunof jets. It is referredto as4C fit, astherearefour equationf constraintonefrom
enegy conseration andthe remainingthreefrom momentumconserationin all directions. Thefit-
probability of sucha 4C fit canbe usedto identify poorly reconstructedvents. For sucheventsthe
errorsarenot correctlyestimatedso thatthe chi-squareprobability peaksat lower valuesinsteadof
beingdistributeduniformly.

In addition, the fit-probability can be usedto discriminatebetweendifferent classesf events.
For instanceafifth constraintcanforce the invariantdijet masseso be equal. For eventswheretwo
particleswith the samemassesre producedthefit-probability shouldbe uniformly distributed. For
datathat do not obey this constraint,the fit-probability will have a pronouncedpeakat low values
which helpsto distinguishbetweerdifferentclasse®f events.

5.3 SignalDiscrimination basedon Lik elihood Techniques

A standardtaskin high enegy physicsis to extract a signal from a large numberof background
events. The traditionaltechniquefor thatis to find variablesthat discriminatebetweensignal and
backgroundandthento find a value (so-calledcut) for eachsuchvariablethat separatemostpart of
the signaleventsfrom a large fraction of the backgroundevents. In somesearche$or new particles
however, findingappropriatecuts,i.e. cutsthatreducethe numberof backgroundventswhile leaving
mostsignalevents,is ratherdifficult. As well cut-basednethodslo nottake probabilisticeffectsinto
account:it doesnot matter whetheran eventwill fail onecut or several, while we would certainly
agreethatan eventthatfails all cutsis morelikely to be a backgroundeventthanan eventthatjust
failsasinglecut. New methodghatdo take the probabilisticnatureof eventsinto accountaresuchas
artificial neuralnetworks, Fisherdiscriminantsandthelik elihoodmethod.

Thegoalisto separatd\, . classe®f differentevents,but considering\y 4 differentvariablesjn
away describedn thefollowing: Eachof thevariables will bedistributedin eachclassj according
to a certainprobability densityfunction fij (x.), wherex; is the measured/alue of the variablei in
anindividual event. This probability densityfunctionsareusuallytaken from fully simulatedMonte
Carloevents.
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If eacheventbelongsto exactly oneof theN
aneventbelongdgo classj is givenby

1ass Classesfor asinglevariablethe probability that

fij (Xi)

= 5.11
iy (&40

Pl (%)

The likelihood function for eachclassj is then formed as the normalizedproduct of pij (%)
combiningtheinformationof severalvariableso:

MMNerpl (x)

Li(%) = —
3 =N pl ()

(5.12)

wherex denotesthe event vector consistingof all measured;. Li(X) takes valuesbetween0 and
1. It canbe usedto classifyto which classj an event belongsto by requiringthatits value of the
likelihoodfunctionfor this particularclassexceedssomecutvalue. Theprobabilityfunctionsentering
thelikelihoodfunction shouldbe normalized.Thus,beinga normalizedproductof probabilities,the
likelihoodfunctionitself is a joint probability only if the variablesenteringare uncorrelated.This
is not true in practiseand one shouldkeepin mind not to think of the likelihoodfunction asa true
probability However, this doesnot spoil its discriminationpower betweerseveral classe®f events.

For an actualanalysis,it would be sufficient to discriminatebetweentwo classes:signaland
background.lIt is sensiblethoughto take differentpropertiesof differentkinds of backgroundnto
accountby choosingmore than one backgroundclass. In this analysisthree classesare usedand
insteadof settinga cut at a certainvalue,the discriminationpower of thelikelihoodfunctionis used
by takingit asaninput for limit settingsasno excessof eventsabove the expectedStandardviodel
backgroundasbeenobseredin thedata. The normalisedorobability functionswill in thefollowing
bereferredto asreferencalistributions.



Chapter 6

Analysisin a 2HDM Framework

6.1 Intr oduction

This analysigperformsa searchor the neutralHiggs Bosonsh andA asthey would occurin thetype
Il of two Higgs DoubletModels. Their discovery would be a clearindicationof a non-minimalHiggs
sector

The analysisis basedon dataof anintegratedluminosity of approximatelyl 72pb~?, collectedwith
theOpPAL detectorata centre-of-masenegy of aboutl89GeV. At LEP2,themainproductionmech-
anismsfor neutralHiggs Bosonsare Higgs-strahlundwherethe CP-even scalarh is radiatedoff the
virtual Z-Bosonline) and pairproduction. Figure 6.1 shavs the Feynmandiagramsfor thesepro-
cesses.They arecomplementaryn the sensehat the productioncrosssectionfor Higgs-strahlung

Figure 6.1: Productionmechanismgor neutralhiggsbosons:Higgs-strahlungn the left andpair-production
ontheright.

is proportionalto sir?(8 — a) while the onefor pair-productionis proportionalto cos (8 — a) (see
chapter2.2.1); a denotegheweakmixing anglein the CP-evensectorandtanf theratio of thetwo
vacuumexpectatiorvaluesof the Higgsfields. This analysifocusesonthelatterprocesswheretheh
is producedogethemwith the CP-oddBosonA.

ThesearcHor thisprocese™e~ — hA hasbeenperformedor thefinal statesh, A — qqqqggqq
andgggg TheFeynmandiagramdor theseprocessesanbeseenin figure6.2.

For the minimal Higgs boson,aswell asover a large rangeof valuesfor tanf3 anda in models
with two Higgs doublets the decayto b-quarksis predominantisHiggs bosonscoupleproportional
to mass:

Br(ZH — qgbb) gy, = 58% (1]) Br(hA — bbbb) = 83% (6]).

Therefore(landasW-bosonscannotdecayinto b-quarkpairs)moststandardanalysesely on b-quark

40
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hA ————p— — - hA —-—p -

Figure 6.2: Possiblehadronicdecaymodesof the neutralHiggs bosonsh andA. The graphon the left-hand
sideshavs the decayof h andA to a quark-antiquarlpair, the graphon the right-handsideshavs the decayof
thebosondnto gluonsvia a quarkloop.

specificinformation,the so-calledb-tagging. _

However, therearecertainregionswherethe decayratefor h or A to bb dropsto zero. This canbe
understoody looking atthe couplingsfor h andA to cc andbb, which arethe heariestup anddown
typequarksrespectiely thatcanbecreatedcat LEP2enegies. Thecouplingsareshavn relative to the
canonicalStandardModel values—im; (v/2G¢ )%

& Sosa — —sina
" sinf _' cosf (6.1)
Acc: cotf3 Abb: tang.

