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Abstract

A measurementof themassof theW bosonin hadronice� e��� W� W � decayswasperformedwith 183pb� 1

of datarecordedwith theOPAL detectoratacentre-of-massenergyof � s 	 189GeV. Usingaone-dimensional
reweightingtechniquewheretheW width is fixedto its StandardModel prediction,themasswasdetermined
to

M4q
W 	 80
 360 � 0
 105stat.� 0
 093syst.GeV 


Furthermore,theinfluenceof areconstructionof W� W � � qq̄qq̄� g  eventsasfivejetsonboththestatisticaland
thesystematicuncertaintywasstudiedandoptimised. It wasalsoshown the feasibility of a two-dimensional
analysis,a simultaneousfit to thetwo W massesof eachevent.
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Chapter 1

Intr oduction

Understandingof the fundamentalconstituentsof the universehas always beenof great interest
throughoutmankind.Theidea,that themicrocosm,theworld at infinitely smalldistances,is greatly
relatedto theorigin of theuniverseandthatit containsalreadyall thelawsthatgovernthebehaviour of
natureup to theregimeof oureverydaylife andbeyond,hasmotivatedthestudyof thisextraordinary
domain.

Sincethe20th century, physicistshavedevelopedthetoolsto takeacloserlook at thebehaviour of
natureat thescaleof elementaryparticles.In thestudyof highenergeticcollisionsof particles,aided
by theuseof accelerators,onecanthenlearnaboutthefundamentalcomponentsof matterandtheir
interactionsunderconditionsthataresimilar to theenergy densityof theuniversein its infancy.

TheStandard Modelof particlephysicsdescribestheelementaryparticlesandtheir interactions.
However, thereareseveral free parametersthat remainunpredictedandhave to be determinedby
experiment.Also, notall ingredientsof thismodelhavebeendirectlyobservedyet,sothatmeasuring
thepropertiesof theelementaryparticlesandtheir interactionsnot only completesthemissingparts
of this theorybut alsoservesasatestof its validity andgivesconstraintsto thoseparametersthathave
notbeenmeasuredyet.

In 1934,EnricoFermi introducedtheweakforceasa point-like interactionin orderto explain β
decaysof unstablenuclei. It wasalreadyknown thatit couldonly bevalid at low energies,andin the
latesixtiesit wasshown to beaneffectiveapproximationof theweaksectorof theelectroweaktheory
at low momentumtransfer. This first modelof the weakforce describedlow-momentumprocesses
very well becauseof thehigh massesof theexchangeparticles,theW� andZ0 bosons,for which the
interactionappearsto bepoint-like,sinceat low energy theseparticlescanonly bevirtually produced.

In theearlyeighties,the two experimentsUA1 andUA2 at CERNobserved thefirst W� andZ0

bosons,themediatorsof theweakforceaspredictedby theStandardModel. Theseparticles,together
with thephoton,completetheframework of theelectroweaktheory.

Becauseof thehight massesof theweakbosons,very highenergy is neededin particlecollisions
in orderto createthemasrealparticles.High precisionmeasurementsof Z0 decaysat theLEPexper-
imentsin theearlyninetiesalsoserve asan indirectmeasurementof theW massassumingthe links
betweenthe differentparametersasgiven by the Standardmodel. Therefore,a direct measurement
canbeseenasatestof thevalidity of themodelitself. Furthermore,sincethemassof theW bosonde-
pendsto acertaindegreeonthemassof theHiggsboson,apreciseknowledgeof theW masstogether
with otherStandardModel parametersrestrictsthe allowed rangeof the massof the Higgs boson,
thesofar unobserved ingredientof themodel.Thisknowledgeis importantfor experimentalistswho
attemptto discover theHiggsboson.

7



8 CHAPTER1. INTRODUCTION

At energies available in electron-positroncollisions at the Large Electron-PositronCollider at
CERN,realpairsof W� bosonscanbeproduced.Measuringtheir decayproductsallows therecon-
structionof the massof the W� boson. Sincethe W bosoncandecayinto both, a pair of quarks
andleptons,themeasurementis performedseparatelyin the threechannels:thehadronic,thesemi-
leptonic and the leptonic channel. The analysisperformedand describedin this thesiscovers the
measurementof themassof theW bosonin thehadronicchannel,wherebothW bosonsdecayinto
quark-antiquarkpairs.Reconstructingthemomentaof thesequarksandpairingthemcorrectlyallows
theextractionof the two W massesfor eachevent. Unfortunately, thequarksthemselvescannotbe
observed, sincethey cannotexist as isolatedparticlesasdescribedby QuantumChromodynamics.
The quarksfragmentin showers—theso-calledjets—of hadronicparticleswhich canbe measured
by thedetectorsurroundingthecollision point. This effect leadsto a signatureof four high energetic
jets,eachpointingmoreor lessinto thedirectionof theinitial quarkmomentum.In somehadronicW
decaysit happensthataninitial partonradiatesahighenergeticgluon,which itself leadsto ahadronic
shower. If thejet, originatingfrom sucha gluon,is significantlyseparatedfrom theinitial quark,the
eventmight not be properlyreconstructedwhentreatedasfour jets. The analysisperformedin this
thesisfocuseson theimprovementof theW massmeasurementby reconstructingsucheventsasfive
jets. Theinfluenceon boththestatisticalandthesystematicuncertaintyof theW massmeasurement
from aninclusionof 5-jet eventsis studiedandthecurrentOPAL analysis,performedwith 183pb� 1

of datafrom e� e� collisionsat acentre-of-massenergy of 189GeV, is optimised.



Chapter 2

The Standard Model

TheStandardModel describestheinteractionsof matterapartfrom thegravitation asa gaugetheory
basedonSU � 3� c SU � 2� L U � 1� Y symmetrygroups.

Theknown fundamental1 particlescanbedivided into two maingroups:fermions,spin1� 2 par-
ticlesandbosons,particleswith spin1. While fermionsarereferredto astheparticlesthatmatteris
built of, thegaugebosonsareresponsiblefor the interactions,i.e. the forcesbetweenfermionsarise
from theexchangeof gaugebosons.

In additionto thesegaugebosons,themediatorsof theinteractions,thereis anotherboson,theso-
calledHiggsboson,which is alsopartof theStandardModel. Theexistenceof thisspin0 particleis a
consequenceof theHiggsmechanismof spontaneoussymmetrybreakingwhich is neededto provide
theheavy electroweakgaugebosons,theW� andtheZ0 boson,with masses.

Thefollowing paragraphsdescribethepropertiesof thefermionsandtheir interactionsasknown
to date.

2.1 FundamentalFermions

Thereare two groupsof fundamentalfermions: six leptons,six quarksin threecolours and their
associatedanti-particles.All fundamentalfermionsthatexperiencethestrongforce(seesection2.2.2)
arethequarks,all theotherbelongto thegroupof leptons.Both, quarksandleptonsoccurin three
familiesof the samestructure. The first family, of which moststablematteris made,containsthe
up (u) andthedown (d) quark,theelectron(e� ), its neutralpartnertheelectronneutrino(νe) andin
additionof coursethefour anti-particlesū, d̄, e� andν̄e. Thesecondfamily is madeof thecharmed
quark(c), thestrangequark(s), themuon(µ), themuonneutrino(νµ ) andtheassociatedantifermions
(c̄, s̄, µ � and ν̄µ ), while the last family consistsof the top quark(t), the bottomquark(b), the tau
lepton(τ ) andthe tau neutrino(ντ ) with the correspondingantiparticles̄t, b̄, τ � and ν̄τ . The main
differencesbetweenthethreedifferentfamiliesaretheirmasses,increasingfrom family 1 to 3.

2.2 The Forces

Amongthefour known forcesof nature,gravitation is notpartof theStandardModel (SM). However,
therehave beenserioustheoreticalattemptsto includethegravitational force into the framework of
particlephysics.At energy scalesaccessibleto today’s colliders,thegravitation canbeneglectedin

1Fundamentalparticlesarebelievedto beelementary, i.e. they donotshow any innerstructure.
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10 CHAPTER2. THE STANDARD MODEL

theframework of particlephysicsbecauseof its weaknessin comparisonto theelectro-magnetic,the
strongandtheweakforce.

2.2.1 The Electro-Magnetic Force

QuantumElectroDynamics(QED), thetheoryof theelectro-magneticinteraction,is oneof themost
preciselytestedtheoriesin physics.As a motivation for the following sections,the gaugeprinciple
will bebriefly introducedat theexampleof theelectro-magneticforce.

Startingfrom the gaugeinvarianceof the Maxwell equationsone canseethe existenceof the
photonasa consequenceof anunderlyingpostulate.This postulateis the invarianceof theequation
of motion for a spin 1� 2 particle (like the electron)underlocal phasetransformationsof the wave
functionψ � x� with thephaseqχ � x� :

ψ ��� x��� eiqχ  x! ψ � x�"� (2.1)

The equationof motion for an electronin vacuum,the Dirac equation,hasto be completedby an
additionalterm which includesa vectorfield Aµ � x� in orderto absorbthedistortionfrom thephase
transformation.Both, thephasetransformationof thewave function (2.1) anda simultaneoustrans-
formationof thevectorfield

A�µ � x��� Aµ � x� � ∂µχ � x�"# (2.2)

leave theequation

iγµ∂µ � m ψ � x�$� qγµAµ � x� ψ � x� (2.3)

unchanged.Hereinγµ denotestheDirac matrices,andm is themassof theelectron.Thetransforma-
tions(2.1)and(2.2)arecalledgaugetransformations.Theinvarianceof equation(2.3) is calledlocal
gaugeinvarianceundertheU � 1� symmetrygroup.Furthermore,it is possibleto bring equation(2.3)
backinto theshapeof theDirac equation

iγµDµ � m ψ � x��� 0 (2.4)

usingthedefinitionof thecovariant derivative

Dµ � ∂µ % iqAµ � x�"� (2.5)

Theequationfor avectorfield, theProcaequation

∂µFµν % m2
AAν � 0 (2.6)

with Fµν � ∂ µAν � ∂ νAµ , is not invariantunderthe transformation(2.2) unlessthemassmA of the
bosonis zero.Therefore,thegaugebosonarisingfrom thelocal gaugeinvariancehasto bemassless.
A massive gaugebosonwould imply a finite rangeof the interaction.This interactionwould not be
ableto compensatethelocal phasetransformationof thewave functionindiscriminatelyanywherein
space,evenat largedistances.



2.2. THE FORCES 11

2.2.2 The Strong Force

Thetheoryof thestronginteraction,QuantumChromodynamics(QCD),canalsobeformulatedasa
gaugetheory. Analogicallyto QED,QCD describesthestrongforcebetweenthequarksin form of a
SU � 3� symmetrygroup,involving eightmasslessgluonsastheexchangeparticles.Thestrongforce
is about100timesstrongerthantheelectro-magneticforcebut hasarangeof lessthan10� 15 m. Con-
trary to theneutralphotons,gluonscarrythestrongcharge- theso-calledcolourcharge- themselves,
whichallows themto interactwith eachother.

A featureof QCD, asymptoticfreedom,explainsthenon-existenceof freequarks.Thecoupling
constantαs of the strong interactionincreaseswith separationof the quarks. Consequently, it is
energetically morefavourablefor quark-antiquarkpairs to be createdfrom the vacuum,in order to
bind theseparatingquarks,thanfor quarksto exist completelyisolated.On theotherhand,at small
distances,e.g. in deepinelasticscattering,they canbe consideredasquasifree. This featurealso
allows theapplicationof perturbationcalculusathighenergies,becauseαs is sufficiently small,while
thehadronizationcannotbecalculatedperturbatively.

2.2.3 The WeakForce

A theoryof a new interaction,theweakforce,wasneededto explain theβ decaysof nuclei. Enrico
Fermi formulatedthefirst theoryof a weakdecayin 1934. Theinteractionwasassumedto bepoint
like, which is a good approximationgiven the short rangeof the weak force for comparablylow
energies2.

At higherenergieshowever, thetheorywascondemnedto breakdown, astheschemeof acontact
interactionwould violate unitarity constraints.Thusa QED like approachwith charged exchange
particleswasneeded.TheW bosonwasthenpostulatedandwith it aneutralpartner, theZ0 boson,to
provide unitarity of this theory.

If onefor instanceconsidersadoubletof anelectronandaneutrino,theelectron’s andneutrino’s
wave functionbecomesaproductof theleptonwave functionψl � x� andtheiso-spinor

χe � 1
0

# χν � 0
1

� (2.7)

Undertheassumptionthatthechargedweakcurrentcouplesto boththeelectronandtheneutrino
with equalstrength,onecanfollow thepathof phasetransformationasdescribedfor QED:

ψ � � e
i
2 &τ ' &α  x! ψ � (2.8)

This is a rotation in the two dimensionalspaceof the weakiso-spin,where (τ �)� τ1 # τ2 # τ3 � arethe
Pauli matricesand (α � x� denotethe threerotationangles.Transformationsof this kind belongto the
SU � 2� group.

Similarly to the QED case(seesection2.2.1), the threeexternalvectorfieldsWµ
1
# Wµ

2
andWµ

3
areneededto compensatethelocal phasetransformation(2.8) in orderto getaninvariantdescription
of the leptonin a weakfield. Thesethreequantumfieldscouldeasilybemisinterpretedasthethree
exchangebosonsneededfor theweaktheory.

2Sincetherangeof theweakforceis negligible whenthemomentumtransferis muchsmallerthanthemassof theW or
Z0 boson,a point like interactionis a goodapproximationat low energies.



12 CHAPTER2. THE STANDARD MODEL

2.2.4 The Electroweak Unification

ThesimplecompositionU � 1� em SU � 2� weak of theQED andtheweaksectordoesnot describethe
particles’behaviour appropriately. The fact, that chargedweakcurrentsonly coupleto left handed
fermionsplusthe fact that thereis no experimentalindicationfor theexistenceof right handedneu-
trinos,demandsa joint treatmentof both theelectro-magneticandtheweakforce. Furthermore,the
neutralbosonof aweaktheory, asdescribedabove,doesnotmatchtheZ0 bosonobservedin nature.

In theweaktheoryonecanseeparticlesthat canchangetheir identity throughanemissionof a
weakfield quantumasmultipletsof the weak iso-spinI . The left handed(right handed)fermions
(anti-fermions)build doubletswith I � 1� 2:

e
νe L

µ
νµ L

τ
ντ L

u
d� L

c
s� L

t
b� L

I3 � 1� 2
I3 � � 1� 2� (2.9)

Theright handed(left handed)chargedleptonsandquarks(anti-leptonsandanti-quarks)donotcouple
to theW bosonandthereforebelongto thesinglets

e�R # µ �R # τ �R # uR # dR # cR # sR # tR # bR � I � 0�"� (2.10)

I3 is the third componentof the weakiso-spinI . The weakeigenstatesof down-typequarks,d�i �
∑ j Vi jd j whicharesuperpositionsof thequarks,coupleto theW� bosons.Theunitarymixing matrix
Vi j is referredto astheCabbibo-Kobayashi-Maskawa (CKM) matrix. The consequenceof the fact,
thatVi j differsfrom theunit matrix,manifestsitself in theinstability of hadronsmadeof quarksfrom

thesecondandthird family3.
A simultaneoustreatmentof boththeelectro-magneticandtheweaksectorwith SU � 2� L U � 1� Y

transformations,Y beingthehyper-chargeY � 2Qem � 2I3, servesasabetterdescription.
SU � 2� L U � 1� Y transformationslead to the two fields Wµ

1
, Wµ

2
responsiblefor the charged

bosonsand two additionalneutralfields Wµ
3

and Bµ . The physicalfields are linear combinations
of thesefour fields:

W  � ! µ � 1
� 2

Wµ
1 * iWµ

2 # (2.11)

Zµ � � Bµ sinθW % Wµ
3 cosθW # (2.12)

Aµ � Bµ cosθW % Wµ
3 sinθW � (2.13)

θW denotestheelectroweakmixing anglewhich is a free parameterof theelectroweaktheory. It is
in principaldeterminedby matchingthefieldsAµ andZµ with thephotonandtheneutralweakfield,
respectively.

Despitethefact thatVant’Hooft showed in 1971that theelectroweaktheory(andgenerallyany
gaugeinvarianttheoryincorporatingmasslessgaugebosons)is renormalizable,which is oneof this
theory’s mostimportantfeatures,therewasstill theproblemthatgaugebosonsthemselveshave to be
masslessin orderto provide gaugeinvariancefor their own equationsof motionaswell. Obviously
thiscontradictsthehighmassesobservedfor theW andtheZ0 boson.

3Recentmeasurementsof atmosphericandsolarneutrinosstronglysuggestthat the neutrinoshave non-zeromasses.
In this casea matrix similar to the CKM matrix, the Maki-Nakagawa-Sakataleptonmixing matrix, canbe introducedto
describethemixing betweenthedifferentneutrinogenerations.
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2.3 The HiggsMechanism

Oneof themostbeautifulaspectsof gaugetheories,suchasQEDandQCD,is therenormalizabilityof
gaugeinvariantmodels.Furthermore,thepostulationof gaugeinvarianceto theequationsof motion
of anelectronnaturallyleadsto a vectorfield — thephoton,which prior to this hadto beappliedto
thetheorywithoutany realgroundsin motivation.

Thearisingvectorfields,e.g.theelectromagneticfield, hasits own Lagrangian

+ � � 1
16π

FµνFµν % 1
8π

m2AνAν # (2.14)

which is theProcaLagrangian4 for aspin1 particlewith Fµν � ∂ µAν � ∂ νAµ . TheProcaLagrangian
itself is not invariantundergaugetransformations(2.2), unlessm equalszero. The zero-masscon-
straintfits perfectlyto thephotonandthegluons,which areassumedto bemassless,but it certainly
doesnot apply to theheavy bosonsof theelectroweakforce, theZ0 andtheW bosons.This section
describesthe StandardModel approachof the Higgs mechanism,involving spontaneoussymmetry
breaking,in orderto provide theweakbosonswith masseswithout giving upgaugeinvariance.