Thecouplingsdependstronglyon thevaluesfor a andf3, sothatfor instancegor a equalto zerothe
decayof h to b-quarksis forbidden. Figure 6.3 illustratesthe behaiour of the branchingratiosfor
certainchoicesof theparametersn,, m, ,tang anda.

In regionswherethedecayto b-quarksis suppressedr evendropsto zero,the standardanalyses
are not sensitve to a signal from the decayof neutralHiggs bosons. Thereforethe analysisper
formedin thisthesismakesno useof ary b-quarkspecificinformation.Indeedit makesno useof ary
'flavour’-specificinformation,sothatit canbe usedfor asearctin all regionsof the parametespace.
However, becausef the high separatiorpower of variablesbasedon a b-tagagainstthe background
from WW productionanalyseshatmake useof informationfrom b-quarkswill have moresensitvity
in regionswherethe decayto b-quarkss not suppressed.

6.2 Signaland Background Features

Theactualtopologyof thesignaleventsdepend®nthe massesn, andm, . However, in thehadronic
channelthe signaleventshave the commonfeaturesthatthey containfour moreor lessdistinct jets
andlittle or no missingenegy andmomentum.This signaturenakesit ratherdifficult to distinguish
signaleventsfrom hadronicfinal stategesultingfrom the decayof two pairproducedw or Z bosons,
which can similarly producefour jets with little or no missingenegy and momentum. A second
problemis causedy thefactthatmostevent-shapeariableshave differentdistributionsfor different
massesn, andm,, aswill beshavn later Thereforefreatingall thesemassesvith searcthtechniques
suchasthe likelihood function in the sameway will not provide sufficient discriminationbetween
signalandbackgroundver thewhole mass-rangeTo build thelikelihoodfunction,a setof variables
arefoundto discriminatebetweensignal and background. The distributions of thesevariablesare
(after they have beennormalized)input to the likelihood function. If now the signal distributions
differ from mass-pointo mass-pointstill one distribution hasto be chosenasinput. If it is taken
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Figure 6.3: Branchingratiosfor h,A to cc andbb versusthe model parametersr andtanf. All figuresare
shavn for m, = 40Ge/ andm, = 60 Ge/. (a) shavs how the branchingratio of h to bb dropsto zerowhena
approachegero. With lower valuesof tanf3 this behaiour is evenmorepronouncedpb). In (c) the branching
ratiosof h to cc andh to bb areshown for a = —m/8. For o = 0 onewould just seea straightline at 0 for
h — bb, independentrom thevalueof tanf. Figure(d) finally shovs the behaiour of the branchingratio for
A to cc aswell asto bb. This behaiour is independenfrom the choiceof themodelparameten.
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from onespecificmassit will be optimalfor justthis mass.Othermassesnight notat all look like a
signalwhentestedunderthis masshypothesis.

Thereforeit hasbeendecidedto develop a mass-dependerinalysis. The referencedistributions
for every mass-pointhatis testedare thenits own distributions. Thus, every mass-pointbasically
leadsto anown analysis.This way the informationfrom the distributionsis usedin an optimalway.
Anothermajoradwantageof this methodis thatit enabledo usetest-masspecificinformationin an
efficientway. Kinematicvariablescanbe build asaninputto thelikelihoodfunction, that explicitly
containmassinformation,e.qg.thattheinvariantmassof two dijetsshouldbe equalto m, andm,.

With both massesn, andm, beingunknavn parametersit takesa lot of computingpower to
simulatea sufficient numberof signal events per masspoint in the massplane. The signatureof
the events, however, doesnot dependon the valuesof a andtanf. Thesetwo parameternly
affect the total numberof eventsexpectedfor a certainmass-pointFor this analysisthe mass-rgion
25Gé/ <m, < 100Gé&/ and40Ge/ < m, < 60G8é/ hasbeenchosenTheanalysistselfis symmetric
undertheinterchang®f h andA. Thereforeaswell theregion25Ge/ < m, < 100Ge&/ and40Ge&/ <
m, < 60 G&/ is included. The differencelies only in the expectednumberof events,which will be
taken into accountafter the likelihood functionis build, by normalizingit to the correctnumberof
events.Theregionchosercoversalreadyawide rangeof massesThisregionhasbeenchoserbecause
herethe analysiscan contritute most efficiently to existing searchesn other channels. At OPAL
for instancethe flavourindependensearch(describedn [39]) for Higgs bosonsproducedtogether
with a Z-bosonin the Higgs-strahlungprocess coversthe region m, > 60 GeV. In the massgrid
25Ge/ <m, < 100G¢/ and40G&/ < m, < 60 Gev, for stepsof 2.5 GeV, athousanceventseach
have beensimulatedpermass-poinfor theprocess, A — cc. Furthermorefor 34 pointsin themass-
region 30 G&/ < m,, m, < 160G¢/, additionalsamplesf h,A — cc, bb,gg have beenavailablefor
systematichecks.

As mentionedabove, themainbackgroundarisesfrom WW-productionwhich, togethemwith ZZ-
productionwill in thefollowing bereferredto asqqgqqor 4-fermionbackgroundThe secondargest
backgroundarisesfrom hadronic2-fermion processesyheretwo quarksare producedandwhere,
throughmultiple hardgluonradiation,a 4-jet final stateis produced.This Z/y mediatedorocesswill
be oftenreferredto asqq or 2-fermionbackgroundevenif it just makesthe hadronicpartof it.

The multi-hadronevent selection(seesection5.1) shouldrejectmostnon-hadronidackground.
However, the processes™ e~ — e"e~qq ande™ e~ — ligq have additionallybeeninvestigated.

6.3 Event Selection

The event selectionis appliedto reducethe amountof datathat enterthe analysis.It shouldhave a
high efficiencgy for the signalanda high suppressiofiactorfor the backgroundA cut-basedelection
is usedandbasedonly on suchvariablesthatdo not make explicit useof a specificmass-hypothesis.
Thesignalefficiencies however, still dependnthemasssampleestedasfor instancedependingn
the massof the neutralHiggs Bosons a differentamountof the centre-of-masgnegy is left for the
kinetic enegy, whichresultsin differentkinematiceffectsthatwill be describedelow.

The following consecutie cuts are appliedto the dataas well asto the simulatedsignal and
backgroundevents:

1. e Theeventisrequiredto beahadronicfinal stateasdescribedn 5.1.

« Its effective centre-of-masgnegy v's hasto exceed150 GeV, mainly to reducethe 2-
fermion backgroundandexclude poorly reconstructedventsif aninitial photonescapes
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detection.The quarkantiquarkpairsthat canbe producedat a centre-of-masgnengy of
189 GeV arelight comparedo thetotal enegy. Thereforenearlyno enegy is usedfor
their production.For thoseprocesseshe earlieron mentionedadiative returnsto the Z°
massare favoured. On the otherhandfor heavier particles,thusin mostof the m, .m,
massplane,not enoughenepy is availableto producethesebosonsif a hard photonis
radiated.However oneloosessomeefficiengy in low m,, m, mass-rgions. How this cut
affectsthe mainbackgroundandthe signalfor somemasspointsis shavn in figure 6.4.

e The event shouldhave four distinct jets, thereforethe jet-resolutionparametery,; (see
section5.2.2)hasto belargerthan0.003.

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

3. To ensurethat only well measuredndwell reconstructegets enterthe main analysisthe x?2
probability of a 4C fit imposingenegy andmomentunrconseration mustexceed10->.

4. Thena6Cfit is performed.Again the four-vectorsareconstrainedo fulfil enegy andmomen-
tum conseration. Thetwo additionalconstraintsomefrom requiringthattheinvariantmasses
of the dijet pairsareequalto the massof the W-Bosons. The x? probability of this fit is then
requiredto belessthan0.01for eachof thethreepossiblecombinationf assigningwo of the
four jetsto a W-Boson(Thereare6 waysto pair 4 jetsto form two particles;for thefit two of
thesecombinationseachleadto the sameresult,sincebothW bosonsareassumedo have the
samemass).

Thenumberof eventsthatis left aftereachof the cutscanbe seenin table6.1%.

ExpectedBackground _ AverageSignal
Cut| Data) 1oy Bgd. | qqoqq qq eteTqq | llgq Efficienty
- - 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 main Monta
Carlosamplefor thedecayh, A — cc. For theadditionalsamplesh, A — cc, bb, gg seeappendixB. The back-
groundreductionfactorfor qqqgqbackgrounds 2.6, thereductionfactorfor gq backgrounds 51.7.

It canbeseenfrom thesenumberghatthefirst cutis rathereffective in reducing2-fermionback-
ground,eeqgandliqg eventswith reductionfactorsof about32, 720 and 10. With the 2-fermion
backgroundhisis mainly dueto a large amountof eventswith initial stateradiationthatarereduced
by the cut on the /s value, while the eeqgandliqq eventsare mainly reducedwith requiringthe
eventto be multihadronic.Thelastcut has,asexpectedthelargestimpacton backgroundrom WW
production.The overall reductionfactorsare2.6 for WW/ZZ eventsand51.7for hadronic2-fermion
events.As the signaldistributionsfor /s aswell asthe othercutvariablesvary over the massplane,
sodoesthesignalefficiengy vary from masspointto masspoint. Table6.1 containgheaveragesignal
efficiengy. For a detailedscanin figure 6.5 the efficienciesare shavn for all scannednasspoints.

1Tablesof this kind areoftenreferredto ascut-flow tables.
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Figure 6.4: Distribution of the effective centre-of-masgnegy: (a) for the processes e — y\ Z — qq, (b)
for theprocesses™e~ — WW\ ZZ — qqgq and(c),(d)for ee~ — hA, with m, = 40G¢&/, m, =40G¢/ and
m, = 60 G&/, m, = 60 Ge/, respectrely. Above m = m, =~ 40 Ge&/ the effective centre-of-masenepy is
approximatehdistributedlik e (d).
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For pointsoutsidethe efficiencieshave beeninterpolatedwith the pointsin the describedmassgrid
and additionalpoints reachingup to 160 GeV in mass. The interpolationis donein a planein the
(m,,m,, ef ficiency spaceusingthethreeclosestmasspoints. Therejectionof WW eventsreduces
the signalefficiengy at massesroundthe W mass.Dueto incorrectjet assignmentd)A eventsawvay
from the W masscanproduceinterpretationsonsistenwith the WW hypothesis.The efficiengy in
low massregionsis mainly reducediueto thecuton /<. Additionally eventswith ratherlow m, and
m, ceaseo have four distinctjets. After all cuts908 candidatesventsremainin the data,whichis in
agreementvith 890.5+ 29.8(statisticalerroronly) eventsexpectedrom Standardviodelbackground.
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Figure 6.5: Signalefficiency afterall cutsfor the processh, A — cc. All availablemasspointsaretakeninto
accountandtheefficiencgy for intermediatanasgointshasbeeninterpolatedisingthethreeclosesmasgoints.
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6.4 Lik elihood Discriminant

As anext stepthe probabilisticnatureof the eventsis usedto build alikelihoodfunction,asdescribed
in thepreviouschapterlt is build from thesignallikelihoodasdefinedn 5.12,thebackgrounghapes
enterthe function as normalisation. This functionis build asa discriminatingvariablebetweenthe
above describedsignalandthe backgroundrom StandardnodelprocessesAs mentionecdearlieron,
thisanalysids basednathreeclasdikelihood. Thatmeanghatthenormalizedorobabilityfunctions
are build from threeclasses:the signal, the backgroundirom WW/ZZ eventsand the background
from gg-events,which is justified by the factthat hardly ary eventsfrom the othertwo background
channelgemainafterthe cuts. They arehowever includedin thefurtheranalysispy calculatingtheir
likelihoodfunctionfor thesignalclass.

6.4.1 Likelihood Variables

In the following the variablesusedto build the normalizedprobability functionsareintroduced.

Jet Resolution Parameter

Thejet resolutionparametey,, hasalreadybeenusedasa cut-variablein the eventselection.How-

ever it still containsinformationto discriminatebetweensignal and background. The normalized
probabilityfunctionis build outof its logarithm. It mainly discriminatedetweersignaland2-fermion
backgroundasthe 2-fermionbackgroundhasarather2 jet-like structureandthereforeog, ,y,; takes
lower values.

C-Parameter

TheC-Parameterasdescribedn 5.2.3,reachevaluescloseto oneif theenegy andtracksarespread
homogeneouslgverthewholesolid angle.For pencil-like shapedventsit takesvaluescloseto zero.