For simplicity, the Higgs mechanismfor a weak iso-spinsinglet will be describedin detail in
the following paragraphs.Introducinga complex scalarfield, theHiggsfield φ � φR % iφI , onecan
formulateaspin0 Lagrangianconsistingof akinematictermT andapotentialU :

+ � 1
2
� ∂µφ �-,.� ∂ µφ �

T

% 1
2

µ2 � φ , φ � � 1
4

λ 2 � φ , φ � 2
� U

� (2.15)

Thesystemcannow bemadeinvariantunderlocal phasetransformations

φ � eiθ  x! φ (2.16)

by applyingtheusualmethodof introducinga masslessgaugefield Aµ andreplacingthederivatives
in equation(2.15)with covariantderivatives(2.5):

+ � 1
2
� ∂µ � iqAµ � φ , � ∂µ % iqAµ � φ

% 1
2

µ2 � φ , φ � � 1
4

λ 2 � φ , φ � 2 � 1
16π

FµνFµν �
(2.17)

SinceThe Feynmancalculusis a perturbationprocedurethat startsfrom the groundstate,the
vacuum,it is suggestedto introducethenew fieldsη andξ , which arefluctuationsaboutoneof the

possiblegroundstatesφ2
I min % φ2

R min � µ2

λ 2 of U , for instance:

η � φR � µ
λ

ξ � φI � (2.18)

Notethat,sincethepotentialU is symmetricwith respectto rotationsin theφR-φI plane,by choosing
oneof thepossiblegroundstates,thesymmetryof thepotentialitself is hidden. Thesymmetryis said
to bespontaneouslybroken. TheLagrangianis symmetric,i.e. it is invariantunderrotationsof φ in
thecomplex plane.However, whenwrittenwith thenew variables,it is thenfoundnot to beinvariant

4TheLagrangiandensityfunction / of a field is anequivalentdescriptionof thefield’s propertiesthantheequationof
motionof theparticleitself. Thetwo descriptionsarelinkedthroughtheapplicationof theEuler-Lagrangeequationto the
Lagrangian.
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even underthe interchangeof η andξ , despitethe fact that both formulationsdisplayexactly the
samephysics.This behaviour is theconsequenceof theHiggspotentialitself beingsymmetric,but
any certaingroundstate,like η � ξ � 0 0 φR � µ � λ ; φI � 0, no longersharesthissymmetry.

In thenew variablesη andξ , theLagrangian(2.17)becomes

+ � 1
2
� ∂µη �"� ∂ µη � � µ2η 2 % 1

2
� ∂µξ �"� ∂ µξ �

% � 1
16π

FµνFµν % 1
2

q
µ
λ

2
AµAµ � 2i q

µ
λ

� ∂µ � Aµ

% q 1η � ∂µξ � � ξ � ∂µη ��2 Aµ % q2 µ
λ

η � AµAµ � % 1
2

q2 � ξ 2 % η 2 �"� AµAµ �

� 1
4

λ 2 � η 4 % 2η 2ξ 2 % ξ 4 � % µ2

2λ

2

�

(2.19)

The termsin the first line canbe identifiedwith a singlemassive (η ) andoneadditionalmassless
(ξ ) scalarparticle. The secondline describesa vectorfield Aµ which hasnow acquiredthe mass
mA � 2� πqµ

λ (compareto equation2.14), while the term in curledbrackets describesthe various
couplingsof ξ , η andAµ . The constantterm � µ2 � 2λ � 2 is irrelevant, it hasno effect on the field
equations.Not quite understandableis only the term for the masslessvectorfield ξ sinceit is not
observed in nature,althoughit shouldbe easyto identify. Also thereis onedisturbingterm in the
secondline

� 2i q
µ
λ

� ∂µ � Aµ # (2.20)

whichcanhardlybeexplained.Fortunatelyit turnsout thatbothterms,theso-calledGoldstoneboson
ξ and the term (2.20) disappearif oneonly finds a local gaugetransformationwhich gives a real
groundstate:Rotatingφ in thecomplex plane

φ� � cosθ � sinθ
sinθ cosθ

φR
φI

with θ � � arctan
φR

φI
(2.21)

reducese.q.(2.19)to

+ � 1
2
� ∂µη �"� ∂ µη � � µ2η 2 % � 1

16π
FµνFµν % 1

2
q

µ
λ

2
AµAµ

% q2 µ
λ

η � AµAµ � % 1
2

q2η 2 � AµAµ � � λ µη 3 � 1
4

λ 2η 4 % µ2

2λ

2

#
(2.22)

whichdescribesamassive scalar(theHiggsboson),amassive gaugefield Aµ andtheir couplings.
The sameprocedure—witha slightly morecomplicatedHiggs potential—canbe appliedto the

wholeelectroweaksectorin orderto provide theW andtheZ0 bosonwith masstermswhile leaving
thephotonmassless.Notethat thereis a wholevarietyof Higgspotentialswhich couldall serve the
samepurpose,but all of themhave in commonthat they imply at leastonemassive scalar. Sincethe
Higgsbosonhasnot beenobservedyet5, onecannottell theactualshapeof its potential.For a more
completedescriptionof theelectroweaktheoryandtheHiggsmechanismsee[1, 2, 3].

5It is believe thattheHiggsmasscouldbebeyondthereachof today’s colliders.
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2.4 The Massof the W Boson

Taking into accountonly lowestorderperturbationcalculus,themassof theW bosonis determined
by

MW � MZ cosθW � πα
sin2 θW

� 2GF

� vgW

2
# (2.23)

whereMZ is themassof theZ0 bosonandgW denotesthecouplingto theW bosondefinedby gW �
ge � sinθW. TheFermiconstantGF is determinedby thedecayrateof muonsto electronsandv is the
vacuumexpectationvaluev � µ

λ of theHiggssector(seesection2.3).

Indirectmeasurementsof MW weremadeatLEPby precisionmeasurementsat theZ0 resonance.
They leadto a valueof the W massof Mindirect

W � 80� 376 * 0� 034 GeV [4]. A direct observation of
decaysof realW bosonsthereforeservesasa checkof theStandardModel. A direct measurement
from the UA1 experiment[5], where—togetherUA2 [6]—the W bosonwasdiscovered,leadsto a
massof Mdirect

W � 82� 7 * 1� 0stat 3 * 2� 7 GeV from W � eν events. Taking higherordercorrections
into account,MW is sensitive to the massof the Higgs boson,and thereforeprovides an indirect
measurementof the massof the latter that hasnever beenobserved as a real particle so far. The
following equationshows thenext orderdependenciesof MW on themassof theHiggsbosonandthe
topquark:

M2
W � πα

sin2θW
� 2Gµ

1 % 3Gµ

8π2 � 2
M2

t % 2Gµ

16π2 M2
W

11
3

ln
M2

H

M2
W
% �4�4� � (2.24)

Theorigin of thesecorrectionsarisefrom theone-loopcorrectionsto theW propagatorasillustrated
in figure2.1. Thesensitivity of themassof theW bosonto both themassof the top quarkandthe
Higgsbosonis shown in figure2.2.

W-

(b)
t

b

W-

(c)

W-

γ5 /Z0
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W-

(a)

W-

H0

W+

W-

Figure 2.1: One-loopcorrectionsto the W propagatorinvolving virtual top quarks(a), Higgs (b) andγ 6 Z0

bosons(c).
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Figure 2.2: Measurementof MW andMt in 1997. The indirect prediction(solid line) comesfrom precision
electroweakdataandis comparedto directmeasurementsfrom LEP2andTevatron(dashedline).

2.5 Production and Decayof W Bosons

Above the thresholdof � s 9 161 GeV : 2MW thereis enoughenergy available for a pair of real
W bosonsto be createdin e� e� collisions. This sectionsummarisesthe calculationof the W � W �
cross-sectionandbranchingratios.A moredetaileddescriptioncanbefoundin [7].

Theknowledgeof theWW productioncrosssectionσWW, calculatedwithin thetheoreticalframe-
work of theSM, allows thedeterminationof expectedWW eventsif both,theintegratedluminosity

L �
t

+ � t � dt # (2.25)

where
+ � t � is theluminosityasdefinedin equation3.1,andtheefficiency of theappliedeventselec-

tionsandreconstructions,areknown.

2.5.1 On-shell production

In e� e� collisions, pairs of W bosonscan in principle be producedvia two processes,the e� e�
annihilationandtheneutrinoexchange,asillustratedby the lowestorderFeynmangraphsin figure
2.3.

Consideringthe W bosonsasstableparticleswith infinite lifetimes allows the analyticalcalcu-
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Figure 2.3: LowestorderFeynmandiagramsof theW� W � productionprocesses:theneutrinoexchange(a)
andtheelectron-positronannihilationto aphoton(b) andaZ0 boson(c).

lation of the on-shellWW cross-sectionin the Born approximation6 using Feynmanrules [3] and
assumingunpolarisede� e� beams.This leadsneartheproductionthresholdwheretheW bosonsare
producedvirtually at restto theW � W � crosssection

σ0
WW � πα 2

s
1

4sin2 θW

4β %A@ � β3 �"# (2.26)

whereα is theelectromagneticcouplingconstantat zeromomentumtransfer, s denotesthecentre-

of-massenergy squaredandβ � 1 � M2
W � E2

beamexpressesthevelocity of theW bosonsin therest

frame. This cross-sectionis dominatedby the t-channelneutrinoexchangediagram( B β) whereas
thes-channelannihilationdiagramsands-t interferencetermsgo like β3.

2.5.2 Off-shell Production of W C W D Pairs

Althoughequation2.26is alreadyagoodapproximation,thecrosssectionfor theproductionof W bo-
sonpairsmustbecalculatedtogetherwith all otherpossible4-fermionfinal statesto correctlyaccount
for interferenceeffects,sincetheW bosonsareunstableparticles.Still, for mattersof convenience,the
W � W � productioncrosssectionσWW is oftenconsideredseparatelyfrom other4-fermionprocesses
sincetheinterferenceeffectsarepredictedto besmall:

σ4 f � σWW % σother � (2.27)

Non-WW 4-fermionprocesses,suchastheZ0-pair andthesingle-Wproductionandthee� e� �
Z0e� e� process,areillustratedby thelowestorderFeynmandiagramsin figure2.4. Theseprocesses
are treatedasbackgroundin the measurementof the massof the W boson. The curly lines in the

6Herein the Born approximationis the lowestordercalculationof the processesin figure 2.3, the so-called“CCO3”
Feynmandiagrams.



18 CHAPTER2. THE STANDARD MODEL

(a)

EGFIHKJ"L

MON

MIP

Q4R

S QUT

Q4V
S Q4W

(b) XOY

XIZ

X[Y�\^]._

XIZ`\�a] _
b4ca
bUd

(c) eOf

e.g

e[f�h^i-j

k4l
m kUn

eIg`h mi j

(d)

oGpIqKr
s

oGpIq r
tOu

t.v

wyx
zwyx
w

zw

(e)

{$|}G~ {K|��
{$|

�O�

�.�

�y�
��y�
�

��

(f) �O�

�.�

�[���^�-�

�4�
� �U�

�I�`� �� �

Figure2.4: Non-WW 4-fermionprocessesandtheir lowestorderFeynmandiagrams:(a)Abelianannihilation,
(b) bremsstrahlung,(c) multi-peripheralconversion,(d) conversion,(e)non-Abelianannihilationand(f) fusion
process.

Feynmangraphsof figure2.4correspondto photon,Z0 or W� bosonexchangeunlessotherwiseindi-
cated.TheZ0-pair productionbelongsto theprocessesin figure2.4(d) and(e),single-Wproduction
is representedby figure2.4(a), (b) and(f) aswell astheprocesse� e� � Z0e� e� .

Thecontribution of theWW productionto the4-fermioncross-sectioncanbewrittenas

σWW � σ0
WW � 1 % δEW % δQCD � % �4�4� (2.28)

δEW andδQCD standfor one-loopelectroweakandQCD correctionswhile theellipsesdenotehigher
orders.Semi-analyticalcalculationsof theW � W � productioncross-sectionfor ahypotheticalW mass
of MW � 80� 33 areshown in figure2.5,aswell asmeasurementsperformedwith LEP data[8]. The
dashedcurvealsoshows theexpectedcross-sectionin theabsenceof ZWW couplingsaswell asonly
with νe exchange.Figure2.6shows theSM crosssectionsof processesin theenergy regionavailable
at LEP2.Onecanclearlyseethestrongincreaseof thecrosssectionfor theW � W � productionσWW
just at thethreshold.Notethat theshown functionfor theseprocessesare—mainlyat theproduction
threshold—depending on themassof theW bosonitself. Thecrosssectionsfor differentproduction
channelsandthedominantbackgroundprocessesrelevantfor the4-quarkchannelareshown in table
2.1for thecentre-of-massenergy of � s � 189GeV, atwhichthedatausedin thisanalysis,wastaken.
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Figure 2.5: LEP measurementof the W� W � cross-sectionas a function of the centre-of-massenergy � s
comparedto SM predictions[9].

Process σ � pb�
e� e��� W � W ��� l � νl l � ν̄l 1� 76

e� e� � W � W � � l ν̄l qq̄ 7� 32
e� e� � W � W � � qq̄qq̄ 7� 61

e� e� � qq̄  γ ¡ 98� 9
e� e�¢� Z0Z0 0� 98

Table2.1: Crosssectionsfor StandardModelprocessesfor boththeW pairproductionandthemostimportant
backgroundfor the4-quarkchannelat thecentre-of-massenergy of � s £ 189GeV.

2.5.3 W Decay

Relatedto theW bosonthereis anotherimportantparameter:thewidth ΓW. Althoughit canalsobe
measured[10]—evensimultaneouslywith theW mass—,theStandardModel allows thewidth to be
expressedasa function of the mass. In otherwords: the SM containsonly onefree parameterfor
theW boson.Theprecisionof themassmeasurementcanbe increasedby fixing ΓW to its Standard
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Modelprediction

ΓW ¤ GFM3
W

2¥ 2π ¦ (2.29)

sinceonly onefreeparameteris left.
W bosonsdecayinto pairsof fermions,i.e.eitherinto leptonsW � l ν̄l (31� 5%)or quarksW � qq̄§

(68� 5%) [11]. This leadsto 47%hadronic,10%leptonicand43%semi-leptonicW � W � events.



Figure2.6: Crosssectionsfor StandardModel processesin e� e� collisionsat LEP2energies.





Chapter 3

The Experiment

3.1 The Lar geElectron Positron Collider LEP

LEP[12], theLarge Electron-Positron Collider, is a circularacceleratorfor electronsandpositrons,
built and situatedat the EuropeanLaboratory for Particle Physics(CERN), not far from Geneva,
Switzerland.

Its mainpurposesareto allow precisionmeasurementsof thepropertiesof themediatingbosons
of the weakinteraction,testsof the StandardModel andthesearchfor the Higgs boson,aswell as
searchesfor otherparticles,predictedby extensionsof theStandardModel.

During its first five yearsof operation(1989-1994,known astheLEP1era)theLEP accelerator
provided thefour ExperimentsALEPH, DELPHI, L3 andOPAL with electron-positroncollisionsat
centre-of-massenergies in the vicinity of the massof the Z0 boson. From 1995on, after a major
technicalupgradeof LEP, the centre-of-massenergy was increasedto valuesabove the production
thresholdof pairsof W bosons(LEP2).

3.1.1 The LEP Machine

Generally, collision experimentstake placein threedifferentsteps:the initial productionandinjec-
tion of theparticles,thefollowing chainof successive accelerationandfinally thecollision itself. The
LEP acceleratoris only thelastpartof a cascadeof pre-acceleratorsat CERNasschematicallyillus-
tratedin figure3.1. Theprocessof accelerationstartsin theLEP InjectorL inacs(LIL), followedby
the Electron-Positron Accumulatorring (EPA). The two “proton” synchrotronsPSandSPS(Super
ProtonSynchrotron) successively acceleratetheleptonsto evenhigherenergies,beforethey enterthe
LEP machine.WhentheLEP ring is filled with a sufficient numberof electronsandpositrons,they
areacceleratedto thedesiredenergy by radiofrequency cavities (RF).Theprincipalcharacteristicsof
LEParelistedin table3.1.

In thefirst partof LIL, theextractedelectronsareacceleratedto anenergy of 200MeV andpart
of themaredirectedontoa tungstentarget in orderto producethepositrons.Thentheelectronsand
positronsarefurtheracceleratedto 600MeV beforethey entertheEPA ring, wherethey aregroupedto
bunches,destinedto thePS.Having reachedanenergy of 3� 5 GeV in thePS,thebunchesof electrons
andpositronsarefilled into theSPSacceleratorwherethey arefurtheracceleratedupto 22GeV before
they arefilled into theLEP ring.

LEP itself consistsof eightstraightsectionsof about300m lengthandcurved partsin between
wheretheorbit of theparticlesis deflectedby 45̈ . Thefour electronandthefour positronbunches,
travelling aroundthering in oppositedirections,crossin thestraightsections.Only in four of them

23
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circumference 26659m
meanradiusof curvature 3096m

depthof thetunnelbelow surface 50 ² 175m
diameterof thetunnel 3� 8 m

numberof particlebunches 4 ³ 4
spreadof thebunchesσx 200µm
spreadof thebunchesσy 3 µm
lengthof thebunchesσz 10 mm

maximumcirculatingcurrent 6� 3 mA
circulationfrequency 11� 2 kHz
maximumluminosity 1032 cm� 2s� 1 (@ 189GeV)

magneticfield of bendingmagnets 1� 02 kG (@ 189GeV)
numberof dipolemagnets 3368

numberof quadrupolemagnets 816
numberof sextupolemagnets 504
numberof correctionmagnets 700

synchrotronradiation 2� 28 GeV perturn (@ 189GeV)
maximumavailableRF voltage 3525MV

maximumc.m.s.energy 208� 8 GeV

Table 3.1: Main characteristicsof LEP in theLEP2mode[12, 13].

thebunchesarefocusedto providee� e� collisionswithin thefour LEPexperiments.At theotherfour
crossings,electrostaticfieldsseparatetheorbitsof theelectronandpositronbunchesin orderto avoid
collisions.