QCD- Matrix Element

The calculationof decayratesand crosssectionsneedstwo main ingredients,the amplitudeof a
certainprocesspften referredto asmatrixelementM, andthe available phasespace(the densityof
possiblefinal states).Thisis summarizedn FermisGoldenRule

transtion rate = 2mM|? x phasespace

Thephasespacdactorcontainghekinematicalinformationandreflectsthefactthataprocesss more
likely to occurthe more possiblefinal statesit take. The matrixelementon the otherhandcontains
all thedynamicalinformationspecificfor a certainprocessit is aresultfrom evaluatingall relevant
feynmandiagramdor the underlyinginteraction. The matrixelements relatedto the probability for

a certaininitial stateto producea certainfinal state. Thereforeit is suitableto discriminatebetween
differentchannels.In ignoranceof the actualprocesghat occuredin aninteraction,every eventcan
be treatedasif camefrom a certainprocess.A matrixelementcanbe calculatedfor all eventsfrom

theinitial andfinal stated-vectors treatingit asif theprocescomesrom acertaincalculableone.In

thisanalysighelogarithmof the QCD-matrixelementascalculatedn [40], is usedasaninputfor the
likelihooddiscriminant. It hashighervalues(asit is relatedto a probability) for actualQCD events
andlower valuesfor non-QCDevents,suchas4-fermionbackgroundsandthesignalprocess.
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5Cfit Probability

The probability of a kinematicfit with five constraintds used.Thefirst four constraintsaretheusual
constraintson enegy and momentumconseration. The fifth constraintenteringthe fit procedure
forcesthetwo dijet masseso be equal. Therefore for masse®ff the diagonalin the massplane,the

5C fit probability shouldbe lower for the signalcomparedo the valuesit takesfor the background.
The possiblevaluesrangefrom 0 to 1. In all following figuresthis fit probability is shavn on a

logarithmicscale.

Cosineof Minimal Angle betweenJets

Theminimal anglebetweerary two jetsis foundandthe cosineof this valueis takenasinputfor the
likelihoodfunction. For afour jet topologyit canin principletake valuesfrom -0.5to 1 corresponding
to anglesbetweenl20 degreeand 0 degree. The maximalpossiblevalue for this minimal angleis
reachedvhenthe jets areequallydistributed over the solid angle,whenthe anglebetweerall jetsin
all directionsis the same.For four jetsthis valueis 120degree.

For backgroundfrom ete~ — Z°/y — qq with multiple hard gluon radiationthis value peaks
closeto one. This is dueto the factthat high enegetic gluonsare emittedfrom the quarksundera
rathersmall angle. For the four fermion backgroundhe valueis ratherlow, dueto the low kinetic
enegy of the W-bosongdecaying.The signaldistribution in this variablethusdepend®nthe masses
of theproducedosonsh andA. For low massesindthereforehigherkinetic enegiesof theproduced
bosonsthe two quarksresultingfrom the bosonshave a ratherlow anglebetweenthem. The angle
increaseshenwith decreasingnass.

Chisquare Distrib ution

The last variable enteringthe Likelihood is a test-massspecificvariable, the logarithm of the x?
resultingfrom the differencein the measurednassandthe hypothesizeanassfor m, andm,_.

Thereare six possibleassignment®f pairsof jetsto h and A. However, asthis analysisdoes
not distinguishbetweerh andA oneis left with threepossibleassignmentthat shouldbe testedfor
consisteng with a possiblesignal.

A 4Cfit, imposingenegy andmomentunconseration, is performedfor all threepossiblecom-
binations. This fit yieldsreconstructednassegor h andA aswell astheir 2x 2 covariancematrices
C.

Fromthesematricesthe x2 is computedaccordingto

2_ (X—Xrec) (Y = Yrec) _2(X_Xrec) (Y—VYrec) P
02(1-p?)  o7(1-p?) Ox o, 1-—p?

X (6.2)

X(y) andxrec(Yrec) Standfor the hypothesizedand reconstructedn, (m, ) respectiely and p is the
correlationcoeficientdefinedas

p— c(1,2) 6.3)

Ve(1.1)-¢(2,2)

The logarithmof the smallesty? out of the threepossibilitiesprovidesthe lastinput variableto the
Likelihoodfunction.




CHAPTERG6. ANALYSISIN A 2HDM FRAMEWORK 49

6.4.2 Data-MC Comparison

Figure 6.6 shavs the input variablesfor the likelihood function. The simulatedbackgrounds nor
malizedto theintegratedluminosity of the datacollectedwith the OpaL detectorin 1998at a centre-
of-massenegy of 189 G&/. Within statisticalfluctuationsthe dataagreewith the backgroundrom
StandardVodel expectations.

6.4.3 The Normalized Probability Density Functions

Figures6.7 and 6.8 shawv the discriminationpower of the 6 input variablesfor the likelihood for

signalmasshypothese®f m, = 30 G& andm, = 60 G&/ (andvice versa)andm, = 60 G&/ and
m, = 60 G&/. Thedistributions are normalizedto unit surface. The backgroundshapeof the first

five variablesdoesnot changewith the signalmasshypothesis.The sixth variableis dependenbn

the signalmasstestedandthus changesslightly. As canbe seenthe shapesiependratherstrongly
onthe signalmasshypothesisa reasorfor this analysisbeingmassdependentin appendixA these
distributionsareshawvn for several moremasspointsto make clearhow the signalevolves. In figure

6.7 one can seethat with the Bosonh being ratherlight, the signal distributions ratherresemble
backgroundrom 2-fermionprocesseswhile in 6.7, for higher(andequal)masse®f h andA the

signalstartsto ratherlook like the 4-fermionbackground.