In the curved partsof LEP, 3368dipole magnetsdeflectthe particles. Another816 quadrupole
and504sextupolemagnetscorrectthetransversalabberationof thebunches.Closeto theinteraction
points,super-conductingquadrupolemagnetsminimisethe transversedimensionsof thebunchesat
theinteractionpointsin orderto gainasmuchluminosityaspossible.Another400correctingmagnets
aroundthering helpcontrollingtheparticles’orbits.Theluminosityis amachinedependentquantity
thatdetermines—togetherwith thecrosssectionσ—theratedN ´ dt of aprocess:

dN
dt µ

¶¸·
σ � (3.1)

At e� e� colliders,theluminosity, neglectingbeam-beaminteractions,is givenby

¶
µ

Ne¹ Neº f

4πkσxσy ¦ (3.2)

whereNe» is the numberof particlesper beam, f is the revolution frequency, k is the numberof
bunchesand σx and σy are the r.m.s beamradii in the planeperpendicularto the beamdirection.
During1998,themaximalluminosityreachedat LEPwasabout1032cm� 2s� 1.

Whenever a chargedparticleis deflectedby a magneticfield, it suffers from energy lossdueto
synchrotronradiation.Within oneturn aroundLEP, anelectron(positron)with initial energy E emits
synchrotronradiationwith a total energy of

∆Esynch µ
E4

RLEP

·
8� 85 ¼ 10� 5GeV� 3m¦ (3.3)
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whereR µ 3096m denotesthemeanradiusof thecurvatureof LEP. For a centre-of-massenergy of
¥ s µ 189GeV theenergy lossthroughsynchrotronradiation,which constantlyhasto beresupplied
by theRF cavities, is 2� 3 GeV perturn.

3.1.2 LEP Energy Measurement

Theknowledgeof the initial stateof thecollision is crucialandaffectstheoutcomeof themeasure-
ment,particularlysincethemeasurementof themassof theW bosonapplieskinematicfits imposing
energy andmomentumconservation (seesection4.4.1). Thereforethe uncertaintyof the measure-
mentof thebeamenergy leadsto a systematicerroron themassmeasurementaswill bedescribedin
section5.3.

The beamenergy is evaluatedby measuringthe spin tuneνs, the numberof electronspin pre-
cessionsper turn in LEP. This measurementis performedin specialrunswith polarisedbeams.The
averagebeamenergy canbeextractedvia therelation

νs µ
  ge ² 2¡

2

Ebeam

me µ
Ebeam

0� 44065GeV
� (3.4)

Herein   ge ² 2¡"´ 2 is theanomalousmagneticmomentof theelectron.
During physicsruns,sucha polarisationmeasurementcannotbe performed,becausethe beams

canonly besufficiently polarisedup to Ebeam ½ 60 GeV. Furthermore,evenat lower energies,stable
collisionconditionswith transversepolarisedbeamsarenotachievedatLEP.

Thereforethedependency of theenergy on themagneticfield

Ebeam µ
e

2πc

¾
B
· ¾
dl ¦ (3.5)

integratedover the orbit of the beam,is usedto extrapolatethe beamenergy to Ebeam ¿ 60 GeV.
The measurementof the bendingfield

¾
B is performedwith 16 NMR probesinstalledin the dipole

magnetsaroundtheLEP ring thatarecalibratedwith measurementsof thespin tuneνs in the range
41 ² 61GeV. Thelinearityof theNMR probesupto LEP2energieswastestedin flux loopstudiesover
thefull range.In thecalculationof theLEPenergy, alsotime-dependenteffectshave to beconsidered,
suchasstrayfields from the passingTGV, theFrenchhigh speedtrain, andmovementsof theLEP
quadrupoleswith respectto thethebeamdueto theearth’s tidesasdescribedin [14, 15].

TheLEP Energy WorkingGrouphasassigneda totalerrorof 20MeV on thebeamenergy for the
datatakenat ¥ s µ 189GeV in 1998[14].

Thebeamenergy attheOPAL interactionpointdoesnotnecessarilyhaveto beequalto theaverage
LEP energy aroundthering. Lossesdueto synchrotronradiationin thearcsandfurtheracceleration
in thesectionsto bothsidesof theexperimenthave to betakeninto account.

3.2 The OPAL Detector

OPAL, theOmni PurposeApparatusat LEP, wasrealizedin orderto studyall thepossibleinterac-
tions producedin e� e� collisionsat LEP with a geometricacceptanceof 99% of thesolid angleof
4π. A schematicview of theOPAL detector, whichis extensively describedin [16, 17, 18] is shown in
figure3.2.Theapparatusconsistsof abarrelregion,with subsystemsarrangedin concentriccylinders
aroundthe interactionpoint, two endcapsof subdetectorsstacked in rectangularlayers,covering the
endsof thebarrelpart,anddevicessurroundingthebeampipe in theforwardandbackward regions



3.2. THE OPAL DETECTOR 27

θ ϕÀ
x

yÁ

z

Hadron calorimeters
and return yoke

Electromagnetic
calorimeters Muon

detectors

Jet
chamber

Vertex
chamber

Microvertex
detector

Z chambers

Solenoid and
pressure vessel

Time of flight
detector

Presampler

Silicon tungsten
luminometer

Forward
detector

Figure3.2: Schematic3D view of theOPAL detector.
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in orderto measuresmall anglescatteringphenomena.TheCartesiancoordinateframeof OPAL is
definedwith its origin in the nominal interactionpoint suchthat the z axis coincideswith the elec-
tron beam.Thex axis pointsto thecentreof theLEP ring andthey axispointsupward. Thepolar
andazimuthalanglesof theframeareθ andφ, respectively. Beingquasi-symmetricwith respectto
rotationsaroundthebeampipeandmirroring at thex ² y plane,thedetector’s purposeis to measure
momentaandenergiesof particlesemerging from theinteractionpointandto determinetheir identity,
aswell asto identify secondaryvertices.

3.2.1 The Tracking System

Startingwith theinnermost,thesilicon microvertex detector, thevertex detectorandthejet chamber
reconstructthetrajectoriesof chargedparticlesfrom thee� e� collision. While thesiliconmicrovertex
detectoris a setof semiconductingmicrostrip layers,the restof the tracking systemconsistsdrift
chamberswithin a4 barpressuredvesselfilled with agasmixtureof 88� 2%argon,9� 8%methaneand
2� 0% ISO-butane. The volume in the pressurevesselis exposedto a constantsolenoidalmagnetic
field of 0� 435T parallelto thebeamaxis.

The Jet Chamber

Theprimaryandfor theW massanalysismostimportanttrackingdevice in theOPAL detectoris the
jet chamber(CJ). It hasa lengthof aboutfour meters,an inner radiusof 25 cm andanouterradius
of 185cm. The24 sectorscontain159sensewireseach,interleaved with potentialwires,all strung
parallelto thebeamaxisin theφ ² zplane.Cathodewire planesform theboundariesbetweensectors.
The sensewires, staggeredby Â 0� 1 mm to the left andright of the φ ² z plane,are10 mm apart
from eachother. Themaximaldrift distancefor electronsemerging from theionisationof thegasis
approximately3 cm for the innermostwiresandabout25 cm in theouterpartof CJ.Averagedover
theentirejet chamber, thetypical spatialresolutionsof thejet chamberare135µm in ther ² φ plane
usingdrift time informationand6 cm in z direction,evaluatedwith chargedivision techniqueswhen
comparingthesignalfrom bothsidesof thewires.

SinceCJ providesproportionalmultiplication of the primary electronscloseto the sensewires,
themeasuredchargeis usedto determinethespecificenergy lossdE ´ dx of thehighenergeticparticle
causingtheprimary ionisation.Togetherwith theknowledgeof its momentum,this canbeusedfor
particleidentification.

Only trackswith Ã cosθ Ã"Ä 0� 73canyield signalsin all 159signalwireswhile trackswith Ã cosθ Ã ¤
0� 98 still transverseabouteightsensewires.

The jet chamberis exposedto a magneticfield, thusmeasuringthe curvatureof tracksyield to
a measurementof the transversemomentumpxy, assumingthe charge of the particle is Â 1, with a
resolutionof

σpxy

pxy
¤ 2� 2 ¼ 10� 3 · pxý GeV �16� (3.6)

for tracksfrom Z0 � µ � µ � eventswith amaximumnumberof measuredpoints.

The Z-Chambers

In orderto measurethezcoordinateof theparticles’tracksasthey exit thejet chamber, 24Z-chambers
(CZ) with sensewiresperpendicularto thebeamaxissurroundCJ,sensitive to trackswith Ã cosθ ÃÅÄ
0� 72. Their resolutionis 100² 350µm in zand1� 5 cm in ther ² φ plane[16].
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Silicon Micr overtex System

Surroundingthebeampipe,a beryllium tubeat a radiusof 5� 35 cm and1� 1 mm thick in thevicinity
of thecollision point, thesilicon microvertex detector(SI) is installedup to a radiusof 7� 8 cm. It is
itself surroundedby anotherbeampipemadeof carbonfibre andthin aluminium.

Thesilicon microvertex detectorconsistsof two cylindrical barrelsof eachtwo single-sidedsil-
icon detectorsat 6� 0 and7� 5 cm distancefrom the interactionpoint. Eachcylinder is madeof two
microstripdetectors,glued togetherback-to-back:The one is sensitive to the z, the other to the φ
direction.Thepurposeof thesilicon microvertex systemis to extrapolatethechargedtracksinto the
insensitive region of thebeampipein orderto detectsecondaryverticeswith high precision.Typical
resolutionsfor thepointsof closestapproachof thehighestenergy trackin aneventto theinteraction
point are15 µm in ther ² φ planeand20 ² 50 µm in thez direction[18].

The Vertex Detector

A high resolutiondrift chamber, the vertex detector(CV), surroundsthe outer beampipe in two
cylindrical layersof 36 sectors.It is 1 m long andextendsfrom a radiusof 8� 8 cm to 23� 5 cm. The
innerlayercontainssensewiresstrungparallelto thebeamaxiswith aspacingof 0� 58 cm. Theouter
sectorshave eachsix “stereo” wires, 0� 5 cm apartfrom eachotherandstrungwith an angleof 4o

with respectto the beamaxis. Measuringthe drift time of the electronsfrom the ionisationin the
gas,the resolutionin the r ² φ planecanbe measuredwith an accuracy of 55 µm. A very fast z
measurement,usedfor triggering,is performedby evaluatingthe time differenceof the signalread
out on bothsidesof thesignalwires(σ Æ ∆T Ç

z ½ 4 cm),a moreaccuratedeterminationof thez position
of a trackis achievedby takingboththestereoandtheaxial wires into account(σ Æ stereoÇ

z ½ 700µm)
[16].

3.2.2 Time-of-Flight Detectors

The time-of-flight system(TOF) generatesfast trigger inputs and rejectscosmicrays. The barrel
part that coversa region of Ã cosθ ÃyÄ 0� 82 surroundsthe magneticcoil in form of an arrayof 160
scintillating tiles of 684 cm length. The scintillating light, emerging from excitationsin the plastic
scintillatordueto transversingchargedparticles,is readoutonbothsidesof thescintillatorbarswith a
totalof 320photomultipliers.An additionalendcappartof theTOF, a1 cmthick layerof scintillating
tiles, is positionedjustbeforetheelectro-magneticcalorimeter.

Triggeredby thebeamcrossingsignal,theTOFmeasuresthetimeit takesfor chargedparticlesto
reachthispartof thedetectoratadistanceof about2� 4 m from theinteractionzone.A timeresolution
of about220pscanbeachievedfor high energeticparticles[16]. With theadditionalinformationof
theamplitudeof thesignal,thetime-of-flightdetectoris usedfor chargedparticleidentificationin the
0� 6 ² 2� 5 GeV range.

3.2.3 Calorimeters

To measuretheenergy of photons,electronsandof chargedandneutralhadrons,OPAL hasasystem
of calorimetersoutsidethe magnetcoil. The particlesarestoppedwithin thesedetectors,leaving a
signaldependingon theamountof absorbedenergy.
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The Electro-magneticCalorimeter

An array of about10000lead glassblocks, installedbetweenthe TOF and the returnyoke of the
magnet,forms theelectro-magneticcalorimeter(ECAL). It measurestheenergy andthepositionof
electro-magneticshowersby readingout theČerenkov light in thetransparentmaterial,emittedby the
highly relativistic electron-positronpairsfrom theelectro-magneticshower: Whenanenergeticelec-
tron is deceleratedin thefield of ahigh-Znucleusby emittingaphoton(bremsstrahlung),thisphoton
can—in the field of anothernucleus—convert into an electron-positronpair. This e� e� pair itself
createsfurther bremsstrahlungandso on, until the particlesin this avalanchedo not have sufficient
energy to createfurtherpairsof electronsandpositrons.

Beforethe electro-magneticparticlesreachthe ECAL, they alreadypassapproximatelytwo ra-
diation lengthsof material,which mainly consistsof thepressurevesselandthemagneticcoil, even
for anglesÃ cosθ Ã ½ 0. Thereforetheelectro-magneticshower alreadystartswithin insensitive mate-
rial, beforethe remainingpartof it canbedetectedin the leadglassblocks. Therefore,the intrinsic
resolutionof theECAL is degradedby a factorof about200%́ sinθ. Especiallymeasurementslike
that of the W massin hadronicevents,which relies on eventswith a wide angularspreadof the
particles,suffer from a degradedsensitivity of thecalorimetersat anglesbetweenthebarrelandthe
endcappart,wheretheenteringparticlespassa lot of insensitive materialbasicallydueto mechanical
reasons.Barrel andendcappresamplerdetectors,locatedalongthe insideboundaryof the electro-
magneticcalorimeter, improve the position and energy resolution. The intrinsic resolutionof the
electro-magneticcalorimeterwith its 22 radiationlengthsis

σE

E ¤ 0� 2% ³ 6� 3%
E ´ GeV

�16�U� (3.7)

The Hadron Calorimeter

The returnyoke for the magneticflux from the magnetis usedas the iron absorberof the hadron
calorimeter(HCAL). Thesensitive partsof thisdetectorarestreamerlayers,interleavedwith theiron
absorber. They detectthehadronicandelectro-magneticshowersproducedin theiron absorbers.

With its depthof 4� 8 nuclearinteractionlengthsit is capableto stopneutralandchargedhadronic
particlesandmeasuretheir depositedenergy. In additionit alsosupportstheidentificationof muons.

Before particlesreachthe hadroniccalorimeterwhich surroundsthe ECAL, they passalready
abouttwo interactionlengthsof material,mainly within the electro-magneticcalorimeter, thus the
energy of hadronsis calculatedcombiningECAL andHCAL information. Theenergy resolutionof
thehadroncalorimeteris about

σE

E ¤ 120%

E ´ GeV
� 16�U� (3.8)

3.2.4 Muon Detectors

The only known particlesthat the calorimetersarenot able to stoparemuonsandneutrinos. The
latterescapethedetectioncompletelyandcanonly bereconstructedimposingenergy andmomentum
conservation. Themuonson theotherhandgenerallyleadto signalsin boththetrackingsystemand
the calorimeters,but due to their highermassthe energy lossvia bremsstrahlungis negligible and
they arenot interactingvia thestrongforce. Therefore,they escapethehadroncalorimeterandenter
themuondetectors,theoutermostdetectorpartof OPAL, which aresupportingthe identificationof
muons. With its drift chambers,covering in multiple layersboth the barrelandthe endcappart of
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thedetector, typical spatialresolutionsof 1� 5 mm in the r ² φ planeand2 mm in thez directionare
achieved[16].

3.2.5 The Forward Detectorsand Luminometers

The main purposeof the OPAL forward detectorsand the silicon-tungstenluminometeris the ob-
servation of small angleBhabhascatteringprocessesin orderto determinetheLEP luminosity (see
equation3.1). At smallanglesto thebeam,the t-channel,which hasa 1́ θ4 dependency, dominates
thedifferentiale� e� � e� e� crosssection.

The forwarddetectormeasuresparticleswithin angularthe rangefrom 47 to 120mrad. It is di-
videdinto threeparts,from insideto outside:Thetubechambers,threelayersof proportionalcounters
locatedoutsideof theelectro-magneticpresampler, measurethecentreof gravity positionof showers
to within 3mm. Thefollowing forwardcalorimeterconsistsof 35samplinglayersof alead-scintillator
sandwich,which measuretheenergy of theshowers. Thefar forwarddetector, which is installedon
eithersideof OPAL about8 m from theinteractionpoint,coverstheregionof 5 ² 10mrad.

Thesilicon-tungstenluminometer, consistingof 19 layersof silicon microstripdetectorsand18
layersof tungstenon eachside of the interactionpoint at z ¤ Â 240 cm, detectselectro-magnetic
showersfrom particleswith anglesbetween25and59mrad.It measuresthepositionof thecentreof
gravity of electronshowerswith a precisionof 220 µm andtheenergy with a resolutionof σE ´ E ¤
24%́ E ´ GeV [17] in regionswith minimal amountof materialbetweenthecollision point andthe
luminometer.

3.2.6 Trigger and Data Acquisition

Thefirst eventselectionandbackgroundrejectionbeginsalreadyon-line.Events,classifiedassignal,
areselectedandthetotal amountof informationfrom all thesubdetectorsis alreadyreducedin order
to beableto bestoredfor lateroff-line analyses.

Trigger

With four electrononfour positronbunches,thereareabout45000bunchcrossingspersecondinside
theOPAL detector. Thisrateis far to highto bereadoutby theexperiment,not to mentiontheamount
of datathatwould have to bestored.Therefore,thefirst selectionof eventsis donealreadyon-line
with thetriggersystemof OPAL, reducingthenumberof recordedeventsto about10in asecond.The
triggercollectsthefastestsignalsof thedetectorandcomparesthemto predefinedrequirementsin or-
derto only readout “interestingevents”andrejectcosmicraybackgroundandbeamgasinteractions.
Thetriggertakesbasicallytwo differentfeaturesinto account:signalsof individual subdetectors,like
trackandclustermultiplicities andenergy sums,but alsocorrelatedangularpropertiesin a grid of θ
andφ from multiple detectorstogether.

Data Acquisition

An event,chosento berecorded,still containsa lot of uselessinformation,if all outputsof thevarious
channelswould be stored. Thus, the dataacquisitionsystemdoesnot only collect the output from
all the16 subdetectorsandalreadycalibratethedatain a first step,it alsocompressestheeventsize,
basicallyby consideringonly thosechannelsthatcontaininformationabove certainnoisethresholds.
This leadsto a typical eventsizefor a W � W � � qqqq eventof 500kbyte. Thentheso-calledfilter
compareseachcollectedevent’s topologywith variousphysicsprocessesandrejects15 to 35% of
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eventsacceptedby thetrigger. Oncethefirst calibrationis made,theeventsbecomeavailablefor the
differentanalyses.After having collectedsufficientdata– this typically takesabouta week– another
setof calibrationconstantsincreasesthequalityof thedata.