6.4.4 Lik elihood Performance

Thesix variablesarenow inputto the likelihooddiscriminantfor the signalclassexplainedin chap-
ter 5.3. For backgroundandsignalthe value of the likelihood function is calculatedassuminghe
eventis signallike. Thereforebackgroundeventsshouldhave low valuesof this a probability resem-
bling quantity while signal eventsshouldhave ratherhigh values. Figures6.9 and 6.10shav the
likelihoodfunctionon alogarithmicscalefor all backgroundssignalanddata.
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Figure 6.6: Distribution of thelik elihoodinput variables.Comparedarethe datatakenat 189 GeV andthetwo
main StandardVlodel backgrounds.The green(dark grey) histogramshaws the distribution of the 2-fermion
backgroundtheyellow (light grey) histogramshows the distribution of the 4-fermionbackgroundIn thewhite
histogranthetwo backgroundsireaddediogetheifor comparisorwith the datashovn asdotswith errorbars.
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Figure6.7: Normalizedreferencadistributionsfor a signalmassm, = 30 G&/ andm, = 60 Ge/ or vice versa.
Thered(solid) histogramshaws the signaldistribution, the green(dashedhistogranmshaws the distributionsof
the4-fermionbackgroundandthe blue (dotted)histogramshaows the 2-fermionbackgroundistribution.
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Likelihood variables for m,,m, = 60/60 GeV
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Figure 6.8: Normalizedreferencedistributionsfor a signalmassm, = 60 G&/ andm, = 60 Ge/. The colour
codemaybetakenfrom figure6.7.
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Figure 6.9: Distribution of the hA Likelihoodfor m, = 30Ge&/ andm, = 60Gé&/. The hatchedhistogram
shawvs the backgroundfrom llqq productionincluding a small contritution from the ete~qq background
(reverse-hatched)The green(dark grey) histogramshows the 2-fermionbackgroundon top andthe yellow

(light grey) histogramfinally shows all backgroundsogetheyincludingthe 4-fermionbackgroundThepoints
with errorbarsshav OPAL dataat a centre-of-masenegy of 189 GeV. Thered (dark) histogramshowvs how

asignalwould be distributedfor m, = 30 G&/ andm, = 60 Gé/. Althoughthesignalshapedoesnotchange
over the tanf3/a plane, the total numberof expectedsignal eventsvaries. Here the numberexpectedfor

tanB = 0.7, a = 0, adataluminosity of 172.1pb ! anda signalefficiency of 40.5%is showvn.
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Figure 6.10: Distribution of the hA Likelihoodfor m, = 60Gé&/ andm, = 60Gé&/. The colourcodeis asin
figure 6.9. Theexpectechumberof signaleventsshavn ontop of thebackgroundelonggotan =0.7,a =0
andasignalefficiency of 63.2%.
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6.5 Limit Setting

Searchesre designedo distinguishbetweentwo hypothesesthe productionand detectionof new
particlesalongwith the StandardModel backgroundor the presencef StandardModel background
only. They aimto eitherconfirmasignalor, in its absenceto excludea signalasstronglyaspossible.
If the datashawv no significantexcessabove the Standardviodel backgroundhe exclusionof a pos-
sible signalis commonlyexpressedn termsof confidencdevelsCL. A confidencdimit is thenthe
valueof a populationparamete(suchasthe massof a particleor a productionrate),thatis excluded
at a certainCL. A confidencdimit becomesan upper (lower) limit for a model parameterif the
confidencdevel is less(greater)for all valuesof the modelparameteabore (belaw) this confidence
limit. A 95 % confidencdevel meanghata searchcould have misseda signalin not morethan5%
of the casesTo describevhatit meango missa signalthe quantityteststatisticor estimatorX plays
animportantrole. It is a function of the obsered candidatesthe expectedsignalandthe expected
backgroundandis constructedo increasemonotonicallyfor increasinglysignal-like (decreasingly
background-lik) eventssothatthe confidencdevel in the signal+backgrountiypothesiss given by
the probability that the test-statisticss lessthanor equalthe value obseredin the experimentX , .
With the choiceof ateststatisticthe abore mentionedconfidencdevel canbe expressedsfollows

sib = Psrp(X = Xgpe) (6.4)

whereX, . is the value of the teststatisticcomputedrom the obsered candidatesndthe expected
signalandbackgroundTheprobabilityis thefractionof possiblesxperimentabutcomesmallerthan
the obsened assuminghe presencef signalandbackgroundogether

CL

(X < Xope) = / o d s+bolx (6.5)

wheredP,, ,/dX is the probability distribution function of the teststatisticfor signal+backgrou

experlments Smallvaluesof CL , indicatepoor compatibility with the signal+backgrountlypoth-

esisandfavor the backgroundypothesis Analogouslythe confidencdevel for the background-only
hypothesigs definedas

wheredP, /dX is the probability distribution function of the teststatisticfor background-onlyxperi-
ments.

o dpbdx 6.7)

X< o) = [
Neverthelesghe teststatisticremainsunchangedndthusis still a functionaswell of the expected
signal.(Theteststatisticis calculatedrom theobsened candidateshesignalandbackgroundhapes
arethentestedfor compatibilitywith abackground-onlyypothesis.)A third quantityis definedfrom
thetwo quantitiesCL, , andCL,,. Dueto thefact,thatfor very low ratesthe above definitionscould
yield very high exclusionlimits for the signal+backgrounttypothesisbut alsofor the hypothesisof
backgrounanly, theconfidencdevel obseredfor signal+backgroutis normalizedo theconfidence
level for the background-onhhypothesis

CLs=CL,,,/CL,,. (6.8)
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This approachis commonly referredto as 'modified frequentistprocedure’[41-43]. The quoted
confidencdevel finally is

CL=1-ClLs (6.9)

Theteststatisticsusedin this analysisis a sumof weightsof all selectedevents. It assumeshat
thereexists a physicalvariablem, which could for instancebe aninvariantmassor someoutputof
artificial neuralnetsandin the caseof this analysisis the signallikelihood function. The expected
spectrumfor the searchchannelk, D,(m—m,.,), is determinedfrom Monte-Carloevents. This
spectrurhasits maximumvalueDmax if mis closeto m, .. TheweightX; of eventi with valuem, is
thengivenby

x = DM Mned (o< x < 1) (6.10)

The probability distributions of this weightedsumis calculatedconsideringhe numberof produced
events,thatfollow a Poissorstatistics.The analyticalformulaaswell asapproximationgor the case
of gaussianistributedvariablesor large eventcountsarederivedin [44]. Thisteststatisticds chosen
accordingto [44], to simplify a possiblecombinationof severalsearchchannelawith this analysisfor
agenerakcanof the parameterin the2HDM asit hasbeenperformedn [39].