3.2.7 DetectorSimulation

In order to be able to comparethe datataken with the detectorto Monte Carlo simulatedphysics
processes,the output of the variousMonte Carlo generatorsis passedthroughthe OPAL detector
simulationGOPAL [19] (basedon theGEANT package[20]) which attemptsto producea detector
response,asif theeventsweretaken with the realdetector, asrealisticallyaspossible.Thedetector
simulationtakes into accountthe interactionof the particleswith the materialof the detector, the
signalformationprocessin thedifferentsubsystems,aswell asthebehaviour of thetrigger, theevent
builder andthefilter [19].



Chapter 4

The Measurementof the Massof the W
Boson

This chapterdescribestheanalysistoolsandproceduresfor a W massreconstructionin thehadronic
channelfor 183pb� 1 of datarecordedwith theOPAL detectorin 1998at thecentre-of-massenergy
¥ s µ 189 GeV. First, the OPAL standardpreselectionfor W � W � candidateswill briefly be de-
scribed.Thenthemassreconstruction,includingkinematiccorrections,will be introduced,focusing
on the hadronicchannelandfinally the reweighting techniqueusedin the analysisperformedwill
be describedandtestswith events,simulatedby MonteCarlo,will be performed.Furthermore,the
influenceof an inclusionof 5-jet eventsinto theanalysiswill bediscussedandoptimisedanda first
attemptof analternative two-dimensionalanalysiswill beintroduced.

4.1 Event Selection

In orderto provide the analysiswith an alreadyrelatively puresampleof e� e�È� W � W �É� qq̄qq̄
events,a selectiontakesplaceto rejectmostof thoseeventsthatareobviousbackground.In theW
pair analysisthis is donein threesteps:Startingwith themostsimpleeventsignature,candidatesfor
W � W � �ËÊ ν Ê ν eventsareselectedandonly eventsthatfail this selectionareconsideredaspossible
semi-leptonicor hadronicevents.ThesecondstepselectsW � W ��� qqÊ ν events,while only events
thatfail boththeleptonicandthesemi-leptoniceventselectionentertheselectionof hadronicevents.
For theeventselectionschemesfor theleptonicandsemi-leptonicchannelthereaderis referredto the
references[21, 22] and[23, 24] wherethesetwo channelsarefully described.

In the first stageof the selectionof hadroniceventsfrom pairs of W bosons,the DURHAM jet
algorithmcombinestracksandcalorimeterclustersto jets.After having correctedfor double-counting
of energy, theselectionitself takesplace.

4.1.1 Finding the jets

As oneof the first stepsof the massreconstructionthe tracksin the centraltrackingsystemof the
detectortogetherwith the absorbedenergies in thecalorimetershave to be clusteredin orderto get
four (five)jetsthatcanbeassociatedwith thefourquarks(andtheenergeticgluon)of hadronicW � W �
decays.This canbedonewith a varietyof jet finding algorithms.All of thesealgorithmsattemptto
combine4-momentaof tracksthatarecloseto eachotherin orderto endup with a reconstructionof
therequirednumberof jets,e.g.four or five.

33
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SincetheactualW massanalysesat OPAL [10, 25, 26] usetheDURHAM jet finder[27], thesame
algorithmis usedwithin thesestudiesin orderto allow abettercomparisonof theresults.

Y
Ì

XZ
Í

Figure4.1: OPAL eventdisplayof a typical W� W �ÏÎ qqqq candidate.Theeventis shown in directionof the
beamaxis.For abetterillustration,thetracksrecordedin theOPAL wire chamberhavedifferentcolourswhich
distinguishbetweenthe 4 jets found by the DURHAM jet finder (seesection4.1.1)using the detectedtracks
togetherwith their associatedentriesin the OPAL calorimeters(yellow andmagentaboxes for the electro-
magneticandhadroncalorimeter, respectively) andthemuonsystem(light bluearrow).

Figure 4.1 shows a typical W � W � � qqqq candidateobserved with the OPAL detector. The
differentcoloursof thetracksin thecentralchamberof OPAL illustratethejet, eachtrackbelongsto
with respectto theDURHAM jet finding algorithm. In thefirst step,this algorithmcalculatesfor each
pair i ¦ j of detectedparticles(i.e. tracksandclusters)thequantity

ỹi j µ 2
mini Ð j   E2

i ¦ E2
j ¡

s
  1 ² cosθi j ¡ ¦ (4.1)

wheres is the centre-of-massenergy squared,Ei Ð j arethe energies of the i-th and the j-th particle
andθi j denotestheanglebetweenthem. A small valueof ỹi j meansthat theanglebetweenthe two
particlesis small or oneof thesetwo particleshaslow energy. Thosetwo particlesfor which ỹi j is
minimalaremergedto apseudo-particleby addingtheir4-momenta.In thenext step,ỹi j is calculated
anothertime for all possiblepairsof the remainingparticlesandthe“new” pseudo-particlein order
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to combinethosetwo for which ỹi j is smallest.Thisprocedureis iterateduntil thenumberof pseudo-
particles1 equalsthe requirednumberof jets. Theseremainingpseudo-particlesarethencalledjets,
andin eachstepwherethenumberof pseudo-particlesis reducedfrom N to N ² 1,

yN � 1 ÐN µ min
i ÑÒ j

2
min   E2

i ¦ E2
j ¡

s
  1 ² cosθi j ¡ (4.2)

is calledthejet resolutionparameter. Theminimumis takenwith respectto all combinationsof two
out of N jets. Thejet resolutionparameteryN � 1 ÐN is a measurefor thesmallestseparationof two jets
of a N-jet event.A smallvalueof yN � 1 ÐN meansthattheeventlooksmorelike a   N-1)-jet ratherthan
aN-jet event.

4.1.2 Jet Energy Corr ection

Information from the tracking detectorsand the electro-magneticand hadroniccalorimeterscon-
tributesto themeasurementof jet energies. In caseswherechargedtrackshave associatedclusters,
correctionsof order10 ² 15% mustbeperformedto eliminatedouble-countingof energy dueto re-
dundantmeasurements.

Thealgorithmusedin this analysisidentifiesindividual associationsbetweentracksandclusters.
The momentumof a particle is taken to be the momentummeasuredby the trackingsystem. The
lower the momentum,the smalleris the consideredmatchingregion the track is pointing to. The
contribution of eachsingletrack to the associatedcalorimeterclusteris subtractedfrom the energy
measuredby the electro-magneticand the hadroncalorimeter, using information from the particle
identificationto treatleptonsandhadronsdifferently[28].

4.1.3 Monte Carlo DetectorRecalibration

Thedetectorresponseis includedin theMonteCarlosimulationof events. Theagreementbetween
dataandMonteCarlosimulationis very good,but dueto miss-adjustmentandagingeffectsthereare
small discrepancies.Therefore,the angularoffsets,the angularresolutionsof leptonsand jets and
the energy scaleasa function of θ andφ of simulatedeventsarecorrected[29] usingcomparison
of MonteCarloto datafor eventsrecordedin 1998at thecentre-of-massenergy ¥ s ¤ MZ, sincethe
propertiesof theZ0 bosonarewell understoodfrom highprecisionmeasurementsperformedatLEP1.

4.1.4 W Ó W ÔÖÕ qqqq Event Selection

Theselectionof hadroniceventsfrom pairsof W bosonsis fully documentedin reference[30].

Preselection

First, a cut-basedpreselectionsuppressespoorly reconstructedeventsaswell asa big fractionof the
non-WW background– mainly from Z0 � qq̄  γ ¡ events– by requiringthe following propertiesof
eachcandidate,reconstructedasa4-jetevent:

1. Theeffective invariantmassof theevent, ¥ s§ mustexceed75%of theavailableenergy ¥ s. ¥ s§
is theenergy thatis left if thephotonenergy from initial stateradiationis subtracted.

1For convenience,the term pseudo-particlesalso includesremainingparticlesthat have not beenmerged to pseudo-
particlesyet.
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2. Thevisible energy mustbegreaterthan0� 7 · ¥ s.

3. Themostenergeticelectro-magneticclustermustcontainlessthan0� 3 · ¥ s.

4. Thelowest(secondlowest)multiplicity jet mustcontainat leastone(two) chargedparticles.

5. Thelogarithm(base10) of thelargestweightW420, calculatedfrom thematrix elementfor the
QCD backgroundprocesse� e�É� qq̄qq̄¦ qq̄gg for all threejet combinationsof a 4-jet event,
mustbelessthanzero.Themomentaof thefour jetsareinput in placeof thepartonmomenta
in order to calculatethe probability densityof a e� e� � Z0 event leadingto this particular
4-partonarrangement.[31].

Thispreselectionrejects96%of theZ0 � qq̄ backgroundandhasanefficiency of 93%sothata total
of 2077eventsin thedataat ¥ s µ 189GeV survive.

Lik elihoodSelection

After thepreselection,a likelihooddiscriminantis calculatedfor eachsurviving candidate,evaluated
with thefollowing four variables:

1. maxj × p × � log10   W420¡�� , thelargestweight from theQCD matrix elementof all threedifferentjet
combinations.HadronicW � W � decayspeakat lowervaluethantheqq̄ background.

2. maxj × p × � log10   Wexe¡�� , the maximalweight from the EXCALIBUR matrix element[32] for the
CC03processW � W � � qq̄qq̄ of all threedifferentjet permutations.In general,hadronicWW
eventshave largervaluesof thiseventweightthanthebackgroundprocesses.

3. log10   y45 ¡ , the logarithmof the jet resolutionparameterfrom theDURHAM jet clusteringalgo-
rithm (seesection4.1.1).

4. S µ 3́ 2minØn   ∑ pt
2 ´ ∑

¾
p2 ¡ , the sphericityof an event. Herein pt is the transversemomentum

with respectto thedirectiondefinedby
¾
n while thesumisperformedoverall particles.qq̄ events

tendto low valuesof Swhile thesphericityof W � W � � qqqq eventsis in generallarger.

Therelative likelihooddiscriminantfor eacheventis takenfrom MonteCarlosimulateddistribu-
tionsof thesefourvariablesfor bothsignalandbackgroundprocessesin asimilarwayasthelikelihood
selectiondescribedin section4.4.3,by transformingthesevariablesinto uncorrelated(for thecaseof
hadronicWW events)andGaussian-like linearcombinationsof theoriginal variables.

Theselectionof hadronicWW eventsprovidesanefficiency of 86� 5% anda purity of 77%[10,
33].

4.2 Reconstructionof the Leptonic Events

A direct W massreconstructionin the leptonicchannelW � W ���ËÊ ν Ê ν is impossiblebecausethe
two involvedneutrinosarenotdetectedandtheirmomentaarenotmeasurable.

However, it wasshown thatthedistributionsof certainvariablesaresensitive to themassof theW
boson.At OPAL two variablesserve sucha property: the leptonenergiesandtheso-calledpseudo-
mass,aW massthatcanbecalculatedundertheassumptionof completelyplanarevents[21]. Figure
4.2shows theOPAL eventdisplayof a typicalW � W ��� µ � νµ � ν̄ candidate.
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Figure4.2: OPAL eventdisplayof a typicalW� W �ÜÎ µ � νµ � ν̄ candidate.Theeventis shown in directionof
thebeamaxis.Frominsideto outside,onecanseethefollowing signals:thetracksof themuonsin thecentral
trackingchamber(blue),little energy depositionsin theelectro-magneticcalorimeter(yellow), smallentriesin
thehadroniccalorimeter(magenta)andfinally signalsin themuondetectors(bluearrows).

4.3 Reconstructionof the Semi-LeptonicEvents

First of all, aftertheprimaryleptonwasidentified,thehadronicjetshave to bereconstructed.This is
doneby theDURHAM jet finder (seesection4.1.1),analgorithmwhich combinestracksandjetsone
aftertheotheruntil thenumberof jetsis reducedto thedesirednumberof jets,i.e. two in thecaseof
W � W �Ý� qqÊ ν events.

In W � W � � qqÊ ν events,onealreadyhasthemainmassinformationby evaluatingtheinvariant
massof thetwo quarkjets. Theresolutioncanbeimprovedby imposingconstraints,i.e. momentum
andenergy conservation andthe assumptionthat the two W massesareequal[23, 10]. Figure4.3
shows a typicalW � W ��� qq̄eν̄ candidaterecordedwith theOPAL detector.
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Figure4.3: OPAL eventdisplayof a typicalW� W ��Î qq̄eν̄ candidate.Theeventis shown in directionof the
beamaxis. From insideto outside,onecanseethe following signals: the tracksof the muonsin the central
trackingchamber, entriesin theECAL (yellow), entriesin theHCAL (magenta)andfinally signalsin themuon
detectors(arrows). Thebig arrow denotesthedirectionof undetectedmomentumdueto theneutrino.Clearly
onecanidentify the isolatedhigh energetic track from theelectron(red) thatwascompletelyabsorbedin the
electro-magneticcalorimeter.

4.4 Reconstructionof the Hadronic Events

Figure4.1shows aW � W � � qqqq candidaterecordedatOPAL. Thefour quarksof ahadronicWW
eventproducepartonshowersleadingto four jetsof hadrons,or—in thecaseof hardgluonradiation
of a primaryparton—tofour quarkjetsanda gluon jet. The following paragraphsdescribein more
detailthedifferentstepsto reconstructthemomentaof theprimarypartonsleadingto adetermination
of theW massfor eachhadronicevent.Specialemphasisis givento thedifferenttreatmentof 4- and
5-jet like events.

4.4.1 Kinematic Corr ections

TheW � W � � qqqq channeldoesnot have thedisadvantageof undetectedparticleslike in theother
two WW channels.Themassreconstruction,however, is degradedfrom ambiguitiesdueto multiple
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jet combinations:Therearethree(ten)differentwaysto pair two out of four (five) jetsandassociate
themwith oneof thetwo W bosons.TheW massreconstructionof eachevent thereforedependson
theefficiency of findingthecorrectjet combination.If thecorrectjet pairingis found,thejet momenta
canbecorrectedsimilarly to section4.3by imposingenergy andmomentumconservationaswell as
equalinvariant massof the two jet pairs. Becauseof the five constraintsinvolved, this correction
is calleda 5-C fit. The following paragraphsdescribethe basicprinciplesof sucha correctionand
introducethefit probability which is a functionof themeasurefor thegoodness-of-fitχ2.

Given a setof measuredvariablesÞ xi ß ¦ i µ 1¦ 2¦ �4�4� ¦ N with uncorrelateduncertaintiesÞ σi ß and
additionaln Ä N independentconstraints

fk   x1 ¦ x2 ¦ �4�4� ¦ xN ¡ µ 0¦ k µ 1¦ 2¦ �4�4� ¦ n¦ (4.3)

thefit triesto find thevaluesÞ x§i ß thatminimisethefunction

χ2 µ
N

∑
i Ò 1

  x§i ² xi ¡
σi

2 ³ n

∑
kÒ 1

λk fk   x§1 ¦ x§2 ¦ �4�4� ¦ x§N ¡ ¦ (4.4)

which is a fit with theLagrangianmultipliersλ i . For a setof measuredvariablesthatarecorrelated,
theexpressionchangesto

χ2 µ
N

∑
i Ð j Ò 1

  x§i ² xi ¡"  G� 1 ¡ i j   x§ j ² x j ¡à³
n

∑
kÒ 1

λk fk   x§1 ¦ x§2 ¦ �4�4� ¦ x§N ¡ ¦ (4.5)

G beingthecovariancematrixof themeasuredvariablesÞ xi ß .
Assumingtheerrorsandtheircorrelationsarecorrectlyestimated,theminimal χ2, dividedby the

numberof degreesof freedomNd × o × f × µ n, is approximately1. Theχ2-probabilityis givenby

P  χ2;Nd × o × f × ¡ µ
2� Nd á o á f á â 2

Γ   Nd × o × f × ´ 2¡
∞

χ2
χNd á o á f á � 2 exp  "² χ2 ´ 2¡ dχ2 � (4.6)

P  χ2;Nd × o × f × ¡ describestheprobabilitythata largervalueof χ2 thantheoneobservedcouldoccur. If
thedataobey theconstraintsandtheerrorsareGaussianandcorrectlyestimated,this probabilityis a
flat functionbetween0 and1 (for furtherdetailsseereference[34]).

For eachof thethree(ten)differentcombinationsof a 4-jet (5-jet) eventa 5-C fit is appliedusing
energy andmomentumconservation

fk µ ∑
jets j

pÆ kÇ
j
² δk0 ¥ s µ 0¦ k µ 1¦ �4�4� ¦ 4¦ (4.7)

aswell astheequalmassconstraint

f5 µ MW1
² MW2 µ 0� (4.8)

pÆ kÇ
j

is thekth componentof the4-momentumpµ
j µ   pÆ 0Ç

j µ E j ¦
¾
p j ¡ of the j th jet while MWl

denotes

theinvariantmassof the l th W boson(l µ 1¦ 2) for thecombinationchosen.If only theequations4.7
areapplied,it is referredto asa4-Ccorrectionof theevent.Sucha4-Cfit is independentof acertain
jet-W association.

For WW candidates,theassignederrorsandcorrelations(theerrormatrix G) areestimatedfrom
MonteCarlostudiesof W � W ��� qqqq eventsandparameteriseddependingon theenergiesE j , the
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momenta
¾
p j andthedirectionsθ j of thejets[35, 36]. Figures4.4a) andb) show thedistributionsof

the 5-C fit probability for 4- and5-jet events,respectively, with a cut on p5-C
4Ð 5 ¿ 1%. Thesefigures

show goodagreementbetweendataandMonteCarlo. In principle, thesedistributionsaresupposed
to be flat in caseof well estimatederrors. The large increaseof entriesfor very small valuesof the
fit probability originatesfrom background.Also eventswith large deviationswhich get a small fit-
probability, sincethe χ2 is evaluatedwith Gaussian-like errorsthat do not take into accountbadly
reconstructedeventsin thetails of thenon-Gaussiandistributions. For thoseeventstheerrorson the
measuredquantitiesareunderestimated.
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Figure 4.4: 5-C fit probability for a) 4- andb) 5-jet eventswith p5-C
4 í 5 î 1% anda 5-C fitted masslarger than

65 GeV. An eventis treatedasfive jetsif lny45 exceedsï 6ð 8. Otherwise,it is consideredasa 4-jetevent.

4.4.2 FiveJetsversusfour Jets

A kinematicfit (asdescribedin 4.4.1)providestheprobabilitythat thefour jetsandtheir association
to the two W bosonsareconsistentwith energy and momentumconservation and the assumption
of equalmassof the two W bosons. This probability is calculatedfor eachjet pairing separately.
Togetherwith additionalkinematicinformationit is usedto determine,which combinationis most
likely thecorrectone(seesection4.4.3).