Another interestingapplicationof this analysisis the model independeninterpretationof the
results. The analysiscan be usedto searchfor ary scalarneutralbosonS® producedalong with
a pseudo-scalaneutralbosonP? in the genericprocesse™e™ — Z°%/y — S°FP. If a processs not
predictedby a particularmodel,usuallythe crosssectionsanddecayratesareunknavn, sothatjust
upperlimits canbe seton the crosssectionfor suchprocessesThesearecommonly[39] expressed
in termsof the scalefactorc® which relatesthe crosssectionsof thesegenericprocesseso thoseof
the StandardViodel

Ogp— AT (6.11)

Assuminga 100% branchingratio to this final state,c? is, for the respecite final stateunderinvesti-
gation,obtainedirom

NSP
c=—35 (6.12)
Z(eZLAa3)
whereNSE is the upperlimit at the 95 % CL on the numberof possiblesignaleventsin the data,
£ is theintegratedluminosity and ¢ is the efficiengy of the selection. The sumrunsover different
centre-of-massnepgies.

6.6 Results

The analysisdid not reveal ary significantexcessabove the expectedbackgroundfrom Standard
Model processes.Thereforethe methoddescribedabore hasbeenappliedto setconfidencdevels
for eachconsideregointin the (m,,m, ,tangB, a) space.The shapeof the likelihoodfunction does
not changewith the valuesfor the modelparametersanB anda. However, the expectednumberof
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signaleventsdoeschangesignificantlyandhasto be calculatedfor every spacepoint. Therefore,a
scanover theseparametersiasbeenperformedand limits are derived for all points subjectto this
scan. The productioncrosssectionsfor h and A aswell asthe decaybranchingratios have been
determinedvith the HzHA-Generato( [45] [25]) for the following scanpointsrepresentate for the
whole parameterspace

a :0°,—15°, —30°, —45° and — 9C°;
B :22° to 89 in stepsof 1° (correspondingo 0.4 < tanf < 57).

As analyseselying on b-quarkspecificinformationshave highersensitvity at scanpointswhere
thebranchingratio to b-quarkss not suppresseih this analysighe scanhasbeenrestrictedo values
a=0%anda = —-15°.

Figure6.12 shaws the value of CLs for all scannednasspointsandthe modelparametewvalues
a=0 andtanf3=0.577.In the top plot the maximumvalue of CLg is setto one,which belongsto the
black colouredareas.As exclusionat a 95% confidencdevel meansa valueof CLs belav 0.05,the
maximum—relatedo the black colouredpoints—issetto 0.05in the bottomplot, sothatblackareas
correspondo unexcludedmasspoints(thewhite pointsarenotincludedin the analysis).

For masspointswith m, > 2m, thedecayratefor h — AA exceedsy farthedecayratesh — qq,
dueto the factthatthe Higgs bosoncouplingincreasesvith mass®. As this analysisdoesnot focus
on suchdecaystheexclusionlimit is wealeneddueto a ratherlow numberof expectedsignalevents
for thesepoints. This behaiour canbeclearlyseenin figure6.12.

Figure 6.13finally shavs in yellow masspointsthat have beenexcludedfor a whole rangeof
valuesof tanf.

It canbe seenthatthe sensitvity decrease®or increasingvaluesof tanf3. Thisis dueto theinterplay
of tanf anda bothinfluencingthe productioncrosssection.For a = 0°, —15°, the productioncross
sectionfor pairproductiondecreasewith increasingvaluesof tanf8 accordingto 2.24.

2For very low masse®f m,,, in theorderof themassof theb-quark,thedecayh — AA ceaseso bethe mostimportant
decayfor thecasem, > 2 x m, . However thislow massregion is not subjectto this analysis.
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Figure 6.11: Exclusionplotsfor tan3 = 0.577anda = 0. Shavn is the valueof CLs, masspointswith values
lower than 0.05 are excludedat the 95% confidencdevel. The white areasare regions not includedin the
analysis.Thetop plot shavs a rangeof valuesbetweerD and1, the bottomplot showvs arangebetweerQ and
0.05,sothatall pointsbut the black pointsareexcludedat the 95% confidencdevel.
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Figure 6.12: Exclusionplotsfor tanf3 = 0.7 anda = 0. Shown is the value of CLs, masspointswith values
lower than 0.05 are excludedat the 95% confidencdevel. The white areasare regions not includedin the
analysis.Thetop plot shavs a rangeof valuesbetweerD and1, the bottomplot shovs arangebetweerD and
0.05,sothatall pointsbut the black pointsareexcludedat the 95% confidencdevel.
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Figure 6.13: Exclusionplotsof a = 0. Theyellow areagndicatepointsin the (m,,m, ) planethatareexluded
with this analysisat the 95 % confidencdevel for scanned/aluesof tanf upto a) 0.5,b) 0.6.¢) 0.7,d) 0.8,€)
0.9,f) 1.0.



Chapter 7

Conclusionsand Outlook

ThisthesispreformedasearcHor theneutraHiggsbosong andA in theframavork of the2HDM(II)
model. It focussenthe processvheretheh andA arepairproducedandis sensitve to all hadronic
decaymodeswhich areresultingin afour jet final state.

Cornventionalanalysesusethe identificationof b-quarksto distinguisha possiblesignal against
W*W— andz®z° production,which constitutethe most seriousbackgroundrom Standardviodel
processesThis so-callediaggingof b-quarkss anessentiatool in standarcanalysesThe decayrate
of Higgsbosongo abb pairis with 85 % very high. Onthe otherhand thedecayof W bosonsnto a
bb pairis notallowed (chage conserationateachvertex) andthedecayto a b-quarkalongwith atop
quarkis kinematicallynot accessibldor centre-of-masgnegiesavailableat LEP2. The remaining
hadronicdecaymodesW ™ — bu, bc only addup to lessthan0.05% of the hadronicbranchingratio.
However, in the2HDM(Il) modelsthereareregionswherethedecayratefor h — bb dropsto zero,so
thatthe corventionalanalysiswould loosea signalin theseregions. This work shaved that moving
ontoa massdependenanalysisyields significantimprovementsn thediscriminationbetweersignal
andbackgroundthatis otherwise—withouthe essentiatool of taggingb-quarks—rathepoor.