Even in thecaseof hardgluonradiationfrom oneof thepartons,themassreconstructionof the
event is correctif the jet finding algorithm(seesection4.1.1)associatesthe gluon jet to the correct
parton. However, the 4-jet massreconstructioncanbe biasedor wrong if an initial partonradiates
anenergetic gluonand(partof) themomentumof the latter is not associatedto the jet of the initial
partonit originatesfrom: Eithertheeventis rejecteddueto asmallprobabilityto fulfil theconstraints
mentionedabove, or it providesa non-optimalmassinformationanddegradesthe massresolution
of the analysis. Figure4.5 shows a typical 5-jet candidaterecordedwith the OPAL detector. The
tracksin the jet chamberarealreadycolouredto label the jet they areassociatedto by theDURHAM
jet algorithm.
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Figure 4.5: A 5-jet candidaterecordedwith the OPAL detector. This event, althoughit clearly looks like
a 5-jet event (lny45 £ôï 4ð 20) with a 5-C fitted massof M5 j

W
£ 79ð 43 GeV, it also leadsto a reasonable4-

jet reconstructionwith M4 j
W
£ 79ð 20 GeV. The jet pairing likelihood is 0ð 78 and 0ð 65 for the 5- and 4-jet

reconstruction(seesection4.4.3).Treatedas4 jets,thegreenandtheredtracks,togetherwith their associated
calorimeterclusters,wouldbecombinedto a singlejet.

A possiblesolutionto theproblemof wrongly associatedenergy is to treattheeventsasfive jets
ratherthanfour jetsin orderto avoid thatthejet algorithmaddsgluonenergy to awrongjet. Theidea
is to recover otherwiserejected4-jet eventson theonesideandimprove themassreconstructionof
eventswith ahardgluonon theotherside.As anexamplefor aneventthatmightberecoveredin a5-
jet treatment,figure4.6shows theeventdisplayof a 5-jet candidatewherea4-jet reconstructionfails
by meansof a low fit probability p5-C

4 j µ 0� 08. Reconstructedasa 5-jet event, thefit probabilitybe-

comesp5-C
5 j µ 0� 38 2. Thecorrespondingreconstructedmassesare72� 15 GeV for four and79� 61 GeV

for five jets.
Thedisadvantageof treatingWW eventsasfivejetscomesfrom thelargernumberof possibilities

of jet combinations:Therearetendifferentwaysof associatingtwo jetsoutof fiveto oneW. Thiscan
in generalleadto a biggercombinatorialbackground,i.e. W � W �¢� qq̄qq̄  g¡ eventsthatprovide no

2Notethattheprobabilitiesfor a4- anda5-jet5-Cfit cannoteasilybecomparedin aquantitative way, sincethenumber
of freeparametersis biggerin the caseof 5 jets. Therefore,the correspondingfit probability is anyhow likely to tendto
highervalues.Usinga likelihooddiscriminantin orderto find thecorrectjet combinationaswill bedescribedin 4.4.3,this
event,reconstructedasfour jets,getsa likelihoodvalueof 0õ 01andwouldberejected.As five jets,thejet pairinglikelihood
becomes0õ 83.
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Figure 4.6: Another5-jet candidaterecordedwith theOPAL detector(lny45 £Öï 3ð 70), reconstructedasfive
(left) andas four jets (right). This event givessignificantlydifferent resultswhen treatedas four jets: The
measuredW massesareM5 j

W
£ 79ð 61GeV andM4 j

W
£ 72ð 15GeV. Thevaluesfor thejet pairinglikelihood(see

section4.4.3)are0ð 83 and0ð 01 for thecaseof five andfour jets, respectively. This eventwould probablybe
rejectedin apure4-jet analysis.

usefulmassinformationdueto a wrongjet-W association.Also a lossof signaleventsfor which the
4-jetanalysiswouldhave pickedtheright combinationhasto beconsidered.

The path this analysiswantsto follow is to improve the existing 4-jet analysisby dividing all
eventsinto two groupswith respectto the jet resolutionparametery45 (givenby equation(4.2)) and
treatthemseparately.

In orderto quantify theeffect of mixing theenergy from bothW bosonsin onejet, onecanuse
the incorrectlyassociatedW energy Ewrong to eachof the four or five jetsknown from MonteCarlo
simulatedevents.Thefractionof thejet energy thatoriginatesfrom acertainoneof thetwo W bosons
canbe obtainedby applyinga jet finding algorithmat thepartonlevel of theevent simulation. The
partonjetsfor which theassociationto thetwo W bosonsis known canthenbeassociatedto thejets
on detectorlevel usingangularmatching.

The left part of figure 4.7 shows the fraction of 4-jet (5-jet) eventsin bins of lny45 that have at
leastonejet for which the wrongly associatedenergy Emax

wrong exceeds10 GeV. For a small valueof
lny45, Emax

wrong is similar for 4 and5 jet eventsbut with increasinglny45 it becomesmuchworsefor 4 jet
events.This indicatesthatanimprovementby 5 jet reconstructioncanmainly beexpectedfor events
with a largelny45.

The effect is further illustratedin the right sideof figure 4.7 by the distribution of the wrongly
associatedW energy Emax

wrong for the “worst” jet for both four andfive jets just for thoseeventswith
lny45 exceeding² 6� 8. This distribution shows that it is worth trying to recover 4-jet eventsin the
high-y45 regionwith ahighamountof wrongly associatedW energy by treatingthemasfive jets.
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Figure 4.7: The left sideshows the fraction of eventswith wrongly associatedenergy that is biggerthan10
GeV for eachbin in lny45 for 4-jet (emptysquaresandsolid bars)and5-jet events(filled circlesanddashed
bars).Theright sideshowsthedistributionof thewronglyassociatedenergy Emax

wrong for the“worst” jet for 4-jet
(solid line) and5-jet events(dashedline) with lny45 üÖý 6þ 8.

4.4.3 The Corr ect Jet Combination

Thebestjet pairing, i.e. the jet combinationthat is mostlikely thecorrectone,is found for both4-
and5-jeteventswith a relative likelihooddiscriminant[25].

This selectionis basedon theso-calledprincipal component(PC)technique.For eachjet combi-
nationa relative likelihood

ÿ�� ÿ (correctcomb.)ÿ
(incorrectcomb.) � ÿ (correctcomb.) (4.9)

is evaluated,wherethelikelihoodfunction
ÿ (...) is definedby

ÿ (...) � ∏
i

p(...)
i

�
xi ��� (4.10)

p(...)
i

�
xi � is theprobabilitydensityfunction(pdf) of the i-th linearly independentvariableat thevalue

xi for beingeitheracorrector incorrectjet combination.
The pdfs are taken from Monte Carlo simulateddistributions of the variables. Sincethey are

generallycorrelated,a transformationis appliedin orderto getuncorrelatedvariablesfor thecorrect
jet combinations—notnecessarilyfor thecombinatorialbackground—beforethey enterequation4.10:
First eachsinglevariableis transformedseparatelyto becomeGaussian-like, finally a setof linearly
independentcombinationsof thesevariablesis found.

This likelihoodselectionassociatesto eachof the different jet combinationsa likelihoodvalue,
evaluatedwith thedistributionsof a setof kinematicvariablesfor bothcorrectandincorrectcombi-
nations.Thesedistributionsaretakenfrom eventssimulatedby MonteCarlowherethecorrectjet-W
associationis known.

Thevariablesthatareusedto determinethecorrectjet pairing in thecaseof a 4-jet eventarethe
following [10, 25, 33]:
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� the difference �∆M4-C
W � � �M4-C

W1 	 M4-C
W2
� of the two W massesafter a 4-C fit, applying only

energy andmomentumconservation,and

� thesumof thetwo di-jet openinganglesθi j
� θlk.

Thedistributionsof thesevariablesfor bothcorrectandincorrectjet pairingsareshown in thefigures
4.8and4.9. Those4-jet combinationsthathave a 5-C fit probability p5-C

4 j exceeding1% andprovide

a 5-C correctedW massM5-C
W larger than65 GeV enterthesedistributions. For eachevent, there

aretwo possiblecontributionsof combinatorialbackground.However, therearemorecorrectthan
incorrect jet combinationsshown in thesefigureswhich reflectsthe fact, that alreadymost of the
wrongcombinationsfail thecutsdescribedabove.

Taking the jet combinationthatmaximisestheJPLHleadsto a jet pairingefficiency of 91%for
thoseeventswith a jet resolutionparameterlny45 smallerthan 	 6� 8 3 andwith at leastonecombina-
tion with JPLH 
 0� 4.
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Figure 4.8: Distribution of thedifferenceof the4-C correctedW massesfor boththecorrectandincorrectjet
pairings. Only 4-jet combinationswith a 5-C fit probability p5-C

4 j exceeding1% anda 5-C correctedW mass

M5-C
W largerthan65 GeVaretakeninto account.

For 5-jeteventsthefollowing threevariablesarechosen:

� thedifferencebetweenthetwo fittedmassesfrom the4-Cfit �∆M4-C
W � � �M4-C

W1 	 M4-C
W2
� ,

� theminimumopeningangle min
3-jetW

�
α � betweenthejetsassociatedto thesystemW � qq̄g and

� thecosineof thepolarangleof thereconstructed3-jet system� cosθ3 j � .
Thefigures4.10to 4.12show thedistributionsof thesethreevariablesfor boththecorrectjet pairing
andthecombinatorialbackgroundonly for thosecombinationsthathavea5-Cfit probabilityexceed-
ing 1% anda 5-C correctedmassabove 65 GeV. For eachevent, thereareapproximatelytwo out of

3The fact thata valueof � lny45� cut ��� 6� 8 is chosento distinguishbetween4- and5-jet eventslooksarbitraryin this
section.Thisparticularvalueis chosenbecauseit minimisestheexpectederroronthemassdetermination,aswill beshown
in section4.6.
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Figure4.9: Distributionof thesumof thetwo di-jet openinganglesθi j � θkl for boththecorrectandincorrect

jet pairing. Only 4-jet combinationswith a 5-C fit probability p5-C
4 j exceeding1% anda 5-C correctedW mass

M5-C
W largerthan65 GeVenterthedistributions.

ninepossibleincorrectjet combinationsthatpassthecutsandthereforeenterthedistributionsfor the
combinatoricbackgroundin thesefigures.
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Figure 4.10: Distribution of the differenceof the 4-C correctedW massesfor both the correctandincorrect
jet pairing. Only 5-jet combinationswith a 5-C fit probability p5-C

5 j exceeding1% anda 5-C correctedW mass

M5-C
W largerthan65 GeVandsmallerthan95 GeVaretakeninto account.

In formerOPAL analyses[10, 33] anadditionalvariablewastakenfor 5 jet events:The5-Cfitted
massM5-C

W itself wasenteringthejet pairinglikelihood(JPLH).This variable,beingvery sensitive to
thecorrectjet pairing (seefigure4.13),enhancestheefficiency of the jet pairing from 59% to 74%
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Figure 4.11: Distribution of thesmallestopeningangleof the3-jet systemfor both the correctandincorrect
jet pairing. Only 5-jet combinationswith a 5-C fit probability p5-C

5 j exceeding1% anda 5-C correctedW mass

M5-C
W largerthan65 GeVcontributeto thedistributions.
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Figure 4.12: Distribution of thecosineof theanglebetweenthe3-jet W andthebeampipe # cosθ3 j # for both

thecorrectandincorrectjet pairing. Only 5-jet combinationswith a 5-C fit probability p5-C
5 j exceeding1% and

a 5-CcorrectedW massM5-C
W largerthan65GeV areconsidered.

for jetswith a jet resolutionparameterlny45 exceeding	 6� 8. Thisefficiency is thefractionof events
for which the5-jetJPLHwasmaximalfor thecorrectcombinationwith respectto all eventsthathave
at leastonejet combinationwith a JPLHexceeding0� 42. Jetcombinationswith 5-C fit probabilities
smallerthan1%or 5-Cfitted massessmallerthan65GeV arenot takeninto account.

Of course,a betterjet pairingefficiency leadsto a betterresolution,sincethereis not muchmass
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Figure4.13: Distributionof the5-C fittedW massof 5-jeteventsfor boththecorrectandincorrectjet pairing.
Only 5-jet combinationswith a 5-C fit probability p5-C

5 j exceeding1% anda 5-C correctedW massM5-C
W larger

than65 GeV enterthedistributions. For reasons,explainedin section4.4.3,thevariableM5-C
W is not usedfor

theJPLHin orderto find thecorrectjet-W association.

informationin combinatorialbackground,i.e. thoseeventsfor whichawrongcombinationmaximises
the JPLH.On the otherhand,the distributions taken to evaluatethe JPLH comefrom Monte Carlo
simulateddatafor a W massof 80� 33 GeV. Therefore,thosejet combinations,thathave a 5-C fitted
masscloseto 80� 33 GeV arefavoured. Sincethis analysisusesa reweightingtechnique(see4.5.1),
this doesnot leadto a bias(also the reweighteddistributions, to which the dataarecompared,are
slightly shiftedtowardstheW mass,for whichthereferencedistributionsin theJPLHweresimulated,
i.e. MMC

W
�

80� 33 GeV), but thesensitivity of themeasurementdecreases.
Thiseffect is illustratedin figure4.14wherethe5-Cfittedmassdistributionsof theqq̄ background

areshown for bothjet pairingmethods,with andwithoutthe5-Cfittedmassasaninputvariablefor the
JPLH.Onecanclearlyseethatthis distribution doesnot show a maximumat 80� 33 GeV in thelatter
casefor 5-jetevents.Theflatnessof thedistribution takenwithout the5-Cmassin theJPLHindicates
the independency of the remainingvariablesfrom the W massitself. For 4-jet eventshowever, the
distribution doesnot changeasdramaticallywhentaking the 5-C fitted massinto account.The jet
pairing is alreadyquite efficient, even without this additionalvariablein the jet pairing likelihood.
Furthermore,theopeningangleof thejetsof eachW bosonis sensitive to thevelocityof theW boson
itself. Thisvelocity is determinedby thekinematicenergy Ekin

�
1% 2& s 	 MW whichdependson the

W mass.
Thediagramsin figure4.15demonstratetheeffectof thejet pairingbeingsensitive to theW mass

on themassdistributionsthemselves. The left diagramshows themassdistribution Mrec'
W 	 MMC

W of
the selected5-jet combinations(lny45 
 	 6� 8) for differentMonte Carlo massesMMC

W without the
contribution from combinatoricandnon-WWbackground.If thejet pairingwould not becorrelated
with the Monte Carlo mass,for which the pdfs in the JPLH areproduced,thesedistributions—and
thereforetheir meanvalues—areexpectedto be identical. The meanvaluesof the distributionsare
indicatedby thevertical lines. Distributionsfor MC massessmallerthanthemassMJPLH

W , for which
the referencedistributionsof the jet pairing likelihoodwereobtained,areshiftedto highermasses.
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Figure4.14: 5-Cfittedmassdistributionof 4-jet(left) and5-jet(right) eventsof theqq̄ backgroundfor different
jet pairing likelihoods:with (dashedline) andwithout (solid line) the massM5-C

W beingadditionalvariablein
theJPLH.Theleft figurecontainsevents,reconstructedas4 jets,with a jet resolutionparameterlny45 smaller
than ý 6þ 8, while theright sideshows5-jeteventswith lny45 exceedingý 6þ 8.

Distributions for highermassestend to lower values. The right diagramof figure 4.15 shows the
meanvaluesof themassdistributionsversustheMonteCarlomassMMC

W 	 80� 33 GeV. Ideally, one
would expecta constantfunction. However, themeanof a massdistribution for selectedcorrectjet
combinationsof a MC samplewith �MMC

W 	 MJPLH
W � � 500MeV is shiftedonly by 354 + 15 MeV, as

the linear fit indicates.This effect resultsin a decreaseof thesensitivity of themassmeasurement.
Themeanof themassdistribution is certainlynot theidealmeasurein orderto quantifythedecrease
of sensitivity in a reweighting analysis. A measurementof MW aidedby reweighting techniques
is sensitive to the whole shapeof the massdistributions. Furthermore,combinatoricandnon-WW
backgroundwasnot takeninto account.

Theinitial ideawasto dropthe5-CcorrectedW massasavariablefor theJPLHandreplaceit by
otherkinematicvariablesthatarelesscorrelatedwith themassitself but still sensitive to thecorrect
jet combinationin orderto gain a similar jet pairing efficiency asbefore. This attemptis described
in appendixA. Unfortunatelythereareno additionalvariablesfound that areboth, sensitive to the
correctjet combinationanduncorrelatedwith the5-Cmass.Therefore,M5-C

W is takenoutof theJPLH
for 5-jet eventsbut thesecondbestjet pairing is consideredaswell if its 5-C fit probabilityexceeds
1% 2 of thefit probabilityof thejet combinationthatmaximisestheJPLH.Thisbasicallyensures,that
thecorrectjet pairing is taken into account,andthewrongcombinationsleadto a flat combinatorial
background.The jet pairingefficiency for thebestjet combinationis only 59%for 5 jet events,but
includingalsothesecondbestjet pairingyields68%in total.
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Figure 4.15: Influenceof theW massasanadditionalvariablein the jet pairing likelihood: Theleft diagram
showsthe5-Cfittedmassdistributionsfor selected5-jetcombinations(combinatoricandnon-WWbackground
is not included)for differentMonte Carlo massesMMC

W . The right diagramshows the meanvaluesof these
distributionsversustheMonteCarlomassaswell asa line fit throughthepoints.

4.5 The W Massfit in the W
�

W 	 qqqq Channel

Probablythe simplestway to measurethemassof theW bosonby evaluatingtheaverageof the5-
C fitted massesof all selectedcandidatesandcorrectthe resultfor backgroundandbiases.A more
sophisticatedmethodusesanasymmetricBreit-Wignerfit to thespectrumof all 5-Ccorrectedmasses
[10, 37]. Suchan analysisyields smallerstatisticalerrorsbut the resultneedsto be biascorrected
as well. It turns out, however, that using a reweighting technique[38] improves the error on the
measurement[10] andis—aswill bebediscussed—byconstructionbiasfree.

The purposeof this sectionis to describethe way the W massis evaluatedfrom the sampleof
datadetectedatOPAL in 1998.It introducesthereweightingtechniqueandexplainstheseveralsteps
takento calculatethemassandits statisticalerror.

4.5.1 The ReweightingTechnique

As well asaBreit-Wignerfit, thereweightingmethodusesthewholedistribution of calculatedmasses
ratherthanjust anaveragevalue.Thebasicideais to comparethis distribution to MonteCarlo(MC)
simulateddistributions for different massesMMC

W including backgrounddistributions. This canbe
doneby evaluatingthe likelihooddistribution, basedon Poissonprobabilitiesfor thedatasamplein
eachbin of themassdistribution, for eachmasspoint MMC

W . TheW masstogetherwith its errorare
thenobtainedfrom the shapeof the likelihoodcontour. Provided the simulateddistributionscome
from correctlysimulatedMonte Carlo events,the resultdoesnot have to undergo a biascorrection
sincethestepsfrom theeventsampleto thedistributionsarethesamefor both therealdataandthe
simulateddistributionsthedatais comparedto.

Unfortunately, it would be too mucheffort andit would cost too muchcomputeranddatastor-
agecapacityto produceenoughstatisticsof Monte Carlo eventsfor eachdifferentmasspoint of a
sufficiently thin grid. Therefore,this analysisusesa reweightingtechnique[38] to createmassdistri-
butionsfor arbitrarymassesfrom givensamplesof MC eventsto evaluatethe likelihoodfunctionat
any givenmasspoint differentfrom Monte-Carlomasses.

In orderto createa massdistribution for a requiredmassMW

�
MRew'

W andwidth ΓW

�
ΓRew'

W , the
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reweightingtechniquefills all eventsof a givenMC sampleat MW
�

MMC
W andΓW

�
ΓMC

W into a his-
togram,butwith aweight f associatedtoeachevent.Thisfactorf, whichdependsonMRew'

W ,ΓRew'
W ,MMC

W
andΓMC

W , is the probability4 that the generatedevent correspondsto (MRew'
W 2 ΓRew'

W ), divided by the
probability that the sameevent arosefrom (MMC

W 2 ΓMC
W ). TheseprobabilitiesP

�
MW 2 ΓW 2 m1 2 m2 � are

proportionalto theproductof therelativistic Breit-Wignerdistributionsfor thetwo W bosons:

P
�
MW 2 ΓW 2 m1 2 m2 � �4365 � MW 2 ΓW 2 m1 �87 365 � MW 2 ΓW 2 m2 �97 c

�
m1 2 m2 2 & s��� (4.11)

Hereinm1 andm2 denotethe two W massesof theeventon tree-level andc is a phasespacefactor
dependingonly on m1, m2 andthecentre-of-massenergy & s. Therelativistic Breit-Wigner function365

is givenby

365 �
MW 2 ΓW 2 m� � 1

π

m2

MW
ΓW�

m2 	 M2
W � 2 � m4

M2
W

Γ2
W
� (4.12)

Thereweightingfactorfor ageneratedeventwith thetree-level massesm1 andm2 thenbecomes

f
� 365 � MRew'

W 2 ΓRew'
W 2 m1 �87 365 � MRew'

W 2 ΓRew'
W 2 m2 �365 �

MMC
W 2 ΓMC

W 2 m1 �87 365 � MMC
W 2 ΓMC

W 2 m2 � � (4.13)

Figure4.16shows thefunction f of equation(4.13)for thecasewhereMC data,that is available
for MMC

W
�

80� 0 GeVandΓMC
W
�

1� 9 GeV, hasto beextrapolatedfor adistribution with MRew'
W

�
80� 5

GeVandΓRew'
W

�
2� 0 GeV.

However, sincethestatisticin theMonteCarlosampleis limited, largefluctuationsin thereweighted
spectraarisefrom eventswith tree-level massesin thevicinity of MRew'

W , especiallywhenthediffer-
encebetweenMMC

W andMRew'
W is large.Theseeventscangainenormouslybig weightingfactors(4.13).

Thequalityof thereweightedspectracanbeimprovedby includingMonteCarlosamplesatdifferent
massesMMC

W into onereweightedspectrumby takingtheweightedaveragebin-by-bin,suchthat the
contentof the jth bin of thereweightedspectrumfrom MC samplek is givenby

r : k;
j

� 1

N : k;
n< k=

j

∑
i > 1

f : k;
i

(4.14)

wherethe sumis taken over all n: k;j
eventsin bin j of the kth MC sampleand f : k;i

is theweighting

factorfor eachof thoseevents.N : k; is anormalisationfactoranddeterminedby

N : k; � ∑
j

r : k;j (4.15)

in order to normaliseall the reweighteddistributions of the different MC massesto unity before
combiningthem.

Theerroron r : k;j
is givenby

∆r : k;j

� 1

N : k; ∆
�
r̄ : k; � 2 �

n< k=
j

∑
i > 1

f : k;i

2 � (4.16)

4Sinceit is fact that the consideredevent comesfrom a sampleof MC events for given (MMC
W ? ΓMC

W ) and not from
(MRew@

W ? ΓRew@
W ), thetermprobabilitycanberathermisleading.Moreprecisely, thoseprobabilitiesaretheprobabilitydensities

thataneventwith thesametree-level massesMW1
andMW2

couldhave beenproducedwith a MC generatorfor givenmass
andwidth.
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Figure 4.16: Weight f of eventswith the tree-level massesm1 andm2 for MonteCarlo events,producedfor
MMC

W G 80þ 0 GeV andΓMC
W G 1þ 9 GeV, thathave to beextrapolatedto MRewH

W G 80þ 5 GeV andΓRewH
W G 2þ 0.

Theaverageerror∆
�
r̄ : k; � is addedto ensurea meaningfulinclusionof binswith low statistics.It is

definedas

∆
�
r̄ : k; � � 1

Nbins

Nbins

∑
j > 1

n< k=
j

∑
i > 1

f : k;i � (4.17)

For binswith high statistics- e.g.aroundthemasspeak- this termcanbeneglected,but without it,
theerror(4.16)couldbecomevery low (or evenzero)for binswith just few (or no) events.Sincethe
errordeterminestheweights,aswill beshown, theweightswould becometo high. A discussionof
theerrorscanbefoundin [38]. Thecombinedcontentof bin number j is theweightedsumover the
NMC availableMonteCarlosamples

r j
� ∑NMC

k> 1

r < k=
j

∆r < k=
j

∑NMC
k> 1

1
∆r < k=

j

� (4.18)

The weight ensuresthat MC sampleswith a massM : k;
MC

closerto MRew'
MC have greaterimpact than

samplesthatarefurtheraway.
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In thepresentedanalysis,reweightedMonteCarlospectraof the5-Ccorrectedmassareproduced
for MRew'

W between79� 33and81� 33GeVwith astepsizeof ∆MRew'
W

�
50MeV 5. Thewidth in equation

(4.13)is setto theStandardModelexpectationvalue(seeequation2.29).
Thenthe massspectrumfor the expectednon-WW background,i.e. e, e- � γ % Z � qq̄

�
γ � and

e, e-I� ZZ � qq̄qq̄ events, is createdfrom Monte Carlo simulationsand added,to eachof the
reweightedspectra,suchthattheratioof WW to non-WWcontributionsequalstheSM expectation.

For eachof the masspoints, the datasample’s distribution is comparedto the corresponding
reweightedspectrum(includingbackground)by calculatingthebinnedlikelihoodfunction

ÿJ�
∏

j

λ nj
j

e- λ j

n j !
2 (4.19)

which is theproductof thePoissonprobabilitiesof eachbin j for anexpectedcontentof λ j , while n j
is thenumberof dataeventsfoundin bin j. Thecentrallimit theorem[34] tells thatfor largenumbers
of eventstheshapeof thelikelihoodfunctionis a Gaussian6, with themaximumbeingthemeasured
quantityM f it

W
andthewidth determiningits error∆M f it

W

�
σK . In practice,theevaluationof (4.19)is

doneby examiningthefunction

	 ln
ÿ�� 	 ∑

j

ln
λ nj

j
e- λ j

n j !

� 	 ∑
j

n j lnλ j
� ∑

j

λ j
� ∑

j

j

∑
i > 1

lnni

(4.20)

wherethesecondandthird termin thesecondline areconstantsandthereforecanbeneglected:the
secondtermis theintegral over thereweightedspectrumandthethird termonly dependson thedata
sample.Given

ÿ
is aGaussian,	 ln

ÿ
canbewrittenasasecondorderpolynomial

	 ln
ÿMLN� 	 ∑

j

n j lnλ j

� 	 a
�
m 	 M f it

W � 2 � b (4.21)

with theminimumin M f it
W

. Thespread∆M f it
W

�
σK of theGaussian

ÿ
canbeobtainedby varying

	 ln
ÿ

by 1% 2 andis thereforegivenby ∆M f it
W

� 1
2a. Theshapeof thelikelihoodfunction,aswell

as
� 	 ln

ÿ � , is shown in figure4.17,togetherwith theresultof a fit to a Gaussiananda polynomial,
respectively.

4.5.2 The Differ ent Jet Pairing Lik elihood Classes

To rejectpoorly reconstructedeventsthatdo not containusefulmassinformation,all eventsarere-
quiredto have5-Cfit probabilityexceeding1%anda4-jet (5-jet)JPLHlargerthan0� 4(0� 42). It turns
out however that amongstthe remainingevents,not all possessthe samequality of W massinfor-
mation. Dividing the eventsinto separateclasseswith respectto their JPLH guaranteesthat better
reconstructedeventsgaingreaterimpactsuchthatthestatisticalerrordecreases.In addition,thecon-
tribution of combinatorialbackgroundvarieswith theJPLHascanbeeseenin figure4.18and4.19.

5It wasalsotestedto decreasethetestsizebut sincespectraat moremasspointswould beneeded,thecomputingtime
increases.50 MeV is sufficiently small to provide anappropriatefit to thelikelihoodcontour, which will beshown by the
pull distributionsin section4.5.3.

6Thebestindicationfor sufficient statisticsis thestudyof thepull distribution,whichwill bedonein 4.5.3.
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Figure 4.17: Likelihood R (left) andLog-Likelihoodcontour ý ln RTS (right) togetherwith fits to a Gaussian
andapolynomial,respectively.

Thesetwo figuresshow theJPLHdistributionsfor both,4- and5-jet WW events.An eventis treated
asa five jets if its jet resolutionparameterexceedsa certainthresholdlny45 
 	 6� 8, otherwiseit is
reconstructedasa4-jetevent.
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Figure4.18: JPLHdistribution for 4-jet events(lny45 VÖý 6þ 8) andthefour differentlikelihoodclasses.

bestcomb. class1 class2 class3 class4

Rangeof JPLH 0� 4 	 0� 6 0� 6 	 0� 7 0� 7 	 0� 78 0� 78 	 1� 0
Expectedevents 80 84 101 100

Table 4.1: Thedifferentlikelihoodclassesfor 4-jet events(lny45 V ý 6þ 8).
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Figure4.19: JPLHdistribution for 5-jet events(lny45 üÖý 6þ 8) andthefour differentlikelihoodclassesfor the
bestjet combination.

bestcomb. class5 class6 class7 class8

Rangeof JPLH1 0� 42 	 0� 54 0� 54 	 0� 62 0� 62 	 0� 72 0� 72 	 1� 00
Expectedevents 167 161 184 198

2nd bestcomb. class9

Rangeof JPLH2 0� 42 	 1� 00
Expectedevents 234

if p5-C
2nd 
 1

2 p5-C
1st

Table 4.2: Thedifferentlikelihoodclassesfor 5-jet events(lny45 ü ý 6þ 8).

Theeventsarefilled into differentM5 - C
W distributionsandarethencomparedto thecorresponding

reweightedspectra,obtaininga likelihoodvalue(4.20)for eachsingleclassthatarefinally addedup
beforethe actuallikelihoodfit (4.21) is performedto extract theW massandits statisticalerror. A
list of the classificationsandtheir cutsareshown in table4.1 and4.2 andthe correspondingmass
distributionsareillustratedin figure4.20and4.21.In principle,if only enoughMonteCarlostatistics
wouldexist, onecouldthink of evenmoredifferentclasses,but thisapproachbreaksdown assoonas
thereweightedspectrafor thedifferentclasseswouldnothaveenoughentriesanymoreandstartto be
affectedby fluctuations.

4.5.3 EnsembleTests

This sectiondiscussesthe resultsfrom biastests,performedwith multiple independentsamplesof
eventssimulatedby Monte-Carlofor differentmassesMMC

W , eachof the sizecorrespondingto the
recordedluminosity of real data. The numberof samplesfor the differentMonte Carlo massesare
shown in table4.3.

As it hasbeenshown in reference[39], the numberof differentsamplescanbe increasedup to
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Figure4.20: 5-Cfittedmassdistributionsfor thedifferentJPLHclassesfor 4-jet eventsasdefinedin table4.1.

�
NMC % Ndata � 2 in examinationsconcerningthespreadof estimates—inour casetheexpectederror—

provided, the resamplingis madeby randomlyassigningthe eventsto the samples.However, the
estimateitself, the meanof the resultingmassesfrom eachsample,might be biasedin the caseof
correlatedsamples. In order to evaluatethe expectederror and to test whetherthe output of the
Likelihoodfit is correct,theanalysisis repeatedwith 1000randomlymixedMC samplesfor MMC

W
�

80� 33 GeV, eachof the size of the real datafor & s
�

189 GeV. The resultingdistribution of the
fitted massesfor the 1000 samplescan be seenin figure 4.22. Sincethe MC sample,wherethe
subsamplesoriginatefrom, is only 60 timesbiggerthanthedatasize,the1000testsamplesarenot
100%uncorrelated.Thereforetheerroron themeanvalueis ∆Mmean

� σexpg
60 h 13 MeV, assumingno

biasfrom correlationsbetweenthesamples.Theexpectederror, which is thespreadσ
M f it

W

, is

σexp
�

99� 7 + 3� 2 MeV � (4.22)

Figure 4.23 shows the pull distribution
�
M f it

W 	 MMC
W � % σ f it originating from the ensembletest

with independentMC samplesfor differentmassesasshown in table4.3. In caseof correctlyes-
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MMC
W jGeV k NMC % Ndata
79� 83 15
80� 08 30
80� 33 60
80� 58 30
80� 83 15

Table 4.3: Available simulatedW massesand the correspondingnumber of independentMC samples
NMC l Ndata.

Entries            1000
  19.36    /    22

Constant   100.0   4.516
Mean   80.33  0.4545E-02
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Figure4.22: Resultsof theensembletestwith 1000MC subsamples,generatedat MMC
W G 80þ 33GeV.

timatederrorsσ f it from the likelihood fit, this distribution shouldbe a Gaussianwith σpull

�
1.

A fit to a Gaussianshows that the centreof the distribution meanpull

� 	 0� 01 + 0� 13 is consistent
with 0 andthat the spreadσpull

�
0� 986 + 0� 022 is equalto 1 within the assignederrors. Also for

the error on the meanof the pull distribution, the fact that only 60 samplescanbe 100%uncorre-
latedhasto be taken into account. The fact, that the errorsevaluatedby the fit perfectlydescribe
the errors from ensembletests,proves that the bestand the secondbest jet combinationof 5-jet
eventsaresufficiently independent.Similar ensembletestarealsoperformedfor differentmasses
MMC

W
�

79� 832 80� 082 80� 58and80� 83 GeV in orderto show thatthemeasurementis freeof any bias.
Theresultsareillustratedin 4.24,where s M f it

W t 	 80� 33GeV is plottedversusMMC
W 	 80� 33GeV. This

shouldleadto a linearfunctionwith slope1 andwithoutany offset.A linearfit to thepoints,

� s M f it
W t 	 80� 33 GeV � � A0

�
A1

�
MMC

W 	 80� 33 GeV ��2 (4.23)

yields theoffset of A0

� 	 4� 2 + 8� 3 MeV andtheslopeA1

�
1� 01 + 0� 03 which areconsistentwith
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Figure4.23: Pull distribution w M f it
W ý 80þ 33GeV x l σ f it of theensembletestwith 1000MC subsamples,gener-

atedfor MMC
W G 80þ 33GeV.

0 and 1, respectively. The parameterisationMW 	 80� 33 GeV was chosento minimise the cor-
relation betweenA0 and A1. The numberof generatedMC samplesis symmetricallydistributed
aroundMMC

W
�

80� 33 GeV, thus a different slope A1 would still lead to the sameover-all means M f it
W t � A0

�
80� 33 GeV.

4.6 Comparisonof Methods

Forcingall eventsto four jetsandrequiringa 5-C fit probability larger than0� 01 leadsto a rejection
of about19%of all preselectedW , W -y� qqqq events.Pickingthecorrectjet combinationoutof the
threepossibilitiesto pair two out of four jetstogetherusinga jet pairinglikelihoodselection(JPLH)
asdescribedin section4.4.3leadsto anoverall efficiency of 57%of correctjet pairingsenteringthe
analysiswith acut on theJPLHat 0� 4.