The mainadwantageof amassdependenanalysiss thatit allows the explicit useof massdepen-
dentvariables suchaskinematicfits constrainingdijet masseso Higgs masshypothesesln general,
a massdependenganalysismakesthe bestuseof ary kind of kinematicvariables. The analysishas
beenappliedto datarecordedwith the OpAL detectorat a centre-of-masgnegy of 189 G&/, which
correspondo an integratedluminosity of 172.1pb~1. No significantexcessof a signal above the
expectedStandardModel backgroundwas obsered for ary of the masspointsin the m, andm,
planesubijectto this analysis.Therefore exclusionlimits werecalculatedor every masspointin the
(m,,m,,tanf, a) parametespace.All obtainedresults,the explicit confidencdevels for eachanal-
ysedpoint, arestoredandaremadeavailableto the collaboration.For a setof 34 masspointsspread
over the entirekinematicallyaccessiblém,,m, ) planethe decayof theh andA bosonsto b-quarks
andgluonsis alsosimulated.The cc andbb sampleresembleeachother whilst the averageefficiengy
for gluonsis higher TheMonte Carloeventsareavailablefor furtherchecks.Systematiaincertainties
in the signalnormalizationandshapesare not yet includedin the analysis.Systematiaincertainties
for the backgroundhormalizationandshapesave beenincludedin thelimit settingfollowing [39].

The analysispresentedanbe combinedwith otherchanneldor a generalscanof the parameter
spaceof the2HDM(II). In [39] first resultsof this analysis—stiliin its massindependentorm—were
usedin sucha combination.The updatednputsneededor sucha combinationarestoredandmade
availablefor further studies.For a combinationof seseral analysesthe expectedconfidencdevel is
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calculatedfor every pointin the (m,,m,,tanB, a) parametespaceaccordingto [44]. The analysis
thatyieldsthe bestconfidencdevel is choserfor the extractionof thelimits. Detailson the scanned
regionscanbefoundin [39].

The analysiscanbe extendedto the whole kinematicallyaccessiblenassregion andto interme-
diatemasspoints. EnoughMonte Carlo samplesareavailableto testinterpolationsof thelikelihood
input variablesandthe outputof thelikelihoodfor the signalcase.For masspointsoutsidethe mass
grid it shouldthenbe suficient to generateMonte Carlo eventsin stepsof 5 G&/ andinterpolatein
between.

This analysisdid not reveal a significantexcessover the expectationfrom Standardviodel back-
groundprocesses.

For thefuturetheanalysiscanalsobeappliedto the new datatakenwith the OpaL detectolin the
two recentyears,duringwhich the LEP acceleratowas performingamazingly The centre-of-mass
enegy reached209 G&/ andthe luminosity from the years1999and2000sumsup alreadyto about
400pb~1, which providesmorestatisticsanda higherkinematiclimit for searche$or new particles.



Appendix A

Impr ovementswith a mass-dependent
analysis

In this appendixa mass-dependemtnalysisis comparedwith two mass-independemtpproachesit
will becomeclearthatmaoving onto a mass-dependeanalysiscansignificantlyincreasehediscrim-
ination power betweensignal and background. The comparisoris basedon the likelihood perfor
mancejllustratedin termsof signalover the squareoot of backgroundatios. Subjectto comparison
is thelikelihoodfunctionbasedn thejet resolutionparametey, ;, the C parameterthe logarithmof
the QCD matrixelementthe probability of a 5C fit imposingenegy andmomentunconseration as
well asconstrainingthe two dijet massedo be equal,andthe cosineof the minimal inter-jet angle;
all of thesevariableshave beenexplainedin section6.4.1. Thesixth likelihoodinput variableto this
analysis the logarithmof the x? of a 6C fit, makesexplicit useof testmassspecificinformationand
is thereforetaken out of the comparisorup to thelevel of thelikelihoodperformance.

Beforeit hadbeendecidedto performa mass-dependeanalysis Monte Carlogenerateavents
for the processeg™e~ — cc, bb, gg had beenavailable for the 34 masspointsin the m,,m, plane
shawn in figure A.1, which from now on arereferredto “all” masspoints.

Thesepoints are usedto testthreedifferentapproaches.In the first approachall masspoints
aretaken togetherto form the referencedistributions (seefigure A.2). In the secondapproachthe
referencedistributions are basedon the “low” masssubsetof masspoints m,(m, =30 GeV and
m, (m,) = 40,60,80,100,120,140,160GeV. This samplehadbeenchoserin theanalysisdescribed
in ?7?, asthe sensitvity for m, = m, = 80 Gé&/ is expectedto beratherlow in ary case.Therefore
the analysisis optimisedfor masspointsaway from the W mass®. FigureA.3 shavs the normalised
probability functionsfor this case.

In the third and mass-dependemtpproachthe single masspoint testedin the analysisis used
itself to determinethe shapeof thereferencealistributions. In figuresA.4 to A.5 the distributions of
the 3 likelihood input variablesthat changemost significantly with the masshypothesisare shavn
for 6 differenttest-massesi-or comparisorthe distributions gainedin the othertwo approachesre
added. The figuresshaw very clearly how the signal shapechangesrom one masshypothesisto
the next. Looking at the cosineof the interjet angle(fig. A.5 on page68) in the approachusingall
masseshereis no discriminationbetweerthe 4-fermionbackgroundandthe signalshape Therefore

1Theanalysisdoesnot distinguishbetweerh andA.

2The sixth likelihoodinput variable, the logarithm of the x2 of a 6C fit wasusedasinput histogramto the limit cal-
culations.Herethe analysewwill bejust comparecat the level of thelikelihoodfunction, usingin all casegust the above
mentionedb variables.
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Figure A.1: Setof masspointsfor which signaleventsof the typee*e™ — hA — cc, bb_, gg have beensimu-
lated.

for instancetestingthe performanceof the likelihood for a signalm,, m,= 30,60GeV usingthese
referencehistogramaill assigrfor thesesignaleventsaratherlow probabilityto belongto thesignal
class.Form,,m, = 30,60GeV the cosineof the minimal jet-jetangleis distributedaround0.8. If one
is looking at the distributions of this variablefor signalandbackgroundusingall massesan event
with a value of 0.8 is catayorizedto originatemorelikely from a QCD thanfrom a signalprocess
itself andequallylikely from a 4-fermionprocess.