To considerall eventsasfive jets recovers formerly rejectedeventsand leadsto about93% of
preselected4-quarkeventswith at leastonejet combinationwith a5-Cfit probabilityexceeding0� 01.
On theotherhand,sincethejet pairingis moredifficult andthenumberof combinationsincreasesto
ten,a5-jetJPLH,includingthe5-Cfittedmassasa likelihoodvariable,yieldsanoverallefficiency of
59%correctcombinationswith acuton theJPLHat0� 42, i.e. about2%morethanin thecaseof four
jets. However, theamountof combinatorialbackgroundis muchhigherfor the5-jet case(compare
figures4.18to 4.21)andtakingtheW massM5-C

W itself asa likelihoodvariablein orderto determine
thecorrectcombinationleadsto adegradedsensitivity asdiscussedin section4.4.3.Thus,treatingall
eventsasfive jetsdoesnot yield a betterresolution.Therefore,the influenceof mixing 4- and5-jet
events,dependingon thecut on thejet resolutionparameterlny45 (seeequation4.2),andanoptimal
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Figure 4.24: The meanof the fitted masses| M f it
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distinctionwhetherto treataneventasfour or five jetsis studiedin thisanalysisandpresentedin this
section.

Theresultsareillustratedin figure4.25.This figureillustratesboth,thefractionof eventstreated
asfour jets (figure4.25a))andtheresultingexpectederror for thedifferentanalyses(figure4.25b)),
dependingon thecut on lny45 in orderto distinguishbetween4- an5-jet like events.Thehigherthe
on cut lny45, the moreeventsarereconstructedasfour jets. The shown expectederrorsarisefrom
statisticsonly (systematiceffectsarenot included)andarecalculatedfrom theweightedaveragefrom
3200subsamplesin total for differentMonteCarlomassesbetween78� 83 and80� 83 GeV.

Figure4.25b)comparesthefollowing four analyses:

� with only two classes,a 4-jet anda 5-jet class,for thebestjet combinationfrom a jet pairing
selectionincludingthe5-CcorrectedW massfor thecaseof five jets(bluefilled circles),

� thesamebut with thefour jet eventssplit up into four binsof JPLHasdefinedin table4.1(stars
in magenta),

� asdescribedin this thesis,i.e. without theW massasanadditionalvariablefor the jet pairing
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Figure 4.25: The fraction of eventstreatedasfour jets (a) andthe statisticalerror of MW, dependingon the
cut on lny45 (b): Thebluefilled circlesshow resultswith the 5-C correctedmassasanadditionalvariablein
the5-jet JPLH.Thestarsin magentaarefrom thesameanalysis,but with four 4-jet classesasdefinedin table
4.1. Theredfilled trianglesshow theanalysisasperformedin this thesisat lny45

cut �I� 6� 8. Hereinthemass
is taken out of the JPLH andalsothe secondbestjet combinationis taken into accountwith a classification
definedin table4.2. Finally, thegreensquaresillustratethesameanalysisbut with anadditionalclassfor the
third best5-jet combination,if its 5-C fit probability is largerthanonethird of thefit probabilityof thebestjet
pairing.Thesolid linesarefits to third orderpolynomialsandareshown for illustrativepurposesonly.
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but with the secondbestcombinationanda classificationasdefinedin the tables4.1 and4.2
(redtriangles)and

� thesamewith anotherclassof thethird bestjet pairingof 5-jet eventsthathave a sufficient fit
probability p5 � C

3rd � 1
3 p5� C

1st (greensquares).

Theuncertaintyof thepresentedexpectederrorsis about2 MeV for valuesof � lny45 � cut not toofar
from � 6� 8. However, theerrorbarsarenotshown, sincethestatisticalfluctuationsbetweentheshown
pointsis smallerbecauseof thecorrelationbetweenthedifferentanalysesandvaluesof � lny45 � cut due
to thesamechoiceof subsamples.Theresultsfor very smallandvery big valuesof thecut � lny45 � cut

arelessreliablesincethe errorsof the reweightedhistogramsarenot negligible anymorewhenthe
statisticsin thesehistogramsdrop.This is especiallythecasefor themagenta,redandgreenpoints—
thestars,trianglesandsquares—onthe left side(andfor the redandgreenpoints–thetrianglesand
squares—ontheright side)of thediagram,sincethe4-jet (5-jet)eventsaresplit up into evensmaller
binsof theJPLH.This is thereasonfor thebig fluctuationsat thefar left andright of figure4.25b).

Fromthis figureonecanconcludethattakingalsofive jetsinto accountdropsthestatisticalerror
of the W massmeasurementby 5 � 6%. Dividing the 4-jet eventsinto four classeswith respectto
their JPLH yields another2 MeV. It alsoillustratesthat droppingthe W massout of the JPLH and
includingalsothesecondbestcombinationis not just comparablebut evengainsanother2 � 3 MeV
whenintroducingalsodifferentJPLHclassesfor eventsreconstructedasfive jets.

Thedependency of thestatisticalerroron thecut on the resolutionparameterlny45 suggestsan
optimalcut at around� lny45 � cut � � 6� 8 where36% of theselectedeventsarereconstructedasfour
jets.

4.6.1 An Alter nativeAnalysis: 2D Reweighting

Performingthemassanalysisasdescribedabove involvesa one-dimensionalfit to theW mass.The
singlevalueof thereconstructedmassfor eacheventoriginatesfrom theequal-massconstraintin the
5-C fit (seesection4.4.1).Thewidth of theW boson,however, is not zero(it wasdeterminedby the
OPAL experimenttoΓW � 2� 02� 0� 16stat. � 0� 10syst.GeV [10]) andthedistributionsof the3-jetandthe
2-jetW massesin a5-jetreconstructionareonly identicalfor apuresamplewithoutcombinatorialand
non-WWbackground.Therefore,therewasthehopeto decreasetheerroron theW massby dropping
theequal-massconstraintandperformingareweightingfit involving two-dimensionaldistributionsin
thetwo 4-CfittedW masses.In thiscase,theanalysisis automaticallysensitive to themassdifference
of the two reconstructedW bosons. Sinceall the variablesthat areusedto determinethe correct
jet combination(seesection4.4.3)arecorrelatedto eitherthemassdifferenceor the5-C fitted mass
itself, no particularjet pairing is performedin this first attemptof a two-dimensionalreweighting
analysis:Any jet combinationof an event with both 4-C fitted W massesin the window between
60 and100GeV andwith a 5-C fit probabilityexceeding1% is accepted.Figure4.26illustratesthe
numberof jet combinationsper event that fulfil theserequirements.An event is consideredasfour
jetsif its jet resolutionparameterlny45 is smallerthan � 6� 4, otherwiseit is reconstructedasfive jets.
Theparticularchoiceof thecut on lny45 is not originatingfrom anoptimisationasdiscussedfor the
one-dimensionalanalysis.Thecut � lny45 � cut � � 6� 4 waschosen,becauseit dividestheeventsample
into two partsof approximatelyequalsize.

Thediagramsin figure4.27show thetwo-dimensionalmassdistributionsfor correctcombinations
aswell ascombinatorialbackground.Onecanclearlyseethekinematiclimit atM1 � M2 � 189GeV.
In thecaseof four jets, thecombinatorialbackgroundis flat. For 5-jet events,thecontribution from
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Figure 4.26: Numberof jet combinationswith a 5-C fit probability larger than0� 01 andboth 4-C fitted W
massesin therange60 � 100GeV: Figure(a) shows theeventsconsideredasfour jets (lny45 � � 6� 4), figure
(b) shows thoseeventsreconstructedasfive jets (lny45 � � 6� 4). Thediagramsarenormalisedwith respectto
all preselectedWW eventsthathave at leastonejet combinationwith a 5-C fit probability greaterthan0� 01.
Non-WWbackgroundis not included.

wrong jet pairingsis asymmetric:On average,the3-jet systemhasa larger invariantmassthanthe
2-jetW. This is not thecasefor correctcombinationsonly, asshown in figure4.27(b).

In thereweightingtechniqueasdescribedin section4.5.1,theerrorsontheentriesof thereweight-
edhistogramsareneglected.For sufficiently largenumbersof eventscontributing to eachbin of the
reweighteddistribution, this is a goodapproximation.However, large fluctuationsin thesedistribu-
tionsleadto uncontrollablebiases.Of courseanincreaseof thebin sizedecreasesthefluctuationsbut
it alsosmoothensout theshapeof thedistribution itself andthereforedecreasesthesensitivity to the
W mass.

Thefigures4.28(a) and(b) illustratethefluctuationsin thedistributionsof theqq̄ andZZ back-
ground.SincethisisalreadythewholeavailableMC backgroundsample,thebackgroundcontribution
to thereweightedhistogramsis smoothenedin orderto decreasetheeffectof fluctuationsin theback-
grounddistributions:Theentryb� non-WW  

i j
of eachbin � i ¡ j � in thetwo-dimensionaldiagrambecomes

b� non-WW  
i j ¢ b̃� non-WW  

i j �
∑k £ l b� non-WW  

i j ¤ exp � � mi � mk   2 ¥ � mj � ml   2
σ2

∑k £ l exp � � mi � mk   2 ¥ � mj � ml   2
σ2

¡ (4.24)

wheremi ¡ mj denotethe two W massesassociatedto the bin (i ¡ j) andthe width σ of the Gaussian
weightis setto 0� 8GeV. Theresultingsmoothenedbackgroundcontributionsto thereweightedspectra
areshown in the figures4.28(c) and(d) for four andfive jets, respectively. As it wasdiscussedin
section4.5.1,a reweightingtechniqueis biasfree provided the event simulationis correct,but any
smoothingof thereweightedhistogramsalsomodifiestheshapeof themassdistributions.Therefore,
the resultswill be correctedfor bias effects. Resultsfrom bias test, similar to thoseof the one-
dimensionalschemeasdescribedin section4.5.3,canbeseenin figure4.29,wherethemeanvalues¦
M f it

W § � 80� 33GeV of multiple testsareplottedversusthecorrespondingMonteCarlomassesMMC
W �
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Figure 4.27: Two-dimensionalmassdistributionsfor four andfive jet events:Correctcombinationsfor 4-jet
(a)and5-jet (b) events,combinatorialbackgroundof 4-jet events(c) andincorrect5-jet combinations(d).

80� 33 GeV. A line fit to thedatapointsyield a shift of 9 � 8 MeV anda slopeof 0� 98 � 0� 03. The
resultingmassshift is aboutonestandarddeviationawayfrom zero,while theslopeis consistentwith
1 within theerrorsassigned.

Thefigures4.30show theresultsfrom ensembletestsasintroducedin section4.5.3. Theuncor-
rectedexpectederroris

σ2D
exp � 95� 5 � 3� 2 MeV � (4.25)

Thepull distribution � M f it
W
� 80� 33GeV ��° σ f it in figure4.31shows thattheerrorsestimatedin the

fit correctlydescribethespreadof theresultsfrom theensembletest.Thespreadσ � 0� 993� 0� 022
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Figure 4.28: Thecontribution of thenon-WWbackgroundto thereweightinghistograms:Thefigures(a) and
(b) show the unmodified“W mass”distributions for four andfive jets respectively. Thesedistributionsare
smoothenedusingGaussianweightsresultingin thedistributions(c) for four and(d) for five jets.

of thepull distribution is consistentwith 1. Thisresultillustratesthatthosereconstructedmassesfrom
correctandincorrectjet combinationsthatareconsideredin theanalysisaresufficiently uncorrelated.
Comparedto theresultof theone-dimensionalreweightingfit (seesection4.5.3),theexpectederror
is reducedby about4%.

Usingthis two-dimensionalreweightingtechniquefor hadroniceventscorrespondingto 183pb� 1

of datarecordedwith theOPAL detectorin 1998,themassof theW bosonis determinedto

M2D
W � 80� 404� 0� 095stat º GeV � (4.26)

This resultis not correctedfor biaseffectsandtheerroris statisticalonly.
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Note,thatthis two-dimensionalreweightinganalysisis only a first attemptto show its feasibility.
It is notoptimisedyet,neitherfor anappropriatemixing of 4- and5-jet likeevents,nor for anoptimal
treatmentof thenon-WWbackground.For furtherstudies,morestatisticswould certainlybeneeded
for boththesignalandthenon-WWbackgroundsimulatedby MonteCarlo. Introducinga jet pairing
likelihood,for instancebasedon theprobabilitydensityfunctionsof theweightsof matrix elements,
in orderto discardincorrectjet combinations,would certainlyfurther decreasetheerror andwould
allow theintroductionof differentJPLHclassesasdonefor theone-dimensionalscheme.
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Chapter 5

SystematicUncertainties

In the framework of this analysistherearebasicallytwo systematicteststhathave beenperformed,
mainly to studythe systematiceffect arisingfrom the inclusionof 5-jet eventsin the analysis:The
dependency of thecolourreconnectioneffecton thefractionof 5-jeteventsthatentertheanalysiswas
examined,andthe stability with respectto the jet structureof the qq̄ backgroundwasinvestigated.
Othersystematiccheckswerenotpartof thethesisandwill only briefly bementioned.A summaryof
thedifferentsystematiceffectsandtheirassigneduncertaintiesis givenin table5.1.Thecontributions
from eachof thedifferentsourcesareaddedin quadratureto yield thetotal systematicuncertainty.

5.1 Colour Reconnectionand Bose-EinsteinCorr elation

Sincethe decaylengthof the W bosonproducedin LEP2 collisions( Ô 0� 1 fm) is smallerthanthe
typical scaleat which a quarkfragmentsinto hadrons( Ô 1 fm), final stateinteraction(FSI) effects
betweenthedecayproductsof thetwo W bosonscanoccurwhichcouldbiasthemeasurementof the
massof theW bosonin the4-quarkchannelasthedecayproductsmayhave a significantspace-time
overlap.

The two effects consideredare the Bose-Einsteincorrelation (BEC) [40, 41], which enhances
the productionof identicalparticleswith integer spin that areclosein phase-space,andthe colour
reconnection(CR) effect, theexchangeof soft gluonsthatcanleadto a colourflux betweenpartons
from differentW bosons[42].

While theBose-Einsteincorrelationis not examinedwithin the framework of this thesis(result-
ing systematicerrorson the W massfrom OPAL studies[10] areshown in table5.1), the effect of
introducing5-jet eventson themassbiasarisingfrom CR is studiedwith themodelthat is taken as
thecurrentconservative estimateof a plausibledescriptionof colourreconnectionin OPAL analyses
[10]. This CR model,the Sj̈ostrand-KhozemodelI (SK I) with ρ � 0� 9 asdescribedin [43], gives
thelargestmassshift of thosemodelsthatarenotdisfavouredby previousLEPanalysesasdiscussed
in thereference[10]. Theresultingmassshift is consideredastheCR contribution to thesystematic
uncertainty.

In orderto quantifytheeffectof colourreconnectiononthemassdeterminationof W
¥
W � ¢ qq̄qq̄

events,MonteCarlosamples(seetableB.3), eachof thesizeof therecordeddata,with andwithout
the CR effect implementedby the SK I model(ρ � 0� 9), arecomparedsuchthat the eventsin the
comparedsamplesareidenticalup to theendof thepartonshower. Figure5.1 shows thedifference
∆MCR � Mfit

CR � Mfit
noCR of W massfits with andwithout this CR effect for the presentanalysis(cut

on lny45 � � 6� 8). The meanvalue of this distribution, the massshift, is taken as the systematic

67
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uncertainty.
Themassshift andthe r�m� s� of the∆MCR distribution is shown in figure5.2asa functionof the

jet resolutionparameterlny45 (seesection4.1.1).Theshown massshift is themeanof thedifference
of 63 independentsampleswith andwithout CR. This diagramshows that theeffect is only slightly
dependenton thechoiceof whetherto consideraneventasfour or five jets. At lny45 � � 6� 8 where
themeasurementis performed,themassshift is¦

∆MCR § � ¦ M f it
CR � M f it

noCR§ � 51 � 7 MeV � (5.1)

A shortremark:Thespreadof the∆MCR distribution for � lny45 � cut � � 6� 8, r�m� s� � 55 � 5 MeV, is
smallerthantheexpectedspreadfor completelyindependentsamples:σ � ∆M(indep.)

CR � �ÖÕ 2 ¤ σexp � Mfit �× 140MeV (compareto equation4.22).Ther �m� s� , andthereforetheuncertaintyof themassshift, is
smaller, sinceonly 34%of theeventhave adifferentfragmentationfor ρ � 0� 9.
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Figure 5.1: Thedifferenceof thefitted mass∆MCR
� Mfit

CR
� Mfit

noCR for sampleswith andwithout thecolour
reconnectioneffectasdescribedby theSK I modelwith ρ � 0� 9.

5.2 Simulation of qq̄ Background

The largestnumberof eventsfrom non-WWbackgroundcomesfrom γ ° Z0 ¢ qq̄� γ � events(theso-
called qq̄ background)with a 4- or 5-jet like topology from hard gluon radiationfrom the initial
partons. Sincetheseprocessesare alreadyhigher ordersin αs, it is very difficult for them to be
simulated.

Thereforetheqq̄ backgrounddistributionswerevariedin thesamplesin ensembletestswhile they
wereleft unchangedin thereweightedspectrain orderto studytheinfluenceof incorrectlysimulated
qq̄ background.Thespecialinterestlies in thecomparisonof theresultingdeteriorationwith respect
to analysesthatonly use4-jetevents,astudythathasnotbeenperformedwith OPAL datasofar.
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Figure 5.2: Colourreconnectionstudieswith theSK I (ρ � 0� 9) modelasa functionof thecut on lny45. The
pointswith theassignederrorbarsarethemeanof thedifferencefrom 63 samplessimulatedby MonteCarlo
with andwithout theeffect of colourreconnection.Thedottedline illustratesthethespreadof thedistribution
of thesesdifferences.

For thesestudies,thedistribution of thejet resolutionparameterof theqq̄ eventswasmodified,by
varyingtheprobabilityof aneventto bechosento contribute to a certainsamplein theensembletest
in a lny45 dependentway. This is doneby weightingtheprobabilitywith a factorthatis dependingon
thejet resolutionparametery45 of theconsideredevent.Thisweight,whichis simplyalinearfunction
with agivenslopeandavalueof 1 at themeanof theoriginal lny45 distribution, is shown in thelower
diagramof figure5.3 for differentslopevalues. The resultinglny45 distributionsareshown in the
upperdiagram:With a positive slope,thedistribution is variedwith a preferenceof highervaluesof
lny45 while it is shiftedtowardslower valuesfor negative slopes.

For differentslopesof theweightfunctionandvariousvaluesof thecut � lny45 � cut
1, biastestswere

performed.The determinedbiasesandslopesfor thesetestsareshown in figure 5.4. The absolute
effect of thesevariationsof the qq̄ backgroundis relatively small with respectto the absoluteerror
assignedto both the slopeandthebias: For a slopeof theweightingfactorof � 0� 2, the massshift
is lessthen4 MeV. On the otherhand,figure 5.4 demonstratesthat the applieddistortion leadsto
an effect that varieswith differentcutson the jet resolutionparameterlny45. While for pure5- or
4-jet analysis(very small or big valuesof lny45) the effect is quite small ( ä 1 MeV � ), for certain
compositionsof 4- and5jetevents,thedeviation increasesup to about4 MeV.

Note that thereis no hint whetherthe performedvariationsreally aresufficiently large in order
to accountfor possiblesystematiceffectsfrom incorrectlysimulatedQCD background.Thechoice
of this particularweightingwith aslopeof � 0� 2 waschosenbecauseit leadsto amodificationof the
lny45 distribution of the qq̄ backgroundfrom Monte Carlo simulations.Which is big enoughto be

1This cut determineswhetherto reconstructan event as four or five jets. The correspondingfraction of 4-jet events
enteringtheanalysisfor a givenvalueof å lny45æ cut canbeseenin figure4.25.
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Figure 5.3: Variationof the lny45 distribution of theqq̄ background:Theupperdiagramshows theresulting
shift in the lny45 distribution of the qq̄ background,whenthe probability for theseeventsto contribute to a
certainMC sample,for which the W masswill be evaluated,is not equalfor all qq̄ eventsbut dependingon
the valueof their jet resolutionparameterlny45. This probability is multiplied by a lny45 dependingweight,
a linear functionwith a givenslopeanda valueof 1 at themeanof theoriginal lny45 distribution asshown in
the lower diagram. The vertical lines show the shift of the averagevalueof lny45 for the qq̄ backgroundfor
differentslopes.Thesolid lines(slope0) correspondsto theunmodifieddistribution.

examinedwith theqq̄ datarecordedin 1998.
Themodificationof the lny45 distribution of theqq̄ background,originatingfrom this particular

choiceof theslope � 0� 2 of theweight, is sufficiently large in thesensethat theqq̄ datarecordedin
1998have enoughstatisticsto besensitive to suchvariations.

As for the assignederror from the backgroundtreatment,several testsincluding different frag-
mentationmodelsandrescalingdatatakenat Õ s è MZ wereperformedin OPAL studies[10] which
resultin anuncertaintyof 6 MeV on themeasurementof MW.

5.3 Other SystematicUncertainties

Testsof other systematicuncertaintiesthan the effect of colour reconnectionwere not performed
within thisanalysisandarethereforeonly brieflymentionedin thissection.Thesystematicchecksand
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biastests(seesection4.5.3)performedfor differentlny45 distributionsof theqq̄ backgroundandvariousvalues
of thecuton lny45.

theresultingsystematicerrorscomefrom OPAL studiesof theW massin the4-quarkchannelwith the
samedataat thecentre-of-massenergy of é s ê 189GeV [10]. Thatanalysis,alsousingareweighting
technique,mainly differs in the methodto determinethe correctjet pairing for 5-jet eventsandthe
eventclassificationaswell asin thecut between4- and5-jet like eventsfrom theanalysisperformed
in this thesis,but thesedifferencesarebelieved to only slightly affect the systematicuncertainties.
Theresultsfor uncertaintiesexceeding5 MeV canbeseenin table5.1.

TheaverageLEP beamenergy (seesection3.1.2)for thedatataken in 1998is currentlyknown
with aprecisionof 20 MeV [44, 14]. This leadsto asystematicuncertaintyon MW of 16 MeV [10].

In orderto describetheeventshapevariablesandinclusive particleproductionrateof Wëíì qq̄î
decays,theJETSET modelis used,tunedto OPAL hadronicdataat theZ0 resonance[45]. A variation
of theJETSET fragmentationparametersby ï 1σ abouttheir tunedvaluesyieldsashift of 20 MeV on
MW in thehadronicchannel[10] while anearlierOPAL tuneof theJETSET model[46] biasesthefitted
massby 30 MeV [10]. Furthermore,the JETSET string modelwasreplacedby the HERWIG cluster
modelandthe ARIADNE colour dipole model[47], appliedto identicaleventsdiffering only in the
modellingof thehadronization.Thesetestsgive differencesof MJETSET

W ð MHERWIG
W ê ð 11 ï 12MeV
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Sourceof theerror σsyst. ñMeV ò
Colourreconnection 51
Bose-EinsteinCorrelations 67
BeamEnergy 16
Fragmentation 30
Background 6
MC statistics 10
Totalsystematicerror 92

Table 5.1: Summaryof thesystematicuncertaintiesfor thefit resultsfor contributionsexceeding5 MeV. The
testof theaffect of colourreconnection(SK I, ρ ó 0ô 9) hasbeenperformedfor this analysis,for theresultsof
theothercontributionsto thesystematicerrorthereaderis referredto OPAL studies[10].

andMJETSET
W ð MARIADNE

W ê 6 ï 12 MeV [10]. Basedon thesetests,anerrorof 30 MeV is assignedto
thesimulationof thefragmentationprocess.

Thereweightedmassdistributionsarefitted to thedata,neglectinguncertaintiesof thereweighted
spectra.Thefinite statisticsof theMonteCarlosamplesusedin the reweightingprocedureyield an
errorof 10MeV onMW in thehadronicchannel[10].



Chapter 6

Summary and Conclusions

In this work, a reweightingfit to theW massspectrumof hadroniceventsrecordedwith the OPAL
detectorwasperformedandoptimisedwith respectto anappropriateinclusionof 5-jet likeeventsinto
theanalysis.

Comparedto previousOPAL measurementsof themassof theW bosonin hadronicdecaysof W
bosons[10, 33], theexpectederrorwasreducedby 4%.

This improvementwas possibleby optimising the treatmentof 5-jet events. First it was tried
to performa jet pairing selectionthatwasequallypowerful without usingthe5-C fitted massasan
additionalvariablein the likelihoodselectionof the bestjet combination.In orderto get rid of the
correlationbetweenthis likelihoodselectionandtheW mass,thelatterwasnot takeninto accountin
the jet pairingbut thesecondbestjet combinationwasalsotaken into consideration.This leadsto a
flat non-WW backgroundfor eventsreconstructedasfive jets. The fact that theerrorsevaluatedby
the fit perfectlydescribethe errorsfrom ensembletestsprovesthat the bestandthe secondbestjet
combinationof 5-jeteventsaresufficiently independent.

Changingthecutonthelogarithmof thejet resolutionparameterlny45, whichdetermineswhether
to reconstructaneventasfour or five jets, from ð 5õ 6 to ð 6õ 8 wasshown to minimisetheexpected
errorof thefit andreducedthefractionof eventstreatedas4-jetsfrom 68 to 34%.Theeventclassifi-
cationwith respectto thejet pairinglikelihoodwasoptimisedfor this analysis.

Furthermore,it wasshown thatan inclusionof 5-jet eventsdoesnot increasethesystematicun-
certaintyfrom theeffect of colourreconnection.Systematiceffectsfrom thetreatmentof γ ö Z0 ì qq̄
backgroundwerestudied.

The resultof the one-parameterfit to the W massin the hadronicchannelfrom 183pb÷ 1 data
recordedwith theOPAL detectorin 1998at thecentre-of-massenergy é s ê 189GeV is

M4q
W ê 80õ 360ï 0õ 105stat ø ï 0õ 093syst ø GeV õ (6.1)

Theexpectederroris

σstat ø
exp ê 100ï 3 MeV õ (6.2)

In addition,a two-dimensionalreweightingfit usingboth the massesof the two W bosonswas
performedandshown to besuccessful,althoughsurelymoreMonteCarloeventsareneededfor both
signalandbackgroundto reducethesystematicuncertaintyfrom limited MonteCarlostatisticsto a
valuecomparableto thiserrorin theone-dimensionalfit. It wasdiscussed,thatfor furtherstudiesmore
MonteCarlostatisticswould beneededto reducethefluctuationsin thebin of the two-dimensional
reweightedhistograms.Theresultof thetwodimensionalfit with bothW massesfroma4-Ckinematic
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fit is M4q
W
ê 80õ 404 ï 0õ 095stat ø GeV. The given error is relatedpurely to statistics,an estimation

of the error arising from systematiceffects wasnot madein this analysis,but it is assumedto be
approximatelythesamethanin theone-dimensionalanalysisapartfrom theeffect of limited Monte
Carlo statistics. The expecteduncertaintyhappensto be σstat ø

exp ê 95 ï 3 MeV which is about4%
smallerthantheexpectederrorof theone-dimensionalreweightinganalysis.

Both resultsareconsistentwith previousOPAL measurementsin thehadronicchannelaswell as
thedeterminationof theW massfrom semi-leptonicevents[10, 23, 25] andindirect measurements
performedin precisionelectroweaktestsatLEP1[4].



Appendix A

How to impr ove the Jet Pairing
Lik elihood

As discussedin section4.4.3,the sensitivity to the W massis degradedif the massis alreadyused
to determinethecorrectjet pairing for 5-jet events. This behaviour comesfrom the fact that the jet
combinationswith 5-C fitted massesin thevicinity of themassof thoseMonteCarloevents,thatare
usedto producethe probabilitydensityfunctionsin the jet pairing likelihood(JPLH),arefavoured.
Thiseffect is illustratedby thefigure4.15.

This appendixdescribesattemptsto replacethe 5-C fitted massin the jet pairing likelihoodby
othervariablesthatarepowerful in orderto determinethecorrectjet pairingbut without beingcorre-
latedto themassitself. Thefollowing variableswereinvestigated:

ù the5-Cfit probability p5 ÷ C
5 ,

ù the sumof the openinganglesof the two W bosonsα2j-W ú α3j-W whereα3j-W is the angle
betweenthetwo mostenergetic jetsof the3-jet system,

ù theopeningangleof the2-jet systemα2j-W,

ù thesmallest“jet resolution”min û lnyi j ü (seeequation4.1) betweenthe jets from the3-jet sys-
tem,

ù the differenceof the 4-C fitted massesý∆M4 ÷ C
W ý (flip lightestjet) of the two W bosonsfor the jet

pairingthatcorrespondsto thesmallestjet of the3-jetW beingassociatedto the2-jet system,

ù thesmallestdifferenceof the4-Cfittedmasses min
all othercomb.

ý∆M4 ÷ C
W ý of all othercombinations

thantheoneconsidered,

ù thedifferenceof thedifferenceof the4-C fittedmassesý∆M4 ÷ C
W ý (flip lightestjet) ð ý∆M4÷ C

W ý ,
ù min

all othercomb.
ý∆M4÷ C

W ý ð ý∆M4 ÷ C
W ý and

ù thediscretevariableI4to5 which expresseswherethosetwo jetsthatwould bemergedtogether
in caseof a4-jet reconstructionendup: I4to5 hasavalueof

– I4to5 ê 0 if thesetwo jetsbuild togetherthe2-jetW of theconsideredcombination,
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– I4to5 ê 1 if bothfragmentsendup togetherin the3-jetW,

– I4to5 ê 2 if only thelessenergetic jet endsup in the3-jet systemand

– I4to5 ê 3 otherwise.

The distributions for thesevariablescanbe seenin the figuresA.1-A.9 for both the correctandthe
incorrectjet combinations.Only combinationswith a 5-C fit probability exceeding1% anda 5-C
fitted masslarger than65 GeV areconsidered.In caseof the combinatorialbackground,all wrong
combinationsthatfulfil theserequirementsentertheshown distributions.

wrong jet combinationþcorrect jet combinationÿ
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FigureA.1: 5-C fit probability p5 � C
5 .

Comparingto figure4.13,onecanclearlyseethatnoneof thesesvariablesareaspowerful asthe
5-C fitted massitself. Evenin aninclusionof multiple variablesto thejet pairinglikelihood(JPLH),
partof their power to discriminatebetweencorrectandincorrectjet combinationsmight alreadybe
coveredby thedifferenceof the4-C fitted massandtheminimumopeningangleof the3-jet system,
variablesthatarealreadyusedin theJPLH.Furthermore,theaimis to findvariablesthatareinsensitive
to themassitself. Especiallythevariablesderivedfrom theopeningangles(α2j-W andα2j-W ú α3j-W)
aresensitive to the boostof eachW boson,which is dueto energy conservation determinedby its
mass:In therestframeof theW boson,it decaysinto two particleswith anangleof 180o. Thelarger
theboostof thedecayingparticle,thesmallertheanglebetweenthetwo particlesis allowedto be.

TableA.1 shows thecorrelations

ρi j ê
� û xi ð x̄i ü û x j ð x̄ j ü	�� û xi ð x̄i ü 2 ��
 � û x j ð x̄ j ü 2 �

(A.1)

betweenthevariables(i � j) usedin theJPLHaswell asthoseintroducedin this appendix.This table
shows thattheopeningangleof the2-jet systemα2j-W is verymuchcorrelatedwith theW massitself
(ρ ê 55%). Replacingthe massin the JPLH by this anglewould thereforestill imply a sensitivity
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wrong jet comb.þcorrect jet comb.ÿ
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FigureA.2: Thesumof theopeninganglesof thetwo W bosonsα2j-W � α3j-W whereα3j-W is theanglebetween
thetwo mostenergeticjetsof the3-jet system.

of the jet pairing to the W mass. The smallestyi j of the 3-jet systemis, sinceyi j is proportional
to the productof the angleand the smallestof the two jet energies, strongly correlatedwith the
minimum openingangleof the3-jet W (ρ ê 85%),a variablethat is alreadyincludedin theJPLH.
Thehighcorrelationbetweenthe5-Cfit probability p5 ÷ C

5 andthe4-Cfittedmassdifferenceý∆M4÷ C
W ý

(ρ ê ð 57%)comesfrom thefact,thata jet combinationwith a largedifferenceof thetwo W masses
is likely to obtaina high χ2 from a 5-C fit andthereforea smallfit probability p5 ÷ C

5 , becauseof the
equal-massconstraintthatis incorporatedin the5-Cfit.

A jet pairinglikelihoodselectionusingtheadditionalvariables

ù p5÷ C
5 ,

ù α2j-W ú α3j-W,

ù min
all othercomb.

ý∆M4÷ C
W ý ,

ù ý∆M4 ÷ C
W ý (flip lightestjet) ð ý∆M4÷ C

W ý and

ù I4to5

enhancesthejet pairingefficiency from about59%to 61%with respectto thejet pairinglikelihoodas
usedin thisanalysis,i.e.without the5-CfittedW massasadditionalvariable(seesection4.4.3).This
efficiency is thefractionof correctlyassociatedjetsto all eventsthathaveat leastonejet combination
with aJPLHexceedingð 4õ 2 anda5-Cfit probabilitygreaterthan1%.

Thevariablesexaminedwithin theframework of this thesiswerenot sensitive enoughandinde-
pendentfrom the 5-C fitted massat the sametime. Therefore,it wasdecidedto usea jet pairing
without the5-C fitted massor any replacement.Thelow jet pairingefficiency wasthenimprovedby
takingalsothesecondbestjet-W associationinto consideration.A proposalfor furtherstudiesis to
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wrong jet combinationþcorrect jet combinationÿ
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FigureA.3: Theopeningangleof the2-jet systemα2j-W.

examinewhetherthematrix elementsfor WW ì qq̄qq̄ eventscould possiblybe a propersubstitute
for theW massin thejet pairinglikelihood.
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FigureA.4: Thesmallest“jet resolution”min � lnyi j � betweenthejetsfrom the3-jet system.
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W $ (flip lightestjet) of thetwo W bosonsfor thejet pairing

thatcorrespondsto thesmallestjet of the3-jetW beingassociatedto the2-jet system.
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Figure A.6: Thesmallestdifferenceof the4-C fitted masses min
all othercomb.

$ ∆M4 � C
W $ of all othercombinations

thantheoneconsidered.
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Figure A.9: The discretevariable I4to5 expressesin which W bosonthosetwo jets, that would have been
mergedin a 4-jet treatment,endup, asdefinedby the consideredjet combination:I4to5 ó 0: Thesetwo jets
build togetherthe 2-jet W. I4to5 ó 1: Both fragmentsendup togetherin the 3-jet W. I4to5 ó 2: Only the less
energeticjet endsup in the3-jet systemandI4to5 ó 3 otherwise.



Appendix B

Monte Carlo Samples

This appendixsummarisesthedifferentMonteCarlosamplesusedto obtainthereweightedspectra,
theexpectederrorsandthesystematicchecksperformedin this thesis,all correspondingto a centre-
of-massenergy of é s ê 189GeV.

Runno. Generatorinfo MW ö GeV ΓW ö GeV é sö GeV Events

9298 KORALW/JETSET, grc4f 79õ 83 2õ 0544 188õ 634 50000
9299 KORALW/JETSET, grc4f 80õ 08 2õ 0738 188õ 634 100000
9300 KORALW/JETSET, grc4f 80õ 33 2õ 0933 188õ 634 200000
9301 KORALW/JETSET, grc4f 80õ 58 2õ 1129 188õ 634 100000
9302 KORALW/JETSET, grc4f 80õ 83 2õ 1326 188õ 634 50000

Table B.1: MonteCarlosignalsamplesusedto createthereweightedhistogramsata centre-of-massenergy of(
s ó 189GeV.

Background Runno. Generatorinfo é sö GeV Events

Z0 ö γ (qq̄ backgr.) 5111 PYTHIA 189õ 000 500000
4-f (non-WW) 9323 KORALW/JETSET,grc4f 188õ 634 151563

Table B.2: MonteCarlonon-WWbackgroundsamplesat acentre-of-massenergy of
(

s ó 189GeV.

ρ Runno. Generatorinfo MW ö GeV é sö GeV events

0 9232 KORALW/JETSET, grc4f 80õ 33 188õ 634 100000
∞ 9233 KORALW/JETSET, grc4f 80õ 33 188õ 634 100000

Table B.3: Monte Carlo signalsamplesusedfor colour reconnectionstudies(Sjöstrand-KhozemodelI) at a
centre-of-massenergy of

(
s ó 189GeV. Thesetwo samplescontainthesameeventswhich areidenticalup to

theendof thepartonshower. Out of thesetwo samples,MC samplescanbemixedfor any givenvalueof ρ.
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