FigureA.7 on page70 shaws thelikelihood performanceor a masspoint of m ,m, = 30,60GeV
testedwith thefirst two hypothesesindeedthediscriminationbetweersignalandbackgrounds very
poorin thefirst case.As expected(this pointis includedin the subsampl®f masspoints)the second
approachyields a slightly betterperformance.Figure A.8 on page71 shavs the mass-dependent
analysiswhich significantly performsbetterthanthe othertwo approachesFromthefirst, over the
secondmass-independen the mass-dependeminalysis the signalevolvesout of the background
andpeaksat ever highervaluesof the signallikelihood. Thelastplot in figure A.8 on page71 shaws
how drasticallythe performancds improved, if a variable explicitly containingtest-massspecific
informationis includedin thelikelihood. In thefigurethis is thein theanalysisusedy? variablefor a
6Cfit constraininghedijet masseso thetestedmassesln bothfiguresthe numberof signaleventsis
the numberexpectedfor anintegratediuminosityof 172.1pb~1, andthe modelparametersanf=0.7
anda =0.

A wayto seethe performancef thelikelihoodmoreeasilyis to calculatetheratio of the number
of signaleventsandthesquareoot of thenumberof backgroundeventsleft aftergraduallyincreasing
the cut on the likelihood variableto receve a more pure sampleof signal events. The first plot in
figure A.10 on page73 shaws this ratio for m,,m,= 30,60GeV. As expectedthe subsetperforms
betterthanthe all massapproachwhile the massdependenapproachs the best. The secondplot
is for m,,m,= 60,60GeV. While herethe masssubsetandthe all massapproactchangetheir roles
(thismasspointis notincludedwithin the subset)the mass-dependeapproachagainmarksthe best
solution.
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Likelihood input variables composed from 34 masspoints
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Figure A.2: Referencalistributionsfor thefirst approachundercomparisonThesignaldistributionsaremade
usingall the 34 masspointsin them,,m, planeshovnin figureA.1. Thered(solid) histogramshavsthesignal
distribution, the green(dashed)ine shows the distributionsof the 4-fermionbackgroundandthe blue (dotted)
shaws the 2-fermionbackgroundlistribution.
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Variables composed from a low mass subset of mass points
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Figure A.3: Referencdlistributionsfor the secondapproachundercomparison.The signaldistributionsare
madeusingthe subsebf masspoints,m, (m, )= 30 GeVandm, (m,)=40,60,80,100,120,140,160GeV. The
colourcodeis asin fig. A.2.
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QCD matrixelement
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Figure A.4: Distribution of thelogarithmof the QCD matrixelemenffor severalmasshypothesesThe colour

codeis asin fig. A.2.
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Cosine of minimal jet-jet angle
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Figure A.5: Distribution of the cosineof the minimal jet-jet anglefor several masshypotheses.The colour
codeis asin fig. A.2.
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C parameter
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Figure A.7: Distribution of thehA Likelihoodfor asignalof m, = 30 Ge/ andm, = 60 Ge/. Thegreen(dark
grey) histogramshaows the 2-fermionbackgroundandthe yellow (light grey) histogramshaows the 4-fermion
backgroundn top of thelatter The pointswith errorbarsshav OFAL dataata centre-of-masgsnegy of 189
GeV. Thehatchechistogramshawvs how asignalwould be distributedfor m, = 30 G&/ andm, = 60Gé/. The
numberof signaleventsshowvn belongsto 5 timesthe numberof expectedeventsfor the givendataluminosity;
avalueof tanf=0.7,a = 0 andasignalefficiency of 40.5%.Thetop plotin thisfigure shovsthe shapedor an
analysishuilding thesignalreferencénistogramsrom all massesthe bottomplot shavsthe samefor reference
histogramsuild from the subsebf points.
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FigureA.8: Distribution of thehA Lik elihoodfor asignalof m, = 30 G&/ andm, = 60Ge/. Thecolourcode
is asin fig. A.7. Againthenumberof signaleventsshovn belongso 5 timesthe numberof expectedeventsfor
thegivendataluminosity, avalueof tan3=0.7,a = 0 anda signalefficiency of 40.5%. Thetop plot shovsthe
shapedor ananalysisbuilding the referencehistogramsrom the masspoint m, = 30 G&/ andm, = 60 G&/
itself. The bottomplot shavs the same put including a sixth variableinto the likelihood, the logarithmof the
x? functionasdescribedn 6.4.10on page47.
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Figure A.9: Signalover squareroot of backgroundatiosfor differentapproachesndsignalmasshypothe-
sesof m, = 30Ge&/ andm, = 60Ge&/ andm, = 60Gé&/ andm, = 60G&/. The signalis normalisedto the

numberof signal eventsbelongsto the numberof expectedeventsfor the given dataluminosity, a value of

tanB=0.7, a = 0 and the for the massaccordingefficiency. The blue (dotted)line shavs the ratio using
the all massanalysis,the greenline (dashed-dotted3hows the ratio resultingfrom a the subsetapproach,
the red (dashed)ine shaws the mass-dependemesultandthe black (solid) line shows for comparisorhow

the ratio is improved including the sixth input variable. The top plot in this figure is for a signal massof

m,, = 30 Ge&/ andm, = 60 Ge/, thebottomplot for a signalmassof m, = 60Gé/ andm, = 60 Gé/.
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FigureA.10: Signaloversquareootof backgroundatiosfor differentapproacheandasignalmasshypothesis
of m, = 60G&/ andm, = 90Ge/. Thecolourcodeandfeaturesarethesameasin fig. A.10.



Appendix B

Efficienciesfor differ ent signal processes

masses cc | bb | gg || masseg cc | bb | gg

30/30 | 79 | 94 | 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 ete~ — Z/y — cc, bb,gg. The first column indicatesthe point in the
m,.m, plane,thefollowing columnsshaw the efficienciesin % for the decayof h andA to cc, bb,gg respec-
tively.
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Appendix C

Monte Carlo Samples

Thisappendixiststhe Monte Carlosampleghatwereusedin thepresentednalysisof theOpAL data

atcenterof-massenegiesof /s= 189GeV.

Run G toinf eventsper
number | €Neratomio masspoint
9248 HZHA2 1000
10597 HZHA2 1000
10701 HZHA2 1000

Table C.1: Monte-Carlosignalsamples.

Run . eventsper
number Generatoinfo masspoint
9248 HZHA2 1000
7875 HZHA2 500
10113 HZHA2 500

Table C.2: Monte-Carlosignalsampledor systematichecks.

Table C.3: Monte-Carlosamplesisedasbackgroundn this analysis.

Background nfmuger Generatoinfo | Events
Ww/zz 7846 gr c4f 42088
Zly 5078 PYTHIA 500000
ete qq 7849 gr c4f 127583
llogg 8055 gr c4f 43396
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